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Preface :  T h e Interdisciplinarit y o f  Cognitiv e Scienc e 

Th e fiel d o f  cognitiv e scienc e exist s t o promot e cross -

disciplinar y integratio n o f  concepts ,  methods ,  epistemolo -

gies ,  language ,  data ,  an d infrastructure s fo r  researc h an d 

educatio n o n cognition .  Th e empirica l  an d theoretica l  bas e 

of  cognitiv e scienc e itsel f  shed s significan t  ligh t  o n th e na -

tur e an d complexit y o f  it s interdisciplinar y enterprise .  Yet , 

relativel y littl e ha s bee n writte n abou t  interdisciplinarit y a s 

an objec t  o f  stud y withi n cognitiv e science .  Becaus e exami -

natio n o f  thi s topi c ha s significan t  potentia l  t o advanc e the -

or y an d infor m professiona l  practic e withi n th e communit y 

of  cognitiv e scientists ,  w e — t h e co-organizer s o f  th e 199 8 

annua l  meetin g o f  th e Cognitiv e Scienc e Societ y — chos e 

interdisciplinarit y a s th e conferenc e theme . 

Th e them e o f  interdisciplinarit y wa s reflecte d i n severa l 

ways durin g th e four-da y conference ,  whic h wa s hel d o n th e 

Universit y o f  Wisconsin-Madiso n campus ,  Augus t  1  4 , 

1998 .  Durin g th e openin g sessio n Joh n T .  Bruer ,  Presiden t 

of  th e Jame s S .  McDonnel l  Foundation ,  addresse d th e entir e 

conferenc e wit h hi s presentation ,  "Cognitiv e Science :  Inter -

and Intra-Disciplineu- y Collaboration. "  T w o invite d symposi a 

specificall y addresse d interdisciplinarit y a s a n objec t  o f  em -

pirica l  an d theoretica l  research .  Th e first,  organize d b y 

Roger s Hal l  an d titled ,  "Analyse s o f  W o r k Acros s Discipli -

nar y Boundaries "  brough t  togethe r  scholar s fro m linguistics , 

psychology ,  an d librar y an d informatio n scienc e t o examin e 

th e natur e o f  cognitio n withi n interdisciplinar y practice , 

take n a s a  recurren t  an d importan t  featur e o f  ou r  culture . 

Base d o n ecologica l  studie s representin g a  rang e o f  ap -

proache s an d settings ,  eac h speake r  offere d a  theoretica l 

accoun t  o f  h o w interdisciplinar y activit y i s  structure d an d 

represented .  Th e secon d symposium ,  organize d b y Christia n 

Schun n an d titled ,  "Th e Interdisciplinarit y o f  Cognitiv e Sci -

ence, "  brough t  togethe r  scholar s fro m th e fields  o f  psychol -

ogy ,  philosoph y an d compute r  scienc e t o criticall y examin e 

th e history ,  statu s an d natur e o f  interdisciplinar y collabora -

tio n withi n th e field  o f  cognitiv e science .  A t  th e tim e o f  th e 

conference ,  th e text s o f  th e plenar y addres s an d invite d sym -

posi a wer e bein g develope d a s cor e chapter s fo r  a n edite d 

volume .  I n organizin g thes e talk s an d arrangin g fo r  thei r 

publication ,  ou r  inten t  wa s t o motivat e reflectiv e discussion s 

of  practic e an d communit y withi n th e cognitiv e scienc e so -

ciety ,  i n additio n t o promotin g researc h an d discours e o n 

interdisciplinarity . 

Our  CogSci9 8 progra m promote d interdisciplinar y inte -

gratio n i n traditiona l  ways ,  a s well .  Fo r  example ,  cross -

disciplinar y communit y wa s encourage d throug h invite d 

tutoria l  symposi a designe d t o educat e an d broade n a  genera l 

cognitiv e scienc e audience .  A s i n previou s years '  programs , 

th e topic s o f  thes e tutorial s wer e thos e likel y t o hol d genera l 

interes t  t o th e cognitiv e scienc e communit y bu t  no t  typicall y 

wel l  represente d a t  th e annua l  meeting .  The y include d 

Communicatio n Disorders ,  Computationa l  Vision ,  Evolu -

tionar y Cognition ,  Educationa l  Dialog ,  Affectiv e Neurosci -

ence ,  an d Mat h an d Scienc e Education .  Eac h tutoria l  com -

prise d surve y talk s b y leadin g researcher s an d tim e fo r  audi -

enc e discussion .  Emphasi s wa s place d o n th e tutoria l  natur e 

of  thes e talk s an d th e breadt h o f  th e audience .  Fiv e o f  th e si x 

tutorial s represente d cognitiv e scienc e strength s o f  th e Uni -

versit y o f  Wisconsin-Madiso n an d wer e organize d throug h 

th e generosit y o f  ou r  Wisconsi n colleagues . 

Also ,  a  traditiona l  genera l  "Cal l  fo r  Papers "  wa s issue d t o 

th e ful l  societ y an d beyond ,  encouragin g submission s fo r 

symposia ,  spoke n papers ,  ful l  posters ,  an d abstrac t  poster s ( a 

featur e introduce d i n 1996) .  Submitte d presentation s wer e 

evaluate d fo r  thei r  abilit y t o transcen d thei r  disciplinar y 

boundarie s an d trul y addres s th e breadt h o f  th e communit y 

of  cognitiv e scientists ,  i n additio n t o bein g evaluate d fo r 

thei r  technica l  an d theoretica l  merit .  M o r e genera l  paper s 

and symposi a wer e schedule d o n th e spoke n program ,  an d 

mor e specialize d topic s wer e assigne d t o poste r  sessions . 

Submitte d presentation s ar e represente d i n thes e proceeding s 

as "lon g papers "  (thos e presente d a s spoke n presentation s 

and "full-posters "  a t  th e conference )  an d "shor t  papers " 

(thos e presente d a s "abstrac t  posters "  b y member s o f  th e 

Cognitiv e Scienc e Society) . 

Last  bu t  no t  least ,  th e them e o f  interdisciplinarit y wa s 

capture d i n ou r  CogSci9 8 logo ,  inspire d b y th e lat e Donal d 

T.  Campbell .  Well-know n a s a  methodologist ,  Campbel l  wa s 

als o a  schola r  o f  interdisciplinarity .  H e hel d tha t  a  compre -

hensiv e multiscienc e mus t  for m a  continuou s textur e o f  nar -

ro w specialtie s tha t  overlap .  "Interdisciplinar y program s 

hav e bee n misle d b y goal s o f  breadt h an d multidisciplinar y 

training. "  W h a t  mus t  b e recognized ,  h e argued ,  i s tha t  inter -

disciplinarit y i s  a  collectiv e product ,  no t  embodie d withi n 

any on e scholar .  I t  i s  achieve d whe n multipl e narro w spe -

cialtie s overlap ;  throug h thi s overla p a  collectiv e communi -

cation ,  a  collectiv e competence ,  an d "omniscience "  i s  at -

tained .  Probabl y wit h tongu e i n cheek ,  Campbel l  name d hi s 

theor y "th e fishscale  mode l  o f  omniscience, "  whic h inspire d 

our  log o o f  overlappin g tiles .  Th e til e i s a n emb le m o f  Madi -

so n an d it s ne w Fran k Lloy d Wrigh t  M o n o n a Terrac e Con -

ventio n Center ,  th e sit e o f  ou r  conferenc e social .  Th e con -

ferenc e organizer s place d a  commemorativ e CogSci9 8 til e a t 

M o n o na Terrac e t o serv e a s a  tribut e t o ou r  mos t  recen t  ac t 

of  collectiv e communication ,  collectiv e competence ,  an d 

collectiv e goo d humo r  — ou r  co-organizatio n o f  thi s confer -

enc e an d it s program . 

Morto n A n n Gernsbache r  an d Sharo n J .  Derr y 

Madison ,  W I 

M a y,  199 8 
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Bria n MacWh inne y (macw@cmu.edu ) 
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Abstrac t 

The dominan t  mode l  o f  cognitio n i s base d upo n amoda l  symbo l 
systems .  We suppor t  a n alternativ e mode l  tha t  place s embodimen t 
at  th e cente r  o f  cognition .  O n thi s view ,  sensorimoto r  experience s 
of  action s for m th e basi s o f  linguisti c an d nonlinguisti c 
understanding . 

1. A Foundation for Intentionality — Newton 

The natur e o f  intentionalit y (th e understandin g o f  meaning ) 

has bee n a  philosophica l  issu e fo r  centuries .  What  make s 

thing s meaningfu l  t o us ? I  propos e tha t  intentionalit y i s 
founde d o n th e performanc e o f  goal-directe d actions ,  £md 

tha t  thi s ability ,  whic h make s us e o f  actio n representation s 

(images )  i n th e initiatio n an d contro l  o f  actions ,  involve s a 

primordia l  for m o f  understanding .  Al l  othe r  understanding , 

includin g tha t  o f  languag e an d abstrac t  ideas ,  develop s from 

thi s foundatio n b y mean s o f  sensorimoto r  imagery . 

2. Perceptual Symbol Systems - Barsalou 

Durin g dii s century ,  development s i n logic ,  statistics ,  an d 
programmin g language s hav e inspire d amoda l  theorie s o f 
cognition ,  wit h perceptua l  theorie s viewe d a s untenable .  A 

modem theor y o f  perceptua l  symbol s i s presente d tha t  rest s 

on si x cor e properties :  neura l  representation ,  schematicity , 
multi-modality ,  simulatio n competence ,  frames,  an d 

linguisti c indexing .  Thes e propertie s establis h a  basi c 

conceptua l  syste m from  whic h fou r  furthe r  propertie s ca n 

be derived :  productivity ,  propositions ,  variabl e embodi -

ment ,  an d abstrac t  concepts .  Togethe r  thes e te n propertie s 
establis h a  full y  fimctiona l  conceptua l  system .  Empirica l 

suppor t  fo r  thi s approac h i s summarize d briefly ,  a s ar e 

implication s fo r  cognition ,  neuroscience ,  evolution , 

development ,  an d artificia l  intelligence . 

3. The Emergence of Language from Embodi-

ment  — MacWhinne y 
Symboli c model s usuall y describ e though t  an d languag e 

usin g propositiona l  representations .  Howeve r  thes e model s 
fai l  t o captur e crucia l  fact s abou t  th e embodie d natur e o f 

though t  an d language .  I n fact ,  languag e i s strongl y oriente d 
about  a  cor e activ e huma n perspectiv e tha t  impose s itsel f 

upon th e worl d a t  fou r  levels :  affordances ,  spatiotempora l 

maps,  causa l  actio n chains ,  an d socia l  perspective-taking . 

On eac h o f  thes e levels ,  th e dynamic s o f  perspectiv e 

shifting ,  focusing ,  coordination ,  an d maintenanc e induc e a 

variet y o f  alternativ e linguisti c constructions ;  these ,  i n turn , 

provid e memoria l  an d representationa l  structur e t o th e 

flexible ,  embodie d perspectiv e tha t  operate s o n eac h o f  th e 

fou r  levels .  Thi s approac h show s ho w languag e structur e 

emerge s from  th e embodie d natur e o f  cognition ,  an d point s 

t o specifi c  neura l  mechanism s supportin g thes e integrativ e 

systems . 

4. Indexical Understanding: An Embodied 

App roac h t o M e a n i n g — Glenber g 

Conside r  "Afte r  wadin g i n th e lak e Eri k use d hi s 

shirt/glasse s t o dr y hi s feet. "  W h y i s th e sentenc e sensibl e 

wit h 'shirt '  bu t  nonsens e wit h 'glasses? '  Bot h version s ar e 

grammatical ,  bot h ca n b e represente d b y connecte d 

propositions ,  an d 'shirt '  an d 'dry '  ar e n o mor e associate d 
tha n ar e 'glasses '  an d 'dry. '  I  wil l  presen t  dat a demonstratin g 

a)  tha t  peopl e reliabl y distinguis h betwee n thes e type s o f 

sentences ,  bu t  machine s can't ,  b )  Peopl e rea d an d under -
stan d th e sensibl e versio n a s quickl y a s contro l  sentences . 

Thus ,  judgin g th e sensibilit y  o f  a  sentenc e i s no t  base d o n 

derivin g a  lon g sequenc e o f  inference s suc h a s 'shirt s ar e 

made o f  cloth ;  clot h i s absorbent ;  absorben t  thing s ca n b e 
used t o dr y feet. '  c )  Sensibilit y  judgment s ar e highl y 
correlate d wit h ho w easil y th e action s describe d b y a 

sentenc e ca n b e envisioned .  Apparently ,  a  reade r  indexe s 

th e word s t o object s o r  analo g representation s suc h a s 
perceptua l  symbols .  Thes e the n determin e affordances ,  tha t 
is ,  ho w th e reade r  ca n interac t  wit h th e objects .  I f  th e 
reade r  ca n us e th e affordance s (no t  th e words )  t o creat e a 
sequenc e o f  doabl e actions ,  th e sentenc e i s declare d 

sensible .  Th e proces s o f  creatin g th e sequenc e i s wha t 

Barsalo u call s simulatio n competence ,  Glenber g call s mesh , 

MacWhinne y call s takin g a  perspective ,  an d Newto n call s 

imagining . 
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Paul Thagard 

Dept  o f  Philosophy ,  Universit y o f  Waterlo o 
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Michael Ranney 
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Sean 6 Nuallain 

School  o f  Computin g Applications ,  Dubli n Cit y Universit y 
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Abstrac t 

As is well known, teaching cognitive science presents some 
specia l  challenges ,  whethe r  t o undergraduate s o r  t o graduat e 
students .  I n thi s symposium ,  w e ai m t o explor e som e o f  th e 
problem s tha t  teachin g cognitiv e scienc e present s i n th e 
class -  o r  senmia r  roo m an d identif y som e o f  th e specia l 
opportunities . 

Andrew Brook 

Andre w Broo k wil l  focu s o n identifyin g som e o f  th e 
problem s tha t  w e ar e face d wit h whe n w e se t  ou t  t o teac h 
cognitiv e scienc e t o undergraduate s an d mak e ne w 
cognitiv e scientist s ou t  o f  graduat e students .  On e notabl e 
proble m i s tha t  eve n th e meanin g o f  ke y term s varie s acros s 
th e cognitiv e disciplines ,  representation' ,  goal '  an d 
action '  bein g thre e importan t  examples . 

Janet Kolodner 

Janet  Kolodne r  wil l  tak e of f  fro m he r  widely-discusse d 
repor t  o n th e Cognitiv e Scienc e Educatio n Day ,  1994 ,  i n 
Atlanta .  Sh e wil l  follo w u p o n som e o f  th e issue s an d idea s 
raise d a t  tha t  meeting . 

Paul Thagard 

Paul  Thagar d wil l  identif y som e o f  th e problem s tha t  aris e 
fo r  interdisciplinar y educatio n i n cognitiv e science ,  an d 
discus s som e solution s base d o n unifyin g theme s suc h a s 
th e computational-representationa l  imderstandin g o f  mind . 

Michae l  R a n n e y 

Michae l  Ranne y wil l  discus s th e challenge s o f  (a )  bringin g 
coherenc e t o what ,  whe n implemente d poorly ,  ca n strik e 
student s a s jus t  "discipline s o n parade,"an d (b )  balancin g 
th e hyperbol e o f  strikin g ne w aspect s o f  cognitiv e scienc e 
wit h th e sometime s glacia l  pac e o f  fimdamenta l  progres s o n 
even primitiv e notion s (e.g. ,  wha t  "similarity "  is) . 

Sean 6 Nuallain 

Ther e ha s bee n a  hug e growt h i n wor k o n cognitio n an d 
computatio n i n Irelan d recently ,  bot h i n universitie s an d i n 
th e privat e sector .  Dubli n Cit y Universit y ha s bee n a t  th e 
forefron t  o f  a  lo t  o f  thi s work .  Sea n 6  Nuallai n wil l  brin g 
us u p t o dat e o n wha t  ha s bee n happening . 

Discussion 

One o f  th e mos t  interestin g an d successfu l  feature s o f  th e 
Cognitiv e Scienc e Educatio n Da y i n Atlant a i n 199 4 wa s 
th e rich  an d wide-rangin g discussio n tha t  followe d th e 
forma l  presentations .  I t  i s  ou r  intentio n t o kee p th e forma l 
presentation s brief ,  usin g the m t o identit y an d introduc e 
issue s rathe r  tha n t o trea t  the m thoroughly ,  an d t o leav e a s 
much tim e a s possibl e fo r  dialogu e t o tak e roo t  an d gro w 
agai n i n Madison ,  Wisconsin ,  i n 1998 ! 
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T h o m as Nickle s ( N I C K L E S @ U n r . E d u ) 
Universit y  o f  Nevad a 

Reno,  Nevad a 8955 7 U S A 

Beginnin g i n th e Postscrip t  t o Th e Structur e o f  Scientifi c 
Revolutions ,  Kuh n interprete d paradigm s primaril y a s 
exemplar s rathe r  tha n worldview s o r  disciplinar y matrices .  Th e 
elaboratio n o f  hi s view s o n exemplar s le d hi m t o develo p a 
sophisticate d accoun t  o f  concept s tha t  coul d b e directl y 
supporte d b y result s i n cognitiv e science .  However ,  K u h n 
showe d littl e interes t  i n th e ongoin g revolutio n i n cognitiv e 
science ,  preferrin g instea d t o attemp t  t o furthe r  hi s insight s 
throug h a  kin d o f  linguisti c analysis .  Withou t  exploratio n o f 
th e cognitiv e aspec t  o f  concept s b y eithe r  K u h n o r  other s i n 
philosoph y o f  science ,  discussion s o f  conceptua l  change ,  th e 
ke y them e o f  Kuhn' s philosoph y o f  science ,  becam e 
increasingl y steril e an d largel y disappeare d from  th e literature . 

Interes t  i n conceptua l  chang e ha s bee n revived ,  o n th e on e 
hand ,  becaus e o f  Hoyningen-Huene' s penetratin g stud y o f 
Kuhn' s philosoph y o f  scienc e and ,  o n th e othe r  hand ,  becaus e 
of  a  movemen t  i n philosoph y an d histor y o f  scienc e tha t  bring s 

a "cognitive-historical "  metho d o f  analysi s t o bea r  o n 
understandin g th e natur e an d processe s o f  conceptua l  chang e 
i n scientifi c  practice . 

A n essentia l  featur e o f  th e "cognitive-historical "  analysi s i s 
it s reflexiv e natur e -  it s use s cognitiv e theorie s t o th e exten t 
tha t  the y hel p interpre t  historica l  practices ,  ̂^Wl e i t  test s t o 
what  exten t  curren t  cognitiv e theorie s nee d refinemen t  an d 
revisio n whe n the y ar e applie d t o scientifi c  thinking .  Th e 
purpos e o f  thi s symposiu m i s a  reflexiv e examinatio n o f  th e 
cognitiv e model s o f  concept s use d i n th e analysi s o f 
conceptua l  change . 

I n th e discussio n o f  conceptua l  change ,  difficultie s hav e 
bee n create d b y th e choic e ~  largel y implici t  an d unexamine d 
— o f  th e cognitiv e model s o f  concepts .  Wit h onl y a  fe w 
exceptions ,  th e classica l  accoun t  tha t  concept s ar e represente d 
by neatl y bundle d an d individuate d units ,  tha t  is ,  set s o f 

necessar y an d sufficien t  conditions ,  i s stil l  widel y adopte d i n 
th e discussion .  Bu t  th e defmabilit y  o f  concept s i n term s o f 
necessar y an d suflBcien t  condition s i s n o w seriousl y questione d 
i n cognitiv e psychology . 

A mor e satisfactor y accoun t  ha s bee n develope d ove r  th e 
las t  decad e usin g "frames "  o r  "schemas "  a s th e basi c vehicl e 

fo r  representin g concepts .  Unlik e th e traditiona l  accoun t  tha t 
concentrate s o n compositiona l  properties ,  th e frame/schema 
representatio n o f  concept s emphasize s structura l  properties , 
outlinin g relation s withi n an d betwee n concepts .  I n th e 
symposium ,  w e wil l  emplo y th e frame/schema  representatio n 
of  concept s t o propos e account s o f  conceptua l  chang e tha t 
mor e adequatel y reflec t  th e histor y o f  science ;  a t  th e sam e 
time ,  w e wil l  examin e t o wha t  exten t  th e frame/schema 
representatio n o f  concept s ca n b e employe d i n 
historical-scientifi c  context s w4ul e comparin g th e resource s o f 
currentl y availabl e account s o f  bot h frames  an d schemas . 

Chen an d Barker' s pape r  argue s tha t  th e change s 
characteristi c o f  scientifi c  revolutions ,  especiall y taxonomi c 
changes ,  ca n occu r  i n a  continuou s maime r  vAi& n concept s ar e 
represente d b y frames.  Th e transformatio n from  on e taxonom y 
t o anothe r  ca n b e achieve d i n a  piecemea l  fashio n no t 
preconditione d b y a  crisi s stage ,  an d a  n e w taxonom y ca n aris e 
naturall y ou t  o f  th e ol d frame  instea d o f  emergin g separatel y 
from  th e existin g conceptua l  system . 

Anderse n an d Nersessian' s pape r  focuse s o n Kuhn' s notio n 
of  nomi c terms ,  whic h canno t  b e capture d b y th e pur e famil y 
resemblanc e accoun t  popula r  i n curren t  cognitiv e studie s bu t 
call s fo r  a n extension .  The y sho w tha t  nomi c concept s ca n b e 
represente d i n frame-like  structure s an d argu e tha t  thi s accoun t 
i s consisten t  wit h an d extend s curren t  cognitiv e scienc e 
researc h tha t  connect s concep t  representatio n wit h theoretica l 
principles .  The y argu e tha t  continuit y ca n b e establishe d 
betwee n differen t  representation s o f  nomi c concept s throug h 
chains-of-reasoning ,  an d finally  explor e th e implication s o f  th e 
accoun t  fo r  th e proble m o f  cognitiv e equilibriu m precedin g 
conceptua l  change . 

Nickles '  pape r  examine s th e implication s o f  th e 
frame/schema  accoun t  fo r  methodolog y o f  science .  Sinc e 

schema s coul d b e implemente d i n term s o f  distribute d paralle l 
processin g instea d o f  b y rules ,  Nickle s argue s tha t  th e 
frame/schema  accoun t  potentiall y  offer s a  mor e naturalisti c 
accoun t  o f  scientifi c  inquiry ,  althoug h no t  on e tha t  nee d b e 
antisocial . 
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Abstrac t 

This symposium reports research concerned with developing 
tool s an d model s fo r  th e analysi s o f  cognitiv e processe s i n 
interactiv e learnin g situations .  Result s o f  severa l  studie s o f 
natural ,  interactiv e task-oriente d learnin g situation s includin g 
face-to-fac e learnin g situation s an d learnin g ove r  a  networ k 
ar e compared .  Th e result s sho w ho w interactive ,  situate d dis -
cours e i s use d t o suppor t  processe s o f  knowledg e constructio n 
and proble m solvin g withi n thes e learnin g environments . 

Introduction 

I n man y kind s o f  natura l  interactiv e learnin g situations ,  stu -
dent s construc t  knowledg e an d lear n t o reaso n an d solv e 
problem s collaborativel y throug h thei r  interactions .  Th e 
stud y o f  suc h "situate d learning "  involve s a n analysi s o f 
ho w discours e interactio n support s knowledg e constructio n 
and problem-solvin g processe s withi n collaborativ e task -
oriente d learnin g environments ,  an d require s bot h cognitiv e 
and interactiv e sociolinguisti c perspectives .  Thi s symposiu m 
compare s result s acros s severa l  type s o f  interactiv e situa -
tion s usin g simila r  analysi s tool s an d model s (Frederiksen , 
1998) .  Th e result s sho w h o w interactive ,  situate d discours e 
function s t o suppor t  processe s o f  knowledg e constructio n 
and proble m solvin g withi n thes e divers e learnin g environ -
ments . 

Tutors' Use of Discourse to Model and Explain Problem-
Solvin g Procedure s (Car l  Frederiksen )  W e hav e bee n 
studyin g networke d tutorin g situation s i n whic h a n experi -
ence d tuto r  interact s wit h universit y student s usin g video -
conferencin g whil e the y shar e i n th e us e o f  softwar e t o 
solv e statistica l  problems .  Result s wil l  b e presente d tha t 
compar e th e coaching ,  guidanc e an d explanation s provide d 
by th e tuto r  b y mean s o f  vide o conferencin g t o thos e whic h 
occu r  i n face-to-fac e tutorin g situations .  B y usin g model s o f 
tutorin g knowledg e base d o n thes e analyse s t o ad d coachin g 
function s t o ou r  tele-learnin g environments ,  w e ca n stud y 
h o w student s lear n b y interactin g wit h a  compute r  coac h 
tha t  embodie s th e sam e kind s o f  explanation s an d knowl -
edg e a s th e huma n tutor .  Th e result s sho w h o w 

tutor s ar e abl e t o mode l  an d explai n problem-solvin g proce -
dure s an d h o w student s us e suc h explanation s t c ai d thei r 
learning . 

Promoting Argumentation in Face-to-Face and Distrib-
ute d Computer-Base d Learnin g Situation s (Susann e La -
joie )  Bio-Worl d (Lajoie ,  1993 )  i s a  computer-base d learn -
in g environmen t  designe d t o enabl e hig h schoo l  biolog y 
student s t o lear n t o reaso n abou t  dat a the y collec t  t o verif y 
hypothese s abou t  wha t  diseas e a  patien t  i s  experiencing . 
BioWorl d i s  designe d t o provid e multipl e situation s fo r 
learning :  i t  ca n b e use d a s a  stan d alon e one-on-on e learnin g 
environment ,  o r  a s a  smal l  grou p learnin g situation ,  o r  i t  ca n 
be use d a s a  tele-learnin g environmen t  i n whic h group s o f 
student s a t  remot e location s communicat e throug h video -
conferencin g whil e sharin g th e BioWorl d environment .  Th e 
natur e o f  th e discours e pattern s pertainin g t o argumentatio n 
i n face-to-fac e smal l  grou p context s an d i n distribute d tele -
learnin g context s wil l  b e examined .  Preliminar y finding s 
indicat e h o w pattern s o f  argumentatio n withi n thes e com -
puter-base d learnin g environment s facilitat e th e acquisitio n 
of  skil l  i n scientifi c  reasoning . 

Cognitive Implications of Teacher-Student Discourse in 
Scienc e Classroom s (Jane t  Donin )  Thi s researc h investi -
gate d h o w teacher s displa y knowledg e differentl y an d us e 
socia l  contex t  differentl y eve n withi n a  well-define d instruc -
tiona l  unit .  I n thi s project ,  w e studie d th e natur e an d func -
tion s o f  discours e i n fou r  tent h grad e Physica l  Scienc e class -
rooms .  Th e questio n addresse d wa s h o w difference s i n 
teacher-initiate d discours e affec t  th e explici t  an d implici t 
cognitiv e requirement s fo r  student s t o functio n effectivel y i n 
thes e situations .  Analyse s o f  th e conten t  o f  th e teachers '  dis -
cours e reveale d tha t  differen t  model s o f  th e domai n knowl -
edg e wer e presente d t o th e students .  Thi s knowledg e wa s 
displaye d usin g differen t  method s whic h i n tur n affecte d th e 
tas k requirement s fo r  th e students . 
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Symposium Organizer: Robert Hadley 

In t roduc t io n 

Between 1965 and 1982, classically symbolic AI was of-
te n toute d a s th e mos t  promisin g basi s fo r  a  genera l 
theor y o f  Cognitiv e Architecture .  B y 1986 ,  however , 
prominen t  researcher s bega n t o heral d th e emergenc e o f 
a ne w paradigm ,  Connectionism ,  whic h woul d (the y ar -
gued )  eventuall y displac e th e cltasicall y symboli c meth -
ods aominan t  i n A I  an d Cognitiv e Science .  Sinc e then , 
a variet y o f  competin g position s hav e emerged ,  som e 
purel y connectionist ,  som e hybrid ,  an d som e purel y clas -
sical .  Thi s symposiu m examine s th e presen t  an d futur e 
prospect s fo r  contendin g paradigm s i n thi s realm .  A  va -
riet y o f  arguments ,  arisin g fro m computational ,  psycho -
logical ,  biologica l  an d philosophica l  bases ,  ar e presented . 

1. Connectionism: Whence, Wither, and 

W hy (Elman ) 

I t  ha s no w bee n ove r  a  decad e sinc e th e PD P book s 
came ou t  (thoug h a  half-centur y sinc e Hebb' s proposa l 
fo r  associativ e learning) .  Durin g th e pas t  1 0 year s a 
flurry  o f  modelin g activit y ha s focuse d a  grea t  dea l  o f 
attentio n o n cor e issue s abou t  th e mechanism s whic h 
underl y huma n cognition .  Muc h ha s bee n learned ,  man y 
issue s ar e stil l  i n contention ,  an d ther e i s a n enormou s 
amount  whic h remain s undone . 

I n thi s tal k I  wil l  presen t  wha t  I  believ e t o b e som e 
of  th e cor e computationa l  principle s whic h distinguis h a t 
leas t  on e broa d clas s o f  connectionis t  model s fro m wha t 
has bee n calle d th e "classical "  theor y t o cognition .  Thi s 
i s th e "why "  par t  o f  th e talk .  I  the n wil l  discus s wha t 
I  se e a s th e majo r  insight s an d accomplishment s o f  thi s 
wor k ("whence") ,  a s wel l  a s th e majo r  gaps .  I  clos e b y 
proposin g a  progra m fo r  th e futur e ("whither") .  Thi s in -
clude s broadenin g th e scop e o f  inquir y an d relevan t  dat a 
t o includ e mor e attentio n t o biology ,  t o th e socia l  an d 
affectiv e aspect s o f  cognition ,  t o th e relation s betwee n 
behavio r  an d environment ,  an d t o th e rol e o f  evolution . 

2. Novel Combinations of Skills: Implications 

fo r  Cognitiv e Architectur e (Hadley ) 

I n th e lat e 1980s ,  ther e wer e man y wh o heralde d th e 
emergenc e o f  connectionis m a s a  ne w paradig m -  on e 
whic h woul d eventuall y displac e th e classicall y symboli c 
method s the n dominan t  i n A I  an d Cognitiv e Science . 
At  present ,  ther e remai n influentia l  connectionist s wh o 
continu e t o defen d connectionis m a s a  mor e realisti c 
paradig m fo r  modelin g cognition ,  a t  al l  level s o f  abstrac -
tion ,  tha n th e classica l  method s o f  AI .  No t  infrequently , 
one encounter s argument s alon g thes e lines :  give n wha t 
we kno w abou t  neurophysiology ,  i t  i s  jus t  no t  plausibl e 
t o suppos e tha t  ou r  brain s ar e digita l  computers .  Thus , 

the y coul d no t  suppor t  a  classica l  architecture . 
I  argu e her e fo r  a  middl e groun d betwee n connec -

tionis m an d classicism .  I  assume ,  fo r  argument' s sake , 
tha t  som e existin g o r  futur e for m o f  connectionis m ca n 
provid e reasonabl y approximat e model s -  a t  leas t  fo r 
ower-leve l  cognitiv e processes .  Give n thi s Eissumption ,  I 

argu e o n theoretica l  an d empirica l  ground s tha t  mos t  hu -
man menta l  skill s  resid e i n separat e connectionis t  mod -
ule s o r  "sub-networks" .  I n addition ,  i t  i s  show n tha t 
humans certainl y emplo y nove l  combination s o f  skill s  i n 
rul e followin g and ,  plausibly ,  i n proble m solving .  Durin g 
th e cours e o f  argument ,  i t  emerge s tha t  onl y a n archi -
tectur e wit h classica l  structur e coul d suppor t  th e nove l 
pattern s o f  informatio n flow  an d interactio n tha t  woul d 
exis t  amon g th e relevan t  se t  o f  skil l  modules .  Suc h a  clas -
sica l  architectur e migh t  ver y wel l  resid e i n th e abstrac t 
level s o f  a  hybri d syste m whos e lower-leve l  module s ar e 
purel y connectionist . 

3. Rethinking Eliminative Connectionism 
(Marcus ) 

Humans routinel y generaliz e universall y quantifie d ab -
strac t  relationship s t o unfamilia r  instances .  I f  w e ar e 
tol d "i f  glor k the n frum" ,  an d "glork" ,  w e CEi n infe r 
"frum" ;  an y nam e tha t  serve s a s th e subjec t  o f  a  sentenc e 
can appea r  a s th e objec t  o f  a  sentence .  Thes e universal s 
ar e pervasiv e i n languag e an d reasoning .  On e accoun t  o f 
ho w thes e universal s ar e generalize d hold s tha t  human s 
posses s mechanism s tha t  manipulat e rules ,  symbol s an d 
variables ;  a n alternativ e accoun t  hold s tha t  rule s aa d 
symbol s ca n b e eliminate d fro m scientifi c  theorie s i n fa -
vor  o f  description s couche d i n term s o f  network s o f  inter -
connecte d nodes .  Ca n thes e "eliminative "  connectionis t 
model s offe r  a  genuin e alternative ? 

I n thi s talk ,  afte r  briefl y reviewin g th e empirica l  lit -
eratur e o n universes ,  I  sho w tha t  contemporar y elimi -
nativ e connectionis t  model s canno t  accoun t  fo r  ho w w e 
exten d universal s t o arbitrar y items .  Th e argumen t 
run s a s follows .  First ,  I  sho w tha t  i f  thes e models ,  a s 
currentl y conceived ,  wer e t o exten d universal s t o arbi -
trar y instances ,  the y woul d hav e t o generaliz e outsid e 
th e spac e o f  trainin g examples .  Next ,  i n simulations , 
I  sho w tha t  tw o prominen t  networ k architectures ,  th e 
feedforwar d networ k an d th e simpl e recurren t  network , 
canno t  exten d universal s outsid e th e trainin g space .  I 
the n sho w ho w thi s limitatio n follow s fro m th e mathe -
matic s tha t  underlie s th e models .  Finally ,  I  sho w ho w 
thi s limitatio n ca n b e avoide d throug h th e us e o f  a n ar -
chitectur e tha t  implement s symbo l  manipulation . 
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Analyse s o f  W o r k Acros s Disciplinar y Boundar ie s 

Rogers Hall (rhalKs^socrates.berkeley.edu) 
Universit y o f  California ,  Berkele y 

Berkeley ,  C A 9472 0 

S e e i n g i n D e p t h 

Charles Goodwin (cgoodwin@humnet.ucla.edu) 
Applie d Linguistic s 

Universit y o f  California ,  Lo s Angele s 
Lo s Angele s C A 90095-153 1 

On oceanographic research vessels scientists from different 
discipline s mus t  wor k togethe r  t o obtai n sample s fro m th e 
sea beneat h thei r  ship .  Suc h juxtapositio n o f  no t  jus t  theory , 
but  actua l  laborator y practice ,  create s uniqu e possibilitie s 
fo r  synergy ,  a s member s o f  on e disciplin e mak e us e o f  th e 
tool s o f  another .  Usin g videotape s o f  technician s deployin g 
a prob e i n th e mout h o f  th e Amazon ,  thi s pape r  investigate s 
ho w multipl e kind s o f  space  includin g th e se a unde r  th e 
ship ,  graphi c representations ,  th e wor k spac e o f  th e lab ,  an d 
embodie d participatio n framework s fo r  th e organizatio n o f 
tool-mediate d huma n interactio n ar e constitute d throug h a 
rang e o f  temporall y unfolding ,  work-relevant ,  situate d 
practices .  Particula r  attentio n i s  pai d t o h o w thre e partie s 
wor k togethe r  t o precisel y positio n th e prob e a t  a  spo t  wher e 
a genchemis t  want s t o tak e samples .  Becaus e eac h acto r  use s 
alternativ e tool s t o organiz e hi s o r  he r  perceptio n i n way s 
appropriat e t o complementar y task s require d fo r  th e 
successfu l  accomplishmen t  o f  th e samplin g run ,  eac h see s 
th e plac e the y ar e lookin g a t  togethe r  i n a  ver y differen t  way . 

Making and Using Generalizations: 
Interdiscipl inar y C o n s u l t i n g i n E n t o m o l o g y 

v e r s u s A r c h i t e c t u r e 

Rogers Hall (rhall@socrates.berkeley.edu) 
R e e d Steven s (reed@socrates.berkeley.edu ) 

Universit y o f  California ,  Berkele y 
Berkeley ,  C A 9472 0 

Cognitive processes of making and using generalizations are 
examine d throug h comparativ e ethnographi c studie s o f  wor k 
i n field  entomolog y an d architecture .  Thes e processe s 
depen d upo n interdisciplinar y collaboration ,  an d ou r 
analyse s focu s o n vide o record s o f  workplac e meeting s 
betwee n practitioner s an d consultant s fro m othe r  disciplines . 
The entomologist s ar e constructin g genera l  claim s abou t  th e 
foragin g behavio r  o f  subterranea n termites .  T o d o this ,  the y 
must  simultaneousl y accoun t  fo r  competin g claim s o f  othe r 
researc h group s an d fo r  contingencie s i n thei r  o w n field 
data .  Thus ,  th e entomologist s ca n b e sai d t o mak e ne w 
generalizations .  A s par t  o f  thi s process ,  the y consul t 
specialist s i n chemistr y an d biostatistics .  Th e architect s ar e 
remodelin g histori c publi c building s an d mus t  hol d thei r 

proposal s accountabl e t o a  variet y o f  existin g 
generalization s (e.g.,multipl e cod e restrictions) .  I n thi s 
sense ,  architect s ca n b e sai d t o us e generalizations .  The y 
consul t  specialist s fro m structura l  engineerin g an d historica l 
preservatio n t o m a p th e emergin g desig n ont o existin g 
constraints .  Ou r  compariso n o f  interdisciplinar y consultin g 
acros s thes e case s support s tw o observations .  (1 )  Th e 
relatio n betwee n generalit y an d specificit y i s  sociall y 
constructe d an d negotiable ,  thoug h th e cos t  o f  dissen t  ca n b e 
hig h onc e a  generalizatio n i s established .  (2 )  I n consultin g 
relations ,  specialist s provid e distinctl y differen t  perspective s 
and embodie d skill s  fo r  workin g wit h th e "same "  situation . 
Whil e thes e difference s sometime s matte r  fo r  th e outcom e o f 
projects ,  thei r  interactio n i s largel y unstudied . 

C a t e g o r i e s a n d C o g n i t i o n :  M a t e r i a l  a n d 
C o n c e p t u a l  A s p e c t s o f  L a r g e S c a l e C a t e g o r y 

S y s t e m s 

Susan I>eigh Star (star@alexia.lis.uiuc.edu) 
Graduat e Schoo l  o f  Librar y an d Informatio n Scienc e 

Universit y o f  Illinoi s 
Urbana-Champaign ,  I L 6182 0 U S A 

Formal and bureaucratic classifications systems span 
disciplinar y an d organizationa l  boundaries .  A s 
infrastructura l  tools ,  the y ofte n creat e a  mean s o f 
communicatin g acros s traditiona l  divisions .  Thi s 
communicatio n m a y tak e plac e acros s wid e geographica l 
scal e o r  lon g period s o f  time ,  eve n decades .  I t  relie s no t  o n 
consensus ,  bu t  o n interpretatio n o f  th e forma l  system ,  an d 
loca l  modification s suite d t o th e practicalitie s o f  th e users . 
Thi s pape r  wil l  discus s severa l  empirica l  example s o f  large -
scal e classificatio n system s wher e thi s proces s occurs :  Th e 
Internationa l  Classificatio n o f  Diseases ,  th e Nursin g 
Intervention s Classification ,  an d rac e classificatio n unde r 
aparthei d i n Sout h Africa .  Classification s ar e bot h 
conceptua l  an d material .  Ver y littl e wor k ha s examine d 
thes e feature s together ,  especiall y fo r  wide-scal e 
implementation .  B y comparin g thes e examples ,  th e pape r 
explore s h o w classification s ar e linke d cognitivel y an d 
practicall y wit h socia l  organization ,  an d h o w the y hel p spa n 
traditiona l  division s o f  disciplin e an d organization .  Severa l 
dimension s ar e identified :  1 .  th e ubiquit y o f  standardize d 
classification s i n moder n society ;  2 .  th e pracfica l  politic s o f 
craftin g classification s acros s disparat e viewpoint s an d 
locales ;  3 .  Th e historica l  indeterminac y o f  classification s a s 
traceabl e records ;  an d 4 .  Th e crucia l  rol e o f  residua l 
categorie s fo r  managin g organizationa l  practice . 
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Gar y Hatfiel d (hatfield@linc.cis.upenn.eclu ) 
Dept .  o f  Philosophy ,  Univ .  o f  Pennsylvania , 

43 3 Loga n Hall ,  Philadelphia ,  P A 1910 4 

Brian L. Keeley (keeley@twinearth.wusti.edu) 
Philosophy/Neuroscience/Psycholog y Program , 

Washingto n Univ. ,  Bo x 1073 ,  St .  Louis ,  M O 6313 0 

William Hirstein (HIRSTEINW@nebula.wilpaterson.edu) 
Dept .  o f  Philosophy ,  26 5 Atriu m Building , 
Willia m Paterso n Univ. .  W a y n e ,  N J 0747 0 

Philosopher s hav e lon g speculate d abou t  th e stron g con -
straint s tha t  brai n science-or ,  mor e generally ,  "natura l  scien -
tific "  description s o f  bodil y states-wil l  o r  shoul d provid e fo r 
actua l  o r  an y futur e possibl e psychologica l  theories .  Hempe l 
and other s advocate d a  translatio n o f  psychologica l  languag e 
int o physica l  language ,  presumabl y a  languag e i n whic h 
bot h behavio r  an d brai n state s woul d b e described .  W . V . O . 
Quin e ha s forecas t  tha t  psychologica l  tal k wil l  ultimatel y b e 
"cashe d out "  i n physiologica l  o r  physica l  terms .  Th e 
Churchland s forese e th e replacemen t  o f  "fol k psychology " 
wit h neurobiologicall y informe d descriptions .  Dennet t  treat s 
th e "physica l  stance "  a s th e ultimat e locu s o f  explanation . 
On th e othe r  side ,  Fodo r  ha s lon g plumpe d fo r  th e autonom y 
of  psycholog y fro m neuroscience ,  b y analog y wit h th e 
(alleged )  hardware-independenc e o f  compute r  programs . 

Th e first  se t  o f  prediction s wer e undertake n i n virtuall y 
complet e innocenc e o f  actua l  case s o f  th e interactio n o f  psy -
cholog y wit h neuroscience .  Quine' s discussion s themselve s 
wer e s o m a n y promissor y note s abou t  th e futur e cours e o f 
science .  Eve n Patrici a Churchland' s Neurophilosoph y doe s 
not  addres s genuin e interaction s betwee n psycholog y an d 
neuroscience ,  becaus e th e representativ e o f  psycholog y i n 
tha t  boo k i s (philosopher's )  fol k psychology ,  no t  th e actua l 
result s experimenta l  psychology . 

Thi s symposiu m wil l  examin e th e interpla y betwee n psy -
cholog y an d neuroscienc e i n thre e domains :  1 )  th e relatio n 
betwee n colo r  visio n an d sensor y physiology ;  2 )  neuro -
ethology ,  o r  th e stud y o f  th e physiologica l  structure s 
throug h th e investigatio n o f  non-huma n animal s i n thei r 
natura l  environments ;  an d 3 )  neurolog y an d neuropsychol -
ogy ,  o r  th e stud y o f  brain-damage d patient s i n orde r  t o infe r 
norma l  psychologica l  function .  Thes e thre e topic s cove r  a 
varie d se t  o f  theorie s i n psychology ,  an d differin g method -
ologie s fro m neuroscience . 

Th e first  paper-Gar y Hatfiel d o n "Menta l  Function s a s 
Constraint s o n Neurophysiology :  Visual  Psycholog y an d 
Physiology"-cover s th e traditiona l  hear t  o f  physiologica l 
psycholog y an d brai n physiology :  th e stud y o f  normall y 
functionin g sensor y system s i n th e laboratory .  Thi s cas e 
stud y wil l  revea l  tha t  psycholog y ha s historicall y le d th e 
way i n th e postulatio n o f  brai n mechanism s an d th e testin g 
of  suc h hypotheses ;  a  furthe r  argumen t  wil l  b e give n t o th e 

effec t  tha t  psycholog y mus t  o f  necessit y conditio n an d guid e 
any wor k o n th e globa l  functionin g o f  brai n system s 

The secon d paper-Bria n L .  Keele y o n "Cognitiv e Scienc e 
and th e Neuroetholog y o f  Electroreceplion"-examine s th e 
methodolog y o f  investigatin g anima l  nervou s system s b y 
relatin g organism s t o thei r  behaviora l  capacitie s i n th e wild ; 
i n particular ,  i t  trace s th e interestin g cas e o f  th e discover y o f 
sensor y system s i n fish  tha t  ar e sensitiv e t o electrica l  im -
pulses ,  a  discover y tha t  relie d o n researc h a t  a  variet y o f  lev -
els .  Here ,  psychologica l  investigatio n allowe d neuro -
physiologist s t o understan d th e functio n o f  a  structur e the y 
coul d describ e anatomically ,  bu t  whos e functio n ha d bee n a 
mystery .  Neurobiolog y an d evolutionar y biolog y als o mad e 
crucia l  contributions . 

Finally ,  th e thir d paper-Willia m Hirstei n o n "Doubt ,  Cer -
tainty ,  an d Confabulation "  relate s th e neurologica l  phe -
nomenon o f  confabulation-th e patien t  provide s fals e o r  ir -
relevan t  informatio n (withou t  inten t  t o deceive )  whe n aske d 
a questio n touchin g o n hi s  disability-t o feeling s o f  doub t 
and certaint y whic h guid e al l  o f  u s i n ou r  epistemi c endeav -
ors .  Workin g fro m a  se t  o f  experiment s recentl y performe d 
(togethe r  wit h V.S .  Ramachandran )  t o prob e th e dynamic s o f 
confabulatio n i n split-brai n patients ,  th e pape r  attempt s t o 
reconcil e theorie s o f  confabulatio n whic h trac e i t  t o frontal 
damage wit h theorie s tracin g i t  t o latera l  disconnection .  Th e 
relevanc e o f  al l  thi s t o ou r  ordinar y concept s o f  knowledge , 
doubt ,  an d certaint y i s the n discussed . 

Thi s symposiu m represent s a  relativel y under-develope d 
are a o f  th e philosoph y o f  science :  philosoph y o f  cognitiv e 
scienc e treate d a s a  branc h o f  th e philosoph y o f  science , 
rathe r  tha n a s a n extensio n o f  th e philosoph y o f  mind .  I t 
wil l  revea l  th e inadequac y fo r  neuroscienc e an d psycholog y 
of  traditiona l  picture s o f  reductio n vi a bridg e laws ,  o r  iden -
tit y relation s betwee n entitie s referre d t o i n th e reducin g an d 
to-be-reduce d sciences .  Th e sessio n thu s promise s t o ai d i n 
th e developmen t  o f  a  ne w are a o f  th e philosoph y o f  science , 
and als o t o addres s th e traditiona l  topi c o f  reduction .  I t  wil l 
als o serv e t o illustrat e th e rol e o f  cognitiv e scienc e i n fur -
therin g ou r  knowledg e o f  h o w interdisciplinar y scienc e ca n 
wor k t o successfull y describ e natura l  phenomena . 
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Woo-Kyoung Ahn (woo-kyoung.ahn@yale.edu) 

Departmen t  o f  Psychology ,  Yal e Universit y 
P.O.Bo x 208205 ,  N e w Haven ,  C T 0652 0 U S A 

I t  i s  n o w a  virtua l  truis m tha t  backgroun d 
knowledg e affect s cognition .  Th e cours e o f 
thinkin g frequentl y depend s o n wha t  i s  bein g 
though t  about .  Ye t  beyon d thi s simpl e admissio n 
i t  i s  importan t  t o develo p specifi c  account s o f 
backgroun d knowledge .  O n e wa y t o begi n i s t o 
recogniz e tha t  som e belief s ar e mor e influentia l 
tha n others .  I n thi s symposiu m w e wil l  focu s o n 
th e rol e tha t  causa l  belief s pla y i n cognition . 

M u ch o f  ou r  knowledg e o f  di e worl d i s organize d 
aroun d idea s o f  causa l  relations .  A s a  foundationa l 
concept ,  "cause "  figure s i n a  numbe r  o f  cognitiv e 
processes .  I n thi s symposium ,  investigator s from 
severa l  sub-discipline s o f  cognitiv e scienc e wil l 
discus s th e influenc e o f  belief s about  causa l 
relations .  Fro m thes e presentation s w e hop e w e 
m ay discer n som e c o m m o n pattern s an d begi n t o 
fil l  i n th e pictur e o f  backgroun d knowledge . 

Presentations 

Learning in Context: The effect of existing 
causa l  k n o w l e d g e o n th e acquisitio n o f  n e w 
k n o w l e d g e . 

Michae l  J .  Pazzan i 
Universit y o f  California ,  Irvin e 
A variet y o f  studie s hav e show n tha t  th e existin g 

causa l  knowledg e o f  th e learne r  affect s th e inductio n 
of  ne w knowledge .  Here ,  w e discus s th e 
implication s o f  thes e finding s o n th e field  o f 
knowledg e discover y i n database s whos e goa l  i s  t o 
tur n dat a int o knowledge .  I n particular ,  w e presen t 
recen t  result s i n whic h consistenc y wit h prio r 
causa l  knowledg e affect s experts '  willingnes s t o us e 
th e result s o f  knowledg e discover y an d discus s ho w 
knowledg e discover y algorithm s m a y b e modifie d 
t o produc e acceptabl e results . 

The Role of Causal Status of Features in 
De te rmin in g Featur e Centralit y i n 
Categorizatio n 

W o o - k y o u n g A h n 
Yal e Universit y 

I  presen t  studie s investigatin g h o w th e causa l 
relation s amon g feature s determin e th e features ' 
centralit y i n categorization .  First ,  i n natura l 

concepts ,  correlate d feature s tha t  ar e causall y relate d 
(e.g. ,  "flies "  an d "sit s i n trees "  i n birds )  affec t 
typicalit y judgment s mor e tha n causall y unrelate d 
one s (e.g. ,  "i s  shady "  an d "ha s bark "  i n trees) . 
Second ,  amon g th e causall y relate d features ,  caus e 
feature s (e.g. ,  "flies "  i n birds )  wer e judge d t o b e 
mor e cenU-a l  tha n thei r  effec t  feature s (e.g. ,  "sit s i n 
trees "  i n birds) .  Thi s findin g ha s bee n demonstrate d 
wit h natura l  categorie s an d artificia l  stimuli . 

The pragmatics of causal inference 

Denis e Dellaros a C u m m i n s 
Californi a Stat e University ,  Sacrament o 

Causa l  reasonin g i s influence d b y judgment s o f 
causa l  necessit y an d sufficiency ,  whic h ar e distinc t 
fro m logica l  necessit y an d sufficiency .  W h e n 
determinin g causa l  necessity ,  reasoner s conside r 
possibl e alternativ e cause s tha t  coul d produc e a 
particula r  effect ;  whe n determinin g causa l 
sufficiency ,  the y conside r  possibl e factor s tha t 
coul d preven t  a n effec t  fro m occurring .  Th e 
determinatio n o f  causa l  necessit y an d sufficienc y 
constitut e th e pragmatic s o f  causa l  inference .  A 
model  o f  causa l  inferenc e i s presente d i n whic h th e 
interactio n o f  argumen t  structur e an d pragmati c 
conten t  i n determinin g causa l  inferenc e i s detailed . 
Studie s investigatin g th e prediction s o f  thi s mode l 
ar e discussed . 

Children's Inductive Inferences in Natural 
a n d Intentiona l  Causa l  Context s 

Charle s Kalis h 
Universit y o f  Wisconsin-Madiso n 

Belief s about  causa l  relation s ofte n underli e 
inductiv e inferences .  I f  A  cause s B  a t  T j ,  w e 
assume A  wil l  caus e B  thereafte r  (ceteri s paribus) . 
However ,  al l  causa l  relation s d o no t  suppor t  equall y 
stron g inferences .  I n particula r  w e typicall y believ e 
ther e i s a  stronger ,  mor e necessar y connectio n 
betwee n caus e an d effec t  i n case s o f  natura l 
(physical )  causatio n tha n i n case s o f  intentiona l 
(voluntary )  causation .  T o wha t  exten t  ar e children' s 
inductiv e inference s sensitiv e t o difference s i n 
causa l  content ? I  wil l  discus s researc h suggestin g 
tha t  youn g childre n exaggerat e th e difference s 
betwee n intentiona l  an d natura l  causa l  relations . 
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S y m p o s i u m :  Multidisciplinar y Perspective s o n Evolu t ionar y R e a s o n i n g 

Chair and Organizer: David R. Kaufman (davek@socrates.berkeley.edu) 
Discussant :  Michae l  Ranne y (ranney@soe.berkeley.edu ) 

Cognitio n an d Development ,  Graduat e Schoo l  o f  Education ,  Universit y o f  California ,  Berkele y 
Berkeley ,  C A 9470 4 

Stellan Ohisson (stellan@tigger.cc.uic.edu) 
Departmen t  o f  Psychology ,  Universit y o f  Illinoi s a t  Chicag o 

Chicago ,  I L 60607-751 3 

Brian J. Reiser (reiser@nwu.edu) 
Schoo l  o f  Educatio n an d Socia l  Polic y an d Th e Institut e fo r  th e Learnin g Sciences ,  Northwester n Universit y 

Chicago ,  I L 60607-75 1 

Lawrence Shapiro (lshapiro@facstaff.wisc.edu) 
Departmen t  o f  Philosophy ,  Universit y o f  Wisconsi n 

Madison ,  W I  5370 6 

Evolutio n i s widel y perceive d t o b e a  cornerston e o f  m o d e m 
biology .  I n recen t  years ,  evolutionar y theor y ha s penetrate d 
an ever-widenin g circl e o f  scientifi c  domain s includin g th e 
variou s discipline s o f  cognitiv e scienc e suc h a s linguistics , 
anthropology ,  artificia l  intelligence ,  an d neuroscience .  Evo -
lutio n play s a  dua l  rol e i n cognitiv e science :  a s a n explana -
tor y theory ,  i t  m a y provid e u s wit h insight s int o th e genesi s 
of  min d an d brain ;  a s a  comple x an d controversia l  scientifi c 
fi-amework,  i t  i s  th e objec t  o f  philosophical ,  psychological , 
and educationa l  inquiry . 

Thi s symposiu m present s multidisciplinar y perspective s 
o n reasonin g abou t  evolution .  Evolutionar y reasonin g con -
tinue s t o provid e formidabl e challenge s fo r  children ,  la y 
adults ,  student s o f  biology ,  a s wel l  a s scientist s engage d i n 
th e enterprise .  Althoug h severa l  studie s hav e documente d 
studen t  misconception s an d significan t  gap s i n individuals ' 
knowledge ,  w e conten d tha t  m a n y o f  th e mos t  seriou s diffi -
cultie s i n addressin g evolutionar y problem s concer n th e 
processe s o f  reasoning ,  argumentation ,  an d explanation . 
Thi s i s th e foca l  them e o f  thi s symposium . 

Th e natur e an d structur e o f  evolutionar y argumentatio n 
hav e bee n th e subjec t  o f  intensiv e debat e withi n bot h biol -
og y an d philosophy .  Th e Chair ,  Davi d Kaufma n provide s a 
framewor k fo r  considerin g th e philosophical ,  psychological , 
and educationa l  issue s i n evolutionar y reasonin g an d argu -
mentation .  O n e o f  th e centra l  an d mos t  contentiou s issue s 
has t o d o wit h functio n an d adaptation .  Fo r  example ,  certai n 
evolutionar y theorie s endeavo r  t o accoun t  fo r  a n organism' s 
trait s an d characteristic s a s adaptation s optimize d fo r  curren t 
function .  Th e first  speake r  i n thi s symposium ,  Lawrenc e 
Shapiro ,  consider s a  disput e i n th e philosoph y o f  biolog y 
concernin g th e explanatio n o f  function .  Mos t  philosopher s 
of  biolog y accep t  eithe r  a n etiologica l  o r  a  dispositiona l 
analysi s o f  functio n (Shapir o &  Epstein ,  i n press) .  Usin g 
evolutionar y psycholog y a s a  cas e study ,  Shapir o argue s tha t 
bot h analyse s ca n pla y a n instrumenta l  rol e i n explainin g 
evolutionar y processes . 

The developmen t  o f  coheren t  an d accurat e evolutionar y 
explanation s present s considerabl e difficultie s fo r  student s 
studyin g biology .  I t  ha s bee n demonstrate d tha t  novice s ar e 
pron e t o teleologica l  an d reasonin g biase s tha t  interfer e wit h 
thei r  abilit y t o construc t  effectiv e Darwinia n explanations . 
Understandin g evolutio n i s predicate d o n acquirin g a n appro -
priat e explanator y schem a tha t  integrate s relate d facet s suc h 
as variation ,  inheritance ,  an d cumulativ e chang e (Ohisson , 
1998) .  Th e secon d speake r  i n thi s symposium ,  Stella n 
Ohisson ,  addresse s novic e explanation s o f  evolutionar y phe -
nomena.  H e present s th e result s o f  tw o studies .  Th e first  i s 
concerne d wit h a  characterizatio n o f  novices '  explanator y 
schemat a o f  biologica l  adaptatio n an d th e secon d focuse s o n 
an instructiona l  interventio n designe d t o foste r  th e acquisi -
tio n o f  a  Darwinia n explanatio n schema . 

I t  i s  increasingl y recognize d tha t  th e developmen t  o f  skill s 
of  reasonin g an d argumentatio n i s  centra l  t o th e effectiv e 
applicatio n o f  scienc e concept s acros s a  rang e o f  domain s 
(Ranne y &  Schank ,  i n press) .  Computer-mediate d learnin g 
environment s hav e prove n t o b e a  usefu l  too l  fo r  promotin g 
th e developmen t  o f  thes e metacognitiv e competencies .  Th e 
thir d speake r  i n th e symposium ,  Bria n Reiser ,  wil l  discus s 
th e teachin g o f  skill s o f  evolutionar y reasonin g an d argu -
mentatio n usin g a  computer-mediate d instructiona l  system . 
B G u I L E (Biolog y Guide d Inquir y Learnin g Environments )  i s 
a collectio n o f  learnin g environment s designe d t o facilitat e 
students '  developmen t  o f  mor e sophisticate d conception s o f 
scientifi c  phenomen a b y focusin g o n th e reasonin g strategie s 
tha t  allo w th e constructio n o f  convincin g scientifi c  argu -
ment s (Tabak ,  Smith ,  Sandoval ,  &  Reiser ,  1996) .  Hi s  pres -
entatio n discusse s th e philosoph y an d desig n o f  thi s envi -
ronmen t  a s wel l  a s th e result s fro m severa l  classroo m trials . 
I n additio n t o discussin g th e presentations ,  Michae l  Ranne y 
addresse s aspect s an d findings  o f  h o w evolutio n i s  define d 
and wha t  th e theor y mean s t o peopl e an d thei r  world-view s 
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S y m p o s i u m o n Educationa l  Dialogu e 

Jean McKendree, Chair (j.mckendree@ed.ac.uk) 
HCRC,  Universit y o f  Edinburgh ,  2  Buccleuc h Place ,  Edinburg h 

nH8 9L W SCOTLAND 

James Gee, Panelist (jgee@mail.soemadison.wisc.edu) 
Departmen t  o f  Curriculu m an d Instruction ,  Universit y o f  Wisconsi n a t  Madison , 

Madison ,  WI  5370 6 

Keith Stenning, Panelist (k.stenning@ed.ac.uk) 
H C R C,  Universit y o f  Edinburgh ,  2  Buccleuc h Place ,  Edinburg h 

EH8 9L W SCOTLAND 

James Voss ,  Panelis t  (voss@vms.cis.pitt.edu ) 
LRDC,  Universit y o f  Pittsburgh ,  393 9 O'Har a Street , 

Pittsburgh ,  P A 1526 0 

Some recen t  trend s i n cognitiv e scienc e sugges t  a  growin g 
interes t  i n th e rol e o f  dialogu e i n learning .  Reflectin g th e 
theme o f  interdisciplinarity ,  thi s symposiu m bring s togethe r 
eminen t  researcher s fro m quit e differen t  perspectives .  Eac h 
wil l  presen t  a  summar y o f  thei r  theoretica l  an d 
methodologica l  approac h t o th e are a o f  educationa l  dialogu e 
and thei r  view s o n th e essentia l  question s raise d fo r 
cognitiv e science . 

James Gee 

Over the last view years, there has been a major focus on 
learnin g throug h talk ,  activity ,  an d interaction ,  rathe r  tha n 
throug h over t  instruction .  Withi n thi s focus ,  i t  i s  ofte n 
assumed,  tha t  talk ,  interaction ,  an d activit y ar e virtuall y 
sign s o f  learning .  However ,  i n area s lik e scienc e education , 
i t  ha s bee n traditiona l  t o pa y littl e attentio n t o language ,  a s 
oppose d t o reasonin g an d content .  Usin g dat a fro m 
elementary-schoo l  scienc e classrooms ,  I  wil l  discuss ,  fro m 
sociocognitiv e perspectives ,  way s i n whic h languag e an d 
interactio n ca n fai l  t o b e efficaciou s i n constructivis t 
classrooms ,  creatin g condition s unde r  whic h student s wh o 
alread y kno w com e t o kno w mor e an d student s wh o kno w 
littl e com e t o kno w less .  I  wil l  formulat e a  notio n o f  luci d 
languag e an d argu e tha t  onl y suc h languag e ca n possibl y b e 
efficaciou s i n classrooms . 

Professor James Paul Gee is the Tashia Morgridge Professor 
of  Readin g a t  th e Universit y o f  Wisconsi n a t  Madison .  H e 
i s th e autho r  o f  severa l  book s includin g Socia l  Linguistic s 
and Literacies ,  Secon d Editio n (1996 )  an d Th e Ne w Wor k 
Orde r  (1996) .  H e ha s publishe d widel y i n variou s area s o f 
linguistic s an d education . 

Keith Stenning 

Education is a particularly difficult kind of communication 
involvin g a  studen t  an d teache r  communicatin g acros s a 
conceptua l  gulf .  Becaus e o f  thi s gulf ,  w e clai m tha t 
educationa l  dialogu e i s bes t  theorise d i n term s o f  argument . 
Traditionally ,  argumen t  ha s bee n analyse d usin g logic ,  a 

framewor k fo r  th e assuranc e o f  communicatio n acros s 
misalignmen t  o f  goal s o r  concepts .  Conceptua l  gulf s i n th e 
classi c 'har d cases '  o f  educationa l  communicatio n shar e th e 
propert y tha t  th e abstrac t  natur e o f  th e concept s involve d 
means tha t  the y canno t  b e distinguishe d fro m competin g 
'naiv e concepts '  b y simpl y learnin g t o sor t  concret e objects , 
but  hav e t o b e distinguishe d b y th e par t  inferentia l 
transformation s pla y i n th e dialogu e betwee n studen t  an d 
teacher .  Th e rol e tha t  externa l  an d interna l  representation s 
pla y i n thi s process ,  an d th e pattern s o f  socia l  an d epistemi c 
authorit y whic h dominat e th e communicatio n ar e a t  th e 
hear t  o f  understandin g educationa l  dialogue . 

Professor Keith Stenning is Director of the Human 
Communicatio n Researc h Centr e a t  th e Universit y o f 
Edinburgh .  Hi s backgroun d i s i n psycholog y an d 
philosophy .  Mos t  recently ,  h e ha s develope d a  theor y o f  th e 
contrast s betwee n sententia l  an d diagrammati c semantic s 
and o f  th e impac t  of'modalities '  o f  informatio n presentatio n 
on students '  learning . 

James Voss 

The classroom study of history emphasises learning from 
text s an d lecture s a s wel l  a s fro m instructio n tha t  ma y focu s 
on particula r  theme s o r  movements .  Ou r  researc h ha s show n 
tha t  th e writin g o f  historica l  arguments ,  especiall y whe n th e 
subjec t  matte r  come s fro m multipl e sources ,  produce s bette r 
understandin g tha n whe n writin g narratives .  I n thi s pape r 
we discus s ho w narrativ e ca n b e use d a s a  for m o f  argument , 
and ho w culturall y base d narrative s ar e abl e t o influenc e 
understanding .  Instructionally ,  thi s mean s tha t 
understandin g o f  particula r  issue s wil l  b e enhance d whe n 
smdent s ar e awar e o f  alternativ e narratives . 

James F. Voss is Professor of Psychology and of Political 
Scienc e an d als o a  Senio r  Scientis t  an d forme r  Associat e 
Directo r  o f  th e Learnin g Researc h an d Developmen t  Cente r 
at  th e Universit y o f  Pittsburgh .  Hi s wor k ha s include d th e 
solvin g o f  ill-structure d problem s an d reasonin g i n histor y 
and th e socia l  sciences . 
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Interdisciplinarit y o f  Cogni t iv e Scienc e 

Christia n D .  Schun n (schunn@cmu.edu ) 
Departmen t  o f  Psychology ;  Georg e Maso n Universit y 

Fairfax ,  V A 22032-444 4 US A 

T h e Cognitiv e Scienc e Society : 

Interdisciplinarit y N o w an d The n 

Christian D. Schunn (schunn@cmu.edu) 
Departmen t  o f  Psychology ;  Georg e Maso n Universit y 

Fairfax ,  V A 22032-444 4 US A 

Definitions of cognitive science typically emphasize the 
field' s interdisciplinar y roots .  A s a  cas e stud y o f  th e field  o f 
cognitiv e science ,  w e analyze d th e activitie s o f  th e Cogni -
tiv e Scienc e Societ y wit h a  particula r  emphasi s o n th e inter -
disciplinar y natur e o f  th e field,  n o w an d sinc e it s inception . 
Analyse s o f  departmenta l  affiliations ,  trainin g backgrounds , 
researc h methodology ,  an d pape r  citation s sugges t  tha t  th e 
journa l  Cognitiv e Scienc e an d th e Annua l  Meetin g o f  th e 
Cognitiv e Scienc e Societ y ar e dominate d b y cognitiv e psy -
cholog y an d compute r  science ,  rathe r  tha n bein g a n equa l 
divisio n amon g th e constituen t  discipline s o f  cognitiv e sci -
ence .  However ,  a t  m a n y levels ,  a  growin g percentag e o f 
wor k wa s foun d t o involv e a  conjunctio n o f  multipl e disci -
plines ,  suc h tha t  approximatel y 30-50 % o f  recen t  wor k i n 
th e Cognitiv e Scienc e Societ y i s  interdisciplinary .  Th e goa l 
of  thi s symposiu m i s t o discus s th e factor s (psychological , 
historicaJ ,  sociological ,  an d others )  tha t  hav e lea d t o th e 
curren t  stat e o f  affairs ,  an d wha t  m a y b e don e t o furthe r  in -
creas e interdisciplinarit y i n cognitiv e science . 

M a k i n g In te rd isc ip l inar y 
C o l l a b o r a t i o n W o r k 

Susan Epstein (epstein@roz.hunter.cuny.edu) 
Departmen t  o f  Compute r  Science ;  Hunte r  Colleg e an d Th e 

Graduat e Schoo l  o f  Th e Cit y Universit y o f  N e w Yor k 
N e w York ,  N Y 1002 1 U S A 

Interdisciplinary work is a fundamental goal in cognitive 
science ,  bu t  it s  achievemen t  require s mor e tha n tw o re-
searcher s wit h differen t  area s o f  expertise .  Thi s tal k wil l 
repor t  o n som e actua l  collaboration s i n cognitiv e scienc e an d 
attemp t  t o identif y th e attribute s tha t  mak e them ,  i n th e 
judgmen t  o f  thei r  investigator s an d externa l  arbiters ,  particu -
larl y successful .  Consideratio n wil l  b e give n bot h t o rela -
tivel y obviou s features ,  suc h a s disciplin e an d topic ,  an d t o 
les s obviou s ones ,  includin g institutiona l  environmen t  an d 
fundin g agency . 

B e i n g In terd isc ip l inary :  T r a d i n g Z o n e s i n 
C o g n i t i v e S c i e n c e 

Paul Thagard (pthagard@watarts.uwaterloo.ca) 
Philosoph y Department ;  Universit y o f  Waterlo o 

Waterloo ,  Ontari o N 2 L 3 G 1 Canad a 

As Peter Gallison describes in his recent book on twentieth 
centur y physics ,  interdisciplinar y researc h require s "tradin g 
zones "  i n whic h peopl e fro m differen t  fields  ar e abl e t o 
achiev e a t  leas t  partia l  communication .  Thi s tal k wil l 
discus s som e o f  th e tradin g zone s tha t  mak e interdisciplinar y 
wor k i n cognitiv e scienc e possible ,  takin g int o accoun t 
some o f  th e people ,  places ,  ideas ,  an d method s tha t  hav e 
contribute d t o th e developmen t  o f  cognitiv e science .  I n par -
ticular ,  I  wil l  analyz e th e tradin g zon e betwee n psycholog y 
and artificia l  intelligenc e involvin g computationa l  model s o f 
cognition ,  an d th e tradin g zon e betwee n psycholog y an d 
philosoph y involvin g descriptiv e an d prescriptiv e account s 
of  thinking . 
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F r e q u e n c y vs .  Probabilit y  F o r m a t s :  F r a m i n g th e T h r e e D o o r s P r o b l e m 

Eri c Auro n (aaron@cs.cornell.edu ) 
Departmen i  o f  Compute r  Science ;  Cornel l  Universit y 

Ithaca ,  N Y 1485 3 

Michael Spivey (nij$41@corneil.edu) 

Departmen t  o f  Psychology ;  Cornel l  Universit y 
Ithaca ,  N Y 1485 3 

Abstrac t 

Instead of subscribing to the view that people are 
unabl e t o perfor m Bayesia n probabilisti c  inference , 
recen t  researc h suggest s tha t  th e algorithm s peopl e 
naturall y us e t o perfor m Bayesia n inferenc e ar e bette r 
adapte d fo r  informatio n presente d i n a  natura l 
frequenc y forma t  tha n i n th e c o m m o n probabilit y 
format .  W e teste d thi s hypothesi s o n th e notoriousl y 
difficul t  thre e door s problem ,  inducin g subject s t o 
conside r  th e likelihood s involve d i n term s o f  natura l 
frequencie s o r  i n term s o f  probabilities .  W e the n 
examine d thei r  abilit y t o perfor m th e mathematic s 
underlyin g th e problem ,  a  stronge r  indicatio n o f 
Bayesia n inferentia l  performanc e tha n merel y whethe r 
the y gav e th e correc t  answe r  t o th e problem .  Wit h a 
robustnes s tha t  ma y surpris e peopl e unfamilia r  wit h 
th e effect s o f  informatio n formats ,  th e natura l 
frequenc y grou p demonstrate d dramaticall y greate r 
normativ e mathematica l  performanc e tha n th e 
probabilit y  group .  Thi s support s th e importanc e o f 
informatio n format s i n a  mor e comple x contex t  tha n 
i n previou s studies . 

Introduction 

Undeniably ,  reasonin g wit h probabilitie s ca n b e difficul t  fo r 
people .  Thi s i s no t  becaus e suc h reasonin g i s unstudie d o r 
impossible ;  ther e i s a  well-establishe d mathematic s o f  cor -
rec t  probabilisti c  reasoning ,  an d w e us e th e ter m Bayesia n 
inferenc e (name d afte r  Thoma s Baye s (1702(?)-1761) )  t o refe r 
t o a  normativ e inferenc e tha t  agree s wit h thi s framework . 
Nonetheless ,  cognitiv e scienc e i s ric h wit h demonstration s 
of  people' s failure s t o reaso n accordin g t o Bayesia n norm s 
when presente d wit h man y kind s o f  non-trivia l  probabilisti c 
reasonin g problems .  I n a n influentia l  summat ion , 
Kahneman &  Tversk y (1972 )  tak e a  pessimisti c stance , 
concludin g "I n hi s evaluatio n o f  evidence ,  m a n i s apparentl y 
not  a  conservativ e Bayesian :  h e i s no t  a  Bayesia n a t  all. " 

Recently ,  however ,  Gigerenze r  (i n press ;  Gigerenze r  & 
Hoffrage ,  1995 ;  Hoffrag e &  Gigerenzer .  1996 )  ha s suggeste d 
an explanatio n fo r  h u m a n performanc e o n thes e task s 
withou t  claimin g tha t  peopl e lac k th e abilit y  t o functio n a s 
Bayesia n agents .  Peopl e d o hav e method s o r  algorithm s fo r 
reasonin g abou t  probabilities ,  bu t  a s human s evolve d ove r 
th e ages ,  th e algorithm s fo r  Bayesia n reasonin g wer e no t 
expose d t o informatio n expresse d a s probabilities .  Instead , 
peopl e gathere d informatio n a s i t  cam e t o them ,  on e even t  a t 
a tim e an d no t  wit h th e collectiv e informatio n abou t  a  se t  o f 
event s tha t  probabilitie s woul d give .  Thus ,  Gigerenze r  sug -

gest s i n hi s framewor k o f  Ecologica l  Intelligenc e tha t  peo -
ple' s Bayesia n algorithm s ar e adapte d fo r  natura l  frequencie s 
(e.g. ,  "ou t  o f  16 0 coi n tosses ,  8 0 lande d heads" )  a s oppose d 
t o th e probabilitie s (e.g. ,  " 5 0 % o f  th e coi n tosse s lande d 
heads" )  i n whic h informatio n i s traditionall y presente d i n 
studie s tha t  produc e anti-normativ e evidence .  Thi s differenc e 
betwee n informatio n format s m a y no t  see m dramatic ,  bu t  i n 
some context s i t  ca n hav e importan t  effects . 

A n exampl e take n fro m Gigerenze r  (i n press )  demon -
strate s th e powe r  o f  presentin g informatio n i n a  natura l  fre -
quenc y forma t  a s oppose d t o a  probabilit y  format .  Conside r 
a physicia n w h o jus t  discovere d tha t  a  symptom-fre e w o m a n 
betwee n 4 0 an d 5 0 year s ol d ha s ha d a  positiv e m a m m o g r a m 
i n a  routin e breas t  cance r  screening .  H e need s t o advis e hi s 
patien t  abou t  th e ba d new s an d wha t  t o d o next ,  an d a  firs t 
ste p i s estimatin g th e likelihoo d o f  th e patien t  actuall y hav -
in g breas t  cancer .  Fortunately ,  h e know s al l  th e relevan t 
informatio n (presente d her e a s i n Gigerenze r  (i n press)) : 

The probabilit y  tha t  a  woma n ha s breas t  cance r  i s 1 % i f  sh e i s 
i n th e sam e ris k grou p a s thi s patient . 

I f  a  woma n ha s breas t  cancer ,  th e probabilit y  i s  8 0 % tha t  sh e 
wil l  hav e a  positiv e mammogram. 

I f  a  woma n doe s nfl t  hav e breas t  cancer ,  th e probabilit y i s 
1 0 % tha t  sh e wil l  stil l  hav e a  positiv e mammogram. 

He can then ask himself: 

Imagin e a  woma n (age d 4 0 t o 50 ,  n o symptoms )  wh o ha s a 
positiv e m a m m o g r a m i n you r  breas t  cance r  screening . 
What  i s th e probabilit y  tha t  sh e actuall y ha s breas t  cancer ? 

Unfortunately ,  a  stud y o f  2 4 physician s don e b y Gigerenze r 
& Hoffrag e (Gigerenzer ,  i n press ;  Hoffrag e &  Gigerenzer , 
1996 )  showe d that ,  unde r  thes e conditions ,  physician s fre -
quentl y mis-estimat e th e probabilit y  o f  a  patien t  havin g can -
cer  b y nearl y a  ful l  orde r  o f  magnitude .  Th e media n estimat e 
of  actua l  breas t  cance r  afte r  a  positiv e m a m m o g r a m wa s 
7 0 %.  However ,  th e correc t  Bayesia n estimat e i s 7.7% ,  an d 
onl y 2  ou t  o f  th e 2 4 physician s ( 8% )  gav e tha t  response . 

I n th e sam e study ,  2 4 othe r  physician s wer e give n th e 

same estimatio n task ,  bu t  the y wer e give n th e informatio n 
i n a  frequenc y format ,  a s show n here : 

Ten out of every 1 ,(XK) women have breast cancer. 
Of  thes e 1 0 wome n wit h breas t  cancer ,  8  wil l  hav e a  positiv e 

mammogram. 
Of  th e remainin g 99 0 wome n withou t  breas t  cancer ,  9 9 wil l 

stil l  hav e a  positiv e mammogram. 
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Imagin e a  sampl e o f  w o m e n (age d 4 0 t o 50 ,  n o symptoms ) 
who hav e positiv e mammograms i n you r  breas t  cance r 
screening .  H o w man y o f  thes e wome n d o actuall y hav e 
breas t  cancer ? ou t  o f 

With this frequency foimat presentation, 11 out of 24 physi-
cian s (46% )  gav e th e correc t  estimate ,  a  dramati c improve -
ment  ove r  th e 8 % o f  physician s i n th e probabilit y  forma t 
case .  I t  doe s see m tha t  informatio n forma t  ca n affec t  doctors ' 
abilit y t o perfor m Bayesia n inferenc e abou t  issue s o f  grea t 
importanc e t o themselve s an d thei r  patients . 

I n general ,  cognitiv e algorithm s fo r  Bayesia n probabilisti c 
reasonin g m a y b e tune d fo r  a  natura l  frequenc y forma t  rathe r 
tha n a  probabilit y  format .  Severa l  studie s suc h a s th e on e 
presente d abov e see m t o suppor t  thi s hypothesi s 
(Gigerenzer ,  i n press) .  W e furthe r  teste d i t  b y considerin g a 
difficul t  puzzle ,  th e notoriou s thre e door s problem ,  a  tas k 
not  necessaril y  nativ e t o an y particula r  profession .  I n tha t 
context ,  w e investigate d whethe r  a  differenc e i n informatio n 
forma t  affecte d th e abilit y o f  subject s t o perfor m a  correc t 
analysi s o f  th e likelihood s underlyin g th e problem . 

The Three Doors Problem 

The thre e door s proble m (als o calle d th e Mont y Hal l 
problem )  (Granber g &  Brown ,  1995 ;  Selvin ,  1975a ;  Selvi n 
1975b )  ha s bee n know n a s a  difficul t  tas k sinc e it s introduc -
tio n a s th e mathematicall y equivalen t  thre e prisoner s prob -
le m (Gardner ,  1959a ;  Gardne r  1959b) ,  a  tas k o n whic h peo -
pl e typicall y fai l  t o behav e a s normativ e Bayesians .  I n fact , 
peopl e choos e th e incorrec t  answe r  t o th e proble m so  fre -
quentl y tha t  i t  ha s bee n use d a s a  scenari o i n whic h on e ca n 
study  regre t  ove r  makin g a  losin g decisio n (Gilovich , 
Medvec &  Che n 1995) .  I t  recentl y enjoye d a  resurgenc e i n 
popula r  interes t  du e t o a  serie s o f  column s i n Parad e 
Magazin e (vo s Savant ,  1990a ,  1990b ,  1991a ,  1991b )  an d 
relate d storie s i n publication s includin g th e N e w Yor k 
Time s (Tiemey ,  1991) .  I t  ca n b e concisel y presente d a s a 
multi-par t  gam e involvin g a  player ,  a  host ,  an d thre e room s 
behin d close d doors .  I n on e roo m i s a  valuabl e prize ,  a  car ; 
i n th e othe r  two ,  somethin g nearl y valueless ,  a  penny .  I n 
par t  1  o f  th e game ,  th e playe r  select s a  door ,  whic h stay s 
closed .  I n par t  2 ,  th e hos t  open s on e o f  th e othe r  tw o door s 
t o revea l  a  penn y behin d it .  I n par t  3 ,  th e playe r  i s offere d 
th e chanc e t o sta y wit h th e initiall y  chose n doo r  o r  switc h t o 
th e remainin g unopene d door ,  an d th e playe r  keep s whateve r 
i s behin d th e doo r  finall y selecte d i n par t  3 .  Th e problem :  I n 
par t  3 ,  shoul d th e playe r  sta y o r  switch ? 

I t  ha s bee n consistentl y presume d tha t  peopl e wil l  us e th e 
followin g two-stage  analysis :  W h e n th e playe r  make s th e 
choic e i n stag e one ,  h e ha s a  3 3 % chanc e o f  pickin g th e car ; 
then ,  i n stag e two ,  afte r  seein g th e ope n doo r  an d penn y be -
hin d it ,  th e tw o remainin g door s eac h hav e a  5 0 % chanc e o f 
hidin g th e car .  Peopl e generall y choos e t o sta y wit h thei r 
initia l  choic e unde r  thes e circumstance s bu t  n o matte r  h o w 
counterintuitiv e i t  m a y seem ,  th e playe r  shoul d switch . 
W h en tw o door s remai n unopened ,  th e initiall y  chose n roo m 
has a  3 3 % chanc e o f  containin g th e car ,  an d th e othe r 
unopene d roo m therefor e ha s a  6 7 % chance .  O n e wa y t o 
understan d thi s i s tha t  th e likelihoo d tha t  th e ca r  i s behin d 
th e initiall y  chose n doo r  i s no t  affecte d b y openin g anothe r 

door ,  i t  remain s 3 3 % .  Sinc e th e tota l  probabilit y  tha t  th e ca r 
i s behin d on e o f  th e door s remain s 1 0 0 % ,  th e probabilit y 
associate d wit h th e othe r  close d doo r  i s 6 7 % .  Othe r  mor e 
detaile d an d varie d solution s t o thi s proble m ar e availabl e i n 
many forms ,  includin g a  calculatio n fro m Bayes '  Theorem . 
Granber g &  Brow n (1995 )  provid e a n informativ e startin g 
poin t  fo r  mor e informatio n o n th e problem . 

Method 

Typically ,  i n presentation s o f  th e thre e door s problem ,  th e 
fact s necessar y fo r  th e mathematic s involve d ar e presente d i n 
a probabilit y  format ,  an d peopl e ar e rarel y abl e t o arriv e a t  a 
correc t  Bayesia n analysi s o f  th e game .  W e ra n a  serie s o f 
thre e closel y relate d studie s t o examin e th e effec t  o f 
informatio n forma t  o n subjects '  abilit y  t o correctl y perfor m 
th e mathematic s underlyin g th e thre e door s problem .  W e 
focuse d no t  onl y o n subjects '  answer s t o th e stay/switc h 
questio n bu t  als o o n whethe r  inducin g subject s t o reaso n 
wit h natura l  frequenc y format s rathe r  tha n probabilit y 
format s improve d thei r  normativ e mathematica l  performanc e 
on th e wa y towar d th e fina l  stay/switc h answer .  Ever y 
participan t  wa s rea d th e sam e descriptio n o f  th e thre e door s 
g a me (accompanie d b y Figur e 1) ,  designe d t o avoi d 
probabilit y o r  frequenc y specifi c  terminolog y a s m u c h a s 
possibl e an d presen t  th e g a m e a s unambiguousl y a s 
possible .  W e state d explicitly ,  fo r  instance ,  tha t  i n ever y ru n 
of  th e game ,  th e hos t  open s a  doo r  t o a  roo m containin g a 
penn y an d the n give s th e playe r  a  chanc e t o switch ,  an d tha t 
th e host' s choices ,  withi n th e rule s o f  th e game ,  ar e mad e 
fairl y whe n applicable .  Omission s o f  suc h detail s a s thes e 
ca n lea d t o question s extraneou s t o ou r  stud y (see ,  e.g. , 
(Falk ,  1992 )  an d (Granber g &  Brown ,  1995)) .  I n general ,  w e 
trie d t o maximiz e th e numbe r  o f  subject s w h o understoo d 
th e g a m e an d it s rule s withou t  givin g informatio n tha t  wa s 
not  obviou s fro m th e traditiona l  description .  I f  subject s 
faile d t o understan d th e rule s an d working s o f  th e game ,  the y 
woul d certainl y b e unabl e t o perfor m th e desire d Bayesia n 
analysi s accuratel y i n thi s experimenta l  context ,  regardles s 
of  whethe r  information  i s  presente d t o the m i n natura l 
frequenc y o r  probabilit y  format .  W c wer e no t  concerne d tha t 
our  detaile d descriptio n o f  th e g a m e migh t  resul t  i n a 
slightl y highe r  rat e o f  correc t  answer s t o th e stay/switc h 
questio n tha n th e traditiona l  presentation ,  becaus e ou r  focu s 
was o n th e mathematic s an d no t  simpl y th e stay/switc h 
answers ,  an d ou r  comparison s wer e betwee n th e tw o subjec t 
group s (i.e. ,  thos e give n frequenc y forma t  question s an d 
thos e give n probabilit y  forma t  questions) . 

Afte r  hearin g th e descriptio n o f  th e game ,  participant s an -
swere d questionnaires .  Ther e wer e thre e differen t 
questionnair e types ,  eac h determinin g a  differen t  study .  Fo r 
eac h o f  th e thre e types ,  ther e wer e frequenc y an d probabilit y 
versions ,  designe d t o induc e subject s t o conside r  th e gam e 
and relate d informatio n i n term s o f  eithe r  natura l  frequencie s 

Our  presentatio n agree s wit h th e traditiona l  on e i n usin g a 
single-gam e (single-event )  descriptio n i n matter s suc h a s 
likelihood s o f  th e initia l  placemen t  o f  th e car .  Whil e thi s ma y 
ten d t o bia s subject s agains t  a  natura l  frequenc y mterpretation , 
i t  affect s al l  subject s equall y an d shoul d no t  artificiall y  enhanc e 
any advantageou s effect s a  frequenc y forma t  migh t  have . 
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The 3 -DOOR S G A M E 

A ca r  ha s bee n place d randoml y i n on e o f  thre e room s an d wil l  no t  b e move d 

durin g thi s roun d o f  th e game .  Th e othe r  tw o room s eac h contai n onl y a  penny . 

Al l  door s ar e closed . 
The roun d begin s wit h th e playe r  (P )  choosin g a  door . 

A 

o 

B 

o 

C 

0 

I t  doesn' t  matte r  X 

whic h doo r  I  choose .  ) 

\|1 [  choos e A .  . ^ 

The hos t  (H )  mus t  ope n a  doo r  t o sho w th e playe r  a  roo m wit h a  penn y i n it . 

I n doin g this ,  h e must:  1 )  No t  ope n th e doo r  th e playe r  chose . 

2)  Choos e randoml y when ,  afte r  thes e constraints , 

he stil l  ha s a  choice . 

A 

o 

B 

o 

C 

o 

\ 

Give n wha t  I  kno w abou t  th e player' s Apo^ ^ 

choic e i n thi s round ,  wher e th e pennie s \ 

ar e i n thi s round ,  an d m y nee d t o choose ] 
randoml y whe n I  can ,  ...I'l l  ope n B . 

The hos t  give s th e playe r  a  chanc e t o switch . 

What 

shoul d I 

do? 

/flayer ,  woul d yo u lik e t o S T A Y an d kee p 

what' s behin d doo r  A ,  o r  giv e i t  u p an d 
S W I T CH an d kee p what' s behin d doo r  C ? 

•  Afte r  th e playe r  decide s t o S T A Y o r  S W I T C H ,  th e roun d ends ,  an d th e 
playe r  keep s whateve r  i s i n th e roo m h e chose . 

Figure 1. Diagram accompanying spoken explanation of the three doors game. 
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or  probabilities .  (Figur e 2  show s th e frequenc y forma t 
questionnair e fo r  Experimen t  2 .  Figur e 3  show s a n elide d 
versio n o f  th e probabilit y  forma t  questionnair e fo r 
Experimen t  2. )  Ever y questionnair e ha d c o m m o n feature s 
suc h a s a n introduction ,  th e stay/switc h question ,  a  numbe r 

of  question s phrase d symmetricall y  (i.e. ,  i f  a  questio n i s 
aske d abou t  on e door ,  i t  i s  aske d abou t  al l  three )  wit h th e 
correc t  answer s give n t o a t  leas t  th e first  o f  th e questions , 
and a  questio n askin g subject s i f  the y wer e previousl y 
familia r  wit h th e thre e door s problem .  Fo r  ou r  results ,  w e 
considere d onl y subject s fo r  w h o m th e proble m wa s novel . 

Jumpin g t o th e expecte d interpretation ,  tha t  whe n onl y 
tw o door s remai n close d i n th e gam e th e chance s o f  th e priz e 
bein g behin d eithe r  on e ar e equal ,  doe s no t  requir e an y dee p 
Bayesia n analysi s o f  th e sor t  tha t  a  frequency/probabilit y 
forma t  variatio n i s likel y t o influence .  Therefore ,  w e neede d 
t o induc e subject s t o actuall y comput e th e likelihood s afte r 
th e hos t  open s a  doo r  fro m th e likelihood s beforehand ,  s o w e 
aske d a  serie s o f  computation-base d question s leadin g t o th e 
stay/switc h question .  T o promot e frequenc y forma t  analyses , 
we provide d a n introductor y sectio n an d question s lik e thos e 
show n i n Figur e 2 .  Similarly ,  t o promot e probabilit y 
forma t  analyse s fro m subjects ,  th e probabilit y  version s 
containe d a  correspondin g introductio n an d question s lik e 
thos e show n i n Figur e 3 .  Withi n eac h study ,  questionnaire s 
wer e matche d s o tha t  correspondin g question s aske d fo r  th e 
same (o r  clearl y isomorphic )  informatio n t o tr y t o ensur e 
tha t  th e question s themselve s woul d no t  predispos e on e 
grou p t o mor e correc t  answer s tha n th e other .  I n general , 
difference s betwee n th e frequenc y an d probabilit y  version s 
wer e minimized ,  excep t  fo r  th e differin g informatio n 
formats .  I n particular ,  mos t  o f  th e introductio n an d th e final 
stay/switc h questio n wer e identica l  o n al l  questionnaires , 
acros s experiment s an d informatio n forma t  versions . 

On eac h questionnaire ,  ther e wer e thre e question s imme -
diatel y befor e th e stay/switc h questio n tha t  wer e abou t  th e 
likelihood s o f  potentia l  ca r  placemen t  afte r  th e hos t  open s a 
doo r  t o a  car-les s room ;  w e conside r  thes e th e "math "  ques -
tion s fo r  determinin g whethe r  subject s performe d th e 
mathematica l  analysi s correctly .  Thes e question s wer e 
identica l  acros s experiments .  I n thi s paper ,  w e giv e th e per -
centage s o f  subject s w h o answere d th e stay/switc h questio n 
correctly ,  regardles s o f  thei r  performanc e o n th e mat h ques -
tions ,  an d o f  subject s w h o answere d al l  th e mat h question s 
correctly ,  regardles s o f  thei r  performanc e o n th e stay/switc h 
question .  (Onl y on e perso n answere d al l  th e mat h question s 
correctl y an d misse d th e stay/switc h question. )  I n al l  thre e 
experiments ,  participatio n wa s durin g clas s tim e an d n o 
furthe r  incentiv e t o participat e wa s given . 

Experiment 1 

The first experiment attempted to elicit analysis without too 
much coaching ,  usin g 8  question s o n eac h questionnair e 
(number s 1- 7 i n Figur e 2 ,  plu s th e stay/switc h question )  an d 
givin g th e correc t  answe r  t o onl y th e first  question .  Thi s i s 
th e presentatio n w e intende d t o us e a s ou r  closes t  analog y t o 
th e thre e door s proble m i n it s traditiona l  form . 

Subject s 

112 Cornell students from introductory courses in 
psychology ,  cognitiv e science ,  German ,  an d compute r  sci -

enc e wer e participants .  5 8 subject s ha d frequenc y forma t 
questionnaires ;  5 4 ha d probabilit y  forma t  questionnaires . 

Results 

21% of the subjects in the frequency version gave the correct 
stay/switc h answer ,  whil e 1 8 % gav e th e correc t  answe r  i n 

th e probabilit y  version ;  x ^ = 1 8 ,  p>.l .  O n th e mat h 
questions ,  7 % o f  th e subject s i n th e frequenc y versio n gav e 
correc t  responses ,  whil e 0 % o f  th e subject s i n th e 

probabilit y  versio n gav e correc t  answers ;  •%}• -  4.0 ,  p  <  .05 . 

Discussion 

This questionnaire was constructed for minimal coaching to 
th e correc t  stay/switc h answe r  an d withou t  muc h hel p lead -
in g t o th e correc t  math ,  lackin g thre e question s presen t  i n 
Experiment s 2  an d 3 .  Th e result s sho w n o significan t  effec t 
of  th e variatio n o f  informatio n forma t  o n people' s perform -
anc e o n th e stay/switc h quesfion .  However ,  the y sho w a 
smal l  bu t  significan t  effec t  suggestin g tha t  th e frequenc y 
forma t  facilitate s Bayesia n performanc e o n th e mathematic s 
leadin g t o th e stay/switc h response . 

Experiment 2 

In Experiment 2, the questionnaires had 11 questions, which 
explicitl y  aske d fo r  al l  th e component s needed ,  accordin g t o 
Bayes '  Theorem ,  tryin g t o elici t  informatio n fro m subject s 
withou t  explicitl y  givin g an y adde d facts .  Th e adde d thre e 
question s would ,  w e presume ,  encourag e deepe r  analysi s 
tha n th e Experimen t  1  questionnaire .  A s i n Experimen t  1 , 
we gav e th e correc t  answe r  t o onl y th e first  question . 

Subjects 

68 Cornell students from introductory courses in psychol-
ogy ,  cognitiv e science ,  an d Germa n wer e participants .  3 4 
had frequenc y forma t  questionnaires ,  an d 3 4 ha d probabilit y 
forma t  questionnaires . 

Results 

29% of the subjects in the frequency version gave the correct 
stay/switc h answer ,  whil e 1 2 % gav e th e correc t  answe r  i n 

th e probabilit y  version ;  x ^  =  2.57 ,  p=.l .  Considerin g onl y 
th e mat h questions ,  2 1 % o f  th e subject s i n th e frequenc y 
versio n gav e correc t  responses ,  whil e 0 % o f  th e subject s i n 

th e probabilit y  versio n responde d correctly ;  X^=7 ,  p<.01 . 

Discussion 

We saw a marginally significant effect of information format 
on people' s performanc e whe n considerin g onl y th e 
stay/switc h quesfion .  However ,  w e sa w a  robus t  effec t  o n 
performanc e o n th e mat h quesfions ,  supportin g th e noUo n 
tha t  frequenc y forma t  facilitate s Bayesia n inferenc e whe n 
figuring  ou t  th e game' s underlyin g mathematics . 
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3-Door s Prob le m Questionnair e 

Imagin e tha t  you'v e see n 30,00 0 round s o f  tii e gam e playe d i n 
whic h th e playe r  choose s doo r  A  i n par t  1  o f  th e round .  W e wil l 
be askin g yo u question s onl y abou t  thos e rounds .  W e ar e no t 
tryin g t o tric k yo u wit h an y o f  th e questions ,  jus (  makin g sur e 
yo u understan d th e game .  W e wil l  eve n giv e yo u th e firs t  answe r 
t o ge t  yo u started . 

1) Of these 30,000 rounds in which the player chooses door A in 
par t  1  o f  th e round ,  i n ho w man y i s th e ca r  actuall y behin d doo r 

A? IQ.OO O 

2) Of these 30,000 rounds in which the player chooses door A in 
par t  1  o f  th e round ,  i n ho w man y i s th e ca r  actuall y behin d doo r 
B? 

3) Of these 30,000 rounds in which the player chooses door A in 
par t  1  o f  th e round ,  i n ho w man y i s th e ca r  actuall y behin d doo r 
C? 

The next three questions all ask about the host opening door B 
i n par t  2  o f  a  round . 

4) Of the rounds in the answer to question 1), the rounds in 
whic h th e playe r  choose s A  i n par t  1  an d th e ca r  i s actuall y 
behin d doo r  A ,  i n ho w man y o f  thos e round s wil l  th e hos t  ope n 
door  B  i n par t  2  o f  th e round ? 

5) Of the rounds in the answer to question 2), the rounds in 
whic h th e playe r  choose s A  i n par t  1  an d th e ca r  i s actuall y 
behin d doo r  B ,  i n ho w man y o f  thos e round s wil l  th e hos t  ope n 
door  B  i n par t  2  o f  th e round ? 

6) Of the rounds in the answer to question 3), the rounds in 
whic h th e playe r  choose s A  i n par t  1  an d th e ca r  i s actuall y 

behin d doo r  C ,  i n ho w man y o f  thos e round s wil l  th e hos t  ope n 
doo r  B  i n par t  2  o f  th e round ? 

Keeping in mind your answers to 4), 5), and 6) above... 

7) In how many of these 30,000 rounds of the game in which the 
playe r  pick s doo r  A  i n par t  1  o f  th e roun d doe s th e hos t  ope n 
doo r  B  i n par t  2  o f  th e round ? 

Keeping in mind your previous answers.... 

8) In how many of those rounds from question 7), the ones in 
whic h th e playe r  pick s A  i n par t  1  o f  th e roun d an d th e hos t 
pick s B  i n par t  2  o f  th e round ,  i s th e ca r  actuall y behin d doo r  A ? 

9)  I n ho w man y o f  thos e round s fro m questio n 7) ,  th e one s i n 
whic h th e playe r  pick s A  i n par t  1  o f  th e roun d an d th e hos t 
pick s B  i n par t  2  o f  th e round ,  i s th e ca r  actuall y behin d doo r  B ? 

10)  I n ho w man y o f  thos e round s fro m questio n 7) ,  th e one s i n 
whic h th e playe r  pick s A  i n par t  1  o f  th e roun d an d th e hos t 
pick s B  i n par t  2  o f  th e round ,  i s th e ca r  actuall y behin d doo r  C ? 

Last :  Base d o n you r  knowledge ,  i n a  roun d o f  th e gam e i n whic h 
th e playe r  choose s doo r  A  i n par t  1  o f  th e roun d an d th e hos t 
open s doo r  B  i n par t  2  o f  th e round ,  wha t  shoul d th e playe r  d o i n 
par t  3  o f  th e round ? Shoul d th e playe r  S T A Y wit h doo r  A  o r 
S W I T CH t o doo r  C ? 

FOR OUR INFORMATION: Had you heard of this game before 
today? 

Figur e 2 .  Questionnair e fo r  Experimen t  2 ,  Frequenc y format . 

3-Door s Prob le m Questionnair e 

We wil l  b e askin g yo u question s onl y abou t  round s i n whic h th e 
playe r  choose s doo r  A  i n par t  1  o f  a  roun d o f  th e game .  W e ar e 
not  tryin g t o tric k yo u wit h an y o f  th e questions ,  jus t  makin g 
sur e yo u understan d th e game .  W e wil l  eve n giv e yo u th e first 
answer  t o ge t  yo u started . 

1) In a round in which the player chooses door A in part 1, what 
i s th e probabilit y  tha t  th e ca r  i s actuall y behin d doo r  A ? 1/ 3 
(o r  33.3% .  whicheve r  yo u prefer ) 

8)  I n a  roun d a s i n questio n 7) ,  a  roun d i n whic h th e playe r  pick s 
A i n par t  1  o f  th e roun d an d th e hos t  pick s B  i n par t  2  o f  th e 
round ,  wha t  i s th e probabilit y  tha t  th e ca r  i s actuall y behin d 
doo r  A ? 

Last: Based on your knowledge, in a round of the game in which 
th e playe r  choose s doo r  A  i n par t  1  o f  th e roun d an d th e hos t 
open s doo r  B  i n par t  2  o f  th e round ,  wha t  shoul d th e playe r  d o i n 
par t  3  o f  th e round?  Shoul d th e playe r  S T A Y wit h doo r  A  o r 
S W I T CH t o doo r  C ? 

Figur e 3 .  Questionnair e fo r  Experimen t  2 ,  Probabilit y  format ,  elided . 

Exper imen t  3 

For Experiment 3, we used the same 11 questions as in Ex-
perimen t  2 ,  bu t  w e gav e th e correc t  answer s t o th e firs t  6  — 
nearl y al l  bu t  th e mat h an d stay/switc h questions .  O u r  goa l 
was t o inhibi t  an y floo r  effec t  o r  paralysi s ove r  mat h dis -
comfor t  b y givin g subject s a  hea d star t  an d providin g evi -
dence ,  upo n thei r  self-checking ,  tha t  the y eithe r  successfull y 

understoo d th e g a m e o r  di d no t  understan d i t  an d neede d t o 
analyz e i t  further . 

Subjects 

75 Cornell students from introductory courses in psychol-
ogy ,  cognitiv e science ,  an d G e r m a n wer e participants .  3 8 
ha d frequenc y forma t  questionnaires ,  an d 3 7 ha d probabilit y 
forma t  questionnaires . 
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Result s 

37% of the subjects in the frequency version gave the correct 
stay/switc h answer ,  whil e 2 7 % gav e th e correc t  answe r  i n 

th e probabilit y  version ;  f }  =  .67 ,  p>.l.  O n th e mat h 
questions ,  2 6 % o f  th e subject s i n th e frequenc y versio n gav e 

correc t  responses ,  whil e 07 o o f  th e subject s i n th e 

probabilit y  versio n responde d correctly ;  x^=10.0 ,  p<.01 . 

Discussion 

We found a similar effect to that in Experiment 2. There was 
some concer n uniqu e t o Experimen t  3 ,  however ,  tha t  som e 
subject s migh t  hav e merel y copie d th e answer s fro m 
question s 4- 6 int o th e answe r  slot s fo r  question s 8-10 , 
whic h woul d coincidentall y hav e bee n th e correc t  mat h 
answer s i n th e frequenc y version .  Possibly-copie d answer s 

appeare d wit h negligibl e frequenc y i n th e probabilit y 
version ,  however ,  an d th e overal l  effec t  i n Experimen t  3  wa s 
not  ver y differen t  tha n i n Experimen t  2 ,  s o w e conside r  thi s 
possibl e copyin g t o b e a  highl y unlikel y influenc e o n ou r 
results . 

General Discussion 

The result s compellingl y demonstrat e tha t  informatio n pre -
sente d an d manipulate d i n a  frequenc y forma t  facilitate d 
Bayesia n competenc e i n understandin g th e mathematic s un -
derlyin g th e thre e door s problem .  Give n a  presentatio n o f  th e 
proble m i n frequenc y format ,  rate s o f  correctnes s o n th e 
mat h question s range d fro m 7 % t o 2 6 % ,  dependin g o n th e 
experiment .  Give n a  presentatio n i n probabilit y  format , 
correctnes s o n th e mat h question s wa s a  fla t  0 % i n al l 
experiments .  Thi s support s Gigerenzer' s hypothesi s abou t 
th e importanc e o f  informatio n forma t  t o normativ e Bayesia n 
performanc e o n inferenc e tasks . 

Not e tha t  th e 0 % correctnes s rat e o n th e mat h question s i n 
th e probabilit y  version s doe s no t  conflic t  wit h pas t  results , 
althoug h i t  doe s reflec t  ou r  usin g a  differen t  measur e o f 
performance .  Previou s studie s suc h a s tha t  o f  Granber g & 
Brow n (1995 )  aske d merel y fo r  a  stay/switc h answer ,  no t  fo r 
evidenc e o f  whethe r  responder s understoo d th e underlyin g 
mathematic s o r  evidenc e abou t  whic h informatio n forma t 
responder s migh t  b e considerin g whe n computin g th e 
relevan t  likelihoods ,  s o ou r  centra l  resul t  i s  base d upo n a 
differen t  question .  A  compariso n o f  lik e measure s yield s 
compatibl e results :  W e foun d tha t  betwee n 1 2 % an d 2 7 % o f 
our  subject s answere d th e stay/switc h questio n correctly , 
dependin g o n th e experiment ;  i n thei r  initia l  study ,  Granber g 
& Brow n foun d 1 3 % o f  thei r  subject s answere d th e 
stay/switc h questio n correctly .  Thi s discrepancy ,  however ,  i s 
unrelate d t o th e cru x o f  ou r  experiment ,  th e valu e o f  on e 
informatio n forma t  ove r  another .  Ar e th e algorithm s tha t 
peopl e us e fo r  mathematica l  reasonin g bette r  tune d fo r 
natura l  frequencie s tha n probabilities ? O n thi s particula r 
brainteaser ,  i t  seem s tha t  th e chang e i n informatio n forma t 
can indee d ope n door s fo r  people . 

Finally ,  i n additio n t o suggestin g tha t  Gigerenzer' s 
hypothesi s applie s t o two-stag e decisio n processe s suc h a s 
th e thre e door s proble m a s wel l  a s simple r  context s alread y 
explored ,  w e hop e ou r  result s ca n ad d a  ne w aspec t  t o th e 

curren t  thre e door s proble m literature .  Ther e ar e man y 
printe d an d Worl d Wid e W e b base d explanation s o f  th e 
correc t  stay/switc h answe r  t o th e game ,  bu t  w e sugges t  tha t 
an explanatio n i n frequenc y forma t  — whic h seem s t o b e a 
highl y non-standar d approac h — migh t  hel p som e o f  th e 
many peopl e wh o ar e initiall y  skeptica l  o f  th e Bayesia n 
answer  t o understan d an d accep t  tha t  answer .  Thi s us e o f  th e 
explanator y powe r  o f  frequenc y fonna t  presentation s woul d 

be consisten t  wit h Gigerenzer' s clai m tha t  frequenc y forma t 
explanation s rende r  mor e persuasiv e an d understandabl e 
argument s abou t  likelihood s relevan t  t o th e O.J .  Simpso n 
trial ,  H I V testing ,  an d othe r  topic s o f  widesprea d popula r 
interest . 
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Abstrac t 

This study presents the ^sults of investigating visual 
and auditor y ERP ^  i n thre e differen t  group s o f  Cuba n an d 
Spaniar d chil d reader s (Poor ,  Good ,  an d Dyslexics) . 
ERPs N40 0 an d N45 0 wer e recorde d t o evaluat e seman -
ti c an d phonolgica l  acces s durin g lexica l  an d rhym e 
decisio n tasks .  Dat a showe d latenc y difference s fo r 
N400 an d N45 0 betwee n tw o o f  th e group s studie d Lexi -
cal  an d Non-lexica l  strategie s ar e considere d t o explai n 
th e mai n difference s found .  W e conclud e b y underlin e 
th e importanc e o f  thi s kin d o f  psychophisiologica l 
exploratio n fo r  helpin g specialist s t o neuropsychologi -
cal  evaluatio n an d diagnosi s o f  chil d readin g impair -
ment . 

Introdoction 

Electrophysiologica l  researc h int o E R P s i s slowl y begin -

nin g t o ope n functiona l  door s t o science ,  allowin g u s t o 

bette r  understan d certai n brai n processe s involve d durin g 

human cognition .  Th e interdisciplinar y marriag e betwee n 

cognitiv e psycholog y an d psychophysiolog y ha s begu n t o 

bear  frui t  i n recen t  year e a s wa s foresee n i n (Coles ,  1989) . 

I n thi s respect ,  psycholinguistic s an d neuropsycolog y hav e 

prove n t o b e ver y fertil e field s o f  research . 

Th e relationshi p betwee n certai n linguisti c processin g 

task s an d specifi c  electrophysiologica l  ccanponent s (peaks ) 

has bee n pointe d ou t  b y severa l  authors .  Kuta s an d Hill -

yar d (1980 )  foun d tha t  th e N 4 0 0 componen t  wa s relate d t o 

th e capacit y o f  a  subjec t  t o detec t  semanti c incongruit y i n 

mismatc h trial s durin g wwd-pai r  matchin g task s (fo r  revie w 

purpose s o n thi s E R P se e Kuta s an d Va n Pietten ,  1968 ; 

Osterhou t  &  Holcomb .  1995) . 

On th e othe r  hand ,  othe r  researcher s hav e observe d th e 

existenc e o f  a  simila f  negativ e onse t  an d pea k (calle d N450 ) 

occurrin g late r  durin g mismatc h trial s o f  rhymin g word -

pair .  Thi s tas k ha s bee n relate d t o phtmologica l  processin g 

(Rugg ,  1984 ;  Barre t  an d Rugg ,  1987) .  However ,  i t  remain s 

unclea r  whethe r  N 4 0 0 an d N 4 5 0 ar e E E G component s 

reflectin g identica l  o r  differen t  cognitiv e processe s a t  diffe -

ren t  times .  Th e detectio n o f  bot h component s ha s bee n 

carrie d ou t  b y usin g drawing s (Barre t  an d Rugg ,  1990a , 

1990b) ,  aldioug h onl y N 4 0 0 ha s bee n describe d fo r  th e cas e 

of  usin g spoke n word s a s stimul i  (McCallum ,  Farmer ,  an d 

Pbcoc k 1984 ;  Holcom b an d Neville ,  1990 ;  Bentin ,  Kutas , 

and Hillyaid ,  1993) . 
Th e ide a tha t  ther e ar e electrophysiologica l  component s 

whic h reflec t  th e differentia l  activit y o f  bot h processe s 

(semanti c an d phonologica l  )  ha s alread y bee n studie d b y 

variou s authors ,  althoug h th e pea k latenc y relate d t o phono -

logica l  processin g wa s situate d betwee n 27 0 an d 37 0 msec . 

(Connoll y an d Philips ,  1994) . 

The presen t  wor k test s differentia l  linguisti c processin g i n 

tw o modalitie s (auditor y an d visual )  fro m a  psychophysio -

logica l  standpoint .  Th e us e o f  N 4 0 0 an d N 4 5 0 latencie s 

instea d o f  thei r  amplitudes ,  mor e usua l  amon g th e resear -

cher s i n thi s topic ,  coul d giv e u s usefu l  informatio n abou t 

19 

mailto:PSICOLOGIA@unia.e8
mailto:PSICOFIS@cneiiro.edii.ca
mailto:ESPINET@iuna.es


th e tim e cours e o f  semanti c an d phonologica l  cod e activa -

tion .  T h e characteristic s o f  th e group s involve d (poo r  rea -

ders ,  goo d readers ,  an d dyslexic )  ca n suppl y clue s a s t o th e 

differen t  w a y s o f  processin g word s (ora l  an d written) . 

Method 

Subjects 

Twenty-flv e childre n wit h a  mea n ag e o f  10. S year s (nuig e 

:  10-12 ,  S D =  0.85 )  wer e tested .  Th e sampl e wa s divide d 

int o thre e groups :  Grou p 1  wa s mad e u p o f  1 4 garden -

variet y poo r  reader s w h o ha d a  low-norma l  I Q (mea n = 

81.9 .  S D =  5.2 )  and .  followin g di e Pfeabod y Pictur e Voca -

bular y Test ,  a  veTi>a l  ag e lowe r  tha n thei r  chronologica l 

age (mea n =  9 3 years ,  S D =  1.27) ;  therefore ,  whit h n o 

discrepanc y betwee n I Q an d readin g age .  Thre e childre n 

wit h developmenta l  dyslexi a forme d Grou p 2  an d wer e 

diagnose d a s suc h ou t  o f  a  grou p o f  3 0 poo r  reade r  childre n 

evaluate d throug h a  Batter y o f  Computerise d Readin g Test s 

( B T L i n th e origina l  Spanis h versi(Mi )  standardise d wit h 

Spaniar d an d Cuba n populations .  Th e dyslexi c childre n ha d 

a norma l  I Q (mea n =  103.66 .  S D =  7.57) ,  wit h n o discre -

panc y betwee n thei r  verba l  an d chronologica l  age .  bu t  wit h 

a differenc e o f  mor e tha n 1 5 I Q pant s i n favou r  o f  mani -

pulatio n tasic s versu s verba l  ones .  Grou p 3  wa s forme d b y 

8 goo d reader s wit h a  norma l  I Q an d a  verba l  ag e superio r 

t o thei r  chronologica l  ag e (mea n =  11.1 1 years ,  S D = 

1.05) . 
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Procedur e 

As before .  Batter y o f  Computerise d Readin g Test s ( B T L i n 

th e origina l  Spanis h version )  wa s use d t o determin e th e rea -

din g ag e o f  th e childre n i n eac h grou p an d t o explor e rea -

din g word s an d pseudoword s (se e Fig.l) .  Th e Grou p 1 

(garden-variet y poo r  readers )  ha d a  lowe r  readin g ag e tha n 

thei r  chronologica l  ag e (mea n =  7.79 ,  S D =  5.1) ,  whil e th e 

dyslexi c childre n wit h a  hig h I Q wer e betwee n 3  t o 4  year s 

behin d i n reading .  Th e goo d reade r  childre n ha d a  readin g 

age simila r  t o thei r  chronologica l  age . 

I n Grou p 1  (garden-variet y poo r  readers),  6  childre n (sub -

grou p I )  showe d a n advantag e fo r  reading  word s versu s 

pseudowords .  The y read  word s faste r  an d wit h fewe r  error s 

tha n pseudoword s (lexica l  readin g pattern) .  B y contrast ,  th e 

remainin g 8  childre n (sub-grou p II )  fro m Grou p 1  rea d 

word s an d pseudoword s a t  a  simila r  spee d an d scor e o f  error s 

(non-lexica l  reading  pattern) .  Al l  th e childre n i n Group s 2 

(dyslexic )  an d 3  (goo d reader )  presente d a  lexica l  typ e rea -

din g patter n fo r  word s an d pseudowords . 

Event-Relate d Potential s (ERPs )  N 4 0 0 an d N 4 5 0 wer e 

recorde d i n visua l  an d auditor y mod e i n schoolchildren .  T o 

obtai n N 4 0 0 w e presente d 8 0 pair s o f  semanticall y assoaa -

te d word s (furniture-table )  an d 8 0 pair s o f  semanticall y 

incongruen t  word s (fruit-piano) .  T o obtai n N45 0 w e presen -

te d 8 0 pair s o f  rhymin g word s (lik e seven-heave n [niiia-pm a 

i n th e origina l  Spanish]) ,  an d 8 0 non-rfaymin g pair s (lik e 

pencil-rule r  [casa-pel o i n th e origina l  Spanish]) .  Thes e wer e 

two-syllaU e word s an d ha d a  hig h frequenc y o f  us e i n Spa -

nis h (mea n frequenc y =  4 4 pe r  million) .  Fo r  visua l  moda -

lit y  ({Minte d words) ,  eac h sequenc e consiste d o f  identica l  8 0 

pair s lik e auditor y modality ,  presente d a t  th e cente r  o f  a 

V GA compute r  monitor ,  wit h whit e letter s o n a  blac k 

background .  Th e letter s subtende d a  vertica l  visua l  angl e o f 

0.83 '  an d horizonta l  visua l  angl e o f  0.43* . 

Visua l  an d auditor y component s N 4 0 0 an d N 4 5 0 wer e 

exi^ore d f w eac h child .  I n th e matchin g tasks ,  tw o random -

mize d sequence s o f  stimulu s pair s wer e presented ,  on e fo r 

eac h task . 

Signa l 
xxxxxx -

733 mgoc . 733 msec . 

WofxJ 1 Word 2 250 0 mse c Auditor y 

Signa l 
xxxxxx -

733 msec 500 0 msec . 

Word 1 Word 2 1500 mse c 
Visua l 

Figur e I :  Readin g T i m e b y Group . R g u r e 2 :  Experimenta l  Paradigm . 
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The subject s ha d t o detec t  th e 5 0 % o f  th e pair s i n wic h 

th e tw o stimu h wer e closel y associate d i n meanin g i n th e 

semanti c task ,  o r  th e 5 0 % o f  th e pair a whic h rhyme d i n 

th e phonologica l  task .  Sam e decisio n task s (semanti c an d 

phonological )  wit h pair s o f  woixl s wer e teste d i n al l  thre e 

groups .  Idiomati c word s differencie s betwee n Cuba n an d 

Spaniar d sample s wer e considere d i n th e experiment .  Th e 

tw o stimul i  i n a  pai r  wer e presente d sequentially .  Th e sti -

mul i  wer e presente d wit h a  digita l  soun d reproductio n 

syste m t o th e subject s binaurall y an d vi a earphone s a t  a 

comfortabl e intensit y level .  Figur e 2  show s experimenta l 

paradig m use d fo r  recordin g E R P s N4(X )  an d N450 . 

The electroencephalographi c (EEG )  activit y wa s recorded 

wit h a  M E D I C I D III/ E syste m fro m twent y site s o f  th e 

internationa l  10/2 0 system ;  althoug h onl y activit y fro m 

Cz wil l  b e reporte d here .  Dis k Ag/AgC I  electrode s wer e 

use d an d inter-electrod e impedeanc e wa s kep t  belo w 5 

k O m h.  Linke d eaiiobe s w o e use d a s reference  an d Ui e fore -

head wa s grounded .  T w o bipola r  derivation s wer e use d t o 

monito r  th e horizonta l  an d vertica l  electro-oculogra m 

(EOG) .  Th e E E G afte r  amplificatio n an d filterin g (fro m 

0. 5 t o 3 0 Hz ,  -3d B points )  wa s digitize d (1 2 bi t  converter) . 

Digitalizatio n wa s synchronize d wit h th e onse t  o f  th e 

secon d stimulu s i n eac h pair ,  wit h a  samplin g perio d o f  4 

msec. ,  an d wa s store d o n magneti c dis k fo r  off-lin e analy -

sis . 

A tota l  o f  102 4 msec ,  wer e recorded  o n eac h trial ,  wit h a 

1(X )  msec ,  pre-stimulu s window .  Eac h E E G segmen t  wa s 

visuall y inspecte d an d thos e wit h artifacts ,  ey e movement s 

or  wit h incorrec t  response s wer e eliminated . 

For  every  subject ,  average d E R P s wer e obtaine d (an d 

smoothed )  fo r  matc h an d mismatc h trials .  Thre e quantita -

tiv e indicator s o f  signa l  t o nois e wer e measure d ( C C R , 

S DR an d R N L ) .  Case s wit h inadequat e value s <r f  thes e indi -

cator s wer e replaced.  Al l  dat a point s wer e correcte d b y subs -

tractin g th e averag e pre-stimulu s amj^itud e value . 

T wo independen t  judges  measure d onset ,  an d pea k laten -

cie s o f  N 4 0 0 an d N 4 5 0 a t  C z site ,  an d i n eac h individua l 

differenc e wave-for m (mismatc h E R P minu s matc h E R P ) 

by visua l  inspection ,  an d th e averag e o f  th e tw o observa -

tion s wa s use d i n subsequen t  analysis .  Additionally ,  th e 

tim e region s i n whic h ther e wer e statistica l  difference s 

(acros s th e sampl e o f  subjects )  betwee n matc h an d non -

matc h E R P s wer e calculate d f w eac h tas k an d stimulu s 

modalit y C z ,  Fo r  thi s purpose ,  permutatio n technique s 

wer e applie d t o th e t-test s comparin g matc h an d mismatc h 

ERPs fo r  eac h tim e poin t  i n a  regio n withi n 10 0 an d 75 0 

msec.  Ensembl e onse t  wa s define d a s th e firs t  tim e poin t 

afte r  fiv e consecutiv e significan t  values . 

\~ j 

Figur e 3 :  Auditor y an d Visua l  Gran d Averag e ERP s a t  Verte x (Cz ) 

fo r  semantica l  (N400 )  an d phonologica l  (N450 )  matchin g task s i n eac h grou p 

and sub-grou p (lexical s vs .  non-lexicals )  o f  subjects . 
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R e s u l t s 

Electrophysiologica l  profile s an d thei r  correspondin g map -

pin g ar e presente d i n Figs .  3  an d 4 .  Th e gran d averag e 

obtaine d fo r  N 4 0 0 an d N 4 5 0 i n visua l  an d auditor y mode s 

ar e show n fo r  eac h grou p (se e Fig.3) .  Th e electrica l  distri -

butio n activit y fo r  eac h grou p (Good ,  Poor ,  an d Dyslexic ) 

and sub-group s o f  Poo r  reade r  grou p (garden-variet y poo r 

readers :  lexica l  pattern ,  an d non-lexica l  pattern )  ar e mappe d 

i n Figur e 4 . 

Significan t  N 4 0 0 an d N 4 5 0 component s wer e confirme d 

bot h i n auditor y an d visua l  m o d e (spoke n word s an d prin -

te d words )  i n th e contro l  goo d reade r  group .  Fo r  th e spoke n 

words ,  phonologica l  acces s occur s befor e semanti c (th e 

latenc y o f  N 4 5 0 occur s soone r  tha n tha t  o f  N400) .  Thi s 

latenc y reverse s fo r  th e E R P s i n th e writte n words .  Thi s 

coul d b e compatibl e wit h a  lexica l  "direct "  strateg y fo r  rea -

din g i n Spanish . 

However ,  i n childre n wit h readin g problem s an d a  lo w I Q 

(garden-variet y poo r  readers )  w e foun d subtl e 

linguisti c E R P s difference s whic h distinguis h lexica l 

("direct" )  fro m non-lexica l  ("phonological" )  readers ,  an d 

whic h coul d reflect s th e kin d o f  strateg y th e reade r  take s i n 

eac h case .  Semanti c acces s occurre d befor e phonological ,  i n 

auditor y mod e a s wel l  a s visual ,  i n garden-variet y poo r  rea -

der  childre n w h o presente d a  lexica l  profile :  thei r  E R P s 

indexin g phonologica l  acces s wer e impaire d (n o N 4 5 0 fo r 

printe d word s wa s foun d an d late r  onse t  fo r  N 4 5 0 t o spoke n 

words) .  O n th e othe r  hand ,  i n childre n wit h a  non-lexica l 

pattern ,  phonologica l  acces s occurre d soone r  (N45 0 appea -

re d befor e N 4 0 0 i n auditor y an d visua l  mode ;  se e Figur e 3) . 

On thi s line ,  w e ca n se e assimetri c electrophysiologica l 

distributio n fo r  lexica l  an d non-lexica l  garden-variet y sub -

group s i n Figur e 4 . 

I n th e cas e o f  dyslexic s wit h a  hig h I Q w e foun d a n elec -

trophysiologica l  profil e simila r  t o th e goo d readers ,  wha t 

als o suggest s a  lexica l  readin g strategy . 

I n conclusion ,  th e stud y o f  linguisti c E R P s yield s valua -

bl e informatio n whic h complement s th e neurophysiologica l 

exploratio n o f  reading . 

iCOi 4S0l tOOr 450* ' 

DOM '̂I Z Dci M «<t s aa-&4- ' BCMA 61 6 OCn*  5X1 ) 

-9 .  M l 
-!  • 

7.  i s 

4.9 3 

BCtIr t  <i-« e 

-I.M l 
-1.77 1 
-£.M | 

9cn » '=,\ 7 a0-7t - DCM*» sas.»e-7a-« n 
-t.u l 
-I .  >» • 

DCMA 78 S na-48- 7 Ul l 

^ 
-I  S4 | 

ocHM 38 1 .aa-sa-t.j? ! 

400 aiAuv Q 4J0aidMiv o to o <T»Ul l 4S0viiut l 

F i g u r e 4 :  Electrica l  distributio n activit y m a p p i n g fo r  e a c h g r o u p (to p t o d o w n :  g o o d readers , 

lexica l  garden-variety ,  non-lexica l  ga rde n variety ,  a n d dyslexics) , 

showin g ERP s N40 0 an d N 4 5 0 significativ e hemispheri c difference s 

betwee n lexical ,  an d non-lexica l  sub-group s o f  garden-variet y poo r  readers . 
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Abstrac t 

T wo experiment s investigat e th e conjunctio n fallac y 
(judgin g tha t  conjunctiv e probabilitie s ar e highe r  tha n th e 
probabilitie s o f  th e constituents) .  Th e conjunctio n fallac y 
was muc h les s fo r  P(EIC )  task s tha n fo r  P(CIE )  tasks .  Th e 
result s ar e explaine d i n term s o f  th e wa y peopl e interpre t 
th e conditiona l  probabilities .  W e argu e tha t  peopl e prefe r 
t o reaso n fro m caus e t o effec t  (cause-to-effec t  reasonin g 
heuristic) ,  an d fo r  tha t  reason ,  th e instruction s give n fo r 
P(CIE )  task s wer e misinterpreted ,  resultin g i n apparen t 
fallacy .  I n addition ,  w e provid e evidenc e showin g tha t 
likelihoo d judgment s ar e highe r  wit h mor e evidenc e (more -
is-bette r  heuristic) . 

Introduction 

Ther e ha s bee n a  recen t  surg e o f  interes t  i n causa l 
reasonin g bot h i n Psycholog y (e.g. ,  A h n ,  Kalish ,  Medin ,  & 
Gelman ,  1996 ;  Cheng ,  1997 ;  Shanks ,  Holyoak ,  &  Medin , 
1996 )  an d i n Compute r  Scienc e (e.g. .  Pearl ,  1988 ;  1995) . 
Of  m a n y issue s smdie d i n thi s field,  th e rationalit y o f 
h u m an causa l  judgment s ha s receive d a  grea t  dea l  o f 
attention .  Th e purpos e o f  th e curren t  stud y i s t o investigat e 
on e apparentl y irrationa l  phenomeno n i n causa l  judgments , 
namel y conjunctio n fallacy . 

Conjunction Fallacy 

I t  i s  irrationa l  i f  th e probabilit y o f  a n even t  i s judge d t o 
be les s likel y tha n th e probabilit y o f  th e even t  alon g wit h 
some othe r  event .  Tversk y an d Kahnema n (1983 )  first 
demonstrate d tha t  w h e n laypeopl e wer e aske d t o judg e th e 
probabilit y o f  occurrenc e o f  conjunctiv e event s an d thei r 
constituents ,  thei r  judgment s coul d violat e suc h normativ e 
rules ,  committin g th e so-calle d Conjunctio n Fallacy .  Fo r 
instance ,  give n a  descriptio n o f  Lind a w h o resemble s a 
typica l  feminist ,  participant s judge d tha t  th e likelihoo d tha t 
Lind a i s a  feminis t  an d a  ban k telle r  i s  highe r  tha n th e 
likelihoo d tha t  Lind a i s a  ban k teller . 

Leddo ,  Abelson ,  an d Gros s (1984 )  expande d thi s 
phenomeno n t o causa l  reasoning .  Fo r  instance ,  participant s 
receive d a  stor y abou t  John' s decisio n t o atten d Dartmout h 
and rate d th e likelihoo d o f  variou s possibl e causa l 
explanations .  S o m e o f  thes e explanation s wer e "single " 
explanation s (e.g. ,  "Joh n wante d t o atten d a  prestigiou s 

college, "  "Dartmout h offere d a  goo d cours e o f  stud y fo r 
John' s major" )  an d som e wer e conjunctiv e (e.g. ,  "Joh n 
wante d t o atten d a  prestigiou s colleg e an d Dartmout h offere d 
a goo d cours e o f  stud y fo r  John' s major") .  Normativel y 
speaking ,  th e likelihoo d o f  tw o causes '  occurrenc e give n a n 
effect ,  P(Ci&C2lE) ,  ca n neve r  excee d th e likelihoo d o f  on e 
cause' s occurrenc e give n a n effect ,  P(C,IE )  o r  P(C2lE) . 
Unlik e th e normativ e predictions ,  participants '  rating s o n 
conjunctiv e explanation s wer e greate r  tha n tha t  o n singl e 
explanations . 

Ledd o etal .  (1984 )  discusse d tha t  on e possibl e reaso n fo r 
th e conjunctio n fallac y i s  tha t  peopl e misinterpre t  th e 
invers e probabilities .  Tha t  is ,  instea d o f  judgin g 
P(C,&C2lE) ,  participant s migh t  hav e judge d P(EIC,&C2) . 
(se e Fisk ,  1996 ;  Wolford ,  Taylor ,  &  Beck ,  199 0 fo r  a 
simila r  debat e o n th e Lind a th e ban k telle r  problem. )  Not e 
tha t  i n thi s case ,  participants '  response s ar e no t  necessaril y 
non-normativ e becaus e P(EIC|&C2 )  ca n b e greate r  tha n 
P(EIC, )  o r  P(EIC2) .  Ledd o e t  al .  (1984 )  dismisse d thi s 
accoun t  b y referrin g t o thei r  data .  Th e argumen t  wa s tha t  i f 
participant s wer e workin g backwards ,  the n conjunction s 
shoul d alway s b e rate d highe r  tha n th e singl e reason s 
becaus e additiona l  reason s shoul d m a k e th e even t  mor e 
compelling .  However ,  th e conjoin t  explanation s wer e rate d 
les s likel y tha n a t  leas t  on e o f  th e singl e explanation s (i.e. , 
atypica l  explanations )  an d the y too k thi s a s evidenc e agains t 
th e backwar d reasonin g hypothesis . 

However ,  i t  shoul d b e note d tha t  ther e ca n b e m a n y othe r 
factor s tha t  coul d contribut e t o th e conjunctio n fallac y i n 
causa l  reasoning .  O f  mos t  relevan t  t o thi s poin t  i s  A h n an d 
Bailenso n (1996 )  w h o showe d tha t  th e conjunctio n effec t  i n 
causa l  explanation s depend s o n th e coherenc y o f  th e tw o 
explanations ;  th e mor e coheren t  stor y on e ca n construc t 
fro m th e conjunctiv e explanations ,  th e greate r  th e 
conjunctio n effec t  was .  I f  th e tw o reason s d o no t  mak e a 
coheren t  story ,  the n eve n whe n th e question s wer e describe d 
as P(EIC|&C2) ,  peopl e di d no t  necessaril y  judg e th e tw o 
cause s a s bette r  tha n on e caus e and ,  i n som e cases ,  th e 
conjunctiv e likelihoo d wa s eve n lowe r  tha n th e singl e 
likelihood .  Therefore ,  eve n i f  participant s ha d actuall y 
reverse d th e conditiona l  probabilitie s i n Ledd o e t  al.' s 
studies ,  th e conjunctiv e explanation s coul d hav e bee n rate d 
les s likel y tha n on e o f  th e singl e explanation s becaus e th e 
conjunctiv e explanation s wer e no t  coheren t  enough .  Thus , 
explainin g th e conjunctio n fallac y i n causa l  reasonin g i n 
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term s o f  misinterpretatio n o f  conditiona l  probabilitie s ha s 
not  ye t  bee n convincingl y dismissed . 

Misinterpreting conditional probabilities 

I n th e are a o f  judgment s an d decisio n making ,  a  numbe r 
of  studie s hav e show n tha t  laypeopl c an d expert s confus e 
conditiona l  probabilitie s b y equatin g diagnosti c 
probabilities ,  P(diseaselsymptom) ,  wit h predictiv e ones , 
P(symptomldisease )  (e.g. ,  Dawes ,  Mirels ,  Gold ,  & 
Donahue ,  1993 ;  Eddy ,  1982 ;  Meeh l  &  Rosen ,  1955) .  Edd y 
(1982) ,  fo r  instance ,  tol d physician s tha t  th e probabilit y  o f 
th e patien t  ha s a  positiv e X-ra y repor t  fro m mammograph y 
give n tha t  th e patien t  ha s cance r  i s 0.792 .  Then ,  di e 
physician s wer e aske d t o estimat e th e probabilit y  tha t  a 
patien t  wit h th e positiv e X-ra y repor t  woul d hav e a  breas t 
cancer .  Accordin g t o th e Bayes '  formula ,  th e correc t 
probabilit y  i s 0.07 7 becaus e th e bas e rat e o f  breas t  cance r  i s 
onl y 1% .  However ,  9 5 ou t  o f  10 0 physician s interviewe d b y 
Eddy misinterprete d th e statement s an d estimate d th e 
probabilit y  t o b e abou t  7 5 % . 

I n th e are a o f  causa l  reasoning ,  ther e ha s no t  ye t  bee n a 
systemati c stud y testin g whethe r  th e tw o conditiona l 
probabilities ,  P(CIE )  o r  P(EIC) ,  ar e confused .  Matute , 
Arcediano ,  an d Mille r  (1996 )  hav e utilize d measure s tha t 
somewhat  analogousl y m a p ont o thes e tw o probabilitie s ("I s 
C th e caus e o f  E? "  an d "I s E  th e effec t  o f  C?" )  an d foun d n o 
differenc e i n th e participants '  estimates .  I n thi s stud y ther e 
was n o normativ e criterio n tha t  th e tw o estimate s shoul d b e 
differen t  (e.g. ,  Bayesia n theorem) .  Therefore ,  i t  i s  difficul t  t o 
asses s whethe r  th e answer s wer e th e sam e becaus e th e 
participant s confiise d th e tw o question s o r  becaus e th e 
answer s t o bot h question s ca n b e actuall y th e same . 

Curren t  causa l  reasonin g model s u p t o dat e hav e no t  ye t 
made a  clea r  distinctio n betwee n thes e tw o probabilit y 
estimates .  Fo r  instance ,  Rescorla-Wagne r  mode l  measure s 
associativ e strengt h betwee n tw o cue s whic h ar e bi -
directiona l  (Rescorl a &  Wagner ,  1972) .  Cheng' s causa l 
power  i n th e Powe r  P C theor y (1996 )  seem s t o measur e 
cause-to-effec t  strengt h bu t  i t  doe s no t  indicat e h o w effect-to -
caus e strengt h shoul d b e derive d fro m it .  Th e Bayesia n 
networ k (Pearl ,  1988 )  certainl y make s a  distinctio n betwee n 
thes e tw o conditiona l  probabilitie s bu t  i t  ha s no t  ye t  bee n 
propose d a s a  psychologica l  mode l  (bu t  se e a  mor e recen t 
attemp t  i n Glymou r  &  Cheng ,  i n press ;  Waldman n & 
Martingnon ,  i n preparation) . 

I n developin g a  causa l  reasonin g mode l  fo r  predictiv e an d 
diagnosti c assessments ,  i t  i s  importan t  t o understan d exactl y 
i n wha t  wa y peopl e confus e th e tw o probabilitie s unde r  wha t 
situations .  Fo r  instance ,  i f  peopl e equat e predictiv e an d 
diagnosti c probabilities ,  whic h on e d o the y us e a s a  basi s fo r 
bot h conditiona l  probabilities ? Tha t  is ,  d o the y us e 
predictiv e probabilitie s t o estimat e diagnosti c ones ,  o r  d o 
the y us e diagnosti c probabilitie s t o estimat e predictiv e ones ? 

A more-is-better heuristic and a cause-to-efTect 
reasonin g heuristi c a s a n accoun t  fo r  th e 
conjunctio n fallac y 

As discussed so far, judging conditional probabilities 
seems t o pos e a  difficul t  an d challengin g tas k t o laypeopl e 

and experts .  Thing s ca n ge t  onl y wors e w h e n conditiona l 
probabilitie s involv e multipl e events .  W e propos e tw o 
heuristic s tha t  peopl e us e whe n reasonin g wit h conditiona l 
probabilitie s involvin g multipl e causes  o r  multipl e effects . 
We propos e tha t  thes e heuristic s serv e a s base s fo r 
explainin g th e conjunctio n fallac y i n causa l  judgment s a s 
wil l  b e explaine d later . 

(I) A more-is-better heuristic; The more pieces of evidence 
ar e give n t o b e true ,  th e highe r  th e likelihoo d judgmen t  is . 
That  is ,  P(X\Y&Z )  >  P(X\Y )  o r  P(X\Z) . 

I n mos t  situations ,  th e more-is-bette r  heuristi c seem s 
wor k well .  W h e n aske d t o predic t  whethe r  Joh n wa s goin g 
t o choos e Dartmout h fo r  college ,  w e woul d certainl y ascrib e 
a highe r  likelihoo d t o thi s outcom e i f  w e kne w tha t  Joh n 
wante d t o atten d a  prestigiou s colleg e an d tha t  Dartmout h 
had th e majo r  h e wa s intereste d in ,  tha n w e woul d i f  w e onl y 
kne w on e o f  thes e piece s o f  information .  Thi s seem s t o b e a 
reasonabl e heuristi c t o us e fo r  a  simpl e reaso n tha t  tw o 
cause s ten d t o b e mor e powerfu l  tha n on e cause .  Thus ,  whe n 
ther e ar e tw o cause s servin g a s evidenc e fo r  a  possibl e 
c o m m on outcome ,  thi s effec t  woul d b e judge d t o b e mor e 
likel y t o occu r  tha n onl y on e o f  th e cause s i s present .  Tha t 
is ,  i n th e predictiv e situation ,  th e more-is-bette r  heuristi c 
woul d produc e P(EIC,&C2 )  >  P(EIC,) ,  P(EIC2) . 

Likewise ,  th e more-is-bette r  heuristi c seem s t o wor k wel l 
i n diagnosi s wher e on e i s t o estimat e th e likelihoo d o f 
cause s give n effect s a s evidence .  Fo r  instance ,  i f  someon e 
receive d a  ba d grad e o n a  tes t  an d w e wer e tryin g t o 
determin e th e caus e o f  th e ba d grade ,  w e woul d b e likel y t o 
ascrib e a  highe r  probabilit y  tha t  th e tes t  wa s ver y har d i f  w e 
lear n tha t  fiv e o r  si x othe r  peopl e go t  a  ba d grade .  Tha t  is , 
i f  w e hav e multipl e piece s o f  evidenc e fo r  th e sam e cause , 
our  estimatio n fo r  th e likelihoo d o f  tha t  caus e woul d b e 
highe r  tha n i f  w e hav e onl y on e piec e o f  evidence .  Again , 
thi s i s a  reasonabl e heuristi c t o us e i n diagnosin g cause s o f 
events ;  th e mor e evidenc e fo r  th e c o m m o n cause ,  th e mor e 
likel y th e occurrenc e o f  th e cause ,  o r  P(CIE,&E2 )  >  P(CiE,) , 
P(CIE2) . 

So far, we illustrated how the more-is-better heuristic can 
be use d i n bot h predictiv e an d diagnosti c situations .  Thi s 
heuristi c concern s th e likelihoo d estimate s o f  a  singl e even t 
when tw o event s ar e give n t o b e true .  Sometimes ,  however , 
one i s t o judg e th e likelihoo d o f  multipl e event s give n on e 
piec e o f  evidence .  Fo r  instance ,  on e m a y judg e tw o 
conjunctiv e cause s (o r  effects )  give n tha t  on e effec t  (o r 
cause )  i s give n t o b e true ;  P(C,&C2lE )  o r  P(E,&E2lC) .  Sinc e 
we d o no t  ye t  k n o w whethe r  o r  no t  th e conjunctiv e event s 
ar e true ,  thes e event s canno t  serv e a s evidence .  Hence ,  th e 
more-is-bette r  heuristi c canno t  appl y t o thi s situation .  W e 
propos e tha t  unde r  thi s situation ,  peopl e us e anothe r 
heuristi c t o dea l  wit h th e difficult y o f  judgin g th e likelihoo d 
of  conjunctiv e events . 

(2) A cause-to-effect reasoning heuristic: In judging 
likelihoo d o f  comple x event s involvin g causa l  relations , 
peopl e mentall y simulat e th e event s f ro m caus e t o effec t 
directio n an d provid e th e plausibilit y  o f  th e simulatio n a s 
th e estimate . 
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As discusse d b y Einhor n an d Hogart h (1986) ,  judgin g 

P(CIE )  ca n b e confusin g becaus e i t  contradict s th e tempora l 
sequenc e o f  event s i n th e world .  Caus e alway s precede s effec t 

i n th e worl d bu t  on e ha s t o assum e tha t  a n effec t  occurre d 
and the n estimat e th e likelihoo d o f  a  candidat e cause .  I t 
seems m u c h easie r  t o reaso n fro m caus e t o effec t  b y 
estimatin g th e likelihoo d o f  th e targe t  effec t  assumin g tha t 
th e candidat e caus e ha d occurred .  Tversk y an d Kahnema n 
(1982 )  mad e a  simila r  argument .  The y presente d thei r 

participant s a  numbe r  o f  case s wher e P(CIE )  i s  equate d wit h 
P(EIC) ,  a s i n th e cas e o f  P(mother' s ey e colorldaughter' s ey e 
color )  an d P(daughter' s ey e colorlmother' s ey e color) .  Th e 
result s showe d tha t  peopl e ten d t o judg e P(EIC )  t o b e highe r 

tha n P(CIE) .  Tversk y an d Kahnema n argue d tha t  thi s i s 
becaus e cause-to-effec t  reasonin g i s mor e natura l  t o us ,  s o 
P(EIC )  task s le d t o highe r  estimate s tha n P(CIE )  tasks . 

Peopl e see m mor e pron e t o th e cause-to-effec t  reasonin g 
heuristi c whe n judgin g comple x events .  Fo r  instance , 
judgin g P(C|&C2lE) ,  th e tas k use d i n studie s demonstratin g 
th e conjunctio n fallacy ,  ca n b e quit e comple x becaus e th e 
judgmen t  i s opposit e t o th e tempora l  sequenc e i n th e world . 
Furthermore ,  on e need s t o estimat e conjunctiv e 
probabilities .  Give n thi s overload ,  peopl e migh t  adop t  th e 
cause-to-effec t  reasonin g heuristi c an d conver t  P(Ci&C2lE ) 
int o P(EIC,&C2) .  Then ,  applyin g th e more-is-bette r 
heuristic ,  th e estimatio n ca n b e quit e high .  Thus ,  thi s us e o f 
th e cause-to-effec t  reasonin g heuristi c alon g wit h th e more -
is-bette r  heuristi c ca n resul t  i n th e overestimatio n an d henc e 
th e conjunctio n fallacy . 

Interestingly ,  ou r  accoun t  fo r  th e conjunctio n fallac y 
generate s a  nove l  predictio n abou t  th e conditio n unde r  whic h 
th e conjunctio n fallac y woul d b e greatl y reduced .  Conside r 
th e cas e wher e participant s ar e aske d t o judg e P(E,&E2lC) , 
P(E,IC) ,  an d P(E2lC) .  I n thi s case ,  th e directio n o f  th e 
conditiona l  probabilitie s ar e consisten t  wit h th e directio n o f 
th e cause-to-effec t  reasonin g heuristic .  Therefore ,  peopl e d o 
not  nee d t o invers e th e probabilities .  Furthermore ,  th e more -
is-bette r  heuristi c canno t  b e applie d t o thi s situatio n becaus e 
th e numbe r  o f  evidenc e i s th e sam e i n al l  thre e judgments . 
Becaus e neithe r  heuristic s apply ,  w e predic t  tha t  th e 
conjunctio n fallac y woul d b e greatl y reduced  unde r  thi s 
condition . 

Overview of Experiments 

I n orde r  t o tes t  th e hypothesi s abou t  th e us e o f  th e tw o 
heuristic s a s a  basi s fo r  th e conjunctio n fallacy ,  th e curren t 
experiment s use d th e followin g 2 X 2 factoria l  desig n show n 
i n Tabl e 1 .  I n tw o o f  th e conditions ,  participant s learne d tha t 
ther e i s a  c o m m o n effec t  fo r  tw o cause s (Common-Effec t 
condition )  I n th e othe r  tw o conditions ,  participant s learne d 
tha t  ther e i s a  c o m m o n caus e fo r  tw o effect s ( C o m m o n -
caus e condition) .  I n orde r  t o equat e th e correlatio n betwee n 
th e conjunctiv e events ,  identica l  event s wer e use d t o 
construc t  th e tw o cause s i n th e common-effec t  conditio n an d 
th e tw o effect s i n th e common-caus e condition .  Th e 
followin g ar e exampl e scenarios : 

Common Effect 
I n a  stud y o f  10 0 families ,  psychologis t  Ala n Grego r 

foun d tha t  distan t  an d unlovin g parent s ca n caus e a  chil d t o 

cr y mor e often .  Anothe r  stud y b y Michell e B i m b a u m 

found ,  amon g othe r  things ,  tha t  il l  healt h ca n c a m e belie s 
t o cr y mor e tha n average . 

CpmniQn Causg 
I n a  stud y o f  10 0 families ,  psychologis t  Ala n Grego r 

foun d tha t  childre n w h o cr y ofte n caus e parent s t o becom e 
mor e distan t  an d unlovin g tha n average .  Anothe r  stud y b y 
Michell e B i m b a u m found ,  amon g othe r  things ,  tha t 

excessiv e cryin g wil l  caus e il l  healt h effects . 

Table 1. Design and predictions of Experiments 1 and 2. 

Causa l 
Structur e 

Common 
Effec t 
(CE) 

Ci"---̂ . 
^ E 

C 2 - ' ^ 

Common 
Cause 
(C O 

Predictiv e 
Questions :  P(EIC ) 

Stron g Conj . 
Effect : 

P(EIC,&C2 ) 
> P(EIC|) ,  P(EIC2 ) 
becaus e o f  th e 
more-is-bette r 
heuristic . 

Smal l  Conj .  Effect : 
P(E,&E2lC ) 
< P(E,IC) ,  P(E2lC ) 
becaus e n o heuristi c 
applies . 

Diagnosti c Question s 
:P(CIE ) 

Moderat e Conj .  Effect : 
P(C,&C2lE ) 
> P(C,IE),P(C2lE ) 
i f  th e cause-to-effec t 
heuristi c i s  applied . 
P(C,&C2lE ) 

< P(C,IE),P(C2lE ) 
i f  th e cause-to-effec t 
heuristi c i s no t 
applied . 

Moderat e Conj .  Effect : 

P(CIE,&E2 ) 
> P(CIE,) ,  P(CIE2 ) 
becaus e o f  th e more-is -
bette r  heuristic . 
P(CIEi&E2 ) 

< P(CIE,) ,  P(CIE2 ) 
i f  th e cause-to-effec t 
heuristi c i s  applied . 

Hal f  o f  th e task s wer e predictive ,  P(EIC) ,  an d th e othe r 
hal f  wer e diagnostic ,  P(CIE) .  (Se e Tabl e 2  fo r  sampl e 
question s fo r  bot h th e common-caus e an d th e common-effec t 
conditions. )  Fo r  bot h predictiv e an d diagnosti c conditions , 
thre e probabilit y  estimate s wer e asked ;  tw o estimate s 
involvin g singl e event s an d on e estimat e involvin g 
conjunctiv e events .  Tabl e 1  present s th e actua l  conditiona l 
probabilitie s fo r  eac h conditio n alon g wit h th e prediction s 
generate d b y th e us e o f  th e tw o heuristics .  Henceforth ,  eac h 
of  th e fou r  condition s wil l  b e referre d b y combinin g th e tw o 
variable s (e.g. ,  th e predictiv e common-effec t  condition) . 

T o reiterat e th e prediction s base d o n th e us e o f  th e tw o 
heuristics ,  th e more-is-bette r  heuristi c i s  applicabl e t o th e 
predictiv e common-effec t  an d th e diagnosti c common-caus e 
conditions .  W e predicte d tha t  likelihoo d estimate s woul d b e 
highe r  whe n tw o piece s o f  evidenc e ar e give n t o b e tru e tha n 
when onl y on e piec e i s given ,  resultin g i n th e conjunctio n 
effect' .  I n th e diagnosti c common-caus e condition ,  i t  i s 
possibl e tha t  peopl e migh t  appl y th e cause-to-effec t  heuristi c 
by invertin g th e probabilities ,  i n whic h cas e th e conjunctio n 
effec t  ca n b e somewha t  reduced . 

'  Sinc e thi s i s no t  a  violatio n o f  probabilit y  theories ,  w e wil l 
cal l  thi s a  conjunctio n effec t  rathe r  tha n a  conjunctio n fallacy . 
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Tabl e 2 .  Sampl e predictiv e an d diagnosti c question s fo r  singl e an d conjunctiv e event s 
used i n th e common-caus e an d th e common-effec t  condition s o f  Studie s 1  an d 2 . 

Causal 
Structur e 

Predictiv e Question s Diagnosti c Question s 

Common 
Effec t 

Singl e events .  P(g|Ci )  QX PiBQi) ; 
Suppos e infan t  Amy' s parent s ar e distan t  an d 
unloving .  Ho w likel y i s i t  tha t  thi s wil l  caus e 
Amy t o cr y mor e tha n average ? 
Suppos e infant .  Amy ,  i s o f  il l  health .  Ho w likel y 
i s i t  tha t  thi s wil l  caus e Amy t o cr y mor e tha n 

average ? 

Conjunctive events, P(EIC^&C^ 
Suppos e infan t  Amy' s parent s ar e distan t  an d 
unlovin g an d tha t  sh e (Amy )  i s o f  il l  health .  Ho w 
likel y i s i t  tha t  thi s wil l  caus e Amy t o cr y mor e 
tha n average ? 

Singl e events ,  P(CJE).P(CjE } 
Suppos e infant ,  Amy ,  crie s mor e tha n average . 
How likel y i s i t  tha t  thi s occurre d becaus e Amy' s 
parent s ar e distan t  an d unloving ? 
Suppos e infant ,  Amy ,  crie s mor e tha n average . 
How likel y i s i t  tha t  thi s occurre d becaus e Amy i s 
of  il l  health ? 

Conjunctive events. P(C^&C;IE) 
Suppos e infant .  Amy ,  crie s mor e tha n average . 
How likel y i s i t  tha t  thi s occurre d becaus e Amy' s 
parent s ar e distan t  an d unlovin g an d tha t  sh e (Amy ) 
i s  o f  il l  health ? 

Common 
Cause 

Singl e events .  P(EJC) .  P(E.IC ) 
Suppos e infant .  Amy ,  crie s mor e tha n average . 
How likel y i s i t  tha t  thi s wil l  caus e Amy' s parent s 
t o b e distan t  an d unloving ? 
Suppos e infant .  Amy ,  crie s mor e tha n average . 
H ow likel y i s i t  tha t  thi s wil l  caus e Amy t o b e o f 
il l  health ? 

Conjunctive events. PfEj^&E^IC) 
Suppos e infant .  Amy ,  crie s mor e tha n average . 
How likel y i s i t  tha t  thi s wil l  caus e bot h Amy' s 
parent s t o b e distan t  an d unlovin g an d il l  healt h fo r 
Amy? 

Singl e events .  PrCIE Î .  PCCIE. I 
Suppos e infan t  Amy' s parent s ar e distan t  an d 
unloving .  Ho w likel y i s i t  tha t  thi s occurre d 
becaus e Amy crie s mor e tha n average ? 
Suppos e infant .  Amy ,  i s o f  il l  health .  H o w likel y 
i s i t  tha t  thi s occurre d becaus e Amy crie s mor e 
tha n average ? 

Conjunctive events. PCCIEj^&E;) 
Suppos e infan t  Amy' s parent s ar e distan t  cwt d 
unlovin g an d tha t  sh e (Amy )  i s o f  il l  health .  Ho w 
likel y i s i t  tha t  thi s occurre d becaus e Am y crie s 
more tha n average ? 

Of  particula r  interes t  ar e th e diagnosti c common-effec t  an d 
th e predictiv e common-caus e conditions .  A s explaine d 
before ,  th e diagnosti c common-effec t  conditio n i s expecte d 
t o lea d t o th e conjunctio n effec t  a s i n th e previou s studies . 
Peopl e woul d appl y th e cause-to-effec t  heuristi c an d judg e 
P(EIC,&C2 )  rathe r  tha n P(C,&C2lE) .  Onc e th e question s ar e 
misrepresented ,  v̂' e predicte d tha t  tw o cause s woul d b e judge d 
t o b e mor e likel y t o lea d t o a n effec t  tha n on e caus e would , 
resultin g i n th e conjunctio n fallacy .  T o th e exten t  tha t 
participant s i n th e diagnosti c common-effec t  conditio n 
misinterpre t  th e questions ,  thei r  estimate s woul d b e simila r 
t o th e response s fro m th e predictiv e common-effec t 
conditio n wher e participant s wer e explicitl y  aske d t o reaso n 
fro m caus e t o effect .  I f  participant s i n th e diagnosti c 
common-effec t  conditio n accuratel y interpre t  th e task ,  the y 
woul d no t  violat e th e normativ e probabilit y  theory .  Hence , 
i t  i s  predicte d tha t  althoug h th e diagnosti c common-effec t 
conditio n woul d lea d t o th e conjunctio n effect ,  th e amoun t 
of  th e conjunctio n effec t  canno t  excee d tha t  i n th e predictiv e 
common-effec t  condition . 

Finally ,  fe w instance s o f  th e conjunctio n effec t  wa s 
predicte d fro m th e predictiv e common-caus e condition .  I n 
thi s condition ,  th e cause-to-effec t  reasonin g heuristi c doe s 
not  caus e an y misrepresentatio n o f  th e problem s becaus e th e 
problem s ar e alread y presente d a s cause-to-effec t  questions . 
Furthermore ,  th e more-is-bette r  heuristi c doe s no t  appl y 
becaus e th e numbe r  o f  evidenc e i s  th e sam e acros s th e singl e 
and conjunctiv e judgments . 

To summarize ,  th e mos t  crucia l  compariso n i s betwee n 
th e diagnosti c common-effec t  conditio n an d th e predictiv e 
common-caus e condition .  A s ca n b e see n i n th e abov e tw o 
example'scenarios ,  w e use d identica l  event s an d simpl y 
change d th e causa l  statu s o f  th e events .  Tha t  is ,  C ,  an d C j  i n 
th e common-effec t  conditio n ar e identica l  t o E ,  an d E j  i n th e 
common-caus e conditio n excep t  fo r  th e causa l  rol e th e 
event s play .  I f  w e indicat e th e thre e event s a s X ,  Y ,  an d Z 
ignorin g th e causa l  status ,  th e question s the y answere d wer e 
identical ;  P(X&YIZ) ,  P(XIZ) ,  an d P(YIZ) .  Despit e thi s 
identica l  conten t  o f  th e event s an d questions ,  th e common-
effec t  conditio n i s expecte d t o lea d t o th e conjunctio n effec t 
but  th e common-caus e conditio n i s not . 

Study 1 

Method 

Stud y 1  ha d a  2  X  2  factoria l  desig n crossin g Typ e o f 
Question s (diagnostic ,  P(CIE) ,  o r  predictiv e questions , 
P(EIC) )  an d Causa l  Structur e (commo n caus e o r  common 
effect )  a s show n i n Tabl e 1 . 

Eigh t  scenario s wer e create d tha t  coul d b e use d i n al l  fou r 
conditions .  Scenario s wer e designe d s o tha t  th e causa l 
natur e o f  th e element s wa s reversible .  Tha t  is ,  i f  A  cause d B 
i n th e common caus e condition ,  the n i n th e common effec t 
conditio n B  wa s th e caus e o f  A .  Directio n o f  causalit y wa s 
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imbedde d int o th e backgroun d o r  question s i n eac h scenari o 
as show n i n th e tw o exampl e scenario s i n th e introduction . 

Participant s estimate d th e probabilit y o f  thre e event s fo r 
eac h scenario .  T w o o f  th e event s illustrate d a  on e cause-on e 
effec t  relationshi p (singl e events) .  Th e thir d even t  wer e 
eithe r  a  tw o cause-on e effec t  i n th e c o m m o n effec t  conditio n 

or  a  on e cause-tw o effec t  i n th e c o m m o n caus e conditio n 
(conjunctiv e events) .  Fo r  bot h singl e an d conjunctiv e 

events ,  predictiv e an d diagnosti c question s wer e developed . 
The sampl e question s fo r  th e abov e exampl e scenario s ar e 
provide d i n Tabl e 2 .  Eac h probabilit y  estimatio n wa s rate d 
on a  1  t o 9  scale .  A  ratin g o f  on e indicate d "definitel y no " 
and a  ratin g o f  nin e indicate d "definitel y yes" . 

Eac h subjec t  complete d al l  eigh t  scenarios ,  bu t  n o subjec t 
receive d th e sam e scenari o mor e tha n once .  Al l  participant s 
complete d tw o scenario s fo r  eac h o f  th e fou r  cel l  conditions . 
Scenario s wer e randoml y assigne d usin g a  Latin-Square s 
design .  Fo r  eac h scenario ,  thre e question s wer e presented , 
tw o abou t  singl e event s an d on e abou t  conjunctiv e events . 
The orde r  o f  th e thre e question s wa s randomize d acros s th e 
eigh t  scenario s an d participant s receive d th e eigh t  scenario s 
i n a  completel y randomize d order .  Participant s performe d th e 
tas k a t  thei r  o w n pace .  Fifty-si x undergraduat e student s fro m 
an introductor y psycholog y cours e a t  Yal e Universit y 
participate d fo r  partia l  cours e credit . 

Results and Discussion 

The mea n rating s fo r  th e conjunctiv e event s an d th e 
minima l  o f  singl e event s ar e presente d i n Tabl e 3  alon g wit h 
th e prediction s describe d i n Tabl e 1 .  I n addition ,  Tabl e 3 
list s th e percentag e o f  participant s w h o showe d th e 
conjunctio n effec t  (i.e. ,  judgin g tha t  th e conjunctiv e even t  i s 
mor e likel y tha n th e les s likel y singl e event) . 

Table 3. Results of Study 1 

Causal 
Structur e 

C o m m on 
Effec t 

: > 

C o m m on 
Cause 

Predictiv e 
Questions :  P(EIC ) 

Stron g Conj .  Effec t 

P(EIC) ;  4. 8 
P(EIC,&C2) ;  6. 4 
Difference :  1. 6 

% o f  Conjunctio n 
Effect :  86.6 % 

No Conj .  Effec t 

P(EIC) ;  5. 2 
P(Ei&E2lC) :  5. 4 
Difference :  0. 2 

% o f  Conjunctio n 
Effect :  43.3 % 

Diagnosti c Questions : 
P(CIE ) 

Moderat e Conj .  Effec t 

P(CIE) :  4. 5 
P(C,&C2lE) :  5. 5 
Difference :  1. 0 

% o f  Conjunctio n 
Effect :  73.3 % 

Moderat e Conj .  Effec t 

P(CIE) ;  4. 4 

P(CIE,&E2) :  5. 6 
Difference :  1. 3 

% o f  Conjunctio n 
Effect :  75.0 % 

when th e sam e event s ar e phrase d a s tw o effect s fo r  th e sam e 
conditio n (th e predictiv e common-effec t  condition) ,  onl y les s 
tha n hal f  th e peopl e (43.3% )  committe d th e fallacy .  W e als o 
examine d th e amoun t  o f  th e conjunctio n effec t  define d a s th e 
differenc e betwee n th e likelihoo d o f  conjunctiv e event s an d 
th e smalle r  o f  th e likelihoo d rating s o f  th e tw o singl e 

events .  I n th e diagnosti c common-effec t  condition ,  thi s 
amount  wa s 1.0 ,  bu t  i n th e predictiv e common-caus e 
condition ,  i t  droppe d t o 0.2 .  A  repeated-measure s A N O V A 
was conducte d t o tes t  thi s compariso n wit h th e numbe r  o f 
event s (Conjunctio n o r  Single )  an d th e Causa l  Structur e 
(common-caus e o r  common-effect )  a s tw o factors .  A s 
predicted ,  ther e wa s a  ver y stron g interactio n effect ,  F(l ,  56 ) 
= 15.45 ,  p  <  .001 .  I n addition ,  ther e wa s a  reliabl e mai n 
effec t  o f  th e numbe r  o f  events ,  F(l ,  56 )  =  23.75 ,  p  <  .001 , 
becaus e th e conjunctiv e event s wer e generall y estimate d t o 
be highe r  tha n singl e events .  Ther e wa s n o mai n effec t  o f 
th e Causa l  Structure .  I n addition ,  th e predictiv e common -
effec t  an d th e diagnosti c common-caus e condition s resulte d 
i n stron g conjunctio n effects ,  providin g evidenc e fo r  th e 
more-is-bette r  heuristic . 

Study 2 

One concer n fro m Stud y 1  i s tha t  ther e stil l  wa s 43.3 % o f 
th e participant s w h o committe d th e conjunctio n fallac y i n 
th e predictiv e common-caus e condition .  W e speculate d tha t 
thi s occurre d probabl y becaus e bot h manipulation s o f  Stud y 
1 wer e within-subjec t  variables .  I f  participant s attempte d t o 
make consisten t  response s fo r  simila r  questions ,  th e 
response s mad e o n th e question s i n th e diagnosti c common -
effec t  conditio n ca n influenc e thei r  response s mad e o n th e 
predictiv e common-caus e condition .  Hence ,  i n Stud y 2 ,  w e 
assigne d differen t  subject s t o thes e condition s b y makin g th e 
Causal  structur e a  between-subjec t  variable . 

Methods 

The design ,  materials ,  an d procedur e wer e al l  identica l  t o 
Stud y 1  excep t  tha t  th e Causa l  structur e wa s a  between -
subjec t  variable .  Ther e wer e a  tota l  o f  4 6 participants ,  o f 
whic h 2 2 wer e assigne d t o th e c o m m o n caus e conditio n an d 
24 wer e assigne d t o th e c o m m o n effec t  condition . 

Table 4. Results of Study 2 

Consisten t  wit h previou s researc h o n th e conjunctio n 
fallacie s i n causa l  reasoning ,  th e diagnosti c common-effec t 
conditio n le d t o a  stron g conjunctio n fallac y a s indicate d b y 
73 .3 % o f  th e participant s committin g th e fallacy .  However , 

Causal 
Structur e 

Common 
Effec t 

Common 
Cause 

^„>yE , 
c. 

Predictiv e 
Questions :  P(EIC ) 

P(EIC) ;  4. 8 
P(EIC,&C2) ;  6. 2 
Difference :  1. 7 

% o f  Conjunctio n 
Effect :  95.8 % 

P(EIC) ;  5. 7 
P(E,&E2lC) :  5. 5 
Difference :  -0. 2 

% o f  Conjunctio n 
Effect :  31.8 % 

Diagnosti c Question : 
P(CIE ) 

P(CIE) :  4. 8 
P(C,&C2lE) :  6. 4 
Difference :  1. 5 

% o f  Conjunctio n 
Effect :  91 .7 % 

P(CIE) ;  4. 7 
P(CIE,&E2) :  5. 7 
Difference :  1. 1 

% o f  Conjunctio n 
Effect :  91 .9 % 
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Result s an d Discussio n 

The result s ar e presente d i n Tabl e 4 .  Wit h th e between -
subjec t  manipulation ,  th e numbe r  o f  participant s wh o 
committe d th e conjunctio n fallac y wa s reduce d onl y t o on e 
thir d i n th e predictiv e common-caus e condition . 
Furthermore ,  th e amoun t  o f  th e conjunctio n effec t  i n thi s 
conditio n wa s negativ e (-0.2) .  Still ,  th e between-subjec t 
manipulatio n di d no t  reduc e th e amoun t  o f  th e conjunctio n 
effec t  i n an y othe r  conditions . 

One migh t  argu e tha t  ther e stil l  ar e 3 1 % o f  participant s i n 
th e predictiv e common-caus e conditio n committin g th e 
fallacy .  W e speculat e tha t  thes e participant s migh t  b e 
overgeneralizin g th e more-is-bette r  heuristi c t o th e judgmen t 
of  events .  I t  als o coul d b e th e cas e tha t  presentin g bot h 
predictiv e an d diagnosti c question s t o th e sam e participant s 
migh t  hav e mad e the m misinterpre t  th e predictiv e question s 
as diagnosti c one s an d vic e versa .  W e ar e currentl y 
conductin g a  stud y t o addres s thi s issu e b y manipulatin g 
bot h factor s a s between-subjec t  variables . 

General Discussion 

The tw o experiment s provide d a n accoun t  fo r  th e 
conjunctio n fallac y whe n judgin g th e likelihoo d o f 
conjunctiv e o r  singl e cause s give n a n effect .  W e argu e tha t 
thi s fallac y occur s becaus e peopl e us e th e cause-to-effec t 
reasonin g heuristi c a s wel l  a s th e more-is-bette r  heuristic . 
By employin g a  conditio n wher e neithe r  heuristi c applies , 
we coul d successfull y eliminat e th e conjunctio n fallacy .  I n 
addition ,  th e result s from  th e predictiv e common-effec t 
conditio n an d th e diagnosti c common-caus e conditio n 
provid e evidenc e supportin g th e us e o f  th e more-is-bette r 
heuristic . 

What  ar e th e implication s o f  thes e result s fo r  th e 
normativ e theor y o f  causa l  judgments ? Give n limite d 
computationa l  capacity ,  i t  i s  obviou s tha t  peopl e canno t  b e 
perfecd y normativ e a s prescribe d b y th e probabilit y  tiieories 
when reasonin g wit h comple x causa l  relation s involvin g 
multipl e factor s an d conditiona l  probabilities .  I f  so ,  instea d 
of  askin g whethe r  peopl e ar e rational ,  a  mor e usefu l  questio n 
woul d b e wha t  heuristic s peopl e us e unde r  wha t  conditions . 
The curren t  stud y demonstrate d an d justifie d th e us e o f  th e 
tw o heuristics .  Furthermore ,  whe n thes e tw o heuristic s d o 
not  apply ,  people' s response s di d no t  violat e th e normativ e 
theory . 
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Abstrac t 

This paper describes an approach to cognitive engineering 
whic h promote s a  symbiosi s betwee n th e theorie s an d 
methodologie s o f  cognitiv e psycholog y an d th e practice s o f 
human-compute r  interactio n desig n W e groun d th e 
descriptio n o f  ou r  approac h i n a  particula r  desig n problem : 
th e developmen t  o f  computerise d decisio n suppor t  i n medica l 
intensiv e care .  W e revie w th e psychologica l  literatur e o f 
medica l  reasonin g an d decisio n making ,  highlightin g it s 
potentia l  t o infor m th e desig n o f  medica l  computerise d aid s 
We als o discus s ho w addressin g thi s desig n proble m ma y i n 
tur n benefi t  cognitiv e theory .  Thi s i s followe d b y a  brie f 
descriptio n o f  ou r  propose d methodology . 

Introduction 

Intensiv e car e monitorin g i s a n are a o f  healt h car e i n whic h 

computerise d aid s m a y pla y a  significan t  role .  Th e 

automati c collection ,  interpretatio n an d displa y o f 

monitorin g dat a ofife r  considerabl e potentia l  fo r  impro\in g 

th e qualit y o f  clinica l  care .  However ,  i t  ha s bee n show n 

repeatedl y tha t  computerise d monitorin g doe s no t  alway s 

lea d t o th e sought-fo r  impro\ement s (se e e.g .  Green , 

Gilhooly .  Lx)gie ,  &  Ross ,  1991 ;  Mcintosh ,  Cunningham ,  & 

Elton ,  1994) .  I t  ca n b e argue d tha t  th e mai n reaso n fo r 

thes e difficultie s i s th e failur e t o develo p a n understandin g 

of  th e way s i n whic h th e eventua l  syste m user s m a k e 

clinica l  decision s a t  th e intensiv e car e uni t  (ICU) . 

I n thi s pape r  w e discus s a  cognitiv e engineerin g 

approac h t o th e problem .  T h e goa l  i s  t o understan d th e 

cognition s an d workin g practice s o f  clinica l  staff ,  wit h a 

\ie w t o developin g desig n principle s fo r  computerise d 

decisio n suppor t  i n intensi\ e care .  W e characteris e 

cognitiv e engineenn g a s a  disciplin e whic h integrates ,  i n a 

symbioti c way ,  psychologica l  researc h an d th e practice s o f 

human-compute r  interactio n design . 

S y m b i o t i c A p p r o a c h t o C o g n i t i v e E n g i n e e r i n g 

I n th e las t  tw o decades ,  a  grea t  dea l  o f  effor t  ha s gon e int o 

applyin g theorie s an d model s develope d b y cognitiv e 

psychologist s t o infor m th e desig n o f  human-compute r 

applications .  Thi s enterpris e ha s ofte n bee n referre d t o a s 

"cognitiv e engineering "  (Norman ,  1986) .  Howeve r  ther e 

ar e stron g suggestion s tha t  psychologica l  knowledg e ha s 

not  ha d a  significan t  impac t  o n syste m desig n (se e e.g . 

Barnar d &  Harrison ,  1988) :  Carroll ,  1991 ;  Landauer , 

1987) .  Thi s ha s le d t o ne w characterisation s o f  cognitiv e 

engineerin g whic h essentiall y  exclud e psychologica l 

practice s fro m human-compute r  studie s (e.g .  Lon g & 

Dowell ,  1989 ,  1996) . 

I n contrast ,  w e argu e tha t  cognitiv e psycholog y ca n pla y 

an importan t  rol e i n engineerin g design ,  an d tha t  syste m 

desig n an d psychologica l  theorie s an d method s ca n suppor t 

eac h othe r  b y maintainin g a  symbioti c relationship . 

We woul d lik e t o emphasis e tha t  cognitiv e scienc e ca n 

pla y (and ,  i n fact ,  ha s played )  importan t  role s i n th e 

developmen t  o f  usabl e knowledg e fo r  human-compute r 

interaction .  I f  rightly  applied ,  a  grea t  dea l  o f  wha t  i s know n 

abou t  h u m a n cognitio n ca n hav e importan t  implication s fo r 

design .  I n particular ,  cognitiv e scienc e researc h ca n pla y a 

number  o f  importan t  role s i n th e developmen t  o f  interactiv e 

compute r  systems : 

1.  T o sugges t  potentia l  biases ,  limitations ,  an d 

cognitiv e abilitie s whic h coul d pla y a  centra l  rol e i n 

specifi c  human-compute r  interactions . 

2.  T o investigat e whethe r  an d h o w thos e cognitiv e 

constraint s actuall y influenc e th e interactiv e tas k bein g 

smdied .  Usin g psychologica l  methodolog y on e ca n 

study ,  fo r  example ,  whethe r  prediction s derive d fro m a 

give n cognitiv e mode l  appl y t o a  specifi c  interactiv e 

task . 

3.  T o infor m th e developmen t  o f  prescription s o r 

guideline s fo r  th e desig n o f  specifi c  computationa l  aids ; 

tha t  is ,  a  specificatio n o f  th e characteristic s a  syste m 
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Figur e 1 :  Symbioti c approac h t o cognitiv e engineering . 

must  posses s t o adap t  t o user' s constraints ,  s o tha t  use r 

performanc e i s effectiv e an d pleasurable . 

4.  T o provid e tool s fo r  th e evaluatio n o f  a  particula r 

compute r  design .  Agai n empirica l  psychologica l 

methodologie s ca n contribut e t o th e assessmen t  o f  th e 

utilit y  o f  th e designs . 

Most  o f  th e abov e role s ar e illustrate d i n Figur e I ,  whic h 

summarise s ou r  symbioti c approac h t o cognitiv e 

engineering .  Thi s pape r  concentrate s o n th e to p hal f  o f  th e 

figure  (i.e .  th e on e concerne d wit h th e role s o f  psycholog y 

i n cognitiv e engineering) .  But ,  a s th e figure  suggests ,  th e 

symbioti c relationshi p w e propos e coul d possibl y b e 

mirrore d i n th e role s o f  computationa l  science s i n cognitiv e 

engineering . 

I n fact ,  cognitiv e psycholog y ha s bee n successfull y 

applie d t o th e desig n o f  technolog y i n a  variet y o f  domains . 

For  example ,  th e desig n o f  auditor y alarm s i n aircraf t  an d 

i n intensiv e car e application s (Edworth y &  Stanton ,  1995) ; 

th e desig n o f  bibliographi c softwar e (Egan ,  Remde ,  G o m e z , 

Landauer ,  Eberhardt ,  &  Lochbaum ,  1990) ;  th e evaluatio n 

of  workstatio n desig n fo r  telephon e operator s (Gray ,  John , 

& Atwood ,  1993) ;  th e evaluatio n an d desig n o f  compute r 

display s i n intensiv e car e monitorin g (Green ,  Logie , 

Gilhooly ,  Ross ,  &  Ronald ,  1996) ;  etc .  I n al l  th e abov e 

examples ,  th e applicatio n o f  a  cognitiv e mode l  (e.g .  Card , 

Moran ,  &  Newell ,  1983 ;  Wickens ,  1992) ,  couple d wit h a 

soun d analysi s o f  th e applicatio n domai n an d extensiv e 

empirica l  psychologica l  investigations ,  resulte d i n 

succcssfii l  contribution s t o th e desig n process . 

Additionall y th e result s o f  design-oriente d task-specifi c 

psychologica l  investigation s ca n fee d bac k int o th e 

cognitiv e theor y fro m whic h the y wer e generated .  Th e driv e 

t o develo p a  particula r  piec e o f  technolog y ha s ofte n force d 

question s o n th e psychologica l  theorie s whic h infonne d th e 

development .  And ,  a s a  result ,  thes e theorie s hav e bee n 

refine d an d enhanced .  A n improvemen t  o f  th e cognitiv e 

theor y ca n hav e usefti l  repercussion s fo r  th e solutio n o f 

futur e relate d desig n problem s a s th e theor y (a s wel l  a s th e 

methodology )  ha s bee n adapte d t o mee t  specifi c  constraint s 

of  rea l  worl d domains .  I n othe r  words ,  a  potentia l  benefi t  o f 

a symbiosi s betwee n psychologica l  an d h u m a n factor s 

practice s i s actuall y th e developmen t  o f  mor e poweriu l  tool s 

fo r  addressin g engineerin g design . 

The Design Problem: Computerised Decision 

S u p p o r t  i n Intensiv e C a r e 

Th e clinica l  monitorin g o f  patient s i n th e I C U ha s thre e 

objectives : 

1.  t o allo w confinnatio n tha t  th e patien t  i s  stable ; 

2.  th e earl y detectio n o f  physiologica l  events ,  wit h a 

vie w t o rectifyin g problem s befor e the y becom e to o 

established ; 

3.  t o detec t  situation s i n whic h th e patien t  fail s  t o 

respon d t o treatment ,  thereb y requirin g alternativ e 

actions . 

Intensiv e car e ha s see n a  rapi d increas e i n th e numbe r  o f 

differen t  parameter s whic h ca n b e continuousl y monitored : 

hear t  rate ,  bloo d pressure ,  bloo d gases ,  etc .  Conventionally , 

eac h physiologica l  paramete r  i s displaye d o n a  separat e 

monito r  an d i n a  differen t  format .  However ,  physiologica l 

condition s ca n b e indicate d b y change s i n severa l  o f  thes e 

parameters ;  therefor e suc h a n arrangemen t  result s i n 

significan t  complication s fo r  scannin g an d assimilatin g th e 

dat a displayed . 

Computers and ICU Monitoring 

An importan t  developmen t  i n th e las t  decad e ha s bee n th e 

use o f  computerise d system s t o facilitat e intensiv e car e 

monitorin g (e.g .  Cunningham ,  Deere ,  Elton ,  &  Mcintosh , 

1992 ;  Gree n e t  al ,  1996) .  Computer s ca n collec t  dat a fro m 

th e differen t  monitor s an d displa y the m i n a  mor e unifor m 

way.  Furthermore ,  computer s hav e th e abilit y  t o stor e dat a 

an d kee p a  recor d o f  physiologica l  trend s ove r  lon g period s 

of  time ,  wherea s conventiona l  monitor s onl y giv e a 

measur e o f  a  particula r  m o m e nt  i n time . 

Additionally ,  a  potentia l  contributio n o f  compute r 

technologie s i s th e developmen t  o f  decisio n suppor t  system s 

t o assis t  i n th e interpretatio n o f  monitore d dat a (Coiera , 

1993) .  Th e majo r  differenc e betwee n a  computerise d 
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monitorin g s>ste m an d a  decisio n suppor t  syste m i s i n th e 

leve l  o f  interpretation ,  organisatio n an d selectio n o f 

availabl e dat a A  rol e o f  computerise d decisio n suppor t 

woul d be .  fo r  example ,  t o detect ,  a s the y developed ,  event s 

whic h merite d th e attentio n o f  th e perso n a t  th e bedsid e 

(Salatia n &  Hunter ,  1996) .  A  decisio n suppor t  syste m coul d 

als o sugges t  th e selectio n o f  a n appropriate ,  predefine d 

displa y t o facilitat e th e interpretatio n o f  data .  Researc h an d 

developmen t  i n clinica l  decisio n suppor t  system s ha s a 

histor y goin g bac k fo r  mor e tha n tw o decades ;  howeve r 

onl y a  limite d numbe r  o f  suc h system s i s i n routin e us e 

(Shortliffe ,  1993) . 

Problems with the Implementation of Computerised 

A id s a t  th e I C U 

Sophisticate d compute r  system s ofte n requir e th e 

employmen t  o f  compute r  suppor t  staff ,  an d time-consiunin g 

trainin g o f  staf f  o n th e ward .  I n addition ,  lega l 

consideration s an d th e perceive d o r  actua l  reliabilit y  o f  a 

syste m ma y stil l  requir e pape r  record s t o b e kept .  Thi s 

paralle l  recording ,  couple d wit h trainin g requirement s 

result s i n th e compute r  addin g to ,  rathe r  tha n easing ,  th e 

workloa d o f  war d staff . 

I n a  wid e variet y o f  healt h car e domains ,  i t  ha s bee n 

show n repeatedl y tha t  computerise d aid s i n medicin e ma y 

not  b e readil y accepte d o r  widel y use d b y medica l  o r 

nursin g staf f  (Gree n e t  al ,  1991) .  Furthermore ,  eve n wher e 

staf f  ar e positiv e abou t  th e utilit y  o f  th e computerize d 

system ,  ther e m a y b e n o impac t  o n clinica l  outcom e 

(Mcintosh ,  Cunningham ,  &  Ehon ,  1994) .  However ,  i n spit e 

of  al l  o f  thes e diflTiculties ,  ther e i s a  widesprea d belie f 

withi n th e clinica l  profession s tha t  computer s hav e 

significan t  potentia l  i n patien t  car e provide d tha t  th e 

syste m i s designe d an d implemente d appropriatel y (ImhoflF , 

1992) . 

Computerise d monitorin g system s ma y b e designe d 

throug h consultatio n wit h a  pane l  o f  medica l  experts . 

However  typicall y i t  i s  th e mor e junio r  physician s an d th e 

nursin g staf f  w h o ar e th e mai n user s o f  th e system .  Hence , 

a majo r  issu e i s whethe r  junio r  staf f  ca n efTecti N el y us e th e 

dat a displaye d t o spo t  trend s an d t o tak e appropriat e action : 

a)  th e nurse s ar e continuall > b y th e bedsid e bu t  ma y no t  se e 

i t  a s thei r  rol e t o us e computerise d dat a displa>s ;  b )  junio r 

physician s visi t  th e bedsid e i n tur n an d ma y no t  b e presen t 

when a  tren d start s t o develo p o r  ma y no t  ha\ e th e clinica l 

experienc e t o detec t  a  tren d inheren t  i n th e presente d dat a 

pattern ,  c )  experts ,  o n th e othe r  hand ,  ma y b e abl e t o detec t 

trend s bu t  the y ar e th e leas t  frequen t  professiona l  visito r  t o 

eac h patient . 

Th e abov e analysi s suggest s tha t  understandin g 

difference s i n clinica l  expertis e m a y b e a n importan t 

requiremen t  fo r  th e desig n an d successfu l  applicatio n o f 

computerise d monitorin g system s i n th e ICU .  Othe r 

psychologica l  factor s whic h ma y influenc e th e successfu l 

us e o f  suc h system s ar e th e so-calle d cognitiv e biase s 

(Evans ,  1989) .  Th e desig n o f  computerise d aid s d o no t 

normall y tak e int o accoun t  suc h limitation s o f  h u m a n 

thinking .  Therefor e w e nex t  presen t  a  brie f  summar y o f 

recen t  psychologica l  findings  o n expertis e an d biase s i n 

medica l  reasoning . 

How Cognitive Theory Can Contribute to 

Des ig n 

Expertis e i n medica l  reasonin g 

Gilhool y (1990 )  summarise d th e majo r  findings  emergin g 

fro m researc h i n expertis e i n variou s comple x cognitiv e 

activitie s an d compare d the m wit h wha t  wa s know n a t  th e 

tim e abou t  expertis e i n medica l  reasoning .  I n general , 

expertis e researc h ha d suggeste d tha t  expert s perfor m bette r 

tha n novice s becaus e the y posses s superio r  domai n 

knowledg e accumulate d afte r  man y year s o f  extensiv e 

practice ,  an d no t  becaus e o f  superio r  basi c capacities .  I t  i s 

generall y assume d tha t  experts '  superio r  domai n knowledg e 

i s i n th e for m o f  schemat a whic h includ e recommendation s 

fo r  action .  Th e assumptio n i s that ,  becaus e the y hav e a 

richer  repertoir e o f  schemata ,  expert s ca n remembe r  bette r 

tha n novice s ne w informatio n i n thei r  field,  an d hav e bette r 

proble m representations ,  tha t  is ,  expert s focu s o n th e dee p 

structur e o f  th e proble m (i.e .  the y ar e abl e t o abstrac t 

relevan t  principles )  wherea s novice s ar e le d b y th e surfac e 

feature s o f  th e problem .  Additionally ,  expert s wor k 

forward s (i.e .  fro m th e startin g stat e t o th e goa l  state) , 

wherea s novice s wor k backward s fro m th e unknow n t o th e 

givens . 

Most  o f  th e abov e findings  hav e bee n replicate d b y 

researc h o n medica l  reasoning .  However ,  Gilhool y note d 

tw o significan t  discrepancie s betwee n researc h o n medica l 

proble m solvin g an d genera l  researc h i n expertise .  O n e 

suc h discrepanc y i s tha t  medica l  expert s d o no t  see m t o 

sho w a  stron g tendenc y t o wor k forwar d t o a  goa l  state .  I n 

pioneerin g studie s o f  diagnosti c thinkin g (Elstein , 

Shulman ,  &  Sprafka ,  1978) ,  i t  wa s foun d tha t  exper t 

physician s generate d hypothese s \er y earl y i n th e process , 

afte r  seein g jus t  a  fe w sign s o r  symptoms ;  thes e hypothese s 

wer e the n tested ,  checkin g fo r  th e presenc e o r  absenc e o f 

symptom s deduce d fro m th e hypotheses .  Thi s approach , 

whic h ca n b e characterise d a s on e o f  hypothedco-deductiv e 

reasoning ,  involve s reasonin g backward s fro m th e goa l  (th e 

hypothesis )  t o th e give n (th e symptoms) .  A  reasonabl e 

explanatio n fo r  thi s typ e o f  processin g i s tha t  i n diagnosti c 

thinkin g no t  al l  th e necessar y informatio n i s presente d 

initially ;  hence ,  th e tas k require s informatio n search ,  an d 

thi s searc h i s usefull y guide d b y hypothese s (se e discussion s 

i n Gilhholy ,  1990 ;  Elstein ,  Shulman ,  &  Spraflca ,  1990) . 

A secon d discrepanc y betwee n researc h o n medica l 

diagnosi s an d genera l  expertis e researc h i s tha t  medica l 

expert s d o no t  remembe r  informatio n abou t  ne w case s an y 

bette r  tha n les s experience d subject s (Claesse n & 

Boshui/en ,  1985) .  However ,  eve n i f  expert s hav e poo r 
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memor> fo r  th e specific s o f  a  case ,  th e diagnose s produce d 

by th e expert s fo r  tha t  sam e cas e ten d t o b e mor e accurat e 

tha n thos e produce d b y les s experience d subjects .  Thi s dat a 

patter n ma y b e explaine d b y th e diffcrcn l  form s o f 

knowledg e brough t  t o bea r  o n th e tas k b y expor t  an d les s 

exper t  subject s (Schmid t  &  Norman ,  1988) .  Expert s see m 

t o us e compile d knowledg e i n th e for m o f  "illnes s scripts " 

whic h contai n prototypica l  informatio n abou t  diseases .  Thi s 

usuall y allow s a  reasonabl e diagnosi s wit h littl e processin g 

of  th e textua l  information .  Les s experience d subjects ,  o n th e 

othe r  hand ,  m a y rel y o n genera l  pathophysiologica l 

knowledg e (no t  grounde d o n persona l  e.xperience )  whic h 

lead s the m t o a  slowe r  an d ofte n les s accurat e processin g o f 

th e information . 

The findings  jus t  outline d ca n b e o f  particula r  us e i f  the y 

ar e incorporate d i n som e wa y i n a  computerise d decisio n 

suppor t  system .  O n e ca n vie w th e functio n o f  suc h a  syste m 

as tha t  o f  makin g availabl e t o les s experience d staf f  th e 

expertis e o f  senio r  clinicians .  Thi s m a y involve ,  fo r 

example ,  highlightin g o r  makin g explici t  thos e correlation s 

or  causa l  relationship s (know n b y th e experts )  whic h m a y 

not  b e obviou s t o mor e junio r  staff ;  thu s supportin g th e 

detectio n an d preventio n o f  risky  pathologica l  conditions . 

Adtlitionally .  b y understandin g th e difference s i n domai n 

knowledg e an d cognitiv e processe s o f  expert s an d novices , 

one ca n decide ,  fo r  example ,  o n th e sor t  o f  informatio n 

whic h shoul d b e mad e availabl e t o junio r  staf f  a s wel l  a s 

th e sor t  o f  representatio n (e.g .  leve l  o f  abstraction )  i n whic h 

tha t  informatio n shoul d b e provided . 

Heuristics and biases in medical decision making 

I t  i s  wel l  establishe d tha t  huma n decisio n makin g i s pron e 

t o a  rang e o f  biase s (Evans ,  1989) .  A  well-know n bia s i s 

th e so-calle d confirmatio n bias ;  tha t  is ,  onc e a n individua l 

form s a n hypothesi s ther e i s a  tendenc y t o see k evidenc e 

whic h confirm s tha t  hypothesi s rathe r  tha n t o gathe r 

informatio n t o refut e it .  Give n th e open-ende d natur e o f 

medica l  diagnosi s which ,  a s note d above ,  i s a t  leas t  partl y 

drive n b y hypothetico-deductiv e reasoning ,  th e potentia l 

implication s o f  confirmatio n bia s ar e particularl y relevan t 

I n fact ,  ther e i s evidenc e tha t  suggest s tha t  physician s 

(eithe r  experience d o r  novice )  d o no t  us e scientifi c 

principle s base d o n systemati c evaluatio n o f  evidenc e (se e 

e.g .  Patel ,  Evans ,  &  Groen ,  1989) , 

Anothe r  weaknes s o f  huma n cognitio n i s th e tendenc y t o 

selec t  inappropriat e bas e rate s whe n makin g probabilit y 

judgement s o r  assessin g risk.  Fo r  example ,  i f  a  tes t  t o detec t 

a diseas e whos e prevalenc e i s 1/100 0 ha s a  false-positiv e 

rat e o f  5 % ,  the n wha t  i s th e chanc e tha t  a  perso n foun d t o 

hav e a  positiv e resul t  actuall y ha s th e disease ? Th e majorit y 

of  a  sampl e o f  Harvar d Medica l  Schoo l  student s reporte d 

tha t  th e answe r  t o thi s questio n wa s 9 5 % .  Bu t  thi s answe r 

fail s  t o tak e int o accoun t  th e ver y lo w bas e rat e o f  th e 

disease ,  an d th e correc t  answe r  i s 2 % (Cascclls , 

Schocnberg ,  &  Grayboys .  1978) .  I t  i s  possibl e t o increas e 

somewhat  th e numbe r  o f  correc t  respondent s i f  th e figures 

i n th e scenario s ar e give n a s frequencie s (e.g .  5 0 ou t  o f 

ever y 1000 )  rathe r  tha n a s probabilitie s (e.g .  5 % )  (cite d i n 

Gilhooly ,  1 9 % ,  pp .  188-189) .  Qualifie d medica l 

practitioner s ar e apparentl y n o les s pron e t o fault y 

probabilisti c  reasonin g an d cognitiv e biase s tha n ar e 

medica l  student s o r  othe r  member s o f  th e adul t  populatio n 

(se c e.g .  Christensen-Salansk i  &  Bushyhead ,  1981 ; 

Schwartz ,  1994) . 

Thes e findings  (i f  confirme d i n rea l  medica l  practice ) 

hav e importan t  implication s fo r  th e desig n o f  a 

computerise d medica l  decisio n suppor t  system .  Suc h a 

syste m woul d hav e severel y limite d utilit y  i f  th e syste m 

designe r  assume d (implicitl y  o r  e?q)licitly )  tha t  decision s 

woul d b e mad e b y exper t  clinician s w h o systematicall y 

evaluat e evidence ,  o r  i f  th e syste m faile d t o tak e accoun t  o f 

possibl e biase s i n probabilisti c  reasonin g o r  m hypothesi s 

testing .  M o r e spedficaily ,  th e desig n o f  appropriat e dat a 

display s m a y compensat e fo r  use r  limitation s by ,  fo r 

example ,  showin g rate s an d othe r  numerica l  dat a i n a n 

easil y interpretabl e manne r  o r  b y highlightin g patterns ,  o r 

othe r  information ,  whic h ar e likel y t o b e ignore d b y th e 

user . 

How Solving A Design Problem Can Benefit 

C o g n i t i v e T h e o r y 

Researc h i n medica l  reasonin g ha s typicall y involve d 

simulate d patien t  scenarios ,  eithe r  usin g actor s i n th e rol e 

of  patients ,  o r  vignette s comprisin g a  medica l  histor y an d 

set s o f  symptom s (fo r  a  revie w se e Gilhooly ,  1990) .  Rarel y 

hav e studie s o f  medica l  decisio n makin g take n plac e wit h 

genuin e patient s o r  genuin e patien t  dat a (Koehler ,  1996) . 

A n advantag e o f  workin g o n a n applie d medica l  domai n 

suc h a s intensiv e car e i s tha t  th e physiologica l  dat a ar e 

recorde d an d archived .  Thi s offer s a  rich  sourc e o f  stimulu s 

materia l  fo r  us e i n experimenta l  studies .  I n othe r  words ,  i t 

facilitate s controlle d studie s o f  th e cognition s o f  th e staf f 

concerne d i n realisti c setting s involvin g genuin e patien t 

dat a (i.e .  computerise d record s o f  monitore d physiologica l 

data) ;  henc e increasin g th e ecologica l  validit y o f  th e 

research .  Suc h investigation s ca n therefor e provid e insight s 

as t o whethe r  medica l  decisio n makin g i s affecte d i n 

practic e b y th e biase s an d expertis e effect s encountere d i n 

laborator y studies .  A s note d earlier ,  a  potentia l  outcom e i s 

th e refinemen t  o f  th e cognitiv e theorie s whic h inspire d th e 

investigations . 

Methodologies 

I n orde r  t o buil d a  syste m whic h wil l  actuall y hel p it s 

intende d users ,  w e nee d t o achiev e a n understandin g o f  it s 

rol e b y studyin g th e decision-makin g environmen t  i n som e 

detail .  Mo r e specifically ,  w c nee d t o understan d wha t 

factor s (i.e .  biases ,  expertise ,  availabilit y  o f  information , 

etc. )  affec t  th e decisio n makin g o f  medica l  an d nursin g 
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practitioner s a t  th e intensiv e car e ward .  I n addressin g thes e 

issues ,  ou r  approac h ha s bee n t o us e a  rang e o f 

methodologie s whic h w e outlin e i n th e res t  o f  thi s sectio n 

(fo r  a  mor e detaile d discussio n se e Logic .  Hunter , 

Mcintosh ,  Gilhooly .  Alberdi .  &  Reiss ,  1997) . 

•  Questionnaire s an d semi-structure d interview s wit h 

staff .  Thes e wil l  yiel d a  subjectiv e vie w o f  workin g 

practices ,  staf f  attitude s an d perceive d expertise .  Th e 

interview s als o ca n focu s o n th e clinicians '  report s a s t o 

ho w the y interpre t  dat a an d th e source s o n whic h the y 

rely . 

•  Systemati c obser\>ation s an d recordin g o f  dail y 

activitie s i n th e workin g environment .  Thi s provide s a 

mor e objectiv e pictur e o f  staff s workin g liabit s an d 

performance . 

•  Experimenta l  approache s t o examin e th e cognition s 

o f  physician s an d nurses .  Ou r  curren t  approac h i s t o 

presen t  staf f  wit h dat a pattern s recorde d fro m previou s 

rea l  patients ,  an d the n as k the m t o "thin k aloud "  durin g 

thei r  decisio n making .  Th e "think-aloud "  protocol s ar e 

the n transcribe d an d analyse d (Ericsso n &  Simon , 

1984 )  t o examine ,  o n th e on e hand ,  clinicians ' 

hypothesi s generatio n an d testin g procedures ;  and ,  o n 

th e othe r  hand ,  thei r  abilit y  t o identif y relevan t 

physiologica l  pattern s o n th e compute r  display .  Thi s 

for m o f  analysi s the n allow s a n assessmen t  o f  th e 

decisio n makin g i n term s o f  th e incidenc e o f  decisio n 

makin g biases ,  th e rol e o f  expertise ,  an d s o on . 

Once th e factor s affectin g decisio n makin g hav e bee n 

identified ,  thi s insigh t  ca n b e use d t o infor m th e desig n o f 

computationa l  algorithm s i n computerise d decisio n support . 

Conclusions 

I n thi s paper ,  w e hav e highlighte d th e importan t  role s tha t 

cognitiv e psycholog y ca n pla y (an d i n fac t  ha s played )  i n 

th e desig n o f  human-compute r  interactions .  I n contras t 

wit h pessimisti c view s whic h questio n th e applicabilit y  o f 

psychologica l  theorie s an d method s t o th e desig n o f 

interactiv e compute r  system s (Lon g &  Dowell ,  1996) ,  w e 

hav e show n th e potentia l  mutua l  benefit s o f  a  symbiosi s 

betwee n psychologica l  practice s an d th e practice s oriente d 

t o solvin g th e practica l  problem s o f  compute r  design .  I n 

particular ,  w e hav e discusse d i n som e detai l  ho w suc h a n 

approac h ca n hav e it s applicatio n i n a  particula r  desig n 

proble m whic h w e ar e currentl y addressing ,  tha t  is ,  th e 

developmen t  o f  decisio n suppor t  system s i n medica l 

intensiv e care . 
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Abstrac t 

Thi s stud y examine d ho w change s i n children' s 
proble m encodin g influence d thei r  strateg y selection . 
Fourth-grad e student s {N=5l )  solve d si x mathematica l 
equivalenc e problem s (e.g. ,  3+4+5 = +5 )  i n a 
pretest .  Children' s proble m encodin g wa s the n 
manipulate d i n on e o f  tw o ways ,  o r  wa s no t 
manipulate d i n a  Contro l  group .  I n th e Subtl e group , 
childre n solve d fou r  additiona l  problem s wit h th e 
equa l  sig n highlighte d i n red .  I n th e Direc t  group , 
childre n solve d th e sam e fou r  problems ,  an d wer e 
directe d t o notic e th e equa l  sig n i n eac h problem . 
Childre n the n solve d si x problem s i n a  posttest ,  an d 
di d s o agai n fou r  week s late r  i n a  follow-u p test .  Th e 
strategie s childre n conveye d i n thei r  spoke n an d 
gesture d explanation s wer e assessed .  Childre n i n th e 
Direc t  grou p considere d multipl e strategie s fo r  th e 
posttes t  problem s mor e ofte n tha n childre n i n th e 
othe r  groups ,  a s reflecte d i n thei r  spoke n an d gesture d 
explanations .  Childre n i n th e Direc t  grou p wer e als o 
most  likel y t o generat e gesture d strategie s an d t o 
abando n verba l  strategie s ove r  th e cours e o f  th e study . 
Thes e findings  sugges t  tha t  change s i n proble m 
encodin g lea d t o change s i n strateg y selection . 

People often use incorrect or inefficient strategies to 
solv e problems .  Ove r  time ,  peopl e sometime s abando n 
thes e inadequat e strategie s an d begi n t o us e bette r  ones . 
Wher e d o thes e n e w strategie s c o m e from? 
Understandin g th e origi n o f  n e w strategie s i s ke y t o 
understandin g bot h learnin g an d developmenta l  change . 
Th e presen t  stud y examine s th e origi n o f  n e w strategie s 
i n childre n learnin g t o solv e mathematica l  equations . 

Previou s studie s hav e show n tha t  th e pat h o f  strateg y 
chang e i n childre n i s  typicall y gradua l  rathe r  tha n 

abrup t  (Alibali ,  i n press ;  Siegler ,  1995) .  Tha t  is ,  i n 

most  cases ,  childre n graduall y expan d an d the n contrac t 
thei r  strateg y repertoires ,  rathe r  tha n switc h suddenl y 
from  on e strateg y t o another .  N e w strategie s ar e use d 
infrequentl y a t  first,  an d c o m e t o b e use d mor e 
consistentl y ove r  tim e (Kuh n &  Phelps ,  1982 ;  Mille r 
& Seier ,  1994) . 

Thus ,  ther e i s  growin g consensu s i n th e literatur e 
tha t  ne w strategie s ente r  th e repertoir e gradually . 
However ,  th e genesi s o f  thes e gradually-emergin g 
strategie s remain s a  puzzle .  I n thi s paper ,  w e sugges t 
that ,  i n orde r  t o understan d wher e n e w strategie s com e 
from,  i t  i s  essentia l  t o conside r  no t  onl y th e strategie s 
tha t  childre n use ,  bu t  als o th e feature s o f  th e problem s 
tha t  the y encode ,  o r  mentall y represent . 

We propos e that ,  whe n solvin g a  problem ,  childre n 
encod e selecte d feature s o f  th e problem ,  an d the n appl y 
a se t  o f  operation s t o thos e encode d features .  Unde r  tiiis 
view ,  a  strateg y i s a  se t  o f  operation s applie d t o a 
particula r  se t  o f  proble m features .  Thi s vie w implie s 
that ,  w h e n childre n encod e n e w feature s o f  problems , 
the y ca n the n us e thos e feature s i n n e w proble m solvin g 
strategies .  Thus ,  on e potentia l  sourc e o f  ne w proble m 
solvin g strategie s i s  change s i n th e proble m feature s 
tha t  childre n encode .  Change s i n children' s proble m 
encodin g m a y provid e the m wit h "buildin g blocks "  fir 
us e i n constructin g n e w proble m solvin g strategies . 

We propos e tha t  change s i n children' s proble m 
encodin g m a y b e on e sourc e o f  variabilit y i n thei r 
sfrateg y use .  Previou s studie s hav e show n tha t  childre n 

ofte n exhibi t  variabl e sfrateg y use ,  sometime s 
considerin g multipl e sfrategie s fa r  individua l  problem s 
(e.g. ,  Alibali ,  i n press ;  Alibal i  &  Goldin-Meadow , 
1993 ;  Siegler ,  1995) .  Thi s within-proble m variabilit y 
i s  eviden t  i n gesture-speec h mismatches ,  i n whic h 
childre n expres s on e strateg y i n speec h an d anothe r  i n 
gestur e (Churc h &  Goldin-Meadow ,  1986 ;  Perry , 
Church ,  &  Goldin-Meadow ,  1988) .  W e sugges t  tha t 
children' s mismatchin g gesture s reflec t  informatio n tha t 

the y hav e encode d abou t  th e problems ,  bu t  hav e no t 
use d i n solvin g th e problem s (se e Siegler ,  1984) . 
Thus ,  sfrategie s expresse d uniquel y i n gestur e ar e 
sfrategie s tha t  childre n conside r  bu t  d o no t  us e t o deriv e 

proble m solution s (se e als o Garber ,  Alibali ,  &  Goldin -
M e a d o w,  1998) . 

Th e goa l  o f  th e presen t  stud y i s t o investigat e th e 
rol e o f  change s i n proble m encodin g i n th e proces s rf 
strateg y change .  T o thi s end ,  w e experimentall y 
manipulate d children' s proble m encoding ,  an d 
examine d th e resultin g change s i n thei r  strateg y use . 
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As ou r  experimenta l  task ,  w e selecte d mathematica l 
equivalenc e problem s (e.g. ,  3+4+5 = +5) .  W e chos e 
thes e problem s fo r  severa l  reasons .  First ,  previou s 
wor k ha s show n tha t  childre n ofte n us e incorrec t 
strategie s fo r  solvin g suc h problems ,  an d tha t  childre n 
expres s thei r  problem-solvin g strategie s i n bot h gestur e 
and speec h (Alibal i  &  Goldin-Meadow ,  1993 ;  Perr y e t 
al. ,  1988) .  Second ,  previou s wor k usin g a 
reconstructio n tas k (simila r  t o thos e use d b y Chas e & 

Simon ,  1973 ,  an d Siegler ,  1976 )  ha s show n tha t 
childre n wh o solv e equivalenc e problem s incorrectl y 
ofte n encod e th e problem s incorrectl y (Alibali ,  1998) . 
Specifically ,  childre n wh o solv e equivalenc e problem s 
incorrectl y ofte n fai l  t o properl y encod e th e positio n o f 
th e equa l  sign .  I n th e presen t  study ,  w e manipulate d 
children' s encodin g o f  equivalenc e problem s b y 
drawin g thei r  attentio n t o th e positio n o f  th e equa l  sign . 

We hypothesize d tha t  change s i n children' s proble m 
encodin g woul d lea d t o increase d variabilit y  i n thei r 
strateg y use ,  whic h woul d b e manifeste d i n increase d 
productio n o f  gesture-speec h mismatches .  Further ,  w e 
hypothesize d tha t  change s i n children' s proble m 
encodin g woul d lea d t o change s i n thei r  strateg y use . 
Specifically ,  w e predicte d tha t  change s i n encodin g 
woul d caus e childre n t o generat e ne w strategies ,  an d 
tha t  thes e ne w strategie s woul d ofte n b e expresse d 
uniquel y i n gesture . 

Method 

Participants 

Sbcty-fou r  fourth-grad e student s (age s 9  an d 10 ) 
participate d i n th e study .  Al l  attende d parochia l 
school s i n th e greate r  Pittsburg h area .  Thirtee n o f  th e 
student s solve d on e o r  mor e problem s correctl y o n th e 
experimenta l  pretest .  Thes e student s wer e eliminate d 
from  th e analyse s presente d i n thi s paper .  Thus ,  th e 
final  sampl e consiste d o f  5 1 student s (3 4 girl s an d 1 7 
boys) ,  al l  o f  who m solve d si x mathematica l  equivalenc e 
problem s incorrectl y o n th e pretest. ' 

Procedure 

Student s wer e aske d t o solv e an d explai n si x 
mathematica l  equivalenc e problem s (e.g. , 
3+4+5 = +5 )  a s par t  o f  a  pretest .  Student s wer e the n 
randoml y assigne d t o on e o f  thre e interventions ,  tw o o f 
whic h wer e designe d t o modif y thei r  encodin g o f  th e 
equivalenc e problems .  Al l  thre e intervention s use d a 
set  o f  fou r  mathematica l  equivalenc e problems , 
comparabl e t o thos e presente d i n th e pretest .  I n th e 

Subtl e condition ,  participant s solve d an d explaine d fou r 

problem s i n whic h th e equa l  sig n wa s printe d i n red . 
I n th e Direc l  condition ,  participant s solve d an d 

explaine d th e sam e fou r  problem s wit h th e re d equa l 
signs ,  an d i n addition ,  th e experimente r  directe d 
children' s attentio n t o th e equa l  sign ,  sayin g "Mak e 
sur e yo u notic e wher e th e equa l  sig n i s i n th e problem. " 
I n th e Contro l  condition ,  participant s solve d an d 
explaine d th e sam e fou r  problems ,  wit h ordinar y blac k 

equal  signs .  Not e tha t  childre n di d no t  receiv e an y 
feedbac k abou t  whethe r  thei r  solution s wer e correc t  i n 
any o f  th e groups .  Followin g th e intervention ,  ead i 
chil d wa s aske d t o solv e an d explai n anothe r  se t  o f  si x 
equivalenc e problem s a s par t  o f  a  posttest . 
Approximatel y fou r  week s later ,  eac h chil d wa s agai n 
aske d t o solv e an d explai n a  se t  o f  si x problem s a s par t 
of  a  follow-u p test . 

Coding 

For  eac h o f  th e problems ,  w e code d th e strateg y tha t  th e 
chil d expresse d i n speec h an d th e strateg y tha t  th e chil d 
expresse d i n gesture .  Example s o f  problem-solvin g 
strategie s expresse d i n speec h an d gestur e ar e presente d 
i n Tabl e 1 . 

Tabl e 1 

Example s o f  Strategie s Expresse d i n Speec h an d 
i n Gestur e fo r  th e Proble m 3+4+5 = + 5 

Strateg y 

Add Al l 

Add t o 
Equal 
Sig n 

Groupin g 

Equaliz e 

Speech 

" I  adde d 3  plu s 
4 plu s 5  plu s 5 , 
and i t  mad e 17. " 

" 3 plu s 4  i s 7 , 
plu s 5  i s 12. " 

" I  jus t  adde d 3 
and 4  t o mak e 
7. " 

" 3 an d 4  an d 5 
i s  12 ,  an d 7  plu s 
5 i s als o 12. " 

Gestur e 

Right-han d poin t 
t o 3 ,  4 ,  lef t  5 , 
righ t  5 ,  solution . 

Right-han d poin t 
t o 3 ,  4 ,  lef t  5 , 
solution . 

Left-han d poin t 
t o 3 ,  4 ,  solution . 

Left-han d poin t 
t o 3 ,  4 ,  lef t  5 , 
hand down . 
Right-han d poin t 
t o righ t  5 , 
solution . 

'  Th e unequa l  distributio n o f  boy s an d girl s wa s 
unexpected ,  an d wa s du e t o th e fac t  tha t  mor e girl s tha n 
boys returne d permissio n slip s wit h parenta l  consen t  t o 
participat e i n th e study . 

We the n identifie d al l  o f  th e strategie s tha t  eac h chil d 
expresse d i n speec h and/o r  i n gestur e durin g th e 
proble m explanation s o n th e pretest ,  posttes t  an d 
follow-u p test .  Not e tha t  thi s metho d fo r  assessin g a 
child' s strateg y repertoir e include s an y strateg y tha t  th e 
chil d eve r  mentione d durin g th e proble m explanation s 
(i n eithe r  modality) .  W e the n compare d th e set s c f 
strategie s tha t  childre n expresse d o n eac h test .  An y 
strateg y expresse d o n th e pretes t  bu t  no t  o n a  late r  tes t 
(posttes t  o r  follow-up )  wa s considere d t o b e 
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Abandoned .  Similarly ,  an y strateg y tha t  wa s no t 

expresse d o n th e pretes t  bu t  wa s expresse d o n a  late r 
tes t  wa s considere d t o b e Generated . 

Finally ,  fo r  eac h proble m explanation ,  w e code d th e 
relationshi p betwee n gestur e an d speech ,  i f  th e chil d 
expresse d th e sam e strateg y i n bot h modalities ,  th e 
explanatio n wa s code d a s a  gesture-speec h Match .  I f  th e 

chil d expresse d differen t  strategie s i n speec h an d 
gesture ,  th e explanatio n wa s code d a s a  Mismatch .  Fo r 

example ,  conside r  a  chil d who ,  fo r  th e proble m 
4+5+7 = +7 ,  said ,  " I  adde d th e 4  an d th e 5  an d th e 
7" ,  an d pointe d t o th e 4 ,  th e 5 ,  an d th e lef t  7 .  I n thi s 
example ,  th e chil d expresse d th e A d d t o Equa l  Sig n 
strateg y i n bot h speec h an d gesture ,  s o th e respons e 
woul d b e code d a s a  Match .  Next ,  conside r  a  chil d 
w ho said ,  " I  adde d th e 4  an d th e 5  an d th e 7" ,  an d 
pointe d t o th e 4 ,  th e 5 ,  th e lef t  7 ,  an d the n th e righ t  7 . 
I n thi s example ,  th e chil d expresse d th e A d d t o Equa l 
Sig n strateg y i n speech ,  an d th e A d d Al l  strateg y i n 
gesture ,  s o th e respons e woul d b e code d a s a  Mismatc h 
(se e Perr y e t  al. ,  1988) . 

Results 

We assesse d th e effect s o f  change s i n children' s 
encodin g o n tw o type s o f  dependen t  measures :  (1 ) 
change s i n th e numbe r  o f  strategie s tha t  childre n 
considere d f w individua l  problems ,  an d (2 )  change s i n 
th e repertoire s o f  strategie s tha t  childre n expresse d i n 
speec h an d i n gesture .  W e hypothesize d that ,  eve n i n 
th e absenc e o f  feedbac k abou t  correctness ,  change s i n 
children' s proble m encodin g woul d lea d the m t o mor e 
fi-equently  conside r  multipl e strategie s fo r  individua l 
problems .  W e fiuther  hypothesize d tha t  change s i n 
encodin g woul d lea d childre n t o generat e ne w 
strategies .  Base d o n previou s wor k (Alibal i  &  Goldin -
M e a d o w,  1993) ,  w e expecte d tha t  suc h ne w strategie s 
woul d ofte n b e expresse d uniquel y i n gesture . 

Did changes in encoding lead to changes in 

th e variabilit y  o f  strateg y choices ? 

We firs t  examine d whethe r  th e encodin g 

manipulatio n influence d th e numbe r  o f  strategie s tha t 
childre n considere d i n solvin g individua l  problems . 

We hypothesize d tha t  change s i n encodin g woul d lea d 
childre n t o mor e frequently  conside r  altemativ e 
strategies .  W e hav e argue d i n previou s wor k tha t  whe n 
childre n conside r  multipl e strategie s i n solvin g a 
problem ,  the y produc e gesture-speec h mismatche s 
(Alibal i  &  Goldin-Meadow ,  1993 ;  Goldin-Meadow , 
Alibali ,  &  Church ,  1993) .  Thus ,  w e predicte d tha t  th e 
manipulatio n woul d lea d childre n t o produc e mor e 
mismatche s o n th e posttes t  an d follow-u p tes t 
problems . 

We fu-s t  considere d change s from  th e pretes t  t o th e 
posttest .  A s see n i n Figur e 1  (whit e an d dotte d bars) , 
childre n i n th e Contro l  an d Subtl e group s produce d 

fewe r  mismatche s o n th e posttes t  tha n o n th e pretest , 

wit h th e greates t  decreas e i n th e Contro l  group .  I n 
contrast ,  childre n i n th e Direc t  grou p produce d slightl y 
mor e Mismatche s o n th e posttes t  tha n the y di d o n th e 
pretest .  Repeate d measure s A N O V A reveale d a 
significan t  interactio n betwee n conditio n (Control , 
Subtle ,  Direct )  an d tes t  (Pre ,  Post) ,  F(2,48)=4.49 , 

p<.02 .  Planne d contrast s comparin g pretest-to-posttes t 
chang e score s acros s group s reveale d tha t  th e Direc t 

grou p differe d significantl y from  th e Contro l  grou p 

(F(l,48)=9.36 ,  p<.005) ,  an d th e Subtl e grou p diflfaie d 
marginall y from  th e Contro l  grou p (F(l,48)=2.96 , 
p<.10) .  Thus ,  a s predicted ,  th e manipulatio n le d 
childre n t o conside r  multipl e sfrategie s fo r  individua l 
problem s mor e frequently . 

We nex t  considere d th e effect s o f  th e encodin g 
manipulatio n o n change s from  th e pretes t  t o th e follow -
up test .  Recal l  tha t  th e follow-u p sessio n too k plac e 
approximatel y fou r  week s afte r  th e initia l  session .  Si x 
of  th e childre n wer e no t  availabl e t o b e teste d a t  th e 
follow-u p session ,  s o th e overal l  A ^  fo r  al l  follow-u p 
analyse s i s reduce d t o 45 .  A s see n i n Figur e 1 ,  i n al l 
thre e groups ,  childre n produce d fewe r  mismatche s a t  th e 
follow-u p tha n i n th e pretest .  Th e drofHjff "  from  pretes t 
t o follow-u p wa s greates t  i n th e Contro l  grou p (-1.33) , 
smalle r  i n th e Subtl e grou p (-0.80) ,  an d smalles t  i n th e 
Direc t  grou p (-0.67) .  However ,  th e interactio n betwee n 
conditio n (Control ,  Subtle ,  Direct )  an d tes t  (Pre , 
Follow-up )  di d no t  reac h significanc e (F(2,42)<1) . 

•  Pretes t 

Posttes t 

Follow-u p 

I 

Contro l Subtl e Direc t 

Figur e 1 .  Mea n numbe r  o f  gesture-speec h mismatche s 
produce d b y childre n i n eac h grou p o n th e pretest , 
posttest ,  an d follow-u p test .  Pretes t  an d posttes t  dat a 
ar e base d o n th e ful l  sampl e (A^=51) ;  follow-u p dat a i s 
base d o n th e reduce d sampl e (A^=45) .  Th e error s bar s 
depic t  standar d errors . 
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I n sum ,  childre n th e Direc t  grou p mor e frequently 
considere d multipl e strategie s fo r  individua l  problem s 

immediatel y followin g th e encodin g manipulation . 
However ,  a t  th e follow-up ,  fou r  week s later ,  thi s effec t 

had dissipated . 

Did changes in encoding lead to changes in 

strateg y use ? 

We nex t  examine d whethe r  th e encodin g 
manipulatio n le d childre n t o solv e th e posttes t  an d 
follow-u p problem s differentl y from  th e pretes t 
problems .  T o addres s thi s question ,  w e compare d th e 
repertoir e o f  strategie s tha t  eac h chil d expresse d i n 
speec h an d gestur e o n eac h test .  W e the n assesse d 
whethe r  childre n generate d n e w strategie s i n speec h o r 
i n gesture ,  an d whethe r  childre n abandone d ol d 
strategie s from  speec h o r  from  gesture . 

e 
2 

U 
o 

I 

1- , 

0.8 -

0.6 -  H  Direc t 

0.4 -

0.2 -

Strateg y Generation :  Speec h 

• Control 

[3 Subtle 

Post Follow-u p 

Figur e 2 ,  Proportio n o f  childre n i n eac h conditio n w h o 
generate d ne w strategie s i n speec h (wit h o r  withou t 
matchin g gesture )  o n th e posttes t  an d follow-u p test . 

We first consider strategy generation. We assessed 
th e proportio n o f  childre n w h o expresse d an y ne w 
strategie s eithe r  i n speec h o r  uniquel y i n gestur e o n th e 
posttes t  an d th e follow-u p test .  A s show n i n Figur e 2 , 
th e proportio n o f  childre n w h o expresse d ne w strategie s 
i n speec h di d no t  <Me r  systematicall y acros s 
conditions ,  fo r  eithe r  th e posttes t  o r  th e follow-u p test . 
However ,  a s see n i n Figur e 3 ,  th e proportio n o f  childre n 
w ho expresse d ne w strategie s uniquel y i n gestur e wa s 
greates t  i n th e Direc t  group ,  bot h a t  th e posttes t  an d a t 
th e follow-u p test .  Mo r e childre n i n th e Direc t  grou p 
tha n i n th e Contro l  an d Subtl e group s generate d 
gesture d strategie s from  pretes t  t o posttes t  (A*(l)=5.80 , 
p<.02) ,  an d from  pretes t  t o follow-u p (A*(l)=2.95 , 
p<.\0) .  Thus ,  th e Direc t  encodin g manipulatio n le d 
childre n t o generat e ne w strategie s tha t  the y expresse d 
uniquel y i n gesture . 

Althoug h m a n y childre n generate d ne w problem -
solvin g strategie s ove r  th e cours e o f  th e study ,  i t  shoul d 

be note d tha t  almos t  al l  o f  th e strategie s childre n 
generate d wer e incorrect .  I n orde r  fo r  childre n t o 

generat e correc t  strategie s fo r  solvin g equivalenc e 

problems ,  instructiona l  inpu t  o r  feedbac k abou t 

correctnes s m a y b e required . 
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E3 Subtle 
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Figur e 3 .  Proportio n o f  childre n i n eac h conditio n w h o 
generate d ne w strategie s uniquel y i n gestur e o n th e 
posttes t  an d follow-u p test . 

We next considered strategy abandoning. We 
assesse d th e proportio n o f  childre n i n eac h conditio n 
w ho abandone d on e o r  mor e o f  th e strategie s expresse d 
on th e pretest ,  eithe r  i n speec h o r  uniquel y i n gesture . 
As show n i n Figur e 4 ,  th e proportio n o f  childre n w h o 
abandone d strategie s from  speec h wa s greates t  i n th e 
Direc t  group .  Mo r e childre n i n th e Direc t  grou p tha n i n 
th e Contro l  an d Subtl e group s abandone d spoke n 
strategie s bot h from  pretes t  t o posttes t  (A^(l)=3.98 , 
p<.05) ,  an d from  pretes t  t o follow-u p (A^(l)=4.60 , 
p<.05) .  Thus ,  th e Direc t  encodin g manipulatio n le d 
childre n t o abando n spoke n strategies . 
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Figur e 4 .  Proportio n o f  childre n i n eac h conditio n w h o 
abandone d strategie s from  speec h from  pretes t  t o 
posttest ,  an d from  pretes t  t o follow-up . 
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Th e manipulatio n m a y hav e helpe d childre n t o zer o 
i n o n pretes t  strategie s wer e "wort h keeping. " 

Presumably ,  childre n maintaine d strategie s tha t  wer e 

consisten t  wit h thei r  ne w encodings ,  an d abandone d 

strategie s tha t  wer e inconsisten t  wit h thei r  ne w 
encodings .  However ,  i t  shoul d b e note d tha t  al l  o f  th e 
strategie s tha t  childre n maintaine d wer e incorrect .  Thi s 
i s becaus e ou r  sampl e include d onl y childre n w h o 
solve d th e pretes t  problem s incorrectly . 

Finally ,  w e assesse d th e proportio n o f  childre n i n 
eac h grou p w h o abandone d strategie s tha t  the y 
expresse d uniquel y i n gestur e o n th e pretest .  Childre n 

w ho expresse d n o strategie s uniquel y i n gestur e o n th e 
pretes t  wer e exclude d fix)m  thi s analysis .  A s see n i n 
Figur e 3 ,  th e proportio n o f  childre n w h o abandone d 
suc h strategie s wa s hig h overall .  Furthermore ,  mor e 
childre n i n th e Contro l  grou p tha n i n th e Subtl e an d 
Direc t  group s abandone d strategie s from  gesture .  Thi s 
patter n wa s non-significan t  a t  th e posttest ,  bu t 

significan t  a t  th e follow-u p tes t  (A^(l)=7.37 ,  p<.Ol) . 
Thus ,  childre n whos e encodin g wa s manipulate d wer e 
les s likel y t o abando n gesture d strategies . 

Strateg y Abandoning : 
Gestur e 

Contro l  • 

Subtle E3 
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o 
c 
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Ou 

Direc t 

Post Follow-u p 

Figur e 5 .  Proportio n o f  childre n i n eac h conditio n w h o 
abandone d strategie s from  gestur e from  pretes t  t o 
posttest ,  an d from  pretes t  t o follow-up . 

D i s c u s s i o n 

Th e result s o f  thi s stud y sho w tha t  change s i n 
children' s proble m encodin g influence d thei r  strateg y 
choices .  Specifically ,  guidin g children' s attentio n t o 
th e equa l  sig n le d the m (1 )  t o mor e frequently  conside r 
multipl e strategies ,  a s reflecte d i n thei r  continue d 
productio n o f  gesture-speec h mismatches ,  (2 )  t o 
generat e n e w strategie s tha t  the y expresse d uniquel y i n 
gesture ,  (3 )  t o abando n strategie s tha t  the y initiall y 
expresse d i n speech ,  an d (4 )  t o maintai n strategie s tha t 

the y initiall y  expresse d uniquel y i n gesture .  Thes e 
change s occurre d eve n thoug h childre n receive d n o 

instructio n an d n o feedbac k tha t  thei r  problem-solvin g 

strategie s wer e incorrect .  Overall ,  th e dat a sugges t  tha t 
change s i n children' s proble m encodin g influenc e thei r 
strateg y choices . 

Becaus e w e di d no t  directl y measur e children' s 
proble m encoding ,  w e canno t  b e certai n tha t  th e 
manipulatio n actuall y cause d childre n t o improv e thei r 

encoding .  W e als o canno t  evaluat e h o w children' s 
encodin g change d a s a  resul t  o f  th e manipulation . 
However ,  th e result s strongl y sugges t  tha t  childre n i n 
th e Direc t  grou p di d indee d chang e thei r  encodin g o f  th e 
problems .  Further ,  anecdota l  evidenc e suggest s tha t 
childre n i n th e Direc t  grou p specificall y change d thei r 

encodin g o f  th e equa l  sign ,  whic h wa s th e focu s o f  th e 
manipulation .  Fo r  example ,  o n th e posttest ,  on e chil d 
describe d a  ne w strateg y i n whic h h e "switched "  th e 
position s o f  th e equa l  sig n an d th e plu s from  th e right -
han d sid e o f  th e equatio n (i.e. ,  changin g th e proble m 
fro m 3 + 4 + 5 = _ + 5 t o 3 + 4 + 5 + 5 = _ ) ,  an d the n adde d al l 
fou r  addends .  Thi s strateg y make s explici t  mentio n o f 
th e positio n o f  th e equa l  sign .  I n a  follow-u p stud y tha t 
we ar e currentl y conducting ,  w e ar e directl y measurin g 
children' s encodin g bot h befor e an d afte r  a n encodin g 
manipulation ,  i n orde r  t o establis h whethe r  th e 
manipulatio n actuall y cause s change s i n encoding . 

W hy migh t  change s i n encodin g lea d t o increase d 
variability ,  an d t o n e w strategie s tha t  wer e expresse d i n 
gestur e an d no t  i n speech ? W e sugges t  that ,  whe n 
gestur e convey s informatio n tha t  i s no t  expresse d i n 
speech ,  i t  reveal s informatio n tha t  childre n hav e 
encode d abou t  th e problems ,  bu t  hav e no t  use d i n thei r 
proble m solution s (se e Siegler ,  1984) .  Thi s encoded -
but-not-use d informatio n i s activ e i n th e children' s 
reasonin g abou t  th e problems ,  bu t  doe s no t  pla y a  rol e 
i n th e final  solutio n procedure s tha t  the y select .  I n 
contrast ,  informatio n tha t  i s bot h encode d an d use d t o 
solv e a  proble m i s expresse d i n speec h (wit h o r  withou t 
matchin g gesture )  rathe r  tha n uniquel y i n gesture .  Th e 
presen t  result s sugges t  tha t  th e Direc t  manipulatio n le d 
t o change s i n children' s encoding ,  bu t  tha t  childre n di d 
not  us e thei r  n e w encoding s i n th e procedure s tha t  the y 
ultimatel y selecte d t o solv e th e problems . 

Th e presen t  result s underscor e that ,  t o detec t  th e first 
sign s o f  n e w strategies ,  i t  i s  essentia l  t o us e measure s 
tha t  ar e sensitiv e t o subtl e change s i n children' s 
reasonin g abou t  problems .  I n thi s study ,  a  relativel y 

coarse-graine d measur e (ne w strategie s expresse d i n 

speech )  di d no t  revea l  change s du e t o th e encodin g 
manipulation ,  whil e mor e subtl e measure s (e.g. ,  ne w 
strategie s expresse d i n gesture ,  th e frequency  o f  gesture -
speec h mismatches )  did .  B y usin g bot h gestur e an d 
speec h t o asses s children' s knowledge ,  w e wer e abl e t o 
identif y problem s fo r  whic h childre n considere d 
multipl e problem-solvin g strategies ,  an d w e wer e abl e 
t o identif y strategie s tha t  wer e no t  expresse d i n speech . 
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Our  result s demonstrat e tha t  assessin g performanc e wit h 
suc h fine-grained  measure s ca n hel p u s t o understan d 
th e proces s o f  chang e i n children' s thinking . 

We bega n thi s pape r  b y raisin g th e questio n o f  wher e 
ne w strategie s com e fi-om.  Althoug h ther e ar e probabl y 
many correc t  answer s t o thi s question ,  i n th e presen t 
stud y w e hav e focuse d o n on e particula r  sourc e o f  ne w 
strategies :  change s i n children' s proble m encoding . 
Our  dat a sugges t  tha t  change s i n encodin g ca n indee d 
be a  sourc e o f  ne w problem-solvin g strategies — 

specifically ,  ne w strategie s tha t  ar e expresse d i n gesture . 
Our  dat a furthe r  sugges t  tha t  change s i n encodin g als o 
contribut e t o th e proces s o f  strateg y abandoning ,  h i 
fiiture  work ,  w e wil l  examin e whetiie r  feedbac k abou t 
correctnes s wil l  encourag e childre n t o construc t  an d us e 

ne w strategie s base d o n thei r  ne w encodings . 
Of  course ,  knowin g tha t  change s i n encodin g ca n b e a 

sourc e o f  ne w strategie s doe s no t  solv e th e proble m c f 
th e genesi s o f  ne w forms—on e mus t  the n as k wher e 
ne w encoding s com e fi-om.  Nevertheless ,  w e submi t 
tha t  th e presen t  findings  ar e importan t  becaus e the y ca n 
guid e an d constrai n theorizin g abou t  th e mechanism s 
tha t  underli e strateg y generation .  Indeed ,  th e 
mechanism s b y whic h ne w encoding s ar e generate d ar e 
likel y t o b e quit e differen t  fi-om  th e mechanism s b y 
whic h ne w strategie s ar e generated .  W e sugges t  tha t 
ne w encoding s ma y aris e a s a  resu h o f  implici t  learnin g 
processe s tha t  apprehen d structur e i n a  stimulu s 
environmen t  (Reber ,  1993) .  Thes e ne w encoding s ca n 
the n b e use d a s ra w materia l  fo r  strateg y construction . 
Thus ,  w e sugges t  that ,  i n orde r  t o full y  understan d th e 
proces s o f  strateg y change ,  i t  i s  essentia l  t o understan d 
when an d wh y proble m solver s chang e thei r  proble m 
encoding . 
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Abst rac t 

Events appear to be represented distinctly in memory in 
larg e number s a t  a  fine  grain ,  eve n i n task s i n wiiic h 
memory retentio n i s no t  a  primar y performanc e measure .  I n 
Experimen t  1 ,  participant s classifie d characte r  string s i n 
sequence s governe d b y randomly-alternatin g instructions . 
Respons e time s wer e fastes t  nea r  th e star t  o f  a  sequence , 
slowe d graduall y throughou t  th e sequence ,  the n spe d u p 
agai n nea r  th e star t  o f  th e nex t  sequence .  Thi s speedu p an d 
gradua l  slowdow n wer e modele d i n th e ACT- R architectur e 
as a  combinatio n o f  primin g an d interferenc e effect s i n 
episodi c memory .  Th e mode l  correctl y predict s th e absenc e 
of  thes e effect s i n Experimen t  2 .  i n whic h th e instructio n 
must  b e inferre d fro m th e tria l  stimulu s an d henc e i s no t  a 
sourc e o f  priming .  Thes e findings  sugges t  (a )  tha t  episodi c 
encodin g i s a  pervasiv e sid e effec t  o f  cognitiv e 
performance ;  (b )  tha t  element s o f  episodi c memor y interac t 

throug h primin g an d interference—effect s traditionall y 

associate d wit h semanti c memory ;  an d (c )  tha t  brie f 
interruption s o f  tas k performanc e hav e mor e comple x 
effect s tha n previousl y documented . 

Introduction 

Episodi c m e m o r y ,  broadl y defined ,  i s  m e m o r y wit h a 

tempora l  o r  contextua l  aspect ,  a s distinc t  fro m a 

decontextualize d semanti c m e m o r y fo r  a  fac t  o r  concep t 

(Tulving ,  1983) .  Episodi c m e m o r y ha s bee n implicate d i n a 

broa d rang e o f  higher-leve l  cognitiv e tasks ,  includin g 

softwar e desig n (Jeffries ,  Turner ,  Poison ,  &  Atwood ,  1981) , 

navigatin g larg e amount s o f  externally-represente d 

informatio n (Altman n &  John ,  i n press) ,  learnin g interface s 

by exploratio n (Rieman ,  Young ,  &  H o w e s ,  1996) ,  discours e 

comprehensio n (Kintsch ,  1998) ,  an d i n genera l  th e efficien t 

searc h o f  proble m space s (Howes ,  1993) .  I n eac h o f  thes e 

examples ,  episodi c m e m o r y capture s a  histor y o f  event s tha t 

influence s tas k performance .  However ,  th e complexit y o f 

tas k performanc e i n suc h domain s make s th e natur e o f 

episodi c m e m o r y difficul t  t o assess .  W h a t  kind s o f  event s 

ar e store d i n memory ,  an d a t  wha t  tempora l  grain-size ? 

T o gai n contro l  ove r  suc h questions ,  researcher s hav e 

typicall y adopte d memory-oriente d paradigms ,  i n whic h 

performanc e i s measure d i n term s o f  succes s a t  recallin g o r 

recognizin g element s studie d i n a  particula r  contex t  (e.g. . 

Tulving ,  1983 ;  Logan ,  1988) .  However ,  suc h paradigm s 

ignor e th e interactio n o f  m e m o r y and  othe r  aspect s o f 

cognition .  Wha t  i s th e rol e an d natur e o f  episodi c memor y 

withi n a  wide r  cognitiv e framework ? 

Thi s pape r  examine s th e rol e o f  episodi c m e m o r y i n a 

paradig m otherwis e use d t o stud y th e contro l  o f  attentio n 

(Allport ,  Styles ,  &  Hsieh ,  1994 ;  Gopher ,  Greenshpan ,  & 

Armony ,  1996 ;  Roger s &  Monsell ,  1995) .  Th e paradig m 

require s participant s t o classif y simpl e stimul i  accordin g t o 

varyin g instructions ,  allowin g u s t o stud y th e rol e o f 

m e m o ry (fo r  th e curren t  instruction )  i n a  tas k wit h a 

decision-makin g componen t  (judgin g th e clas s o f  a  stimulu s 

accordin g t o th e curren t  instruction) .  I n Experimen t  1 , 

classificatio n o f  stimul i  wa s interrupte d a t  rando m time s 

wit h a  ne w instruction .  Thes e interruption s wer e foun d t o 

hav e comple x effect s o n subsequen t  trials ,  includin g a 

transien t  improvemen t  i n respons e tim e occurrin g soo n afte r 

an interruption .  W e describ e a  computationa l  cognitiv e 

model  tha t  account s fo r  thi s speedu p i n term s o f  primin g 

betwee n element s o f  episodi c memory .  F ro m th e mode l  w e 

predic t  tha t  thi s speedu p wil l  b e absen t  i n task s withou t 

distinc t  instructions .  Thi s predictio n i s  confirme d i n 

Experimen t  2 ,  i n whic h th e instructio n i s  implie d b y th e 

stimulu s an d i s no t  presente d separately . 

Our  result s sugges t  tha t  fine-grain  event s ar e store d 

pervasivel y i n m e m o r y a s a  sid e effec t  o f  performance ,  eve n 

when retentio n o f  informatio n i n m e m o r y i s no t  itsel f  a 

performanc e measure .  Conversely ,  episodi c m e m o r y appear s 

t o influenc e cognitio n throug h primin g an d interference , 

effect s typicall y associate d wit h semanti c an d perceptua l 

m e m o ry (Tulving ,  1983 ;  Tulvin g &  Schacter ,  1990) . 

Experiment 1 

I n Experimen t  1 ,  participant s classifie d on e strin g o f  letter s 

per  trial ,  base d upo n a n instructio n appearin g a t  th e star t  o f 

tha t  sequenc e o f  trials .  O n eac h trial ,  th e strin g consiste d o f 

on e lette r  repeate d on e o r  mor e times .  T w o classificatio n 

task s wer e used .  Fo r  Groupsize ,  participant s judge d th e 

number  o f  element s i n th e strin g o f  letters .  Th e correc t 

respons e wa s lo w i f  Groupsiz e wa s fewe r  tha n five  (1 ,  2 ,  3 , 

4 )  an d hig h i f  i t  wa s greate r  tha n five  (6 ,  7 ,  8 ,  9) .  Fo r  Place . 

participant s judge d th e strin g a s lo w i f  th e constituen t  lette r 
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was nea r  th e beginnin g o f  th e alphabe t  (a ,  b ,  c ,  d )  an d hig h 

i f  i t  wa s nea r  th e en d o f  th e alphabe t  (w ,  x ,  y ,  z) .  Th e 

respons e t o a  tria l  cause d th e nex t  stimulu s t o b e displaye d 

immediately . 

Trial s occurre d i n block s o f  2 0 groupe d int o tw o sequence s 

or  runs .  Th e first  ru n wa s governe d b y a n instructio n 

appearin g a t  th e star t  o f  th e bloc k (th e star t  instruction) .  Th e 

first  ru n continue d unti l  a  secon d instructio n appeare d (th e 

interrup t  instruction) .  O n e interrup t  instructio n pe r  bloc k 

appeare d a t  a  randomly-selecte d poin t  nea r  th e middl e o f  th e 

bloc k (rangin g fro m afte r  tria l  7  t o afte r  tria l  13) . 

Participant s responde d t o a n instructio n b y pressin g th e 

spac e bar ,  afte r  whic h th e first  tria l  o f  th e followin g ru n wa s 

displaye d immediately .  A t  th e en d o f  th e block ,  participant s 

receive d latenc y an d erro r  feedbac k encouragin g the m t o wor k 

quickl y an d accurately .  Participant s complete d 19 2 block s 

each ,  o f  whic h th e first  1 6 wer e exclude d fro m analysi s t o 

facto r  ou t  learnin g effects .  Als o exclude d wer e trial s fallin g 

mor e tha n thre e standar d deviation s fro m th e mea n respons e 

tim e o f  eac h participant . 

O ne independen t  variabl e wa s th e Positio n o f  a  tria l 

withi n th e block .  Th e Baselin e leve l  o f  Positio n wa s th e 

mean o f  th e respons e time s fo r  th e fou r  trial s immediatel y 

befor e th e interrup t  instruction .  Th e / + /  an d 1+ 2 level s wer e 

respons e time s fo r  th e first  an d secon d trial s (respectively ) 

afte r  th e interrup t  instruction . 

A secon d independen t  variabl e wa s Instruction ,  meanin g 

th e kin d o f  instructio n presente d a t  interrupt .  Thi s variabl e 

manipulate d whic h tas k t o perfor m afte r  th e interrup t 

(Gopher ,  e t  al. ,  1996 )  an d serve d t o requir e attentio n t o th e 

interrupt .  O n e leve l  wa s Switch ,  meanin g tha t  th e interrup t 

and star t  instruction s wer e different .  A  bloc k wa s a  Switc h 

bloc k i f  th e star t  instructio n wa s Groupsiz e an d th e interrup t 

instructio n wa s Plac e o r  vic e versa .  Th e othe r  leve l  wa s 

Noswitch ,  meanin g tha t  th e star t  an d interrup t  instruction s 

wer e th e same .  Switc h an d Noswitc h block s wer e presente d 

randoml y withi n participants . 

We predicte d tha t  th e interrup t  instructio n woul d generat e 

tw o kind s o f  cos t  (afte r  Gophe r  e t  al. ,  1996) .  Interrup t  cos t 

i s  th e performanc e penalt y du e simpl y t o interruptin g a  task , 

as measure d onc e th e tas k i s resumed .  Switc h cos t  i s  a n 

extr a penalt y o n Switc h block s du e t o resumin g a  differen t 

task .  W e predicte d tha t  interrup t  an d switc h cost s woul d b e 

localize d t o I+ l  (afte r  Roger s &  Monsell ,  1995) ,  an d henc e 

tha t  1+ 2 performanc e shoul d b e th e sam e a s Baseline . 

Th e dependen t  measur e wa s respons e tim e (RT) .  Twent y 

Georg e Maso n Universit y undergraduate s participate d i n th e 

stud y fo r  cours e credit . 

Results and Discussion 

We teste d ou r  prediction s wit h a  3x 2 A N O V A o n Positio n 

(Baseline ,  I+l ,  1+2 )  an d Instructio n (Switch ,  Noswitch) . 

Figur e 1  summarize s th e results . 

I  N o switc h •Switc h 

70 0 -

2 50 0 h 

T 

Baselin e I+ l 

Positio n 

1+2 

Figur e 1 :  Interrup t  an d switc h cost s o n I+ l  an d interrup t 

benefi t  o n 1+2 . 

Interrup t  cos t  wa s indicate d b y th e mai n effec t  o f  Position , 

F(2 ,  9939 )  =  803.0 ,  p  <  .001. '  T o identif y whic h position s 

wer e affected ,  w e applie d orthogona l  contrast s t o Baselin e 

(57 1 msec )  an d I+ l  (70 6 msec )  an d t o Baselin e an d 1+ 2 (54 1 

msec) .  Baselin e wa s faste r  tha n I+l ,  t  =  30.7 ,  p  <  .00001 , 

replicatin g Gophe r  e t  al .  (1996) .  Baselin e wa s slowe r  tha n 

1+2 ,  t  =-6.8 ,  p < . 0 0 0 0 1 . 

Switc h cos t  wa s indicate d b y th e Positio n x  Instructio n 

interaction ,  F(2 ,  9939 )  =  27.8 ,  p  <  .001 .  T o identif y whic h 

position s wer e affected ,  w e examine d simpl e effect s o f 

Instructio n a t  eac h leve l  o f  Position .  Ther e wa s n o effec t  a t 

Baseline ,  F(l ,  9939 )  =1 .1 ,  n.s. ,  a s on e woul d expec t  give n 

tha t  th e tas k switc h ha d no t  ye t  occurred .  O n 1+1 ,  Noswitc h 

(68 9 msec )  wa s faste r  tha n Switc h (74 4 msec) ,  F(I ,  9939 )  = 

71.6 ,  p  <  .01 ,  agai n replicatin g Gophe r  e t  al .  (1996) .  O n 

1+2 ther e wa s n o effec t  o f  Instruction ,  F(I ,  9939 )  =  1.7 ,  n.s . 

Thu s bot h switc h cos t  an d interrup t  cos t  wer e localize d t o 

1+1 ,  a s predicted . 

We di d no t  predic t  tha t  Baselin e woul d b e slowe r  tha n 1+2 . 

T o explor e thi s effect ,  w e looke d fo r  intertria l  trend s i n 

respons e time .  A  systemati c slowin g tren d withi n a  ru n 

woul d explai n h o w Baselin e (a t  th e en d o f  on e run )  coul d b e 

slowe r  tha n 1+ 2 (nea r  th e star t  o f  another) . 

Respons e time s fo r  th e first  throug h sevent h trial s i n a 

ru n ar e plotte d i n Figure s 2  an d 3 .  Figur e 2  show s trial s 

afte r  th e star t  instruction ,  an d Figur e 3  show s trial s afte r  th e 

'  Degree s o f  freedo m fo r  thi s desig n wer e calculate d a s 
follows .  Participan t  wa s treate d a s a n independen t  variabl e t o 
remov e between-participant s varianc e fro m th e erro r  ter m 
(Howell ,  1997) .  Bloc k wa s no t  treate d a s a n independen t 
variable ,  leavin g 8 8 observation s pe r  leve l  o f  Instructio n 
(Switch ,  Noswitch )  pe r  Participant .  Ther e wer e 50 1 outlyin g 
observations .  Tota l  d f  wer e compute d fro m Position , 
Instruction ,  Participant ,  an d observation s pe r  cell ,  minu s 
outliers :  ( 3 *  2  *  2 0 *  88 )  -  50 1 1  =  10058 .  Treatmen t  d f  wer e 
allocate d t o Positio n (2) ,  Instructio n (1) ,  Participan t  (19) , 
Positio n x  Instructio n (2) ,  Positio n x  Participan t  (38) , 
Instructio n x  Participan t  (19) ,  an d Instructio n x  Participan t  x 
Positio n (38) ,  leavin g 1005 8 -11 9 =  993 9 d f  fo r  th e erro r  term . 
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interrup t  instruction. ^  Bot h figure s sho w a n initia l  speedu p 

betwee n th e firs t  an d secon d trials ,  reflectin g recover y fro m 

processin g th e instruction .  Thi s speedu p i s followe d b y a 

linea r  slowin g trend ,  t  =  12. 8 an d 10.1 ,  respectively ,  p  < 

.00001. ^  W e refe r  t o thi s speedu p an d subsequen t  slowdow n 

as within-ru n slowing . 

Z 60 0 

Positio n 

Figur e 2 :  Empirica l  respons e time s fo r  trial s i n th e 1s t 

throug h 7t h position s afte r  th e star t  instruction . 

••—Empirica l Simulate d 

90 0 -

80 0 -

u-)  v o r -
+ +  + 

Positio n 

Figure 3: Empirical and simulated response times for 

trial s i n th e 1s t  throug h 7t h position s afte r  th e 

interrup t  instruction . 

The semanti c conten t  o f  th e instructio n apparentl y playe d 

no rol e i n within-ru n slowing .  Ther e wa s n o Positio n x 

Instructio n interaction ,  F(5 ,  20861 )  =  1.2 ,  n.s. ,  meanin g 

tha t  th e effec t  occurre d regardles s o f  whethe r  th e interrup t 

presente d a  ne w tas k o r  presente d th e ol d tas k ove r  again . 

The even t  o f  instructio n processin g alone ,  independen t  o f 

semanti c content ,  generate d a  benefi t  o n 1+ 2 tha t  attenuate d 

graduall y acros s th e res t  o f  th e run . 

^  Respons e time s fo r  position s 1  throug h 7  wer e 713 ,  524 , 
535 ,  550 ,  556 ,  562 ,  an d 56 8 msec ,  an d fo r  I+ l  throug h 1+ 7 wer e 
703 ,  542 ,  549 ,  561 ,  571 ,  575 ,  an d 57 7 msec . 

^  t-value s reflec t  a  significan t  linea r  ter m i n a n orthogona l 
polynomia l  contras t  applie d t o th e secon d throug h sevent h 
trial s afte r  th e star t  ( 2 throug h 7 )  an d interrup t  (1+ 2 throug h 1+7 ) 
instructions .  N o higher-orde r  term s approache d significance . 

A M o d e l  o f  W i t h i n - R u n S l o w i n g 

To accoun t  fo r  within-ru n slowin g w e constructe d a  mode l 

usin g th e activatio n mechanis m o f  th e A C T - R cognitiv e 

architectur e (Anderso n &  Lebî re ,  1998) .  Thi s mechanis m 

has bee n use d t o accoun t  fo r  a  variet y o f  primin g an d 

interferenc e effect s i n semanti c memor y (e.g. ,  Anderso n & 

Lebidre ,  1998) .  Applyin g i t  t o anothe r  phenomeno n help s 

validat e th e mechanis m an d link s a  variet y o f  phenomen a i n 

a relationshi p o f  mutua l  constrain t  (Newell ,  1990) .  Belo w 

we describ e ke y aspect s o f  th e activatio n mechanis m an d 

additiona l  assumption s i n ou r  mode l  abou t  th e encodin g o f 

event s i n memory . 

A C T - R i s a  productio n syste m wit h a  long-ter m 

procedura l  memor y containin g production s an d a  long-ter m 

declarativ e memor y ( D M )  containin g chunks .  Chunk s ca n b e 

linke d t o othe r  chunks ,  allowin g fo r  structure d declarativ e 

representations .  A C T - R als o implement s a  mechanis m fo r 

focusin g interna l  attention :  Th e goa l  chun k i s a  privilege d 

chunk ,  selecte d b y productions ,  tha t  i n tur n control s th e 

selectio n o f  productions .  I n eac h cycl e o f  operation ,  A C T - R 

select s on e productio n tha t  matche s th e goa l  chunk .  Th e 

remainin g condition s o f  thi s productio n ar e matche d agains t 

D M.  I f  D M contain s chunk s tha t  matc h al l  th e conditions , 

thos e chunk s ar e retrieve d fro m D M ,  boun d t o th e 

production ,  an d th e productio n fired.  Th e action s o f  a 

productio n ca n modify ,  remove ,  o r  replac e th e goa l  chunk . 

A C T - R make s prediction s base d o n th e latenc y o f 

matchin g an d firin g a  production .  Latenc y i s determine d i n 

par t  b y th e activatio n o f  chunk s retrieve d durin g th e matc h 

proces s (th e highe r  th e activation ,  th e lowe r  th e latenc y t o 

retriev e a  chun k fro m D M ) .  Activatio n i s th e su m o f  tw o 

terms :  baselin e activation ,  whic h belong s t o a  chun k 

independen t  o f  an y othe r  knowledg e i n th e system ,  an d 

whic h wil l  no t  concer n u s here ;  an d sourc e activation ,  th e 

produc t  o f  goa l  activatio n an d associativ e strength . 

Goal  activatio n capture s th e notio n tha t  knowledg e i n th e 

focu s o f  attentio n prime s relate d knowledge .  Thi s i s 

implemente d a s activatio n emanatin g fro m th e goa l  chun k 

and spreadin g ou t  throug h chunk s t o whic h i t  i s  linked .  I f 

th e goa l  chun k i s linke d t o chun k A  an d chun k A  i s linke d 

t o chun k B ,  chun k A  conduct s goa l  activatio n t o chun k B . 

Associativ e strengt h capture s th e notio n tha t  th e retrieva l 

of  on e memor y elemen t  ma y predic t  th e nee d t o retriev e 

another .  I n term s o f  a  tas k lik e cue d recall ,  th e ide a i s tha t 

th e mor e target s ar e associate d wit h a  cue ,  th e les s th e 

presenc e o f  th e cu e predict s th e nee d t o retriev e an y on e 

targe t  (Anderso n &  Matessa ,  i n press ;  Anderson ,  Reder ,  & 

Lebiere ,  1996 ;  Lovett ,  Reder ,  &  Lebî re ,  1997) .  Th e 

associativ e strengt h betwee n chun k A  an d anothe r  chun k B 

i s a  functio n o f  ho w man y chunk s i n tota l  ar e linke d t o A . 

The mor e chunk s ar e linke d t o A  (th e greate r  th e "fan "  ou t  o f 

A ) ,  th e les s th e associativ e strengt h betwee n A  an d an y o f 

them ,  includin g B . 

A ke y additiona l  assumptio n w e mak e i n ou r  mode l  i s tha t 

of  pervasiv e episodi c memory ,  unde r  whic h ever y task -
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relate d even t  (i.e. ,  ever y instructio n an d trial )  i s  encode d 

distinctl y i n D M .  Thi s i s  i n th e spiri t  o f  Logan' s (1988 ) 

instanc e theory ,  whic h posit s a  uniqu e trac e fo r  ever y 

exposur e t o a  stimulus .  I t  als o ha s fac e validit y compare d t o 

th e alternative :  W e r e th e mode l  t o reus e previously-allocate d 

m e m o ry t o encod e a  n e w event ,  the n som e ol d even t  woul d 

be forgotte n literall y withou t  a  trace .  Withou t  additiona l 

mechanism s tha t  choos e whic h element s t o delete ,  forgettin g 

by deletio n implie s indiscriminat e reus e an d henc e complet e 

episodi c amnesia . 

Pervasiv e episodi c m e m o r y require s tha t  th e mode l  kee p 

trac k o f  whic h instructio n an d tria l  ar e curren t  a m o n g th e 

m a ny i n D M .  Th e curren t  instructio n i s  distinguishe d b y 

bein g linke d t o th e goa l  chunk .  Thi s ha s th e sid e benefi t  o f 

makin g th e curren t  instructio n immediatel y availabl e fo r 

othe r  uses .  I n particular ,  th e curren t  instructio n i s availabl e 

t o lin k t o eac h n e w stimulu s a s th e stimulu s i s  encoded . 

Linkin g th e instructio n t o th e stimulu s make s i t  faste r  fo r 

th e classificatio n proces s t o retriev e th e stimulu s fo r 

processin g afte r  th e stimulu s ha s bee n encoded,' *  becaus e 

activatio n spread s fro m th e goa l  chun k throug h th e 

instructio n chun k t o th e stimulu s chunk . 

As th e ru n progresse s an d mor e stimulu s chunk s ar e 

linke d t o th e curren t  instruction ,  associativ e strengt h 

betwee n instructio n an d al l  stimul i  decreases .  Thi s reduce s 

th e sourc e activatio n flowin g throug h th e instructio n chun k 

t o eac h ne w stimulu s chunk ,  accountin g fo r  th e apparen t 

trial-by-tria l  slowdown .  I t  als o account s fo r  th e releas e o f 

slowin g whe n a  n e w instructio n i s  processed .  Th e ne w 

instructio n replace s it s predecesso r  i n th e goa l  chunk ,  an d 

becaus e initiall y  i t  ha s n o associate d stimuli ,  it s  strengt h o f 

associatio n wit h stimul i  earl y i n a  ru n wil l  b e high . 

Figur e 2  plot s ou r  simulate d dat a agains t  th e empirica l 

dat a fro m Experimen t  1 .  Betwee n I+ l  an d 1+ 2 bot h slope s 

ar e negative ,  indicatin g recover y fro m interrup t  cost .  Th e 

crossin g line s reflec t  a  work-in-progres s accoun t  o f  interrup t 

and switc h cost s (Altmann ,  Gray ,  Lipp s &  Trickett , 

submitted) .  Betwee n 1+ 2 an d 1+7 ,  th e simulate d an d 

empirica l  dat a hav e th e sam e upwar d slope ,  meanin g tha t  th e 

model  capture s within-ru n slowing .  T h e ga p betwee n th e 

curve s i n thi s interva l  reflect s ou r  focu s o n a  qualitativ e fi t 

achieve d wit h a  m i n i m u m o f  paramete r  optimization .  Thi s 

qualitativ e fi t  i s  sufficien t  t o m a k e a  zero-paramete r 

predictio n concernin g within-ru n slowing ,  describe d next . 

Expe r imen t  2 

The Experimen t  1  mode l  make s a  predictio n abou t  th e effec t 

of  maintainin g a n instructio n i n th e focu s o f  attention .  Th e 

curren t  instructio n wa s linke d t o eac h n e w stimulu s t o 

ensur e correc t  performance ,  resultin g i n instructiona l 

primin g o f  eac h n e w stimulus .  I f  th e instructio n ha d t o b e 

inferre d fro m th e stimulus ,  the n th e lin k betwee n instructio n 

and stimulu s woul d hav e t o b e mad e ane w fo r  ever y trial . 

Ther e woul d b e n o sourc e o f  instructiona l  priming ,  an d 

henc e n o opportunit y fo r  th e subsequen t  interferenc e a m o n g 

trial s tha t  account s fo r  within-ru n slowing . 

Experimen t  2  allowe d u s t o tes t  thi s prediction .  Stimul i 

consiste d o f  individua l  character s appearin g o n th e compute r 

scree n on e a t  a  time .  I f  th e stimulu s wa s a  digi t  (1 ,  2 ,  3 ,  4 , 

5,  6 ,  7 ,  8) ,  th e tas k wa s t o judg e i t  a s od d o r  even .  I f  th e 

stimulu s wa s a  lette r  (G ,  K ,  M ,  R ,  A ,  E ,  I ,  U ) ,  th e tas k wa s 

t o judg e i t  a s consonan t  o r  vowel .  Trial s occurre d i n run s o f 

digit s alternatin g wit h run s o f  letters ,  wit h th e lengt h o f  a 

ru n rangin g fro m on e t o fou r  trials .  Fo r  example ,  th e 

sequenc e o f  trial s 2 4 3 G K 6 R A K M contain s run s o f  thre e 

digits ,  tw o letters ,  on e digit ,  an d fou r  letters .  Ther e wa s n o 

instructio n intervenin g betwee n runs ,  meanin g tha t  th e tas k 

coul d chang e immediatel y fro m on e tria l  t o th e next . 

Participant s complete d 6 0 block s o f  4 0 trials ,  o f  whic h 1 8 

block s wer e exclude d fro m analysis. *  T h e independen t 

variabl e wa s Positio n withi n a  ru n (1 ,  2 ,  3 ,  4 ) ,  whic h differ s 

fro m Positio n i n Experimen t  1  i n tha t  n o interrup t  separate s 

differen t  Positions .  Al l  trial s i n a  bloc k wer e contiguous , 

wit h tas k switche s indicate d b y stimulu s typ e rathe r  tha n b y 

instruction s inserte d betwee n trials .  Thu s run s ar e define d b y 

stimulu s typ e alone ,  an d b y definitio n Positio n 1  i s  alway s 

th e first  tria l  afte r  a  tas k switch .  T h e dependen t  measur e wa s 

respons e time .  Te n Georg e M a s o n Universit y undergraduate s 

participate d i n th e stud y fo r  cours e credit . 

Th e Experimen t  1  mode l  wa s change d t o d o th e 

Experimen t  2  task .  T h e change s reflec t  th e nee d t o infe r  tas k 

fro m stimulu s an d th e absenc e o f  distinc t  instructio n events . 

On eac h trial ,  th e n e w mode l  encode s th e stimulu s first  an d 

the n retrieve s th e appropriat e tas k fro m m e m o r y .  Ther e i s n o 

separat e instructio n chun k t o lin k t o th e stimulu s a s th e 

stimulu s i s  encoded ,  an d therefor e n o sourc e o f  primin g 

w h en th e stimulu s i s retrieve d b y th e classificatio n process . 

Quantitativ e parameter s wer e th e sam e fo r  bot h models. * 

''  W e assum e tha t  retrieva l  o f  th e stimulu s fro m D M afte r  i t  i s 
encode d i s a  necessar y precurso r  t o classifyin g it .  ACT- R 
provide s a  mechanism ,  know n a s paramete r  passing ,  tha t  woul d 
allo w thi s t o occu r  b y bypassin g D M ,  bu t  thi s mechanis m ha s 
no clea r  theoretica l  o r  empirica l  justificatio n an d ma y 
overpredic t  th e reliabilit y  o f  certai n memor y operations .  Thu s 
paramete r  passin g wa s no t  use d i n ou r  model . 

*  Th e first  8  block s pe r  participan t  wer e exclude d fro m 
analysi s t o facto r  ou t  learnin g effects ,  matchin g th e 32 0 initia l 
trial s exclude d pe r  participan t  i n Experimen t  1  (1 6 block s *  2 0 
trial s pe r  block) .  Als o exclude d wer e 1 0 block s intersperse d pe r 
sessio n i n whic h run s o f  lengt h fiv e wer e include d t o inhibi t 
learnin g o f  th e max imu m ru n length .  I n th e retaine d blocks , 
trial s fallin g mor e tha n thre e standar d deviation s fro m eac h 
participant' s mea n R T wer e agai n exclude d a s outliers . 

*  Bot h model s use d th e defaul t  globa l  paramete r  value s 
supplie d wit h ACT- R 4.0b3 ,  excep t  fo r  latenc y facto r  (F=0. 5 
rathe r  tha n th e defaul t  F=1.0 )  an d goa l  activatio n (W=0. 5 rathe r 
tha n th e defaul t  W=1.0) . 
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Our  prediction s base d o n th e mode l  ar e show n i n Figur e 4 . 

Th e ke y predictio n i s th e absenc e o f  within-ru n slowing , 

indicate d b y equa l  simulate d R T fo r  Position s 2  throug h 4 . 

A secon d predictio n i s o f  switc h cost ,  indicate d b y elevate d 

R T o n Positio n 1 .  Thi s follow s fro m th e nee d t o infe r  th e 

tas k fro m th e stimulu s (e.g. ,  th e odd/eve n tas k woul d b e 

inferre d fro m a  digit) .  I n th e model ,  eac h chun k representin g 

a stimulu s identit y i s linke d t o th e appropriat e tas k chunk . 

On a  give n trial ,  th e mode l  first  encode s th e stimulu s b y 

retrievin g it s identit y fro m D M .  Th e mode l  the n retrieve s 

th e appropriat e task ,  t o perfor m th e tas k o n th e stimulus . 

On th e followin g trial ,  th e stimulu s i s encode d mor e quickl y 

i f  i t  implie s th e sam e task .  Th e goa l  chun k i s stil l  linke d t o 

tha t  tas k fro m th e previou s trial ,  makin g th e tas k a  condui t 

fo r  goa l  activatio n t o sprea d t o th e stimulu s identity .  Thu s 

what  other s characteriz e a s switc h cos t  (Roger s &  Monsell , 

1995 ;  Allpor t  e t  al. ,  1994 )  i s i n ou r  vie w a  benefi t  du e t o 

primin g w h e n consecutiv e task s ar e th e same . 

•  Empirica l -Simulate d 

a 60 0 

8.  50 0 

Positio n 

Figur e 4 :  Empirica l  an d simulate d respons e time s fo r 

trial s i n th e 1s t  throug h 4t h position s afte r  a  tas k switch . 

Results 

Th e empirica l  dat a ar e als o show n i n Figur e 4. '  Th e effec t  o f 

Positio n wa s significant .  F(3 ,  16522 )  =  184.9 ,  p  <  .001. * 

Orthogona l  contrast s performe d betwee n eac h Positio n an d 

th e mea n o f  th e subsequen t  Position s showe d Positio n 1 

slowe r  tha n th e mea n o f  Position s 2  throug h 4 ,  t  =  22.8 ,  p 

< .00001 .  Thi s confirm s th e predictio n o f  switc h cost .  Th e 

tw o remainin g contrast s wer e no t  significant ,  - 1 <  t  <  1 , 

confirmin g th e predicte d absenc e o f  within-ru n slowing . 

'  Empirica l  mean s fo r  Position s 1  throug h 4  wer e 754 ,  647 , 
641 ,  an d 64 9 msec . 

*  Degree s o f  freedo m wer e calculate d a s follows .  Participan t 
was agai n treate d a s a n independen t  variable .  Fo r  eac h 
participan t  ther e wer e 672 .  504 ,  336 ,  an d 16 8 observation s fo r 
Position s 1  t o 4 ,  respectively ,  i n th e 4 2 block s include d i n th e 
analysis .  A m o n g thes e wer e 23 8 outlyin g observations .  Tota l 
df  wer e compute d fro m Participant ,  Position ,  an d observation s 
per  Participan t  pe r  leve l  o f  Position ,  minu s outliers :  1 0 *  (67 2 
+ 50 4 +  33 6 +  168 )  -  23 8 1  =  16561 .  Treatmen t  d f  wer e 
allocate d t o Participan t  (9) ,  Positio n (3) ,  an d Participan t  x 
Positio n (27) ,  leavin g 1656 1 -  3 9 =  1652 2 d f  fo r  th e erro r  term . 

G e n e r a l  D i s c u s s i o n 

Evidenc e fro m Experimen t  1  suggest s tha t  processin g a n 

instructio n presente d durin g a n interrup t  induce s a n 

improvemen t  i n respons e tim e soo n afte r  tas k resumption . 

Thi s improvemen t  attenuate s graduall y bu t  recur s soo n afte r 

th e followin g instruction .  Thi s patter n o f  effects ,  whic h w e 

refe r  t o a s within-ru n slowing ,  seem s t o b e independen t  o f 

th e instruction' s meaning . 

We accoun t  fo r  within-ru n slowin g b y assumin g tha t  task -

relate d event s ar e encode d pervasivel y i n memory ,  suc h tha t 

ever y instructio n an d stimulu s encountere d durin g th e 

sessio n leave s a  distinc t  trace .  I n th e contex t  o f  ACT-R' s 

activatio n mechanism ,  thes e distinc t  trace s o r  chunk s 

explai n within-ru n slowin g a s a n effec t  o f  primin g an d 

interference .  Th e curren t  instructio n prime s retrieva l  o f  th e 

stimulu s i n preparatio n fo r  processin g th e curren t  trial .  Th e 

margina l  primin g effec t  decrease s a s th e instructio n become s 

les s strongl y associate d wit h an y particula r  stimulus ,  a  kin d 

of  interferenc e tha t  i s  release d a s soo n a s th e nex t  instructio n 

i s full y  encoded .  Ou r  mode l  predict s th e absenc e o f  within -

ru n slowin g whe n performanc e doe s no t  requir e a n 

instructio n t o b e retaine d i n th e focu s o f  attention .  Thi s 

predictio n wa s confirme d i n Experimen t  2 ,  supportin g ou r 

model  i n genera l  an d ou r  assumptio n o f  pervasiv e episodi c 

memory i n particular . 

We conclud e tha t  event s m a y b e store d i n memor y i n larg e 

number s a t  a  fine  grain ,  eve n i n task s wher e thi s i s no t 

logicall y necessar y fo r  successfu l  performance.  Thi s 

suggest s tha t  episodi c m e m o r y o f  thi s kin d m a y influenc e 

othe r  cognitiv e task s a s well .  Convergin g evidenc e come s 

fro m a  mode l  o f  memor y fo r  attentio n event s develope d fro m 

observation s o f  real-wori d proble m solvin g (Altmann , 

Larkin .  &  John ,  1995 ;  Altman n &  John ,  i n press) .  Th e 

domain ,  data ,  an d underlyin g cognitiv e architectur e fo r  tha t 

model  wer e quit e differen t  fro m thos e fo r  th e curren t  model , 

but  th e implie d grain-siz e a t  whic h informatio n i s store d 

(roughl y tw o trace s pe r  second )  i s quit e similar . 

The presen t  researc h contribute s t o th e debat e ove r  th e 

distinctio n betwee n episodi c an d semanti c memory .  Tulvin g 

(1983 )  ha s maintaine d tha t  "primin g effect s ar e mediate d by , 

and reflec t  th e operation s of ,  a  syste m othe r  tha n episodi c 

memory. "  Contrar y t o thi s view ,  w e hav e show n tha t 

primin g flow s fro m encode d events :  Within-ru n slowin g 

occur s eve n i f  th e interrup t  instructio n say s simpl y t o 

continu e th e sam e task ,  implyin g tha t  th e episodi c an d no t 

th e semanti c representatio n o f  th e instructio n cause s th e 

effect .  I n addition ,  w e hav e show n tha t  primin g an d 

interferenc e effect s i n episodi c an d semanti c m e m o r y ca n b e 

accounte d fo r  b y th e sam e underlyin g mechanisms .  Th e 

emergenc e o f  suc h functiona l  symmetrie s bear s ou t  th e 

promis e o f  studyin g phenomen a i n contex t  (Newell ,  1973 ) 

and o f  usin g cognitiv e architecture s t o unif y phenomen a 

wit h existin g theor y (Newell ,  1990) . 

Wit h respec t  t o huma n factor s psychology ,  ou r  dat a sho w 

tha t  brie f  interruption s hav e mor e comple x effect s o n 
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performanc e tha n previou s studie s document .  I n additio n t o 

immediat e interrup t  an d switc h cost s (Gopher ,  e t  al. ,  1996 ; 

Roger s &  Monsell .  1995 ;  Allport ,  e t  al. .  1994) .  ther e ar e 

delaye d effect s tha t  includ e a n interrup t  benefi t  unde r  certai n 

circumstances .  Whethe r  tas k environment s ca n b e designe d 

t o exploi t  th e apparen t  influenc e o f  episodi c memor y o n 

performanc e i s a  questio n t o addres s i n futur e studies . 
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Abstrac t 

In  this paper, we make a methodological point concerning the 
contributio n o f  th e representatio n o f  th e outpu t  o f  a  neura l  net -
wor k mode l  whe n usin g th e mode l  t o compar e t o huma n er -
ro r  performance .  W e replicat e par t  o f  Dell ,  Julian o &  Govin -
djee' s wor k o n modelin g speec h error s usin g recurren t  net -
work s (Del l  e t  al. ,  1993) .  W e find  tha t  1 )  th e erro r  pattern s 
reporte d b y Del l  e t  al .  d o no t  appea r  t o remai n whe n mor e net -
work s ar e used ;  an d 2 )  som e component s o f  th e erro r  pattern s 
tha t  ar e foun d ca n b e accounte d fo r  b y simpl y addin g Gaussia n 
nois e t o th e outpu t  representatio n the y used .  W e sugges t  tha t 
when modelin g erro r  behavior ,  th e techniqu e o f  addin g nois e 
t o th e outpu t  representatio n o f  a  networ k shoul d b e use d a s a 
contro l  t o asses s t o wha t  degre e error s ma y b e attribute d t o th e 
underlyin g network . 

I n t r o d u c t i o n 

H u m an erro r  performanc e ha s ofte n bee n cite d a s a  w indo w 
int o th e mechanism s underlyin g behaviors .  Cognitiv e model -
ers ,  unlik e artificia l  intelligenc e researchers ,  ai m t o hav e thei r 
model s m a k e th e sam e mistake s peopl e do ,  a s wel l  a s accoun t 
fo r  correc t  behavior .  The y m a y the n argu e that ,  t o th e exten t 
whic h th e mode l  matche s bod i  kind s o f  data ,  i t  i s a  bette r 
model  tha n on e tha t  onl y account s fo r  correc t  performance . 
The y m a y the n b e somewha t  mor e confiden t  i n makin g th e 
inferenc e that ,  howeve r  th e mode l  works ,  human s m a y wor k 
th e sam e way . 

However ,  onc e a  mode l  make s erro r  pattern s simila r  t o hu -
mans,  i t  i s  important  t o understan d wha t  th e sourc e o f  thos e 
error s i s i n th e model .  I n thi s paper ,  w e replicat e Del l  e t  al.' s 
(1993 )  (hencefort h Dell93 )  mode l  o f  speec h errors .  Whil e 
our  erro r  pattern s ar e somewha t  differen t  tha n th e one s the y 
found ,  thei r  erro r  pattern s ar e exhibite d b y som e o f  ou r  net -
works .  O n average ,  however ,  th e performanc e o f  thes e net -
work s d o no t  matc h th e huma n dat a a s wel l  a s the y di d i n 
Dell93 .  W e attribut e thi s t o a  larg e N  fo r  ou r  model s (w e tes t 
fifteen  network s o f  eac h typ e t o Dell93' s three) . 

Thi s i s no t  th e poin t  o f  thi s paper ,  however .  Rather ,  i t  i s a 
methodologica l  one .  Lachte r  &  Beve r  (1988 )  criticize d neu -
ra l  network s fo r  usin g representation s tha t  predetermine d th e 
results .  O f  course ,  on e choose s representation s tha t  ar e goo d 
fo r  th e domain .  Bu t  h o w ca n w e separat e th e importanc e o f 
th e representatio n i n studie s modelin g erro r  data ? Here ,  w e 
giv e a  techniqu e fo r  assessin g th e contributio n o f  th e repre -
sentatio n t o th e erro r  pattern s tha t  separate s i t  fro m th e under -
lyin g network .  Essentially ,  th e techniqu e i s t o ad d Gaussia n 
rando m nois e t o th e outpu t  patterns .  T o th e exten t  tha t  error s 
ca n b e explaine d i n thi s way ,  th e underlyin g nois e generatin g 

Outpu t  Laye r 

Hidde n Laye r 
com-bK<n 

Elman-typ e stal e unit s Jordan-typ e stat e unit s 

Inpu t  Laye r 

Figur e 1 :  Pronunciatio n N e t w o r k (Del l  e t  al. ,  1993 ) 

proces s (th e ne twork )  i s no t  ver y relevant .  O n th e othe r  hand , 
difference s f ro m thi s nois e represen t  biase s i n th e error s tha t 
ca n b e attribute d t o th e underlyin g ne twor k processing .  I n 
th e following ,  w e revie w Del l  e t  al.' s  m o d e l  an d results ,  w e 
presen t  ou r  replication s bot h wit h an d withou t  a n underlyin g 
network ,  an d discus s th e implications . 

The Model 

Figur e 1  s h o w s th e structur e o f  th e ne twork s use d i n thi s 
work .  Thi s structur e i s identica l  t o o n e o f  th e network s use d 
i n De l  19 3 (the y varie d whethe r  the y ha d outpu t  recurrenc e o r 
hidde n recurrenc e o r  both) .  T h e ne twor k consist s o f  a  feed -
forwar d pat h f ro m inpu t  an d stat e unit s throug h a  hidde n laye r 
t o a  final  outpu t  layer .  Activatio n level s f r o m bot h th e hidde n 
unit s an d th e outpu t  unit s ar e copie d directl y t o thei r  corre -
spondin g stat e unit s a t  th e star t  o f  th e subsequen t  t im e step . 

T h e network s w e r e traine d t o m a p f r o m a  representatio n 
o f  a  w o r d t o pronunciation ,  usin g t w o type s o f  inpu t  repre -
sentatio n o f  th e wo rd .  O n e consiste d o f  a  r a n d o m patter n o f 
bits ,  simulatin g th e arbitrar y natur e o f  m a p p i n g f r o m m e a n i n g 
t o soun d (Cottrel l  a n d Plunkett ,  1991 ;  Cottrel l  an d Plunkett , 
1995) .  T h e othe r  inpu t  patter n simulate d reading ,  b y  usin g 
thre e bank s o f  five  bit s t o represen t  th e letter s i n th e w o r d , 
wit h a  r a n d o m cod e fo r  eac h letter .  I n orde r  t o captur e th e 
tempora l  aspec t  o f  speech ,  th e ne twor k outpu t  produce s eac h 
p h o n e m e segmen t  sequentially ,  a s i n (Cottrel l  an d Plunkett , 
1991) .  T h e trainin g se t  w e used ,  identica l  t o tha t  f r o m Dell9 3 
(se e A c k n o w l e d g m e n t s ) ,  consist s o f  a  subse t  o f  5 0 frequen t 
Englis h w o r d s w h i c h hav e bot h 3  letter s i n thei r  writte n fo r m 
an d 3  p h o n e m e s i n thei r  spoke n form .  E a c h w o r d the n i s 
complete d wit h a  "null "  end-of-wor d segmen t ,  s o eac h out -
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put  patter n i s a  sequenc e o f  fou r  elements ,  alway s endin g i n 
th e nul l  pattern . 

As i n Dell93 ,  network s wer e no t  traine d t o ful l  compe -
tence ;  rather ,  trainin g wa s halte d a t  th e en d o f  an y serie s o f  5 0 
epoch s fo r  whic h th e error s o n a  pe r  segmen t  basi s wer e les s 
tha n 10% .  Thi s wa s don e i n orde r  t o analyz e th e type s o f  er -
ror s mad e b y th e net s an d t o compar e th e frequenc y an d type s 
t o thos e produce d b y human s i n natura l  discours e settings . 

I n general ,  ther e ar e 3  type s o f  error s whic h ca n occur : 
segment  omission ,  insertion ,  an d substitution .  W e classif y 
thes e error s a s t o whethe r  the y violat e an y o f  th e followin g 
constraints : 

1. Phonotactic Regularity. Errors will usually produce sound 
sequence s whic h ar e vali d i n th e languag e (a n estimate d 
1 % o f  error s i n human s violat e this) . 

2. CV Category Effect. Vowels replace vowels; consonants 
replac e consonant s (violatio n rat e 0.5%) . 

3. Syllabic Constituency. When a vowel and an adjacent con-
sonan t  ar e i n error ,  i t  i s mor e likel y t o b e a  V C tha n a  C V 
(estimate d t o b e a t  a  rati o o f  3) . 

4. Initialness. Onset consonants are more likely to be in error 
tha n noninitia l  consonant s (estimate d a t  62%) . 

Table 1 gives the rate at which these errors occur in human 
speech ,  a s estimate d b y Dell9 3 fro m severa l  erro r  corpor a an d 
secondar y source s (e.g. ,  (Shattuk-Hufnagel ,  1983 ;  Shattuk -
Hufnagel ,  1987;Stemberger ,  1983)) . 

Methods 

We attempte d t o follo w th e method s outline d b y Dell9 3 a s 
closel y a s possibl e i n trainin g ou r  networks .  I n th e following , 
we giv e thes e procedure s i n detai l  a s wel l  a s ou r  method s fo r 
producin g th e nois e mode l  an d scorin g th e errors . 

The dat a consiste d o f  th e frequen t  wor d vocabular y fro m 
Appendi x B  o f  Dell93 ,  whic h consiste d o f  Englis h word s 
wit h bot h 3  letter s an d 3  phonologica l  segments .  Tw o inpu t 
representation s wer e used :  a  30-uni t  rando m representatio n 
and a  15-uni t  correlate d representatio n wher e eac h inpu t  let -
te r  wa s assigne d a n arbitrar y 5-bi t  code .  Th e network s wer e 
comprise d o f  a  feedforwar d pat h wit h 3 0 o r  1 5 inpu t  units ,  de -
pendin g o n inpu t  representation ,  2 0 hidde n units ,  an d 1 8 out -
put  unit s whic h wer e a  feature-base d representatio n o f  eac h 
phoneme.  Th e outpu t  codin g use d i s tha t  fro m Dell9 3 Ap -
pendi x A .  Th e network s ha d a s additiona l  input s a  stat e laye r 
whic h consiste d o f  a  cop y o f  th e outpu t  activation s fro m th e 
previou s tim e ste p (henc e i t  containe d 1 8 units )  an d a  contex t 
laye r  whic h consiste d o f  a  cop y o f  th e hidde n laye r  activa -
tion s fro m th e previou s tim e ste p (hence ,  2 0 units) .  Al l  con -
nectio n weight s wer e initialize d t o a  rando m numbe r  i n th e 
rang e [-0.1,0.1] ,  an d eac h hidde n an d outpu t  uni t  ha d a n ad -
ditiona l  bia s input .  Th e standar d logisti c activatio n functio n 
was used ;  momentu m wa s 0. 5 whil e th e learnin g rat e wa s 1. 0 
fo r  th e correlate d inpu t  vecto r  network s an d 0.2 5 fo r  th e ran -
do m inpu t  vecto r  networks . 

For  eac h epoc h o f  Gaining ,  th e word s i n th e trainin g se t 
wer e presente d i n a  ne w rando m order .  A t  th e beginnin g o f 
eac h word ,  th e contex t  unit s wer e se t  t o zer o an d th e stat e 
unit s wer e initialize d t o th e "nul l  segment "  (al l  value s o f  0.5) . 

Each word' s trainin g inpu t  representatio n wa s clampe d a t  th e 
inpu t  laye r  whil e th e outpu t  laye r  wa s traine d t o produc e eac h 

phonemi c segmen t  o f  th e wor d sequentially ,  followe d b y th e 
nul l  segmen t  vector .  Onlin e backpropagatio n wa s used ,  wit h 
erro r  propagate d bac k an d weight s update d a t  th e en d o f  eac h 
forwar d pas s o f  a n outpu t  segment .  A n outpu t  segmen t  wa s 
the n considere d correc t  i f  th e value s a t  th e outpu t  laye r  wer e 
close r  (b y Euclidea n distance )  t o th e correc t  outpu t  tha n t o 
any othe r  vali d segments . 

15 separat e network s o f  eac h o f  th e tw o mode l  type s wer e 
trained ,  eac h startin g wit h differen t  rando m seeds .  Perfor -
mance o f  eac h networ k wa s examine d a t  ever y 5 0 epochs ; 
trainin g wa s stoppe d whe n th e network s achieve d greate r  tha n 
9 0 % correc t  outpu t  segments .  Thi s occurre d b y 20 0 epoch s 
fo r  (Del l  e t  al. ,  1993 )  an d fro m 10 0 t o 30 0 epoch s fo r  th e 
replication s presente d here . 

For  th e Nois e simulations ,  a  vecto r  consistin g o f  eac h out -
put  segmen t  i n th e trainin g se t  wa s perturbe d wit h rando m 
nois e generate d b y a  Gaussia n distributio n wit h mea n 0. 0 
and standar d deviatio n o f  0.31 .  Thi s standar d deviatio n wa s 
selecte d t o produc e overal l  segmen t  correctnes s percentage s 
consisten t  wit h thos e produce d b y (Del l  e t  al. ,  1993 )  net -
works ,  approximatel y (bu t  n o les s than )  9 0 % correc t  seg -
ments .  1 5 nois e sequence s wer e produced ,  agai n eac h wit h a 
differen t  rando m seed .  Sinc e th e network s wer e constraine d 
t o perfor m a t  greate r  tha n 9 0 % correc t  segments ,  an y nois e 
sequenc e whic h correspondingl y cause d mor e tha n 1 9 seg -
ment  error s wa s eliminate d fro m consideratio n an d substi -
tute d wit h anothe r  sequence .  T w o suc h sequence s wer e elim -
inate d unti l  th e desire d 1 5 sequence s wer e produced .  Fo r 
bot h th e nois e mode l  an d th e random -  an d correlated-inpu t 
replicatio n networks ,  eac h trainin g se t  outpu t  segmen t  wa s 
marke d fo r  typ e o f  erro r  occurrenc e (omission ,  insertion ,  sub -
stitution) .  Thes e error s wer e subsequentl y analyze d a t  th e 
wor d leve l  t o determin e ho w wel l  the y followe d th e wor d 
constraints .  Phonotacti c Regularit y wa s assesse d b y hand -
scorin g th e error s produced .  Som e ambiguou s case s wer e 
give n t o Gar y Del l  fo r  scorin g (se e Acknowledgments) .  Spe -
cifi c  rule s fo r  erro r  categorizatio n (mutuall y exclusiv e bu t  no t 
exhaustive) ,  labele d b y th e constrain t  the y wer e use d t o mea -
sure ,  ar e a s follows ,  score d i n th e followin g order : 

1. CV Category Effect: A word has a cross category C-V error 
i f  th e targe t  outpu t  segmen t  wa s a  vowe l  an d th e produce d 
outpu t  segmen t  wa s a  consonant ,  o r  vic e versa . 

2. Syllabic Constituency Constraint: A word has a syllabic 
constituen t  erro r  i f  tw o immediatel y adjacen t  segment s ar e 
i n error ,  wher e on e i s a  vowe l  replace d b y anothe r  vowe l 
and th e othe r  i s a  consonan t  replace d b y anothe r  conso -
nant .  Further ,  an y othe r  consonan t  immediatel y adjacen t 
t o th e vowe l  mus t  no t  b e replace d b y a n incorrec t  conso -
nant .  A  syllabi c constituen t  i s the n furthe r  categorize d a s a 
V C sli p o r  a  C V slip ,  dependin g o n th e relativ e locatio n o f 
th e vowe l  i n th e pair . 

3. Initialness Constraint: An error was categorized as a 
single-consonan t  substitutio n i f  th e outpu t  segmen t  pro -
duce d a  consonan t  differen t  fro m th e targe t  segmen t  con -
sonant ,  an d an y immediatel y adjacen t  vowel s wer e no t  re -
place d b y a n incorrec t  vowel .  Eac h single-consonan t  sub -
stitutio n wa s the n classifie d a s initia l  o r  final  dependin g o n 
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whethe r  th e erroneou s consonan t  precede d o r  followe d th e 
vowel  withi n th e sam e syllable .  Finally ,  th e consonan t  on -
set  rati o i s the n th e rati o o f  initial-consonan t  error s t o th e 
tota l  o f  bot h initia l  an d fina l  consonan t  errors . 

Since the purpose of this work is to attempt to model and 
explai n huma n performance ,  w e ar e intereste d i n ho w wel l 
our  model s trac k huma n erro r  dat a base d o n th e constraint s 
discusse d earlier :  Phonotacti c Regularity ,  Cross-Categor y Er -
rors ,  Consonan t  Initialness ,  an d C V A ' C Constituency .  T o thi s 
end ,  w e us e th e deviatio n scor e describe d i n Dell93 ,  base d 
on th e difference s i n erro r  proportion s betwee n th e models ' 
performanc e an d huma n performance .  Sinc e w e d o no t  hav e 
variances ,  bu t  onl y averag e dat a fo r  humans ,  thi s measur e 
test s fo r  difference s i n means .  Fo r  th e overal l  deviation ,  th e 
scor e i s th e su m o f  th e square d difference s betwee n th e hu -
m an proportio n an d th e mode l  proportion .  Eac h proportio n 
i s transforme d b y a n arcsin e conversion ,  include d t o correc t 
"fo r  difference s i n variabilit y  fo r  extrem e proportions "  (Del l 
etal. ,  1993) . 

Deviatio n =  '^{arcsin{Hpi°-^ )  -  arcsin{Mpt°-^) f 

wher e H p i  an d M p i  ar e th e huma n an d mode l  proportio n 
of  error s o n constrain t  typ e i ,  respectively ,  i  range s ove r  th e 
five  constrain t  type s above .  W e ar e als o intereste d i n th e de -
viatio n scor e fo r  eac h constrain t  considere d individually .  Th e 
squar e root s o f  thes e score s wer e the n compare d usin g analy -
si s o f  varianc e ( A N O V A ) .  Analysi s o f  varianc e wa s als o com -
pute d o n th e ra w erro r  proportion s themselves . 

Results and Discussion 

Eac h pai r  o f  th e 3  method s covere d i n thi s pape r  (ran -
d o m networ k input ,  correlate d networ k input ,  an d Gaussia n 
noise-perturbe d outpu t  units )  wa s analyze d fo r  differenc e i n 
bot h overal l  deviatio n scor e an d fo r  deviatio n fro m huma n 
standard s fo r  eac h measur e separately .  Th e correlate d an d 
rando m network s performe d significantl y differentl y o n th e 
Phonotacti c Regularit y constraint ,  F(l,28 )  =  9.134 ,  p  =  0.005 , 
wit h th e correlate d mode l  deviatin g les s fro m th e huma n 
standard .  Thes e tw o model s di d no t  perfor m i n a  signif -
icantl y differen t  manne r  fo r  th e Cross-Categor y erro r  con -
strain t  [F(l,28 )  =  2.991 ,  p  =  0.095] ,  th e C V Constituenc y 
[F(l,28 )  =  0.178 ,  p  =  0.676] ,  th e V C Constituenc y [F(l,28 ) 
= 0.101 ,  p  =  0.753] ,  th e Onse t  Consonan t  Rati o [F(l,28 )  = 
0.022 ,  p  =  0.884] ,  o r  th e overal l  deviatio n measur e [F (  1,28 )  = 
0.119 ,  p  =  0.733] . 

Th e Gaussia n Nois e mode l  compare d similarl y wit h th e 
rando m inpu t  model ,  wit h it s smalle r  deviatio n fro m th e hu -
m an standar d differin g significantl y fo r  Phonotacti c Regu -
larit y F(l,28 )  =  19.631 ,  p  <  0.00 1 whil e no t  differin g i n 
th e othe r  measure s (Cross-Categor y F(l,28 )  =  0.261 ,  p  = 
0.118 ,  C V Constituenc y F(l,28 )  =  0.060 ,  p  =  0.808 ,  V C Con -
stituenc y F(l,28 )  =  0.348 ,  p  =  0.560 ,  Onse t  Consonan t  Ra -
ti o F(l,28 )  =  0.029 ,  p  =  0.865 ,  Overal l  F(l,28 )  =  0.822 ,  p  = 
0.372) . 

Th e Gaussian-Nois e mode l  differe d significantl y fro m th e 
correlate d mode l  o n bot h Phonotacti c Regularit y [F(l,28 )  = 
4.816 ,  p  =  0.037 ]  an d o n Cross-Categor y error s [F(l,28 )  = 

17.808 ,  p  <  0.001 ]  wit h a  close r  matc h t o th e huma n stan -
dar d fo r  bot h measures ;  i t  wa s no t  differen t  o n th e C V Con -

stituenc y [F(I,28 )  =  0.326 ,  p  =  0.572] ,  th e V C Constituenc y 
[F(1.28 )  =  0.068 ,  p  =  0.796] ,  th e Onse t  Rati o [F(l,28 )  = 
0.001 ,  p  =  0.979] ,  o r  th e overal l  deviatio n measur e [F(l,28 )  = 
0.371 ,  p  =  0.547] . 

Using the deviation score measure, it would appear that all 
thre e technique s performe d approximatel y th e sam e o n mos t 
of  th e measures .  However ,  examinin g th e ra w averag e erro r 
proportion s give s a  differen t  picture ,  a s show n i n Tabl e 1 . 

One important measure to consider in Table 1 is that of 
th e Onse t  Ratio .  Base d o n th e deviatio n scor e measur e use d 
i n Dell93 ,  th e erro r  proportion s fo r  eac h o f  th e 3  simulatio n 
method s presente d her e appea r  nearl y equivalent .  However , 
inspectio n o f  th e ra w score s make s i t  clea r  tha t  thi s i s no t  th e 
case :  th e rando m an d nois e mode l  ar e m u c h les s than ,  an d 
th e correlate d mode l  m u c h greate r  than ,  th e huma n standar d 
of  6 2 % .  Thi s distinctio n doe s no t  presen t  itsel f  i n th e A N O V A 
result s becaus e th e measur e use d calculate s th e square d devi -
atio n fro m th e standard .  Thi s typ e o f  measur e i s intende d t o 
ensur e tha t  dat a wit h hig h varianc e centere d aroun d a  mea n 
receive s a  wors e scor e tha n dat a centere d o n tha t  mea n whic h 
has smal l  variance .  Th e systemati c offse t  t o on e sid e o r  th e 
othe r  ca n the n potentiall y  b e los t  i n thi s typ e o f  measure ,  a s 
ca n b e see n above .  Cleariy ,  us e o f  th e deviatio n measur e wa s 
necessar y i n th e origina l  case ,  sinc e th e onl y dat a availabl e 
fro m th e huma n standar d i s th e means ,  an d th e dat a set s coul d 
not  b e directl y compare d i n th e usua l  manne r  withou t  som e 
for m o f  varianc e measur e o n th e huma n standard .  However , 
i n thi s cas e w e actuall y d o wan t  t o compar e th e thre e model s 
wit h eac h othe r  s o w e ca n dispens e wit h th e deviatio n scor e 
and compar e th e ra w erro r  proportion s wit h analysi s o f  vari -
ance . 

For this measure, the analysis appears a bit different. For 
th e Phonotacti c Regularit y constrain t  th e rando m mode l  dif -
fer s fro m bot h th e nois e (F(l,28 )  =  18.445 ,  p  <  0.001 )  an d 
th e correlate d mode l  (F(l,28 )  =  7.439 ,  p  =  0.011) ,  an d th e 
nois e an d correlate d model s als o diffe r  (F(l,28 )  =  6.886 ,  p 
= 0.014) .  Fo r  th e Cross-Categor y erro r  constraint ,  th e nois e 
and correlate d model s produc e differen t  result s (F(l,28 )  = 
17812 ;  p  <  0.001) .  Neithe r  th e nois e an d rando m (F(l,28 ) 
= 2.574 ,  p  =  0.120 )  no r  th e correlate d an d rando m (F(l,28 ) 
= 2.836 ,  p  =  0.103 )  differ .  Fo r  th e C V an d V C Constituen t 
measures ,  n o significan t  difference s wer e found :  nois e an d 
rando m (F(l,28 )  =  0.15 4 fo r  C V &  0.00 0 fo r  V C ,  p  =  0.69 8 
& 0.997) ;  nois e an d correlate d (F(l,28 )  =  1.79 9 &  0.157 ,  p 
= 0.19 1 &  0.695) ;  correlate d an d rando m (F(l,28 )  =  3.03 5 
& 0.136 ,  p  =  0.09 2 &  0.715) .  I n th e cas e o f  th e Onse t  Ra -
tio ,  th e correlate d mode l  differ s fro m bot h th e rando m mode l 
(F(l,28 )  =  36.390 ,  p  <  0.001 )  an d th e nois e mode l  (F(l,28 ) 
= 50.835 ,  p  <  0.001) .  Th e nois e an d rando m model s d o no t 
differ ,  (F (  1,28 )  =  0.455 ,  p  =  0.506) . 

What does this maze of statistics tell us? Recall that what 
we wan t  t o kno w i s h o w muc h th e representation s chose n af -
fec t  th e outcom e o f  th e simulations .  Thus ,  w e ar e concerne d 
wit h ho w th e nois e mode l  perform s i n term s o f  th e huma n 
performanc e standard ,  an d the n h o w th e networ k model s ad d 
t o that . 
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Tabl e 1 :  Mode l  Erro r  Characteristic s 

Model 

R a n d o m 

Correlate d 

Nois e 

Dell9 3 

R a n d o m 

Correlate d 

H u m an 

Phonotacti c 

Regularit y 

86. 0 

95. 5 

99. 7 

98. 0 

94. 3 

99. 0 

Cros s 

Categor y 

97. 8 

95. 3 

99. 7 

100. 0 

100. 0 

99. 5 

Onset 

Rati o 

37. 9 

83. 4 

32. 2 

58 
62 

62 

VC 
Slip s 

4.9 3 

4.2 5 

4.9 4 

10 
9 

6 

CV 
Slip s 

1.7 3 

4.0 0 

2.1 9 

4 
2 

2 

V C / C V 

Rati o 

2.8 5 

1.0 6 

2.2 6 

2. 5 
4. 5 

3 

Analysis :  Phonotacti c Regularit y 

The nois e mode l  produce s onl y on e phonotacti c regularit y vi -
olation ,  thu s averagin g 9 9 . 7 % acros s th e 1 5 nois e runs .  Thi s 
hig h leve l  o f  correctnes s correspond s wel l  wit h th e huma n 
erro r  dat a estimate d a t  9 9 % ,  allowin g attributio n o f  perfor -
mance o n thi s measur e t o th e representatio n chosen . 

Analysis: Cross Category Constraint 

As allude d t o i n Dell93 ,  th e hig h conformanc e t o th e Cross -
Categor y constrain t  i s  mostl y du e t o th e outpu t  representa -
tion .  Cluste r  analysi s o f  th e outpu t  representation s sho w tha t 
th e vowe l  representation s ar e distinc t  fro m th e consonan t  rep -
resentations ,  an d thu s smal l  deviation s ar e mor e likel y t o 
chang e a  vowe l  t o anothe r  vowe l  o r  a  consonan t  t o anothe r 
consonant .  Thi s i s empiricall y verifie d b y th e performanc e o f 
th e nois e model :  vowel s d o not ,  i n general ,  becom e close r  t o 
consonant s wit h smal l  error s an d vic e versa .  Thus ,  th e Cross -
Categor y constrain t  i s  attributabl e t o th e representatio n rathe r 
tha n th e networ k structur e o r  learning .  I n fact ,  th e networ k 
model s mov e th e error s furthe r  fro m th e huma n data . 

Analysis: Onset Ratio 

Analysi s o f  th e Onse t  Rati o constrain t  i s  mor e complex .  Re -
cal l  tha t  thi s constrain t  claim s tha t  segmen t  onse t  consonant s 
ar e mor e likel y t o b e i n erro r  tha n segmen t  cod a consonants . 
Bot h huma n standard s an d som e o f  th e network s i n Dell9 3 
sho w this .  However ,  th e nois e mode l  examine d her e show s 
th e opposit e effect ,  wit h cod a consonant s bein g i n erro r  al -
most  twic e a s m u c h a s onsets .  Thi s phenomen a ca n b e ex -
plaine d b y confluenc e o f  tw o statistica l  factors .  First ,  th e 
outpu t  phonem e dat a se t  i s  biase d towar d cod a consonants . 
Ther e ar e 4 0 consonan t  phoneme s i n th e onse t  category ,  com -
pare d t o 5 4 i n th e cod a set .  Thi s produce s a n onse t  t o tota l 
consonan t  rati o o f  4 2 % .  I f  eac h consonan t  wa s equall y likel y 
t o b e i n error ,  thi s i s wha t  th e Onse t  rati o shoul d be .  On e 
woul d the n expec t  th e nois e mode l  t o hav e produce d thi s ra -
tio ,  bu t  i t  di d not .  Fo r  th e tota l  o f  1 5 instance s o f  th e nois e 
generation ,  ther e wer e 3 4 consonant-to-consonan t  error s i n 
th e onse t  positio n wit h 6 6 i n th e cod a positio n ( a rati o o f 
approximatel y  3 4 % ) .  However ,  ther e ar e severa l  consonant s 
whic h occu r  i n th e codin g o f  th e outpu t  phonemes ,  whic h d o 
not  occu r  a t  al l  i n th e trainin g set .  O f  specifi c  interes t  ar e th e 4 
syllabi c consonants ,  commonl y depicte d a s /rS/ ,  /IS/ ,  /nS /  an d 
/mS/ .  Thes e syllabi c consonant s hav e representatio n identica l 
t o thei r  "plain "  consonan t  partner s excep t  i n th e cas e o f  th e 

voicin g feature .  Tha t  is ,  /rS /  differ s fro m /r /  i n havin g on e 
additiona l  bi t  turne d on .  Al l  o f  th e syllabi c consonant s hav e 
thi s sam e difference ,  an d additionall y n o othe r  consonant s in -
clud e thi s feature .  Thi s mean s tha t  ther e i s a  bi t  turne d o n i n 
th e codin g o f  th e syllabi c consonant s whic h i s no t  use d i n an y 
othe r  consonants . 

Examinatio n o f  th e erro r  se t  fo r  th e nois e mode l  reveale d 
21 case s wher e a  targe t  consonan t  produce d a  syllabi c conso -
nant  i n error ;  i n eac h o f  thes e cases ,  th e intende d consonan t 
was th e correspondin g "plain "  versio n o f  th e consonan t  (I n al l 
30 network s o f  th e rando m an d correlate d models ,  ther e wa s 
onl y on e erro r  o f  thi s typ e total) .  Sinc e a n outpu t  segmen t  i s 
classifie d a s th e phonem e t o whic h i t  i s  closes t  i n Euclidea n 
distance ,  non e o f  thes e phoneme s woul d hav e bee n marke d 
i n erro r  i f  th e syllabi c consonant s wer e exclude d fro m th e set . 
The majorit y o f  th e syllabi c error s whic h di d occu r  wer e tar -
get s of/r /  an d /n/ ,  bot h o f  whic h occu r  mor e frequentl y i n th e 
cod a position .  Eliminatin g thes e fro m th e tota l  erro r  count s 
mentione d i n th e abov e paragraph ,  w e the n ar e lef t  wit h 2 4 
onse t  consonant s an d 5 6 cod a consonant s i n error ,  fo r  a n O n -
set  Rati o o f  4 4 % ,  m u c h mor e i n lin e wit h th e predicte d 4 2 % . 

Thi s bein g accounte d fo r  b y th e representation ,  i t  ca n the n 
be conclude d tha t  th e differenc e betwee n th e abov e rate s an d 
th e performanc e o f  th e correlate d mode l  (an d th e analogou s 
network s fro m Dell93 )  o n th e Onse t  Rati o constrain t  i s  du e 
t o th e sequentia l  natur e o f  th e networks . 

Analysis:Syllabic Constituency 

The Syllabi c Constituenc y Constrain t  ( V C / C V Ratio )  derive s 
fro m th e observanc e o f  predominantl y mor e V C tha n C V typ e 
substitution s i n huma n erro r  data .  Th e respectiv e frequencie s 
cite d b y Dell9 3 ar e 6 % an d 2 % o f  al l  segmen t  errors .  Whil e 
analysi s o f  th e deviatio n score s an d ra w erro r  proportion s re -
veale d n o significan t  difference s i n eithe r  th e V C o r  C V sub -
stitutio n erro r  rate s betwee n an y pai r  o f  th e thre e mode l  types , 
i t  als o di d no t  sho w an y o f  the m t o b e differen t  fro m th e hu -
m an data .  O n th e whole ,  give n tha t  al l  o f  th e model s wer e 
constructe d t o mak e errors ,  i t  i s  no t  surprisin g tha t  som e per -
centag e o f  the m shoul d mak e error s o n adjacen t  segments , 
nor  tha t  som e o f  thes e error s shoul d b e V C o r  C V substi -
tutions .  A s previousl y noted ,  th e segmen t  representatio n i s 
suc h tha t  th e easies t  error s t o mak e ar e V  —> V  an d C  - > C 
substitutions .  Th e interestin g phenomen a is ,  rather ,  tha t  th e 
predominanc e o f  V C ove r  C V substitution s observe d i n th e 
human dat a i s maintaine d i n th e models '  errors .  Th e V C t o 
C V rati o fo r  th e huma n dat a i s 3:1 ;  thos e fo r  th e correlate d 

51 



input ,  rando m input ,  an d Gaussia n Nois e model s are ,  respec -
tively .  4.9:1.7 ,  4.3:4.0 ,  an d 3.1:1.9 .  Thoug h non e o f  th e mod -
els '  ratio s matc h th e huma n rati o precisely ,  th e rando m inpu t 
and Gaussia n Nois e model s sho w a  stron g preferenc e fo r  V C 
errors .  Th e correlated-inpu t  model' s V C slip s barel y outnum -
ber  it s C V slips ,  however . 

I f  no t  fo r  th e fac t  tha t  th e Gaussia n Nois e mode l  als o ex -
hibit s thi s bia s towar d V C slips ,  thi s evidenc e woul d see m t o 
suggest s tha t  a t  leas t  th e rando m inpu t  networ k mode l  ma y 
hav e capture d som e face t  o f  th e huma n productio n proces s 
-  fo r  h o w ca n th e representatio n o f  th e individua l  segment s 
possibl y explai n th e preferenc e fo r  errin g o n adjacen t  seg -

ment s solel y becaus e th e vowe l  precede s th e consonant ? I n 
discussio n Dell9 3 attribute d th e presenc e o f  th e syllabi c con -
stituenc y effec t  i n thei r  networks '  error s t o a n interactio n be -
twee n th e trainin g vocabular y an d th e sequentia l  natur e o f 
th e networks .  Pointin g ou t  tha t  th e trainin g vocabular y ha s 
a greate r  redundanc y i n it s V C tha n i n it s C V patterns ,  Dell9 3 
conjecture d tha t  thi s cause d th e network s t o develo p suc h a 
stron g associatio n betwee n th e segment s o f  th e of t  repeate d 
V C sequence s tha t  the y cam e t o represen t  the m internall y a s 
a singl e unit .  Hence ,  whe n a n erro r  occurre d b y chanc e o n 
th e initia l  vowe l  o f  a n infrequen t  V C pai r  an d resulte d i n an -
othe r  vowe l  tha t  wa s par t  o f  a  frequen t  V C pair ,  th e networ k 
was ap t  t o b e pulle d of f  it s  origina l  cours e an d ont o th e well -
wor n trajector y betwee n th e in-erro r  segmen t  an d it s compa -
trio t  consonant .  Thi s seem s lik e a  soun d enoug h explanation , 
but  w e conjectur e tha t  i t  i s  onl y par t  o f  th e story . 

Sinc e th e Gaussia n Nois e mode l  has  a  stron g tendenc y t o 
produc e V C ove r  C V errors ,  eve n mor e s o tha n on e o f  th e 
neura l  networ k models ,  w e ar e force d t o loo k harde r  fo r  th e 
sourc e o f  thi s predisposition .  Lookin g a t  th e trainin g vocab -
ular y fro m a  slightl y differen t  angl e tha n Dell93 ,  a  secon d 
potentia l  explanatio n fo r  V C t o C V predominanc e become s 
apparent . 

I n Tabl e 3  belo w i t  ca n b e see n tha t  ther e ar e simpl y mor e 
opportunitie s fo r  a  V C erro r  t o b e mad e tha n fo r  a  C V error . 
To asses s th e contributio n o f  thi s imbalanc e towar d inducin g 
a greate r  numbe r  o f  V C errors ,  w e calculate d th e expecte d 
number  o f  C V an d V C error s base d o n th e toke n typ e prob -
abilitie s an d a  rando m distributio n o f  segmen t  errors .  Th e 
probabilit y  o f  a  segmen t  erro r  occurrin g o n an y give n seg -
ment  wa s base d o n th e averag e numbe r  o f  segmen t  error s fo r 
al l  model s combined .  Th e expecte d erro r  rate s obtaine d wer e 
0.0047 5 an d 0.0043 4 fo r  V C an d C V errors ,  respectively .  Us -
in g thes e prediction s w e the n estimate d th e expecte d V C an d 
C V erro r  proportion s a s 0.068 4 an d 0.0629 . 

Th e expecte d proportion s above ,  however ,  sho w onl y a 
sligh t  bia s towar d V C errors .  W h a t  the n ca n b e responsi -
bl e fo r  th e Gaussia n Nois e mode l  producin g nearl y doubl e 
th e amoun t  o f  V C error s a s C V ? Sinc e th e effec t  canno t 
be entirel y explaine d b y toke n typ e frequenc y wit h th e as -
sumptio n tha t  error s ar e randoml y distributed ,  perhap s thi s 
assumptio n i s fallacious .  Th e onl y reasonabl e explanatio n re -
mainin g i s tha t  ther e i s a  consisten t  an d qualitativ e differenc e 
betwee n vowel-precedin g an d vowel-succeedin g consonants . 
For  som e reason ,  vowel-succeedin g consonant s mus t  b e pre -
dispose d a t  th e representationa l  leve l  t o errors . 

To investigat e thi s possibility ,  w e analyze d th e consonant s 
tha t  follo w a  vowe l  compare d t o th e one s tha t  preced e a 

Tabl e 2 :  Frequenc y &  Neighbo r  Densit y o f  Vowel-adjacen t 

Consonant s 

Pre -

vowel 

h 

g 
r 
b 

y 
w 
s 
n 
m 
k 

1 

f 

t 

P 

J 
d 

Fre q 

5 
5 
4 
4 
3 
3 
3 
3 
3 
3 

2 

# 
Neigh s 

2 
2 
8 
8 
2 
2 
8 
8 
7 
2 

8 

6 

8 

7 

5 

11 

Post -

vowel 

t 
n 
r 
d 
z 
s 

g 
m 
1 
b 

Fre q 

14 
12 
6 
6 
4 
2 
2 
1 
1 
1 

# 
Neigh s 

8 
8 
8 
11 
10 
8 
2 
7 
8 
8 

vowel .  I n particular ,  w e examine d th e numbe r  o f  neighbor s 
eac h kin d o f  consonan t  has  withi n a  H a m m i n g distanc e o f 
3.  A s see n i n Tabl e 2 ,  th e consonant s followin g a  vowe l 
hav e man y mor e neighbors ,  o n average ,  tha n th e consonant s 
precedin g a  vowel .  Thi s mean s tha t  consonant s followin g a 
vowel  ar e muc h mor e likel y t o sli p t o a n erroneou s conso -
nant ,  which ,  i f  thei r  neighborin g vowe l  als o slips ,  woul d lea d 
t o mor e V C error s tha n C V errors . 

Again ,  Dell9 3 clai m tha t  th e greate r  redundanc y o f  V C ver -
sus C V unit s i n th e frequen t  vocabular y i s responsibl e fo r 
creatin g th e effec t  o f  th e syllabi c constituenc y constrain t  i n 
thei r  models .  Presumably ,  th e V C unit s com e t o b e consid -
ere d a  singl e uni t  an d th e V C sli p predominanc e i s a  resultan t 
"emergen t  property" .  Ou r  explanatio n abov e suggest s tha t 
th e Gaussia n Nois e model s tha t  w e produce d ca n accoun t  fo r 
thi s effect .  However ,  ther e i s a  noticeabl e qualitativ e differ -
enc e betwee n th e V C slip s o f  th e networ k model s an d th e V C 
slip s o f  th e Gaussia n Nois e model .  Dell9 3 cite d th e followin g 
thre e error s a s particula r  example s o f  V C error s tha t  indicate d 
th e network s wer e learnin g t o associat e redundan t  V C pair s : 

big —>^ /bed/ 
hi m — > /h3n / 
ol d — > /#nd /  (#=schwa ) 

In all the cases above, the low frequency VCs : fig/, /Im/ 
and /Id /  ar e replace d wit h V C s tha t  occu r  mor e tha t  onc e i n 
th e trainin g set .  Thes e ver y sam e error s als o showe d u p i n 
our  networ k models '  outpu t  -  some ,  exactl y a s liste d above , 
and other s wit h jus t  th e relevan t  V C - > V C substitutio n repli -
cated .  Furthermore ,  lookin g a t  th e frequencie s o f  replace d 
vs .  replacin g V C unit s fo r  al l  suc h error s mad e b y ou r  mod -
el s show s tha t  th e rando m mode l  produce s V C error s tha t  ar e 
frequen t  i n th e targe t  vocabulary ,  whil e th e correlate d mode l 
and th e Gaussia n mode l  d o not .  I n particular ,  th e Gaussia n 
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Targe t  V- C Patter n 

Tabl e 3 :  Vocabular y syllabl e structur e 

CCC CCV CVC CVV VCC VCV VV C VV V 
Frequenc y i n Vocabular y 0 1 41 0 0 0 

model  take s frequen t  pair s an d replace s the m wit h pair s tha t 
neve r  occur . 

The conclusio n w e dra w fro m thi s i s  that ,  whil e th e net -
wor k model s hav e th e V C / C V ratio s i n th e righ t  ballpark ,  the y 
canno t  clai m t o hav e the m becaus e o f  a n effec t  o f  th e underly -
in g network .  Rather ,  al l  tha t  ca n b e claime d i s tha t  th e conten t 
(whic h i s muc h mor e human-like) ,  no t  th e proportion ,  o f  th e 
error s i s du e t o th e network' s action . 

Conclusion 

Whil e thi s wor k i s stil l  a t  a  preliminar y stage ,  w e believ e w e 
hav e demonstrate d tha t  a n importan t  componen t  o f  an y anal -
ysi s o f  networ k erro r  mus t  separat e ou t  th e contributio n o f 
th e networ k fro m th e representation .  I n th e abov e analysi s 
we found ,  fo r  example ,  tha t  severa l  o f  th e component s o f  th e 
erro r  patter n coul d simpl y b e accounte d fo r  b y addin g nois e 
t o th e outpu t  representation .  I n thi s case ,  th e network' s rol e 
i s simpl y a s th e supplie r  o f  tha t  noise . 
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Abstrac t 

There is growing interest m exploring tlie interaction of 
semantic s witl i  otlie r  infonnatio n source s i n sentenc e 
processing .  Tlii s  stud y explore s tli e rol e o f  nou n animac y 
ui  thes e processe s i n combinatio n wit h syntacti c (wor d 
order )  an d morphologica l  (mmibe r  marking )  factor s b y 
means o f  a n on-lin e agenc y assignmen t  tas k i n Bulgarian . 
Unlik e smiila r  studies ,  Ui e preparatio n o f  tli e stimul i 
follow s a  rigorous  serie s o f  pro-test s whic h revea l  th e 
gradabl e natur e o f  animac y an d attemp t  t o accomi t  fo r  th e 
mteractio n o f  ver b semantic s (agenc y reversibility )  wit h 
nomi  semantic s (anmiac \  contrast) .  Result s confir m 
expectation s o f  tli e hig h significanc e o f  agreemen t  i n 
Bulgaria n an d presen t  a  challeng e t o th e binar y vie w o f 
animacy .  Som e o f  tir e prediction s o n cu e interactio n withi n 
tli e Competitio n Mode l  ar e pu t  t o tli e tes t  an d generall y 
confirmed . 

Introduction 

In recent years there has been growing interest in the 
interactio n o f  s\nta x an d semantics .  I t  ha s becom e clea r  tha t 
sentenc e processin g i s sensitiv e t o vanou s lexica l  influence s 
i n additio n t o syntax-relate d phenomena .  Thi s lin e o f 
researc h require s a  bette r  understandin g o f  th e semanti c 
aspect s involve d i n mterpretin g sentence s an d man y studie s 
nowaday s includ e suc h semanti c \'ariable s a s nou n ammacy , 
nou n concreteness .  et c (Den .  &  Inoue ,  1997 ;  McDonald , 

Bock .  &  KeUy .  1993) . 
Studie s ha\ e show n th e involvemen t  o f  a m m a c y i n 

sentenc e processm g i n English .  French .  Italian ,  Chinese , 
et c I t  ha s bee n demonstrate d tha t  th e us e o f  a m m a c y cue s i n 
sentenc e interpretatio n depend s o n th e languag e bein g 
acquire d (Kail ,  1989) . 

Thi s i s  particularl y importan t  fo r  th e examinatio n o f  th e 
validit y o f  majo r  tenet s o f  interactionis t  model s o f  languag e 
performanc e I f  indeed ,  a s ha s bee n proposed ,  sentenc e 
processm g dra w s  informatio n fro m a  variet y o f  typologicall y 
diflferen l  sources ,  o r  cues ,  the n w e shoul d b e abl e t o 
demonstrat e th e interactio n o f  semanUc ,  morphological ,  an d 
syntacti c cue s whic h i s th e goa l  o f  th e presen t  study . 

I t  appear s tha t  ou r  concepma l  syste m frequentl y use s 
subtl e disrinction s o f  categone s suc h a s tha t  betwee n th e 
livin g an d non-living ,  th e activ e an d th e passive ,  th e 
movin g an d th e stationary ,  th e ammat e an d th e inammate . 
Suc h distinction s m a y find  explici t  manifestatio n i n th e 
syste m o f  a  language .  The y m a y also ,  however ,  b e par t  o f  a n 
implicit ,  underlyin g concepma l  syste m whic h exert s it s 
influenc e i n indirec t  ways .  Whor f  (1956 )  introduce d a 
distinctio n betwee n over t  an d cover t  classes ,  o r  categories , 

i n languages .  Animac y appear s t o b e on e suc h cover t 
categor y acros s a  rang e o f  languages . 

Th e exten t  t o whic h animac y finds  explici t  expressio n 
acros s language s vane s I n Slavi c languages ,  ammac y i s 
ofte n combine d wit h gende r  t o for m a  singl e categor y 

Unlik e Russia n wit h it s explici t  markin g fo r  ammac y i n th e 
accusativ e case ,  Bulgarian ,  havin g los t  it s  cas e system , 
relie s o n othe r  cue s instea d Generall y speaking ,  i n m o d e m 

Bulganan ,  a s i n Englis h an d French ,  th e ammate/inammat e 
disUncfio n i s no t  morphologicall y maike d o n noun s bu t  i s 
rathe r  a  lexical-semanti c propert y o f  th e nou n itsel f 

Thi s stud y aim s a t  identifyin g thos e processin g strategie s 
whic h ar e use d mos t  typicall y b y Bulgaria n listeners .  I n 
addition ,  th e validit y o f  som e o f  th e prediction s withi n th e 
framewor k o f  th e Competitio n Mode l  (Bates ,  Wulfeck , 
Hernandez .  &  Andonova ,  1996 )  i s  examine d m relatio n t o 
cu e convergence ,  cu e competitio n an d cu e coaUtions . 
Methodologica l  issue s ar e tackle d a s well ,  suc h a s desigmn g 
appropriat e stimul i  wit h animac y contrast . 

Experimental Method 

Stimuli Selection and Pre-tests 

Th e expenmen t  wa s intende d t o examin e th e interactio n o f  a 
semanti c facto r  (nou n animacy )  wit h synta x (wor d order )  an d 
morphologica l  markin g agreemen t  durin g sentenc e 
interpretation .  Ou r  approac h overcome s som e o f  th e 
inadequacie s o f  previou s studie s o f  animac y i n whic h nou n 
and ver b stimul i  ar e selecte d o n th e basi s o f  researchers " 
judgment s wit h th e underlyin g assumptio n tha t  animac y i s 
a binar y category .  N o u n animac y i s  treate d her e a s a 
gradabl e categor y fo r  whic h ratin g score s ar e obtaine d fro m 
subjects .  Anothe r  methodologica l  differenc e i n th e 
preparatio n o f  th e stimul i  an d th e desig n consist s m th e 
attemp t  t o contro l  fo r  th e variatio n i n th e interacfio n o f  th e 
semantic s o f  th e ver b wit h th e semantic s o f  th e tw o noun s 

Thre e animac y subset s o f  noun s wer e obtaine d afte r  a 
serie s o f  selectio n procedure s an d pre-tests .  First ,  a  maste r 
lis t  o f  11 0 noun s wa s generate d fro m whic h noun s tha t  ar e 
difficul t  i n term s o f  rion-imageabilit y an d non-concretenes s 
wer e excluded ,  e.g. .  abstrac t  nouns ,  kinshi p terms ,  prope r 
nouns ,  etc .  Th e remainin g 8 0 noun s wer e presente d t o 1 0 
subject s i n a  classification-by-animac y task .  Thi s allowe d 
th e selectio n o f  noun s whic h typicalh '  co-occu r  i n a  group . 
Subject s i n th e pre-tes t  wer e voluntee r  universit y student s 

Th e resultin g 6 0 noun s wer e presente d t o anothe r  grou p o f 
subject s wit h instruction s t o assig n a  ratin g scor e fix)m  1  t o 
7 (highest )  t o eac h nou n accordin g t o frequency  o f  occurrenc e 
i n Bulganan .  Similarly ,  subject s wer e aske d t o giv e a  ratin g 
of  th e sam e 6 0 noun s o n a  scal e fro m 1  t o 7  i n term s o f  thei r 
degre e o f  animac y (7-mos t  animate )  Th e forme r  wa s 
necessarj '  becaus e o f  th e absenc e o f  reliabl e frequenc y count s 
fo r  Bulgaria n Th e secon d ratin g pre-tes t  wa s earne d ou t 
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separatel y an d \ielde d measure s fo r  th e subjectivel j 
perceive d degre e o f  aiumac y o f  th e 6 0 noun s 2 0 subject s (al l 
psycholog y student s o f  th e sam e ag e group )  participate d i n 
th e tw o pre-test s a s par t  o f  thei r  cours e requirements 

Nouns wer e the n ranke d accordin g t o thei r  fiicquenc y an d 
thei r  ammacN ratin g score s Thre e subset s o f  6  noun s eac h 
wer e forme d accordin g t o thei r  degre e o f  ammacy—Hig h 
(H) .  Mediu m (M) .  an d L o w (L )  wit h simila r  mea n frequenc y 
score s ( i  e  .  4  94 .  4  98 .  an d 4  9 4 fo r  Subset s H .  M .  an d L . 
respectively )  an d wit h significantl y differen t  mea n arumac y 
score s ( 6 36 .  3.83 .  an d 1.6 7 fo r  Subset s H .  M .  an d L . 
respectively ) 

As pointe d ou t  earlie r  i n thi s paper ,  anothe r  assumptio n o f 
researcher s whic h goe s withou t  preliminar y testin g i n 
simila r  expenmenta l  wor k concern s th e transitiv e verb s 
whic h ar e use d i n th e sentenc e stimuli .  Th e semantic s o f 
thes e verb s ma y frequentl y b e a  confoundin g facto r  no t 
examine d separate h fo r  it s contributio n t o sentenc e 
comprehensio n 

For  th e purpose s o f  thi s study ,  i t  wa s necessar y t o 
eliminat e th e influenc e o f  thi s potentiall y  confoundin g factor . 
A pane l  o f  5  nativ e speaker s o f  Bulgana n (universit y 
student s o f  psychology )  participate d i n generatin g aix l 
selectin g semanticall y reversibl e verb s m term s o f  agenc y 
potential .  I n othe r  words ,  transitiv e verb s wer e elicite d 
w hic h allo w reversibilit y  o f  th e agent' s rol e applie d acros s 
aiumac y subsets ,  i  e. .  bot h 'Th e ca r  hi t  th e man '  (LH )  an d 
'Th e ma n hi t  th e car '  (HL )  ar e equall y plausible .  A s a  resuU . 
si. x verb s wer e selecte d fo r  us e i n al l  sentences :  hutn a 
("pushed") ,  udar i  ("hit") ,  zakr i  ("covered/hid") ,  iztsap a 
("soiled/stained") .  zastign a ("caugh t  u p with" )  an d 
nadzhivi a ("outlived") . 

Finally .  3 0 maste r  sentence s wer e create d incorporatin g 
tw o noun s fro m th e ammacy subset s an d on e o f  th e 6 
selecte d verb s balancin g sentence s acros s conditions . 
Similarly ,  a  balanc e o f  th e numbe r  o f  occurrence s o f  eac h 
noun an d o f  eac h ver b i n th e tota l  se t  o f  sentence s a s wel l  a s 
i n eac h o f  th e ammac \  contras t  condition s w  a s insured . 

Design 

The expenmen t  wa s intende d t o stud y th e impac t  o f  a 
semanti c cue .  nou n animacy .  o n sentenc e comprehensio n 
and It s interactio n wit h syntax ,  namel y ver b position ,  whic h 
ultimatel y yield s wor d order ,  an d agreemen t  o n 
morphologica l  markin g betwee n th e ver b an d th e noun s I n 
th e expenmenta l  task ,  subject s wer e aske d t o identif y th e 
agent/doe r  i n simpl e sentence s consistin g o f  a  ver b an d tw o 
noun s I n effec t  thi s typ e o f  tas k amount s t o agenc y 
assignmen t 

The desig n o f  th e ex-penmen t  include s thre e independen t 
\'ariable s an d tw o dependen t  measure s Th e independen t 
\  anable s ar e positio n o f  th e verb ,  agreemen t  i n numbe r  an d 
contras t  i n ammacy Fo r  th e strucmra l  facto r  positio n o f  th e 
verb ,  ther e ar e thre e le\'els— v̂er b i n firs t  position ,  ver b i n 
secon d positio n an d vei b i n thir d positio n (VNN .  N V N . 
N N V ). 

The secon d independen t  vanabl e i s a  combinatio n o f  tw o 
group s o f  morphologica l  marker s fo r  numbe r  (o n noun s an d 
on verbs )  whic h i n Bulgaria n ar e obligator s I n th e sentenc e 
stimul i  fo r  thi s experiment ,  th e \'er b agree s i n numbe r  wit h 

eithe r  onl y on e o f  th e noun s o r  wit h bot h noun s 
Agrammatica l  string s (wher e th e vei b agree s wit h neithe r  o f 
th e tw o nouns )  wer e excluded .  Thus ,  th e desig n 
distinguishe s amon g A g N l .  i e .  th e ver b agree s wit h th e 
firs t  occumn g noun ;  A g N 2 .  i  e  .  th e ver b agree s wit h th e 
secon d occurrin g noun ,  an d AgN12 ,  i e .  th e ver b agree s 
wit h bot h noun s i n th e sentence . 

The thir d independen t  facto r  i s contras t  i n ammacy 
betwee n th e tw o noun s i n th e transitiv e sentenc e (AC) . 
A m m a cy contras t  i s  interprete d a s th e relativ e distanc e 
betwee n th e tw o noun s i n term s o f  animac y ratin g an d th e 
directio n o f  th e misbalanc e betwee n th e tw o noun s W h e n 
bot h noun s i n th e sentenc e belon g t o th e sam e subset ,  fc r 
example ,  bot h ar e fro m subse t  H ,  the n th e contras t  i n 
animac y rating s i s negligibl e (AC=0) .  W h e n th e tw o noun s 
ar e derive d fro m adjacen t  subsets ,  e.g. .  H  an d M .  o r  M an d 
L.  the n animac y contras t  i s  on e degre e (AC=I) .  W h e n th e 
tw o noun s belon g t o th e tw o mos t  distan t  subsets ,  i.e. .  H 
and L .  the n nou n ammacy contras t  i s  tw o degree s (AC=2) . 
I n addition ,  a  distinctio n i s mad e betwee n case s whe n th e 
firs t  nou n (Nl )  i s  highe r  i n ammac y tha n th e secon d nou n 
(N2 )  an d vic e vers a (N l  an d N 2 ar e th e first  an d secon d 
occurrin g noun s i n th e maste r  sentence ) 

I n summar)' .  th e thir d facto r  o f  ammac y contras t  (AC ) 
differentiate s amon g th e followin g five  levels : 
AC= -2 :  AN l  «  AN2 . 
AC=-I :  A N K AN2 ; 
AC= 0 :  AN l  =  AN2 ; 
AC=+1:  AN l  >  AN2 , 
AC=+2:  AN l  »  AN2 . 

I n total ,  th e abov e 5  condition s wit h 6  sentence s eac h 
(animac y contrast )  wer e combine d wit h th e 3  level s fo r 
agreemen t  (AgNl ,  A g N 2 ,  AgNI2 )  an d th e 3  level s fo r  ver b 
positio n (VNN .  N V N ,  N N V ) .  a s a  resu h o f  whic h 27 0 
sententia l  stimul i  wer e obtained . 

Ther e wer e tw o dependen t  variable s use d i n thi s study — 
percen t  choic e o f  first  nou n a s th e agen t  i n th e sentenc e 
(ChNl )  an d reactio n tim e (RT )  Th e first  variabl e show s th e 
meamng o f  th e sentence s a s understood ,  o r  constructed ,  o n 
th e basi s o f  th e availabl e cue s Th e secon d variabl e reveal s 
some o f  th e cognitiv e mechanism s o f  sentenc e processing . 

Subjects 

Subject s wer e 2 4 umversit y student s (1 7 femal e an d 7 
male )  Thei r  averag e ag e wa s 23. 1 Al l  subject s wer e right-
hande d nativ e speaker s o f  Bulganan. 

Procedure 

Subject s wer e teste d individuall y i n a n experimenta l  station . 
They listene d t o sentence s an d sa w drawing s o f  referent s o f 
th e tw o noun s i n eac h sentenc e Subject s wer e aske d t o 
choos e on e o f  th e tw o noun s a s th e doe r  o f  th e actio n a s 
quickl y a s possibl e b y pushin g on e o f  tw o correspondin g 
button s Befor e th e mai n sectio n o f  th e expenment .  subject s 
wer e familiarize d wit h th e drawing s an d th e lexica l  item s fo r 
thei r  referent s an d als o complete d a  practic e test .  Th e orde r 
of  presentatio n o f  th e picture s wa s counterbalance d an d a 
uniqu e rando m orde r  wa s use d fo r  th e presentatio n o f  th e 
sentenc e stimul i  i n th e experimen t  fo r  eac h subject . 
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Reactio n time s an d choic e dat a wer e collecte d b y a 
Caniegie-Mello n button-box ,  a n au.xiliar y t o th e Macintos h 
workstatio n workin g wit h th e Ps\Scop e softwar e packag e 
Reactio n time s wer e measure d fro m th e onse t  o f  th e auditor y 

presentatio n o f  th e sentences .  A s sentence s \arie d 
considerabl y i n length ,  th e duratio n o f  eac h indi \  idua l 
sentenc e wa s measure d an d subtracte d fro m th e value s fo r  th e 
reactio n time s correspondin g t o i t  I n th e subsequen t 
statistica l  ana h sis .  onl > th e transfonne d reactio n tim e dat a 

wer e use d 

Results and Discussion 

The results of the main experiment are reported here in 
paralle l  fo r  th e tw o dependen t  Nariables .  Fo r  th e purpos e o f 
identifyin g th e \alue s fo r  th e dependen t  \ariabl e "percen t 
choic e o f  first  nou n a s th e agent. "  th e tota l  numbe r  o f  2 4 
subject s w  a s divide d randoml y int o 3  subgroup s o f  8  eac h 
Th e percentag e o f  choice s i s calculate d fo r  th e subgroup ,  i t 
has thre e replication s Fo r  bot h dependen t  variables .  C h N I 
and R T .  3 x 3 x 5 (Wor d Orde r  x  Agreemen t  x  Aiumac > 
ConUast )  A N O V A test s wer e perfonned . 

Word Order (Verb Position) 

Th e choic e result s (Cli N I )  fo r  wor d orde r  revea l  a  genera l 
tendenc y t o interpre t  th e firs t  nou n a s th e agen t  i n Bulgaria n 
sentence s (Fu-o i  =  9 3 . p <  .01) . 
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Figur e 1 :  W o r d Orde r  Ma i n Effec t  fo r  Percen t  Choic e o f 
Firs t  N o u n a s th e Agen t 

In all three conditions. VNN. NVN. and NNV. the fu^ 
nou n i s chose n mor e frequentl y tha n th e secon d noun . 
althoug h thi s bia s i s stronges t  i n th e N V N condition ,  th e 
canomcal .  o r  basic ,  wor d orde r  i n Bulgaria n sentence s (Fig . 
1) .  Th e reactio n tim e A N O V A tes t  als o reveale d a 
significan t  m a m effec t  fo r  wor d orde r  (Fi g 2) .  Thes e result s 
ar e i n suppor t  o f  finding s fro m a n earlie r  stud y wher e i t  wa s 
estabhshe d tha t  i n th e N N V conditio n reactio n time s ar e 
considerabl y longer .  A s agreemen t  i s th e mos t  reliabl e an d 
competitiv e cu e i n Bulgarian ,  th e subjects '  strateg y appear s 
t o b e t o wai t  til l  the y hea r  th e verb-for m wliic h i n N N V 

string s i s a t  th e en d an d thu s slow s d o w n agenc y 
assignment. 
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Figur e 2 :  Wor d Orde r  M a m Effec t  fo r  Reactio n Tim e 

Agreement 

Agreemen t  betwee n th e ver b an d th e subjec t  ha s bee n show n 
t o b e th e mos t  reliabl e cu e i n on-lin e comprehensio n i n 
Bulgaria n o f  thos e studie d previousl y (Andonova . 
Gerganov .  Petrov .  &  Misheva.1995 )  I t  i s  th e cu e tha t 
"wins "  i n case s o f  cu e conflic t  betwee n agreemen t  an d wor d 
orde r  Th e result s fro m thi s experimen t  indicat e tha t  i t  i s 

als o "victorious "  i n conflict s wit h th e semanti c cu e ( f 
animac y contras t  Ther e i s a  powerfu l  mai n effec t  fo r  C h N I 
dat a fo r  a g r e e m e n t  (F( 2 oo i  =  1 9 6 4 6 .  p  <  .01 ) . 
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Figur e 3 ;  Agreemen t  Mai n Effec t  fo r  Percen t  Choic e o f  Firs t 
N o un a s th e Agen t 

Fig. 3 illustrates the strong preference for assigning 

agenc y t o th e nou n whic h i s i n agreemen t  wit h th e verb . 
irrespectiv e o f  wor d orde r  vanation s Thi s figur e als o rexeal s 
a preferenc e fo r  choic e o f  first  nou n ove r  secon d nou n eve n i n 
V N 1 2.  le. .  case s o f  "neutralizatio n o f  th e effec t  o f 
agreemen t  A s presage d b y th e result s describe d i n Fi g 1 . 
ther e i s a  genera l  tendenc y t o ascrib e agenc y t o th e firs t 
occurrin g nou n an d thu s impar t  S V O .  S O V .  an d V S O wor d 
orde r  interpretation s o f  sententia l  m e a m ng 

Reactio n tim e result s ar e jus t  a s indicativ e o f  th e 
unusuall y hig h degre e o f  validit y o f  agreemen t  i n Bulgaria n 
wit h a  majo r  mai n effec t  (F(2,o«4 )  =  58.14 .  p  <  .01) . 
Reaction s wer e considerab h faste r  whe n ver b agreemen t  wa s 
umquel y vali d fo r  onl y on e o f  th e tw o noun s (Fig .  4 ) 
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Figur e 4 :  A g r e e m e n t  M a i n Effec t  fo r  Reactio n T i m e 

A n i m a c y Cont ras t 

The thir d facto r  examine d i n thi s stud y i s animac y contrast . 
whose defimtio n i s descnbe d i n th e sectio n o n stimu h 
preparation .  Thi s facto r  als o ha s a  mai n effec t  fo r  th e 
dependen t  vanabl e o f  choic e o f  firs t  nou n a s th e agen t  (Fuk u 
= 38.8,;7<.01) . 
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Figur e 5 :  A m m a cy Mai n Effec t  fo r  Percen t  Choic e o f  Firs t 
N o un a s th e Agen t 

In the absence of animacy contrast (AC=()), the \ alues 
her e ar e clos e t o th e leve l  o f  th e averag e percentage s o f  Ch i 
collapse d o\'e r  al l  condition s i n th e ful l  desig n o f  th e 
experiment ,  re-statin g th e preferenc e fo r  assignin g agenc y t o 
th e firs t  noun .  Th e result s fo r  th e tw o condition s o f  animac y 
contras t  a t  th e tw o end s o f  th e A C scale ,  i.e. .  whe n th e tw o 
noun s belon g t o th e tw o mos t  distan t  subset s (AC=- 2 an d 
A C = + 2 ) .  ar e comparabl e t o thos e fo r  absenc e o f  animac y 
contras t  (AC=() )  wit h value s i n th e regio n betwee n 5 0 % an d 
55%. 

As Fi g 5  demonstrates ,  however ,  th e result s fo r  th e 
secon d (AC=-1 )  an d th e fourt h (AC=+1 )  condition s deviat e 
considerabl y fro m th e averag e ô 'eral l  leve l  Her e subject s 
prefe r  th e les s a m m a t e n o u n a s th e agent ,  i. e .  N l  i n "  A C = -
l"andN 2 m"AC=+r " 

T h e secon d dependen t  vanable .  reactio n time ,  als o re\'eal s 
a ma i n effec t  o f  a m m a c y contras t  (F(4.64-i4 )  =  12.48 .  p  <  .01) , 
Ther e i s a  strikin g differenc e be twee n th e spee d o f  executin g 

th e tas k i n th e condition s wit h a n i m a c y contras t  o f  onl y on e 
degre e w h i c h ar e condition s 2  a n d 4  i n Figur e 6 .  A s a 
reminder .  A C = - 1 account s fo r  thos e sentence s i n w h i c h th e 
firs t  n o u n i s lowe r  i n an imac y tha n th e secon d on e b y on e 

degree ,  fo r  examp le .  N 1 belong s t o subse t  L  an d N 2 belong s 
t o Subse t  M ("th e h a m m e r  hi t  th e a rm/hand" ) .  I n th e fourt h 
conditio n o f  A C = + 1 .  th e orderin g i s  reverse d ("th e 
hand/ar m hi t  th e h a m m e r " ) 
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Figur e 6 :  Animac y Contras t  Mai n Effec t  fo r  Reactio n T im e 

The data reveal an important parallelism in the results for 
th e tw o dependen t  variable s fo r  animac y contras t  Th e dat a 
fo r  choic e fo r  th e thre e condition s "AC=-2" .  " A C = 0 " .  an d 
" A C = + 2 "  ca n b e groupe d togethe r  i n contras t  wit h th e dat a 
fo r  th e othe r  tw o conditions ,  " A C = - 1 "  an d " A C = + 1 . " 
Significantly ,  thos e ar e exactl y th e kin d o f  grouping s tha t 
emerg e fro m th e dat a o n reactio n tim e Prope r  interpretatio n 
of  thi s parallelis m require s furthe r  investigation .  Th e 
importan t  poin t  her e i s tha t  thi s umqu e effec t  ha s no t  bee n 
reveale d b y previou s studie s becaus e animac y wa s treate d a s 
a binar y categor y onl y 

Thi s kin d o f  dat a ma y reflec t  differen t  cognitiv e 
mechanism s o f  processin g i n thes e tw o conditions ,  o r  a n 
inheren t  bia s i n th e comple x sententia l  stimul i  Th e ver y 
gradabilit y  o f  th e semanti c categor y o f  ammac y ha s no t  bee n 
teste d befor e i n on-lin e languag e processing .  Th e nee d t o 
us e verb s tha t  ar e reversibl e ha s als o escape d previou s 
investigatio n A  reliabl e methodolog y fo r  th e selectio n o f 
thi s typ e o f  stimul i  i s  ye t  t o b e established .  Thi s stud y i s 
onl y a  firs t  ste p i n thi s direction .  Afte r  all ,  th e transitiv e 
veib s i n thes e sentence s ma y no t  b e entirel y reversible . 
Thes e result s demonstrat e th e complexit y o f  semanti c factor s 
and th e nee d t o explor e th e interactio n o f  th e semantic s o f  al l 
"ingredients "  i n a  sentence . 

Verb Position - Agreement Interaction 

Ther e emerge d als o effect s fo r  th e interactio n o f  independen t 
variable s Fi g 7  show s th e interactio n o f  veib-nou n 
agreemen t  an d wor d orde r  (ver b positio n relativ e t o th e tw o 
nouns )  Thi s interactio n ha s a  significan t  effec t  (F(4,9o )  = 
7 16 ,  p  <  01 )  fo r  th e variabl e choic e o f  firs t  nou n a s th e 
agent .  Her e agai n th e effec t  i s mainl y du e t o variatio n acros s 
wor d order s i n th e conditio n wher e ther e i s leas t  contras t  i n 
th e othe r  facto r  o f  agreement ,  i.e. ,  V N 1 2 .  Conversely ,  ther e 
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i s  littl e \anatio u i n Ch i  o n wor d order s i n th e presenc e o f 
suc h a  powerfu l  cu e a s agreemen t  i s i n Bulgaria n (se e V N l 

aiK l  V N 2 condition s i n Fig .  7) ,  especiall y whe n i t  lead s 

unique h t o on e interpretatio n 
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Figur e 7 ;  Wor d Orde r  b> -  Agreemen t  Interactio n fo r  Percen t 
Choic e o f  Firs t  N o u n a s Agen t 

Finally, notice the recurrent preferential tendency for Chi 
i n th e neutral ,  o r  ambiguous ,  conditio n o f  V N l 2 , 
reminiscen t  o f  th e genera l  outlin e fo r  th e mai n effec t  o f  vei b 
agreemen t  i n Fig .  3 

Similarly ,  th e tvv o factor s interac t  als o i n respect  t o th e 
reactio n time s associate d wit h them .  Fi g 8  illustrate s thi s 
interaction .  Th e almos t  paralle l  trend s fo r  th e secon d ari d 

thir d ver b positio n conditions .  N N V an d N V N .  ar e no t 
repeated  fo r  th e first  conditio n V N N .  I n thes e cases ,  whe n 
th e ver b agree s wit h th e secon d nou n onl y an d th e ver b 
comes firs t  th e poin t  i n tim e whe n subject s ca n alread y rul e 
out  on e o f  th e tw o alternative s i n thei r  choic e occur s earl y 
enoug h i n th e sentenc e fo r  the m t o b e abl e t o mak e a  faste r 
"rejecting "  decision .  Fo r  example ,  i n V N N an d A g N 2 ,  th e 
sentenc e "outlived-P l  th e dog-S g th e teacher-Pl "  allow s 
subject s t o reac h a n ear h decisio n tha t  N l  i s  no t  th e agen t 
o n th e basi s o f  a  mismatc h betwee n th e numbe r  o f  th e nou n 
and th e ver b whic h appear s eariie r  her e tha n i n an y o f  th e 
othe r  tw o condition s 
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Figur e 8 :  Wor d Orde r  b y Agreemen t  Interactio n fo r  Reactio n 
T i m e 

A n i m a c y Cont ras t  -  A g r e e m e n t  Interactio n 

Anothe r  interactio n effec t  whic h reache d statistica l 
significanc e i s tha t  o f  agreemen t  wit h ammac y contras t 

(F(R,90 )  =  4,01 .  p  <  .01 )  fo r  th e variabl e choic e o f  firs t  nou n 
as th e agen t  Fig .  9  show s th e difference s betwee n th e level s 
of  agreemen t  fo r  th e fiv e condition s o f  A C 
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Figur e 9 :  Animac y Contras t  b y Agreemen t  Interactio n fo r 
Percen t  Choic e o f  N l  a s Agen t 

The results for the VNl and VN2 levels of agreement are 
predictabl y parallel ,  whic h reflect s th e stron g an d apparentl y 
unifor m impac t  o f  agreemen t  o n th e dependen t  vanabl e 
choic e o f  firs t  nou n a s th e agent .  Th e resuh s fo r  V N 1 2 
follo w close U th e outlin e o f  th e othe r  tw o condition s bu t 
displa y mor e variatio n betwee n th e secon d an d fourt h 
condition s o f  animac y contras t  i n a  wa y tha t  refers  bac k t o 
th e m a m eflfec t  fo r  ammac y contras t  (se e Fi g 5) .  Thi s 
demonstrate s onc e agai n th e tren d fo r  greate r  variatio n i n 
Chi  acros s th e condition s o f  a  weake r  cu e i n th e absenc e c f 
contras t  withi n th e stronge r  cue . 

Relevance to Competition Model Predictions 

In this section. I will exanune briefly the results 
obtaine d i n th e mai n expenmen t  i n vie w o f  som e off-lin e 
and on-lin e prediction s o f  th e Competitio n Mode l  (Bates , 
Wulfeck ,  Hernandez ,  &  Andonova ,  1996) .  Prediction s 
concernin g reactio n tim e includ e th e hypothesi s tha t 
competin g cue s shoul d inhibi t  immediat e interpretatio n an d 
thu s slo w reactio n time s d o w n Indeed ,  thi s i s wha t  w e 
observ e i n dat a illustrate d i n Fi g 8 — w h en i n competition , 
agreemen t  an d wor d orde r  ehci t  slowe r  reactio n time s tha t  i n 
thos e case s whe n th e tw o cue s operat e i n th e sam e directio n 
(AgN 2 compete s wit h N V N (SVO )  an d i s slowe r  tha n 
A g Nl  i n th e sam e N V N condition ) 

Anothe r  reactio n tim e prediction ,  however ,  i s  no t  s o 
obviousl y supporte d b y th e dat a fro m thi s experiment , 
namely ,  tha t  convergin g cue s shoul d facihtat e sentenc e 
interpretatio n an d thu s lea d t o faste r  respons e time s I n Fig . 
8,  i n th e basi c wor d orde r  N V N condition ,  thos e case s wit h 
a divergin g cu e (AgN2 )  ar e actuall y faste r  tha n thos e wit h a 
convergin g cu e (AgNl) .  I n suc h three-ite m transitiv e 
construction s a  mismatc h i n marker s betwee n a  ver b an d a 
nou n I S a  certai n indicato r  tha t  thi s particula r  nou n i s no t 
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th e subject/agen t  o f  th e sentence .  I n thi s sense ,  rejectin g a 
wron g initia l  hypothesi s i s faste r  tha n confirmin g a 

(possibly )  correc t  on e 
However ,  ther e i s anothe r  interpretatio n i n whicl i  th e R T 

predictio n ma y indee d b e foun d t o b e \ali d I t  involve s 
consideratio n o f  cue s withi n thi s mode l  no t  i n lenn s o f  a 
particula r  marke r  bu t  a s th e contras t  betwee n markers ,  o n th e 
analog y o f  ammac y contras t 

Anothe r  grou p o f  C M prediction s refe r  t o th e consistenc y 
and strengt h o f  choice s i n interpretation ,  fo r  example ,  th e 
predictio n tha t  stronge r  cue s shoul d resul t  i n mor e 
consisten t  decisions .  Indeed ,  a s show n i n Fig .  9 ,  fo r 
example ,  whe n th e stronge r  cu e exhibit s n o impact ,  o r  i s 
ambiguou s (a s i n A g N 1 2 ) ,  \ariatio n acros s condition s o f  th e 

weaker  cue s increase s (conside r  th e difference s i n th e A g N 1 2 
dat a a s plotte d here )  Thi s predictio n a s wel l  a s th e nex t  on e 
ar e confirme d 

Decision s ar e expecte d t o b e mor e unifor m unde r  cu e 
convergenc e bu t  les s unifor m unde r  cu e competition . 
Analysi s o f  th e choic e dat a fo r  th e combinatio n o f  al l  thre e 
cue s favorin g on e an d th e sam e interpretatio n show s tha t 
thi s I S indee d s o Case s o f  convergenc e i n thi s stud y includ e 
th e followin g thre e conditions :  N V N fo r  wor d order ,  A g N l 
fo r  agreement .  AC(+ 1 an d +2) ,  a  tota l  o f  28 8 cases ,  fo r 
whic h C h N 1=82.6% .  Wherea s i n competition ,  suc h a s a 
combinatio n o f  N V N ,  A g N l N 2 ,  AC(- 1 an d -2) ,  th e percen t 
choic e drop s t o 73.6% . 

Finally ,  i t  ha s bee n hypothesize d tha t  stronge r  cue s ma y 
wi n despit e a  conspirac y fro m weake r  source s o f  information . 
Thi s i s demonstrate d i n ou r  dat a o n sentence s wher e th e tw o 
weaker  cues ,  wor d orde r  an d animac y conU-ast .  combin e 
force s t o attemp t  t o overrid e th e unusuall y powerfii l 
influenc e o f  agreemen t  i n Bulgaria n ( N V N .  A g N 2 ,  an d 
AC(+ 1 an d +2 )  Th e percen t  choic e o f  firs t  nou n a s th e 
agent  i s 6.6% ,  whic h mean s tha t  agreemen t  w o n "  thi s 
battle ,  a s wel l  a s th e whol e war . 
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C o n c l u s i o n 

In conclusion, this study shows clearly the interaction of 
typological! )  diflferen t  cue s fro m syntax ,  semantics ,  an d 
morpholog y i n sentenc e interpretatio n i n Bulgarian .  I n 
particular ,  animac y contras t  betwee n noun s play s a  (modest ) 
rol e i n thes e processe s I t  become s CMden t  tha t  aramacy -
relate d methodologica l  issue s reqmr e furthe r  investigation . 
The stud y als o show s tha t  th e relevan t  prediction s withi n 
th e Competitio n Mode l  ar e confirme d b y dat a o n th e 
interactio n o f  th e thre e cue s o f  wor d order ,  agreement ,  an d 
animac y contras t  i n Bulgarian .  Futur e researc h an d analysi s 
ar e neede d i n orde r  t o exanun e th e possibil m o f  construin g 
othe r  cue s apar t  fro m a  semanti c facto r  suc h a s animac y i n 
temi s o f  contras t 
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Abstrac t 

Most models of object recognition assume that shape i s 
th e primar y dimensio n o f  recognitio n an d tha t  colo r  an d 
textur e pla y onl y a  secondar y role .  On e reaso n fo r  thi s 
coul d b e tha t  colo r  an d textur e ar e generall y les s diagnos -
ti c fo r  recognitio n an d s o i t  woul d b e comparativel y mor e 
difficul t  t o find  evidenc e o f  thei r  usage .  Another ,  bu t  a s 
yet  unexplore d reaso n fo r  thei r  secondar y role ,  i s  tha t 
colo r  an d textur e difference s ar e no t  a s wel l  perceive d a t 
shor t  exposure s o f  stimuli .  W e repor t  tw o experiment s 
tha t  addres s th e perceptio n (a s oppose d t o th e usage )  o f 
dimension s ove r  th e tim e cours e o f  visua l  processing . 

Introduction 

N o on e woul d eve r  doub t  tha t  orange ,  th e color ,  charac -

terize s oranges ,  th e fruit .  I n fact ,  orang e peel ,  th e texture , 

i s  als o characteristi c o f  oranges ,  particularl y i f  a  baske t 

contain s othe r  fruit s suc h a s peache s an d apricots .  H o w -

ever ,  t o mos t  objec t  recognitio n theories ,  th e roundis h 

shap e o f  a n orang e i s th e primar y dimensio n o f  it s  recog -

nition ,  whil e it s typica l  colo r  an d textur e ar e onl y secon -

dar y information .  Obviously ,  thi s argumen t  i s  no t  re -

stricte d t o orange s an d fruit ;  i t  applie s t o th e recognitio n 

of  al l  c o m m o n objects ,  includin g cars ,  chairs ,  houses , 

face s an d s o forth .  Th e primac y o f  shap e i s th e foundin g 

assumptio n o f  mos t  objec t  recognitio n an d objec t  catego -

rizatio n theorie s (Tversk y an d H e m e n w a y ,  1984 ;  se e als o 

Biederman ,  1987 ;  Biederma n &  Ju ,  1988) . 
W hy ar e shap e cue s s o specia l  fo r  objec t  recognition ? 

O ne sid e o f  thi s questio n i s familia r  t o categorizatio n re -

search :  Specia l  cue s ar e thos e tha t  solv e a  particula r  rec -

ognitio n problem ;  the y ar e diagnosti c i n thi s task .  Fo r 

example ,  shap e migh t  b e specia l  becaus e on e o f  it s  deter -
minant s i s par t  organization :  Object s wit h c o m m o n part s 

ten d t o hav e a  c o m m o n shape .  I n fact ,  Tversk y an d He -
m e n w ay argue d tha t  ".. .  th e natura l  break s a m o n g basic -

leve l  categorie s ar e betwee n cluster s o f  parts "  (1984 ,  p . 

186) .  Accordin g t o Biederma n (1987) ,  th e highe r  diagnos -

ticit y o f  part s explain s th e primac y o f  shap e i n everyday , 

basic-leve l  recognition . 

However ,  non e o f  th e studie s whic h argue d fo r  th e pri -

m a cy o f  shap e ove r  othe r  dimension s distinguishe d be -

twee n dimensio n perceptio n an d dimensio n diagnosticity . 

We wil l  sa y tha t  a  dimensio n i s perceive d whe n it s infor -

matio n (e.g. ,  shape ,  colo r  o r  textur e differences )  i s distin -

guishable.  Fo r  example ,  textur e woul d generall y b e per -

ceive d fo r  recognitio n i f  visua l  processe s coul d alway s 

notic e difference s i n texture .  O f  course ,  th e perceptio n o f  a 

dimensio n i s a  conditio n sin e qu a no n fo r  it s usage :  N o 

experimen t  coul d eve r  sho w a  usag e o f  colo r  (o r  texture )  i f 

colo r  difference s wer e simpl y no t  perceived .  However , 

dimensiona l  informatio n coul d b e perceived ,  bu t  no t  used , 

fo r  exampl e becaus e thi s informatio n i s no t  diagnosti c fo r 

th e tas k a t  hand .  Thi s pape r  addresse s th e issu e o f  deter -

minant s o f  dimensio n perceptio n fo r  objec t  recognition : 

I s i t  fixed ,  o r  doe s i t  chang e wit h categorizatio n experi -

ence ? 

Evidence for the Usage of other Information than 
S h a p e i n Ob jec t  a n d S c e n e Recogni t io n 

We wil l  her e cal l  "objec t  categorization "  th e typica l  tas k 

i n whic h participant s se e objec t  picture s tha t  the y the n 

name.  Biederma n an d Ju' s (1988 )  showe d tha t  naturall y 

colore d object s an d blac k an d whit e line-drawing s wer e 

categorize d equall y fast .  Eve n thoug h lo w intensity ,  non -

masked photograph s wer e recognize d faste r  tha n thei r 

black-and-whit e drawin g counterparts ,  Biederma n an d J u 

(1988 )  conclude d tha t  shap e wa s th e reliabl e informatio n 

most  needed ,  an d used .  However ,  a  carefu l  contro l  o f 

stimulatio n condition s i n Brodi e e t  al .  (1991 )  (particularl y 

shadin g an d contrast )  reveale d a  significan t  advantag e o f 

colore d pictures .  Ostergaar d an d Davidof f  (1985 )  als o 

showe d tha t  colo r  reduce d categorizatio n time .  Mo r e re-

cently ,  Davidof f  an d Ostergaar d (1988 )  replicate d th e cate -

gorizatio n advantag e o f  colore d stimuli ,  bu t  faile d t o sho w 

tha t  colo r  influence d higher-leve l  categorica l  judgment s 

(suc h a s living/non-livin g things) . 

None o f  thes e studies ,  however ,  distinguishe d betwee n 

dimensio n perceptio n an d dimensio n usage .  Categorizatio n 

performanc e onl y reveal s dimensio n usage ,  whic h assume s 

dimensio n perception .  However ,  i n mos t  studies ,  th e mai n 

determinan t  o f  dimensio n usag e (i.e. ,  it s  diagnosticit y fo r 
th e tas k a t  hand )  wa s no t  controlled .  Furthermore ,  beside s 

Brodi e e t  al .  (1991) ,  contro l  o f  stimulatio n condition s wa s 

generall y neglected .  Fo r  thes e reasons ,  i t  i s  no t  a t  al l  sur -

prisin g tha t  th e evidenc e fo r  colo r  usag e i n recognitio n 
varie s fro m acros s experiments . 

Oliv a an d Schyn s (1996 )  controlle d colo r  diagnosticit y 

i n speede d scen e recognition .  The y use d tw o type s o f  cate -

gories :  natura l  scene s fo r  whic h colo r  wa s diagnosti c 
(e.g. ,  field,  desert ,  beach )  an d artifac t  scene s fo r  whic h 

colo r  wa s no t  diagnosti c (e.g. ,  room ,  city ,  highway) .  Fo r 

eac h o f  thes e categories ,  thre e type s o f  stimul i  wer e pro -

duced :  naturall y colored ,  abnormall y colore d an d gra y lev -

els .  Result s showe d tha t  participant s w h o recognize d th e 

scene s a t  ver y brie f  exposure s wer e faste r  wit h normall y 
colore d stimul i  o f  natura l  categories .  Hence ,  Oliv a an d 

Schyn s (1996 )  conclude d tha t  colo r  onl y helpe d whe n i t 
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was diagnosti c o f  a  categorization .  Th e abnorma l  color s 

controlle d tha t  th e effec t  wa s simpl y a  segmentatio n ad -

vantag e fo r  colore d vis-i-vi s gray-leve l  stimuli .  Tanak a 

andBunosk y (1996 )  als o foun d suc h diagnosti c advantag e 

fo r  colore d objects . 

I n summary ,  i t  appear s tha t  colo r  i s use d whe n i t  i s  di -

agnosti c o f  a  categorization .  T o ou r  knowledge ,  textur e 

has no t  bee n studied ,  bu t  w e migh t  reasonabl y expec t  tha t 

it s  diagnosticit y woul d als o determin e it s usage .  However , 

th e previou s result s d o no t  permi t  an y conclusio n a s t o th e 

actua l  perceptio n o f  thes e dimension s ove r  th e tim e cours e 

of  visua l  processing .  Ou r  studie s ta p int o thi s issue . 

Ground Rules for the Study of Dimension Per-
ceptio n 

I f  recognitio n task s chang e th e usag e o f  objec t  cues , 

the n i t  i s  bette r  no t  t o us e recognitio n task s t o stud y th e 

perceptio n o f  dimensiona l  information .  A n alternativ e tas k 

require s participant s t o judg e whethe r  tw o simultaneousl y 

presente d stimul i  ar e physicall y identical .  Stimulu s pair s 

coul d eithe r  b e effectivel y identical ,  o r  diffe r  alon g one ,  o r 

mor e dimensions .  Prio r  t o th e task ,  participant s woul d b e 

instructe d tha t  thre e dimension s (here ,  shape ,  colo r  an d 
texture )  compos e eac h objec t  an d tha t  a  singl e dimensiona l 

chang e unambiguousl y indicate s tha t  tw o object s ar e 
physicall y different .  Exposure s coul d var y fro m ver y brie f 
(e.g. ,  3 0 m s )  t o ver y lon g (e.g. ,  1  s )  t o trac k perceptio n o f 

dimension s ove r  th e tim e cours e o f  recognition .  Th e fol -
lowin g groun d rule s detai l  w h y w e believ e tha t  suc h de -

sig n i s well-suite d t o stud y dimensio n perception . 
•  Condition s o f  Presentation :  Th e simultaneou s 

presentatio n o f  tw o stimul i  o n th e scree n warrant s tha t 
participant s ca n rel y o n th e displaye d informatio n t o es -
tablis h thei r  physica l  identity . 

•  Stimuli :  Th e compute r  synthesi s o f  3 D object s com -
pose d o f  a  specifi c  shape ,  colo r  an d textur e enable s a 
tigh t  contro l  o f  th e physica l  similarit y betwee n stimuli . 

•  Instructions :  Participant s woul d kno w th e dimen -
siona l  compositio n o f  eac h object ,  an d the y woul d als o 
kno w th e possibl e way s i n whic h object s differ .  Partici -
pant s woul d b e show n eac h stimulu s tha t  the y woul d late r 
need t o distinguish .  Thus ,  i t  coul d no t  b e argue d tha t  par -
ticipant s d o no t  kno w whic h informatio n t o see k ou t  i n 
th e visua l  input . 

•  Task :  Judgment s o f  physica l  identit y ar e ver y con -
straine d an d ar e assume d t o ta p int o th e perceptua l  encod -
ing s o f  stimulu s dimensions—a t  leas t  mor e s o tha n cate -
gorizations ,  unconstraine d same/differen t  judgments ,  o r 
sequentia l  assessment s o f  physica l  identit y whic h ar e ar -
guabl y les s fre e o f  high-leve l  cognitiv e influence s (se e 
Schyn s e t  al. ,  i n press) .  Physica l  identit y force s partici -
pant s t o loo k fo r  an y differenc e tha t  the y ca n perceiv e 
betwee n tw o objects . 

•  Data :  Participant s wh o woul d judg e a s identica l  tw o 
stimul i  tha t  wer e physicall y differen t  woul d indicat e tha t 
the y coul d no t  perceiv e thi s dimensiona l  difference .  Sys -
temati c testin g o f  dimensiona l  difference s a t  differen t 
presentatio n time s o f  th e stimulu s pair s woul d the n allo w 
t o trac k th e respectiv e perception s o f  thes e dimension s 
ove r  th e tim e cours e o f  visua l  processing . 

•  Calibration :  Calibratio n withi n dimensions ,  an d 
overal l  informatio n acros s dimension s ar e her e crucia l 

issues .  Stimul i  ar e perfectl y calibrate d wheneve r  an y tw o 
successiv e point s withi n a  dimensio n ar e equall y distin -
guishable .  Th e averag e confusabilit y  o f  point s betwee n 
dimension s shoul d als o b e equalized .  Otherwise ,  th e per -
ceptua l  primac y o f  a  dimensio n coul d simpl y b e equate d 
wit h th e lowe r  overal l  confusabilit y  o f  it s  values .  Unfor -
tunately ,  i t  i s  clos e t o impossibl e t o contro l  within -  an d 
between-dimensio n confusabilit y  wit h natura l  objects . 
Furthermore ,  w e wis h t o entertai n th e possibilit y  tha t  th e 
natura l  distribution s o f  dimensiona l  point s promote s th e 
relativ e confusabilit y  o f  naturall y distribute d dimen -
sions .  However ,  w e tak e issu e wit h th e ide a tha t  thi s i  s 
th e onl y facto r  explainin g th e perceptio n o f  informa -
tion .  Thus ,  ou r  experiment s wil l  tes t  th e effec t  o f  diag -
nosticit y o n dimensio n perception . 

Thes e groun d rule s wer e applie d t o th e desig n o f  tw o 

experiment s investigatin g categorizatio n influence s o n th e 

perceptio n o f  shape ,  colo r  an d texture .  Experimen t  1  as -

sesse d baselin e performance .  Stimulu s pair s wer e pre -

sente d fo r  differen t  duration s (30 ,  12 0 an d 100 0 m s ) ,  an d 

we gathere d physica l  identit y judgment s o f  object s whic h 
varie d eithe r  alon g th e shape ,  colo r  o r  textur e dimension , 

or  o n al l  thre e dimensions .  Experimen t  2  teste d whethe r 

categorizatio n experienc e coul d chang e th e baselin e percep -
tio n o f  traine d dimensiona l  points . 

Experiment 1 

Experimen t  1  wa s designe d t o asses s th e baselin e per -
ceptua l  availabilitie s o f  shape ,  colo r  an d textur e informa -
tio n i n objec t  processing .  Object s wer e three-dimensiona l 
(3D )  compute r  synthesize d fruit s (banana ,  lemon ,  orange , 
pear ,  apple )  an d vegetable s (carrot ,  cucumber ,  mush room , 
potato ,  tomato )  crafte d s o a s t o loo k a s natura l  a s possibl e 
(se e Figur e 1) .  A  physica l  identit y tas k a s jus t  describe d 
require d participant s t o establis h whethe r  tw o simultane -
ousl y presente d fruit s wer e strictl y identical .  Th e fruit 
pair s coul d eithe r  b e identica l  alon g al l  thre e dimension s 
composin g th e object s (shape ,  colo r  an d texture) ,  o r  the y 
differe d o n one ,  o r  thre e dimension s (se e Figur e 2) .  Objec t 
pair s wer e presente d fo r  eithe r  3 0 m s ,  12 0 m s ,  o r  100 0 m s 
i n differen t  participan t  groups .  I f  shape ,  colo r  an d textur e 
informatio n i s simultaneousl y availabl e fo r  objec t  process -
ing ,  the n differen t  exposure s t o th e sam e objec t  pair s 
shoul d no t  affec t  th e perceptio n o f  thei r  similaritie s an d 
differences .  Alternatively ,  i f  dimensiona l  informatio n i s 
subjec t  t o a  differentia l  availabilit y  ove r  th e tim e cours e o f 
visua l  processing ,  w e migh t  expec t  peopl e t o perceiv e 
identica l  pair s quit e differendy . 
Participant s 

45 Glasgo w Universit y student s wit h norma l  o r  cor -
recte d visio n wer e pai d t o participat e i n th e experiment . 

Stimuli 

Stimul i  wer e compute r  synthesize d 3 D shape s o f  fruits 
and vegetable s compose d o f  thre e dimensions :  shape , 
colo r  an d texture .  Fiv e N A T U R A L fruit s an d fiv e 
N A T U R AL vegetable s constitute d th e origina l  stimulu s 
set  fro m whic h al l  othe r  stimul i  wer e derive d (se e Figur e 

1) .  Stimul i  preserve d thei r  "natural "  heigh t  relationship -
height s varie d betwee n 2. 5 c m t o 9  c m an d width s betwee n 

3 c m t o 1 4 c m o n th e display ,  correspondin g t o abou t  6  x 
6 degree s o f  visua l  angle .  Severa l  transformation s wer e 
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applie d t o th e origina l  object s t o construc t  tw o set s o f  ne w 

fruit s and  vegetables .  I n th e one-dimensiona l  chang e se t 

( ID IM) ,  th e valu e o f  on e o f  th e thre e dimension s (shape , 

colo r  o r  texture )  wa s swappe d wit h th e o f  anothe r  objec t 

(e.g. ,  a  yello w lemo n woul d becom e red) .  Fo r  eac h object , 

and fo r  eac h dimension ,  w e introduce d tw o suc h change s o f 

values ,  se e Figur e 2 .  I n total ,  6 0 ne w stimul i  wer e create d 

(1 0 object s *  3  dimension s *  2  dimensiona l  changes) . 

Figur e 1 :  Fruit s an d vegetable s constitutin g th e origina l 

stimulu s se t 

O ne proble m wit h ou r  stimul i  i s  tha t  th e highe r  con -

fusabilit y  o f  a  dimensio n coul d aris e fro m th e choic e o f 

th e teste d N A T U R AL values .  W e crafte d 3 0 supplemen -

tar y stimul i  (tha t  w e cal l  E X T R E M E S)  a s controls .  Eac h 

one o f  the m wa s create d b y replacin g th e N A T U R AL 

valu e o f  a  dimensio n {e.g. ,  th e orang e pee l  textur e o f  a n 

orange )  wit h a n "extreme "  value .  E X T R E M ES wer e de -

signe d t o appea r  a s differen t  a s possibl e t o th e N A T U R AL 

value s o f  th e stimulu s set .  Fo r  instance ,  th e color s o f  th e 

rainbo w replace d th e N A T U R AL color s o f  fruits  an d vege -

tables ;  a  zebr a texmr e replace d N A T U R AL textures ;  a 

combinatio n o f  geometri c primitive s replace d th e smoot h 

shape s (se e Figur e 2) .  Thes e value s wer e though t  t o b e 

equidistan t  from  th e dimensiona l  value s composin g th e 

ensembl e o f  N A T U R AL stimuli-e.^. ,  an y N A T U R AL 

colo r  i s equidistan t  from  th e color s o f  th e rainbow .  Th e 

rational e wa s tha t  simila r  pattern s o f  result s fo r 

E X T R E M ES and  N A T U R AL value s coul d demonsu-at e 

tha t  th e relativ e primacie s o f  dimension s depend s upo n th e 

tha t  th e intrinsi c structur e o f  informatio n alon g thi s di -

mension ,  no t  jus t  th e confusabilit y  withi n a  se t  o f 

N A T U R AL values . 
Three-dimensiona l  transformation s (3DIM )  wer e als o 

applie d t o th e stimuli .  I n thi s case ,  al l  thre e dimension s 

composin g a n objec t  wer e sw ipe d wit h thos e o f  anothe r 

object .  T o illustrate ,  a  lemo n coul d becom e a  re d potat o 

shap e wit h th e textur e o f  a  carrot .  Not e tha t  thes e stimul i 

di d no t  nee d t o correspon d t o a  N A T U R AL frui t  o r  a 

N A T U R AL vegetable ;  3 D I M object s wer e include d i n th e 

desig n a s unambiguousl y differen t  trial s i n th e physica l 

identit y task .  Fo r  eac h o f  th e 1 0 origina l  objects ,  w e com -
pute d five  differen t  3 D r M objects .  I n total .  Experimen t  1 

use d 15 0 distinc t  stimul i  (1 0 original s -i -  6 0 ID I M -i -  3 0 

E X T R E M ES -i -  5 0 3 D I M ) . 

Figur e 2 :  Example s o f  stimul i  create d wit h extrem e di -

mensions . 

P rocedur e 

Befor e startin g th e experiment ,  participant s wer e show n 

th e 1 0 origina l  stimuli .  The y wer e aske d t o nam e th e ob -

ject s an d t o explicitl y  lis t  th e reason s wh y th e object s 

presente d belonge d t o th e name d categor y (e.g .  "i t  i s  a n 

orang e becaus e i t  i s  round ,  orang e an d i t  ha s a  orang e pee l 

texture") .  Thi s precautio n wa s take n t o ensur e tha t  partici -

pant s wer e awar e o f  al l  thre e dimension s presen t  i n eac h 

object .  W h e n participant s misse d noticin g on e o r  mor e 

dimension(s) ,  th e experimente r  pointe d ou t  th e forgotte n 

dimension(s )  t o ensur e tha t  participant s di d se e i t  an d coul d 

subsequentl y distinguis h it . 

I n a  trial ,  tw o object s wer e simultaneousl y presente d o n 

th e scree n fo r  a  duratio n o f  30 ,  12 0 o r  100 0 ms ,  dependin g 

on th e experimenta l  group .  Th e tw o object s wer e eithe r 

physicall y identica l  ( S A M E trials) ,  differe d alon g on e di -

mensio n ( IDI M trials ,  includin g th e E X T R E M E S ) ,  eithe r 

shape ,  colo r  o r  texture ,  o r  alon g th e thre e dimension s 

(3DI M trials) .  Participants '  tas k wa s t o determin e a s 

quickl y and  a s accuratel y a s possibl e whethe r  th e tw o ob -

ject s wer e physicall y identical .  A  differenc e alon g on e di -

mensio n wa s enoug h t o sa y tha t  th e stimul i  wer e differen t 

sinc e t o respon d "same "  th e tw o stimul i  ha d t o b e identica l 

alon g thre e dimensions .  Th e experimen t  include d fou r 

blocks ,  eac h compose d o f  7 0 trials .  Th e orde r  o f  th e 

block s wa s counterbalance d acros s participants ,  an d th e 
orde r  o f  trial s withi n block s wa s randomized .  Eac h bloc k 

laste d fo r  abou t  five  minutes . 
Result s a n d Discussio n 

A d '  measure ,  whic h include s bot h Hi t  (H )  rat e (sayin g 
tha t  tw o stimul i  ar e differen t  whe n the y ar e different )  an d 
Fals e Alar m (FA )  rat e (sayin g tha t  tw o stimul i  ar e differ -
ent  whe n the y ar e identical) ,  wa s use d a s ou r  dependen t 
variable .  A  hig h d '  i s  a  sur e sig n o f  goo d discriminatio n 
performanc e (it s m a x i m u m valu e i s  5) ,  bu t  th e simplicit y 
of  th e tas k (th e object s wer e simultaneousl y presente d o n 
th e compute r  monitor )  wa s suc h tha t  w e expecte d a  per -
formanc e clos e t o saturatio n wheneve r  dimensiona l  infor -
matio n wa s readil y availabl e fo r  visua l  processing . 
Tabl e 1 :  D' s o f  Experimen t  1  fo r  eac h dimensio n an d pres -

entatio n time . 

30 m s 
120 m s 
1000 m s 

Shap Colo r  Textur e 

2.8 5 
3.2 1 
4.3 6 

2.2 0 
2.9 4 
4.2 4 

1.2 6 
1.8 4 
3.8 8 

For  eac h dimensio n i n th e I D I M condition ,  w e com -
pute d separat e d' s t o investigat e whethe r  participant s dis -
criminate d certai n dimensiona l  difference s bette r  tha n oth -
ers .  A  two-wa y A N O V A reveale d significan t  mai n effect s 
of  exposure s (30 ,  120 ,  100 0 ms) ,  F(2 ,  42 )  =  35.63 ,  p  < 
.001 ,  type s o f  dimensiona l  differenc e (shape ,  color ,  textur e 
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IDIM) ,  f(2 .  84 )  =  110.03 ,  p  <  .001 ,  an d a  significan t 
interactio n betwee n thes e factors ,  F(4 ,  84 )  =  9.72 ,  p  < 
.001 .  Furthe r  analysi s reveale d tha t  difference s i n th e per -
ceptio n o f  dimensiona l  value s wer e tru e fo r  exposure s o f 
30 ms ,  F(2 ,  84 )  =  67.38 .  p  <  .001 ,  12 0 ms ,  /••(2 ,  84 )  = 
55.06 ,  p  <  .00 1 an d 100 0 ms ,  F(2 ,  84 )  =  7.02 ,  p  <  .Q\ . 
At  3 0 m s exposures ,  th e physica l  identit y o f  texture s wa s 
harde r  t o asses s tha n th e physica l  identit y o f  color s (d '  = 
1.25 9 vs .  2.202) ,  whic h wer e themselve s les s accurat e 
tha n shap e judgment s (d '  =  2.845) .  A t  12 0 an d 100 0 m s 
exposures ,  shape s an d color s wer e systematicall y easie r  t o 
discriminat e tha n texture s (se e Tabl e 1) .  Eve n wit h ver y 
long ,  100 0 m s exposures ,  textur e wa s stil l  harde r  t o dis -
criminate ,  bu t  becaus e performanc e wa s clos e t o saturatio n 
we wil l  no t  dwel l  to o muc h o n thi s difference .  Thes e ini -
tia l  dat a revea l  (1 )  tha t  th e perceive d physica l  identit y o f  a 
give n pai r  o f  dista l  object s change s wit h prolonge d expo -
sure s t o th e stimuli ,  suggestin g tha t  som e cue s ar e percep -
tuall y availabl e befor e others ,  an d (2 )  tha t  th e orde r  o f 
availabilitie s seem s t o b e shap e befor e colo r  an d texture . 
The perceptio n o f  textur e improve s wit h longe r  exposures , 
but  i t  neve r  reall y reache s th e perceptio n o f  th e othe r  tw o 
dimensions . 

Our  desig n controlle d extrem e dimensiona l  change s t o 
asses s whethe r  th e lowe r  availabilit y  o f  textur e an d colo r 
aros e fro m th e subse t  o f  teste d N A T U R AL value s o r  th e 
intrinsi c structur e o f  textura l  informatio n fo r  perception . 
Were drasti c (i.e. ,  E X T R E M E)  textura l  an d colo r  differ -
ence s stil l  harde r  t o perceiv e tha n drasti c shap e changes ? I f 
the y wer e not-i.e. ,  i f  E X T R E ME shape ,  colo r  an d textura l 
difference s wer e a s eas y t o perceiv e -the n highe r  con -
fusabilit y  o f  th e N A T U R AL sample s o f  color s an d tex -
ture s coul d explai n th e reporte d differenc e o f  perceptio n 
acros s dimensions . 

Discrimination s o f  IDI M E X T R E ME difference s wer e 
compare d t o IDI M N A T U R AL difference s (se e Figur e 3) . 
A three-wa y A N O V A reveale d significan t  mai n effect s o f 
dimensio n (shape ,  color ,  texture) ,  F(2 ,  84 )  =  76.94 ,  p  < 
.001 ,  E X T R E ME vs .  N A T U R A L,  F(l ,  42 )  =  34.45 ,  p  < 
.001 ,  an d exposur e tim e (30 ,  120 ,  100 0 ms) ,  F(2 ,  42 )  = 
29.22 ,  p  <  .001 .  W e decompose d a  significan t  tripl e inter -
action ,  F(4 ,  84 )  =  2.6 ,  p  <  .0 5 t o examin e significan t 
simpl e interaction s betwee n shape ,  color ,  textur e an d 
N A T U R AL vs .  E X T R E ME value s fo r  3 0 ms ,  F(2 ,  84 )  = 
3.18 ,  p  <  .05 ,  an d 12 0 ms ,  F(2 ,  84 )  =  5.07 ,  p  <  .01 ,  ex -
posures ,  bu t  no t  fo r  100 0 ms ,  becaus e i t  wa s no t  signifi -
cant ,  F(2 ,  84 )  =  2.51 ,  «i . 

Difference s wer e foun d i n th e perceptio n o f  E X T R E ME 
dimensiona l  value s tha t  mirrore d thos e o f  N A T U R AL 
value s a t  exposure s o f  3 0 ms ,  F(2 ,  86 )  =  12.64 ,  p < .001 , 
and 12 0 ms ,  F(2 ,  86 )  =  4.72 ,  p  <  .05 .  E X T R E ME shape s 
and color s wer e als o easie r  t o discriminat e tha n 
E X T R E ME texture s a t  3 0 ms ,  an d 12 0 m s (Tukey ,  al l  p  < 
.05) .  Thus ,  N A T U R AL an d E X T R E ME discrimination s 
followe d a  simila r  tren d suggestin g tha t  th e intrinsi c struc -
tur e o f  textura l  informatio n (no t  jus t  th e N A T U R AL sam -
ple s w e tested )  i s les s immediatel y perceivabl e tha n shap e 
and color .  However ,  E X T R E ME color s an d texture s wer e 
more discriminabl e tha n thei r  N A T U R AL counterpart s a t 
30 an d 12 0 ms .  Nevertheless ,  an d becaus e w e ai e her e in -
tereste d i n relative ,  no t  absolute ,  availabilities , 
E X T R E ME color s an d texture s difference s wer e stil l  harde r 
t o perceiv e tha n E X T R E ME shape s differences . 

Natural s 

Exposur e tim« . 

Extreme s 

Exposur e hme s 

Figure 3: D's for the NATURAL and EXTREME values 
fo r  eac h dimensio n an d presentatio n time . 

I n summar y o f  Experimen t  1 ,  tim e o f  exposur e change s 

th e perceptio n o f  th e thre e dimension s composin g objects . 

Of  al l  dimensions ,  textur e appear s t o b e rarel y availabl e 

fo r  processin g a t  ver y shor t  presentatio n times ,  eve n whe n 

th e differenc e i n textur e i s a s extrem e a s ca n be .  Neverthe -
less ,  wit h longe r  exposures ,  th e availabilit y  o f  thi s dimen -

sio n increases . 

Experiment 2 

Experimen t  1  suggest s tha t  th e untraine d ey e i s no t  par -
ticularl y adep t  a t  perceivin g th e colo r  an d textura l  differ -
ence s o f  ver y briefl y presente d objects .  Eve n drasti c differ -
ence s alon g thes e dimension s wer e stil l  mor e difficul t  t o 

perceiv e tha n shap e differences .  On e genera l  proble m tha t 
arise s i s whethe r  thi s limitatio n i s fixed  (e.g. ,  becaus e 
perceptua l  system s ar e wire d i n a  wa y tha t  the y canno t 
proces s som e informatio n sufficientl y  fast) ,  o r  whethe r  i t 

can chang e (Schyn s e t  al ,  i n press) . 
Thi s issu e tap s int o th e origi n o f  th e highe r  percepma l 

salienc e o f  shap e ove r  colo r  an d texture .  W e note d earlie r 
tha t  expertis e wit h a  category ,  o r  th e diagnosticit y o f  a 
dimension ,  coul d sometime s chang e th e perceptio n o f  ob -
jec t  cues .  Th e primac y o f  shap e cue s reporte d i n Experi -
ment  1  coul d originat e i n suc h acquire d perceptua l  salienc e 
of  shap e ove r  colo r  an d textura l  cues-fo r  example ,  becaus e 
th e psychologica l  distance s betwee n shap e cue s ar e o n 
averag e highe r  tha n thos e o f  othe r  dimensions .  Th e acqui -
sitio n o f  perceptua l  expertis e wit h a  dimensio n could , 
however ,  reduc e th e confusabilit y  o f  it s  values ,  spee d u p 
th e availabilit y  o f  it s  informatio n an d increas e it s overal l 
salienc e t o th e exper t  observer .  I f  thi s wer e true ,  th e 
globa l  salienc e o f  a  dimensio n woul d no t  b e solel y deter -

mine d b y th e intrinsi c confusabilit y  o f  it s  information . 
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but  als o b y th e diagnosticit y o f  thi s dimensio n fo r  th e 

exper t  observer . 

Experimen t  2  wa s se t  u p a s a  proble m o f  perceptua l  ex -

pertis e resultin g fro m categorizatio n training .  Thre e par -

ticipan t  group s wer e traine d t o classif y abstrac t  object s 

categorie s usin g a  differen t  diagnosti c dimension .  On e 

grou p use d shap e cues ,  th e othe r  colo r  an d th e las t  on e 

texture .  Al l  group s wer e the n teste d o n th e sam e tas k 

whic h aske d participant s t o judg e th e physica l  identit y o f 

objec t  pair s (a s i n Experimen t  1) .  R e m e m b er  tha t  thi s 

task s ensure s tha t  participant s k n o w whic h informatio n t o 

us e t o judg e th e physica l  identit y o f  tw o object s simulta -

neousl y presente d o n th e visua l  display . 

Thi s desig n enable d a  compariso n o f  th e effec t  o f  catego -

rizatio n trainin g o n th e perceptio n o f  objec t  dimensions . 

For  example ,  participant s trained ,  o n textur e coul d star t 

perceivin g textura l  difference s tha t  participant s traine d o n 

shap e o r  colo r  woul d no t  see .  W e coul d the n asses s 

whethe r  th e observer' s experienc e wit h th e dimensio n 

change d th e perceptio n o f  thi s information ,  it s availabilit y 

fo r  visua l  processing ,  an d it s relativ e primac y fo r  recogni -

tion . 
Participant s 

4 5 Glasgo w Universit y student s wit h norma l  o r  cor -

recte d visio n wer e pai d t o participat e i n th e experiment . 
Stimul i 

Stimul i  wer e compute r  synthesize d 3 D object s com -

pose d o f  thre e dimensions :  shape ,  colo r  an d textur e (se e 

Figur e 4) .  T o creat e th e stimuli ,  w e selecte d te n differen t 

value s fo r  eac h dimension ,  wit h th e constrain t  tha t  the y 

woul d b e a s differen t  a s possibl e fro m on e another .  Ex -

perimenta l  stimul i  wer e create d b y crossin g value s alon g 

th e thre e dimensions . 

Figur e 4 :  Example s o f  1  categor y define d b y a  texture . 

P r o c e d u r e 

I n a n initia l  trainin g phase ,  thre e experimenta l  group s 

( S H A P E,  C O L O R an d T E X T U R E)  wer e assigne d t o a 

differen t  dimensio n classificatio n task .  I n eac h group ,  par -

ticipant s wer e require d t o lear n 1 0 differen t  categories . 

Fou r  distinc t  object s compose d eac h category .  O n thei r 

diagnosti c dimension ,  the y share d th e sam e valu e acros s 

th e exemplar s o f  th e category ,  whil e th e value s o f  th e tw o 

othe r  dimension s wer e randoml y chosen .  A s ther e wer e 1 0 

differen t  value s pe r  dimension ,  w e define d 1 0 categorie s 

per  experimenta l  group ,  fo r  a  tota l  o f  4 0 trainin g stimuli . 

I t  i s  importan t  t o stres s tha t  th e sam e ensembl e o f  4 0 

stimul i  wa s differend y carve d int o 1 0 categories ,  depend -

in g o n whic h dimensio n ( S H A P E ,  C O L O R o r 

T E X T U R E)  wa s diagnosti c i n tha t  group .  Th e fac t  tha t 

participant s sa w th e sam e stimul i  bu t  groupe d the m differ -

entl y ensure s tha t  an y observe d differenc e i n th e perceptua l 

availabilit y  o f  a  dimensio n doe s no t  resul t  fro m a  differen -

tia l  exposur e t o th e value s o f  th e othe r  dimension . 

Initia l  trainin g phase .  I n th e initia l  trainin g phase ,  th e 

10 categorie s receive d a  differen t  arbitrar y nam e (possibl e 

names werefeb ,  dur ,  niol ,  pin ,  bod ,  top ,  glo ,  jap ,  cal ,  an d 

rac) .  Participant s i n th e S H A P E ,  C O L O R an d T E X T U R E 

group s wer e instructe d t o lear n th e categor y nam e goin g 

wit h eac h stimulus .  A  learnin g tria l  consiste d o f  th e pres -

entatio n o f  a  categor y name ,  fo r  100 0 m s ,  immediatel y 

followe d b y a  categor y exemplar ,  fo r  3 0 m s ,  followe d b y a 

mask compose d o f  colore d patche s fo r  3 0 ms .  A  keypres s 

(th e space-bar )  o n th e compute r  keyboar d woul d initiat e 

th e nex t  learnin g trial .  Participant s wer e instructe d tha t 

the y shoul d kee p learnin g th e pairing s unti l  the y fel t  the y 

kne w th e 1 0 categories . 

Initia l  testin g phase .  Followin g th e initia l  trainin g 

phase ,  participant s wer e teste d o n thei r  knowledg e o f  th e 

10 categories .  T o ensur e tha t  participant s kne w th e cue s 
definin g th e categorie s (no t  jus t  thei r  exemplars) ,  ne w 

object s wer e tested-/ ,  e. ,  participant s ha d no t  see n the m 

before .  I n a  trial ,  a  categor y nam e woul d appea r  o n th e 

scree n fo r  100 0 m s ,  immediatel y followe d b y a  n e w ex -

empla r  fo r  3 0 m s ,  an d a  3 0 m s mask .  Participant s wer e 

aske d t o indicat e whethe r  o r  no t  th e categor y nam e an d di e 

objec t  matche d b y pressin g th e appropriat e key s o n th e 

compute r  keyboard .  Thi s phas e compose d o f  4 0 trial s 

teste d al l  1 0 categorie s wit h a  balance d numbe r  o f  "yes " 

and "no "  responses .  A  9 0 % correc t  respons e criterio n wa s 

require d befor e participant s coul d ente r  th e secon d testin g 

phase .  Participant s w h o di d no t  reac h th e criterio n wen t 

bac k t o th e initia l  learnin g phase . 

Secon d testin g phase .  Th e secon d testin g phas e familiar -

ize d participant s wit h th e perceptuall y taxin g procedur e o f 

th e physica l  identit y task .  I n a  trial ,  participant s sa w a 

categor y nam e immediatel y followe d b y tw o stimul i  pre -

sente d simultaneousl y o n th e scree n fo r  3 0 m s ,  followe d 

by a  3 0 m s mask .  Onl y on e o f  th e tw o stimul i  wa s a 

categor y member ,  an d participants '  tas k wa s t o indicat e 

(vi a th e appropriat e keypress )  th e portio n o f  th e scree n 

(lef t  o r  right )  o n whic h th e exempla r  o f  th e name d cate -

gor y appeared .  T w o differen t  block s o f  4 0 suc h trials ,  wit h 

a balance d assignmen t  o f  categor y member s t o th e lef t  an d 

righ t  scree n portions ,  compose d th e secon d testin g phase . 

Again ,  a  9 0 % accurac y criterio n wa s require d befor e par -

ticipant s coul d procee d t o th e final  testing .  Otherwise , 

the y woul d g o bac k t o th e initia l  trainin g phase . 

Fina l  testin g phase .  Th e physica l  identit y tas k wa s th e 

final  test .  Th e othe r  testin g phase s insure d (1 )  tha t  partici -

pant s coul d identif y al l  value s o f  th e learne d dimension , 
an d (2 )  tha t  thi s identificatio n wa s possibl e eve n whe n tw o 

stimul i  wer e simultaneousl y (an d briefly )  presented .  Th e 

physica l  identit y tas k wa s simila r  t o Experimen t  1 .  Objec t 

pair s wer e presente d fo r  3 0 m s ,  followe d b y a  3 0 m s 

mask,  an d participant s wer e aske d t o judg e th e physica l 

identit y o f  th e displaye d objects .  Th e stimul i  use d i n thi s 

tas k include d al l  th e stimul i  use d i n th e learnin g phas e an d 

m th e previou s testin g phases .  A s i n Experimen t  1 ,  par -

ticipant s wer e tol d tha t  physicall y identica l  object s wer e 

thos e tha t  share d identica l  shapes ,  color s an d textures ,  an d 
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tha t  a  singl e differenc e alon g an y o f  thes e dimension s wa s 

sufficien t  t o judg e the m different .  Th e tas k comprise d thre e 

block s o f  9 0 suc h trials .  Th e orde r  o f  block s an d trial s wa s 

randomize d acros s participants .  Th e experimen t  too k abou t 

60 minutes  t o complete . 

Results and Discussion 

As i n Experimen t  1 ,  a  d '  sensitivit y measur e whic h 

combine s Hi t  (H )  rat e (sayin g tha t  tw o stimul i  ar e differ -

ent  whe n the y ar e effectivel y different )  an d Fals e Alar m 

(FA )  rat e (sayin g tha t  tw o stimul i  ar e differen t  whe n the y 

ar e physicall y identical )  wa s use d t o analyz e participants ' 

respons e i n th e physica l  identit y task .  A  two-wa y 

A N O VA reveale d n o differenc e betwee n th e group s 

( S H A P E,  C O L O R,  T E X T U R E training) ,  F(2 ,  42 )  <  1 , 

ns ,  a  significan t  effec t  o f  dimensiona l  differenc e (shape , 

color ,  texture) ,  F(2 ,  84 )  =  65.40 ,  / ? <  .001 ,  an d a  signifi -

can t  interactio n betwee n thes e factors ,  F(4 ,  84 )  =  5.49 ,  p 

< .00 1 (se e Tabl e 2) . 

Tabl e 2 :  D' s i n Experimen t  2  fo r  eac h dimensio n 

and experimenta l  group . 

SHAPE-grou p 
COLOR-grou p 

TEXTURE-grou p 

Shape Colo r  Textur e 

3.75 7 
3.60 1 
3.49 1 

3.60 5 
3.57 4 
3.67 1 

2.15 8 
2.80 4 
2.93 6 

Al l  group s wer e similarl y adep t  a t  noticin g shape ,  F(2 , 

42 )  <  1 ,  ns ,  an d colo r  differences ,  F(2 ,  42 )  <  1 ,  ns ,  irre -

spectivel y o f  th e dimensio n the y ha d bee n traine d on . 

However ,  performanc e wa s her e clos e t o ceilin g an d w e 

therefor e concentrat e o n texture ,  th e dimensio n o f  interes t 

i n Exp)erimen t  2 .  Participant s perceive d textura l  informa -
tio n differently .  T E X T U R E an d C O L O R participant s per -

ceive d textura l  difference s equall y wel l  (d '  =  2.9 7 an d 2.8 , 

respectively) ,  an d boti i  bette r  tha n S H A P E participant s (d ' 
= 2.16)(Tukey ,  al lp<.05) . 

Thes e dat a demonstrat e tha t  categorizatio n expertis e wit h 
a diagnosti c dimensio n i n th e T E X T U R E grou p enhance s 
th e discriminability ,  an d therefor e th e perceptua l  availabil -

it y  o f  it s  points .  Thi s support s th e ide a tha t  th e perceptio n 
of  dimensiona l  point s flexibilit y  changes  wit h percepUaa l 
expertise .  However ,  eve n whe n peopl e wer e expert s wit h 

textura l  information ,  it s  perceptio n wa s stil l  mor e re-
stricte d tha n tha t  o f  shap e an d color ,  limitin g th e influenc e 
diagnosticit y exerte d o n th e perceptio n o f  thi s dimension . 

The dat a als o revea l  somethin g unexpected :  Participant s 
traine d o n colo r  discriminate d texture s a s wel l  a s thos e 
traine d o n textures ,  eve n thoug h th e forme r  wer e neve r 

explicitl y  require d t o categoriz e textures .  I t  shoul d b e note d 
tha t  colo r  an d textur e ar e tw o characteristic s o f  object s 
surfaces .  Categorizatio n trainin g o n on e surfac e dimensio n 
(here ,  color )  coul d se t  perceptua l  system s t o tun e t o differ -
ence s alon g anothe r  dimensio n (here ,  texture )  tha t  i s  als o 
characteristi c o f  th e surface .  Th e diagnosticit y o f  specifi c 

dimensiona l  value s coul d the n caus e a  genera l  perceptua l 

change ;  on e tha t  affect s th e globa l  setting s o f  perceptua l 
systems ,  rathe r  tha n th e detectio n threshold s o f  a  subse t  o f 
learne d dimensiona l  values . 

I n sum ,  Experimen t  2  se t  ou t  t o investigat e whethe r  th e 

perceptua l  availabilit y  o f  objec t  dimension s wa s fixed,  o r 

whethe r  i t  coul d chang e wit h th e diagnosticit y o f  a  dimen -

sion .  Th e outcom e wa s tha t  th e perceptio n o f  texture s wa s 

enhance d fo r  participant s traine d o n color s an d textures . 

However ,  th e overal l  salienc e o f  textur e wa s stil l  lowe r 

tha n tha t  o f  shap e an d color ,  limitin g th e impac t  diagnos -

ticit y migh t  hav e o n th e perceptio n o f  dimensions . 

General Discussion 

The goa l  o f  thi s pape r  wa s t o provid e a  framewor k 

whithi n whic h t o stud y dimensio n perceptio n (a s oppose d 

t o dimensio n usage) .  W e propose d tha t  judgment s o f 

physica l  identit y woul d ta p int o dimensio n perception .  I n 

Experimen t  1  thes e reveale d tha t  shap e wa s availabl e be -

for e colo r  befor e texture .  Experimen t  2  showe d tha t  th e 

perceptio n o f  textur e coul d partiall y  depen d o n perceptua l 
expertis e wit h thi s dimension ,  bu t  als o tha t  ther e wa s a 

"lowe r  limit "  o n performance :  Perceptua l  learnin g onl y 

enhance d discriminability ,  whic h wa s alway s wors e wit h 

textur e tha n wit h shape . 

Thes e result s rais e th e interestin g possibilit y  tha t  th e 

exten t  t o whic h a  particula r  stimulu s dimensio n i s avail -
abl e fo r  object ,  fac e an d scen e recognitio n task s depend s o n 

th e perceptua l  experienc e o f  th e categorize r  wit h thi s di -

mension .  Thi s i s a n interestin g implicatio n t o pursu e 

experimentally . 
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Abstrac t 

Levin (1993) has proposed a semantic distinction between 
tw o type s o f  motio n verbs :  manne r  o f  motio n verb s an d 
inherentl y directe d motio n verbs .  I n contrast ,  Jone s 
(1995 )  ha s argue d tha t  thi s distinctio n i s bette r  accounte d 
fo r  b y syntacti c principles .  T w o simulation s ar e presente d 
tha t  demonstrat e tha t  ver b representation s fro m th e 
Hyperspac e Analogu e t o Languag e (HAL )  mode l  o f  memor y 
(Burges s &  Lund ,  1997a ;  Lun d &  Burgess ,  1996 )  ar e 
sensitiv e t o th e distinctio n betwee n thes e tw o ver b 
classes .  Th e secon d simulatio n show s tha t  thi s effec t  i s no t 
due t o wor d frequenc y differences .  Th e final  experimen t 
uses huma n judgment s o f  concreteness ,  imageability ,  an d 
familiarit y o n thes e verb s t o provid e furthe r  dat a o n th e 
particula r  semanti c characteristic s tha t  ma y b e salien t  t o 
th e languag e user .  W e argu e tha t  thes e result s provid e 
empirica l  suppor t  fo r  Levin' s semanti c distinctions . 

Theories of how word meanings are represented in the 
menta l  lexico n mus t  accoun t  fo r  a  rang e o f  phenomena . 

A m o ng thes e i s th e fac t  tha t  word s tha t  ar e simila r  i n 

meanin g ten d t o b e use d i n simila r  way s i n language .  A s 

well ,  th e understandin g (implici t  o r  explicit )  tha t  particula r 

word s ca n b e use d i n certai n ways ,  necessarily ,  mus t  b e a 

characteristi c o f  lexica l  knowledg e (Levin ,  1993) .  Fo r 
example ,  whil e i t  i s  no t  u n c o m m o n t o hea r  peopl e spea k o f 

"trucking "  somethin g fro m on e locatio n t o anothe r 

(furnitur e perhaps) ,  usin g th e ter m "earring "  i n a  simila r 

contex t  woul d b e highl y unusual .  Th e exampl e highlight s 

that ,  whethe r  o r  no t  languag e user s ar e awar e o f  it ,  th e 

manner  i n whic h word s ar e use d i n languag e reflect s 
characteristic s o f  wor d meanin g an d similarit y tha t  ar e a 

functio n o f  thei r  contexts . 

Whi l e th e exac t  natur e o f  lexica l  representation s i s 

unknown ,  variou s attempt s hav e bee n mad e t o determin e th e 

sort s o f  informatio n tha t  exis t  withi n th e lexicon . 

Traditionally ,  lexica l  primin g procedures ,  categorizatio n 
experiments ,  an d wor d associatio n norm s hav e bee n utilize d 

t o she d ligh t  o n th e natur e o f  lexica l  knowledg e (Neely , 

1991 ;  Collin s &  Loftus ,  1975 ;  Rips ,  Shoben ,  &  Smith , 

1975 ;  Rosch ,  1978) .  I n addition ,  rigorou s linguisti c 

procedure s hav e assemble d a  wealt h o f  informatio n abou t 

wor d meaning s (Jackendoff ,  1990 ;  Mille r  &  Johnson-Laird , 
1976) .  M o r e recently ,  researcher s hav e applie d 

computationa l  an d statistica l  technique s t o larg e corpor a o f 

on-lin e tex t  an d machine-readabl e dictionarie s t o stud y 

lexica l  representation s (Burges s &  Lund ,  1997a ;  Landaue r  & 

Dumais ,  1996 ;  Lun d &  Burgess ,  1996 ;  Miller ,  1990) . 

O ne findin g tha t  seem s t o b e consisten t  acros s a  numbe r 
of  investigation s i s tha t  lexica l  knowledg e i s organize d int o 

somewhat  coheren t  "semanti c fields, "  group s o f  word s tha t 

shar e som e degre e o f  semantic ,  orthographic ,  phonological , 

or  syntacti c similarit y (Levin ,  1993 ;  Mille r  &  Johnson -

Laird ,  1976 ;  Talmy ,  1985) .  Acceptin g thi s notio n greatl y 

simplifie s researc h o f  lexica l  concepts ,  a s thi s allow s th e 
divisio n o f  lexica l  spac e (i.e. ,  al l  wor d representations )  int o 

smaller ,  mor e manageabl e units .  I f  on e assume s tha t  on e o f 

th e mor e consequentia l  lexica l  division s i s  base d o n 

grammatica l  class ,  the n thi s provide s th e opportunit y (an d 

th e motivation )  t o begi n a n investigatio n int o nouns ,  o r 

verbs ,  o r  adjectives ,  rathe r  tha n havin g th e rang e o f  al l 
word s a s th e onl y possibl e startin g point . 

Levi n (1993 )  ha s recentl y undertake n th e ambitiou s tas k 

of  categorizin g ove r  3,00 0 verb s int o distinc t  classe s base d 

on ver b semantic s an d syntacti c behavior .  Levi n worke d 

wit h th e theoretica l  assumptio n tha t  ver b behavio r  i s 

semanticall y determine d (or ,  a t  th e least ,  tha t  ver b synta x i s 
predictabl y relate d t o ver b meaning) ,  an d tha t  a n intensiv e 

consideratio n o f  th e similarit y o f  ver b meaning s woul d 

enabl e th e developmen t  o f  ver b classe s i n whic h th e 

members o f  a  particula r  clas s woul d al l  shar e certai n 

characteristic s o f  meanin g an d behavior .  B y producin g thes e 

classification s Levi n sough t  t o m o v e close r  t o th e eventua l 
isolatio n o f  a  complet e se t  o f  'meanin g components "  tha t 

woul d bea r  upo n th e natur e o f  lexica l  representation s o f  ver b 

meaning .  T o he r  credit .  Levi n produce d 19 1 distinc t  classes , 

eac h o f  whic h capture d a  coheren t  collectio n o f  semanticall y 

simila r  verbs .  Unfortunately ,  Levin' s procedur e fo r 

classificatio n di d no t  res t  entirel y upo n ver b meaning ,  a s a 
grea t  dea l  o f  consideratio n wa s give n t o th e behavio r  o f 

individua l  verb s wit h respec t  t o variou s diathesi s 
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alternations .  Highlightin g th e distinctio n betwee n verb s 
wit h regar d t o thes e alternation s allowe d Levi n t o exploi t  a n 

importan t  lexica l  similarit y tha t  i s  no t  wholly  semanti c i n 

nature ;  and ,  thus ,  Levin' s boo k (Par t  II )  doc s no t  stan d a s 

th e stronges t  tes t  o f  th e hypothesi s tha t  th e meanin g o f  a 

ver b determine s it s syntacti c behavior . 

Jone s (1995 )  evaluate d th e ver b clas s distinction s 
propose d b y Levi n (1993 )  an d conclude d tha t  classifyin g 

verb s base d o n semanti c similarit y wa s no t  th e onl y wa y t o 

produc e suc h distinctions ;  an d that ,  i n fact ,  on e coul d 

reproduc e a  larg e percentag e o f  Levin' s ver b classe s usin g a 

syste m base d exclusivel y o n ver b syntax .  Usin g th e 

exampl e sentence s provide d i n Levin ,  Jone s wa s abl e t o 
deriv e "syntacti c signatures "  fo r  individua l  classe s base d o n 

th e particula r  syntacti c pattern s tha t  occurre d withi n th e 

sentence s fo r  a  give n class .  W h e n bot h positiv e (97 1 

instances )  an d negativ e (55 4 instances )  exampl e sentence s 

wer e include d i n derivin g th e syntacti c signatures ,  Jone s wa s 

abl e t o "replicate "  80 .1 % o f  th e ver b clas s distinction s 
presente d b y Levin .  Thi s woul d b e quit e a  compellin g resul t 

i f  i t  wer e no t  fo r  th e fac t  tha t  th e inclusio n o f  negativ e 

evidenc e i s a  cognitivel y unrealisti c assumptio n whe n 

considerin g th e huma n analogu e t o Jones '  procedure-ther e i s 

littl e evidenc e tha t  th e huma n languag e inpu t  strea m ha s a n 

abundanc e o f  "negative "  sentence s (Bowerman ,  1987) . 
Withou t  th e negativ e example s Jone s wa s abl e t o reproduc e 

onl y 37 .7 % o f  Levin' s classifications ,  a  dro p i n precisio n 

tha t  prompt s on e t o conclud e tha t  th e classificatio n o f 

semanticall y simila r  verb s base d o n syntacti c pattern s m a y 

be problematic . 

Th e intuition s o f  traine d analyst s o f  lexica l 
representation s (i.e. ,  linguists ,  lexicographers , 

psycholinguists )  ofte n stan d a s "educate d guesses "  a s t o th e 

appropriatenes s o f  variou s distinction s betwee n classe s o f 

words .  However ,  thoug h thes e division s see m t o hav e mor e 

tha n a n ai r  o f  correctness ,  suc h intuition s ma y b e subjec t  t o 

theoretica l  an d measuremen t  bias .  A s such ,  thes e educate d 
intuition s woul d b e buttresse d b y mor e empiricall y rigorou s 

procedure s fo r  testin g th e similarit y o r  dissimilarit y betwee n 

putativ e classe s o f  words .  Objectiv e method s fo r 

investigatin g wor d representation s throug h statistica l 

analysi s o f  large-scal e tex t  corpor a ar e presentl y bein g 

develope d (Finc h &  Chater ,  1992 ;  Landaue r  &  Dumais , 
1996 ;  Lun d &  Burgess ,  1996) .  Thes e procedure s appea r  t o 

hav e a n obviou s advantag e ove r  les s technologicall y 

advance d technique s i n tha t  thes e measure s hav e acces s t o 

many hundred s o f  million s o f  words .  Mor e importan t  tha n 

th e immens e siz e o f  thes e databases ,  however ,  i s  th e fac t 

tha t  thes e procedure s encounte r  writte n tex t  m u c h a s i t 
occur s i n huma n languag e use .  Th e representation s whic h 

resul t  com e fro m a n analysi s o f  tex t  alone .  Exper t  theorie s 

do no t  produc e thes e wor d representations ,  no r  d o thes e 

procedure s rel y o n explici t  linguisti c "rules "  o f  th e sor t 

human languag e user s ar e aware .  O n e anticipatio n i s that , 

whil e presen t  intuition s abou t  th e natur e o f  wor d meaning s 
and th e relationshi p betwee n meaning s i n th e lexico n m a y 

not  b e wholl y inaccurate ,  newe r  investigativ e method s m a y 

provid e th e mean s b y whic h thes e intuition s ca n b e 

subjecte d t o empirica l  study ,  an d i f  necessary ,  appropriat e 

revision . 

O ne o f  th e mor e recen t  method s o f  representin g wor d 

meaning s i s th e Hyperspac e Analogu e t o Languag e ( H A L ) 

model  (Burges s &  Lund ,  1997a ;  Lun d &  Burgess ,  1996) . 
H AL stand s a s a  credibl e attemp t  t o produc e wor d 

representation s tha t  encod e variou s aspect s o f  meaning . 

H AL ha s bee n use d t o accoun t  fo r  grammatica l  clas s 

distinction s an d semanti c effect s o n syntacti c processin g 

(Burges s &  Lund ,  1997a) ,  severa l  semanti c an d associativ e 

primin g effect s (Lun d &  Burgess ,  1996 ;  Lund ,  Burgess ,  & 
Audet ,  1996) ,  th e sor t  o f  semanti c error s m a d e b y dee p 

dyslexi a patient s (Buchanan ,  Burgess ,  Lund ,  1996) ,  an d 

cerebra l  asymmetrie s i n semanti c m e m o r y processin g 

(Burges s &  Lund ,  1997b) . 

H AL i s a  mode l  tha t  develop s wor d meanin g fro m globa l 

co-occurrenc e statistic s extracte d fro m h u m a n on-lin e 
languag e use .  A  -30 0 millio n wor d corpu s o f  Usene t  tex t  i s 

th e inpu t  strea m fro m whic h H A L record s weighte d co -

occurrenc e informatio n fo r  th e 70,00 0 mos t  frequen t 

vocabular y items .  Th e proces s o f  recordin g thes e co -

occurrence s allow s fo r  th e formatio n o f  a  co-occurrenc e 

matri x fro m whic h wor d vector s ar e derived .  Conceptually , 
thes e vector s represen t  point s i n a  high-dimensiona l  space . 

Havin g develope d high-dimensiona l  representation s fo r 

words ,  similarit y betwee n word s correspond s inversel y t o 

inter-poin t  distances .  Th e assumptio n i s tha t  th e mor e 

simila r  tw o word s are ,  th e close r  thei r  point s i n th e high -

dimensiona l  spac e (se e Burges s &  Lund ,  1997a ,  fo r  furthe r 
discussio n o f  th e H A L methodology) . 

A n importan t  consideratio n i s th e fac t  tha t  H A L ' s 

representation s ar e th e produc t  o f  a  meanin g acquisitio n 

proces s tha t  encounter s word s a s the y occu r  i n writte n 

language .  Developin g thes e meanin g representation s doe s 

not  requir e an y theor y o f  semanti c features ,  no r  ar e thes e 
representation s th e product s o f  exper t  linguisti c evaluation . 

H A L ' s representation s ar e a  functio n o f  th e globa l  co -

occurrenc e o f  lexica l  item s i n languag e use .  Thi s 

distinguishe s H A L fro m thos e categorizatio n scheme s tha t 

ar e base d o n th e explici t  knowledg e o f  wor d meaning s an d 

behavio r  hel d b y lexica l  analysts .  H A L doe s no t  "kno w th e 
rules, "  a s i t  were ,  no r  doe s i t  encounte r  word s i n th e ric h 

environmen t  i n whic h w e exist ;  i t  simpl y i s sensitiv e t o 

ho w word s ar e use d i n relatio n t o othe r  word s (i.e. ,  context) . 

Thi s sensitivit y allow s H A L t o develo p wo r d 

representation s tha t  ma y b e use d t o tes t  theoreticall y derive d 

classificatio n scheme s tha t  currentl y exist . 
Of  th e numerou s ver b classe s considere d b y Levi n (1993) , 

one o f  th e large r  classes ,  verb s o f  motion ,  wa s furthe r 

subdivide d b y Levi n int o manne r  o f  motio n verb s (e.g. , 

drift ,  slide ,  trot )  an d inherentl y directe d motio n verb s (e.g. , 

arrive ,  depart ,  leave) .  Thes e ver b classe s wer e distinguishe d 

base d o n th e notio n tha t  al l  o f  th e manne r  o f  motio n verb s 
hav e meaning s tha t  includ e som e manne r  o r  mean s o f 
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motion ,  whethe r  th e movemen t  i s b y a n animat e (e.g. ,  trot , 

swim )  o r  inanimat e (e.g. ,  twist ,  glide )  entity .  Conversely , 

th e meanin g fo r  eac h o f  th e inherentl y directe d motio n verb s 

involve s a  specificatio n o f  th e directio n o f  movement .  Thi s 

distinctio n betwee n ver b classe s appear s t o b e a n appropriat e 

test ,  no t  onl y o f  th e abilit y  o f  th e H A L mode l  t o b e 

sensitiv e t o thi s dissociation ,  bu t  perhap s a  tes t  o f  th e 
appropriatenes s o f  th e divisio n betwee n thes e tw o classe s 

propose d by  Levin .  However ,  a s Jone s (1995 )  wa s abl e t o 

reproduc e a  significan t  proportio n o f  Levin' s verb-clas s 

distinction s onl y whe n bot h positiv e an d negativ e exampl e 

sentence s wer e included ,  on e migh t  predic t  tha t  H A L wil l 

fai l  t o distinguis h betwee n th e tw o ver b classes ,  a s th e H A L 
model  rarely ,  i f  ever ,  encounter s "negative "  sentences . 

What  follow s ar e tw o H A L simulation s usin g th e verb s 

Levi n identifie d a s eithe r  manne r  o f  motio n verbs ,  o r 

inherentl y directe d motio n verbs .  I n th e firs t  simulation ,  a n 

attemp t  i s mad e t o reproduc e Levin' s distinctio n betwee n th e 

tw o ver b classe s wit h a n alternat e methodolog y an d withou t 
relyin g o n negativ e evidenc e a s employe d i n Jones ' 

approach .  I n th e secon d simulation ,  th e issu e o f  frequency -

sensitivit y i s introduced ,  an d a n attemp t  i s mad e t o produce 

th e ver b clas s distinctio n usin g a  H A L matri x i n whic h th e 

relativ e frequencie s o f  word s hav e bee n controlled . 

Followin g th e simulations ,  consideratio n i s give n t o huma n 
judgement s o f  wor d characteristics ,  an d th e rol e thi s 

informatio n migh t  pla y i n distinguishin g ver b classes . 

Experiment 1: 

D issoc ia t in g M a n n e r  o f  M o t i o n V e r b s 

f r o m Inhe ren t l y D i r e c t e d V e r b s 

Dissociatio n o f  grammatica l  categorie s ha s bee n 

demonstrate d befor e usin g H A L (Burges s &  Lund ,  1997a) . 

The inten t  o f  th e curren t  simulatio n wa s t o provid e evidenc e 

tha t  th e H A L mode l  i s sensitiv e t o fmer-graine d distinction s 
betwee n member s o f  a  singl e grammatica l  class ,  namel y 

motio n verbs .  T w o classe s o f  motio n verbs-manne r  o f 

motio n verb s an d inherentl y directe d motio n verbs—wer e 

subjecte d t o multidimensiona l  scalin g ( M D S )  usin g HAL ' s 

wor d vector s a s a  se t  o f  coordinate s i n a  high-dimensiona l 

spac e i n orde r  t o sho w tha t  th e interwor d distance s i n th e 
spac e ca n provid e a  basi s fo r  distinguishin g betwee n thes e 

ver b classes . 

Method 

Materials .  Levi n (1993 )  presente d 2 2 verb s o f  inherentl y 

directe d motion ,  whil e 13 8 manne r  o f  motio n verb s wer e 

listed .  Sixt y o f  th e manne r  o f  motio n verb s di d no t  occu r  i n 

th e H A L matrix ;  fro m th e remainin g 7 8 verbs ,  2 0 wer e 

randoml y chose n fo r  th e simulation .  O f  th e 2 2 inherentl y 

directe d verbs ,  1 2 wer e ultimatel y chose n fo r  th e simulation ; 
si x verb s di d no t  occu r  i n th e matrix .  Tumbl e wa s remove d 

du e t o lo w frequenc y i n th e H A L corpus ,  an d cros s wa s 

remove d becaus e Levi n explaine d tha t  thi s ver b doe s no t 

behav e lik e th e othe r  verb s i n th e class .  Exi t  an d advanc e 

wer e remove d du e t o th e author' s intuitio n tha t  thes e word s 
migh t  behav e erraticall y i n th e simulation s du e t o thei r  hig h 

frequenc y us e a s noun s (pilo t  simulation s confirme d tha t 

advanc e an d exi t  d o cluste r  erraticall y i n th e M D S solutio n 

wit h thi s se t  o f  items) . 

Procedure. Co-occurrence vectors were extracted from the 

H AL mode l  fo r  th e verbs .  Eac h vecto r  wa s treate d a s a  se t  o f 

coordinate s i n a  high-dimensiona l  Euclidea n space ,  an d a 

M DS solutio n wa s computed .  Th e hypothesi s wa s tha t 

thes e wor d vectors ,  representin g th e interwor d distance s fo r 
th e chose n se t  o f  words ,  woul d operat e a s a  similarit y 

matri x (Lun d &  Burgess ,  1996) . 

Results 

The similarit y matri x wa s analyze d b y a  M D S algorith m 
tha t  project s point s fro m a  high-dimensiona l  spac e int o a 

lower-dimensiona l  spac e i n a  nonlinea r  fashio n tha t  attempt s 

t o preserv e th e distance s betwee n points .  Th e 

lower-dimensiona l  projectio n allow s fo r  th e visualizatio n o f 

th e spatia l  relationship s betwee n th e co-occurrenc e vectors . 

The two-dimensiona l  M D S solutio n fo r  th e verb s i s show n 
i n Figur e 1 . 

Visua l  inspectio n o f  Figur e 1  suggest s tha t  th e tw o ver b 

classe s wer e differentiate d i n th e M D S solution .  Th e manne r 

of  motio n verb s appea r  t o occup y a  separat e spac e tha n th e 
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Figur e 1 :  Two-dimensiona l  multidimensiona l  scalin g 

solutio n fo r  wor d vector s fo r  manne r  o f  motio n verb s 

(lowercase )  an d inherentl y directe d motio n verbs . 

verbs of inherently directed motion. However, given the 
natur e o f  th e M D S procedure ,  i n whic h a n extrem e reductio n 

of  dimensionalit y occur s whe n projectin g dat a fro m a  high -

dimensiona l  spac e dow n t o onl y tw o dimensions ,  i t  wa s 

necessar y t o perfor m appropriat e inferentia l  statistics .  A n 
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analysi s o f  varianc e w a s performe d whic h compare d 
intragrou p distance s betwee n verb s wit h intergrou p distance s 

betwee n thes e items .  Distance s betwee n al l  combination s o f 

ver b pair s withi n a  grou p (i.e. ,  ver b class )  wer e calculate d 

and compare d t o th e distance s betwee n al l  combination s o f 

ver b pair s betwee n groups .  M a n n e r  o f  motio n verb s wer e 

differentiate d fro m inherentl y directe d motio n verbs ,  F (  1 , 
618 )  =  7.37 ,  p  =  .0068 .  A s well ,  verb s o f  inherentl y directe d 

motio n wer e differentiate d fro m manne r  o f  motio n verbs , 

F(  1,370 )  =  72.94,/7<.0001 . 

Discussion 

Verb-clas s informatio n carrie d i n H A L ' s vecto r 

representation s i s  sufficien t  t o distinguis h betwee n tw o 

group s o f  motio n verb s tha t  hav e s o m e degre e o f  semanti c 

dissimilarity ,  a s propose d b y Levi n (1993) .  Thes e result s 

suppor t  Levin' s theoretica l  distinctio n betwee n manne r  o f 
motio n verb s an d inherentl y directe d motio n verbs . 

Experiment 2: 
Evaluatin g Frequenc y Effect s i n th e 

Dissociatio n betwee n Manne r  o f  Motio n 
Verb s fro m Inherentl y Directe d Verb s 

The clai m ha s bee n mad e tha t  al l  model s o f  cognitiv e 
processe s tha t  ar e sensitiv e t o th e statistica l  propertie s o f  th e 

system' s inpu t  ar e frequency-sensitiv e rathe r  tha n reflectin g 

th e riche r  propertie s o f  languag e us e (Fodo r  &  Pylyshyn , 
1988) .  A s th e H A L mode l  relie s upo n th e statistica l 

aggregatio n o f  lexica l  co-occurrences ,  i t  fall s  squarel y withi n 

th e rang e o f  model s tha t  potentiall y o w e a  grea t  deb t  t o th e 

relativ e frequencie s o f  lexica l  item s occurrin g i n th e inpu t 

stream .  Therefore ,  i t  i s  importan t  t o evaluat e th e degre e t o 

whic h th e relativ e frequencie s o f  lexica l  item s produc e th e 
effect s show n wit h th e H A L model .  Inherentl y directe d 

motio n verb s wer e mor e frequen t  (25 9 occurrence s pe r 

millio n words )  tha n manne r  o f  motio n verb s (3 1 occurrence s 

per  million) ,  (f(30 )  =  2.49 ,  p  =  .018) ,  usin g th e origina l 

H AL corpu s o f  13 1 millio n word s (Burges s &  Livesay ,  i n 

press) .  Thi s differenc e motivate s th e effort s o f  Experimen t  2 
i n whic h th e simulatio n procedur e wil l  b e repeate d usin g a 

matri x tha t  ha s bee n controlle d fo r  difference s i n wor d 

frequency . 

Method 

Materials .  Stimul i  use d i n Experimen t  2  wer e identica l  t o 

tha t  use d i n Experimen t  1 . 

Procedure. A new matrix was formed by collecting co-

occurrenc e count s fo r  th e 3 2 stimulu s items .  T o contro l  fo r 

frequency ,  co-occurrenc e statistic s wer e collecte d fo r  eac h 

wor d unti l  tha t  ite m ha d a  ra w frequenc y coun t  i n th e matri x 

of  80 0 occurrence s (85 4 wa s th e frequenc y fo r  th e lowes t 

frequenc y verb) .  Al l  subsequen t  procedure s involvin g th e 
developmen t  o f  a  similarit y matrix  fo r  th e 3 2 stimulu s 

item s wer e identica l  t o thos e performe d i n Experimen t  1 . 

Result s 

Th e two-dimensiona l  M D S solutio n fo r  th e 3 2 verb s i s 

show n i n Figur e 2 .  Th e two-dimensiona l  separatio n o f  th e 

tw o ver b classe s wa s no t  a s distinc t  a s see n i n Experimen t 

1,  however ,  th e majorit y o f  inherentl y directe d motio n verb s 
clustere d together ,  a s the y ha d i n th e previou s M D S . 

As i n Experimen t  1 ,  a n evaluatio n o f  th e high -

dimensiona l  separatio n o f  th e ver b classe s require d a 

compariso n o f  th e intragrou p distance s betwee n verb s wit h 

th e intergrou p distance s betwee n thes e items .  Verb s o f 
inherentl y directe d motio n wer e differentiate d fro m manne r 

of  motio n verbs ,  F(l ,  370 )  =  54.95 ,  p  <  .0001 ,  however , 

manner  o f  motio n verb s wer e no t  reliabl y differentiate d fro m 

inherentl y directe d motio n verb s du e t o th e migratio n o f 

thre e verb s t o th e othe r  ver b clas s space ,  F(l ,  618 )  =  1.29 ,  p 

= .25 . 

Discussion 

Th e notio n tha t  th e relativ e frequenc y o f  lexica l  item s i n th e 

inpu t  strea m play s a n importan t  rol e i n cognitiv e model s 

suc h a s H A L receive d som e suppor t  i n th e curren t 

lea p 

dash 

drif t 
cree p 

floa t 

twis t 

cante r 

FALL 
.. ,  RIS E 
hik e rol l 

«^^^«' ^  craw l 

slid e spi n 

glid e 

wade 

rus h 

tro t 

swi m ARRIV E 
ESCAPE 

jum p 
„  DESCEND 

wal k 
CLIMB 
GO 

DEPART 
LEAVE 

ENTER 
COME 

hop 

Figur e 2 :  Two-dimensiona l  multidimensiona l  scalin g 
solutio n fo r  wor d vector s (fo r  manne r  o f  motio n verb s 

and inherentl y directe d motio n verbs )  derive d fro m a 

frequency-controlled  matrix . 

simulation. When HAL encountered every stimulus item 

exactl y 80 0 time s th e resultin g wor d representation s di d no t 

posses s th e robus t  contextua l  experienc e require d t o 

completel y dissociat e inherentl y directe d motio n verb s fro m 

manner  o f  motio n verbs .  However ,  i n spit e o f  th e restricte d 

natur e o f  thes e w o r d representations ,  th e contextua l 
informatio n tha t  w a s presen t  w a s sufficien t  t o allo w th e 

majorit y o f  inherentl y directe d motio n verb s t o cluste r 
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together .  Limitin g th e experienc e H A L ha s wit h individua l 
word s b y restrictin g wor d frequenc y ha s th e consequentia l 

effec t  o f  als o limitin g th e rang e o f  context s i n whic h th e 

model  encounter s thes e words .  Thus ,  i t  i s  no t  surprisin g 

tha t  th e verb-clas s dissociatio n see n i n Experimen t  1  wa s 

not  quit e a s pronounce d i n th e curren t  simulation . 

Experiment 3: Distinguishing Motion 

Verb s b y H u m a n Semanti c Judgment s 

The result s o f  Experiment s 1  an d 2  independentl y verif y th e 
distinctio n betwee n th e tw o motio n ver b classe s mad e b y 

Levi n (1993) .  However ,  wha t  i s  unclea r  i s  exactl y wha t 

characteristic s o f  thes e verb s serv e t o distinguis h th e tw o 

classes .  Levi n propose d th e distinctio n betwee n th e group s 

of  verb s base d o n a n importan t  semanti c dissimilarit y (e.g. , 

characteristic s o f  motion) .  Usin g th e H A L model ,  th e wor d 
vector s fo r  thes e verb s provid e a  se t  o f  co-ordinate s i n high -

dimensiona l  meanin g spac e tha t  demonstrate s tha t  thes e tw o 

ver b type s indee d exis t  i n separat e categorica l  space s a s 

suggeste d b y Levin .  I n H A L ,  th e vecto r  element s tha t  ar e 

th e co-ordinate s i n th e meanin g spac e ar e othe r  symbol s i n 

th e origina l  inpu t  stream .  T o furthe r  explor e wha t  semanti c 
difference s ther e m a y b e betwee n thes e tw o classe s o f 

motio n verbs ,  w e compare d th e tw o set s o f  verb s usin g 

Togli a an d Battig' s (1978 )  Handboo k o f  Semanti c Wor d 

N o r m s .  Thes e norm s provid e a  databas e o f  huma n 

judgment s abou t  word s o n suc h semanti c indice s a s 

concreteness ,  imageability ,  an d meaningfulness .  Th e tw o 
classe s o f  verb s wer e compare d o n thes e semanti c indice s t o 

determin e wha t  characteristic s migh t  discriminat e betwee n 

them . 

Methods 

H u m an rating s wer e extracte d fro m th e Togli a an d Batti g 

norm s fo r  th e 1 4 verb s fro m Experimen t  1  tha t  occurre d i n 

th e Togli a an d Batti g databas e (e.g. ,  come ,  crawl ,  fall ,  float, 

go ,  jump ,  leap ,  rise ,  roll ,  rush ,  slide ,  swim ,  twist ,  walk) . 

Thes e norm s include d rating s on :  concreteness , 
imageability ,  categorizability ,  meaningfulness ,  familiarity , 

number  o f  attributes ,  an d pleasantness . 

Results 

Manner  o f  motio n verb s wer e rate d highe r  tha n verb s o f 

inherentl y directe d motio n o n concretenes s (r(12 )  =  2.75 ,  p  = 

.018) ,  imageabilit y  (r(12 )  =  2.21 ,  p  =  .047) ,  an d 

categorizabilit y  (r(12 )  =  2.51 ,  p  =  .028) .  I n contrast , 

inherentl y directe d verb s wer e rate d mor e highl y o n 

familiarit y (r(12 )  =  2.53 ,  p  =  .027) .  Th e tw o ver b classe s di d 
not  diffe r  o n meaningfulnes s (r(12 )  =  .15 ,  p  =  .88) ,  numbe r 

of  attribute s (r(12 )  =  1.41 ,  p  =  .19) ,  o r  pleasantnes s (r(12 )  = 

.1 ,  p  =  .92) .  Thes e result s indicat e that ,  a t  leas t  fo r  th e verb s 

tha t  di d occu r  i n th e Togli a an d Batti g norms ,  thes e tw o 

classe s o f  verb s diffe r  o n fou r  semanti c characteristics . 

Discussio n 

Introspectio n o f  th e tw o ver b classe s suggest s tha t  th e 

manner  o f  motio n verb s ar e mor e easil y visualize d tha n th e 

inherentl y directe d motio n verbs .  Visualizin g a  perso n 

swimming ,  spinning ,  o r  crawlin g intuitivel y appear s t o 
involv e a  mor e straightforwar d contex t  tha n doe s arriving , 

entering ,  o r  rising .  Thi s intuitio n i s  supporte d b y th e 

normativ e result s tha t  th e manne r  o f  motio n verb s wer e 

rate d a s mor e concret e an d imageabl e b y huma n raters .  O n 

th e othe r  hand ,  th e verb s o f  inherentl y directe d motio n wer e 

rate d a s mor e familiar .  Th e exac t  relationshi p betwee n th e 
normativ e informatio n an d huma n languag e us e i s no t 

completel y clear ,  particularl y sinc e onl y 1 4 o f  th e 3 2 

motio n verb s occurre d i n th e Togli a an d Batti g norm s (an d 

onl y fou r  o f  th e inherentl y directe d motio n verbs) .  However , 

thes e apparen t  difference s i n huma n judgment s betwee n th e 

tw o ver b classe s i s supporte d b y th e distinctio n betwee n th e 
tw o ver b group s i n th e high-dimensiona l  analysi s (se e 

Figur e 1) .  I n a n earlie r  experiment ,  Burges s an d Lun d 

(1997a )  use d HAL' s wor d vector s i n a  multipl e regressio n 

procedur e t o predic t  th e huma n rating s fo r  concretenes s an d 

imageability .  A  substantia l  amoun t  o f  varianc e wa s 

accounte d fo r  wit h th e wor d vector s fo r  concretenes s (̂ 2 = 

.65 )  an d imageabilit y (/? 2 =  .63)~bot h factor s upo n whic h 
thes e tw o classe s o f  motio n verb s differ .  W e suspec t  tha t  th e 

result s fro m Experimen t  3  poin t  t o severa l  factor s tha t  ma y 

be salien t  i n discriminatin g betwee n thes e tw o classe s o f 

motio n verb s whethe r  b y computationa l  approache s (se e 

Figur e 1 )  o r  b y linguisti c judgemen t  (Levin ,  1993) . 

General Discussion 

Previou s researc h ha s demonstrate d tha t  HAL ' s 

representation s ar e sensitiv e t o th e sort s o f  meanin g 
informatio n tha t  serv e t o distinguis h word s o f  differen t 

grammatica l  clas s (Burges s &  Lund ,  1997a) .  I n additio n t o 

distinguishin g betwee n nouns ,  verbs ,  prepositions ,  an d 

determiners ,  th e H A L mode l  wa s als o abl e t o distinguis h 

betwee n differen t  morphologica l  form s o f  verbs . 

Unambiguou s past-tens e verb s (e.g. ,  g r e w )  wer e 
distinguishe d fro m unambiguou s past-participl e verb s (e.g. , 

shown) .  I n th e curren t  stud y a  grou p o f  motio n verb s wa s 

subdivide d int o tw o meaningfull y distinc t  classe s o f  verbs : 

verb s tha t  concer n th e manne r  i n whic h a n entit y moves , 

and verb s whic h entai l  a  particula r  directio n o f  a  motio n 

withou t  furthe r  specificatio n b y preposition s phrase s (i.e. , 
away from ,  u p onto ,  etc.) .  Thes e result s ad d t o th e rang e o f 

phenomena concernin g wor d meaning s t o whic h th e H A L 

model  i s responsive . 

Contrar y t o Jones '  (1995 )  suggestio n tha t  negativ e 

example s pla y a  critica l  rol e i n dissociatin g th e tw o ver b 
classes ,  th e H A L mode l  encounter s few ,  i f  any ,  "negativ e 

sentences "  o f  th e sor t  Jone s include d i n hi s evaluatio n o f 

Levin' s ver b classes .  Thes e findings  provid e furthe r  suppor t 

fo r  th e notio n tha t  usin g a  globa l  co-occurrenc e procedur e 

suc h a s HAL' s tha t  produce s wor d representation s base d 
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solel y o n th e system' s experienc e wit h incomin g tex t  i s a 
robus t  wa y i n whic h t o deriv e wor d meanings .  Th e result s 

of  Experimen t  3  sugges t  fou r  semanti c variable s tha t  ma y 

pla y a  rol e i n a  person' s abilit y  t o distinguis h betwee n thes e 

tw o ver b classes :  concreteness ,  imagcability , 

categorizability ,  an d familiarity . 

The tas k o f  isolatin g distinc t  classe s o f  verb s tha t  shar e 
certai n aspect s o f  meanin g ma y provid e som e evidenc e fo r 

th e linguisticall y meaningfu l  se t  o f  component s whic h 

determin e th e lexica l  representation s fo r  thes e item s i n 

memory.  Eac h clas s o f  verb s entail s a  se t  o f  lexica l 

propertie s whic h reflect s th e su m tota l  o f  meanin g 

component s acros s th e member s o f  a  particula r  class .  Th e 
aggregat e propertie s displaye d b y a  clas s ma y correspon d t o 

th e type s o f  lexica l  informatio n availabl e i n wor d 

representation s i n memory ,  a s thes e share d propertie s appea r 

t o hav e a  grea t  dea l  t o d o wit h ho w particula r  verb s ar e use d 

i n languag e (Levin ,  1993) .  W e conclud e tha t  (1 )  degree s o f 

contextua l  similarit y betwee n verb s serv e t o allo w intuitiv e 
separatio n o f  thes e motio n verb s int o meaningfu l  groups , 

and (2 )  tha t  difference s i n meanin g betwee n group s ar e 

systematicall y relate d t o ho w verb s fro m differen t  classe s ar e 

used differentl y i n languag e (Burges s &  Lund ,  1997a ;  Levin , 

1993 ;  Levi n &  Rappapor t  Hovav ,  1991) . 
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Abstrac t 

This study examined the problem solving strategies used by 
staf f  radiologist s an d radiolog y resident s durin g th e 
interpretatio n o f  difficul t  mammograms.  Te n radiologists  an d 
te n resident s diagnose d 1 0 case s unde r  tw o experimenta l 
condition s (authenti c an d augmented) .  I n th e authenti c 
condition ,  standar d unmarke d mammograms wer e use d 
Mammographi c finding s wer e highlighte d o n a  secon d se t  o f 
th e sam e case s fo r  th e augmente d condition .  Verba l  protocol s 
wer e analyze d an d reveale d tha t  mammograph y interpretatio n 
was characterize d b y a  predominan t  us e o f  data-(irive n o r 
mixed-strategie s dependin g o n cas e typicaht y an d clinica l 
experienc e Rq)eate d measure s A N O V As reveale d tha t  th e 
radiologist s scanne d th e case s significantl y faste r  tha n th e 
residents .  N o grou p difference s wer e foun d i n th e numbe r  o f 
radiologica l  findings ,  radiologica l  observations ,  an d numbe r 
of  diagnose s acros s experimenta l  conditions .  Frequenc y 
analyse s reveale d tha t  regardles s o f  experimenta l  conditio n 
bot h group s (a )  use d th e sam e type s o f  operators ,  contro l 
processes ,  diagnosti c plans ,  (b )  committe d th e sam e numbe r 
of  errors ,  an d (c )  committe d case-dependen t  errors .  Overall , 
th e fac t  tha t  fe w difference s wer e foun d betwee n th e group s 
on th e variou s measure s ma y b e du e t o th e fac t  tha t 
m a m m o g r am interiH-etatio n i s a  well-constraine d visua l 
cognitiv e task .  Th e result s hav e bee n applie d t o th e desig n o f 
a computer-base d tuto r  fo r  trainin g resident s t o interpre t 
mammograms Futur e empirica l  direction s includ e buildin g a 
more comprehensiv e mode l  o f  th e perceptua l  an d cognitiv e 
processe s underlyin g mammogra m interpretatio n b y 
convergin g eye-movement ,  cortica l  activatio n (e.g. ,  fMRI ) 
and verba l  protoco l  data . 

Introduction 

Radiological expertise is complex, involving several years 

o f  acquirin g formalize d medica l  knowledg e a s wel l  a s m a n y 

year s o f  clinica l  experience .  I t  involve s th e integratio n o f 
severa l  distinc t  bodie s o f  knowledg e wit h separat e 

organizin g principles ,  includin g physiology ,  anatomy , 

pathophysiology ,  an d projectiv e geometr y o f  radiography . 

Variou s theoretica l  frameworks  postulat e tha t  th e attainmen t 

o f  accurat e visua l  diagnosti c reasonin g abilitie s involve s th e 

interactio n o f  cognitiv e an d perceptua l  factors .  However ,  a 

systemati c effor t  employin g a  combinatio n o f  analytica l 

methodologie s an d perceptua l  probe s i s  require d t o clarif y 

th e coexistin g contribution s o f  cognitiv e an d perceptua l 

factor s i n th e developmen t  o f  radiologica l  expertise . 

Thi s stud y wa s designe d t o investigat e th e proble m 

solvin g strategie s o f  stafi F radiologist s an d radiolog y 

resident s durin g th e interpretatio n o f  difBcul t  breas t 

diseas e case s depicte d o n m a m m o g r a m s.  T h e specifi c 

researc h objective s addresse d i n thi s stud y included : 

1)  Identif y a  cognitiv e mode l  o f  diagnosti c proble m 

solvin g i n m a m m o g r a p h y interpretatio a 

2 )  Identif y th e proble m solvin g strategies ,  operators ,  an d 

contro l  processe s use d b y staf f  radiologist s an d radiolog y 

resident s use d durin g m a m m o g r a p h y interpretatio a 

3 )  Conduc t  in-dept h analyse s o f  protocol s fro m severa l 

breas t  diseas e case s t o exemplif y typica l  staf f  radiologists ' 

an d radiolog y residents '  proble m solvin g strategies . 

4 )  Analyz e th e frequency  an d type s o f  error s committe d 

b y bot h group s whil e diagnosin g th e breas t  diseas e cases . 

5 )  Stud y th e effect s o f  tw o experimenta l  condition s 

(authenti c an d augmented )  o n severa l  aspect s o f  th e 

groups '  performanc e (munbe r  o f  manunog ra m findings, 

observation s an d diagnoses ,  scannin g tim e an d readin g 
time ,  an d diagnosti c acciU3cy) . 

Th e followin g sectio n present s a  brie f  overvie w o f  th e 

majo r  empirica l  findings from  cognitiv e studie s o f 

radiologica l  expertise . 

Cognitive Studies of Radiological Expertise 

Radiological expertise has been investigated by numerous 

author s employin g disparat e theoretica l  perspective s an d 

empirica l  paradigms .  Thre e basi c "paradigms "  tha t  hav e 
bee n appbe d widel y are :  (1 )  searc h studie s whic h 

investigat e ey e movemen t  pattern s whil e expert s an d 
novice s rea d x-ra y films,  (2 )  signal-detectio n studie s 

whic h investigat e th e abilit y o f  novice s an d expert s t o 
dete a norma l  an d abnorma l  film findings,  an d (3 ) 

cognitiv e researc h aime d a t  elicitin g th e underlyin g 

cognitiv e an d perceptua l  factor s involve d i n radiological 

expertise .  Relativel y fe w studie s (Lesgold ,  Rubinson , 
Feltovich ,  Glaser ,  Klopfer ,  &  W a n g ,  1988 ;  Rogers ,  1 9 % ) 

hav e actuall y investigate d th e imderlyin g cognitiv e an d 
perceptua l  factors .  I n fact ,  thes e studie s hav e al l  bee n 

conducte d i n th e are a o f  ches t  radiography .  A s a  result ,  a 
fimdamental  understandin g o f  th e natur e an d acquisitio n o f 

expertis e i n othe r  radiological  sub-specialtie s suc h a s 
m a m m o g r a p hy ha s ye t  t o b e achieved . 

I n term s o f  cognitiv e research ,  ther e hav e bee n fe w 
explici t  account s o f  th e proble m solvin g strategie s o f 
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radiology  resident s an d staf f  radiologists  durin g th e 

diagnosti c process .  Lesgol d an d colleague s (1988 ) 

conducte d tw o studie s investigatin g th e constitutio n an d 

acquisitio n o f  radiological  expertis e i n ches t  x-ra y 

interpretation .  Analytica l  technique s include d perceptua l 

probe s an d in-dept h analyse s o f  participants '  veita l 

protocols .  Thei r  researc h finding s indicat e tha t  expert s buil d 

schema s o f  patien t  anatomy ,  evok e pertinen t  schema s 

quickl y an d exhibi t  flexibility  i n tunin g thei r  schemas . 

Secondly ,  th e assignmen t  o f  x-ra y feature s o f  norma l 

anatom y schemat a determine s whic h feature s ar e "lef t  over " 

and henc e sho w sign s o f  abnormality .  Lastly ,  norma l 

anatom y schemat a migh t  contai n attache d procedure s o r 

locahzatio n rule s fo r  determinin g wher e th e abnormahtie s 

reside .  Th e expert' s flexibiht y i n tunin g schemata ,  i n th e 

cas e o f  a  dominan t  hypothesi s an d a  mor e remot e possibilit y 

stemmin g from  inconsistencie s presente d i n th e film, 
depend s upo n th e availabilit y  o f  menta l  processin g capacity . 

For  exanq)le ,  i f  sub-processe s suc h a s localizatio n ar e no t 

automate d an d requir e consciou s processing ,  workin g 

memory ( W M )  interferenc e ca n preven t  th e constructio n o f 

an adequatel y interconnecte d representatio n o f  th e patient' s 

anatomy . 

To summarize ,  Lesgol d an d colleague s (1988 )  hav e 

characterize d exper t  radiologists  a s being :  (1 )  abl e t o sustai n 

th e lookin g an d reasonin g cycl e eve n i n th e fac e o f 
considerabl e complexity ,  (2 )  opportunisti c planner s wit h 

ver y rich  recognitio n an d constructiv e perceptua l  abiUties , 
(3 )  abl e t o ignor e irrelevan t  data ,  (4 )  mor e abl e t o tak e 

immediat e accoun t  o f  relevan t  dat a tha n residents ,  (5 )  abl e 
t o buil d a  thoroug h representatio n o f  a  patient' s anatomy , 

(6 )  abl e t o quickl y begi n executin g pertinen t  genera l  plans , 
(7 )  flexible  an d abl e t o tun e schemata ,  (8 )  abl e t o analyz e 

severa l  object s tha t  overla p i n a  fihn,  an d (9 )  opportunisti c 
i n th e fac e o f  ne w evidence .  Lastly ,  thei r  schema-drive n 

processin g wa s no t  foun d t o b e consistentl y successfiil . 
I n contrast ,  th e researcher s characteriz e th e less -

experience d radiologists'  diagnosti c performanc e a s 
incomplet e i n thre e respects :  (1 )  th e confirmin g o r  refittin g 

test s ar e no t  applie d t o th e invoke d schema ,  (2 )  a  generall y 
appropriat e schem a i s no t  triggere d efiRcientl y enough , 

and/o r  (3 )  th e detail s o f  th e differentia l  diagnosi s proces s ar e 
incomplet e (Lesgol d e t  al. ,  1988) . 

I n a  recen t  stud y i n ches t  radiography  interpretation , 
Roger s (1996 )  examine d th e interactio n betwee n perceptio n 

and proble m solving .  Verba l  protoco l  dat a wa s collecte d 
from  8  resident s an d 2  staf f  member s whil e the y examine d 

seve n computer-displaye d ches t  x-rays .  Result s indicate d 

tha t  accurat e perceptua l  characterizatio n o f  a  finding  migh t 

stil l  b e insufficien t  t o identif y a  distinr t  diseas e category . 
Th e leve l  o f  abstractio n use d i n characterizin g findings 
provide d empirica l  evidenc e o f  th e transitio n betwee n th e 
perceptiia l  an d proble m solvin g activities .  Bottom-u p (data -

driven )  strategie s wer e supporte d b y us e o f  secondar y 
findings  t o generat e diagnosti c hypotheses,  us e o f  feature s 

t o labe l  primar y findings,  an d us e o f  feature s o f  primai y 
findings  t o generat e diagnosti c hypotheses .  Top-dow n (goal -

driven )  processe s involve d (1 )  confirmatio n o f  expectatio n 

of  secondar y findings  t o suppor t  diagnosti c hypotheses ,  (2 ) 

us e o f  feature s o f  primar y findings  t o rul e ou t  competin g 

findings  an d diagnosti c hypotheses ,  an d (3 )  us e o f  feature s 

of  primar y findings  t o matc h o r  contradic t  expectations . 

M o r e recently ,  Farem o (1997 )  investigate d th e proble m 

solvin g processe s use d b y 8  3rd-yea r  medica l  student s an d 

8 senio r  surgica l  resident s i n diagnosin g breas t  diseas e 

cases .  Durin g th e experimenta l  sessions ,  participant s wer e 

individuall y aske d t o identif y abnorma l  m a m m o g r a m 

findings  fo r  a  se t  o f  te n breas t  diseas e cases ,  an d t o provid e 

differentia l  diagnose s an d follow-u p actions .  Verba l 

protocol s wer e colleae d an d th e analyse s reveale d tha t 

bot h group s differe d i n thei r  proble m solvin g behaviours . 

Furthermore ,  group s differe d significantl y i n th e accurac y 

of  thei r  response s fo r  findings,  diagnoses/differentia l 

diagnoses ,  follow-u p actions ,  an d th e numbe r  o f 
differentia l  diagnose s the y generated .  Student s als o 
differe d from  resident s i n th e numbe r  o f  instance s i n whic h 

the y generate d multipl e diagnoses ,  i n thei r  request s fo r 
clinica l  information ,  an d i n th e number s an d type s o f  error s 

the y committed .  Detaile d analyse s wer e conducte d o n a 
subse t  o f  th e protocol s an d additiona l  betwee n an d withi n 

grou p difference s wer e identified .  Thes e difference s 

includ e th e type s an d frequenc y o f  cognitiv e operator s use d 
an d th e us e o f  hypothesis-drive n an d data-drive n proble m 

solvin g strategies .  Base d o n th e finding s o f  thi s study , 

severa l  recommendation s wer e mad e concernin g h o w a 
computer-base d instructiona l  syste m shoul d teac h breas t 

diseas e t o medica l  students . 
I n sum ,  cognitiv e researc h i n th e are a o f  diagnosti c 

radiology  i s stil l  i n it s infanc y compare d t o th e corpu s o f 
researc h i n othe r  visua l  domain s (e.g. ,  ches s an d physics) . 

Th e fe w studie s tha t  hav e bee n reviewe d hav e provide d a n 
initia l  characterizatio n o f  th e diagnosin g process , 
specificatio n o f  th e top-dow n an d bottom-u p processe s 

involve d i n diagnosti c reasoning ,  an d th e rol e o f  perceptua l 

and proble m solvin g processes .  Thi s researc h ha s focuse d 
mainl y o n th e are a o f  ches t  radiography  an d in-dept h 

analyse s hav e reveale d difference s acros s level s o f  medica l 
experience .  However ,  thei r  utilit y  i n term s o f  developin g a 

proces s mode l  o f  m a m m o g r a p h y interpretatio n i s limited . 
I n orde r  t o adequatel y understan d th e diagnosti c proces s i n 

m a m m o g r a p hy interpretation ,  a  simila r  investigatio n i s 
required .  M o r e specifically ,  a  cognitiv e mode l 

charaaerizin g th e underlyin g difference s i n diagnosti c 
proble m solvin g betwee n radiologist  professional s wit h 

differen t  level s o f  expertis e i s needed .  Suc h a  mode l  ha s 
bee n develope d b y smdyin g radiologists '  performanc e 
durin g th e interpretatio n o f  difficul t  breas t  disease s 

exhibite d o n m a m m o g r a ms usin g appropriat e cognitiv e 
scienc e methodologies . 

Method 

Participant s 
A tota l  o f  2 0 participants ,  1 0 staf f  radiologists  an d 1 0 
radiolog y resident s from  McGil l  University' s teachin g 
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hospital s participate d i n thi s study .  Th e 1 0 staf f  radiologist s 

had M D degree s an d Boar d Certificatio n i n radiolog y an d 

wer e affiliate d wit h on e o f  th e teachin g hospitals .  Thei r 

post-residenc y trainin g range d from  3. S t o 3 4 year s (mea n 

of  20. 3 years) ,  includin g a  rang e o f  5  month s t o 3 0 year s o f 

mammography trainin g (mea n o f  13. 8 years) .  Participants ' 

estimate s o f  th e numbe r  o f  case s the y ha d analyze d ove r  th e 

cours e o f  thei r  medica l  trainin g varie d fro m 60 0 t o 100,00 0 

m a m m o g r a ms (mea n o f  30,(XX )  mammograms) .  The y als o 

reporte d t o hav e "read "  (i.e. ,  diagnosed )  a n averag e o f  6 6 

m a m m o g r a ms pe r  wee k (rang e 0  t o 20 0 mammograms) ,  an d 

"seen "  (i.e. ,  viewe d bu t  no t  diagnosed )  a n averag e o f  6 8 

m a m m o g r a ms pe r  wee k (rang e 5  t o 36 0 mammograms) . 

The 1 0 radiolog y resident s ha d M D degree s an d wer e o n 

rotatio n a t  on e o f  McGill' s  five  teachin g hospitals .  Thi s 

grou p wa s compnse d o f  2  3rd-year ,  1  4th-year ,  an d 7  5th -

yea r  residents .  Al l  o f  th e resident s ha d complete d on e 

manunograph y rotation .  The y reporte d t o hav e 0  t o 1 2 
month s o f  mammograph y trainin g (mea n o f  6  months ) 

Sixt y percen t  o f  th e resident s reporte d t o hav e "read " 

betwee n 2 5 t o 10 0 mammograms,  whil e th e othe r  4 0 % 

reporte d t o hav e "read "  betwee n 20 0 t o 1,00 0 

mammograms.  Non e o f  th e resident s reporte d tha t  the y 

"read "  o r  "see "  m a m m o g r a ms o n a  weekl y basis . 

Breast Disease Cases 
Ten breas t  diseas e case s wer e use d i n thi s study .  A n 

additiona l  cas e wa s use d a s th e practic e case .  Case s wer e 

selecte d b y th e consultin g mammograph y expert' s  teachin g 

files.  Eac h cas e wa s comprise d o f  a  brie f  clinica l  histor y an d 

at  leas t  4  m a m m o g r a ms includin g th e C C (craniocaudal )  an d 

M L O (mediolateral )  view s o f  th e lef t  an d right  breasts .  Th e 
case s includ e 3  benig n an d 7  malignan t  cases .  Th e 

diagnose s fo r  eac h cas e wer e confirme d b y patholog y 

report s fit)m  specimen s extracte d fi-om  th e breas t  tissu e 
correspondin g t o eac h case .  Th e breas t  diseas e case s 

include d case s typicall y encoimtere d i n mammograph y 

textbook s an d clinica l  researc h articles ,  atypica l  case s 

infiiequentl y encountere d i n dail y practice ,  an d case s wit h 

typica l  m a m m o g r ^ h i c manifestation s encountere d i n dail y 

practice .  Thes e case s includ e mammographi c feature s tha t 

range d from  fairl y obviou s t o detec t  t o case s tha t  requir e th e 

use o f  a  magnifyin g glas s t o detec t  subtl e mammographi c 

features . 

Coding Scheme 

A codin g schem e wa s constructe d base d o n th e conten t 

analysi s o f  breas t  diseas e an d manmiography ,  theoretica l 

and methodologica l  article s i n cognitiv e scienc e an d th e 

result s o f  previou s studie s i n variou s relevan t  area s suc h a s 

medica l  cognitio n (Hassebroc k &  Prietula ,  1992 ;  Patel , 

Arocha ,  &  Kauftnann ,  1994 ;  Pate l  & .  Groen ,  1986 ;  Pate l  & 

Ramoni ,  1997) ,  discours e processin g (Bracewel l  & 
Breuleux ,  1993 ;  Breuleux ,  1993 ;  Frederiksen ,  1975) , 

syntactica l  analysis ,  an d artificia l  neura l  network s fo r 

tnanunogra m interpretation . 

Fift y o f  th e 20 0 protocol s collecte d wer e use d t o refin e 

an initia l  codin g schem e int o a  mor e comprehensiv e on e 

consistin g o f  thre e majo r  categories .  Th e majo r  categorie s 

include d knowledg e states ,  proble m solvin g operators ,  an d 

contro l  processe s (Anderson ,  1993 ;  Newel l  &  Simon , 

1972) .  Knowledg e state s i n thi s domai n wer e code d a s 

radiological  observations ,  radiological findings,  an d 

diagnoses .  Proble m solvin g operator s wer e clustere d 

aroun d 1 1 classe s (e.g. ,  hypothesi s generation )  an d 

comprise d a  tota l  o f  3 0 operators .  Contro l  processe s wer e 

comprise d o f  diagnosti c planning ,  goa l  verbalizations ,  an d 

meta-reasoning . 

Inter-rate r  reliabiUt y wa s establishe d b y recruitin g a 

graduat e studen t  wit h experienc e i n th e are a o f  breas t 

diseas e an d mammograph y an d trainm g he r  t o us e th e 

codin g scheme .  Sh e wa s instructe d t o independentl y cod e 
20/20 0 randoml y selecte d protocol s thu s yieldin g a 

reliabiUt y coefficien t  rating  o f  .92 . 

Research Design 

A mixe d factoria l  desig n consistin g o f  1 0 participant s 

neste d acros s 2  level s o f  radiological  expertis e (between -

subject s factor )  crosse d wit h 2  experimenta l  condition s 

(within-subject s faaor) . 

Procedure 

Participants were tested individually. The experimenter 

provide d th e participan t  wit h a  1-pag e handou t  o f 
instruction s fo r  th e diagnosti c task .  Th e experimente r 

place d th e material s i n front  o f  th e participant ,  includin g 

th e practic e case ,  th e te n experimenta l  cases ,  th e 

magnifyin g glas s t o inspec t  th e mammograms,  an d th e 
permanen t  marke r  t o us e fo r  pointin g (t o th e 

mammographi c findings).  Th e experimente r  presente d 

eac h participan t  first  wit h th e practic e cas e an d 

subsequentl y wit h th e 1 0 case s tha t  wer e counterbalance d 
acros s experimenta l  condition s an d participants . 

For  eac h case ,  th e expaimenta l  procedur e involve d 

havin g th e participant :  (a )  rea d th e clinica l  history ,  (b ) 

displa y th e m a m m o g r a m se t  o n a  view-box ,  (c )  poin t  t o th e 

mammographi c findings  and/o r  observations ,  (d )  provid e a 

diagnosi s (o r  a  se t  o f  differentia l  diagnoses) ,  an d (e ) 

discus s subsequen t  fiirther  investigation s (i f  necessary) . 

The participan t  wa s instructe d t o "thin k ou t  loud "  (Ericsso n 

& Simon ,  1993 )  throughou t  th e entir e diagnosti c process . 

The experimenta l  procedur e wa s repeate d fo r  eac h subjec t 

imti l  he/sh e diagnose d al l  te n case s unde r  th e tw o 
experimenta l  condition s ( 5 authenti c an d 5  augmented ) 

withou t  an y tim e constraints . 

Results 

The results of this smdy are presented in the context of (a) 

a cognitiv e mode l  o f  m a m m o g r a m interpretation ,  (b )  th e 

use o f  differen t  proble m solvin g strategies ,  operators ,  an d 
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contro l  processe s durin g m a m m o g r a m interpretation ,  (c ) 

interpretatio n o f  severa l  performanc e variable s acros s 

group s an d e?q)eTimenta l  conditions ,  an d (d )  erro r  analyses . 

Cognitive Model of Mammogram Interpretation 

The cognitiv e mode l  o f  diagnosti c proble m solvin g i n 

m a m m o g r am interpretatio n wa s construae d from a 

cognitiv e tas k analysi s an d conten t  analysi s o f  th e domai n 

and refine d base d o n th e verba l  protoco l  analyse s o f  4 0 

randoml y selecte d protocols .  Decompositio n o f  th e comple x 

tas k o f  m a m m o g r a m inteipretatio n resulte d i n a  mode l 

consistin g o f  seve n steps .  Thes e step s include :  (a )  readin g a 
clinica l  history ,  (b )  placin g a  se t  o f  m a m m o g r a ms o n a 

viewbo x an d identifyin g individua l  m a m m o g r a ms i n th e set , 

(c )  visuall y inspectin g eac h o f  th e m a m m o g r a ms eithe r  wit h 

or  withou t  th e us e o f  a  magnifyin g glass ,  (d )  identifyin g 

mammographi c findings  an d observations ,  (e ) 

characterizin g mammographi c findings  an d observations ,  (f ) 

providin g a  definitiv e diagnosi s o r  a  se t  o f  differentia l 

diagnoses ,  an d (g )  specifyin g subsequen t  examinations . 

The mode l  allow s fo r  a  "linea r  approach' "  (e.g. ,  from 

readin g th e chnica l  histor y t o specifyin g subsequen t 

examinations )  and/o r  a n "iterativ e approach "  i n whic h th e 
result s o f  a  ste p ma y fee d bac k t o previou s step s i n th e 

model .  Th e Unea r  approac h i s analogou s t o th e us e o f  a 
data-drive n proble m solvin g strateg y whereb y a  subjec t 

read s th e clinica l  history ,  scan s th e se t  o f  m a m m o g r a m s,  an d 

provide s a  diagnosis ,  l i e iterativ e approac h i s analogou s t o 

th e us e o f  a  mixed-proble m solvin g strateg y (i.e. ,  include s 
bot h data-drive n an d goal-drive n proble m solvin g 

strategies) .  Fo r  example ,  followin g th e initia l  scaimin g an d 

characterizatio n o f  th e mammographi c findings  th e 
radiologist  ma y postulat e a  se t  o f  differentia l  diagnose s 
whic h wil l  lea d him/he r  t o inspec t  particula r  area(s )  o f  a 

mammograms. 

Problem Solving Strategies 

Overall ,  th e in-dept h analyse s (o f  th e sam e 4 0 protocols ) 
indicate d tha t  diagnosti c prc^le m solvin g i n mammograph y 

i s characterize d b y (a )  th e predominan t  us e o f  a  data-drive n 
diagnosti c strategy ,  (b )  th e us e o f  a  mixed-strateg y 
dependin g o n cas e typicalit y an d clinica l  experience ,  an d (c ) 
rapid  schema-base d problem-solvin g whic h facilitate s 

searc h an d th e charaaerizatio n o f  mammographi c feature s 
and integratio n o f  clinica l  histor y cue s (followe d b y 

accurat e diagnosi s an d subsequen t  radiological 

recommendations) . 

Frequency of Problem Solving Operator Use 

The result s indicat e tha t  resident s use d mor e operator s 

tha n th e staf f  (base d o n th e sam e 4 0 protocol s use d above) . 
Bot h group s use d mor e operator s whe n solvin g case s 

presente d i n th e augmente d conditio n A n analysi s o f  th e 

fiequency  o f  operato r  us e b y staf f  an d resident s diuin g th e 
diagnosti c jwoces s i n case s preseme d unde r  bot h 
experimenta l  condition s reveale d a  predominan t  us e o f  th e 
followin g operator s (bste d i n orde r  o f  descendin g 

frequency):  (a )  dat a examination ,  (b )  dat a acquisition ,  (c ) 

dat a exploration ,  an d (d )  hypothesi s generation .  Thes e 4 

operator s accoun t  fo r  7 6 % o f  al l  operator s use d b y al l 

subject s regardles s o f  leve l  o f  expertis e an d experimenta l 
condition . 

Frequency of Control Processes Used 

Th e frequency  o f  contro l  proces s us e (base d o n th e sam e 
4 0 randoml y selecte d protocols )  reveale d tha t  th e staf f  use d 

slightl y mor e contro l  processe s tha n th e resident s (4 7 a s 
compare d t o 41) .  Diagnosti c plarmin g wa s th e mos t  ofte n 

use d contro l  proces s regardles s o f  leve l  o f  expertis e an d 

experimenta l  condition . 

Number of Radiological Findings, Observations, 

an d Diagnose s 

Repeate d measure s A N O V As faile d t o revea l  an y 

significan t  difference s i n th e mea n munbe r  o f  radiological 

findings,  observation s an d diagnose s betwee n th e group s 
and acros s experimenta l  conditions .  O n average ,  however , 

participant s identifie d a t  leas t  1  radiological  finding,  mad e 

3 radiologica l  observations ,  an d gav e 1  diagnosi s pe r  case . 

Scanning Time for Data Acquisition 

Scannin g tim e wa s operationall y define d a s th e amoun t 
of  tim e (i n seconds )  i t  too k a  participan t  t o attai n a n initia l 

representatio n (r f  a  breas t  diseas e case .  A  repeate d 

measure s A N O V A indicate d tha t  th e staf f  radiologists 

wer e significantl y faste r  tha n resident s i n scannin g th e 

m a m m o g r a ms ( F [1,18 ]  =  4.89 ,  p  <  .05) .  O n average ,  a 

staf f  radiologist  too k 4 6 second s t o sca n a  cas e whil e a 
residen t  too k 6 6 seconds . 

Reading Time for Diagnosis 

Readin g tim e wa s operationall y define d a s th e tota l 

amount  o f  tim e (i n seconds )  i t  too k a  participan t  t o solv e a 
breas t  diseas e case .  A  repeate d measure s A N O V A di d no t 

revea l  a  significan t  mai n effec t  fo r  expertis e ( F [1,18 ]  = 
1.5 )  o r  conditio n ( F =  0.11) ,  an d ther e wa s n o interactio n 

( F =  .0009) .  O n average ,  a  staf f  radiologist  too k 17 5 

second s t o rea d a  cas e whil e a  residen t  too k 20 0 seconds . 

Overall Diagnostic Accuracy 
Overal l  diagnosti c accurac y include s th e combinatio n o f 

diagnose s (e.g. ,  malignant )  an d radiological 
recommendation s (e.g. ,  perfor m a  biopsy) .  Th e categorie s 
include d accurate ,  indeterminat e an d inaccurate .  Fo r 

example ,  a  diagnosi s o f  a  carcinom a foUowed-u p b y a n 
excisiona l  biops y woul d constitut e a n accurat e overal l 
diagnosis .  Th e percentage s fo r  overal l  diagnosti c accurac y 
provide d b y bot h groi4) s acros s experimenta l  condition s 

wer e calculated .  A  2 X 2 x 2 analysi s wa s performe d o n th e 
number  o f  corre a an d wron g overal l  accurac y rating s 
acros s level s o f  expertis e an d experimenta l  condition s (b y 

collapsin g indeterminat e an d wron g error s together) .  Th e 

analysi s reveale d a  non-significan t  differenc e i n th e 
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distributio n o f  th e numbe r  o f  case s acros s level s o f  expertis e 

and correctnes s o f  overal l  diagnosti c accurac y (x ^  [1 ,  A ^  = 
200 ]  =  .57,;7>.05) . 

Overal l  2 5 % o f  th e participant s (5/20) ,  includin g 3  stafi f 

an d 2  residents  correctl y diagnose d an d provide d th e correc t 

subsequen t  reconunendation s fo r  th e 1 0 breas t  diseas e 

cases . 

Analysis of Errors Based on Overall Diagnostic 

Pe r f o rmanc e 

A n in-dept h analysi s o f  th e 3 4 (o f  20 0 protocol s 

collected )  error s committe d b y participant s base d o n overal l 

diagnosti c accurac y acros s experimenta l  condition s wa s 

performed .  Analyse s o f  th e 3 4 code d protocol s reveale d five 

type s o f  th e error s including : 

(1 )  a  perceptua l  detectio n erro r  wa s a  failur e t o detec t  a 

mammographi c finding; 
(2 )  a  findin g mischaracterizatio n erro r  wa s a n incorrec t 

characterizatio n o f  a  mammographi c finding; 
(3 )  a  D O diagnosi s erro r  wa s th e detection ,  correc t 

identification ,  an d characterizatio n o f  a  mammographi c 

finding  bu t  a  failur e t o mak e a  diagnosis ; 

(4 )  a  wron g diagnosi s erro r  wa s th e detection ,  correc t 

identification ,  an d characterizatio n o f  a  mammographi c 

findin g bu t  proposin g a  wron g diagnosis ;  and , 

(5 )  a  wron g recommendatio n erro r  wa s th e correc t 
detectio n an d characterizatio n o f  a  mammographi c finding, 

an d proposin g a  diagnosi s a t  som e leve l  o f  abstraction ,  bu t 

proposin g a n iiû jpropriat e subsequen t  examination . 

Th e analyse s o f  th e fi^uency  an d type s o f  error s b y leve l 
o f  expertis e an d experimenta l  wa s conduaed .  Overal l  an d i n 

descendin g orde r  o f  frequency,  th e resxilts  indicat e error s 

consiste d o f  wron g recommendation s (38%) ,  perceptua l 

detectio n (26%) ,  finding  characterizatio n (24%) ,  n o 

diagnosi s (6%) ,  an d wron g diagnosi s (6%) . 

Th e analyse s reveale d tha t  regardless  o f  leve l  o f  expertise , 

th e commissio n o f  error s wa s case-related .  Furthermore ,  th e 

result s sugges t  tha t  th e chnica l  histor y an d mor e 
importantly ,  th e mammographi c manifestation s ar e critica l 

i n determinin g th e types  o f  error s committe d b y radiolog y 
persoimel . 

Conclusions 

The present study investigated the problem solving 

strategie s use d b y staf f  radiologist s an d radiolog y resident s 

durin g th e proces s o f  diagnosin g difiicul t  breas t  disease s 

depicte d o n m a m m o g r a m s.  Th e result s indicate d tha t  staf f 

radiologist s scaime d th e case s significantl y faste r  than , 

radiology  residents .  N o difference s wer e foun d o n severa l 

aspect s o f  th e groups '  performanc e acros s experimenta l 

conditions .  Frequenc y aiialyse s reveale d tha t  bot h group s 
regardless  o f  experimenta l  conditio n (a )  use d th e sam e type s 

of  operators ,  contro l  processes ,  diagnosti c plan s an d goals , 

(b )  committe d th e sam e numbe r  o f  errors ,  an d (c )  committe d 

case-dependen t  errors .  Analyse s reveale d tha t 

mammography interpretatio n wa s characterize d b y a 

predominan t  us e o f  data-drive n o r  mixe d strategie s 

dependin g o n cas e typicaht y an d cUnica l  experience .  Th e 

fac t  tha t  fe w difference s wer e foun d betwee n th e group s o n 

th e variou s measure s m a y b e du e t o th e fac t  tha t 

m a m m o g r am interpretatio n i s a  well-constraine d visua l 
cognitiv e task . 

Th e contribution s o f  thi s stud y include :  (1 )  a  cognitiv e 

model  o f  diagnosti c proble m solvin g i n th e are a o f 

mammography,  (2 )  enhance d understandin g o f  th e proble m 

solvin g processe s underlyin g mammograph y interpretation , 

and (3 )  empirica l  evidenc e fo r  th e desig n o f  a 

computerize d tutorin g prototyp e fo r  trainin g radiolog y 

residents  t o diagnos e m a m m o g r a m s. 

Th e theoretica l  impUcation s o f  th e stud y includ e th e 

nee d fo r  furthe r  studie s t o buil d a  mor e comprehensiv e 

model  o f  th e perceptua l  an d cognitiv e processe s underlyin g 

m a m m o g r am interpretatio a Secondly ,  th e result s ar e 

presentl y bein g applie d i n th e developmen t  o f  a  basi c 

conceptua l  framework  fo r  th e desig n o f  th e RadTutor ,  a 

computer-base d tuto r  fo r  trainin g radiolog y resident s t o 

interpre t  mammograms. 

Future Directions 

This section presents the empirical and practical 

implication s o f  thi s study .  Thes e implication s ar e presentl y 

bein g pursue d i n tw o differen t  directions :  (1 )  th e desig n o f 

th e RadTutor ,  a  computerize d tutorin g prototyp e fo r 

trainin g resident s t o diagnos e m a m m o g r a m s,  an d (2 )  a n 

empirica l  stud y tha t  wil l  incorporat e eye-movement , 

cortica l  activation ,  an d verba l  protoco l  dat a t o buil d a 

comprehensiv e diagnosti c mode l  o f  m a m m o g r a m 

interpretation . 

Instructional Implications - RadTutor 

The second project is the design of the RadTutor 
(Azevedo ,  Lajoie ,  Desaulniers ,  Fleiszer ,  &  Bret ,  1997) ,  a 

computer-base d prototyp e fo r  trainin g radiolog y residents 
t o interpre t  mammograms.  Th e RadTuto r  presentl y 

incorporate s th e mode l  o f  m a m m o g r a m interpretation , 
proble m solvin g strategies ,  an d erro r  analyse s resulting 

from  thi s study .  Furthermore ,  i t  i s  als o base d o n othe r 

research  i n instructiona l  psychology ,  cognitiv e science , 

artificia l  intelligenc e an d educatio a 

Directions for Future Empirical Research 

An empirical study will be conducted to investigate the 
interactio n betwee n perceptua l  an d cognitiv e factor s i n 

m a m m o g r am interpretatio n b y convergin g multipl e 

source s o f  dat a includin g eye-movements ,  verba l 

protocols ,  an d physiologica l  dat a (i.e. ,  cortica l  activity) .  A 
systemati c effor t  employin g a  combinatio n o f  analytica l 

and perceptua l  methodologie s i s require d t o clarif y th e 

contribution s o f  cognitiv e an d perceptua l  faaor s i n th e 
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developmen t  o f  radiologica l  expeitis e (e.g. ,  verbal ,  eye -

movement ,  an d physiologica l  measures) . 

Recent  advance s i n brai n imagin g hav e facilitate d th e 

constructio n o f  comprehensiv e model s o f  cognitiv e 

processe s throug h th e convergenc e o f  physiologica l  an d 

psychologica l  research .  Non-invasiv e brai n imagin g 

technique s suc h a s fMR I  hav e bee n instrumenta l  i n (a ) 

resolvin g debate s i n cognitiv e scienc e (e.g. ,  interactionis m 

versu s nKxlularity )  (Just ,  Carpente r  &  Keller ,  1996) ,  an d 

(b )  providin g adequat e model s o f  cognitiv e processe s 

includin g multi-leve l  analyse s (e.g. ,  computational , 

algorithm ,  implementation )  o f  dat a (e.g. ,  physiological , 

process-tracing ,  performance )  base d o n level s o f 

organiiatio n an d processin g (Just ,  Carpenter ,  Keller ,  Edd y 

& Thulbom ,  1996) .  Futur e researc h ha s th e potentia l  t o 

provid e a  comprehensiv e cognitiv e mode l  o f  m a m m o g r a m 

interpretatio n b y isolatin g th e variou s "levels "  o f 

perceptua l  an d cognitiv e processe s base d o n expert-novic e 

differences .  Th e participant' s eye-movement s an d th e 
activit y o f  his/he r  cortica l  region s (e.g. ,  activatio n i n th e 

pre-fronta l  corte x activ e durin g goal-drive n proble m 

solving )  woul d als o b e capture d usin g a n eye-trackin g 

syste m tha t  i s  embedde d i n a  fMR I  scaime r  whic h enable s 

whol e brai n imaging . 

Multileve l  analyse s (verbal ,  performance ,  cortical )  woul d 

be conducte d i n orde r  t o (a )  revea l  th e underlyin g cortica l 

region s tha t  ar e activ e durin g th e variou s stage s o f 

diagnosti c proble m solving ,  an d (b )  calculat e th e duratio n o f 

saccades ,  fixations,  an d regression s fo r  eac h participan t 

whil e he/sh e scan s eac h se t  o f  mammograms. 

I n suimnary ,  th e contribution s o f  subsequen t  studie s i n th e 

are a o f  medica l  visua l  diagnosi s wil l  include :  (a )  a 
comprehoisiv e cognitiv e mode l  o f  diagnosti c reasonin g i n 

radiolog y base d o n th e convergenc e o f  verbal ,  eye -
movement  an d physiologica l  data ,  (b )  extende d replicatio n 
dat a whic h coul d b e compare d t o th e presen t  data ,  (c ) 

enhance d understandin g o f  th e percepttia l  an d cognitiv e 

processe s underlyin g mammograph y interpretation ,  (d )  a n 

initia l  theor y o f  learnin g i n ill-structure d domains ,  an d (e ) 
rich  experimenta l  dat a necessar y t o ru n a  cognitiv e 
simulatio n mode l  o f  radiologica l  expertise . 
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Abstrac t 

The purpose of this paper is to present a cognltively-based and 
empirically-derive d approac h fo r  th e desig n o f  th e RadTutor ,  a 
prototyp e computerize d tuto r  t o trai n radiolog y resident s i n 
diagnosin g mammograms exhibitin g breas t  diseases .  A 
muhitud e o f  computer-base d radiolog y trainin g environment s 
hav e recentl y bee n develope d wit h th e objectiv e o f  supportin g 
th e acquisitio n o f  radiologica l  expertise .  I n general ,  however , 
thes e system s hav e faile d i n severa l  aspect s includin g a  failur e 
t o incorporat e theoretica l  perspective s an d empirica l  findings 
t o th e desig n o f  thes e systems .  Thi s pape r  outline s th e 
conceptua l  framewor k fo r  th e developmen t  o f  th e prototyp e 
whic h includes ;  (1 )  a  discussio n o f  th e objective s an d goal s o f 
th e radiolog y residenc y trainin g program ,  (2 )  a  revie w an d 
critiqu e o f  existin g computer-base d radiolog y trainin g 
environments ,  (3 )  a  synthesi s o f  a n expert-novic e stud y aime d 
at  attainin g a  cognitiv e mode l  o f  proble m solvin g i n 
mammogram interpretatio n (Azevedo ,  1997) ,  (4 )  a  descriptio n 
of  th e result s o f  analyse s o f  authenti c radiolog y residen t 
teachin g rounds ,  an d (5 )  derivin g instructiona l  principle s fo r 
th e desig n o f  th e mammograph y tutor . 

Introduction 

Radiological expertise is complex, involving several years of 

acquirin g formalize d medica l  knowledg e a s wel l  a s m a n y 

year s o f  clinica l  experience .  I t  involve s th e integratio n o f 

severa l  distinc t  bodie s o f  knowledg e wit h separat e organizin g 

principles ,  includin g physiology ,  anatomy ,  pathophysiology , 

and projectiv e geometr y o f  radiography .  Variou s theoretica l 
frameworks  postulat e tha t  th e attainmen t  o f  accurat e visua l 

diagnosti c reasonin g abilitie s involve s th e interactio n o f 

cognitiv e an d perceptua l  factors . 

Thi s sectio n outline s th e cognitively-base d an d 

empirically-derive d conceptua l  framework  fo r  th e 
developmen t  o f  th e RadTutor ,  a  prototyp e computerize d 

tutorin g syste m t o trai n resident s t o interpre t  m a m m o g r a m s. 
Th e conceptua l  framework  incorporate s th e result s o f  a 

recen t  cognitiv e stud y o f  m a m m o g r a m interpretatio n 
(Azevedo ,  1997 )  includin g th e cognitiv e mode l  o f 

m a m m o g r am interpretation ,  th e proble m solvin g strategie s 
use d b y staf f  radiologist s an d radiolog y residents ,  an d th e 

typica l  case-relate d errors .  Furthermore ,  th e framework  i s 

als o base d on :  (1 )  a n assessmen t  o f  th e stat e o f  cognitiv e 

scienc e an d learnin g i n medicine ,  (1 )  a  critica l  assessmen t 
of  th e haphazar d natur e o f  radiolog y residenc y trainin g 

programs ,  (2 )  a  revie w an d critiqu e o f  existin g computer -

base d radiolog y trainin g environments ,  (3 )  a n analysi s o f 

authenti c radiolog y residen t  teachin g rounds ,  an d (4 ) 

instructiona l  principle s fo r  th e desig n o f  th e 
m a m m o g r a p hy tutor . 

Residency Training Program in Radiology 

The primary goal of the diagnostic radiology training 

progra m a t  McGil l  Universit y i s t o produc e well-rounde d 

genera l  radiologist s w h o hav e bee n expose d t o al l  aspect s 

of  subspecialt y trainin g (e.g. ,  m a m m o g r a p h y )  an d hav e 

develope d familiarit y wit h al l  o f  th e imagin g technique s 

(e.g. ,  M R I )  an d procedures .  Becomin g a  well-rounde d 

genera l  radiologis t  necessitate s a  thoroug h knowledg e o f 

th e relevan t  anatomy ,  physiolog y an d patholog y a s wel l 

as th e essential s o f  medicin e an d surgery .  Radiatio n 

physic s an d biolog y mus t  b e wel l  understoo d s o tha t  th e 

principle s ca n b e applie d t o everyda y practice . 

Radiolog y residenc y program s hav e traditionall y 

involve d a n apprenticeshi p experience ,  a s hav e othe r 

medica l  educatio n programs .  Thi s approac h involve s 

centerin g learnin g o n th e patien t  s o tha t  he/sh e become s 
th e foca l  poin t  o f  al l  educational ,  trainin g an d researc h 

activities .  Th e realisti c constraint s o f  th e multitud e o f 

patients ,  variabilit y o f  diseases/disorders ,  an d th e 

complexitie s o f  treatment s an d diagnose s leav e littl e tim e 

fo r  additiona l  activitie s i n a  bus y teachin g hospital .  Th e 
goa l  o f  th e residenc y trainin g progra m i s t o expos e 

resident s t o a  muhitud e o f  pertinen t  learning ,  trainin g an d 

researc h activitie s aime d a t  fosterin g th e acquisitio n o f 
radiologica l  expertise .  Thes e activitie s includ e annua l 

researc h days ,  conferences ,  forma l  lectures ,  an d 
presentation s wit h visitin g professors ,  round s an d 

reportin g sessions .  Competenc e i s develope d an d refine d 

i n instructiona l  activitie s throughou t  th e five-yea r 
residenc y trainin g program .  Ther e i s  howeve r  severa l 

problem s associate d wit h th e residenc y trainin g program , 
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whic h pos e challenge s fo r  th e desig n o f  a  computer-base d 

trainin g environment . 

I n general ,  radiolog y residenc y trainin g i s somewha t 

haphazard .  Fo r  example ,  teachin g round s var y i n th e (1 ) 

materia l  taught ,  (2 )  qualit y o f  presentatio n b y individua l 

radiolog y staf f  members ,  (3 )  participatio n o f  resident s durin g 

eac h session ,  (4 )  quantit y o f  trainin g experiences ,  (5 )  qualit y 

of  trainin g experiences ,  an d (6 )  tim e tha t  staf f  radiologist s 

hav e a t  thei r  disposa l  fo r  preparin g t o teac h i n round s an d 

lectures .  Lastly ,  th e instructiona l  objective s delineate d i n th e 

resident s trainin g manua l  ar e to o genera l  an d thu s hampe r 

any attempt s a t  a  formalize d trainin g progra m an d als o limi t 

th e objectiv e assessmen t  o f  residents '  skills .  Fo r  example , 

one o f  th e objective s fo r  a  4 *  yea r  radiolog y residen t  i s t o 

"hav e achieve d diagnosti c an d clinica l  skill s  a t  th e leve l  o f  a 

qualifie d genera l  radiologist. "  Thi s extremel y broa d 

objectiv e no t  onl y lead s t o difficult y i n assessin g thes e skill s 

but  als o i n term s o f  designin g a  computer-base d trainin g 

environment .  Overall ,  thi s lead s t o a n enormou s amoun t  o f 

inconsistenc y i n th e trainin g o f  radiolog y resident s an d 
therefor e affect s th e adequat e acquisitio n o f  radiologica l 

expertise . 

Computerized Tutors for Radiology Training 

The problem of inconsistency in radiology residency training 

program s ha s recentl y bee n addresse d b y th e widesprea d 
proliferatio n an d disseminatio n o f  computer-base d trainin g 

programs .  However ,  thes e system s typicall y suffe r  from 
some majo r  instructiona l  deficit s (fo r  a n extensiv e revie w o f 

thes e instructiona l  issue s refe r  t o Azevedo ,  Lajoie , 
Desaulniers ,  Fleiszer ,  &  Bret ,  1997) .  A  multitud e o f 

computer-base d radiolog y trainin g environment s ha s recentl y 
been develope d wit h th e objectiv e o f  supportin g th e 
acquisitio n o f  radiologica l  expertise .  I n general ,  thes e 
system s hav e faile d t o reac h thi s objectiv e sinc e they :  (1 ) 

lac k a  theoretica l  framework  incorporatin g th e empirica l 
evidenc e from  cognitiv e skil l  acquisition ,  medica l  cognitio n 
and radiologica l  expertise ,  (2 )  ar e no t  base d o n adequat e 
model s o f  learnin g an d instruction ,  (3 )  represen t  technology -
drive n project s employin g variou s CB I  typologie s (e.g. , 

branchin g CBI ,  multimedia ,  hypermedia ,  an d W W W ),  (4 )  ar e 

base d o n compariso n studie s o f  learnin g effectivenes s 
(betwee n computerize d instructio n an d traditiona l  lecture s o r 
severa l  C B I  typologies )  whic h lac k bot h methodologica l  an d 

statistica l  rigor ,  (5 )  fai l  t o includ e th e result s o f  authenti c 
analyse s o f  discours e durin g teachin g rounds ,  (6 )  adop t 
behaviora l  objectives ,  instructiona l  method s (e.g. ,  linea r 
tutorials) ,  assessmen t  technique s (e.g. ,  multipl e choice )  an d 
remediatio n (e.g. ,  canne d feedbac k messages) ,  an d (7 )  fai l 
t o incorporat e th e compute r  environment s int o existin g 
medica l  curricula .  Thi s sectio n present s th e theoreticall y an d 
empirically-derive d computer-base d radiolog y trainin g 
environment s documente d i n th e literature . 

I n recen t  year s ther e ha s bee n a  genera l  increas e i n interes t 
i n th e applicatio n o f  intelligen t  tutorin g system s (ITSs )  i n th e 
are a o f  medica l  training .  Th e rational e fo r  computer-base d 

instructio n i s base d o n th e assumptio n tha t  th e learner' s 

cognitiv e processe s ca n b e modeled ,  traced ,  an d correcte d 

i n th e contex t  o f  problem-solvin g (Anderson ,  Corbett , 

Koedinger ,  &  Pelletier ,  1995 ;  Lajoie ,  i n press) .  I n recen t 

years ,  severa l  ITS s hav e bee n develope d fo r  radiolog y 

training . 

Example s includ e th e C T Brai n Tuto r  fo r  trainin g 

radiolog y resident s t o diagnos e brai n tumor s from  C T 

scan s (Macura ,  Macura ,  Toro ,  Binet ,  &  Trueblood ,  1994) , 

and a  tuto r  fo r  trainin g radiolog y resident s t o diagnos e 
neurologica l  M R I  image s (Sharpies ,  duBoulay ,  Teather , 

Teather ,  Jeffre y &  duBoulay ,  1995) .  Th e extensiv e wor k 

of  Sharpie s an d colleague s (Sharpies ,  1991 ;  Sharpies , 

duBoulay ,  Teather ,  Teather ,  Jeffre y &  duBoulay ,  1994 )  i n 
developin g th e C T an d M R I  tutor s focuse s o n account s o f 

professiona l  practic e an d skil l  developmen t  an d h o w thes e 

issue s influenc e th e desig n o f  thei r  tutors .  The y hav e use d 

statistically-base d principle s an d a  structure d imag e 

descriptio n languag e fo r  teachin g radiologica l  imag e 

interpretatio n an d th e diagnosi s o f  cerebra l  diseases .  Thei r 

approac h t o visua l  concep t  tutorin g i s base d o n groupin g 

exemplars .  Thei r  tutorin g approac h facilitate s th e novic e 

t o exper t  transitio n b y assistin g th e resident s i n th e 

progressio n from  visua l  t o structura l  schema s (facilitatin g 
rapi d patter n matching )  an d therefor e ensurin g transfe r  o f 
skill s  an d learning .  Lastly ,  thei r  tutor s ai m a t  trainin g 

radiologist s t o vie w an d describ e image s i n a  systemati c 
manner . 

Mor e recently ,  Roger s (1995 )  develope d th e V I A - R A D 

tuto r  base d o n extensiv e analyse s o f  verba l  protocol s 

obtaine d from  staf f  an d radiolog y residents .  Th e tuto r  i s 
base d o n th e integratio n o f  computer-displaye d 
radiologica l  image s wit h cooperativ e computerize d 
assistanc e fo r  decision-making .  Th e V I A - R A D syste m i s 

a blackboard-base d architecture ,  founde d o n extensiv e 
dat a collectio n an d analysi s i n th e domai n o f  diagnosti c 

radiology ,  togethe r  wit h cognitiv e modelin g o f  th e 
interactio n betwee n perceptio n an d problem-solving .  A 

smal l  prototyp e o f  th e syste m ha s bee n implemente d an d 
teste d wit h radiolog y professionals . 

I n sum ,  thes e ITS s ar e base d o n cognitiv e scienc e 
principle s o f  expertis e developmen t  an d incorporat e 
tutorin g intervention s an d tutoria l  dialogue s tha t  ar e base d 

on analyse s o f  huma n interactions .  A s such ,  a n IT S 
approac h woul d offe r  consistenc y an d standardizatio n i n 
th e trainin g o f  m a m m o g r a m interpretation .  Therefore ,  thi s 

sectio n present s a  cognitively-base d an d empirically -
derive d approac h fo r  th e desig n o f  th e RadTutor ,  a 
computerize d tuto r  fo r  trainin g radiolog y resident s t o 

diagnos e breas t  disease s from  m a m m o g r a m s. 

The Nature of Radiological Expertise 

Numerous researchers employing disparate theoretical 

and empirica l  paradigm s hav e investigate d radiologica l 
expertise .  Thre e basi c "paradigms "  tha t  hav e bee n applie d 
widel y are :  (1 )  searc h studie s whic h investigat e ey e 
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movement  pattern s whil e expert s an d novice s rea d x-ra y 

films ,  (2 )  signal-detectio n studie s whic h investigat e th e 

abilit y  o f  novice s an d expert s t o detec t  norma l  an d abnorma l 

fil m fmdings ,  an d (3 )  cognitiv e researc h aime d a t  elicitin g 

th e underlyin g cognitiv e an d perceptua l  factor s involve d i n 

radiologica l  expertise .  Relativel y fe w studie s (Azevedo , 

1997 ;  Faremo ,  1997 ;  Lesgold ,  Rubinson ,  Feltovich ,  Glaser , 

Klopfer ,  &  W a n g ,  1988 ;  Rogers ,  1996 )  hav e actuall y 

investigate d th e underlyin g cognitiv e an d perceptua l  factor s 

involve d i n radiologica l  diagnosis .  A s a  result ,  a  fundamenta l 

understandin g o f  th e constitutio n an d acquisitio n o f  expertis e 

i n othe r  radiologica l  sub-specialtie s suc h a s mammograph y 

has ye t  t o b e determined .  Th e followin g sectio n present s a 

brie f  overvie w o f  a  recen t  stud y i n m a m m o g r a m 

interpretatio n an d present s th e majo r  findings . 

A Cognitive Study of Mammogram Interpretation 

A recent study by Azevedo (1997) examined the problem 

solvin g strategie s use d b y staf f  radiologist s an d radiolog y 

resident s durin g th e interpretatio n o f  difficul t  m a m m o g r a m s. 

Ten radiologist s an d te n resident s diagnose d 1 0 case s unde r 

tw o experimenta l  condition s (authenti c an d augmented) .  I n 

th e authenti c condition ,  standar d unmarke d m a m m o g r a ms 

wer e used .  Mammographi c finding s wer e highlighte d o n a 

secon d se t  o f  th e sam e case s fo r  th e augmente d condition . 

Verba l  protocol s wer e analyze d an d reveale d tha t 

m a m m o g r a p hy interpretatio n wa s characterize d b y a 

predominan t  us e o f  data-drive n o r  mixed-strategie s 

dependin g o n cas e typicalit y an d clinica l  experience . 

Repeate d measure s A N O V As reveale d tha t  th e radiologist s 

scanne d th e case s significantl y faste r  tha n th e residents .  N o 

grou p difference s wer e foun d i n th e numbe r  o f  radiologica l 

findings ,  radiologica l  observations ,  an d numbe r  o f  diagnose s 

acros s experimenta l  conditions .  Frequenc y analyse s reveale d 
tha t  regardles s o f  experimenta l  conditio n bot h group s (a ) 

use d th e sam e type s o f  operators ,  contro l  processes , 

diagnosti c plans ,  (b)  committe d th e sam e numbe r  o f  errors , 

and (c )  committe d case-dependen t  errors .  Overall ,  th e fac t 
tha t  fe w difference s wer e foun d betwee n th e group s o n th e 

variou s measure s m a y b e du e t o th e fac t  tha t  m a m m o g r a m 

interpretatio n i s a  well-constraine d visua l  cognitiv e task . 

Implications for the Design of the RadTutor The results of 

thi s stud y hav e serve d a s on e sourc e o f  empirica l  basi s fo r  th e 

desig n o f  th e RadTutor .  Th e followin g i s a  brie f  discussio n a s 

t o h o w th e result s hav e bee n incorporate d int o th e RadTutor . 
The conten t  analyse s o f  th e area s o f  breas t  diseas e an d 

m a m m o g r a p hy hav e bee n use d t o construc t  th e domai n 

knowledg e modul e o f  th e prototyp e a s a  serie s o f  productio n 

rules .  Th e cognitiv e tas k analyse s base d o n extensiv e 

interview s wit h th e domai n exper t  wer e use d t o develo p th e 

overal l  instructiona l  sequencin g fo r  eac h cas e an d t o buil d th e 
system' s exper t  module . 

Th e cognitiv e mode l  characterizin g m a m m o g r a m 

interpretatio n consistin g o f  7  step s serve d a s th e overal l 

instructiona l  sequencin g fo r  th e system .  Thes e step s include : 

(a )  readin g a  clinica l  history ,  (b)  placin g a  se t  o f 

m a m m o g r a ms o n a  viewbo x an d identifyin g individua l 

m a m m o g r a ms i n th e set ,  (c )  visuall y inspectin g eac h o f 

th e m a m m o g r a ms eithe r  wit h o r  withou t  th e us e o f  a 

magnifyin g glass ,  (d )  identifyin g mammographi c fmding s 

and observations ,  (e )  characterizin g mammographi c 

findings  an d observations ,  (f )  providin g a  defmitiv e 

diagnosi s o r  a  se t  o f  differentia l  diagnoses ,  an d (g ) 

specifyin g subsequen t  examinations .  I n addition ,  th e 

syste m i s capabl e o f  determinin g i f  th e use r  i s employin g 

a data-drive n and/o r  a  mixe d proble m solvin g strategy . 

Th e syste m monitor s th e evolutio n o f  th e user' s proble m 

solvin g behavio r  (durin g th e resolutio n o f  a  case )  an d 

predict s i f  he/sh e i s engage d i n on e o r  th e othe r  proble m 

solvin g strategies .  Thi s aspec t  o f  th e prototyp e i s 

extremel y critica l  i n identifyin g error s an d providin g th e 

appropriat e leve l  o f  scaffolding . 

The proble m solvin g operator s use d b y bot h staf f  an d 

resident s indicate d tha t  bot h group s mad e extensiv e us e 

( 7 6 % o f  th e time )  o f  4  particula r  operator s (dat a 

examination ,  dat a acquisition ,  dat a exploration ,  an d 

hypothesi s generation) .  Thi s informatio n wa s use d 

primaril y i n th e desig n o f  th e differen t  level s o f 

instructiona l  scaffoldin g an d interface .  Fo r  example ,  dat a 

acquisition ,  examination ,  an d exploratio n mean t  tha t  th e 

interfac e wa s buil d t o displa y th e cas e histor y (dat a 

acquisition )  an d se t  o f  m a m m o g r a ms (dat a acquisition ) 

and allo w th e use r  t o manipulat e th e image s fo r  bette r 

featur e characterizatio n o r  compariso n (dat a exploration) . 

Similarly ,  th e syste m provide s extensiv e instructiona l 

scaffoldin g durin g th e hypothesi s generatio n phas e t o 

ensur e tha t  th e use r  ha s propose d th e appropriat e leve l  o f 

hypothesi s (e.g. ,  malignan t  versu s infiltratin g ducta l 

carcinoma) . 

The verba l  protocol s analyse s indicate d tha t  diagnosti c 

plannin g (i.e. ,  propos e furthe r  medica l  examinations )  wa s 

th e mos t  frequen t  contro l  proces s use d b y th e subjects .  A s 

suc h th e interfac e wa s buil t  s o a s t o allo w th e use r  t o lis t 

mor e tha n on e medica l  examination .  Thi s aspec t  o f  th e 

prototyp e i s associate d wit h a n extensiv e discussio n o f  th e 

benefit s associate d wit h eac h subsequen t  examination . 

The erro r  analyse s reveale d five  type s o f  error s 

including : 
(1)  a  perceptua l  detectio n erro r  (failur e t o detec t  a 

mammographi c fmding) , 
(2)  a  finding  mischaracterizatio n erro r  (incorrec t 

characterizatio n o f  a  mammographi c fmding) , 
(3 )  a  n o diagnosi s erro r  (detection ,  correc t 

identification ,  an d characterizatio n o f  a 

mammographi c fmdin g bu t  a  failur e t o mak e a 

diagnosis ) 
(4)  a  wron g diagnosi s erro r  (detection ,  correc t 

identification ,  an d characterizatio n o f  a 

mammographi c fmdin g bu t  proposin g a  wron g 
diagnosis) ,  an d 

(5)  a  w ron g recommendatio n erro r  (correc t  detectio n 

and characterizatio n o f  a  mammographi c fmding . 
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and proposin g a  diagnosi s a t  som e leve l  o f  abstraction , 

but  proposin g a n inappropriat e subsequen t 

examination) . 

Each typ e o f  erro r  i s  presentl y bein g formalize d a s a 

productio n rul e an d i s  integrate d i n th e exper t  module . 

Furthermore ,  eac h erro r  typ e i s als o associate d wit h a  specifi c 

instructiona l  scaffoldin g strategy .  Fo r  example ,  a  finding 

mischaracterizatio n erro r  i s associate d wit h a n instructiona l 

strateg y tha t  focuse s th e user' s attentio n o n th e par t  o f  a 

mammographi c finding  whic h wa s mischaracterize d (e.g. ,  th e 

borde r  o f  a  mass) . 

The proces s o f  identifyin g erro r  commissio n i s facilitate d 

by th e fac t  tha t  th e analyse s indicate d error s t o b e case -

dependent .  Fo r  example ,  case s wit h atypica l  mammographi c 
manifestation s ar e highl y likel y t o produc e a  finding 

mischaracterizatio n error . 

Analyses of the Radiology Teaching Rounds: 

Elicitin g T e a c h i n g Strategie s 

/Exper t 

( Rl 

R M LO 

R/C C 

L / M L O 

L/C C 

t 

— ©  ( 

)  ©  ® 

g ) 

The tutorin g strategie s an d level s o f  instructiona l  scaffoldin g 

adopte d i n th e prototyp e ar e als o base d o n th e authenti c 
analyse s o f  radiolog y teachin g round s (Azevedo ,  Lajoie , 
Desaulniers ,  &  Bret ,  1996) .  Thes e analyse s examine d th e 

diagnosti c proble m solvin g processe s an d teachin g 

methodologie s employe d b y a  staf f  radiologis t  teachin g si x 
resident s durin g tw o one-hou r  m a m m o g r a p h y rounds . 

However ,  thi s sectio n focuse s specificall y o n th e discours e 
analyse s o f  th e teachin g method s use d b y th e staf f  radiologis t 

durin g th e m a m m o g r a p h y teachin g rounds . 
The topographica l  vie w o f  a  typica l  teachin g roun d i n 

mammography i s illustrate d i n Figur e 1 .  A  roun d i s typicall y 

comprise d o f  a n exper t  (staf f  radiologis t  i n charg e o f  th e 
round) ,  resident s (denote d b y th e circle s -  number s indicat e 

residenc y level) ,  a  residen t  w h o i s solvin g a  cas e (e.g. ,  R3 ) , 
and a  se t  o f  m a m m o g r a ms displaye d o n th e viewbo x 
(includin g th e mediolatera l  [ M L O ]  an d cephalocauda l  [CC ] 

view s o f  th e lef t  an d righ t  breasts) .  Th e tw o arrow s represen t 
th e directionalit y o f  th e discours e tha t  wa s analyzed .  Th e first 

arro w indicate s R 3 solvin g th e cas e tha t  i s presente d o n th e 
viewbox .  Th e secon d bi-directiona l  arro w indicate s th e (1 ) 
pedagogica l  strategie s tha t  th e staf f  radiologis t  use d t o 

suppor t  th e resident' s diagnosti c proble m solvin g an d (2 )  th e 
resident' s reques t  fo r  variou s level s o f  suppor t  fro m th e staf f 
radiologist .  Th e result s o f  th e analyse s ar e presente d below . 

The teachin g method s used  b y th e staf f  radiologis t  durin g 
th e breas t  diseas e round s includin g coaching ,  scaffoldin g an d 
fading ,  an d articulatio n (simila r  t o th e teachin g method s 

advocate d b y th e proponent s o f  cognitiv e apprenticeship )  ar e 
presentl y bein g incorporate d int o th e RadTutor . 
Occasionally ,  th e radiologis t  woul d als o provid e coachin g 
and support .  I n th e cas e o f  intermediat e residents ,  th e 
radiologis t  woul d provid e scaffoldin g durin g th e diagnosti c 

proces s i n th e for m o f  hints ,  redirectin g thei r  viewin g 

Figur e 1 .  A  topographica l  vie w o f  a  typica l  radiolog y 
teachin g round . 

process, and subsequently fading all instructional support 
when th e residen t  demonstrate d th e capabilit y t o pursu e 

th e tas k o n his/he r  own .  I n th e RadTutor ,  coachin g an d 

hint s ar e provide d throug h tex t  messages ,  pop-u p tex t 

messages ,  an d highlightin g o f  mammograph i c findings 
and observations .  I n addition ,  multipl e level s o f 

instructiona l  scaffoldin g hav e als o bee n delineate d base d 
on th e result s o f  th e dissertatio n an d interview s wit h th e 
exper t  staf f  radiologist .  Th e finest  illustration s o f 

articulatio n wer e observe d whe n th e radiologis t 
externalize d he r  reasonin g proces s beginnin g wit h th e 

assignmen t  o f  probabilitie s t o pathologica l  features , 
followe d b y th e systemati c eliminatio n o f  competin g 
differentia l  diagnose s unti l  th e definitiv e diagnosi s wa s 
achieved .  Thi s teachin g metho d wa s especiall y valuabl e 

sinc e al l  resident s m a y potentiall y  benefi t  fro m th e 
extemalizatio n o f  th e expert' s  diagnosti c proble m solving . 

I n th e RadTutor ,  articulatio n i s  bein g implemente d b y 
usin g digitize d vide o clip s o f  th e exper t  staf f  radiologis t 
diagnosin g a  cas e whil e th e tutorin g syste m highlight s th e 
mammographi c findings  an d observation s o n th e digitize d 
m a m m o g r a m s. 

I n summary ,  thi s sectio n ha s presente d a  cognitively -
base d an d empirically-derive d approac h fo r  th e desig n o f 
th e RadTutor .  Th e desig n approac h i s  base d o n (1 ) 

Azevedo' s (1997 )  stud y o f  proble m solvin g i n 
m a m m o g r am interpretatio n an d (2 )  th e tutorin g strategie s 
elicite d durin g radiolog y teachin g rounds . 

81 



Br idg in g th e G a p :  Der iv in g Instructiona l  Principle s 

f r o m Cognit iv e Scienc e a n d Empir ica l  Studie s 

The following section delineates instructional principles 

derive d b y integratin g th e empirica l  researc h o n medica l 

cognition ,  radiologica l  expertise ,  m a m m o g r a m interpretation , 

and analyse s o f  radiolog y rounds .  Th e successfu l  integratio n 

of  thes e severa l  source s o f  evidenc e ar e critica l  t o th e desig n 

of  a  theoretically-base d an d empirically-derive d prototyp e fo r 

trainin g bot h resident s an d staf f  radiologist s i n th e 

interpretatio n o f  m a m m o g r a m s.  Eac h o f  th e fou r  instructiona l 

principle s posite d i s supporte d b y existin g theoretica l  an d 
empirica l  evidenc e describe d previousl y i n thi s paper .  Th e 

instructiona l  principle s incorporate d i n th e m a m m o g r a m 

interpretatio n prototyp e includ e th e principle s o f  (1 ) 

multiplicity ,  (2 )  activeness ,  (3 )  accommodatio n an d 

adaptation ,  an d (4 )  authenticit y (fo r  a n extensiv e overvie w o f 

some o f  thes e principle s fo r  supportin g computer-supporte d 

problem-base d learnin g se e Koschmann ,  Kelson ,  Feltovic h & 

Barrows ,  1996) . 

Th e principl e o f  multiplicit y i s base d o n th e concep t  tha t 

knowledg e i s complex ,  context-sensitive ,  inter-relate d an d 

thu s instructio n shoul d promot e multipl e perspectives , 

representation s an d strategies .  Tlii s  principl e i s base d o n th e 
theor y o f  cognitiv e flexibilit y  (Spiro ,  Feltovich ,  Jacobson ,  & 

Coulson ,  1991 )  i n medicin e tha t  emphasize s th e us e o f 

multipl e knowledg e representation s an d repeate d exposur e t o 

instructiona l  content .  Accordin g t o thi s principle ,  singl e 

menta l  representation s an d unitar y learnin g approache s ar e 

insufficien t  fo r  (1 )  capturin g th e natur e o f  comple x 

instructiona l  material s an d (2 )  knowledg e applicatio n i n ill -

structure d domain s (suc h a s radiology) .  A  recen t  stud y 

examinin g th e effectivenes s o f  hypermedi a versu s traditiona l 

lecture s i n radiolog y ha s demonstrate d th e us e o f  multipl e 

knowledg e representation s throug h th e us e o f  text ,  digitize d 
vide o clip s an d animation s o f  radiolog y physic s concept s d o 

facilitat e learnin g an d knowledg e applicatio n (Shaw , 

Azeved o &  Bret ,  1995) .  Th e RadTuto r  provide s th e residen t 

wit h a  stoc k o f  breas t  diseas e case s tha t  ca n b e accesse d i n a 

structure d manne r  accordin g t o diagnosti c categories ,  specifi c 
mammograph i c manifestation s (i.e. ,  fmding s an d 

observations) ,  an d relevan t  clinica l  histor y cues . 

Th e principl e o f  activenes s i s base d o n th e concep t  tha t 
learnin g i s a n activ e process ,  requirin g menta l  constructio n 

and manipulatio n o f  th e subsymboli c (e.g. ,  gray-scal e 

densitie s exhibite d o n m a m m o g r a m s)  an d symboli c 
representation s (e.g. ,  clinica l  finding s exhibite d o n 

m a m m o g r a ms an d relevan t  clinica l  histor y fmdings )  tha t 

compris e th e tas k environment .  Therefore ,  instructio n foster s 
knowledg e constructio n throug h problem-solvin g activitie s 

tha t  lea d t o th e developmen t  o f  skil l  acquisition .  Thi s 

principl e reflect s th e natur e o f  learnin g through  activ e 
constructio n o f  knowledg e facilitate d b y problem-solvin g 
activities .  Effectiv e instructiona l  method s shoul d promot e 

planning ,  reasoning ,  goal-directe d problem-solving ,  an d 

reflection .  Thi s principl e reflect s th e empirica l  finding s i n th e 

area s o f  cognitiv e skil l  acquisitio n (VanLehn ,  1996 )  an d th e 

developmen t  o f  expertis e (Ericsso n &  Chamess ,  1997 ; 

Ericsso n & .  Lehmann ,  1996) .  I n th e RadTutor ,  instructio n 

foster s knowledg e constructio n throug h meaningfu l 

problem-solvin g activitie s tha t  facilitat e skil l  acquisitio n 

and th e developmen t  o f  expertise . 

The principl e o f  accommodat io n an d adaptatio n i s 

base d o n th e concep t  tha t  th e learnin g proces s i s t o a  larg e 

degre e affecte d b y th e exten t  o f  th e learner' s existin g 

knowledge .  A s such ,  instructio n facilitate s adaptabilit y  b y 

buildin g upo n th e learner' s existin g knowledge , 

monitorin g learne r  progres s an d rectifyin g 

misconception s whe n the y arise ,  an d fosterin g th e 

developmen t  o f  metacognitiv e skills .  A  rule-base d 

domai n knowledg e modul e an d a  studen t  modelin g 

approac h ar e presentl y bein g considere d base d o n th e 

well-constraine d natur e o f  th e domai n o f  mammography . 

The principl e o f  authenticit y i s base d o n th e concep t 

tha t  learnin g i s sensitiv e t o contextua l  factors ,  whic h 

determin e th e usabilit y  o f  wha t  i s learned ,  an d th e exten t 

of  skil l  transfer .  Therefore ,  instructio n shoul d provid e 

learnin g activitie s tha t  ar e require d i n th e domain ,  tha t  ar e 

value d i n th e real-worl d context ,  an d tha t  emulat e th e 

real-worl d environmen t  a s muc h a s possible .  Thi s 

principl e reflect s th e recen t  claim s b y advocate s o f 
situate d cognitio n (Greeno ,  1998 )  regardin g th e nee d t o 

stud y th e contextua l  an d situationa l  aspect s o f  th e 

cognitiv e phenomen a bein g studied .  I n th e RadTutor ,  th e 

problem-solvin g activitie s resembl e wha t  i s routinel y 

encountere d i n a  resident' s wor k environment .  Fo r 

example ,  i t  provide s th e tool s typicall y use d t o solv e 

m a m m o g r am case s (suc h a s a  magnifyin g glas s an d a 

rule r  t o measur e masse s an d lesions) . 

Conclusion 

This paper outlined the cognitively-based and 

empirically-derive d conceptua l  fi-amework  fo r  th e 
developmen t  o f  th e RadTutor ,  a  prototyp e computerize d 

tuto r  t o trai n radiolog y resident s i n diagnosin g 

m a m m o g r a m s.  Th e conceptua l  framewor k i s base d o n th e 

result s of :  (1 )  a  recen t  cognitiv e stud y o f  m a m m o g r a m 
interpretatio n (includin g th e cognitiv e mode l  o f 

m a m m o g r am interpretation ,  th e proble m solvin g 

strategie s use d b y staf f  radiologist s an d radiolog y 

residents ,  an d th e typica l  case-relate d errors) ,  (2 )  a  critica l 

assessmen t  o f  th e haphazar d natur e o f  radiolog y residenc y 

trainin g programs ,  (3 )  a  revie w an d critiqu e o f  existin g 

computer-base d radiolog y trainin g environments ,  (4 )  a n 

analysi s o f  authenti c radiolog y residen t  teachin g rounds , 
and (5 )  instructiona l  principle s fo r  th e desig n o f  th e 
m a m m o g r a p hy tutor . 
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Abstrac t 

This paper describes an implemented computational 
model  o f  lexica l  developmen t  fo r  th e cas e o f  actio n verbs . 
A simulate d agen t  i s  traine d b y a n informan t  labelin g 
th e agent' s action s (her e han d motions) ,  an d th e syste m 
learn s t o bot h labe l  an d carr y ou t  simila r  actions .  Th e 
ver b learnin g mode l  i s place d i n th e broade r  contex t  o f 
th e N T L projec t  o n embodie d natura l  languag e an d it s 
acquisition .  Base d o n experimenta l  result s an d projec -
tion s t o th e ful l  rang e o f  earl y lexemes ,  a  significantl y 
enriche d mode l  i s  propose d an d it s propertie s discussed . 

I n t r o d u c t i o n 

T h e embodimen t  o f  concept s an d languag e i s a  centra l 
issu e i n cognitiv e science .  H o w ca n a  neura l  syste m rep -
resen t  an d lear n concepts ,  an d organiz e the m int o a  se t 
of  lexica l  items ? Fo r  almos t  a  decade ,  th e Neura l  The -
or y o f  Languag e ( N T L )  grou p a t  ICS I  an d U C Berkele y 
has sough t  computationa l  insigh t  int o thes e question s b y 
askin g the m o f  structure d connectionis t  systems ,  rathe r 
tha n th e physica l  neura l  system s o f  th e brai n (Feldma n 
et  ad. ,  1996) .  T h e basi c question s o f  neura l  an d cognitiv e 
developmen t  ar e receivin g increasin g attentio n fro m th e 
connectionis t  perspective .  Althoug h ther e i s a  goo d dea l 
of  theoretica l  an d modelin g wor k o n th e acquisitio n o f 
synta x ther e doe s no t  appea r  t o b e an y detaile d theor y 
of  lexica l  developmen t  comparabl e t o th e N T L project . 
Thi s pape r  i s a n overvie w som e o f  o f  ou r  recen t  result s 
and challenges . 

O ne critica l  empirica l  finding  fro m studie s o f  languag e 
acquisitio n i s  tha t  th e child' s first  word s labe l  no t  onl y 
things ,  bu t  als o relationships ,  action s an d interna l  state s 
(Tomasello ,  1995) .  Clearly ,  embodimen t  i s centra l  t o al l 
of  these .  Earl y lexica l  developmen t  thu s provide s a n 
idea l  tas k fo r  studyin g embodie d cognition ,  sinc e w e ca n 
isolat e linguisticall y an d conceptuall y simpl e situation s 
fo r  whic h t o construc t  an d tes t  detaile d models . 

Our  first  majo r  effor t  wa s th e dissertatio n wor k o f 
Regie r  (1996) ,  a  computationa l  mode l  o f  ho w som e lex -
ica l  item s describin g spatia l  relation s migh t  develo p i n 
differen t  languages .  Sinc e language s diffe r  radicall y i n 
ho w spatia l  relation s ar e conceptualized ,  ther e wa s n o 
obviou s se t  o f  primitiv e feature s t o buil d int o th e pro -
gram .  Th e ke y t o Regier' s succes s cam e directl y fro m 
embodiment :  al l  peopl e hav e th e sam e visua l  syste m 
fro m whic h al l  visua l  concept s mus t  arise .  B y includ -
in g a  simpl e bu t  realisti c visua l  syste m model ,  Regier' s 

progra m wa s abl e t o lear n spatia l  term s fro m labele d ex -
ampl e movie s fo r  a  wid e rang e o f  languages ,  usin g con -
ventiona l  back-propagatio n techniques . 

Th e project' s scop e wa s expande d t o verb s wit h Bai -
ley' s dissertatio n wor k (Bailey ,  1997 ;  Baile y e t  al. ,  1997) , 
a computationa l  mode l  tha t  learn s t o produc e ver b la -
bel s fo r  action s an d als o carr y ou t  action s specifie d b y 
verb s tha t  i t  ha s learned .  A  shortcomin g o f  th e stan -
dar d vie w o f  lexica l  acquisitio n i s tha t  i t  provide s n o ac -
coun t  o f  ho w a  chil d learn s t o mak e us e o f  th e concept s 
she learn s an d th e word s tha t  labe l  them .  Thi s sam e 
weaknes s appear s a s a  technica l  consequenc e o f  usin g 
back-propagatio n i n Regier' s wor k an d i n P D P models : 
eve n whe n th e networ k learn s perfectl y ho w t o classif y 
a domain ,  i t  ha s n o mechanis m fo r  executin g th e action . 
Bailey' s wor k addresse s thi s shortcomin g b y employin g 
learnin g algorithm s tha t  produc e usabl e representation s 
of  actions .  Afte r  trainin g o n example s o f  action-wor d 
pairs ,  th e syste m ca n produc e a n appropriat e labe l  fo r 
a particula r  moto r  actio n base d o n feature s o f  bot h th e 
actio n an d th e worl d state .  I n addition ,  however ,  th e 
learne d ver b representatio n als o function s a s a  c o m m a n d 
interfac e tha t  allow s th e syste m t o execut e a  give n verb . 

Cross-linguisti c experiment s wit h bot h Regier' s spa -
tia l  relation s networ k an d Bailey' s verb-learnin g syste m 
revea l  bot h strength s an d weaknesse s o f  th e curren t  stat e 
of  development .  W e believ e tha t  th e basi c principl e tha t 
earl y wor d learnin g acros s language s ca n b e modele d 
ver y wel l  b y embodiment-base d structure d connection -
is t  model s ha s bee n established .  O n th e othe r  hand ,  i t 
i s  clea r  tha t  ou r  system s mus t  incorporat e muc h riche r 
model s o f  th e neura l  substrat e t o handl e eve n th e earl y 
lexica l  developmen t  o f  children .  T o bette r  estimat e wha t 
i s required ,  th e grou p i s beginnin g t o stud y th e ful l  rang e 
of  earl y wor d learning ,  rathe r  tha n continuin g t o focu s 
on isolate d sub-vocabularies . 

Th e origina l  n a m e o f  th e project ,  Lq ,  wa s chose n be -
caus e zer o wa s th e approximat e percentag e o f  languag e 
we wer e attemptin g t o cover .  Th e curren t  effor t  i s  stil l 
concerne d wit h onl y a  tin y fractio n o f  th e complexit y 
of  languag e learning ,  bu t  becaus e w e ar e no w grapplin g 
wit h al l  o f  a  child' s first  (say )  20 0 words ,  w e hav e pre -
sumptuousl y rename d th e projec t  N T L .  I n thi s paper , 
we outlin e plan s fo r  expandin g ou r  detaile d connection -
is t  modelin g t o cove r  al l  earl y lexica l  acquisition .  A s 
always ,  th e theorie s an d system s ar e intende d t o appl y 
t o al l  natura l  languages . 
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Representat iona l  m e c h a n i s m s 

To bridg e th e ga p fro m embodie d experienc e t o it s ex -
pressio n a s abstrac t  symbol s i n language ,  w e hav e foun d 
i t  necessar y t o wor k a t  multipl e level s o f  description . 
Regier' s work ,  fo r  instance ,  linke d th e connectionis t  an d 
cognitiv e levels ,  wit h th e neura l  leve l  implicit .  Subse -
quent  mor e complicate d dohiain s hav e require d u s t o 
add a  computationa l  leve l  a s a n abstractio n fro m th e 
connectionis t  level .  Althoug h th e focu s o f  thi s pape r  i s 
thi s computationa l  level ,  th e N T L paper s i n th e 199 7 
Conferenc e o f  th e Cognitiv e Scienc e Societ y spanne d al l 
five  levels : 

cognitive: words, concepts 

computational :  f-structs ,  x-schema s (se e below ) 

connectionist :  structure d models ,  learnin g rule s 

computationa l 

neuroscience :  detaile d neura l  model s 

neural :  [stil l  implicit ] 

Our computational level is analogous to Marr's and 
comprise s a  mixtur e o f  familia r  notion s lik e featur e struc -
ture s an d a  nove l  representation ,  executin g schemas ,  de -
scribe d below .  Apar t  fro m providin g a  valuabl e scientifi c 
languag e fo r  specifyin g propose d structure s an d mecha -
nisms ,  thes e representationa l  formalism s ca n b e imple -
mente d i n simulation s t o allo w u s t o tes t  ou r  hypotheses . 
They als o suppor t  computationa l  learnin g algorithm s s o 
we ca n us e the m i n experiment s o n acquisition .  Impor -
tantly ,  thes e computationa l  mechanism s ar e al l  reducibl e 
t o structure d connectionis t  model s s o tha t  embodimen t 
can b e realized . 

The mos t  nove l  computationa l  featur e o f  ou r  cur -
ren t  effor t  i s  ou r  representatio n o f  actions ,  executin g 
schemas (x-schema s fo r  short) ,  s o name d t o distin -
guis h the m fro m othe r  notion s o f  schem a an d t o remin d 
us tha t  the y ar e intende d t o execut e whe n invoked .  W e 
represen t  x-schema s usin g a n extensio n o f  a  computa -
tiona l  formalis m know n a s Petr i  net s (Murata ,  1989) .  A 
Petr i  ne t  i s a  bipartit e grap h containin g place s (draw n 
as circles )  an d transition s (rectangles) .  Place s hol d to -
ken s an d represen t  predicate s abou t  th e worl d stat e o r 
interna l  state .  Transition s ar e th e activ e component . 
When al l  place s pointin g int o a  transitio n contai n a n 
adequat e numbe r  o f  token s (usuall y  1) ,  th e transitio n 
i s enable d an d ma y fire,  removin g it s inpu t  token s an d 
depositin g a  ne w se t  o f  token s i n it s outpu t  places .  X -
schemas cleanl y captur e sequentiality ,  concurrenc y an d 
event-base d asynchronou s control ;  wit h ou r  extension s 
the y als o mode l  hierarch y an d parameterization . 

To kee p thing s minimal ,  ou r  model s us e onl y on e 
othe r  computationa l  mechanism—featur e structure s 
(f-struct s fo r  short ,  draw n a s a  ro w o f  double-boxes) . 
F-struct s ar e use d fo r  stati c knowledg e representation , 
paramete r  setting ,  an d binding .  The y hav e bee n chose n 
t o b e compatibl e wit h th e "f-structures "  i n th e literatur e 
on unificatio n grammars ,  an d ar e simila r  t o well-know n 
AI  slot-fille r  mechanisms .  Fro m thes e simpl e constructs , 
a wid e variet y o f  modelin g structure s ca n b e built . 

The botto m thir d o f  Figur e 1  depict s a n exampl e x -
schema fo r  slidin g a n objec t  o n a  tabletop .  Th e Slid e 

x-schem a capture s th e fac t  tha t  peopl e shap e th e han d 
whil e movin g th e ar m t o a n objec t  an d tha t  larg e an d 
smal l  object s ar e handle d differently .  I t  include s a  loo p 
tha t  continue s motio n whe n no t  ye t  a t  th e goa l  an d a 
separat e littl e schem a fo r  tightenin g th e gri p i f  sli p i s 
detected . 
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Figur e 1 :  A n overvie w o f  th e verb-learne r  a t  th e com -

putationa l  level ,  showin g detail s o f  th e Slid e x-schema , 

some linkin g features ,  an d tw o verbs :  pus h (wit h tw o 

senses )  an d shov e (wit h on e sense) . 

Bailey' s ve r b learnin g m o d e l 

An overvie w o f  Bailey' s ver b learnin g syste m i s give n 
i n Figur e 1 .  I n thi s mode l  a  specia l  linkin g f-struc t 
(cente r  o f  Figur e 1 )  play s a n importan t  rol e a s th e sol e 
interfac e betwee n languag e an d action .  I t  maintain s bidi -
rectiona l  connection s t o th e x-schemas :  a n x-schem a re -
ceive s binding s fro m f-struct s an d produce s additiona l 
binding s durin g it s execution .  I n thi s way ,  action s ca n 
be translate d t o an d fro m semanti c features .  Mor e gen -
erally ,  w e clai m tha t  th e requirement s o f  parameterizin g 
x-schema s ar e th e principa l  determine r  o f  whic h seman -
ti c feature s ge t  encode d i n a  language .  On e critica l  link -
in g featur e i s th e nam e o f  th e x-schem a generatin g th e 
action .  Other s includ e moto r  parameter s suc h a s force , 
elbo w join t  motion ,  an d han d posture .  Som e worl d stat e 
feature s ar e als o relevant ,  suc h a s objec t  shape . 

Each sens e o f  a  ver b i s represente d i n th e mode l  b y 
an f-struc t  whos e featur e value s ar e probabilit y  distri -
butions .  Feature s ar e presume d independen t  an d th e 
representatio n i s conjunctiv e o r  gestalt-lik e i n nature . 
The to p thir d o f  Figur e 1  show s severa l  wor d sense s fo r 
th e verb s pus h an d shove .  Th e uppe r  lef t  ellips e give s 
f-struct s fo r  tw o sense s o f  push .  Th e to p sens e i s a  han d 
motio n tha t  invoke s th e Slid e x-schema .  Th e ellips e 
on th e uppe r  righ t  show s tha t  shov e als o code s fo r  th e 
Slid e x-schem a bu t  specifie s hig h acceleration . 

I n executio n mode ,  a  verba l  comman d i s interprete d 
by choosin g th e sens e tha t  bes t  matche s th e curren t 
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worl d state .  Thi s sens e i s i n tur n use d t o se t  th e linkin g 
f-struct ,  thu s determinin g whic h x-schem a i s t o execut e 
amd wit h wha t  parameters .  Fo r  example ,  shov e speci -
fies  bot h a  Slid e x-schem a an d hig h acceleration ,  bu t 
th e forc e require d depend s (a t  least )  o n th e siz e o f  th e 
objec t  involved ,  whic h i s no t  specifie d i n th e utterance . 

The ver b leanin g mode l  assume s tha t  th e chil d (o r 
agent )  ha s alread y acquire d variou s x-schema s fo r  th e 
action s o f  on e han d manipulatin g eu i  objec t  o n a  table , 
and tha t  a n informan t  label s action s tha t  th e agen t  i s 
performing .  A s i n Regier' s work ,  w e avoi d som e har d 
but ,  w e feel ,  separabl e issue s b y assumin g tha t  th e in -
forman t  supplie s jus t  th e verb .  Th e proble m face d b y 
th e mode l  (aoi d th e child )  i s  thu s t o lear n ho w th e verb s 
relat e t o it s action s an d goals .  Th e detaile d learnin g 
mechanism s ar e explaine d i n (Baile y e t  al. ,  1997 )  an d 
(Bailey ,  1997 )  an d wil l  no t  b e describe d here . 

Learning results 

Extensive testing of the verb learning system has demon-
strate d it s abilit y  t o acquir e som e importan t  distinction s 
betwee n verb s o f  han d motion .  Fo r  English ,  th e syste m 
acquire d 1 8 verb s fro m 20 0 labele d examples ,  wit h fea -
ture s suc h a s schem a nam e an d han d postur e playin g 
a mor e importan t  rol e i n determinin g wor d sens e tha n 
objec t  siz e an d directio n o f  motion .  Th e syste m ha d 
a 7 8 % succes s rat e fo r  recognizin g ne w examples .  Th e 
relativel y bette r  performanc e o f  th e syste m i n obeyin g 
commands (81% )  i s no t  surprising ,  sinc e i t  wa s eval -
uate d b y executin g it s learne d mode l  o f  th e specifie d 
wor d an d the n tryin g t o recogniz e th e action .  Interest -
ingly ,  fo r  bot h type s o f  testing ,  error s consistentl y in -
volve d subtl e distinctions ,  suc h a s tha t  betwee n heav e 
and lift ,  tha t  cause d th e syste m t o choos e a  plausibl e 
alternative .  Ther e wer e n o gros s errors . 

Experiment s i n Farsi ,  Hebre w an d Russia n hav e con -
firmed  th e system' s abilit y  t o mode l  cross-linguisti c  vari -

ation ,  wit h man y parameter s use d durin g trainin g prov -
in g robus t  acros s experiments .  Result s ech o thos e fo r 
Englis h i n som e respects :  mos t  performanc e error s in -
volve d closel y relate d verbs ,  wit h th e syste m ofte n fa -
vorin g specifi c  verb s ove r  mor e genera l  ones .  Bu t  a s 
expected ,  th e lexicon s acquire d fo r  eac h languag e diffe r 
significantly .  Fo r  example ,  th e distinctio n betwee n Fars i 
hoi  daada n (away-directe d motion )  an d feshaa r  daada n 
(applyin g forc e withou t  motion )  depend s mor e o n forc e 
and duratio n tha n tha t  betwee n Englis h pus h an d pull . 
The Hebre w lexico n wa s smalle r  tha n th e Englis h lex -
ico n an d involve d mor e genera l  verb s o f  motion ,  suc h 
as hirxi k (make-far )  an d kere v (make-close) ;  reflectin g a 
typologica l  tendenc y o f  verb s t o encod e eithe r  pat h (He -
brew )  o r  manne r  (English) .  Result s fo r  thi s simplifie d 
Hebre w wer e eve n stronge r  tha n thos e fo r  English . 

Diff"erin g lexicalizatio n pattern s als o she d ligh t  o n 
weaknesse s o f  th e model .  Som e o f  these ,  suc h a s th e 
need fo r  mor e worl d feature s (suc h a s objec t  weight) , 
ar e easil y remedied .  Othe r  problem s sugges t  tha t  som e 
refinemen t  o f  th e underlyin g mode l  ma y b e necessary :  i n 
general ,  th e syste m ha s no t  bee n designe d t o captur e ei -
the r  correlation s betwee n feature s (suc h a s tha t  betwee n 

objec t  siz e an d forc e fo r  push )  o r  abstrac t  ver b sense s 
(suc h a s move )  neede d t o lear n hierarchica l  lexicons . 

Challenge s o f  a  rathe r  differen t  natur e accoun t  fo r  th e 
system' s difficultie s i n handlin g th e widesprea d gram -
maticizatio n o f  aspec t  an d deixi s i n Russia n ver b affixes : 
althoug h som e aspectua l  distinction s wer e acquire d fro m 
a simplifie d trainin g se t  o f  Russia n verbs ,  th e syste m 
had difficultie s acquirin g wor d sense s i n whic h deicti c 
referenc e depend s o n multipl e inter-dependen t  features . 
Thes e problem s aris e fo r  Englis h ver b phrase s a s well : 
th e directio n o f  motio n i n tak e awa y i s opposit e tha t  o f 
giv e awa y despit e thei r  commo n particle ,  sinc e the y hav e 
differen t  deicti c centers .  I t  als o remain s unclea r  whethe r 
th e curren t  syste m ca n handl e mor e complicate d prob -
lem s involvin g aspectua l  compositio n an d goal-oriente d 
actions .  Thes e shortcoming s underscor e th e nee d fo r  a 
riche r  mode l  o f  intentiona l  stat e tha t  ca n represen t  al -
ternat e perspective s an d goal-drive n actions . 

The remainde r  o f  th e pape r  outline s som e extension s 
t o th e x-schem a representationa l  framewor k tha t  addres s 
some o f  thes e problem s an d suggest s ho w thes e addition s 
shoul d significantl y exten d th e rang e o f  learnabl e words . 

An x-schema simulation environment 

In recent work (Narayanan, 1997), we have extended the 
basi c x-schem a representatio n t o mode l  domai n theories , 
wit h th e sam e mechanis m use d fo r  actin g an d reasonin g 
abou t  action s i n a  dynami c environment .  Th e basi c ide a 
i s simple .  W e assum e tha t  peopl e ca n execut e x-schema s 
wit h respec t  t o f-struct s tha t  ar e no t  linke d t o th e bod y 
and th e her e an d now .  I n thi s case ,  x-schem a action s ar e 
not  carrie d ou t  directl y bu t  instea d trigge r  simulation s 
of  a n imagine d situation .  I t  i s  eas y t o imagine ,  fo r  in -
stance ,  slidin g King  Kon g u p t o th e to p o f  th e Empir e 
Stat e Buildin g an d t o predic t  wha t  happen s upo n let -
tin g go .  Th e N T L mode l  fo r  suc h mechanica l  plannin g 
assumes tha t  th e SLID E x-schem a ca n ru n wit h respec t 
t o a  worl d mode l  wit h simpl e qualitativ e physics .  Physi -
cal  model s tha t  peopl e normall y us e appea r  t o b e simpl e 
enoug h t o fit  ou r  paradig m fairl y  well ,  an d som e ele -
mentar y one s hav e bee n implemented .  W e mode l  th e 
physica l  worl d a s independen t  x-schema s wit h link s t o 
th e x-schem a representin g th e planne d action .  Thes e x -
schemas ca n interrup t  on e anothe r  o r  otherwis e affec t 
execution ,  fo r  instanc e b y changin g f-struc t  values .  A 
simplifie d simulatio n o f  th e droppin g o f  a n objec t  an d 
th e correspondin g worl d simulation ,  depicte d i n Figur e 
2,  illustrate s th e centra l  ideas . 

On th e lef t  o f  Figur e 2 ,  w e hav e a n x-schem a cor -
respondin g t o th e importan t  contro l  transition s o f  th e 
underlyin g DROP x-schem a (Narayanan ,  1997) .  O n th e 
righ t  ar e x-schema s correspondin g t o th e agent' s simu -
latio n o f  th e world .  Bot h th e agent' s action s an d th e 
world' s simulate d evolutio n affec t  th e agent' s menta l 
state .  A t  th e star t  o f  th e simulation ,  th e objec t  i s  sup -
porte d b y a n agen t  wh o the n withdraw s suppor t  a s a s 
resul t  o f  th e Dro p action ,  consumin g th e toke n a t  th e 
plac e labele d supported(objl )  and ,  throug h a n inhibitor y 
link ,  trigger s th e Fal l  x-schema .  Fal l  simulate s th e 
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Dfop(obi1 ) 

suppoiKobjl) 

height(ot)|l ) 

lmpact(objl,  ground) 

elasdc(ot)jl) 

fr«gN<*il) 

l>raken(ob|l) 

FaDlobjl ,  height ) 

Bounce(ot)i1,hejght1 ) 

Break(obj1) 

Agen t  stat e vecto r 

Figure 2: X-schema simulation of Drop, resulting in the 

objec t  fallin g an d eithe r  breakin g o r  bouncing . 

decreasin g heigh t  o f  th e objec t  unti l  i t  hit s th e ground. ^ 
Once th e objec t  hit s th e ground ,  i t  m a y bounc e bac k t o 
some ne w height ,  dependin g o n th e impac t  forc e an d th e 
object' s elasticity .  I f  th e objec t  i s  brittl e (lik e a  vase) ,  i t 
does no t  bounc e bu t  wil l  instea d break . 

I n ou r  simulatio n framework ,  wheneve r  a n executin g 
x-schem a make s a  contro l  transition ,  i t  potentiall y  modi -
fies  state ,  leadin g t o asynchronou s an d paralle l  triggerin g 
or  inhibitio n o f  othe r  x-schemas .  W e believ e suc h a  sys -
te m desig n support s a  broa d notio n o f  action ,  i n tha t  th e 
same activ e representatio n ca n b e use d fo r  monitoring , 
contro l  an d inference .  Th e notio n o f  stat e a s a  grap h 
markin g i s inherentl y distribute d ove r  th e network ,  s o 
th e workin g memor y o f  a n x-schema-base d inferenc e sys -
te m i s distribute d ove r  th e entir e se t  o f  x-schema s an d 
f-structs .  O f  course ,  thi s i s intende d t o mode l  th e mas -
sivel y paralle l  computatio n o f  th e brain . 

Thi s x-schem a simulatio n framewor k ha s alread y 
prove n usefu l  i n modelin g metaphori c reasonin g abou t 
even t  description s i n abstrac t  domain s suc h a s interna -
tiona l  economics .  A  crucia l  aspec t  o f  th e implemente d 
model  i s  it s  capacit y t o exploi t  domai n knowledg e o f 
spatia l  motio n an d manipulatio n (implemente d a s x -
schema simulations )  fo r  real-tim e simulativ e inference . 
Result s o f  applyin g ou r  mode l  t o discours e fragment s 
fro m newspape r  storie s i n internationa l  economic s sho w 
tha t  crucia l  fact s abou t  abstrac t  plans ,  goals ,  resource s 
and inten t  ca n b e expresse d b y projection s fro m embod -
ie d concepts .  Furthe r  detail s o f  thi s wor k ca n b e foun d 
i n (Narayanan ,  1997) .  I n th e res t  o f  thi s paper ,  w e 
sho w ho w usin g an d extendin g thi s simulatio n frame -
wor k help s u s overcom e som e o f  th e limitation s outline d 
earlie r  an d cove r  a  wide r  rang e o f  earl y chil d language . 

Extensions 

I n thi s section ,  w e examin e th e complet e earl y chil d vo -
cabular y an d it s  implication s fo r  th e directio n o f  ou r 
modelin g efforts .  Althoug h earl y vocabularie s diffe r 
widel y bot h withi n an d acros s languages ,  publishe d stud -
ie s ar e sufficien t  fo r  identifyin g th e mos t  c o m m o n words . 
As i s  wel l  known ,  th e mos t  frequen t  wor d type s (al -

thoug h no t  tokens )  ar e nouns ,  whic h w e continu e t o vie w 
as relativel y unproblemati c case s t o b e deal t  wit h later .  ̂  
Similarly ,  earl y adjective s see m comparativel y straight -
forwar d fro m a  computationa l  modelin g perspectiv e an d 
moreove r  ar e no t  ver y c o m m o n initially .  Deferrin g wor k 
on noun s an d adjective s allow s u s t o focu s o n th e mor e 
challengin g earl y words . 

For  concreteness ,  le t  u s conside r  th e 4 9 word s use d b y 
th e mos t  childre n i n th e Bloo m (1993 )  preschoo l  study . 
Hal f  o f  thes e ar e noun s o r  name s o f  sound s lik e boom , 
moo o r  woof .  W h e n w e conside r  th e othe r  words ,  severa l 
issue s com e t o th e fore .  I n particular ,  tw o methodologi -
cal  issue s com e prio r  t o an y detaile d modeling :  First ,  i t 
i s  know n tha t  childre n ofte n us e a  wor d ver y differentl y 
fro m ho w a n adul t  would .  Fo r  example ,  dow n an d mor e 
fro m th e righ t  han d colum n i n Tabl e 1  ar e ofte n initiall y 
requests .  Thi s  i s closel y relate d t o th e second ,  mor e gen -
era l  issue :  an y seriou s modelin g mus t  b e base d o n th e 
physica l  an d intentiona l  contex t  i n whic h th e chil d i s us -
in g a  give n word .  Th e literatur e i s no t  complet e i n thi s 
regard ,  bu t  i t  i s  goo d enoug h t o ge t  u s started . 

box 
choo-cho o 
»et 
gir l 
h a m m er hors e 
in 
out 
li t 
two 

cooki e 
doo r 
eye 
ner e 
moo 
no mor e 
on 
truc k 
woof 

banan a 
boo m 
bottl e cow 
dadd y 
sho e 
spoo n 
ther e 

appl e 
boy 
tha t 
thi s 
uho h 
whee 

bea d by e 
ope n h i 
yes yu m 

—5 I B n — h — 
Number  o f  childre n 

baby 
mommy bal l 
no dow n 
oh juic e 
up mor e 

TT i r 

Tabl e 1 :  Word s learne d b y 7  o r  mor e children ,  repro -

duce d fro m Bloo m (1993) . 

Several of the 23 words in the table that are not nouns 
or  name s o f  sound s (show n i n bold )  appea r  t o b e cov -
ere d b y ou r  previou s effort s t o mode l  th e acquisitio n o f 
spatia l  relatio n term s (Regier )  o r  verb s o f  persona l  move -
ment  (Bailey) ,  althoug h reall y learnin g eve n thes e word s 
involve s som e rathe r  dee p issue s t o whic h w e wil l  retur n 
late r  i n thi s section .  Wit h thi s proviso ,  w e ca n coun t  fou r 
verb s o f  actio n {get ,  sit ,  g o an d open )  an d five  spatia l  re -
latio n word s {in ,  out ,  on ,  u p an d down )  a s understood . 

Beyon d th e case s arguabl y covere d b y ou r  previou s 
models ,  th e remainin g lexeme s agai n cluste r  int o a  smal l 
number  o f  basi c kinds .  Ther e ar e fou r  tha t  appea r  t o b e 
expres s emotion :  uhoh ,  whee ,  o h (surprise )  an d yum .  Fo r 
our  purposes ,  thes e presen t  n o basi c problems .  On e as -
sumes tha t  th e chil d m a y ofte n hea r  a  paren t  makin g th e 
appropriat e soun d tha t  correlate s wit h th e child' s ow n 
emotiona l  state ,  ofte n wit h additiona l  cue s i n th e for m 
of  intonatio n pattern s an d facia l  expressions .  Obviousl y 
enough ,  seriou s computationa l  modelin g o f  emotio n i s 
not  t o b e take n lightly ,  bu t  i t  doesn' t  see m necessar y fo r 
our  curren t  purposes . 

Th e meaning s o f  th e remainin g item s al l  depen d o n 
conversationa l  contex t  o r  reference .  Ther e ar e tw o greet -

*T o simplif y exposition ,  w e leav e ou t  th e relationshi p com -
pute d betwee n th e initia l  heigh t  an d impac t  strength . 

^Of  course ,  t o reall y implemen t  a n objec t  namin g syste m 
woul d requir e solvin g th e compute r  visio n problem . 
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ings ,  h i  an d bye ,  an d fou r  gene r  J  communicatio n terms , 
so cdle d becaus e thei r  communicativ e conten t  i s under -
standabl e onl y relativ e t o thei r  discours e context ;  thes e 
ar e yes ,  no ,  mor e an d n o more .  Also ,  ther e ar e tw o 
adul t  spatia l  adverbs ,  her e an d there ,  whic h agai n rel y 
cruciall y fo r  thei r  meaning s o n th e physica l  contex t  o f 
th e conversation . 

Bot h thi s an d tha t  similarl y hav e referentia l  potentia l 
onl y i n conversationa l  context .  Not e als o tha t  i n adul t 
speec h the y ar e eac h member s o f  tw o close d classes :  ar -
ticle s an d pronouns .  A s suc h the y pla y importan t  func -
tion s a t  bot h th e discours e leve l  (b y pointin g anaphor -
icall y t o othe r  discours e elements )  an d th e sentence -
syntacti c leve l  (sinc e article s ar e associate d wit h a n ex -
tremel y restricte d rang e o f  syntacti c environment s an d 
thu s ar e goo d predictor s o f  th e syntacti c clas s o f  th e nex t 
item) .  Beyon d thei r  semanti c dependenc e o n conversa -
tiona l  setting ,  then ,  th e developmen t  o f  specifi c  gram -
matica l  function s fo r  thes e lexica l  item s pose s a  partic -
ula r  challeng e an d opportunit y fo r  a n embodie d N T L 
model  o f  ho w the y migh t  b e learned . 

As thi s samplin g demonstrates ,  m a n y earl y lexeme s 
depen d o n conversationa l  contex t  an d thu s presen t  th e 
same basi c challeng e t o th e N T L paradigm :  model -
in g othe r  people.W e ca n simplif y thi s tas k b y assumin g 
tha t  thes e lexeme s originall y labe l  o r  augmen t  pre-verba l 
communicatio n acts .  Childre n develo p communicatio n 
pattern s wit h thei r  parent s wel l  befor e the y speak ;  ther e 
ar e pattern s o f  share d ey e movement s an d othe r  physica l 
and voca l  gesture s (Foster ,  1990 )  tha t  for m a n obviou s 
possibl e substrat e fo r  th e deicti c article s thi s an d that . 
A nd n o paren t  need s t o b e tol d abou t  no . 

Under  th e assumptio n tha t  pre-linguisti c communica -
tio n routine s Eir e a  necessar y precurso r  t o learnin g com -
municatio n terms ,  th e challeng e t o th e N T L paradig m 
becomes on e o f  modelin g th e interactio n o f  th e child' s 
o wn menta l  representation s wit h it s representation s o f 
othe r  agents .  Thi s simulatio n o f  othe r  agent s i s a  di -
rec t  extensio n o f  th e genera l  x-schem a simulatio n envi -
ronmen t  describe d earlier .  Instea d o f  passiv e x-schema s 
representin g th e physica l  worl d a s i n Figur e 2 ,  w e us e 
x-schema s tha t  mode l  th e othe r  agent .  Th e interaction s 
betwee n th e model' s plan s an d th e anticipate d respons e 
of  th e othe r  agen t  ar e computationall y th e sam e a s i n 
th e cas e o f  physica l  simulation ,  althoug h model s o f  othe r 
agent s mus t  b e m u c h richer ,  includin g model s o f  bot h 
thei r  action s an d thei r  beliefs . 

MoMof 
Mom't  itat t Fe«<)Me{Mom) H y t U t e 

lntorm(Mo(n ,  "n o more T 

Figure 3: Depiction of child's own state and model of 

her  mother' s stat e i n a  contex t  i n whic h th e chil d migh t 

say n o mor e t o hal t  feeding . 

Figur e 3  illustrate s on e contex t  i n whic h th e phras e n o 
mor e migh t  b e used .  Th e simplifie d x-schema s an d stat e 
representation s depic t  bot h th e child' s ow n action s (Eat , 
In form )  an d he r  mode l  o f  he r  mother' s F e e d M e action . 
Th e E a t  schem a o n th e lef t  i s  enable d b y th e presenc e 
of  foo d an d continue s unti l  th e chil d i s  full .  Th e figur e 
model s a  poin t  whe n th e child ,  havin g eate n he r  fill ,  i s 
usin g th e phras e n o mor e t o informin g he r  mothe r  tha t 
she i s full ,  whic h sh e know s wil l  sto p he r  mother' s feedin g 
process .  Thi s communicativ e ac t  presumabl y replace s o r 
augment s earlie r  gestura l  x-schemas . 

Thi s approac h accommodate s m a n y simpl e case s i n 

whic h a  lexem e label s som e actio n i n th e child' s menta l 
model  o f  (conversational )  context .  Bu t  mor e compli -
cate d semanti c distinction s wil l  requir e additiona l  mech -
anisms .  Le t  u s retur n t o th e fou r  actio n verb s an d five 
spatia l  relatio n word s tha t  appea r  t o b e explaine d b y 
previou s N T L models .  Th e previou s model s too k a  fixed 
perspectiv e wit h respec t  t o whic h al l  word s wer e learned . 
Regier' s spatia l  ter m networ k take s wha t  w e cal l  th e ob -
serve r  perspective ;  th e learnin g agen t  view s scenario s 
tha t  ar e the n labeled .  Bailey' s actio n ver b assume s wha t 
we cal l  th e agen t  perspective ;  th e learnin g agen t  receive s 
label s fo r  it s  ow n actions .  Regie r  gav e n o hin t  ho w a n 
agen t  w h o learn s t o labe l  a  scen e a s int o woul d kno w 
ho w t o appl y thi s labe l  t o it s ow n actions .  Baile y  i s sim -
ilarl y silen t  o n ho w a n agen t  w h o learn s tha t  on e o f  it s 
action s ca n b e calle d pus h woul d recogniz e th e sam e ac -
tio n whe n carrie d ou t  b y others .  Th e situatio n i s eve n 
mor e comple x tha n thi s — ther e i s a t  leas t  on e additiona l 
basi c perspective ,  whic h w e cal l  th e experiencer .  Bein g 
pushe d i s experientiall y  quit e distinc t  fro m eithe r  push -
in g o r  observin g som e thir d part y pushing .  Similarly ,  i t 
i s  quit e differen t  t o pu t  a  to y t n you r  mouth ,  se e mil k 
put  i n th e refrigerato r  o r  b e pu t  i n you r  bath . 

As i s clea r  fro m th e fifty  word s o f  ou r  sample ,  chil -
dren' s initia l  wor d meaning s m a y tak e an y o f  th e thre e 
basi c perspective s o f  agent ,  experience r  o r  observer . 
Most  noun s are ,  o f  course ,  learne d b y observation ,  al -
thoug h som e (eye ,  boy )  migh t  b e learne d first  a s par t  o f 
one' s ow n bod y o r  a s a  referenc e t o oneself .  Emotio n 
word s an d action s lik e si t  (an d Bailey' s examples )  ar e 
normall y learne d first  fro m th e agen t  perspective .  A t 
leas t  fo r  America n middl e clas s children ,  word s lik e u p 
and dow n ar e first  use d i n th e experience r  perspectiv e 
— th e chil d i s picke d u p o r  pu t  dow n whe n th e wor d i s 
used .  I t  isn' t  terribl y importan t  whic h perspectiv e come s 
first  fo r  som e lexem e fo r  a  give n chil d — th e questio n i s 
ho w al l  o f  thes e com e t o b e associate d wit h th e sam e 
term .  Crucially ,  ca n a  ter m learne d fro m on e perspec -
tiv e b e understoo d an d use d fro m th e others ? W e kno w 
of  n o systemati c stud y o f  thi s transfer ,  bu t  th e anecdota l 
evidenc e suggest s tha t  i t  i s  c o m m o n . 

Th e multipl e perspective s an d th e apparen t  eas e wit h 
whic h childre n transfe r  amon g the m present s a  stron g 
challeng e fo r  th e N T L projec t  o f  constructin g detailed , 
neurall y plausibl e models .  Ou r  propose d solutio n i s t o 
furthe r  exten d x-schema s t o suppor t  recognitio n a s wel l 
as execution .  Referrin g onc e agai n t o Figur e 1 ,  on e ca n 
imagin e tha t  a n agen t  ha s th e abilit y  t o recogniz e some -
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one els e carryin g ou t  a  Slid e action ,  iiia t  is ,  th e x -
schema formalis m ca n als o b e use d a s a n activ e templat e 
t o recogniz e action s a s wel l  a s carr y the m out . 

Thi s solutio n i s computationall y elegan t  an d ha a som e 
experimenta l  basis ,  bu t  i t  i s  stil l  ver y speculative .  I n 
fact ,  ther e hav e bee n connectionis t  model s tha t  wor k ex -
actl y thi s way .  Th e mos t  relevan t  i s Goddard' s thesi s 
syste m (1992 )  tha t  recognize s h u m a n gait s fro m stic k 
figur e movi e input .  Goddar d foun d tha t  th e bes t  wa y 
t o recogniz e a  motio n wa s t o hav e a n x-schema-lik e ac -
tiv e representatio n tha t  wa s brough t  int o synchroniza -
tio n wit h th e incomin g visua l  data .  I n a  goo d match , 
th e simulatio n predicte d th e inpu t  strea m an d th e visua l 
recognitio n becam e easy .  Alternativ e model s compete d 
i n th e usua l  connectionis t  wa y t o provid e th e bes t  matc h 
fo r  a  dat a stream . 

Ther e i s als o som e developmenta l  an d biologica l  sup -
por t  fo r  thi s kin d o f  model ,  ofte n discusse d unde r  th e 
rubri c o f  imitation .  Despit e controvers y abou t  th e exten t 
t o whic h othe r  animal s shar e thi s abilit y  (Hauser ,  1996) , 
imitatio n i s clearl y a  crucia l  aspec t  o f  h u m a n learning . 
Childre n ca n imitat e a  limite d rang e o f  facia l  expression s 
jus t  afte r  birth ,  suggestin g a  connectio n betwee n recog -
nizin g on e o f  thes e behavior s an d th e moto r  schem a fo r 
carryin g i t  out .  Th e anima l  literatur e contain s report s 
of  cell s i n monke y pre-fronta l  corte x tha t  fire  activel y 
eithe r  whe n th e monke y itsel f  carrie s ou t  a  specifi c  ac -
tio n o r  whe n i t  see s anothe r  primat e carr y ou t  a  simila r 
actio n (Galles e e t  al. ,  1996) . 

Th e ide a o f  usin g x-schema s fo r  execution ,  inferenc e 
and recognitio n migh t  als o hel p wit h anothe r  majo r 
shortcomin g o f  Bailey' s ver b learnin g paradigm .  Bai -
ley' s syste m learn s onl y th e mos t  concret e embodimen t 
of  a  wor d lik e push .  Bu t  ther e i s a  mor e general ,  ab -
strac t  meanin g a s well .  Thi s migh t  b e glosse d a s movin g 
an objec t  awa y fro m a  deicti c cente r  usin g forc e directe d 
throug h th e object .  M u c h o f  th e cognitiv e linguistic s lit -
eratur e i s concerne d wit h thes e genera l  image-schemati c 
(Lakoff ,  1987 )  an d force-dynami c (Talmy ,  1988 )  seman -
ti c representations .  I n ou r  Bloo m data ,  thre e o f  th e fou r 
verb s o f  actio n ar e th e genera l  forms :  get ,  g o an d open , 
but  thes e migh t  refe r  t o specifi c  actions ;  ge t  migh t  re -
fe r  t o a  pullin g actio n representabl e directl y i n Figur e 
1.  Whil e i t  i s  stil l  no t  know n whethe r  childre n develo p 
th e genera l  meaning s early ,  th e mode l  mus t  allo w fo r  th e 
possibilit y  tha t  the y do . 

Our  curren t  ide a i s t o allo w th e embodie d semantic s 
fo r  earl y actio n word s t o hav e bot h specifi c  an d genera l 
components .  I n thi s formulation ,  th e Slid e x-schem a o f 
Figur e 1  woul d b e accompanie d b y a  genera l  x-schem a 
fo r  achievin g th e goa l  o f  movin g a  physica l  objec t  t o a 
desire d place .  I n learnin g pus h th e chil d migh t  associat e 
th e wor d wit h eithe r  th e specifi c  action ,  th e genera l  goa l 
achievemen t  o r  both .  Recen t  wor k b y C .  Johnso n (1997 ) 
suggest s tha t  earl y wor d learnin g migh t  conflat e specifi c 
and genera l  meanings ,  suc h a s vie w an d kno w fo r  see . 
Thi s earl y conflatio n m a y serv e a s th e basi s fo r  late r 
metaphorica l  mapping s i n a  manne r  tha t  fits  ver y wel l 
wit h th e N T L paradigm .  B y applyin g recognitio n t o 
thes e genera l  x-schemas ,  w e m a y hav e th e basi s fo r  th e 

inferenc e o f  th e goal s an d intention s o f  othe r  agents ,  a 
crucia l  ste p m u c h studie d i n AI . 
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Abstrac t 

Wordlikeness, which is generally equated with phonotactics, 
i s  becomin g a n increasingl y importan t  variabl e i n th e stud y 
of  languag e acquisitio n an d processin g a s wel l  a s i n th e con -
tex t  o f  verba l  shor t  ter m memory .  Pas t  researc h ha s sough t 
t o establis h phonotacti c knowledg e (knowledg e o f  th e possibl e 
sequence s o f  sound s withi n a  language )  a s a  distinc t  kin d o f 
knowledg e abov e an d beyon d knowledg e o f  individua l  lexica l 
items .  I t  i s  unclear ,  however ,  ho w separat e phonotacti c an d 
lexica l  knowledg e reall y  are ;  conceivabl y ther e coul d b e ef -
fect s o f  simila r  soundin g lexica l  neighbor s o n perceive d word -
likeness .  W e repor t  empirica l  evidenc e an d analysi s demon -
stratin g independen t  contribution s o f  phonotactic s an d o f  lexi -
cal  neighbor s i n accountin g fo r  wordlikenes s ratings ,  a  finding 
wit h bot h methodologica l  an d cognitiv e implications . 

I n t r o d u c t i o n 

A n y speake r  o f  Englis h ca n tel l  tha t  Zbignie w i s no t  a n En -

glis h name ;  an y suc h speake r  know s i t  no t  onl y doe s no t  hap -

pe n t o b e a n Englis h n a m e bu t  ther e i s a  stron g intuitio n tha t 

i t  coul d no t  b e on e either .  Polis h word s ar e clearl y differen t 

fro m Englis h words ,  an d speaker s ca n tel l  thi s intuitivel y eve n 

i f  the y canno t  articulat e why .  Furthermore ,  eve n amon g ac -

tua l  word s o f  English ,  som e word s soun d mor e "typical "  tha n 

others ,  sa y ra t  a s oppose d t o sphere ,  splurge ,  o r  phlegm . 

Thu s give n a  know n o r  unknow n sequenc e o f  sounds ,  w e 

hav e intuition s o n whethe r  th e sequenc e coul d b e a  wor d o f 

Englis h an d h o w natura l  i t  woul d soun d a s a  wor d o f  English . 

Thi s sens e o f  "wordlikeness "  i s th e focu s o f  thi s paper . 

Wordlikenes s i s implicate d a s a  relevan t  facto r  i n a  vari -

et y o f  domains ,  includin g speec h perception ,  lexica l  devel -

opment ,  an d verba l  memory ,  whic h establis h knowledg e o f 

wordlikenes s a s a n importan t  typ e o f  linguisti c knowledge . 

Researc h i n thes e domain s ha s m a d e us e o f  severa l  concep -

tuall y relate d way s o f  measurin g wordlikeness .  Ou r  moti -

vatio n fo r  th e researc h reporte d her e stem s fro m ou r  o w n 

attempt s t o us e thes e measure s fo r  th e principle d construc -

tio n o f  experimenta l  stimuli ,  bot h word s an d nonce-words . 

as woul d b e desirabl e i n a  wid e variet y o f  psycholinguisti c 

domains .  Contrar y t o ou r  expectations ,  th e us e o f  standar d 

measure s o f  wordlikenes s di d no t  see m t o correspon d t o ou r 

intuitiv e judgement s o f  th e resultan t  stimul i  i n an y rea l  way . 

Thi s prompte d u s t o examin e mor e closel y th e determinant s 

of  wordlikeness . 

Thus ,  ou r  wor k ha s a  methodologica l  poin t  o f  departure . 

D ue t o th e widesprea d appea l  t o wordlikenes s a s a  typ e o f 

linguisti c knowledge ,  however ,  th e researc h describe d her e i s 

als o a  questio n abou t  th e natur e o f  linguisti c knowledg e o f  in -

trinsi c interest ;  and ,  a s wil l  becom e apparent ,  i t  i s a  questio n 

i n whic h resurface s on e o f  th e mos t  ubiquitou s issue s con -

cernin g menta l  representatio n i n Cognitiv e Science ,  namel y 

th e exten t  t o whic h knowledg e i s abstrac t  o r  merel y implici t 

i n store d exemplars . 

Measures of Wordlikeness 

Wordlikeness ,  a s evidence d i n ou r  intuitiv e judgements ,  i s 

typicall y equate d wit h phonotactics .  Phonotactic s i s th e ter m 

use d i n linguistic s t o refe r  t o th e sequentia l  arrangement s o f 

phonologica l  unit s (sounds )  whic h occu r  i n a  give n language . 

Th e ter m ha s tw o relate d senses .  I t  ca n b e use d t o refe r  t o th e 

constraint s o n wha t  constitute s a  permissibl e o r  acceptabl e 

sequenc e i n th e languag e an d i t  ca n b e use d i n a  mor e fine-

graine d sens e whic h refer s t o th e probabilit y  wit h whic h par -

ticula r  sequence s occur .  Phonotactic s a s sequenc e acceptabil -

it y  highlights ,  e.g. ,  th e fac t  tha t  ther e ar e n o word s i n Englis h 

whic h star t  wit h th e consonan t  sequenc e /fs /  o r  /spm/ ,  an d 

tha t  ther e seem s t o b e a  stron g sens e i n whic h Englis h coul d 

not  hav e suc h words ,  thu s indicatin g a  phonotacti c constraint . 

Phonotactic s a s sequenc e probabilit y  i s  concerne d wit h th e 

frequenc y wit h whic h a  particula r  sequenc e occur s i n th e lan -

guag e an d i s generall y base d o n measure s o r  count s take n 

ove r  larg e languag e samples .  I n thi s latte r  sense ,  phonotactic s 

deal s wit h grade d measure s o f  phonologica l  well-formednes s 

wit h th e consequenc e tha t  a  sequenc e o f  sounds ,  whethe r  a n 

existin g wor d o r  a  nove l  sequence ,  ca n b e mor e o r  les s word -

like ,  mor e o r  les s typica l  o f  Englis h words . 
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T h e Rol e o f  Wordl ikenes s 

Wordlikeness has been established as a relevant type of lin-

guisti c knowledg e i n a n increasin g variet y o f  domains . 

The firs t  o f  thes e i s spoke n wor d perception .  Brow n 

and Hildu m (1956 )  foun d tha t  participant s aske d t o identif y 

monosyllabi c sequence s embedde d i n nois e wer e bette r  a t 

identifyin g rea l  Englis h word s tha n a t  identifyin g non-words , 

but  the y wer e als o bette r  a t  identifyin g non-wor d sequence s 

whic h ar e phonotacticall y permissibl e i n Englis h compare d t o 

sequence s whic h ar e illegal .  Thu s the y showe d bot h knowl -

edg e an d effect s o f  phonotacti c constraints .  Anothe r  study ,  b y 

Vitevitch ,  Luce ,  Charles-Luc e an d Kemmere r  (1997) ,  foun d 

effect s o f  phonotacti c probabilit y  o n participants '  reactio n 

time s i n a n auditor y repetitio n task :  high-probabilit y  non -

word s wer e responde d t o mor e quickl y tha n lo w probabilit y 

nonwords . 

A secon d are a wher e wordlikenes s ha s bee n show n t o b e 

relevan t  i s developmenta l  researc h whic h ha s reveale d infan t 

sensitivit y bot h t o phonotacti c constraint s an d t o sequenc e 

probabilities .  Jusczyk ,  Frederici ,  Wessels ,  Svenkerud ,  an d 

Jusczy k (1993 )  foun d tha t  9  mont h ol d infant s listene d longe r 

t o list s o f  word s i n thei r  nativ e language ,  preferrin g the m ove r 

foreig n word s whic h violate d nativ e phonotacti c constraints . 

Jusczyk ,  Luc e an d Charles-Luc e (1994 )  foun d tha t  9  mont h 

ol d infant s preferre d t o liste n t o list s o f  monosyllabi c non -

sens e word s wit h hig h probabilit y  phonotacti c sequence s (i n 

English )  ove r  list s containin g lo w probabilit y  sequences . 

Thes e result s lin k suggestivel y wit h recen t  computationa l 

wor k demonstratin g th e utilit y  o f  phonotacti c constraint s 

(Bren t  an d Cartwright ,  1996 )  an d phonotacti c probabilitie s 

(Cairns ,  Shillcock ,  Chate r  an d Levy ,  1997 )  fo r  segmentatio n 

of  th e speec h stream .  Thu s phonotactic s migh t  provid e a n 

importan t  cu e whic h th e infan t  ca n us e t o bootstra p lexica l 

acquisition . 

A thir d are a i n whic h wordlikenes s ha s figured  prominentl y 

i s verba l  shor t  ter m memory .  I t  ha s recentl y bee n demon -

strate d tha t  verba l  short-ter m memor y interact s wit h long -

ter m knowledge ,  rathe r  tha n bein g a n independen t  buffer . 

One sourc e o f  evidenc e i n thi s contex t  ar e studie s o n th e so -

calle d "lexicalit y  effect" ,  th e robus t  finding  tha t  participant s 

ar e bette r  a t  recallin g list s o f  familia r  word s tha n list s o f  th e 

same lengt h containin g English-soundin g nonword s (Hulme , 

Maughan an d Brown ,  1991) .  Subsequently ,  ver y recen t  re -

searc h i n thi s are a ha s directl y demonsu-ate d a  "wordlike -

nes s effect "  i n nonwor d repetition— a nonwor d analogu e t o 

th e lexicalit y effec t  accordin g t o whic h greate r  wordlikenes s 

support s greate r  repetitio n accurac y i n bot h childre n (Gather -

cole ,  Willis ,  Emsli e an d Baddeley ,  1991 ;  Gathercole ,  1995 ) 

and adult s (reporte d i n Gathercol e an d Martin ,  1997) .  Fo r 

measure s o f  wordlikeness ,  thes e studie s hav e relie d bot h o n 

explici t  wordlikenes s judgements ,  wher e participant s wer e 

aske d t o rat e wordlikenes s o n a  scal e (Gathercol e e t  al. , 

1991) ,  an d o n phonotacti c probabilitie s (Gathercole ,  1995) . 

Additiona l  interes t  i n thi s wor k stem s fro m th e emergin g 

link s betwee n verba l  short-ter m memor y an d vocabular y ac -

quisition .  Childrens '  score s o n test s o f  verba l  short-ter m 

memory — s u c h a s nonwor d repetition — ar e predictor s o f 

th e eas e wit h whic h the y acquir e nove l  word s (Gathercol e 

and Baddeley ,  1989 ;  Gathercole ,  Willis ,  Emsli e an d Badde -

ley ,  1992 ;  Gathercole ,  Hitch ,  Servic e an d Martin ,  1997 )  an d 

of  thei r  abilit y  fo r  foreig n languag e learnin g (Service ,  1992) . 

Ther e i s als o som e evidenc e tha t  childre n wit h developmenta l 

languag e disorder s hav e poore r  vocabular y knowledg e du e t o 

impaire d phonologica l  memor y skill s  (Gathercol e an d Bad -

deley ,  1990) .  I n short ,  wordlikenes s i s becomin g a n increas -

ingl y importan t  variabl e i n explanation s o f  cognitiv e perfor -

mance,  wit h researc h expandin g particularl y rapidl y i n th e 

contex t  o f  languag e development . 

The Nature of Wordlikeness 

Al l  o f  th e domain s i n whic h wordlikenes s ha s bee n impli -

cate d requir e som e wa y o f  measurin g wordlikeness .  Thu s al l 

immediatel y rais e th e questio n o f  wha t  constitute s knowledg e 

of  wordlikeness ,  wha t  exactl y ar e th e factor s tha t  influenc e it . 

Thoug h al l  th e researc h cite d ha s ha d som e mean s o f  mea -

surin g wordlikeness ,  an d thes e measure s hav e prove d usefu l 

i n analyzin g behaviora l  data ,  ou r  o w n experience ,  mentione d 

above ,  suggest s tha t  thes e issue s migh t  no t  b e resolved . 

What  factor s determin e wordlikeness ,  i.e. ,  wha t  typ e o f 

knowledg e wordlikenes s implicates ,  i s th e first  an d mos t  fun -

damenta l  questio n t o as k abou t  wordlikeness .  Bu t  ther e i s a 

furthe r  questio n involve d i n understandin g th e natur e o f  thi s 

typ e o f  knowledge ,  namel y th e natur e o f  th e menta l  repre -

sentation s underlyin g it .  Specifically ,  th e questio n i s whethe r 

thi s knowledg e i s merel y implici t  i n ou r  lexica l  knowledge , 

tha t  i s  withi n th e individua l  word s w e know ,  o r  whethe r  th e 

relevan t  informatio n i s extracte d fro m th e lexica l  leve l  an d 

store d separatel y (Vitevitch ,  1997) ,  a n issu e whic h ha s bee n 

give n attentio n i n th e contex t  o f  model s o f  speec h perceptio n 

(Norris ,  1994 )  an d memor y (Gathercol e an d Martin ,  1997) . 

The researc h presente d i n thi s pape r  concentrate s o n th e 

first  question ,  th e factor s determinin g wordlikenes s (an d th e 

resultan t  implication s fo r  measurement) ,  bu t  a s wil l  becom e 

apparent ,  th e particula r  factor s w e ar e investigatin g als o mak e 

thi s wor k directl y relevan t  t o th e representatio n issue ,  i n par -

ticula r  wit h respec t  t o th e lexicon . 

Befor e w e describ e ou r  ow n study ,  however ,  a  close r  loo k 

at  previou s wor k o n th e factor s governin g wordlikenes s i s 

necessary . 

Previous Work 

Thoug h ther e ha s bee n a  sizeabl e amoun t  o f  wor k makin g us e 

of  wordlikeness ,  ther e hav e bee n virtuall y n o direc t  investiga -

tion s o f  th e factor s determinin g wordlikeness . 

S o me o f  th e studie s describe d above ,  e.g. ,  Gathercol e e t 

al. ,  (1991) ,  simpl y us e wordlikenes s judgment s a s a  measur e 

of  wordlikeness .  Here ,  participant s ar e require d t o rat e word s 

(o r  nonwords )  o n a  numerica l  scal e reflectin g "goodness" ,  o r 

"typicality "  o r  "th e degre e t o whic h thi s wor d sound s lik e a 

wor d o f  English" .  M e a n wordlikenes s ratin g i s the n subse -

quentl y use d a s a  predictor . 
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Thos e studie s whic h emplo y phonotacti c measure s instea d 

of  wordhkenes s rating s a t  leas t  offe r  indirec t  informatio n o n 

th e factor s governin g wordlikeness .  T o th e exten t  tha t  th e 

calculate d phonotacti c measur e successfull y predict s behav -

ior ,  thi s succes s provide s evidenc e fo r  th e relevanc e an d ef -

ficacy  o f  th e calculate d factors .  Th e mos t  frequen t  measur e 

of  phonotacti c probabilit y  b y fa r  i s  simpl e bigra m statistics , 

tha t  i s  a  measur e o f  h o w frequentl y an y tw o phoneme s co -

occu r  (e.g. ,  h o w probabl e th e occurrenc e o f  /o /  afte r  /I /  is) . 

Similarly ,  trigra m statistic s coul d b e compute d (e.g. .  Cairn s 

et  al. ,  1997 )  o r  measure s whic h mor e closel y tak e int o ac -

coun t  syllabl e structure .  Bigra m co-occurrenc e probabili -

ties ,  o r  weighte d variant s thereof ,  wer e use d fo r  instanc e i n 

Jusczy k e t  al .  (1994) ,  Gathercol e (1995) . 

A mor e direc t  investigatio n o f  wordlikenes s wa s con -

ducte d b y Vitevitc h e t  al .  (1997) .  The y use d (log-frequenc y 

weighted )  bigra m co-occurrenc e probabilitie s an d positiona l 

segment  frequencie s (tha t  is ,  h o w ofte n a  give n phoneti c 

segment  occur s i n a  particula r  positio n o f  a  word )  t o gen -

erat e non-word s o f  hig h an d lo w phonotacti c probability . 

Thes e wer e the n use d i n a  wordlikenes s ratin g task ,  whic h 

yielde d significantl y highe r  mea n rating s fo r  high-probabilit y 

tha n fo r  lo w probabilit y  non-words ,  thu s confirmin g th e rel -

evanc e o f  bigra m statistic s fo r  wordlikeness .  Thei r  secon d 

stud y demonstrate d wit h th e sam e non-wor d se t  tha t  high -

probabilit y  word s wer e responde d t o mor e rapidl y tha n low -

probabilit y  word s i n a  speede d repetitio n task .  Thus ,  th e tw o 

studie s provid e suppor t  fo r  bigram s a s a  relevan t  facto r  bot h 

throug h a  judgemen t  tas k an d a  behaviora l  measure .  H o w -

ever ,  thi s wor k (whic h als o sough t  t o examin e th e effect s o f 

syllabl e stress )  di d no t  see k t o quantif y directl y h o w larg e th e 

contributio n o f  phonotactic s was . 

Whil e phonotactic s ha s bee n th e dominan t  wa y t o con -

ceptualiz e wordlikeness ,  ther e ar e tw o studie s whic h hav e 

take n th e lexico n a s thei r  poin t  o f  departure .  Greenber g an d 

Jenkin s (1964 )  constructe d nonword s whic h varie d i n "dis -

tance "  t o rea l  word s unde r  a  transformation-base d measure , 

i.e. ,  th e numbe r  o f  phonem e substitution s require d t o trans -

for m th e nonwor d int o a n actua l  wor d o f  English .  S o m e 

nonword s wer e constructe d entirel y o f  phoneme s o f  English , 

wherea s other s als o include d non-nativ e sounds .  Greenber g 

and Jenkin s (1964 )  foun d hig h correlation s betwee n thei r 

transformation-base d measur e an d participants '  judgment s o f 

h o w clos e item s wer e t o "bein g a  wor d o f  English" . 

Thi s emphasi s o n th e lexico n i s continue d i n th e mos t  direc t 

investigatio n o f  wordlikenes s t o dat e is ,  a  stud y b y Marti n an d 

Gathercole ,  o f  whic h a  preliminar y repor t  i s  give n i n Gather -

col e an d Marti n (1997) .  Thi s stud y too k wordlikenes s rating s 

of  spoke n nonword s an d directl y investigate d th e impac t  o f 

a hithert o unconsidere d factor ,  neighborhoo d density ,  o n rat -

ings .  Neighborhoo d densit y measure s wer e derive d fro m list s 

of  lexica l  neighbor s generate d b y participants .  Specifically , 

fo r  eac h nonword ,  participant s wer e aske d t o produc e al l  th e 

rea l  word s whic h th e nonwor d "brough t  t o mind" ,  thu s yield -

in g severa l  differen t  subjectiv e measure s o f  neighborhoo d an d 

neighborhoo d density .  Th e bes t  o f  thes e measure s accounte d 

fo r  2 1 % o f  th e uniqu e varianc e i n th e ratings ,  thu s indicat -

in g tha t  lexica l  densit y o f  th e phonologica l  spac e occupie d 

by a  wor d o r  nonwor d i s a n importan t  contributin g factor .  S o 

far ,  however ,  n o informatio n abou t  phonotacti c probabilitie s 

has bee n reporte d o n thi s project .  Thus ,  lik e Greenber g an d 

Jenkin s (1964 )  i t  doe s no t  lin k i n wit h th e phonotacti c base d 

research . 

Thu s extan t  researc h leave s a  lo t  unanswered .  A  consid -

erabl e variet y o f  measure s hav e bee n used ,  bot h phonotac -

ti c an d lexicall y base d i n nature ,  thu s raisin g th e questio n o f 

whic h ar e th e mos t  appropriate .  Thi s i s a  questio n whic h 

shoul d b e pursue d directly ,  no t  jus t  b y demonstratin g tha t  a 

particula r  measur e suc h a s bigram s ca n b e use d t o predic t  sig -

nifican t  difference s i n performance ,  bu t  b y directl y estimatin g 

th e siz e o f  tha t  measures '  contributio n t o performance .  Ther e 

i s goo d evidenc e tha t  bigra m statistic s hav e a n impac t  o n 

wordlikeness ,  bu t  give n ou r  o w n experience s bigra m statis -

tic s migh t  b e onl y one ,  comparativel y small ,  facto r  influenc -

in g perceive d wordlikeness . 

Furthermore ,  pursuin g th e comparativel y ignore d issu e o f 

th e potentia l  impac t  o f  lexica l  knowledg e seem s vital .  Thi s 

follow s als o fro m th e genera l  debat e abou t  th e natur e o f  th e 

underlyin g menta l  representation s a s discusse d above .  Word -

likenes s knowledg e migh t  simpl y b e implici t  i n ou r  lexica l 

knowledge ,  o r  i t  migh t  b e knowledg e whic h i s compile d an d 

extracte d fro m th e lexicon ,  a s ar e phonotactics .  Decidin g o n 

th e representationa l  natur e o f  thi s knowledg e thu s require s a 

carefu l  searc h fo r  bot h phonotacti c an d lexica l  contributions . 

Experimental Investigation 

Th e stud y elicite d rating s o f  wordlikenes s fo r  a  se t  o f  non -

word s an d a  se t  o f  words ,  randoml y intermixed .  Th e ai m 

of  th e stud y wa s t o asses s th e utilit y  o f  variou s phonotac -

ti c measure s a s wel l  a s t o tes t  whethe r  an d h o w wordlike -

nes s i s affecte d b y th e phonologica l  distanc e betwee n a  prob e 

ite m (wor d o r  nonword )  an d nearb y words ,  an d als o t o tes t 

whethe r  th e frequenc y o f  thes e nearb y word s affect s word -

likenes s judgments . 

Participants 

Participant s wer e 1 0 first  yea r  psycholog y student s firo m War -

wic k Universit y w h o too k par t  i n th e experimen t  a s par t  o f 

thei r  Method s course . 

Materials 

Stimul i  wer e selecte d b y first  extractin g monosyllable s fro m 

th e C E L E X database ^  o f  Englis h word s (thes e monosylla -

ble s ar e hencefort h referre d t o a s th e se t  o f  Englis h words) . 

Th e us e o f  monosyllabi c stimul i  avoide d th e adde d complex -

it y o f  stres s placemen t  an d syllabification .  A  syllabl e forma -

tio n gramma r  wa s constructe d base d o n th e se t  o f  al l  onset -

nucleu s an d nucleus-cod a combination s observe d i n th e En -

glis h (monosyllabic )  words ,  an d th e gramma r  wa s use d t o 

^CELEX ca n b e obtaine d b y contactin g celex@mpi.n e 
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generat e al l  "pronounceable "  wor d forms ,  i.e .  phonologi -

cal  syllable s consisten t  wit h onset-nucleu s an d nucleus-cod a 

transition s observe d i n Englis h monosyllables .  On e o r  mor e 

neares t  neighbor s wa s identifie d fo r  eac h wor d for m b y com -

parin g i t  wit h th e se t  o f  Englis h words .  Eac h wor d for m 

was classifie d a s a n isolate ,  nea r  miss ,  o r  word .  Wor d form s 

whic h differe d fro m thei r  neares t  rea l  wor d neighbo r  b y tw o 

phonemes wer e classifie d a s isolates .  Wor d form s whic h dif -

fere d fro m th e neares t  neighbo r  b y a  singl e phonem e wer e 

classifie d a s nea r  misses .  Fro m th e isolates ,  a  subse t  o f  2 2 

item s wer e chosen .  Thes e 2 2 isolate s wer e include d i n th e 

stimulu s set ,  alon g wit h 27 1 nea r  misse s whic h wer e on e 

phoneme differen t  fro m an y o f  th e 2 2 isolates . 

Procedure 

Words wer e presente d i n a  writte n questionnaire .  Participant s 

wer e instructe d t o judg e th e sound s o f  th e words ,  no t  thei r 

spellings ,  an d t o indicat e th e perceive d typicalit y o f  th e wor d 

or  nonwor d b y circlin g th e appropriat e numbe r  o n a  scal e 

fro m 1  t o 9 .  Fo r  example . 

Does minth sound like a typical word of English? 

Very non-typical = 123456789 = Very typical 

Real words and nonwords were intermixed, so as to 

heighte n th e naturalnes s o f  th e nonwor d ratin g task . 

Results 

Phonologica l  Well-Formednes s Thre e measure s o f  phono -

logica l  well-formednes s wer e compute d fo r  eac h prob e ite m 

base d o n monosyllable s i n th e C E L E X Englis h database . 

Thi s se t  contain s 723 9 phonologicall y distinc t  entries ,  i.e .  dif -

feren t  syllables ,  amon g th e 24,85 9 monosyllabi c entries ,  in -

cludin g homophones ,  i n total . 

The phonologica l  well-formednes s measure s compute d 

wer e bigram ,  trigram ,  an d syllabl e par t  transitio n probabili -

ties .  Th e bigra m probabilit y  fo r  eac h ite m wa s compute d b y 

calculatin g th e conditiona l  probabilit y o f  eac h phonologica l 

segment  i n th e item ,  give n th e precedin g segment .  Thi s in -

volve s countin g th e numbe r  o f  times ,  say ,  /t /  occur s afte r  /o/ , 

etc. ,  i n th e monosyllabi c subse t  o f  th e C E L E X lexicon .  Wor d 

boundarie s counte d a s segment s i n thi s analysis .  Th e geomet -

ri c mea n o f  conditiona l  segmen t  probabilitie s wa s compute d 

t o arriv e a t  a  singl e averag e bigra m probabilit y  fo r  th e entir e 

item .  Trigra m probabilitie s wer e compute d i n a  simila r  fash -

io n b y calculatin g th e conditiona l  probabilit y  o f  eac h segmen t 

give n th e precedin g tw o segments .  Thi s involve s countin g th e 

number  o f  time s /t /  occur s afte r  /po/ ,  o r  afte r  /es/ ,  etc .  A  syl -

labl e par t  probabilit y wa s compute d fo r  eac h ite m takin g syl -

labl e onset ,  nucleu s an d cod a t o b e th e basi c unit s o f  analysi s 

rathe r  the n segments .  Th e syllabl e par t  probabilit y  fo r  a n ite m 

was compute d fro m th e geomeU-i c mea n o f  th e probabilitie s 

of  it s  onset-plus-nucleu s an d it s nucleus-plus-coda . 

Bigra m an d trigra m probabilitie s wer e compute d wit h an d 

withou t  weightin g base d o n th e lo g toke n frequenc y give n fo r 

monosyllabi c word s i n th e C E L E X lexicon .  Correspondin g 

Enhance d Mode l 

SYL PART -I -  NN B 
BIGRAM +  NN B 
TRIGRAM +  NN B 
SYL PART +  BIGRA M + 
TRIGRAM +  NN B 

b! ' 
0.1 2 
0.1 1 
0.1 7 
0.1 7 

Fchang e (df ) 
F(l,256 )  =  34* * 
F(l,256 )  =  33* * 
F(l,256 )  =  51* * 
F(l,254 )  =  52* * 

Tabl e 1 :  Tabl e o f  result s indicatin g th e increase s i n propor -

tio n o f  th e varianc e i n rating s explaine d b y addin g neighbor -

hoo d siz e t o th e model .  Fchang e i s a n F  statisti c base d o n 

th e additiona l  varianc e accounte d fo r  i n th e enhance d mode l 

(takin g neighborhoo d siz e int o account )  compare d t o a  sim -

pl e mode l  includin g onl y phonologica l  well-formedness ,  * * 

denote s significanc e level s o f  p  <  .0001 . 

measure s wit h an d withou t  toke n frequenc y weightin g wer e 

highl y correlate d ( r  =  .9 8 fo r  bigrams ,  r  =  .9 9 fo r  trigrams ) 

and inspectio n reveale d n o clea r  non-linea r  relationship s be -

twee n weighte d an d unweighte d variables .  Subsequen t  calcu -

lation s wer e base d o n probabilitie s withou t  frequenc y weight -

ing .  Bivariat e correlation s betwee n bigram ,  trigram ,  an d syl -

labl e par t  probabilitie s wer e 0.3 8 (bigram/trigram) ,  0.4 4 (bi -

gram/syllabl e part) ,  an d 0.4 0 (trigram/syllabl e part) . 

Dat a fits  T o asses s th e exten t  t o whic h wordlikenes s rating s 

migh t  b e determine d b y simpl e phonotacti c probabilities ,  lin -

ear  regressio n model s wer e fit  t o th e nonwor d rating s whic h 

wer e average d acros s subject s t o obtai n a  singl e mea n word -

likenes s ratin g fo r  eac h probe .  Al l  thre e measure s o f  phono -

tacti c well-formednes s wer e significantl y correlate d wit h rat -

ings ,  thoug h non e o f  the m accounte d fo r  mor e tha n abou t  7 % 

of  th e varianc e betwee n item s (R" ^  =  .07 ,  p  <  .0001 ;  il ^  = 

.05, p =  .0002;i? 2 =  .02, p =  .03 ;  fo r  syllabl e part ,  tri -

gra m an d bigra m probabilities ,  respectively) .  I f  al l  thre e mea -

sure s o f  well-formednes s ar e included ,  th e combine d mode l 

account s fo r  abou t  9 % o f  th e varianc e (i? 2 =  .09 ,  p  <  .0001) . 

As a  first  an d ver y crud e tes t  fo r  neighborhoo d effects ,  eac h 

of  th e abov e regressio n model s wa s enhance d b y addin g a 

variabl e representin g th e neighborhoo d siz e fo r  eac h prob e 

item ,  tha t  is ,  th e numbe r  o f  rea l  word s whic h diffe r  fro m th e 

prob e ite m b y n o mor e tha n tw o phonemes .  I n eac h case , 

neighborhoo d siz e improve d th e fit  o f  th e mode l  significantl y 

(se e Tabl e 1) . 

Thi s suggest s tha t  wordlikenes s rating s wer e a t  leas t  par -

tiall y  influence d b y thei r  phonologica l  neighborhood ,  tha t  is , 

by th e presenc e i n th e lexico n o f  word s o f  simila r  pronuncia -

tion .  Disembodie d phonotacti c well-formednes s alon e i s no t 

sufficien t  t o accoun t  fo r  th e ratings .  I n fact ,  eve n a s crud e a 

measur e a s neighborhoo d siz e account s fo r  9 % o f  th e vari -

anc e o n it s own .  Thi s i s o f  th e sam e magnitud e a s th e contri -

butio n o f  phonotactics ,  bu t  interestingl y i t  i s no t  share d vari -

ance :  bot h neighborhoo d siz e an d phonotacti c measure s ac -

coun t  fo r  a  largel y differen t  9 % o f  th e varianc e a s i s apparen t 

fro m th e fac t  that ,  together ,  the y accoun t  fo r  1 7 % . 

We als o teste d a  slightl y mor e refine d measur e o f  neighbor s 
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and neighborhoods ,  a  varian t  o f  th e neighborhoo d siz e mea -

sure ,  wher e eac h neighbo r  i s weighte d b y proximit y t o th e 

probe ,  a s measure d b y th e numbe r  o f  share d syllabl e parts . 

Thi s mode l  i s base d o n th e larg e psychologica l  literatur e tha t 

has systematicall y relate d generalizatio n t o distanc e i n a n 

interna l  psychologica l  spac e fo r  a  variet y o f  task s suc h a s 

identification ,  old-ne w recognition ,  o r  categorizatio n (Shep -

ard ,  1987 ;  Nosofsky ,  1988 )  and ,  mos t  recently ,  inflectiona l 

morpholog y (Nakis a an d Hahn ,  1996 )  an d artificia l  gramma r 

learnin g (Potho s an d Bailey ,  1997) .  W e (crudely )  compute d 

phonologica l  distanc e betwee n th e prob e an d al l  othe r  item s 

by countin g th e numbe r  o f  syllabl e position s o n whic h an y 

tw o sequence s differed . 

Thi s distanc e wa s the n use d t o deriv e a  composit e similar -

it y measure ,  s im[ i ,LEX] ,  betwee n th e prob e an d al l  othe r 

item s i n th e (monosyllabic )  lexicon . 

sim[i, LEX] = J2j exp{-S * d[i,j]) 

where i is the probe, j is a word in the lexicon, and d[i,j] is 

th e (syllabl e part )  distanc e betwee n i  an d j  an d S  a  sensitivit y 

paramete r  tha t  govern s th e rat e o f  th e exponentia l  decay . 

Eve n thi s crud e measur e o f  similarit y o n it s ow n account s 

fo r  1 3 % o f  th e variance ,  thu s surpassin g th e combine d effect s 

of  phonotactics ,  an d furthe r  emphasizin g th e rol e o f  th e lexi -

con . 

Discussion 

Our  firs t  mai n resul t  i s th e fac t  tha t  peoples '  intuition s abou t 

wordlikenes s ar e no t  wel l  capture d b y standar d phonotacti c 

measure s alone .  Thoug h bigrams ,  trigram s an d syllable-par t 

transitio n probabilitie s al l  see m t o hav e som e influence ,  thei r 

individua l  contributio n i s small ,  an d thei r  join t  contributio n 

limited .  Surprisin g too ,  wa s tha t  weightin g accordin g t o toke n 

frequenc y yielde d suc h extremel y highl y correlation s wit h 

non-weighte d measures . 

Our  secon d mai n resul t  i s  tha t  ou r  intuition s abou t  word -

likenes s ar e significantl y affecte d b y th e lexica l  neighborhoo d 

of  a n ite m i n phonologica l  space .  Th e degre e t o whic h th e 

lexico n contain s word s whic h soun d simila r  t o a n ite m af -

fect s it s perceive d wordlikeness .  Thi s resul t  confirm s thos e 

reporte d i n Gathercol e an d Marti n (1997) .  Th e analyse s w e 

hav e performe d s o fa r  als o sugges t  tha t  neighborhoo d an d 

phonotactic s eac h mak e independen t  contributions .  Thi s re -

sul t  goe s beyon d th e wor k reporte d b y Gathercol e an d Mar -

ti n (1997 )  b y directl y estimatin g independen t  contribution s o f 

lexico n an d phonotactics . 

As the y stan d ou r  result s sugges t  quit e simpl y tha t  th e 

sourc e o f  a  particula r  typ e o f  knowledg e o f  languag e w e have , 

namel y th e exten t  t o whic h a  sequenc e form s a  bette r  o r  a 

wors e instanc e o f  th e word s o f  a  languag e i s stil l  poorl y un -

derstood .  Thi s als o suggest s tha t  ther e migh t  b e potentia l 

improvement s t o cognitiv e account s an d model s i n a  variet y 

of  area s throug h incorporatio n o f  a  notio n o f  wordlikeness , 

whic h i s riche r  tha n jus t  phonotactic s an d whic h incorporate s 

neighbor -  an d neighborhoo d effect s a s well . 

I t  is ,  o f  course ,  possibl e tha t  i n som e o r  eve n al l  o f  th e 

domain s i n whic h wordlikenes s i s implicated ,  explici t  judg -

ment s aside ,  phonotactic s prope r  wil l  tur n ou t  t o b e doin g al l 

th e work .  Thi s doe s not ,  however ,  strik e u s a s likely ,  give n th e 

rathe r  limite d contributio n t o intuitiv e judgment s displaye d 

here .  Th e ultimat e test ,  however ,  mus t  b e mor e detaile d mod -

ellin g wor k i n thes e areas . 

Our  result s ar e als o informativ e wit h respec t  t o th e rep -

resentationa l  natur e o f  wordlikenes s knowledg e i n tha t  the y 

see m consisten t  neithe r  wit h th e ide a tha t  al l  knowledg e o f 

wordlikenes s i s give n implicitl y  i n th e lexicon ,  no r  wit h th e 

ide a tha t  i t  i s base d entirel y o n a  separat e non-lexica l  source . 

Ther e i s a n importan t  cavea t  here .  I t  remain s t o b e see n 

whethe r  mor e fine-grained  model s —eithe r  o f  phonologica l 

neighborhoo d o r  o f  phonotactics — migh t  no t  b e foun d whic h 

ar e sufficientl y powerfu l  t o explai n single-handedl y wha t  no w 

appear s t o b e a  join t  contribution .  Candidat e model s fo r 

phonotactic s coul d b e statistic s whic h includ e mor e long -

distanc e o r  higher-orde r  distributiona l  properties ;  candidat e 

model s o f  neighbo r  effect s coul d b e model s whic h incorpo -

rat e th e (token )  frequenc y o f  th e neighbors .  Give n th e ubiq -

uit y  o f  frequenc y effect s i n lexica l  processin g (se e e.g. .  Luce , 

Pisoni ,  an d Goldinger ,  1990) ,  th e latte r  wil l  b e ou r  ow n nex t 

step . 

Conclusions 

We hav e show n tha t  intuitiv e judgement s abou t  wordlikeness , 

tha t  i s  ou r  intuition s abou t  ho w typica l  a  soun d sequenc e i s o f 

word s o f  th e language ,  ar e no t  well-capture d b y phonotactic s 

alone .  The y ar e influence d considerabl y b y th e lexico n — 

sequence s hav e hig h wordlikenes s partiall y  becaus e the y ar e 

simila r  t o othe r  know n words .  Thi s suggest s tha t  no t  onl y i s 

a close r  loo k a t  th e knowledg e underpinnin g thes e intuition s 

required ,  bu t  als o tha t  th e wid e variet y o f  domain s i n whic h 

eithe r  wordlikenes s rating s o r  phonotactic s hav e bee n impli -

cate d migh t  profitabl y b e revisited . 
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Abstrac t 

Artificial grammar learning provides a principled 
experimenta l  framewor k t o investigat e th e role s o f  similarit y 
and rule-inductio n mechanism s i n categor y generalisation . 
Past  attempt s t o disentangl e thes e tw o mechanism s ma y b e 
criticise d fo r  employin g insensitiv e measure s o f  similarit y 
wit h littl e theoretica l  o r  empirica l  motivation ,  fo r  failin g t o 
achiev e independen t  measure s o f  th e effect s o f  similarit y an d 
rule-inductio n components ,  and ,  wit h severa l  notabl e 
exceptions ,  fo r  confinin g stimul i  t o th e domai n o f  lette r 
strings .  Th e presen t  wor k report s o n tw o studie s o f  artificia l 
grammar  learnin g usin g a  standar d gramma r  t o arrang e neste d 
geometri c shape s (Experimen t  1 )  an d angle s betwee n 
connecte d line s (Experimen t  2) .  Grammaticalit y judgement s 
fo r  nove l  item s ar e significantl y abov e chanc e i n bot h 
experiments .  Similarit y judgement s fo r  pair s o f  stimul i  ar e 
use d a s th e basi s fo r  modellin g grammaticalit y judgements , 
usin g a n exemplar-base d mode l  o f  categorisation .  W e tes t  fo r 
independen t  contribution s o f  similarit y an d rule-inductio n 
mechanism s b y fitting  neste d regressio n models .  Similarit y i s 
significan t  i n accountin g fo r  grammaticalit y judgement s i n 
bot h experiments .  Rule-inductio n ha s a n additional , 
independen t  effec t  i n Experimen t  2 ,  bu t  no t  i n Experimen t  1 . 
We discus s th e implication s o f  thes e result s an d thei r 
relationshi p t o previou s studies . 

Introduction 

Havin g see n a  fe w instance s fro m a  give n category ,  w e 
readil y generalis e ou r  experienc e t o classif y n e w instance s 
as likel y o r  unlikel y t o b e member s o f  th e sam e category . 
Thi s sor t  o f  inductiv e inferenc e ha s bee n a  puzzl e fo r 
philosopher s an d psychologist s alike ,  i n par t  becaus e ther e i s 
no logicall y idea l  inferenc e algorith m t o us e a s a  benchmar k 
fo r  h u m a n performanc e (Goodman ,  1954 ;  Watanabe ,  1985) . 
T wo broa d classe s o f  knowledg e hav e bee n hypothesise d t o 
explai n generalisatio n behaviour :  m e m o r y o f  specifi c 
instance s o r  exemplars ,  an d summar y informatio n abstracte d 
or  compile d acros s relevan t  instance s (cf .  Brook s &  Vokey , 
1991 ;  Hahn ,  1996 ;  H a h n &  Chater ,  1998) .  Knowledg e o f 
exemplar s coul d b e generalise d b y comparin g a  n e w 
instanc e wit h m e m o r y trace s o f  previou s instances ,  an d 
classifyin g th e n e w instanc e accordin g t o it s similarit y wit h 
ol d instances .  S u m m a r y knowledge ,  o n th e othe r  hand , 
migh t  tak e th e for m o f  classificatio n rule s induce d fi-om 
previou s instance s (e.g .  a  generativ e grammar ,  o r  necessar y 

and sufficien t  condition s o n categor y membership) ,  a  singl e 
prototyp e representin g th e mos t  typica l  case ,  o r  statistica l 
profile s o f  instanc e parts .  A  fundamenta l  questio n i n 
cognitiv e psycholog y i s  whethe r  productiv e us e o f 
knowledg e involve s summar y data ,  o r  referenc e t o memorie s 
of  specifi c  instances .  Fo r  convenience ,  w e wil l  refe r  t o 
summary knowledg e a s rules ,  thoug h w e emphasis e ou r 
intentio n merel y t o contras t  a n exemplar-base d accoun t  o f 
generalisatio n wit h othe r  account s base d o n summar y dat a o f 
any sort . 

Reber  (1967 )  showe d tha t  afte r  studyin g a  se t  o f  string s 
generate d b y a n artificia l  grammar ,  participant s coul d 
discriminat e betwee n n e w sti-ing s tha t  complie d wit h th e 

rule s o f  th e gramma r  an d string s tha t  violate d thos e rules . 
Reber  suggeste d tha t  participant s wer e learnin g abou t  th e 
abstrac t  rul e structur e o f  th e gramma r  tha t  wa s use d t o 
generat e th e grammatica l  strings .  Bu t  i s a n abstrac t 
representatio n o f  th e gramma r  require d t o achiev e abov e 
chanc e performanc e o n suc h artificia l  gramma r  learnin g 
( A G L )  tasks ? Dulany ,  Carlson ,  an d D e w e y (1984 ,  1985 ) 
argue d tha t  participant s acquir e "correlate d grammars, "  tha t 
i s a  se t  o f  "microrules "  whic h approximat e th e tru e 
grammar ,  bu t  migh t  a t  th e sam e tim e includ e 
unrepresentativ e o r  eve n wron g rules .  Dulan y e t  al.' s  theor y 
ca n b e see n a s a  rule-base d accoun t  o f  A G L ,  thoug h th e 
knowledg e acquire d accordin g t o thi s accoun t  i s fragmentar y 
i n nature .  Perruche t  an d Pactea u als o suggeste d tha t 
participant s acquir e fragmentary  knowledge ,  thoug h instea d 
of  microrule s Perruche t  an d Pactea u sugges t  tha t 
participant s lear n whic h bigra m fragments  occu r  i n th e 
trainin g se t  (Perruche t  &  Pacteau ,  1990 ;  Perruchet ,  1994 ; 
Perruchet ,  Gallego ,  &  Pacteau ,  1992) .  The y showe d tha t 
participant s wer e mor e likel y t o mak e error s wit h string s tha t 
containe d lega l  bigram s i n illega l  position s compare d t o 
string s tha t  containe d illega l  bigram s (thoug h c f  G o m e z & 
Schvaneveldt ,  1994 ;  Redington ,  1996) . 

Voke y an d Brook s (1992 ,  1994 ;  Brooks ,  1978 ;  Brook s & 
Vokey ,  1991 )  propose d tha t  grammaticalit y decision s ar e 
drive n no t  b y adherenc e t o th e rule-structur e o f  th e finit e 
stat e languag e employed ,  bu t  b y th e similarit y o f  a  tes t  ite m 
t o th e trainin g items .  Voke y an d Brook s measure d similarit y 
by countin g th e numbe r  o f  letter s differen t  betwee n tw o 
strings .  The y reporte d significan t  effect s o f  bot h 
grammaticalit y an d similarity ,  tha t  is ,  item s wer e mor e likel y 
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t o b e endorse d a s grammatica l  i f  the y wer e actuall y 
grammatical ,  bu t  als o i f  the y wer e mor e simila r  t o th e 

trainin g items .  Instea d o f  countin g share d letters ,  Knowlto n 
and Squir e (1996 ,  Exp.l )  assesse d similarit y b y calculatin g 
"chun k strengths "  (Servan-Schreibe r  &  Anderson ,  1990 ; 
als o Servan-Schreiber ,  1991) ,  whic h measur e 
bigram/trigra m overla p betwee n tes t  an d trainin g items . 
Knowlto n an d Squir e argue d tha t  i f  similarit y an d 
grammaticalit y ar e bot h significan t  i n predictin g 
participants '  grammaticalit y judgements ,  bot h rule-base d 
and exemplar-base d learnin g mus t  b e takin g place .  O n e 
weaknes s i n thei r  argumen t  i s tha t  thei r  measur e o f  similarit y 
i s simpl y assume d a  priori ,  no t  grounde d empiricall y i n th e 
perceptua l  similarit y o f  thei r  stimuli .  Unles s th e mode l  o f 
similarit y rest s o n firm  footing s i t  i s  a  poo r  benchmar k 

agains t  whic h t o asses s th e relativ e contribution s o f 
similarit y an d rules .  S o m e alternativ e measur e o f  similarit y 
can alway s b e devise d whic h account s fo r  granmiaticalit y 
judgement s withou t  appealin g t o additiona l  knowledg e o f 
grammatica l  rule s (cf .  Redington ,  1996) .  Redingto n (1997) , 
fo r  example ,  showe d tha t  a  singl e fragment-base d procedur e 
ca n accoun t  fo r  bot h th e similarit y an d th e grammaticalit y 
result s o f  Knowlto n an d Squir e (1996) .  Finally ,  th e 
statistica l  analysi s employe d b y Knowlto n an d Squir e doe s 
not  unambiguousl y suppor t  th e conclusio n tha t  bot h rule -
base d an d exemplar-base d learnin g too k place ,  becaus e i t 
fail s  t o unconfoun d th e partiall y  correlate d factor s o f 
similarit y an d grammaticality . 

I n thi s wor k w e asses s th e effect s o f  similarit y empiricall y 
i n term s o f  rating s o n th e item s involve d i n a n A G L task .  T o 
facilitat e compariso n wit h othe r  studies ,  ou r  stimul i  ar e 
derive d b y applyin g simpl e mapping s t o th e stimul i  use d b y 
Knowlto n an d Squir e (1996) .  Th e mapping s produc e 
abstrac t  visua l  figures,  whil e preservin g th e grammatica l 
structur e o f  th e origina l  stimuli .  Th e mov e awa y fro m lette r 
string s emphasise s th e fac t  tha t  th e typ e o f  learnin g see n i n 
A GL task s i s b y n o mean s confine d t o task s involvin g lette r 
string s (cf .  Potho s &  Chater ,  1997) .  Also ,  w e hope d tha t 
usin g abstrac t  visua l  figures  woul d provid e a  mor e natura l 
set  o f  stimul i  fo r  elicitin g similarit y judgements .  Similarit y 
rating s wer e use d t o deriv e a  spatia l  representatio n o f  thes e 
item s throug h a  multidimensiona l  scalin g ( M D S )  procedure , 
base d o n Shepard' s theor y o f  psychologica l  space s 
(Shepard ,  1980 ,  1987 ;  Nosofsky ,  1992) .  I n thi s way , 
instance s ar e encode d i n a  multidimensiona l  spac e whic h 
preserve s th e relativ e similaritie s betwee n items . 
Classificatio n performanc e i s modelle d usin g th e generalise d 
contex t  mode l  o f  categorisatio n ( G C M )  t o fit  instance s i n 
th e psychologica l  spac e t o grammaticalit y endorsement s 
(Medi n &  Schaffer ,  1978 ;  Medin ,  1986 ;  Nosofsky ,  1991 , 
1990 ,  1989 ,  1988a ,  1988b) .  Th e G C M assume s tha t  ne w 
instance s ar e classifie d dependin g o n h o w simila r  the y ar e t o 
previou s instance s o f  variou s categories . 

Our  choic e o f  th e G C M wa s motivate d b y genera l 
theoretica l  considerations .  Th e mode l  ha s provide d excellen t 
fits  i n a  variet y o f  studie s comparin g i t  wit h othe r  model s 
(Nosofsky ,  1991 ,  1990 ,  1989 ,  1988a ,  1988b) .  Also ,  sinc e 
th e G C M i s equivalen t  t o a  non-parametri c optima l 
classificatio n boundar y estimator ,  i f  similarit y t o trainin g 
item s ha d an y influenc e o n classification ,  G C M woul d b e 

abl e t o identif y  i t  (Ashb y &  Alfonso-Reese ,  1995 ;  McKinle y 
& Nosofsky ,  1995) . 

Experiment 1 

Participants 

Al l  1 6 participant s excep t  on e wer e Universit y o f  Oxfor d 
student s w h o receive d five  pound s fo r  takin g par t  i n th e 

study .  Th e experimen t  laste d fo r  approximatel y a n hou r  an d 
fiftee n minutes . 

Materials 

Th e artificia l  gramma r  wa s identica l  t o th e on e use d b y 
Knowlto n an d Squir e (1996 ;  Exp.l) ,  an d i s show n i n Figur e 
1.  Th e 2 3 trainin g string s an d 3 2 tes t  item s wer e constructe d 
by mappin g th e letter s i n Knowlto n an d Squire' s material , 
V,  X ,  J ,  an d T ,  t o a  circle ,  a  hexagon ,  a  square ,  an d a 
diamond ,  respectivel y (fo r  a n example ,  se e Figur e 2) . 
Geometri c shape s correspondin g t o late r  letter s withi n a 
strin g enclose d shape s correspondin g t o earlie r  letters . 

Figur e 1 :  Th e finite  stat e languag e (Knowlto n &  Squire , 
1996 ;  Exp.l) . 

Figur e 2 :  Sampl e stimulu s use d i n Experimen t  1 , 
correspondin g t o th e strin g V J T V T V . 

Procedure 

I n th e first  par t  o f  th e experimen t  participant s viewe d th e 
trainin g item s o n a  compute r  scree n fo r  five  second s each . 
Th e entir e se t  o f  trainin g item s wa s presente d thre e time s i n 
differen t  rando m orders . 
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Afte r  th e en d o f  th e trainin g session ,  participant s wer e 
tol d tha t  th e orde r  o f  th e geometri c figure s i n th e trainin g 
item s ha d bee n determine d b y a  comple x se t  o f  rules . 
Participant s wer e aske d t o classif y ne w item s accordin g t o 
whethe r  eac h ite m wa s consisten t  (grammatical )  o r 
inconsisten t  (ungrammatical )  wit h th e rules .  Th e tes t 
presente d th e 3 2 tes t  item s twic e i n differen t  rando m orders . 
N o feedbac k wa s provided . 

I n th e thir d par t  o f  th e study ,  participant s rate d th e 
similarit y betwee n pair s o f  stimulu s items ,  o n a  scal e fro m I 
t o 9  (Shi n &  Nosofsky ,  1992) .  Eac h tria l  involve d a  centra l 
fixation  poin t  fo r  25 0 ms ,  followe d b y on e item ,  the n 
anothe r  fixation  point ,  a  25 0 m s blank ,  an d th e secon d ite m 
i n th e pair .  Afte r  presentatio n o f  th e secon d item ,  th e rating s 
scal e appeare d o n th e screen ,  an d th e nex t  tria l  wa s initiate d 
as soo n a s a  respons e wa s given .  Item s wer e displaye d fo r 
on e an d a  hal f  seconds .  Eac h participan t  rate d a  fourt h o f  th e 
possibl e pair s o f  items .  Th e se t  o f  pair s wa s presente d twic e 
i n differen t  rando m orders ,  creatin g abou t  70 0 trial s fo r  eac h 
participan t  i n thi s par t  o f  th e study . 

Results 

On th e classificatio n test ,  participant s correctl y classifie d 

5 6 % o f  tes t  item s a s grammatica l  o r  ungrammatica l  ( M S E = 
1.54%) .  Thi s leve l  o f  performanc e i s simila r  t o previou s 
studies ,  an d i s significantl y bette r  tha n chance ,  t(15 )  =  35.9 , 
p< .0005 . 

Similarit y rating s wer e average d an d transforme d t o for m 

a singl e dissimilarit y matrix .  Multidimensiona l  scalin g wa s 

use d t o deriv e a  spatia l  representatio n o f  th e stimul i  whic h 

preserve d th e basi c structur e o f  th e dissimilarit y matrix .  Th e 

optima l  spatia l  configuratio n involve d a  3 D spac e wit h a 

Euclidea n distanc e meui c ( r  =  2 )  (cf .  Shepard ,  Romney ,  & 

Nerlove ,  1972) .  Th e stres s o f  thi s configuratio n wa s 0.18 , 

representin g a  reasonabl e fit  (zer o stres s represent s a  perfec t 

fit;  cf .  Kruskal ,  1964 ;  Krzanowski ,  1993) . 

We use d non-linea r  regressio n t o fit  item s i n th e 

psychologica l  spac e t o participants '  grammaticalit y 

endorsements ,  usin g th e G C M mode l  describe d b y 

Equation s (1-3 )  (cf .  Nosofsky ,  1989 ,  1992) .  Sinc e A G L 

tasks ,  includin g th e presen t  one ,  involv e trainin g wit h 

grammatica l  items ,  bu t  no t  wit h ungrammatica l  items . 

Equatio n (1 )  represent s a  reduce d versio n o f  th e G C M 

whic h compare s eac h ite m t o ol d item s fro m onl y a  singl e 

category . 

yeC, 

-erf ; 

< . = 

di m ni/ r 

^ ^  m i m j m 
Lm=l 

(1 ) 

(2 ) 

(3 ) 

Accordin g t o thi s model ,  th e probabilit y  tha t  a  tes t  ite m 

wil l  b e classifie d a s grammatica l  i s  determine d b y addin g u p 

th e similarit y o f  th e tes t  ite m t o eac h trainin g item . 

Similaritie s betwee n items ,  Sjj ,  ar e compute d fro m th e 

distances ,  djj ,  betwee n item s i n psychologica l  space ,  p 

distinguishe s betwee n possibl e form s o f  th e functio n relatin g 

similaritie s t o istance s (usuall y Gaussia n o r  exponential) . 

Th e fre e parameter s o f  th e mode l  ar e b ,  c  ,  an d th e 

dimensio n weights ,  Wm(whic h ar e constraine d t o su m t o I) . 

Th e bes t  fit  wa s obtaine d wit h a n exponentia l  functio n 

relatin g distanc e t o similarit y  (i.e .  / ? = ! ) ,  wit h a n R ^  valu e o f 

0.42 .  Thi s i s a  measur e o f  th e varianc e accounte d fo r  b y a 

similarity-onl y model ,  wit h n o provisio n fo r  additiona l  rule -

base d knowledge . 

The exten t  t o whic h th e G C M fit s grammaticalit y 

endorsement s reveal s h o w wel l  similarit y effect s captur e 

classificatio n performance .  Test s fo r  similarit y an d rule -

base d knowledg e proceede d i n tw o stages .  Th e first  stag e 

followe d th e analysi s o f  Knowlto n an d Squir e (1996) , 

excep t  tha t  wher e Knowlto n an d Squir e measure d similarit y 

by countin g th e numbe r  o f  bigram s an d trigram s share d 

betwee n tes t  an d trainin g items ,  w e use d GCM-derive d 

value s o f  similarity .  Grammatica l  an d ungrammatica l  tes t 

item s wer e spli t  int o high -  an d low-similarit y subsets ,  cuttin g 

at  th e media n similarit y value s o f  eac h group .  M e a n 

similarit y value s fo r  th e high -  an d low-similarit y group s 

wer e significantl y different ,  fo r  bot h grammatica l  an d fo r 

ungranmiatica l  items ,  t(I4 )  >  5.5 ,  p  <  .000 5 fo r  both .  Ther e 

was n o significan t  differenc e i n similarit y value s fo r 

grammatica l  an d ungrammatica l  item s withi n eithe r  th e hig h 

similarit y o r  th e lo w similarit y groups ,  t(14 )  <  1.9 ,  p  >  .0 5 

fo r  both .  A  two-wa y A N O V A o n grammaticalit y 

endorsemen t  rate s showe d mai n effect s o f  bot h 

grammaticality ,  F(l,15 )  =  14.88 ,  p  =  .(X)2 ,  an d similarity , 

F(l,15 )  =  30.13 ,  p  <  .0005 .  Th e interactio n ter m jus t  misse d 

significance ,  F(l,15 )  =  3.65 ,  p  =  .076 .  Thes e result s sho w 

tha t  participant s wer e mor e likel y t o endors e a n ite m a s 

grammatica l  i f  i t  wa s mor e simila r  t o trainin g items ,  bu t  als o 

i f  i t  actuall y complie d t o th e rule s o f  th e gramma r  used . 

Thes e findings  ar e i n accor d wit h existin g experimenta l 

wor k (Knowlto n &  Squire ,  1996 ;  Brook s &  Vokey ,  1991) , 

but  the y d o no t  necessaril y  mea n bot h rule-base d an d 

exemplar-base d learnin g i s takin g place .  Despit e Knowlto n 

and Squire' s effort s t o desig n stimul i  i n whic h 

grammaticalit y an d similarit y ar e dissociated ,  ther e remain s 

a smal l  correlatio n betwee n similarit y an d granunaticality . 

Thi s correlatio n confound s th e interpretatio n o f  th e A N O V A 

results ,  eve n thoug h th e correlatio n betwee n similarit y an d 

grammaticalit y i s non-significant ,  0.25 ,  p  >  .15 .  W h a t  w e 

reall y wan t  t o kno w is ,  give n th e G C M mode l  o f  similarity , 

i s  ther e an y evidenc e tha t  participant s als o employe d som e 

othe r  knowledg e whe n makin g grammaticalit y judgements ? 

T o tes t  whethe r  ther e wer e effect s o f  grammaticalit y tha t 

coul d no t  b e accounte d fo r  b y similarit y an d vic e versa ,  w e 

ra n severa l  regressio n analyse s wit h grammaticalit y 
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endorsement s a s th e dependen t  variable .  Similarit y wa s 

modelle d b y th e G C M mode l  above ,  whic h include d fou r 

parameter s {b ,  c ,  an d tw o dimensio n weights) .  Rule-base d 

knowledg e o f  grammaticalit y wa s modelle d wit h a  simpl e 

additiv e ter m indicatin g whethe r  eac h ite m reall y wa s o r  wa s 

not  grammatical .  Regression s minimise d R^ .  Comparison s 

betwee n model s ar e base d o n F-chang e statistic s (Howell , 

1996) . 

Tabl e 1  present s statistic s fo r  regressio n model s involvin g 

similarity ,  grammaticality ,  o r  both ,  an d als o present s 

statistic s fo r  comparison s betwee n neste d models .  Thes e 

comparison s tes t  whethe r  th e additio n o f  a  facto r  make s a 

significan t  improvemen t  t o a  simple r  model .  Th e mai n 

finding  i s tha t  grammaticalit y contribute s nothin g ove r  an d 

abov e th e contributio n o f  similarity ,  bu t  th e revers e i s no t 

true .  Th e simples t  interpretatio n i s tha t  grammaticalit y 

judgement s i n thi s stud y wer e base d o n th e similarit y o f  tes t 

item s t o trainin g items ,  an d tha t  participant s extracte d n o 

additiona l  knowledg e o f  th e abstrac t  gramma r  underlyin g 

th e trainin g stimuli .  Th e failur e t o confir m a n independen t 

contributio n o f  grammaticalit y i n th e regressio n analysi s 

highlight s a  shortcomin g o f  th e mor e usua l  A N O V A 

analysis ,  whic h fail s t o unconfoun d factor s whic h ar e 

partiall y  correlate d (cf .  Bogartz ,  Shinskey ,  &  Speaker , 

1997) . 

Experiment 2 

Participants 

Sixtee n Universit y o f  Oxfor d student s too k par t  i n th e study . 

Materials 

The artificia l  gramma r  wa s identica l  t o th e on e use d i n 
Experimen t  1 ,  bu t  her e th e trainin g an d tes t  string s wer e 
mapped t o angle s betwee n connecte d line s t o produc e 
stimul i  lik e tha t  show n i n Figur e 3 .  Th e letter s i n Knowlto n 
and Squire' s material ,  V X J T ,  wer e identifie d wit h th e angle s 

Table 1: Regression Analysis for Variables Predicting 
Grammaticalit y Endorsement s i n Experimen t  I . 

Model(s ) 

Si m Onl y 

Gra m Onl y 

Si m +  Gra m 

Gra m +  Si m 

R' 

0.4 2 

0 .1 0 

0.4 4 

0.4 4 

df  R'-C h 

4 0.4 2 
2 0.1 0 
5 0.0 2 
5 0.3 4 

df-C h 

3 
1 
1 
3 

F-C h 

6.2 5 
3.0 5 
0.7 9 
5.0 1 

p-C h 

. 0 0 2 * 

.0 9 

.3 8 

.0 1 * 

Ch statistic s fo r  simpl e model s reflec t  improvemen t 
ove r  th e nul l  mode l  wit h a  singl e paramete r  fo r  mea n 
endorsemen t  rate .  C h statistic s fo r  combine d model s 
reflec t  th e improvemen t  achieve d b y addin g a  secon d 
facto r  t o a  simple r  mode l  includin g onl y th e first  factor . 

* A significant p-ch value means the more complex 
model  i s  significantl y bette r  tha n th e simple r  model . 

75° ,  150° ,  225° ,  an d 300° ,  respectively .  Unlik e previou s 

A GL studies ,  th e visua l  part s o f  thes e stimulu s item s wer e 

context-dependent ,  i n tha t  th e angl e o f  eac h lin e segmen t 
was determine d relativ e t o th e angl e o f  th e previou s 

segment . 

Figur e 3 :  Sampl e stimulu s fo r  Experimen t  2 , 
correspondin g t o th e strin g VXJTJ . 

Procedure 

Th e procedur e wa s identica l  t o tha t  o f  Experimen t  1  excep t 
tha t  th e instruction s wer e modifie d a s appropriat e fo r  th e 
differen t  stimuli .  Also ,  ther e wa s n o centra l  fixation  poin t 
betwee n stimuli . 

Results 

Analysi s proceede d a s i n Experimen t  1 .  O n th e classificatio n 
test ,  participant s correctl y classifie d 55 .29 % o f  tes t  item s a s 
grammatica l  o r  ungrammatica l  ( M S E =  1.57%) ,  whic h i s 
significantl y bette r  tha n chanc e performance ,  t(15 )  =  35.2 ,  p 
< .0005 .  Th e leve l  o f  performanc e o n Experimen t  2  wa s no t 
differen t  fro m tha t  fo r  Experimen t  1 ,  t(30 )  =  0.3 ,  p  >  .75 . 

Th e bes t  fit  fo r  th e G C M wa s obtaine d wit h a  cit y bloc k 

distanc e metri c an d a n exponentia l  functio n relatin g distanc e 

t o similarity .  Thi s combinatio n o f  parameter s produce d a n 

M DS stres s valu e o f  0.2 0 an d a  G C M R ^  valu e o f  0.55 . 

Again ,  grammatica l  an d ungrammatica l  tes t  item s wer e 

spli t  a t  th e media n G C M similarit y value s withi n eac h 

group .  M e a n similarit y value s fo r  th e high -  an d low -

similarit y group s wer e significantl y different ,  fo r  bot h 

grammatica l  an d fo r  ungrammatica l  items ,  t(14 )  >  4.5 ,  p  < 

.000 5 fo r  both .  Ther e wa s n o significan t  differenc e betwee n 

grammatica l  an d ungranraiatica l  item s withi n eithe r  th e hig h 

similarit y o r  th e lo w similarit y group ,  t(14 )  <  0.9 ,  p  >  .3 5 fo r 

both .  A  two-wa y A N O V A o n grammaticalit y endorsemen t 

rate s showe d mai n effect s o f  bot h grammaticality ,  F(l,15 )  = 

11.5 ,  p  <  .005 ,  an d similarity ,  F(l,15 )  =  104 ,  p  <  .0005 . 

Ther e wa s n o significan t  interaction ,  F(l,15 )  =  1.45 ,  p  = 

.248 .  A s i n Experimen t  1 ,  participant s wer e mor e likel y t o 

endors e a n ite m a s grammatica l  i f  i t  wa s mor e simila r  t o 

trainin g items ,  bu t  als o i f  i t  actuall y complie d t o th e rule s o f 

th e gramma r  used . 
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Regressio n model s wer e fit  t o grammaticalit y 

endorsement s rate s t o tes t  whethe r  ther e wer e effect s o f 

gran\maticalit y  tha t  coul d no t  b e accounte d fo r  b y similarit y 

and vic e versa .  Regressio n result s ar e summarise d i n Tabl e 

2.  I n thi s study ,  unlik e Experimen t  1 ,  similarit y o n it s ow n 

does no t  accoun t  fo r  grammaticalit y judgements .  Th e bes t 

model  include s bot h similarit y an d grammaticality ,  an d 

remova l  o f  eithe r  facto r  result s i n a  significantl y wors e 

model .  Th e significanc e o f  bot h factor s suggest s tha t 

grammaticalit y endorsement s wer e base d o n a  combinatio n 

of  similarit y t o trainin g item s an d som e othe r  rule-base d 

knowledg e extracte d fro m th e trainin g items .  Alternatively , 

i t  i s  alway s possibl e tha t  grammaticalit y judgement s wer e 

base d o n som e othe r  (unknown )  singl e knowledg e 

representatio n whic h i s partiall y  correlate d wit h bot h G C M 

similarit y an d wit h actua l  grammaticality ,  bu t  thi s hypothesi s 

can b e evaluate d onl y wit h respec t  t o a  particula r  theor y o f 

what  tha t  knowledg e representatio n migh t  be . 

Discussion 

Classificatio n o f  nove l  item s i n tw o studie s wa s largel y 
predictabl e o n th e basi s o f  similarit y betwee n tes t  an d 
trainin g items .  W e employe d a n independently-motivate d 
exempla r  mode l  o f  categorisatio n i n conjunctio n wit h 
empiricci l  similarit y data ,  avoidin g criticism s levelle d a t  a d 
hoc model s o f  similarity .  I n Experimen t  2 ,  bu t  no t  i n 
Experimen t  1 ,  similarit y alon e wa s no t  sufficien t  t o accoun t 
fo r  generalisatio n performance .  Thi s suggest s eithe r  tha t 
sununar y knowledg e (e.g .  rules )  play s a  rol e i n som e 
generalisatio n task s bu t  no t  i n others .  Th e finding  o f 
independen t  effect s o f  bot h similarit y an d grammaticalit y i n 
Experimen t  2 ,  i n a n analysi s whic h statisticall y unconfound s 
th e tw o factors ,  confirm s a  rule-base d componen t  o f 
knowledg e underlyin g generalisatio n i n a t  leas t  som e A G L 
tasks .  Ou r  tw o studie s wer e identica l  excep t  fo r  th e visua l 
for m o f  th e stimuli ,  suggestin g tha t  th e relativ e contribution s 
of  similarit y an d rule-base d knowledg e ca n var y wit h 
specifi c  stimulu s attributes . 

The failur e i n Experimen t  1  t o find  independen t  effect s o f 
grammaticalit y ove r  an d abov e th e effec t  accounte d fo r  b y 
similarit y highlight s a  shortcomin g o f  A N O V A.  Conclusion s 
of  previou s studie s finding  mai n effect s o f  bot h similarit y 
and grammaticalit y ar e confounde d b y non-zer o correlation s 
betwee n th e tw o factors .  Thi s confoun d wa s avoide d i n ou r 
analysi s b y comparin g neste d regressio n model s i n orde r  t o 

Tabl e 2 :  Regressio n Analysi s fo r  Variable s Predictin g 
Grammaticalit y Endorsement s i n Experimen t  2 . 

Model(s) R' df R'-Ch df-Ch F-Ch fch 

SimOnl y 0.5 9 4  0.5 9 3  12.6 6 .000 * 

Gra m Onl y 0.0 8 2  0.0 8 1  2.4 0 .1 3 

Si m +  Gra m 0.7 0 5  0.1 0 1  8.4 2 .008 * 

Gram-i-Si m 0.7 0 5  0.6 2 3  16.9 1 .000 * 

See legen d fo r  Tabl e 1 . 

tes t  effect s o f  on e facto r  ove r  an d abov e effect s accounte d 
fo r  b y th e othe r  factor . 
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Abstrac t 

This paper describes a computational mode! of spatial learning 
and localizatio n i n rodents .  Th e mode l  i s  base d o n th e sugges -
tio n (base d o n a  larg e bod y o f  experimenta l  data )  tha t  rodent s 
lear n metri c spatia l  representation s o f  thei r  environment s 
by associatin g sensor y input s wit h dead-reckonin g base d 
positio n estimate s i n th e hippocampa l  plac e cells .  Bot h thes e 
source s o f  informatio n hav e som e uncertaint y associate d 
wit h the m becaus e o f  error s i n sensing ,  rang e estimation , 
and pat h integration .  Th e propose d mode l  incorporate s 
explici t  mechanism s fo r  informatio n fusio n fro m uncertai n 
sources .  W e demonstrat e tha t  th e propose d mode l  adequatel y 
reproduce s severa l  ke y result s o f  behaviora l  experiment s wit h 
animals . 

Int roduct io n 

Animal s demonstrat e a  wid e rang e o f  comple x spatia l  learn -
in g an d navigatio n abilitie s (Gallistel ,  1990) .  Considerabl e 
researc h effor t  ha s bee n expende d i n understandin g differen t 
aspect s o f  thes e spatia l  behaviors .  Thes e effort s hav e resulte d 
i n a  larg e corpu s o f  experimenta l  data ,  a  numbe r  o f  theorie s 
and model s o f  anima l  spatia l  learning ,  an d severa l  implemen -
tations . 

A m o ng th e know n aspect s o f  anima l  spatia l  learnin g i s th e 
suggestio n tha t  rodent s lear n cognitiv e map s o f  thei r  spatia l 
environment s (Tolman ,  1948) .  Ther e i s  als o a  vas t  bod y 
of  experimenta l  dat a tha t  directl y implicat e th e hippocam -
pal  formatio n i n roden t  spatia l  learnin g (O'Keef e an d Nadel , 
1978) .  Base d o n thi s data ,  O'Keef e an d Nade l  propose d th e 
local e syste m hypothesis ,  suggestin g tha t  th e hippocampa l 
plac e cell s lear n metri c cognitiv e map s b y integratin g sensor y 
input s an d dead-reckonin g '  positio n estimate s generate d b y 
th e animal . 

I n th e tw o decade s sinc e th e local e hypothesi s wa s first 
proposed ,  a  numbe r  o f  computationa l  model s o f  hippocam -
pal  spatia l  learnin g hav e bee n develope d (Balakrishna n e t  al. , 
1997) .  Surprisingly ,  onl y a  fe w o f  thes e model s suppor t  met -
ri c spatia l  representations .  Furthermore ,  th e fe w model s tha t 
ar e base d o n th e local e hypothesi s mak e a n unrealisti c as -
sumptio n tha t  th e tw o informatio n streams ,  namely ,  sensor y 
input s an d dead-reckoning ,  ar e error-free .  However ,  sensor y 
and dead-reckonin g system s o f  animal s ar e pron e t o severa l 
source s o f  error s (e.g. ,  error s i n plac e recognition ,  distanc e 
estimation ,  dead-reckonin g drifts ,  etc.) ,  an d therefore ,  an y 

'Dead-reckonin g o r  path-integratio n refer s t o th e proces s o f  up -
datin g a n estimat e o f  one' s curren t  positio n base d o n self-knowledg e 
of  time ,  speed ,  an d directio n o f  self-motion . 

computationa l  mode l  o f  hippocampa l  spatia l  learnin g an d lo -
calizatio n mus t  be  capabl e o f  satisfactoril y  dealin g wit h thes e 
errors . 

I n thi s pape r  w e describ e a  computationa l  mode l  o f  hip -
pocampa l  spatia l  learnin g tha t  allow s th e anima l  t o lear n a 
metri c plac e m a p an d explicitl y  addresse s informatio n fusio n 
fro m uncertai n sources .  Followin g a  brie f  discussio n o f  ex -
perimenta l  dat a supportin g th e model ,  w e presen t  som e ke y 
feature s o f  th e mode l  an d som e simulatio n result s tha t  demon -
strat e tha t  th e mode l  satisfactoril y  reproduce s certai n behav -
iora l  experiments . 

Hippocampal Spatial Learning 

The hippocampal formation is one of the highest levels of 
associatio n i n th e brai n an d receive s highl y processe d sensor y 
informatio n fro m th e majo r  associationa l  area s o f  th e cerebra l 
cortex .  Fo r  anatomica l  an d physiologica l  detail s th e reade r  i s 
referre d t o Churchlan d an d Sejnowsk i  (1992) . 

Cellula r  recording s i n th e hippocampu s hav e le d t o th e dis -
cover y o f  plac e cell s an d head-directio n cell s whic h sho w 
highl y correlate d firings  durin g th e executio n o f  spatia l  tasks . 
Pyramida l  cell s i n region s C A 3 an d C A l  o f  th e ra t  hippocam -
pus hav e bee n foun d t o fire  selectivel y whe n th e ra t  visit s par -
ticula r  region s o f  it s environment .  Thes e cell s thu s appea r 
t o cod e fo r  specifi c  place s an d hav e bee n labele d plac e cell s 
(O'Keef e an d Nadel ,  1978) .  Cell s wit h suc h location-specifi c 
firing  hav e bee n foun d i n almos t  ever y majo r  regio n o f  th e 
hippocampa l  system ,  includin g th e E C ,  th e Dg ,  region s C A 3 
and C A l ,  th e Sb ,  an d th e post-subiculum . 

I n additio n t o plac e cells ,  head-directio n cell s i n th e hip -
pocampal  regio n respon d t o particula r  orientation s o f  th e ani -
mal' s hea d irrespectiv e o f  it s  location .  Thes e cell s thu s appea r 
t o functio n a s som e sor t  o f  a n in-buil t  compas s (Taub e e t  al. , 
1990) . 

A numbe r  propertie s o f  plac e cell s an d head-directio n cell s 
hav e bee n identifie d (se e McNaughto n e t  al .  (1996 )  fo r  de -
tails) ,  primaril y th e fac t  tha t  th e firing  o f  thes e cell s  i s depen -
dent  o n sensor y a s wel l  a s dead-reckonin g inputs . 

Hippocampal Cognitive Map 

We have developed a computational implementation of the 
local e syste m hypothesis .  Ou r  mode l  allow s th e anima t  ( a 
robo t  simulatin g a n animal )  t o lear n it s environmen t  i n term s 
of  distinc t  places ,  wit h th e cente r  o f  eac h plac e als o bein g 
labele d wit h a  metri c positio n estimat e derive d fro m dead -
reckoning .  A  detaile d treatmen t  o f  thi s computationa l  mode l 
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ca n b e foun d i n Balakrishna n e t  al .  (1997) .  Her e w e wil l  onl y 
presen t  a  brie f  summary . 

As th e anima t  explore s it s environment ,  th e mode l  create s 
n e w E C unit s tha t  respon d t o landmark s locate d a t  particu -
la r  position s relativ e t o th e animat .  Concurren t  activit y o f 
E C unit s define s a  place ,  an d plac e cell s i n C A 3 laye r  ar e 
create d t o represen t  them .  Thes e sensor y input-drive n C A 3 
plac e cell s ar e the n associate d wit h positio n estimate s derive d 
fro m th e dead-reckonin g syste m t o produc e plac e firings  i n 
th e C A l  layer .  Thus ,  th e firing  o f  C A l  cell s i s  dependen t 
on sensor y input s fro m C A 3 an d th e animat' s dead-reckonin g 
positio n estimates . 

W h en th e anima t  revisit s familia r  places ,  incomin g sensor y 
input s activat e a  plac e cod e i n th e C A S layer .  Sinc e multi -
pl e place s i n th e environmen t  ca n produc e th e s a m e sensor y 
inpu t  (calle d perceptua l  aliasin g i n robotics) ,  th e C A l  laye r 
use s dead-reckonin g estimate s t o disambiguat e betwee n suc h 
place s an d produce s a  uniqu e plac e cod e tha t  correspond s t o 
th e curren t  place .  T h e syste m the n perform s spatia l  local -
izatio n b y matchin g th e predicte d positio n o f  th e anima t  (it s 
curren t  dead-reckonin g estimate )  wit h th e observe d positio n 
of  th e plac e field  cente r  (dead-reckonin g estimat e previousl y 
associate d wit h th e activate d C A l  plac e code) .  Base d o n thi s 
match ,  th e dead-reckonin g estimat e a s wel l  a s th e plac e field 
cente r  ar e update d a s show n i n Figur e 1 . 
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dead-feckonin g 
\ 

\  U^i^ U 
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/ 
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Figure 1: A schematic of hippocampal localization. 

Thus, not only does our model learn a metric cognitive map 
of  th e environment ,  bu t  i t  als o permit s th e metri c estimate s t o 
be update d whe n th e anima l  revisit s familia r  places . 

Hippocampal Kalman Filtering 

I t  shoul d b e note d tha t  th e informatio n provide d b y th e sen -
sor y an d dead-reckonin g system s i s uncertai n becaus e o f  pos -
sibl e error s i n objec t  recognition ,  distanc e estimation ,  an d 
path-integration .  Thus ,  i f  th e hippocampu s perform s robus t 
spatia l  localization ,  i t  mus t  hav e adequat e mechanism s fo r 
handlin g uncertaint y i n thes e informatio n sources . 

As wit h animals ,  mobil e robot s to o hav e t o dea l  wit h un -
certaintie s i n sensin g an d action .  O n e o f  th e probabilisti c  lo -
calizatio n approache s fo r  mobil e robot s i s th e Kalma n filter 
(KF )  (Gelb ,  1974 )  (o r  som e extensio n o r  generalizatio n o f 
it) .  K F allow s th e robo t  t o buil d an d maintai n a  stochasti c 
spatia l  map ,  propagat e sensor y an d motio n uncertainties ,  an d 
localiz e i n optima l  way s (Ayach e an d Faugeras ,  1987) .  A 
schemati c fo r  a  K F i s show n i n Figur e 2 . 

As ca n b e observe d fro m Figure s 1  an d 2 ,  th e computa -
tiona l  mode l  o f  hippocampa l  functio n an d K F bot h embod y 
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Figur e 2 :  A  schemati c o f  K a l m a n filtering. 

th e sam e predict-observe-match-updat e principle .  Further , 
K F provide s a  framewor k fo r  performin g stochasticall y op -
tima l  update s eve n i n th e presenc e o f  predictio n an d obser -
vatio n errors .  Base d o n th e similaritie s betwee n th e two ,  w e 
hav e develope d a  K F framewor k fo r  uncertai n informatio n fu -
sio n i n th e hippocampa l  localizatio n mode l  describe d abov e 
(Balakrishna n e t  al. ,  1997) .  I n thi s framework ,  K F help s th e 
anima l  i n maintainin g an d updatin g a n estimat e o f  it s o w n po -
sitio n a s wel l  a s th e estimate s o f  th e plac e field  centers .  Thes e 
estimate s ar e modele d b y a  stat e vector : 

Xfe = [xo,fc,Xl,...,X„]^ 

where xq jt denotes the position of the animal at time instant 
k,  X i  denote s th e cente r  o f  plac e field  i ,  an d n  i s th e numbe r 
of  place s tha t  hav e bee n visite d b y th e animal .  Thes e posi -
tio n estimate s ar e assume d t o b e specifie d i n 2 D Cartesia n 
coordinates ,  i.e. ,  X j  =  (xĵ ,Xij,) .  Th e anima l  als o compute s 
and update s th e covarianc e matri x associate d wit h thi s stat e 
vector ,  denote d b y P*; ,  whic h i s give n by : 

I  Co o 
C i o 

P*  = 

•'n O 

Coi 
Cu 

C„ i 

Co„  N 
Ci „ 

•'n n / 

wher e 

C . , = 

denote s th e covarianc e betwee n th e 2 D Cartesia n representa -
tion s o f  th e stat e element s x ,  an d Xj . 

W h en a  ne w plac e i s visited ,  th e stat e vecto r  i s augmente d 
by th e cente r  o f  thi s ne w plac e an d th e stat e estimat e an d 
it s covarianc e matri x ar e modifie d accordingly .  I f  th e ani -
mal  motion s ar e assume d t o b e linea r  an d th e measuremen t 
functio n i n Figur e 2  i s als o a  linea r  functio n o f  th e state ,  th e 
plac e field  center s an d th e animal' s positio n estimat e ca n b e 
update d i n stochasticall y optima l  ways .  Fo r  details ,  refe r  t o 
(Balakrishna n e t  al. ,  1997) . 

Frame Merging 

We hav e als o develope d a n extensio n o f  th e computationa l 
model  describe d abov e tha t  permit s th e anima t  t o lear n sep -
arat e plac e map s i n different/rame j  an d t o merg e frame s to -
gethe r  i n a  well-define d manner . 
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Suppos e th e anima t  ha s learne d a  plac e m a p fram e fold -
W h en th e anima t  i s reintroduce d a t  anothe r  place ,  i t  store s 

away fol d i n it s memory ,  an d begin s a  ne w fram e fne w a t 
th e poin t  o f  re-introduction .  I t  als o reset s it s dead-reckonin g 
estimate s t o zero ,  thereb y makin g th e poin t  o f  re-introductio n 
th e origi n o f  it s ne w dead-reckonin g frame .  N o w i t  proceed s 
as before ,  learnin g place s an d creatin g E C ,  C A 3 ,  an d C A l 
cell s usin g th e algorithm s describe d i n Balakrishna n e t  al. , 
(1997) .  A t  eac h ste p i t  als o check s t o se e i f  sensor y input s 
excit e C A l  cell s residin g i n fold -  I f  thi s happens ,  th e anima t 
i s a t  a  plac e i t  ha s see n earlie r  i n th e olde r  fram e {fold) -  I t 
the n merge s th e tw o frames ,  a s follows . 

Suppos e C A l  uni t  c  fires  i n fne w an d m fires  i n fold -  Le t 
5̂ /n. u an d x/oi d denot e th e estimate d cente r  o f  th e animat' s 

curren t  plac e i n th e tw o frame s fne w an d fold -  W e ca n updat e 
th e plac e field  center s o f  fol d t o fne w vi a th e transformation : 

xf"' "  =  xf"'' '  -  A x Vt€/ , ol d (1 ) 

Th e covariance s betwee n unit s i n fol d an d fne w ca n b e up -
date d usin g th e followin g expression s (detail s o f  th e deriva -
tion s ca n b e foun d i n (Balakrishna n e t  al. ,  1998b)) : 

Case I :  I f  i  an d j  wer e bot h unit s i n fol d 

Case II :  I f  i  wa s a  uni t  i n fne w an d j  wa s i n fol d 

cir =cir 

where dj refers to the covariance between units i and j in 
a particula r  frame . 

Th e anima t  localize s t o th e first  plac e tha t  sensoril y 
matche s a  plac e i t  ha s see n before .  Therefore ,  i f  multi -
pl e place s i n th e environmen t  produc e simila r  sensor y input s 
{perceptua l  aliasing) ,  thi s procedur e wil l  lea d t o localizatio n 
problems . 

Goal Representation 

Goal s encountere d b y th e anima t  ca n als o b e remembere d i n 
term s o f  thei r  metri c positions ,  whic h i s derive d fro m dead -
reckoning .  Goa l  positio n estimat e i s erro r  pron e becaus e th e 
dea d reckonin g syste m o f  th e anima t  i s corrupte d b y noise . 
We us e equatio n 2  t o updat e th e goa l  locatio n estimat e when -
eve r  th e goa l  i s visited .  Thes e update s ar e stochasticall y  opti -
mal . 

XG = 

4 

-X g + 
oi-^a ; 

-x o (2 ) 

G 

Here ,  x g i s th e estimate d goa l  positio n an d U q it s vari -
ance ,  X o i s th e curren t  dead-reckonin g estimat e wit h associ -
ate d varianc e Uq . 

We hav e als o develope d a  mechanis m t o remembe r  multi -
pl e goa l  location s i n a  singl e frame .  W h e n tw o frame s ar e 
merged ,  a  Mahalanobi s distanc e tes t  i s  performe d betwee n 
al l  pair s o f  goal s i n bot h frames .  I f  tw o goal s ar e foun d t o b e 

withi n a  square d Mahalanobi s distanc e o f  les s tha n 4.61 ,  th e 
las t  visite d goa l  i s kept ,  whil e th e othe r  goa l  i s discarded . 

W h en th e anima t  reache s a  goal ,  a  neares t  remembere d 
goa l  locatio n i s foun d fro m th e location s th e anima t  ha s al -
read y visited .  I f  n o goa l  locatio n i s nearby ,  a  ne w goa l  posi -

tio n wit h it' s  goa l  varianc e ct q =  o o i s created .  Thi s ensure s 
tha t  th e curren t  dead-reckonin g estimat e i s assigne d t o th e 
ne w goa l  positio n whe n equatio n 2  i s applied . 

Sinc e th e animat s ca n remembe r  multipl e goals ,  a  goa l  se -
lectio n mechanis m i s als o required .  W e hav e implemente d 
a heuristi c strateg y tha t  involve s choosin g th e mos t  recentl y 
visite d goa l  locatio n first  an d navigatin g t o it .  I f  th e goa l 
i s  no t  foun d a t  thi s location ,  w e us e a  mechanis m i n whic h 
th e anima t  choose s t o approac h th e neares t  goa l  o r  a  confi -
dent/reliabl e goa l  wit h equa l  probability . 

Th e animat s i n ou r  experiment s navigat e t o goa l  location s 
i n tw o ways .  I f  th e goa l  i s  visible ,  th e animat s directl y mov e 
toward s th e goa l  {goa l  approaching) .  However ,  i f  th e goa l 
i s  no t  visibl e bu t  th e anima t  ha s a  recor d o f  goa l  location s 
alread y seen ,  i t  select s a  goa l  a s discusse d abov e an d move s 
directl y toward s i t  {goa l  seeking) .  Fo r  th e purpose s o f  th e 
experiment s describe d i n thi s pape r  th e environment s ar e as -
sumed t o b e largel y ope n an d obstacle-free . 

Simulation Details and Results 

Expe r imen t s o f  Collet t  e t  al .  (1986 ) 

We simulate d th e behaviora l  experiment s o f  Collet t  e t  al . 
(1986 )  usin g ou r  computationa l  mode l  o f  hippocampa l  spatia l 
learnin g describe d earlier .  Th e experimenta l  setu p o f  Collet t 
et  al .  consiste d o f  a  circula r  aren a o f  diamete r  3. 5 meter s 
place d insid e a  light-tigh t  blac k painte d room .  Gerbil s wer e 
traine d t o locat e a  sunflowe r  see d place d i n differen t  geomet -
ri c relationship s t o a  se t  o f  visibl e landmarks .  Th e floor  o f  th e 
aren a wa s suc h tha t  i t  prevente d th e gerbi l  fro m spottin g th e 
see d unti l  i t  wa s ver y clos e t o th e gerbi l  (Collet t  e t  al. ,  1986) . 

I n ou r  simulations ,  w e use d a  circula r  aren a o f  radiu s 1 0 
units .  Th e wall s o f  th e aren a wer e assume d t o b e devoi d o f 
any distinguishin g sensor y stimuli .  Th e landmarks ,  o n th e 
othe r  hand ,  wer e assume d t o b e visibl e t o th e anima t  fro m al l 
point s i n th e arena .  Estimat e o f  th e relativ e positio n o f  th e 
landmar k wa s assume d t o b e corrupte d b y a  zero-mea n Gaus -
sia n sensin g erro r  wit h standar d deviatio n a s =  0.01 .  Eac h 
landmar k a t  a  specifi c  relativ e positio n cause d a n E C uni t  t o 
fire.  A  simultaneou s activatio n o f  E C unit s cause d firing  o f 
C A3 an d C A l  layers .  Th e anima t  motio n wa s corrupte d b y 
zero-mea n Gaussian s wit h ctm =  0. 5 units .  Th e animat s als o 
possesse d mean s fo r  dead-reckonin g wit h error s modele d a s 
zero-mea n Gaussian s wit h a p =  0.0 5 units . 

For  eac h trial ,  th e anima t  wa s introduce d int o th e aren a a t 
a rando m positio n an d wa s allowe d t o perfor m 50 0 step s o f 
sensing ,  processin g an d moving .  I f  th e anima t  happene d t o 
see th e goal ,  i t  wa s mad e t o approac h an d consum e it .  Eac h 
anima t  wa s subjecte d t o five  suc h trainin g trials .  I n eac h tria l 
th e anima t  learne d place s i n a  ne w fram e b y inductin g E C , 
C A3 an d C A l  unit s i n appropriat e ways ,  merge d frame s whe n 
required ,  an d create d goa l  representations . 

Once trainin g wa s complete ,  th e anima t  wa s subjecte d t o 
te n testin g trials ,  i n whic h th e landmark s i n th e aren a wer e 
manipulate d i n specifi c  way s an d th e goa l  wa s absent .  Here , 
th e anima t  wa s release d a t  rando m position s i n th e aren a wit h 
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it s dead-reckonin g varianc e se t  t o do .  Animat s wer e onl y ca -
pabl e o f  localizin g an d di d no t  induc t  an y ne w units .  A  lo -
calize d anima t  wa s allowe d a  m a x i m u m o f  30 0 tim e step s t o 
navigat e t o th e estimate d goa l  position .  Sinc e th e t;oa l  wa s 
not  foun d eve n afte r  searchin g fo r  2 5 tim e step s a t  th e goa l 
location ,  anima t  chos e anothe r  goa l  location . 

For  th e trainin g a s wel l  a s testin g trials ,  th e trajectorie s fol -
lowe d b y th e animat s wer e recorded .  Also ,  th e aren a wa s 

decompose d int o cell s o f  siz e 0.3 3 x  0.3 3 an d a  coun t  o f  th e 
amount  o f  tim e spen t  b y th e animat s i n eac h cei l  wa s kept .  A 
normalize d histogra m fo r  five  animat s wa s the n plotted . 

We simulate d th e one ,  two ,  an d thre e landmar k experi -
ment s o f  Collet t  e t  al .  (1986) ,  an d th e searc h distribution s 
of  ou r  animat s (Figure s 3 ,  4 ,  an d 5 )  matc h rathe r  closel y wit h 
thos e o f  th e gerbils .  Th e larg e dar k square s i n th e plot s denot e 
th e landmarks. 

Figur e 3 :  Left :  On e landmar k experiment .  Middle :  T w o land -

mark s experiment .  Right :  T w o landmark s experimen t  wit h 

one landmar k removed . 

:.: ,  •«:.::::•.:!,:::::/ « 

Figur e 4 :  Left :  T w o landmark s experimen t  wit h landmar k 

distanc e doubled .  Middle :  Thre e landmark s experiment . 

Right :  Thre e landmark s wit h on e removed . 

Figur e 5 :  Left :  Thre e landmark s wit h tw o removed .  Middle : 

Thre e landmark s wit h on e distanc e doubled .  Right :  Thre e 

landmark s wit h a n extr a landmar k added . 

W a t e r - M a z e Exper iment s o f  Mor r i s (1981 ) 

Morri s (1981 )  experimente d wit h mal e hoode d rat s o f  th e Lis -
te r  strai n t o demonstrat e tha t  rat s ar e capabl e o f  rapidl y learn -
in g t o locat e a n objec t  usin g dista l  cues . 

A circula r  poo l  fille d wit h opaque ,  milk y wate r  wa s use d 
fo r  th e purpose .  Object s presen t  alon g th e wall s o f  th e roo m 

serve d a s dista l  cues .  Th e poo l  wa s devoi d o f  an y object s ex -
cep t  th e escap e platform .  Th e escap e platfor m wa s on e o f  th e 
followin g tw o kinds .  Firs t  typ e wa s blac k colored ,  circula r 
and protrudin g abov e th e water ,  an d therefor e visibl e fro m a 
distance .  Secon d typ e wa s whit e colored ,  circula r  an d sub -
merge d i n th e water ,  thu s virtuall y invisible . 

The populatio n o f  rat s wa s divide d int o fou r  group s o f  8 
individual s each .  Fo r  Cu e +  Plac e group ,  th e visible ,  blac k 
platfor m wa s used ,  whic h wa s alway s a t  th e sam e locatio n 
( N W,  N E ,  SE ,  o r  S W )  acros s al l  trial s fo r  a  give n rat .  Th e 
secon d grou p wa s exactl y lik e th e firs t  excep t  tha t  th e whit e 
platfor m wa s use d instead .  Thi s wa s designate d th e Plac e 
group .  I n Cue-onl y group ,  rat s wer e traine d usin g th e blac k 
platform .  However ,  i n thi s cas e th e platfor m wa s place d i n 
one o f  th e fou r  positions ,  i n a n unpredictabl e sequenc e over 
trials .  Finally ,  th e Place-Rando m grou p wa s simila r  t o th e 
Cue-onl y experimen t  excep t  i n th e us e o f  th e whit e platfor m 
instea d o f  th e blac k one . 

For  eac h trial ,  th e rat s wer e release d i n th e pool ,  an d thei r 
trajectorie s wer e recorde d alon g wit h th e tim e take n t o fin d 
th e platform .  Followin g 2 0 suc h trial s ove r  3  days ,  th e group s 
wer e furthe r  divide d int o subgroup s o f  4  individual s each . 
Eac h o f  thes e subgroup s wa s subjecte d t o 4  testin g trials ,  o f 
typ e A  o r  B . 

I n Tes t  A  th e platfor m wa s remove d an d searc h behavio r 
was observe d fo r  6 0 seconds .  Fo r  Tes t  B ,  rat s o f  group s Cu e 
+ Plac e an d Plac e wer e teste d wit h th e platfor m n o w place d 
i n th e quadran t  diagonall y opposit e th e on e use d i n training . 
Rat s o f  group s Cue-onl y an d Place-Rando m wer e teste d wit h 
th e platfor m positio n hel d fixed.  Th e escap e behavio r  o f  th e 
animal s wa s the n observed . 

I n ou r  simulations ,  w e use d a  circula r  aren a o f  radiu s 3.7 5 
unit s insid e a  squar e roo m measurin g 2 0 b y 2 0 units .  Con -
sisten t  wit h th e rati o o f  poo l  an d platfor m size s i n Morris ' 
experiments ,  w e chos e th e radiu s o f  ou r  simulate d platfor m 
t o b e 0.6 5 units .  I t  wa s assume d tha t  th e anima t  coul d se e 
th e platfor m fro m a  distanc e o f  0.32 5 units .  Fou r  indistin -
guishabl e landmark s wer e used ,  on e alon g eac h wal l  o f  th e 
simulate d room . 

Th e sensing ,  motion ,  an d dead-reckonin g error s wer e sam e 
as i n th e foregoin g experiments .  W e als o assume d tha t  rat s 
s w a m slowe r  tha n thei r  norma l  walkin g speeds ,  an d henc e 
th e siz e o f  motio n ste p wa s se t  t o 0. 4 units . 

As i n th e cas e o f  th e origina l  experiment ,  w e allowe d ou r 
animat s fou r  pre-trainin g trial s i n whic h the y randoml y ex -
plore d th e environmen t  fo r  10 0 step s withou t  th e platfor m 
presen t  i n th e pool .  Durin g thi s stage ,  ou r  spatia l  learnin g sys -
te m allowe d th e anima t  t o acquir e a  spatia l  m a p correspond -
in g t o th e environment .  I n th e trainin g trials ,  th e animat s en -
gage d i n th e goa l  seekin g behavior .  I f  th e platfor m wa s no t 
foun d a t  th e particula r  goa l  location ,  th e anima t  searche d fo r 
15 tim e step s befor e selectin g anothe r  goa l  locatio n an d nav -
igate d toward s it . 

Group s o f  eigh t  animat s eac h wer e use d i n experiment s 
correspondin g t o group s Cue-only ,  Cu e +  Place ,  Place ,  an d 
Place-Rando m a s i n Morri s  (1981) .  Th e escap e latencie s fo r 
th e first  2 0 trainin g trial s an d th e las t  fou r  trial s o f  Tes t  B  ar e 
show n i n figure  6 . 

As see n i n Figur e 6 ,  th e Plac e grou p quickl y learne d th e 
goal  position .  Furthermore ,  th e Cu e grou p achieve d ver y 

105 



a 

140 

120 

100 

80 

20 

Plac e ' * 
Place-Rando m ̂ — 

Cue •̂ ^ 
Cue+Plac e ̂-** — 

f f  n  i i« f  f - i f l iM- iM f  1-1* ^  * 

10 1 5 
Tnal  number 

20 25 

Performanc e o n Tes t  A 

P/ R C 

Figur e 6 :  Escap e Latencie s whil e trainin g an d tes t  B . 

smal l  escap e latencies .  On e reaso n fo r  thi s i s th e fac t  tha t 
our  simulatio n ha d a  built-i n mechanis m t o directl y approac h 
visibl e platform s fro m th e start .  Actua l  animal s m a y no t  hav e 
suc h direc t  approac h behavior s preprogramme d bu t  ma y lear n 
the m wit h experience .  Further ,  a s wit h rats ,  ou r  animat s to o 
perfor m poorl y i n th e Place-Rando m experiment . 

C+P P/R 

. J ^ 

Tes t B B 

Figur e 7 :  Trajectorie s followe d b y th e animat s (se e tex t  fo r 

detail) . 

Figure 7 shows the paths taken during the first test trial 
by representativ e animat s i n differen t  groups .  Label s C+P ,  P , 
C an d P/ R denot e grou p Cu e +  Place ,  Place ,  Cue-onl y an d 
Place-Rando m respectively . 

Discussion 

Th e primar y goa l  o f  th e simulation s wa s t o tes t  whethe r  ou r 
computational  mode l  o f  hippocampa l  spatia l  learnin g an d lo -
calizatio n wa s capabl e o f  reproducin g th e behavio r  o f  gerbils . 
We simulate d a  numbe r  o f  experiment s conducte d b y Collet t 
et  al .  (1986 )  an d b y Morri s  (1981) . 

I t  shoul d b e pointe d ou t  tha t  ou r  animat s di d no t  remem -
ber  goal s i n term s o f  independen t  vector s t o individua l  land -
marks ,  a s suggeste d b y (Collet t  e t  al. ,  1986) .  Instead ,  place s 
wer e remembere d a s independen t  vector s t o landmarks ,  whil e 
th e goa l  wa s simpl y remembere d a s a  place . 

I n th e proces s o f  simulatin g behavior ,  w e identifie d a n im -
portan t  issue ,  namely ,  h o w d o animal s choos e on e goa l  t o 
approac h fro m multipl e one s tha t  the y migh t  remember ? I n 
orde r  t o simulat e th e Place-Rando m experiment s o f  Morris , 
we ha d t o incorporat e a  heuristi c goa l  selectio n strategy .  Ou r 

Figur e 8 :  Performanc e o n Tes t  A .  Histogra m show s th e dura -

tio n o f  tim e spen t  b y th e animat s i n eac h quadrant .  Her e T R 

i s th e trainin g quadrant ,  A/ L an d A / R ar e th e adjacen t  quad -

rant s t o th e lef t  an d righ t  respectively ,  an d O P i s th e opposit e 

quadran t  fo r  group s Cu e +  Plac e an d Place .  Th e dat a fro m 

th e othe r  group s simpl y indicat e th e quadrant . 

result s usin g thi s mechanis m closel y paralle l  th e behavior s 
observe d b y Morris .  Indeed ,  ou r  computationa l  framewor k 
allow s on e t o implemen t  an d tes t  differen t  hypothese s o f  goa l 
selection .  Suc h a n approac h ca n lea d t o a  bette r  understand -
in g o f  goa l  selectio n processe s i n navigatin g rodents . 

Fro m Figur e 8  i t  ca n b e observe d tha t  Plac e an d Cu e + 
Plac e experiment s indicat e a  stron g spatia l  bia s toward s th e 
trainin g quadrant .  Whil e th e forme r  observatio n i s consisten t 
wit h th e result s o f  Morris ,  th e latte r  i s a  surprise .  However , 
thi s i s a  direc t  resul t  o f  ou r  spatia l  learnin g an d navigatio n 
strategy ,  wher e w e hav e assume d tha t  th e anima t  faithfull y 
learn s a  plac e map .  Ther e i s a  possibilit y  tha t  i n th e presenc e 
of  reliabl e visua l  cue s (e.g. ,  platform) ,  plac e learnin g m a y no t 
be a s reliable ,  sinc e i t  i s  no t  eve n necessary .  Thi s hypothesi s 
regardin g difference s i n plac e learnin g i n th e presenc e o r  ab -
senc e o f  reliabl e cues ,  remain s t o b e studied . 

Relate d W o r k T o th e bes t  o f  ou r  knowledg e th e onl y othe r 
computationa l  simulatio n o f  th e experiment s b y Collet t  e t 
al .  (1986 )  i s  tha t  o f  Redis h an d Touretzk y (1996 )  (referre d 
t o hereafte r  a s th e R T model) .  O u r  computationa l  mode l 
of  hippocampa l  spatia l  learnin g i s  closel y relate d t o th e R T 
model ,  sinc e bot h model s ar e base d o n th e cognitiv e m a p con -
cep t  o f  Tolma n (1948 )  an d th e local e syste m hypothesi s o f 
O'Keef e an d Nade l  (1978) .  Fmally ,  bot h simulation s repre -
sen t  goal s i n term s o f  metri c positio n estimate s derive d fro m 
dead-reckoning . 

Despit e thes e similarities ,  ther e ar e som e significan t  dif -
ference s betwee n th e tw o model s an d th e behaviora l  result s 
generate d b y them .  O u r  computationa l  framewor k explic -
itl y  addresse s th e issu e o f  informatio n fusio n fro m erroneou s 
(o r  uncertain )  sources .  Secondly ,  b y usin g th e framewor k o f 
Ka lma n filtering,  w e hav e derive d updat e expression s whic h 
ar e stochasticall y optima l  fo r  th e give n model .  Thirdly ,  th e 
R T mode l  incorporate s a  mechanis m fo r  initializin g th e hea d 
direction .  However ,  doin g s o make s th e plac e cell s direc -
tional ,  whic h appear s t o b e a t  odd s wit h experimenta l  result s 
tha t  sugges t  th e non-directionalit y o f  th e C A 3 an d C A l  pyra -

106 



mida l  cells .  Ou r  mode l  assume s tha i  th e plac e cell s ar e non -
directional .  Thi s require s tha t  th e animal s hav e reliabl e head -

directio n information .  Fourthly ,  ou r  mode l  learn s an d remem -
ber s multipl e goa l  locations .  I t  i s  no t  clea r  ho w on e coul d rep -
resen t  multipl e goal s i n th e R T model ,  considerin g tha i  goal s 
i n thei r  mode l  correspon d t o th e origi n o f  th e dea d reckonin g 
system .  Finally ,  th e animal s i n ou r  simulation s wer e capabl e 
of  actuall y movin g i n thei r  environment ,  wherea s th e animal s 
use d i n th e R T simulation s simpl y predic t  th e goa l  location . 
A mor e detaile d compariso n betwee n th e tw o model s ca n b e 
foun d i n Balakrisha n e t  al .  (1998a ) 

A numbe r  o f  researcher s hav e develope d computationa l 
model s t o simulat e th e behaviora l  experiment s o f  Morri s 
(1981) .  Blu m an d Abbot t  (1996 )  develope d a  mode l  o f  hip -
pocampal  spatia l  learning ,  wher e th e plac e cel l  activit y en -
code d th e plac e furthe r  ahea d o n th e path .  Th e anima l  navi -
gate d toward s th e positio n code d b y th e plac e cel l  activit y a l 
any give n place .  However ,  the y onl y simulate d th e behavio r 
of  th e Plac e grou p o f  rats . 

Shar p e l  al .  (1996 )  use d a  slightl y differen t  mode l  t o sim -
ulat e th e water-maz e experiment s o f  Morris .  I n thei r  mode l 
th e plac e an d hea d directio n cel l  firing s allowe d firin g o f  uni t 
i n th e nucleu s accumben s whic h cause d th e anima l  t o tur n 
lef t  o r  righ t  b y a  certai n angle .  Th e experiment s wit h thi s 
model  matche d closel y wit h th e Morris '  experiments ,  bu t  i t 
was no t  clea r  ho w multipl e goal s ca n b e represente d i n thi s 
framework . 

Kalma n filter-based  localizatio n approache s requir e a  sen -
sor  mode l  o f  th e environmen t  an d ofte n ru n int o problem s du e 
t o perceptua l  aliasin g (Ayach e an d Faugeras ,  1987) .  Th e hip -
pocampal  model ,  o n th e othe r  hand ,  provide s a  place-base d 
extensio n o f  K F an d addresse s thes e problem s (Balakrish -
nan e t  al. ,  1997) .  A  numbe r  o f  robo t  localizatio n approache s 
base d o n cognitiv e mappin g theorie s hav e als o bee n devel -
ope d (Kortenkamp ,  1993) .  Althoug h closel y relate d t o th e 
hippocampa l  spatia l  learnin g model ,  the y ar e no t  formulate d 
t o computationall y characteriz e a  specifi c  brai n regio n an d 
diffe r  i n thi s regard .  A  numbe r  o f  neurobiologica l  model s o f 
robo t  navigatio n hav e als o bee n develope d (Recc e an d Harris , 
1996) .  A  mor e detaile d discussio n abou t  th e differen t  model s 
i s availabl e i n Balakrishna n e t  al .  (1997) . 

Future Work As we mentioned earlier, our computational 
model  assume s tha t  th e anima l  ha s a n accurat e head-directio n 
estimate .  W e ar e currentl y explorin g th e possibilit y  o f  suc h a 
head-directio n rese t  mechanis m bein g implemente d b y plac e 
cell s i n th e subiculu m wit h th e correctio n bein g performe d b y 
th e head-directio n cell s i n th e post-subicula r  regio n (Balakr -
ishna n etal. ,  1998b) . 

Give n th e fac t  tha t  Kalma n filter  base d model s o f  plac e 
learnin g an d localizatio n satisfactoril y  reproduc e a  non-trivia l 
bod y o f  result s fro m behaviora l  experiment s i n animals ,  i t  i s 
natura l  t o as k whethe r  th e hippocampu s ca n perfor m K F com -
putations .  A  discussio n abou t  thi s ca n b e foun d i n (Balakrish -
nan etal. ,  1997 ) 
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Abstrac t 

Models of perceptual systems customarily characterize their 
maximall y efficien t  operatio n i n optima l  circumstances .  An -
othe r  engineerin g consideratio n -  gracefu l  failur e -  i s  usuall y 
ignored .  Thre e experiment s o n spontaneou s speec h sho w tha t 
on-lin e speec h recognitio n fail s  gracefull y b y makin g u s dea f 
t o th e word s i n reparanda .  th e item s whic h mus t  b e expunge d 
t o restor e disfluen t  utterance s t o fluency.  Experimen t  1  use s 
word-leve l  gatin g o f  fluent  an d disfluen t  utterance s t o sho w 
tha t  disfluencie s principall y disrup t  norma l  lat e recognitio n 
(Bard ,  Shillcoc k &  Altmann ,  1988 )  o f  word s i n reparanda .  Ex -
perimen t  2  show s tha t  i n mor e namra i  listenin g conditions ,  at -
tentio n t o continuin g matena l  an d additiona l  effect s o f  repeti -
tio n deafnes s (Mille r  &  Mackay ,  1996 )  mak e recal l  o f  th e sam e 
word s eve n mor e unlikely .  Experimen t  3  show s tha t  th e result s 
ar e no t  attributabl e t o th e clarit y o f  th e los t  words .  Finall y th e 
relationship s amon g lat e recognitio n an d variou s kind s o f  dis -
fluency  deafnes s ar e discussed . 

I n t r o d u c t i o n 

Assumin g tha t  perceptua l  system s evolv e t o cop e efficientl y 
wit h thei r  characteristi c  input ,  w e usuall y devot e ou r  attempt s 
t o understan d suc h system s t o case s wher e the y operat e wit h 
maxima l  efficiency .  A  secon d consideratio n i n designin g ro -
bus t  systems ,  ofte n ignore d i n th e stud y o f  huma n cognition , 
i s  gracefu l  failure :  failures ,  i f  the y mus t  happen ,  shoul d oc -
cu r  i n suc h a  wa y tha t  recover y i s relativel y easy .  Thi s pape r 
deal s wit h th e mechanism s whic h promot e gracefu l  failur e i n 
th e recognitio n o f  word s i n runnin g spontaneou s speech . 

Th e occurrenc e o f  suc h failure s i s al l  to o obviou s t o any -
on e w h o ha s ha d t o transcrib e o r  cod e spontaneou s speech . 
Disfluencie s occu r  a t  a  rat e o f  abou t  on e ever y thre e utter -
ance s i n norma l  speech .  Transcribin g disfluen t  speec h ver -
bati m i s inordinatel y difficult :  th e content s o f  th e disfluenc y 
see m strangel y evanescent .  Withou t  m a n y replay s o f  th e ma -
terial ,  eve n th e locatio n o f  th e disfluenc y i s difficul t  t o ascer -
tain .  Askin g subject s t o monito r  fo r  disfluency ,  Marti n an d 
Strang e (1968 )  foun d tha t  instruction s t o increas e attentio n t o 
th e tas k essentiall y  increase d bia s t o repor t  disfluencie s bu t 
di d no t  improv e accurac y i n locatin g them .  Thoug h som e 
disfluencie s ca n b e spotte d (Duez ,  1995) ,  m a n y presen t  prob -
lems . 

Gracefu l  failur e ough t  t o b e centre d o n word s actuall y i n 
th e reparandum ,  th e speec h tha t  mus t  b e expunge d t o creat e 
a fluent  utterance .  Fo x Tre e (1995 )  ha s show n tha t  word s i n 
reparand a ente r  an d affec t  th e lexica l  acces s system ,  bu t  w e 
hav e n o indicatio n o f  wha t  happen s next . 

Th e behavio r  o f  automati c speec h recognitio n system s in -
dicate s tha t  thes e word s ar e no t  necessaril y  indecipherable . 

Unlik e huma n listeners ,  A S R system s see m t o hav e simila r 
record s o f  word s i n fluent  an d i n disfluen t  speech .  Th e diffi -
cult y arise s whe n th e syste m attempt s t o ran k alternat e can -
didat e sequence s o f  word s i n th e ligh t  o f  it s  languag e model . 
Sinc e disfluencie s almos t  alway s mak e string s ungrammati -
cal ,  th e bes t  gues s -  usuall y th e mos t  nearl y grammatica l  -
string s provid e ver y unsatisfactor y transcriptions .  Th e chie f 
nee d fo r  suc h system s i s a  wa y o f  expungin g disfluencie s o n 
th e fly.  I f  huma n perceptua l  failur e i s mor e gracefu l  here ,  the n 
i t  i s  du e t o som e characteristi c o f  huma n perceptio n whic h i s 
not  mirrore d i n A S R systems . 

Thi s pape r  show s tha t  huma n failur e t o perceiv e disfluen t 
speec h i s gracefu l  an d tha t  i t  ca n b e attribute d t o tw o char -
acteristic s o f  huma n perception :  th e dependenc e o f  on-lin e 
wor d recognitio n o n subsequen t  a s wel l  a s prio r  contex t  an d 
th e recal l  phenomen a usuall y describe d a s repetitio n deaf -
ness . 

Normally ,  listener s depen d o n bot h precedin g an d subse -
quen t  contex t  t o recogniz e word s i n runnin g speec h (Bard , 
Shillcock ,  &  Altmann ,  1988 ;  Connine ,  Blask o &  Hall ,  1991 ; 
Grosjean ,  1985) .  Whil e mos t  word s ca n b e recognize d a s 
soo n a s the y an d thei r  prio r  context s hav e bee n heard ,  som e 
ar e no t  identifie d unti l  a  prosodi c o r  constituen t  boundar y oc -
cur s u p t o severa l  word s late r  i n th e utteranc e (Shillcock ,  Bar d 
& Spensley ,  1988) .  Th e mor e prio r  contex t  a  wor d has ,  how -
ever ,  th e mor e likel y immediat e recognitio n is .  W h e n disflu -
encie s interrup t  speech ,  the y interrup t  bot h context s o n whic h 
listener s depend .  A s Tabl e 1  illustrates ,  th e fifth  wor d i n th e 
fluent  utterance ,  (further) ,  ha s fou r  word s o f  prio r  contex t 
whic h ca n b e construe d together .  I n th e disfluen t  examples , 
word s afte r  I ,  th e interruptio n poin t  (a ,  not) ,  hav e shorte r  con -
tinuousl y construabl e prio r  contexts .  Becaus e the y reduc e th e 
supportin g prio r  context ,  disfluen t  interruption s creat e con -
dition s wher e subsequen t  contex t  shoul d b e importan t  t o th e 
recognitio n process .  Whethe r  recognitio n ca n recove r  fro m 
th e interruption s depend s o n h o w m u c h o f  th e utteranc e fol -
lows .  Fo r  word s befor e interruptio n points ,  particularl y word s 
i n reparanda ,  lik e (bit) ,  th e discontinuit y truncate s subsequen t 
context ,  usuall y befor e th e nex t  expecte d prosodi c o r  con -
stituen t  boundary .  Fo r  thes e words ,  disfluencie s m a y remov e 
or  dela y thos e site s wher e lat e recognitio n woul d normall y 
occur . 

Unlik e effect s o f  context ,  repetitio n deafnes s (Mille r  an d 
Mackay ,  1996 )  ha s no t  ye t  bee n show n t o influenc e on -
lin e recognitio n o f  spontaneou s speech .  Repetitio n deaf -
nes s an d blindnes s (Kanwisher ,  1987 )  ar e inabilitie s t o dis -
tinguis h i n recal l  tw o ver y simila r  stimul i  witnesse d clos e to -
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gethc r  i n time ,  particularl y i n presentatio n mode s (e.g .  rapi d 
lis t  intonation ,  time-compresse d speech )  whic h mak e percep -
tio n an d encodin g ver y difficult .  Disfluen t  speec h ma y pro -
vid e naturally-occurrin g circumstance s fo r  repetitio n deaf -
ness :  word s whos e right  contex t  i s  delaye d an d whic h ar e 
repeate d ma y b e harde r  t o recal l  a s subsequent  inpu t  become s 
th e focu s o f  attention . 

Experiment 1 - word-level gating 

Experimen t  1  use s word-leve l  gatin g t o determin e whethe r 
th e disruptiv e effect s o f  disfluenc y creat e failure s o f  lat e 
recognitio n particularl y fo r  reparanda .  Th e gatin g metho d in -
crement s th e presente d portio n o f  a n utteranc e b y on e wor d o n 
eac h successiv e trial ,  givin g listener s informatio n abou t  th e 
number  an d locatio n o f  word s whic h the y woul d hav e t o dis -
cer n fo r  themselve s i n mor e norma l  circumstances .  Th e ex -
perimen t  therefor e compare s listeners '  recognitio n o f  word s 
i n disfluen t  utterance s an d i n length-matche d fluen t  utterance s 
(Tabl e 1 )  unde r  condition s whic h shoul d maximis e rate s o f 
recognition . 

Tabl e 1 ;  Exampl e Stimuli :  Repetition ,  recas t  an d fluent  con -

trol .  O U =  Origina l  Utterance ,  R M =  Reparandum ,  I  =  Inter -

ruptio n poin t  R R =  Repair ,  C O =  Continuatio n 

Type 
Repetitio n 

Recas t 

Ruent 

OU RM I  R R CO 
it' s  jus t  a  bi t 

it' s  jus t  a  bi t 

it' s  jus t  a  bi t 

a bi t  furthe r  u p 

not  ver y 

furthe r  u p 

fa r  u p 

th e roa d 

I f  disfluencie s interfer e wit h contextua l  suppor t  fo r  run -
nin g speec h recognition ,  severa l  prediction s shoul d b e ful -
filled .  First ,  ther e shoul d b e m o r e failure s t o identif y word s 
fro m disfluen t  item s tha n fro m fluent  item s o f  th e sam e tota l 
length .  Second ,  th e difficultie s shoul d cluste r  abou t  th e inter -
ruptio n point .  T h e greates t  rat e o f  outrigh t  failur e shoul d b e i n 
th e reparandum ,  wher e subsequen t  contex t  i s  truncated .  Fol -
lowin g th e interruptio n point ,  continuou s prio r  contex t  i s  ini -
tiall y  minima l  an d th e disfluen t  interruptio n shoul d no t  sup -
por t  immediat e recognitio n a s wel l  a s i n th e uninterrupte d 
control .  Third ,  eventua l  recognitio n o f  o f  pre-interruptio n 
word s shoul d depen d o n th e typ e o f  disfluency .  I f  th e disflu -
enc y i s a  recast ,  th e contex t  whic h woul d permi t  lat e recog -
nitio n o f  reparandu m word s m a y neve r  arriv e an d th e repai r 
word s wil l  lac k prio r  context .  I f  th e disfluenc y i s a  repetition , 
the n th e pertinen t  late r  contex t  i s  merel y postponed .  Rep -
etition s shoul d therefor e suppor t  m o r e successfu l  lat e wor d 
recognition s tha n recasts . 

Method 

Materials .  Al l  material s wer e spontaneou s utterance s fro m 
th e H C R C M a p Tas k Corpu s (Anderso n e t  al .  1991) .  A 
subsectio n o f  th e corpu s wa s wor d segmente d an d code d fo r 
disfluencie s vi a Entropi c xwave s an d xlabe l  softwar e usin g 
wavefor m an d spectrographi c representations .  Twenty-eigh t 
disfluen t  repetition s an d 2 8 recast s containin g n o repetitio n 
wer e selecte d a s disfluen t  stimuli .  Hal f  o f  eac h grou p ende d 
i n whol e word s an d hal f  i n word-fragments .  Eac h disfluen t 

utteranc e wa s paire d wit h a  fluent  utteranc e o f  th e sam e lengt h 
i n words ,  produce d b y th e sam e speaker .  Thes e 11 2 tes t  ut -
terance s an d 5 6 fluent  fillers  wer e distribute d a m o n g 4  tape s 
by Lat m squar e an d blocke d b y speake r  ( N =  11) . 

Subjects and Procedure. Subjects were 16 members of the 
Edinburg h Universit y community ,  al l  nativ e speaker s o f  En -
glis h wit h n o know n hearin g loss .  Fou r  subject s hear d eac h 
tape .  Eac h subjec t  hear d al l  5 6 filler  utterance s an d 5 6 tes t 
utterances ,  1 4 from  eac h cel l  o f  th e design .  Subject s wer e 
tol d tha t  the y woul d hea r  utterance s beginnin g wit h th e first 
wor d an d the n includin g on e additiona l  wor d unti l  th e utter -
anc e wa s complete .  Thei r  tas k wa s t o identif y eac h ne w wor d 
as soo n a s the y ha d hear d it ,  writin g i t  o n a n answe r  shee t 
whic h allowe d on e bloc k fo r  eac h wor d presente d o n eac h 
trial .  The y wer e encourage d t o gues s an d allowe d t o alte r 
thei r  transcriptio n fo r  an y wor d o n th e lin e correspondin g t o 
th e tria l  wher e the y change d thei r  mind ,  bu t  no t  t o alte r  pre -
viou s lines . 

Results 

T wo fault y recas t  item s an d thei r  fluen t  control s wer e dis -
carded ,  leavin g 1 4 repetition s an d 1 2 recasts .  Ove r  al l  sub -
ject s an d materials ,  th e dat a compris e 438 4 attempts ,  usuall y 
ove r  multipl e trials ,  t o recogniz e spoke n words ,  hal f  i n fluent 
and hal f  i n disfluen t  utterances .  A  wor d receive d a n immedi -
at e recognitio n i f  cortectl y identifie d b y a  subjec t  o n it s first 
presentatio n wit h onl y prio r  context ,  a  lat e recognitio n i f  first 
recognize d onl y afte r  a t  leas t  on e additiona l  word ,  an d ̂ faile d 
recognitio n i f  neve r  correctl y transcribed . 

O Miua d 

Disfluen t Fluen t 

Figur e 1 :  Experimen t  1 :  Distributio n o f  outcome s o f  al l  at -

tempt s (, N =  4384 )  a t  recognizin g word s i n disfluen t  item s 

an d thei r  fluent  controls . 

Figure 1 shows that, as predicted, words in disfluent utter-
ance s ar e th e mor e difficul t  t o recogniz e (X(4384 )  =  48.82 ,  d f 

= 2 ,  p  <  .0001) .  Disfluen t  item s yielde d fewe r  immediat e 
recognition s tha n fluent  ( 76 .1 % v  81 .7% )  an d m o r e failure s 
(11 .5 % V  5 .6%) ,  whil e lat e recognition s occurre d a t  a  simila r 
rat e i n th e tw o (12 .4 % v  1 2 . 7 % ) .  T h e larges t  componen t  o f  x ^ 
w as contribute d b y th e differenc e i n rate s o f  failur e (2x2.2) . 

A s predicte d also ,  difficultie s clustere d aroun d th e inter -
ruptio n point ,  wit h failure s peakin g wher e the y ar e mos t 
graceful .  T o tes t  thi s proposal ,  eap h disfluen t  utteranc e wa s 
divide d int o 4  part s se t  ou t  i n Tabl e 1 :  th e reparandu m ( R M ) 
immediatel y precede d th e interruptio n poin t  an d containe d 
word s retrace d o r  repeated ;  th e origina l  utteranc e ( O U )  pre -
cede d th e R M ;  th e repai r  ( R R )  immediatel y followe d th e in -
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temiptio n an d consiste d o f  eithe r  a  genuin e replacemen t  fo r 
th e R M o r  o f  a  strin g o f  w o r d s equa l  i n lengt h t o th e R M ;  th e 

continuatio n ( C O )  conclude d th e utterance .  Fluen t  utterance s 
wer e divide d a t  th e s a m e point s a s thei r  disfluen t  counterpart s 
fo r  purpose s o f  comparison . 

y/y /̂yi ' 

OU Oislluan t OU Hu«n t RM Oistluan i  R M Ruan I 

0^^^ . 

RR Oiaflutn t CO Oisfluen l CO F!u»n l 

Figur e 2 :  Experimen t  1 :  Distributio n o f  outcome s o f  al l  at -

tempt s a t  recognizin g word s i n disfluen t  item s an d thei r  flu-

ent  control s b y par t  o f  utterance :  a .  Origina l  Utterance ;  b . 

Reparandum ;  c .  Repair ;  d .  Continuation . 

Figures 2a-d display the distributions of recognition out-
comes fo r  disfluen t  an d fluent  item s withi n eac h par t  o f  th e 
utterance .  Al l  fou r  component s sho w significan t  differences . 

Th e mos t  marke d ar e foun d i n th e reparand a (Xnes )  ~  8^00 > 

df  =  2 ,  p  <  .0001) .  A s w e predicted ,  th e disfluen t  R M s , 
lacicin g right  context ,  produc e man y mor e failure s (26.8 % 
V 3.6% )  an d fewe r  lat e recognition s (9.1 % v  17.7% )  tha n 
fluent  controls .  Disfluen t  repair s ar e als o difficul t  t o recog -

niz e (xf864 )  =  ^̂ •̂ ^ '  d f  =  2, p <  .0001) .  Thei r  effectivel y 

truncate d lef t  contex t  result s i n fewe r  immediat e recognition s 
(64.4 % V  83.6% )  an d mor e lat e recognition s (20.8 % v  12.3% ) 
an d failure s (14.8 % v  4.2% )  tha n th e correspondin g part s o f 
fluent  controls .  Th e disproportionat e rat e o f  failure s make s 
th e larges t  contributio n t o x ^  fo r  bot h R M s an d RRs ,  thoug h 
th e rat e i s highe r  fo r  R M s tha n fo r  R R s (26.8 % v  14.8%) . 
Disfluen t  origina l  utterances ,  wit h abbreviate d right  context , 
produc e fewe r  lat e recognition s tha n thei r  fluent  counterpart s 
(11.2 % V  17.5% :  X(ii44 )  =  14.20 .  d f  =  2 , p < .0008) .  Finally , 

continuation s yiel d mor e lat e recognition s tha n ar e neede d 
i n th e final  portion s o f  thei r  fluent  control s (10.3 % v  7.1% : 
Xfi608 )  =  804.cf /  =  2 , p < . 0 2 ) . 

Finally ,  recognitio n outcome s als o depen d o n th e relation -
shi p betwee n wha t  precede s an d wha t  follow s th e interruptio n 
point .  Repetitio n disfluencies ,  wher e th e tw o ar e mor e likel y 
t o b e parsabl e a s a  singl e sequenc e onc e extr a token s o f  re -
peate d word s ar e removed ,  ar e mor e successfull y recognize d 
tha n recas t  disfluencies ,  wher e reconstructin g a n utteranc e 

woul d b e mor e difficult .  A s figure 3  shows ,  recast s produc e 

mor e failure s t o recogniz e word s (13.3 % v  9.9% :  ,x:?2i92 )  ~ 

6.86 ,  d f  =  2 , p < .04) . 

lOOl 

a Misse d 

a Ul a 

Recast Repelitio n 

Figur e 3 :  Experimen t  1 :  Distributio n o f  ou tcome s o f  al l  at -

tempt s a t  recognizin g wo rd s i n recas t  ( N =  1004 )  an d repeti -

tio n ( N =  1188 )  disfluencies . 

E x p e r i m e n t  2  -  t ranscr ip t io n 

Experiment 1 indicated that disfluent utterances are subject 
t o disruptio n eve n i n a  paradig m tha t  provide s optima l  con -
dition s fo r  successfu l  wor d recognition .  B y identifyin g wor d 
boundaries ,  th e word-leve l  gatin g metho d remove s on e o f  th e 
majo r  problem s i n recognizin g runnin g speech .  Th e secon d 
experimen t  give s listener s th e les s artificia l  tas k o f  report -
in g word s large r  chunk s o f  speech .  A  large-scal e verbati m 
transcriptio n tas k wa s designe d wit h tw o purposes .  First , 
i t  checke d fo r  recognitio n failure s i n th e mor e natura l  task . 
Second ,  i t  teste d th e hypothesi s tha t  repetitio n deafnes s wil l 
make recal l  eve n wors e fo r  disfluencie s whic h contai n re -
peate d word s tha n fo r  thos e whic h d o not .  T o compar e effect s 
of  repetitio n pe r  s e wit h othe r  characteristic s o f  disfluency , 
we presente d bot h recas t  disfluencie s an d repetitio n disfluen -
cie s u p t o th e en d o f  th e reparandum ,  u p t o th e en d o f  th e 
first  wor d o f  th e repai r  wher e th e disfluenc y shoul d first  b e 
noticeabl e (Lickley ,  Shillcock ,  &  Bard ,  1991) ,  u p t o th e en d 
of  th e repetitio n o r  t o a n equivalen t  positio n i n recasts ,  o r 
i n thei r  entirety .  Marke d decreas e i n repor t  o f  reparandu m 
word s fro m on e chun k t o th e nex t  shoul d indicat e whic h kin d 
of  additiona l  materia l  i s  implicate d i n recognitio n failure .  I f 
interruptio n i s responsible ,  deficit s shoul d appea r  a s soo n a s 
interruption s ar e encountered ;  i f  disfluen t  repetition s ar e t o 
blame ,  onl y stimul i  includin g the m wil l  suffer .  I f  th e proble m 
i s processin g pressure ,  deficit s shoul d increas e a s mor e right 
contex t  i s included . 

Method 

Materials Eighty simplex disfluencies, each containing a 
singl e contiguou s reparandum ,  include d 3 0 recast s an d 5 0 
wit h repetitions .  Th e remainin g 1 6 disfluencie s wer e com -
plex ,  containin g eithe r  multipl e attempt s t o repea t  o r  replac e 
th e reparandu m o r  a  serie s o f  differen t  disfluencies .  Fo r  6 
of  these ,  th e ultimat e repai r  di d no t  repea t  an y wor d i n th e 
reparandum ,  whil e fo r  th e othe r  10 ,  repetitio n wa s involved . 
For  eac h disfluen t  utterance ,  ther e wa s a  full y fluent  contro l 
utteranc e matchin g i t  fo r  speake r  an d lengt h i n words . 
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Tabl e 2 :  Stimul i  fo r  t w o k ind s o f  disfluency .  R e p a r a n d a i n bold ,  repair s i n italics .  Interruptio n point s ( { IP } )  w e r e no t  indicate d 

t o subject s i n an y w a y 

C H U NK 

a 
b 
c 
d 

DISFLUENCY TYP E 

Repetitio n 
Righ t  there' s a  { IP } 

R igh t  there' s a  { IP }  there' s 

R igh t  there' s a  { I P }  there' s a 

R igh t  there' s a  { IP }  there' s a  lin e abou t  h a l f w a y d o w n 

Recas t 
There' s abou t  {IP } 
There' s abou t  {IP }  Youv e 
There' s a b o u t  { IP }  Yo u 'v e go t 

There' s abou t  {IP }  Yo u 'v e go t  a  yach t  clu b righ t 

As tabl e 2  illustrates ,  fo r  eac h o f  th e 9 6 disfluen t  utter -
ances ,  fou r  substring s wer e prepared .  Al l  bega n a t  th e be -
ginnin g o f  th e utterance .  T h e first  (chun k a) ,  ra n u p t o th e 
interruptio n point ,  th e secon d (b )  ra n u p t o th e first  w o r d o f 
th e repai r  (a t  whic h poin t  listener s ca n usuall y detec t  tha t  a 
disfluenc y ha s take n plac e ,  th e thir d (c) ,  t o th e en d o f  an y 
repetition ,  or ,  fo r  recasts ,  t o th e en d o f  th e nex t  stresse d word , 
and th e fourt h (d) ,  t o th e en d o f  th e utterance .  Contro l  utter -
ance s wer e segmente d a t  th e correspondin g seria l  positions . 
Th e substring s o f  eac h utteranc e wer e distribute d b y Lati n 
squar e a m o n g fou r  listene r  group s t o giv e substrin g compar -
iso n betwee n subject s an d fluency  comparison s withi n sub -
jects . 

Subjects and procedure Subjects were University of Ed-
inburg h students ,  wit h n o k n o w n hearin g loss .  Nin e wer e 
assigne d t o eac h listene r  group .  Listener s wer e instructe d 
t o transcrib e everythin g the y hear d int o rea l  word s i n th e 
standar d orthograph y an d t o b e a s accurat e a s possibl e eve n 
thoug h s o m e o f  th e stimul i  wer e difficul t  o r  odd .  The y wer e 
not  tol d h o w m a n y word s an y stimulu s contained .  Stimul i 
wer e presente d thre e time s i n successio n vi a hig h qualit y 
headphones .  A  transcriptio n wa s require d afte r  eac h presen -
tation . 

Results 

We repor t  analyse s o f  first  pas s attempt s a t  recal l  an d tran -
scription ,  th e mos t  natura l  listenin g condition . 

As gatin g result s woul d predict ,  listener s ha d grea t  diffi -
cult y i n reportin g word s fro m reparand a (Figur e 4 ) 
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i 

Disfluen t  Ruen t 
Recas t 

Disfluen t  Fluen t 
Repetitio n 

Figur e 4 :  E x p e r i m e n t  2 :  Rat e o f  correc t  repor t  b y  fluency, 

par t  o f  disfluenc y an d typ e o f  disfluenc y 

Identification of words in reparanda was markedly worse 
tha n i n E x p e r i m e n t  1 .  Contro l  material s s h o w e d slight ,  in -
significan t  i m p r o v e m e n t  wi t h longe r  stimuli .  Recal l  o f  w o r d s 

i n reparand a w a s actuall y w o r s e i n th e longes t  strings ,  w h e r e 
th e comp le t io n o f  th e utteranc e cou l d hav e a l l o w e d lat e recog -
nition ,  tha n i t  w a s i n th e shortes t  strings ,  w h e r e on l y i m -
med ia t e recognitio n w a s possibl e (Figur e 5 ) .  Sco r i n g w h o l e 
reparand a a n d co r respond in g contro l  w o r d s a s righ t  o r  w r o n g , 
th e interactio n b e t w e e n fluency  a n d chunk- lengt h (a-d )  w a s 
highl y significan t  ( F i ( 3 . 1 0 5 ) = 122.10 ,  p  <  .0001 ;  ^ 2 ( 3 , 2 8 2 ) 
= 49 .47 ,  p  <  .0001 ) .  A l l  fluent  o u t c o m e s w e r e significantl y 
bette r  tha n an y disfluen t  (Scheffe s a t  p  <  .01) .  Recal l  fo r 
disfluen t  reparand a w a s significantl y bette r  i n th e stimul i  (a ) 
w h i c h stoppe d a t  th e interruptio n poin t  tha n a t  a n y o f  th e 
longe r  substring s (at p <  .01) .  T h e differenc e w a s no t  merel y 
th e effec t  o f  encounterin g a  discontinuit y a t  th e poin t  o f  in -
terruption :  chunk-d ,  th e who l e utterance ,  gav e significantl y 
wors e recal l  tha n chunk-b ,  whic h containe d th e first  wo r d o f 
th e repair . 

Disfluen t Fluen t 

D Misse d 
•  Correct 

Figur e 5 :  Experimen t  2 :  Rat e o f  correc t  repor t  b y substrin g 

lengt h fo r  word s i n reparand a o f  disfluen t  utterance s an d fo r 

correspondin g word s o f  fluent  controls . 

Four kinds of evidence bear on the second hypothesis, that 
repetitio n deafnes s help s t o expung e disfluencies .  Repetitio n 
itsel f  di d no t  produc e disastrou s reduction s i n th e recal l  o f  th e 
repeate d wor d (a t  chunk- b fo r  single-wor d reparanda ,  chunk -
c fo r  others) .  Instead ,  stres s o n m e m o r y o r  processin g loa d 
seemed t o promot e specia l  deficit s fo r  repetitio n disfluencies . 

First ,  ther e i s a  repetitio n deficit .  Fo r  th e mos t  vulnerabl e 
words ,  thos e jus t  precedin g th e interruptio n point ,  repor t  rat e 
fall s  mo r e sharpl y i n repetitio n disfluencie s tha n i n others .  I n 
an analysi s o f  recal l  loss ,  i.e. ,  h o w m u c h recal l  rate s change d 
fro m chunk- a t o th e late r  chunks, ,  th e down-tur n fo r  repeti -
tion s wa s particularl y marked :  (fluenc y x  chun k x  disfluenc y 
type :  ^2(1,367 )  =  450 ,  p  <  .035) .  Again ,  th e fall-of f  i n re -
cal l  continue d beyon d th e poin t  wher e th e repetitio n occurre d 
(chunk-b/c )  an d s o m a y b e du e t o th e m e m o r y loa d create d 
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b y th e additiona l  w o r d s i n chunk-d .  Fluen t  control s showe d 
n o comparab l e trends . 

Second ,  extensiv e exploratio n o f  th e result s b y multipl e 
regressio n analyse s s h o w e d tha t  recal l  result s fo r  repetitio n 
an d recas t  disfluencie s wer e subjec t  t o s o m e w h a t  differen t  in -
fluences.  Al l  w o r d s f ro m disfluen t  stimul i  wer e code d fo r 
dictionar y characteristic s o f  th e word s (ra w frequency ,  func -
tor/contentiv e w o r d class) ,  fo r  thei r  characteristic s a s uttere d 
token s (strengt h o f  followin g phonologica l  boundary ,  fro m 
sentenc e boundar y a t  3  d o w n t o functor-contentiv e boundar y 
at  0 ;  w o r d duration ;  duratio n o f  followin g pause ;  stress ,  f ro m 
2 fo r  pitc h accen t  t o 0  fo r  n o stress) ,  an d fo r  characteristic s 
o f  thei r  locatio n i n a  disfluen t  utteranc e (lengt h o f  chunk-a ; 
distanc e o f  w o r d f ro m interruptio n point ;  n u m b e r  o f  word s i n 
R M;  n u m b e r  o f  wo rd s i n utterance) .  Al l  word s fro m fluent 
stimul i  wer e code d fo r  th e s a m e variables ,  wit h characteris -
tic s o f  th e matche d disfluen t  partne r  use d fo r  certai n positio n 
variables . 

I n a  set-hierarchica l  multipl e regression ,  equation s includ -
in g characteristic s o f  th e disfluen t  utteranc e alway s accounte d 
fo r  significantl y m o r e o f  th e varianc e i n recal l  rat e tha n equa -
tion s lackin g thes e variables .  Al l  w o r d s s h o w e d effect s o f  th e 
structur e o f  thei r  disfluency :  proximit y t o th e interruptio n an d 
longe r  sequence s o f  wo rd s befor e th e interruptio n poin t  m a d e 
fo r  wors e recall .  W o r d s precedin g m o r e importan t  prosodi c 
an d syntacti c boundane s wer e reporte d better .  Afte r  chunk-a , 
however ,  onl y th e recal l  o f  recas t  w o r d s depende d o n lengt h 
an d frequenc y variables ,  wh ic h wou l d hav e m a d e thes e word s 
m o r e intelligibl e ou t  o f  context .  T h o u g h repetitio n an d recas t 
disfluencie s hav e simila r  m e a n s an d range s fo r  w o r d lengt h 
an d frequency ,  recal l  o f  wo rd s i n repetitio n disfluencie s ap -
pear s t o b e largel y dependen t  o n th e surroundin g structures , 
rathe r  tha n o n th e w o r d s themselves . 

Third ,  w e ca n se e a  direc t  effec t  o f  prio r  contex t  o n result s 
fo r  th e final  w o r d o f  th e reparandum .  W e compar e result s fo r 
simple x disfluencies ,  wher e th e utteranc e i s  full y  fluent  u p 
t o th e interruptio n point ,  wit h comp le x disfluencies ,  wher e 
multipl e interruption s disrup t  th e strin g (Figur e 6 ) .  I n sim -
ple x single-wor d reparanda ,  repetitio n an d othe r  disfluencie s 
behave d alik e (F ^  <  1) .  A s i n th e earlie r  analyses ,  fluent  con -
tro l  w o r d s wer e s o m e w h a t  easie r  t o repor t  w h e n m o r e contex t 
w as presented ,  whil e reparandum-fina l  w o r d s wer e reporte d 
les s accuratel y i n longe r  string s (fluenc y x  chunk :  ^2(2,68 ) 
= 14.06 ,  p  <  .0001) .  Fo r  th e comple x disfluencies ,  ther e i s 
bod i  a  detrimenta l  effec t  o f  longe r  stimul i  (F2(2,68 )  =  10.88 , 
p <  .0003 )  an d a n additiona l  defici t  fo r  repeate d word s (dis -
fluency  typ e x  fluency  x  chunk :  F2(2,68 )  =  3.81 ,  p  <  .035) . 
I n othe r  words ,  repetitio n disfluencie s ar e significantl y m o r e 
forgettabl e tha n other s w h e n the y occu r  i n utterance s whic h 
ar e alread y difficul t  t o proces s becaus e o f  multipl e fals e starts . 

T h e final  evidenc e fo r  repetitio n deafnes s a s a  functio n o f 
processin g pressur e i s th e differenc e betwee n th e result s o f 
Exper iment s 1  an d 2 .  I n gating ,  w o r d boundarie s ar e indi -
cated ,  sinc e eac h w o r d form s th e en d o f  s o m e stimulus ,  an d 
subject s hea r  ver y littl e n e w materia l  o n eac h trial .  W o r d s i n 
repetition s wer e recognize d s o m e w h a t  bette r  a s subsequen t 
contex t  accrued .  I n th e transcriptio n technique ,  wher e w o r d 
boundarie s wer e no t  marked ,  an d recognitio n o f  m a n y word s 
w as require d o n a  singl e trial ,  th e s a m e disfluencie s s h o w e d 
significantl y m o r e tendenc y t o suffe r  f ro m additiona l  contex t 
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B/C 0  A  B/ C 0 
Dltduan l  Fluen t 

Simple x Repelltlon l 

A B/ C D A B/ C D A B/ C 0 A B/ C 0 
Complex Receil s Complex Repetition s 

Figur e 6 :  Experimen t  2 :  Rat e o f  correc t  repor t  fo r  final  wo r d 

o f  R M an d fo r  correspondin g wor d o f  fluent  control s b y flu-

ency ,  typ e o f  disfluenc y an d complexity . 

(fluenc y x  task :  F j  (1, 3 88 )  =  10.16 ,  p  <  .01) .  T h o u g h the y 
improve d ultimatel y i n gating ,  repetition s w e r e wors e tha n 
recast s i n Experimen t  2 . 

Experiment 3 - isolated word intelligibility 

The transcription experiment showed that words in reparanda 
wer e perceptuall y vulnerable .  Bu t  wa s thi s simpl y becaus e 
the y wer e les s intelligibl e pe r  s e tha n th e contro l  words ? T o 
answe r  thi s questio n a n intelligibilit y  stud y wa s ru n o n word s 
isolate d fro m th e reparand a use d i n th e previou s experiment , 
word s fro m th e fluent  control s an d a  furthe r  se t  o f  word s fro m 
fluent  utterances . 

Method 

Materials Eighty-four full words from disfluent reparanda 
use d i n th e previou s experimen t  an d th e correspondin g 8 4 
word s fro m thei r  length-matche d control s (contro l  set )  wer e 
carefull y isolate d usin g speec h wavefor m editin g software . 
Sinc e th e contro l  word s wer e no t  matche d fo r  lexica l  identit y 
wit h th e reparandu m words ,  a  furthe r  se t  o f  8 4 lexicall y iden -
tica l  word s (matche d set )  wa s selecte d fro m fluent  context s 
uttere d b y th e sam e speaker s an d prepare d i n th e sam e way . 

Th e resultin g se t  o f  25 2 word s wa s divide d b y Lati n squar e 
int o tw o group s i n suc h a  wa y tha t  n o subjec t  woul d hea r  bot h 
members o f  an y pai r  fro m th e disfluen t  an d matche d set s o f 
stimul i  whil e al l  subject s woul d hea r  th e member  o f  th e con -
tro l  se t  correspondin g t o bot h othe r  sets .  A  furthe r  divisio n 
was the n made ,  bot h t o preven t  to o muc h repetitio n o f  differ -
ent  token s o f  th e sam e lexica l  ite m i n an y on e se t  o f  dat a an d 
t o reduc e th e lengt h o f  th e experiment .  Thi s gav e 4  set s o f  8 4 
stimuli . 
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Subject s an d procedur e Subject s wer e 2 0 student s o f  th e 
Universit y o f  Edinburgh ,  al l  nativ e speaker s o f  Englis h wit h 
no know n hearin g loss .  Fiv e subject s hear d eac h o f  th e fou r 
set s o f  stimuli .  The y wer e aske d t o tr y t o giv e a  full-wor d 
transcriptio n o f  eac h wor d tha t  the y heard .  Onl y on e attemp t 
was allowe d a t  eac h stimulus . 

Results 

Recognitio n outcome s wer e classe d a s "correct "  o r  "wrong " 
and analyse s performed  o n percen t  correc t  response s pe r  sub -
jec t  an d pe r  item . 

Overall ,  th e thre e set s o f  stimul i  di d no t  diffe r  i n in -
telligibilit y  (Fi(2,38 )  =  2.19 ,  p  >  .1 ;  F2(2,166 )  =  0.46 , 
p >  .6) .  Ther e wa s som e evidenc e tha t  word s fro m repeti -
tio n reparand a wer e les s clea r  tha n thei r  control s :  two-wa y 
A N O V As reveale d a  sourc e (disfluent ,  control ,  matched )  b y 
typ e (repetition ,  recast )  interactio n significan t  onl y b y sub -
ject s (Sourc e x  type :  Fi(2,38 )  =  4.61 ,  p  <  .02 ;  ̂ 2(2.164 )  = 
1.19 ,  p  >  .1 )  (Tabl e 3 )  bu t  difference s betwee n th e critica l 
cell s wer e no t  significan t  (Scheffe s a t  p  <  .05) . 

Tabl e 3 :  Experimen t  3 :  Percen t  intelligibilit y  fo r  word s i n 

Disfluent ,  Contro l  an d Matche d set s b y disfluenc y type . 

TYPE 

Recas t 

Repetitio n 

Disfluen t  Contro l  Matche d 
58.2 5 

46.6 9 

49.5 3 

54.9 9 

58.0 1 

53.2 8 

Discussio n a n d Conc lus ion s 

Experimen t  1  showe d tha t  disfluencie s wer e subjec t  t o exactl y 
thos e disruption s whic h ar e predicte d fro m listeners '  relianc e 
on subsequen t  a s wel l  a s prio r  contex t  i n th e recognitio n o f 
word s i n runnin g speech .  Th e disruptio n i s wors t  wher e i t  i s 
most  graceful :  i n th e reparandum .  Disruptio n i s als o quit e se -
ver e fo r  th e repai r  whic h follow s th e interruptio n point .  Thi s 
effec t  ma y b e mor e gracefu l  tha n i t  looks :  i n man y disfluen -
cies ,  th e repai r  i s  no t  a  fres h restart .  Instea d i t  mus t  b e inter -
prete d wit h som e par t  o f  th e origina l  utterance ,  an d i n som e 
case s th e interpretatio n ha s t o b e fairl y  loose .  Mer e excisio n 
of  th e reparandu m i s no t  enoug h t o yiel d a  full y fluent  utter -
ance .  Perhap s les s perfec t  recognition s o f  repair s allo w th e 
listene r  som e roo m fo r  reinterpretatio n i n thes e cases . 

Experimen t  2  showe d tha t  th e additiona l  stres s induce d 
by operatin g i n rea l  tim e mad e gracefu l  failur e mor e severe . 
Repetitio n deafnes s als o contribute d t o th e effect :  repetitio n 
disfluencie s induce d a n additiona l  penalt y i n longe r  stimuli . 
Experimen t  3  showe d tha t  th e word s leas t  ofte n recognize d 
i n contex t  wer e a s intelligibl e i n isolatio n a s othe r  token s o f 
th e sam e word s an d a s thei r  control s i n Experiment s 1  an d 2 . 
Mer e clarit y o f  articulatio n wa s therefor e no t  a  majo r  caus e 
of  perceptua l  failures . 

What  i s strikin g i s th e similarit y betwee n th e factor s con -
tributin g t o gracefu l  failur e i n repetitio n an d recas t  disfluen -
cies .  Althoug h contex t  wa s mor e importan t  i n th e cas e o f  rep -
etitions ,  bot h showe d disruptio n effect s i n gatin g an d a  ten -
denc y t o disappea r  fro m recal l  wit h longe r  presentations .  I t 
appear s tha t  perceptua l  difficult y i s  create d b y th e disruptio n 
of  contex t  an d tha t  th e unresolve d item s becom e harde r  an d 

harde r  t o conver t  int o a  for m whic h ca n b e lodge d i n memor y 
as th e listener' s attentio n i s diverte d t o ne w material .  I t  seem s 
likel y tha t  repetitio n deafnes s ma y b e a  specia l  cas e o f  mor e 
genera l  inabilit y  t o operat e unde r  perceptua l  pressure . 
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Schoo l  o f  Compute r  Science ,  Th e Universit y o f  Birmingha m 

Birmingham ,  B 1 5 2TT ,  Unite d K ingdo m 

Abstrac t 

An implemented AI reasoning system called ATT-Meta is 
sketched .  I t  addresse s no t  onl y A I  issue s bu t  als o one s tha t  ar e 
salien t  i n psychology ,  philosophy ,  cognitiv e linguistics ,  dis -
cours e pragmatic s an d othe r  disciplines .  Thes e issue s includ e 
th e Simulation-Theory/Theory-Theor y debat e an d Fauconnie r 
and Turner' s notio n o f  concepma l  blending .  Th e syste m per -
form s metaphor-base d reasonin g an d reasonin g abou t  men -
ta l  state s o f  agents ;  i n particular ,  i t  perform s metaphor-base d 
reasonin g abou t  menta l  states .  Althoug h i t  relie s o n built-i n 
knowledg e o f  specifi c  conceptua l  metaphors ,  i t  i s  flexible  i n 
allowin g nove l  discours e manifestation s o f  thos e metaphors . 
The metaphorica l  reasonin g an d mental-stat e reasonin g facil -
itie s ar e full y  integrate d int o a  genera l  framewor k fo r  uncer -
tai n reasoning .  A  specia l  resul t  o f  th e overal l  approac h i s 
tha t  i t  enable s a  unifie d handlin g o f  certai n apparentl y sepa -
rat e discours e phenomena :  chaine d metaphor ,  personificatio n 
metaphor ,  an d report s o f  agents '  ow n metaphorica l  thoughts . 

I n t r o d u c t i o n 

Ther e ar e tw o mai n strand s i n thi s paper :  belie f  reasonin g 
(reasonin g abou t  th e behef s an d attendan t  reasonin g o f  othe r 
agents ,  includin g th e cas e w h e n thos e belief s etc .  ar e them -
selve s abou t  belief s etc.) ;  an d metaphor-base d reasoning . 
Thes e topic s ar e normall y studie d separately ,  bu t  o f  cours e 
metaphorica l  utterance s ca n b e abou t  th e menta l  state s an d 
processe s o f  agents .  Th e implemente d syste m (ATT-Meta ) 
o n whic h thi s pape r  i s centere d i s mainl y geare d toward s suc h 
utterances ,  bu t  i t  ca n als o d o non-metaphor-base d belie f  rea -
sonin g an d metaphor-base d reasonin g abou t  non-menta l  top -
ics .  (Th e n a m e "ATT-Meta "  come s fro m "[propositional ]  AT -
Titudes "  an d "Metaphor." ) 

A thir d researc h stran d i s uncertainty-handling .  Thi s i s im -
portan t  bot h fo r  useful ,  commonsensica l  belie f  reasonin g an d 
useful ,  commonsens e reasonin g base d o n metaphor .  Yet ,  i t  i s 
relativel y u n c o m m o n fo r  scheme s fo r  belie f  reasoning ,  espe -
ciall y implemente d ones ,  t o involv e a n extensiv e treatmen t  o f 
uncertaint y (thoug h see :  Ashe r  &  Lascarides ,  1994 ;  Chalup -
sky ,  1996 ;  Crav o &  Martins ,  1993 ;  Dragon i  &  Puliti ,  1994 ; 
an d Parsons ,  Sierr a &  Jennings ,  1998) .  Similarly ,  althoug h 
metapho r  researcher s ofte n m a k e informa l  referenc e t o un -
certainties ,  Hobb s (1990 )  i s on e o f  ver y fe w t o devot e ex -
tensiv e technica l  attentio n t o uncertainty .  (Indeed ,  h e i s on e 
of  th e ver y othe r  researcher s t o provid e a  detaile d computa -
tiona l  framewor k fo r  metaphor-base d reasoning ,  a s opppose d 
t o a  framewor k fo r  derivin g meaning s o f  metaphorica l  utter -
ances. )  O n e goa l  o f  th e ATT-Met a researc h ha s bee n t o hav e 
th e syste m perfor m uncertai n belie f  reasonin g an d uncertai n 
metaphor-base d reasonin g i n a  systemati c way ,  doin g mor e 

justic e t o uncertaint y tha n ha s heretofor e bee n seen .  ATT -
Meta' s treatmen t  o f  uncertaint y i s stil l  onl y a  first  approxima -
tio n t o wha t  i s needed ,  bu t  th e wor k draw s attentio n t o cru -
cia l  bu t  unrecognize d complication s i n belie f  reasonin g an d 
metaphor-base d reasoning . 

For  th e abov e an d othe r  reasons ,  thi s A I  researc h i s o f 
broa d interdisciplinar y relevance .  I t  connect s t o psychol -
ogy ,  philosophy ,  cognitiv e linguistics ,  discours e pragmatic s 
and othe r  areas .  Th e researc h bring s i n th e followin g par -
ticula r  issues ,  a m o n g others ,  i n thos e areas :  th e Simulation -
Theory/Theory-Theor y debat e (see ,  e.g. ,  Davie s &  Stone , 
1995 ,  Carruther s &  Smith ,  1996) ,  th e unparaphrasabilit y 
of  m u c h metapho r  usage ,  th e rol e o f  litera l  meanin g i n 
metaphorica l  processing ,  th e overridin g o f  metaphor-base d 
inference s b y teno r  informatio n o r  vic e versa ,  th e rol e o f 
metapho r  i n though t  a s wel l  a s language ,  an d conceptua l 
blendin g (Turne r  &  Fauconnier ,  1995) . 

An earl y versio n o f  ATT-Met a wa s reporte d i n a  previou s 
annua l  conferenc e o f  th e Cognitiv e Scienc e Societ y (Barnde n 
et  a/. ,  1994) .  Th e curren t  syste m include s majo r  algorithmi c 
and conceptua l  advance s ove r  tha t  version .  Th e mechanism s 
fo r  conflic t  resolutio n hav e bee n refine d an d greatl y extended , 
so a s t o wor k properl y acros s multipl e layer s o f  belie f  an d 
metaphor .  Certai n interaction s betwee n belie f  reasonin g an d 
metaphor-base d reasonin g hav e bee n streamline d an d m a d e 
mor e general .  Bu t  i n an y cas e th e presen t  pape r  focuse s o n 
differen t  aspect s o f  th e researc h fro m thos e stresse d i n th e 
earlie r  paper . 

Th e remainin g section s o f  th e pape r  ar e a s follows :  a  sec -
tio n o n th e mai n typ e o f  metaphorica l  utteranc e considere d i n 
th e research ;  a  sectio n ver y briefl y sketchin g ATT-Meta' s ba -
si c reasonin g facilitie s an d uncertainty-handling ,  irrespectiv e 
of  metaphor ;  a  sectio n describin g ATT-Meta' s metaphorica l 
reasoning ;  a  sectio n o n variou s type s o f  uncertaint y handle d 
i n th e metaphorica l  reasoning ;  a  sectio n sketchin g th e facil -
itie s fo r  reasonin g abou t  agents '  belief s an d reasoning ,  irre -
spectiv e o f  metaphor ;  a  sectio n o n h o w belie f  reasonin g an d 
metaphor-base d reasonin g ca n interac t  i n ATT-Meta ;  a  sec -
tio n o n th e similaritie s an d difference s betwee n ATT-Meta' s 
belie f  reasonin g an d it s metaphor-base d reasoning ;  a  sectio n 
on connection s t o som e topica l  issues ;  an d a  brie f  conclusio n 
section . 

As a  majo r  functio n o f  th e pape r  i s t o stres s interdisci -
plinar y connections ,  i t  wil l  no t  g o int o fine  technica l  detail . 
Furthe r  detai l  o f  th e wor k i s include d i n th e Barnde n (e t  al. ) 
item s i n th e Reference s section . 

ATT-Met a i s merel y a  reasonin g system ,  an d doe s no t  dea l 
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wit h natura l  languag e inpu t  directly .  Rather ,  a  use r  supplie s 
hand-code d logi c formula e tha t  ar e intende d t o couc h th e lit -
era l  meanin g o f  smal l  discours e chunk s (tw o o r  thre e sen -
tences) . 

Metaphor in ATT-Meta 

A metaphorical utterance is one that manifests (instantiates) 
a metaphor ,  wher e a  metapho r  i s a  conceptua l  vie w o f  on e 
topi c a s another .  Her e I  broadl y follo w Lakof f  (e.g. ,  Lakoff , 
1993) .  A n exampl e o f  a  metapho r  i s th e vie w o f  th e min d a s 
a three-dimensiona l  physica l  regio n ( M I N D A S P H Y S I C A L 
SPACE).  A  metapho r  i s th e vie w itself ,  a s oppose d t o som e 
piec e o f  natura l  languag e tha t  manifest s th e view .  Suc h a 
manifestatio n migh t  b e "Joh n believe d i n th e recesse s o f  hi s 
min d that..., "  i n th e cas e o f  M I N D A S P H Y S I C A L SPACE. 
I n a  manifestation ,  th e topi c actuall y bein g discusse d (John' s 
mind ,  i n th e example )  i s th e tenor ,  an d th e topi c tha t  i t  i s 
metaphoricall y cas t  a s (physica l  space ,  i n th e example )  i s th e 
vehicle . 

The ATT-Met a syste m doe s no t  currentl y dea l  wit h nove l 
metaphor s — rather ,  i t  ha s pre-give n knowledg e o f  a  specifi c 
set  o f  metaphors ,  includin g M I N D A S P H Y S I C A L SPACE. 
But  i t  i s specificall y designe d t o handl e nove l  manifestation s 
of  thos e metaphors .  It s knowledg e o f  a  metapho r  consist s 
mostl y o f  a  relativel y smal l  se t  o f  ver y genera l  "conversio n 
rules "  tha t  m a p betwee n th e vehicl e an d potentia l  tenors .  Th e 
degre e o f  novelt y tha t  th e syste m ca n handl e i n a  manifesta -
tio n o f  a  metapho r  i s limite d onl y b y th e amoun t  o f  knowl -
edge i t  ha s abou t  th e vehicl e an d b y th e generalit y o f  th e con -
versio n rules .  Not e als o Lakof f  &  Turner' s (1989 )  persuasiv e 
claim s tha t  eve n i n poetr y metaphorica l  utterance s ar e mostl y 
manifestation s o f  familiar ,  well-know n metaphors ,  albei t  th e 
manifestation s ar e highl y nove l  an d metaphor s ca n b e mixe d 
i n nove l  ways . 

The metapho r  researc h underlyin g ATT-Met a ha s concen -
trate d o n metaphor s fo r  menta l  states ,  suc h a s M I N D A S 
P H Y S I C AL SPACE,  althoug h th e principle s an d algorithm s 
implemente d ar e no t  restricte d t o suc h metaphors .  Mun -
dane discourses ,  suc h a s ordinar y conversation s an d news -
pape r  articles ,  ofte n us e metapho r  i n talkin g abou t  menta l 
states/processe s o f  agents .  Indeed ,  a s wit h man y abstrac t  top -
ics ,  a s soo n a s anythin g a t  al l  subd e o r  comple x need s t o 
be said ,  metapho r  i s practicall y essential .  Ther e ar e man y 
mental-stat e metaphor s apar t  fro m M I N D A S P H Y S I C A L 
SPACE.  Som e ar e a s follows :  I D E A S A S P H Y S I C A L O B -
JECTS,  unde r  whic h idea s ar e cas t  a s physica l  object s tha t 
hav e location s an d ca n mov e about ,  a s i n "H e pushe d thes e 
idea s t o on e side; "  C O G N I T I O N A S VISION ,  a s whe n un -
derstanding ,  realization ,  knowledge ,  etc .  i s  cas t  a s vision , 
as i n "Hi s vie w o f  th e proble m wa s blurred; "  I D E A S A S 
I N T E R N AL U T T E R A N C E S,  whic h i s manifeste d whe n a 
person' s thought s ar e describe d a s interna l  speec h o r  writ -
in g (interna l  speec h i s no t  literall y  speech) ,  a s i n "H e sai d t o 
himsel f  tha t  h e ough t  t o sta y a t  hom e an d work; "  an d M I N D 
PARTS A S P E R S O N S,  unde r  whic h a  person' s min d i s cas t 
as containin g severa l  sub-agent s wit h thei r  ow n thoughts , 
emotions ,  etc. ,  a s i n "Par t  o f  hi m wa s convince d tha t  h e 
shoul d g o t o th e party. "  Man y real-discours e example s 
of  mental-stat e metapho r  ca n b e foun d i n a  databan k a t 
http://www.cs.bham.ac.ukrjab/ATT-Meta/Databank . 

A T T - M e t a ' s Bas i c R e a s o n i n g 

ATT-Met a i s a  rule-base d reasonin g syste m tha t  manipulate s 
hypothese s (facts ,  conclusion s o r  goals) ,  represente d a s ex -
pression s i n a  situation-based/episode-base d first-order  logi c 
somewhat  aki n t o tha t  o f  Hobb s (1990) .  A t  an y time ,  an y 
particula r  hypothesi s H  i s tagge d wit h a  certaint y level ,  on e 
of  c e r t a i n ,  p r e s u m e d ,  s u g g e s t e d ,  p o s s i b l e o r 
c e r t a i n l y - n o t .  Th e las t  jus t  mean s tha t  th e negatio n 
of  H  i s certain .  P o s s i b l e jus t  mean s tha t  th e negatio n o f 
H i s no t  certai n bu t  n o evidenc e ha s ye t  bee n foun d fo r  H  it -
self .  P r e s u m e d mean s tha t  H  i s a  default :  i.e. ,  i t  i s  take n a s a 
workin g assumption ,  pendin g furthe r  evidence .  S u g g e s t e d 
means tha t  ther e i s evidenc e fo r  th e hypothesis ,  bu t  i t  i s  no t 
(yet )  stron g enoug h t o enabl e H  t o b e a  workin g assumption . 

ATT-Met a applie s it s rule s i n a  backchainin g style .  I t  i s 
give n a  reasonin g goal ,  an d use s rule s t o generat e supportin g 
goals .  Goal s ca n o f  cours e als o b e satisfie d b y provide d facts . 
W h en a  rul e applicatio n support s a  hypothesis ,  i t  supplie s a 
leve l  o f  certaint y t o th e hypothesis ,  calculate d a s th e mini -
m um o f  th e rule' s ow n certaint y leve l  an d th e level s picke d 
up fro m th e hypothese s satisfyin g th e rule' s conditio n part . 
W h en severa l  rule s suppor t  a  hypothesis ,  th e m a x i m u m o f 
thei r  certaint y contribution s i s taken . 

W h en bot h a  hypothesi s H  an d it s negatio n - H ar e sup -
porte d t o leve l  a t  leas t  p r e s u m e d ,  conflict-resolutio n take s 
place .  Th e mos t  interestin g cas e i s whe n bot h hypothese s 
ar e supporte d t o leve l  p r e s u m e d .  Th e syste m attempt s t o 
see whethe r  on e hypothesi s ha s mor e specifi c  evidenc e tha n 
th e other ,  s o tha t  i t  ca n downgrad e th e certaint y leve l  o f  th e 
othe r  hypothesis .  Specificit y compariso n i s a  commonl y use d 
heuristi c fo r  conflict-resolutio n i n AI ,  althoug h seriou s prob -
lem s remai n i n comin g u p wit h adequat e an d practica l  heuris -
tics .  ATT-Meta' s specificit y compariso n i s closel y relate d t o 
othe r  scheme s i n th e literature .  Unde r  certai n conditions ,  on e 
way fo r  a  hypothesi s t o b e mor e specificall y supporte d tha n 
it s negatio n i s fo r  i t  t o b e supporte d (directl y o r  indirectly ) 
by a  prope r  superse t  o f  th e fact s supportin g th e negation . 
Inter-derivabilit y  relationship s betwee n hypothese s appearin g 
i n th e suppor t  network s ar e als o use d i n specificit y compari -
son . 

I f  a  hypothesi s i s mor e specificall y supporte d tha n it s nega -
tion ,  i t  stay s p r e s u m e d an d th e negatio n i s downgrade d t o 
s u g g e s t e d .  I f  neithe r  hypothesi s wins ,  bot h ar e down -
grade d t o s u g g e s t e d .  Th e schem e ca n dea l  wit h an y 
amount  o f  iterativ e defeat :  fo r  example ,  i f  magi c penguin s 
ar e specia l  penguin s tha t  ca n indee d fly,  bu t  il l  magi c pen -
guin s onc e agai n canno t  fly,  the n th e syste m wil l  resolv e th e 
conflict s correctl y fo r  magi c penguin s i n genera l  an d fo r  il l 
magi c penguins . 

Thi s pape r  wil l  no t  displa y ATT-Meta' s forma l  representa -
tion s an d forma l  rul e format s (whic h ar e i n tur n represente d 
as Quintu s Prolo g expressions) ,  an d wil l  us e Englis h glosse s 
instead .  Thes e glosse s ma y us e th e pas t  tens e t o matc h th e 
tens e o f  Englis h exampl e sentences ,  bu t  thi s i s  jus t  fo r  read -
ability ,  an d ATT-Met a currentl y ha s n o treatmen t  o f  time . 

Metaphor-Based Reasoning 

Notoriously ,  metaphorica l  utterance s ca n b e difficul t  i f  no t 
impossibl e t o paraphras e i n non-metaphorica l  terms .  Simi -
larly ,  i t  ca n b e difficul t  i f  no t  impossibl e t o giv e the m interna l 
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meanin g representation s tha t  ar e no t  themselve s metaphori -
cal .  Consider ,  fo r  instance .  "On e par t  o f  Joh n wa s insist -
in g tha t  Sall y wa s right. "  Thi s manifest s th e metapho r  o f 
M I N D P A R T S A S P E R S O N S,  wher e furthermor e th e men -
tione d "part "  engage s i n natura l  languag e communication . 
We simpl y d o no t  kno w enoug h abou t  ho w th e min d work s t o 
give ,  i n non-metaphorica l  terms ,  a  usefu l  an d reasonabl y ful l 
accoun t  o f  wha t  wa s goin g o n i n John' s min d accordin g t o 
th e sentence .  W h a t  usefu l  non-metaphorica l  accoun t  ca n b e 
give n o f  som e "part "  o f  Joh n "insisting "  something ? Rather , 
th e utteranc e connote s thing s suc h a s th e following : 

Connotation 

Joh n ha d reason s bot h t o believ e tha t  Sall y wa s righ t  an d 
t o believ e th e opposite . 

This particular connotation arises because a person generally 
insist s somethin g onl y whe n someon e els e ha s state d th e op -
posit e (althoug h ther e ar e othe r  possibl e scenarios) .  So ,  th e 
sentenc e suggest s tha t 

some other "part" of John stated, and therefore probably 
believed ,  tha t  Sall y wa s N O T right . 

Then, because of the thoughts of the two sub-agents within 
Joh n (th e tw o parts) ,  w e ca n infe r  th e connotatio n displaye d 
above .  Thi s i s assumin g tha t  th e system,  a s par t  o f  it s  knowl -
edg e o f  th e M I N D P A R T S A S P E R S O NS metaphor ,  know s 
tha t 

((K)) if a "part" of someone X believes something P, then X 
ha s reason s t o believ e P . 

Some investigators may wish to call the above connotation 
th e underlyin g metaphorica l  meanin g o f  th e utterance ,  o r  a t 
leas t  t o clai m i t  t o b e par t  o f  tha t  meaning .  I n contrast ,  I  hav e 
avoide d th e difficul t  tas k o f  definin g th e notio n o f  "metaphor -
ica l  meaning, "  an d hav e concentrate d instea d o n th e broade r 
questio n o f  algorithm s fo r  makin g commonsens e inferences , 
by whateve r  route ,  fro m metaphorica l  utterances .  Thi s i s lib -
erating ,  becaus e th e questio n o f  whic h secto r  o f  th e spac e o f 
possibl e inference s shoul d b e calle d th e metaphorica l  mean -
in g i s merel y a  terminologica l  issue .  I  assum e instea d tha t 
a metaphor-base d reasonin g syste m should ,  i n man y case s 
at  least ,  construc t  a  litera l  meanin g o f  th e metaphorica l  ut -
teranc e i n question ,  an d shoul d mak e inference s fro m it . 
(Th e litera l  meanin g fo r  th e abov e exampl e sentenc e i s tha t 
Joh n literall y ha d a  par t  tha t  literall y insiste d tha t  Sall y wa s 
right. )  S o m e o f  thos e inference s wil l  themselve s b e couche d 
i n metaphorica l  term s — eve n thoug h the y ar e internall y rep -
resented ,  rathe r  tha n represente d i n natura l  languag e — an d 
some wil l  b e i n non-metaphorica l  terms ;  bu t  th e latte r  ca n b e 
at  a n arbitrar y inferentia l  distanc e fro m th e utterance .  Be -
caus e o f  th e attitud e adopte d toward s metaphorica l  meaning , 
we ca n sa y tha t  ATT-Met a i s "semanticall y agnostic "  a s re -
gard s metaphor .  Th e approac h i s aki n t o bu t  les s extrem e 
tha n tha t  o f  Davidso n (1979) ,  whic h ca n b e regarde d a s se -
manticall y "atheist. " 

ATT-Meta' s approac h t o derivin g connotation s suc h a s th e 
on e abov e i s litera l  pretence .  A  literal-meanin g representa -
tio n fo r  th e metaphorica l  inpu t  utteranc e i s constructed .  Th e 
syste m the n pretend s tha t  thi s representation ,  howeve r  ridicu -
lou s i n reality ,  i s  true .  Withi n th e contex t  o f  thi s pretence ,  th e 

syste m ca n d o an y reasonin g tha t  arise s fro m it s knowledg e 
of  th e vehicle s o f  th e metaphor s involved .  I n ou r  example , 
i t  ca n us e knowledg e abou t  interactio n withi n group s o f  rea l 
people ,  an d knowledg e abou t  communicativ e act s suc h a s in -
sistence .  A s a  resul t  o f  thi s knowledge ,  th e syste m ca n infer , 
withi n th e pretence ,  tha t  th e explicitl y  mentione d par t  o f  Joh n 
believe d (a s wel l  a s insisted )  tha t  Sall y wa s right ,  an d som e 
other ,  unmentioned ,  par t  o f  Joh n believe d (a s wel l  a s stated ) 
tha t  Sall y wa s no t  right .  Thes e conclusion s ar e example s o f 
interna l  metaphorica l  hypotheses . 

The ke y poin t  i s  tha t  thi s reasonin g fro m th e litera l  mean -
in g o f  th e utterance ,  conducte d withi n th e pretence ,  lin k u p 
wit h th e knowledg e displaye d a s (K) ,  whic h map s fro m th e 
vehicl e t o th e teno r  o f  th e metaphor .  Tha t  knowledg e i s it -
sel f  o f  a  ver y fundamental ,  genera l  nature ,  an d doe s not ,  fo r 
instance ,  rel y o n th e notio n o f  insistenc e o r  an y othe r  sor t 
of  communicativ e act .  An y lin e o f  within-pretenc e inferenc e 
tha t  linke d u p wit h tha t  knowledg e coul d lea d t o conclusion s 
tha t  Joh n ha d reason s t o believ e certai n things .  Thi s i s th e 
way i n whic h ATT-Met a ca n dea l  wit h nove l  manifestation s 
of  metaphors .  Ther e i s n o nee d a t  al l  fo r  i t  t o hav e an y knowl -
edg e o f  h o w "insistence '  b y a  "part "  o f  a  perso n map s t o som e 
non-metaphoricall y describabl e propert y o f  th e person .  Thus , 
th e syste m need s n o prio r  exposur e to ,  o r  specifi c  knowledg e 
of  ho w t o dea l  with ,  metaphorica l  utterance s involvin g "insis -
tence "  b y part s o f  people . 

To implemen t  th e sketche d approac h o n th e "insisting "  ex -
ample ,  ATT-Met a proceed s a s follow s i n dealin g wit h th e log -
ica l  inpu t  correspondin g t o a  metaphorica l  utterance .  Thi s in -
put  include s a n encodin g — (L )  belo w — o f  th e litera l  mean -
in g o f  th e utterance .  Th e syste m construct s a  computationa l 
environmen t  calle d a  metaphorica l  pretenc e cocoon .  Th e fol -
lowin g show s hypothese s tha t  ar e place d insid e an d outsid e 
th e cocoon : 

Insid e th e Cocoo n 

((L)) A part PJ of John insisted that 
Sall y wa s right . 

((PJ) )  P J i s a  person . 

Outside the Cocoon 

((SL) )  I  {th e system )  a m pretendin g tha t 
(L )  holds . 

((SPJ) )  I  (th e system )  a m pretendin g tha t 
PJ i s a  person . 

As usual, the system is given a reasoning goal, such as 

((Gl) )  Joh n believe d Sall y wa s right . 

Assume the system has 

Rul e R : 

IF X has reasons to believe P 
THEN [presumed ]  X  bel ieve s P . 

The "presumed" is the rule's certainty qualifier, and has the 
effec t  o f  limitin g an y conclusio n o f  th e rul e t o b e a t  bes t 
presumed .  I n applicatio n t o goa l  (Gl) ,  th e syste m get s th e 
subgoa l 

((G2)) John had reasons to believe that 
Sall y wa s r ight . 
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Now,  knowledg e ite m (K )  appear s i n th e syste m a s th e fol -
lowin g "conversion "  rule ,  convertin g betwee n metaphorica l 
and non-metaphorica l  terms : 

Conversion Rule KCR 

IF I (the system) am pretending that 
par t  Y  o f  agen t  X  i s a  perso n 

AND I  a m pretendin g tha t  Y  believe s Q 

THEN [presumed ]  X  ha s reason s t o believ e 

Q. 

In application to (G2), the rule leads to the creation of the 
subgoa l 

((G3)) I (the system) am pretending that 
PJ believe d Sall y wa s right . 

All the goals so far mentioned are outside the metaphorical 
pretenc e cocoon ,  bu t  (G3 )  i s automaticall y accompanie d b y 
th e subgoa l 

((04) PJ believed that Sally was right 

within  the cocoon. This hypothesis can then be inferred (as 
a default )  fro m th e hypothesi s tha t  P J state d tha t  Sall y wa s 
right ,  whic h itsel f  ca n b e inferre d (a s a  default )  fro m th e ex -
istin g within-cocoo n fac t  (L) .  Notic e carefull y tha t  thes e las t 
tw o step s ar e entirel y withi n th e cocoo n an d merel y us e com -
monsense knowledg e abou t  real-lif e communication . 

As wel l  a s th e origina l  goa l  (Gl )  th e syste m als o look s a t 
th e negatio n o f  (G 1 )-an d therefor e als o a t  th e hypothesi s tha t 
John believe d tha t  Sall y wa s no t  right ,  an d hence ,  becaus e o f 
Rul e R ,  a t  th e hypothesi s tha t  Joh n ha d reason s t o believ e tha t 
Sall y wa s no t  right .  Thi s subgoa l  get s suppor t  i n a  rathe r  sim -
ila r  wa y t o th e abov e process ,  bu t  i t  involve s riche r  reasonin g 
withi n th e cocoon . 

Uncertainty in Metaphor 

A hypothesi s lik e " I  (th e system )  a m pretendin g tha t  P "  i s 
calle d a  pretenc e hypothesis .  I n ou r  example ,  suc h a  formul a 
arise s outsid e th e cocoo n mentione d above .  Whe n i t  does ,  a 
copy o f  "P "  i s  place d insid e th e cocoon .  Conversely ,  ever y 
hypothesi s P  tha t  arise s withi n th e cocoo n i s reflecte d outsid e 
by th e correspondin g pretenc e hypothesis .  Th e hypothese s 
withi n th e cocoo n ar e note d a s bein g withi n th e cocoo n b y be -
in g tagge d wit h th e system' s nam e fo r  th e cocoon .  Suc h tag s 
ar e passe d aroun d b y reasonin g rules ,  s o tha t  rul e application s 
on hypothese s withi n th e cocoo n lea d onl y t o within-cocoo n 
hypotheses .  Bu t  th e tag s d o no t  otherwis e affec t  rul e applica -
tion .  Thus ,  applicatio n o f  a  rul e withi n a  cocoo n i s virtuall y 
identica l  t o applicatio n outsid e th e cocoon .  (And ,  currently , 
al l  rule s availabl e fo r  th e system' s reasonin g outsid e cocoon s 
can als o b e use d withi n cocoons. )  I n particular ,  uncertaint y i s 
handle d withi n th e cocoo n jus t  a s i t  i s  outside . 

ATT-Met a include s th e followin g thre e type s o f  uncertaint y 
handlin g i n it s  metaphor-base d reasoning . 

(UMl) Given an utterance, it is often not certain what par-
ticula r  metaphor s o r  variant s o f  the m ar e manifested .  Corre -
spondingly ,  ATT-Met a ma y merel y hav e presumed ,  fo r  in -
stance ,  a s a  tentativ e leve l  o f  certaint y fo r  a  pretenc e premis e 

lik e (SPJ )  above .  Thi s hypothesi s i s the n potentiall y  subjec t 

t o defeat . 

(UM2) Conversion rules like KCR are merely default rules. 
Ther e ca n b e evidenc e agains t  th e conclusio n o f  th e rule . 
Whether  th e conclusio n survive s a s a  defaul t  (presumed ) 
hypothesi s depend s o n th e relativ e specificit y o f  th e evidenc e 
fo r  an d agains t  th e conclusion .  Thus ,  whethe r  a  piec e o f 
metaphorica l  reasonin g override s o r  o r  i s  overridde n b y othe r 
line s o f  reasonin g abou t  th e teno r  i s matte r  o f  th e peculiar -
itie s o f  th e cas e a t  hand .  However ,  man y researcher s (e.g. , 
Lakof f  1993 )  assum e that ,  i n case s o f  conflict ,  teno r  informa -
tio n shoul d overrid e metaphor-base d inferences ,  an d thu s d o 
not  full y  addres s th e potentia l  uncertaint y o f  teno r  informa -
tion .  I t  mus t  b e realize d that ,  jus t  a s wit h litera l  utterances ,  a 
metaphorica l  utteranc e ca n expres s a n exceptio n t o som e sit -
uatio n tha t  woul d normall y appl y i n th e teno r  domain .  T o sa y 
"Th e compan y nurse d it s competito r  bac k t o health "  contra -
dict s defaul t  knowledg e tha t  companie s d o no t  normall y hel p 
thei r  competitors ,  an d shoul d overrid e tha t  knowledge . 

(UM3) Knowledge about the vehicle of the metaphor is it-
sel f  generall y uncertain .  Correspondingly ,  i n ATT-Met a th e 
hypothese s an d reasonin g withi n th e cocoo n ar e usuall y un -
certain .  Fo r  instance ,  i t  i s  no t  certai n tha t  someon e believe s 
somethin g jus t  becaus e the y stat e it .  ( A defaul t  ste p fro m 
statin g t o believin g wa s use d i n th e "insisting "  example. ) 

Because there is uncertain reasoning both within and out-
sid e th e cocoon ,  specia l  complication s aris e fo r  conflic t  res -
olution .  A  particula r  complicatio n i s tha t  th e pretenc e co -
coo n i s take n t o contai n a s a  fac t  an y fac t  sittin g outside . 
Thi s importatio n o f  fact s i s neede d becaus e arbitrar y infor -
matio n about ,  say ,  physica l  object s ma y b e neede d i n a  pre -
tenc e cocoo n use d fo r  a  metapho r  lik e M I N D A S PHYSI -
C AL SPACE.  Withi n th e cocoon ,  th e importe d fact s ma y sup -
por t  somethin g tha t  conflict s wit h conclusion s draw n fro m th e 
specia l  metaphorica l  fact s inserte d int o th e cocoo n a t  th e star t 
(e.g. ,  th e fac t  (PJ )  tha t  par t  P J o f  Joh n i s a  person) .  However , 
th e syste m adopt s th e heuristi c tha t  suc h metaphorica l  fact s 
suppl y adde d specificity .  Therefore ,  ATT-Met a proceed s a s 
follows :  withi n a  metaphorica l  pretenc e cocoon ,  specificity -
compariso n i s  first  attempte d i n a  mod e wher e al l  reasonin g 
line s partiall y  dependen t  o n importe d fact s ar e throw n away . 
Onl y i f  thi s doe s no t  yiel d a  winne r  ar e thos e line s restored , 
and specificit y reassessed . 

Agents' Beliefs and Reasoning 

ATT-Met a ca n reaso n non-metaphoricall y abou t  th e belief s 
and reasonin g act s o f  agents ,  t o an y dept h o f  nestin g o f 
agents .  Althoug h ATT-Met a ca n reaso n abou t  belief s i n a n 
ordinar y rule-base d way ,  it s  mai n too l  i s  simulativ e reasonin g 
(see ,  e.g. :  Haas ,  1986 ;  Dinsmore ,  1991 ;  Chalupsky ,  1996) .  I n 
attemptin g t o sho w tha t  agen t  X  believe s P  (t o som e specifi c 
leve l  o f  certainty )  fro m th e fac t  tha t  X  believe s Q  (t o som e 
level) ,  th e syste m put s P  a s a  goa l  an d Q  a s a  fac t  i n a  "sim -
ulatio n cocoon "  fo r  X ,  whic h i s a  specia l  environmen t  whic h 
i s mean t  t o reflec t  X' s ow n allege d reasonin g processes .  Rea -
sonin g fro m Q  t o P  i n th e cocoo n i s allege d (b y default )  t o b e 
reasonin g b y X . 

Belie f  reasonin g i n ATT-Met a ca n involv e uncertaint y i n 
th e followin g thre e importan t  senses : 
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(UB l )  Informatio n gaine d fro m menta l  stat e report s i n dis -
cours e ca n b e uncertain ,  becaus e o f  hedge s i n sentence s o r 

speake r  unreliability .  Correspondingly ,  i n ATT-Met a a  hy -
pothesi s o f  th e for m X  believe s tha t  H  (t o som e level )  ca n 
itsel f  b e uncertain . 

(UB2 )  Eve n i f  belie f  fact s lik e X  believe s .. .  i n (UBl )  wer e 
certain ,  furthe r  conclusion s draw n fro m the m abou t  X' s be -
lief s mus t  generall y b e uncertain .  I f  thos e conclusion s ar e 
reache d b y ordinar y rul e application ,  th e rule s ca n b e uncer -
tain .  Also ,  simulatio n o f  X  neve r  support s a  hypothesi s o f 
for m X  believe s tha t  G  t o som e leve l  t o a  leve l  highe r  tha n 
presx imed .  Thi s i s t o allo w fo r  th e poin t  tha t  th e agen t  do -
in g th e simulatin g canno t  b e certai n tha t  X  doe s th e allege d 
steps ,  an d i n an y cas e X  m a y perfor m unknow n step s tha t 
provid e a n argumen t  agains t  G .  I n addition ,  simulativ e an d 
non-simulativ e belie f  reasonin g abou t  a n agents '  belief s ca n 
conflict .  Conflic t  resolutio n migh t  resolv e th e conflic t  eithe r 
way,  dependin g o n circumstances . 

(UB3 )  Th e reasonin g withi n th e simulatio n i s itsel f  generall y 
uncertain .  I t  ca n involv e uncertai n rule-base d reasoning ,  an d 
i t  ca n involv e simulatio n o f  furthe r  agents . 

Belie£^etaphor Interactions 

Belie f  reasonin g an d metaphor-base d reasonin g ca n interac t 
i n a  variet y o f  ways .  O n e simpl e wa y i s illustrate d b y th e sen -
tenc e "Joh n thought ,  'Bil l  i s  a  fool', "  whic h i s a  manifestatio n 
of  I D E A S A S I N T E R N A L U T T E R A N C ES (se e Barnde n e t 
ai ,  199 6 an d Barnden ,  i n press ,  fo r  discussion) .  A  simpl e 
inferenc e fro m thi s (vi a a  conversio n rul e applicatio n t o th e 
litera l  meaning )  i s tha t  Joh n believe d tha t  Bil l  wa s a  fool . 

A mor e indirec t  typ e o f  connectio n i s th e mai n poin t  o f 
Barnde n etal .  (1994) .  I n th e sentenc e "Thes e tw o idea s wer e 
fa r  apar t  i n John' s mind, "  whic h manifest s M I N D A S P H Y S -
I C A L S P A C E,  th e connotatio n i s tha t  Joh n di d no t  dra w oth -
erwis e expectabl e inference s fro m th e tw o ideas .  Wherea s 
ATT-Met a woul d normall y simulat e Joh n a s makin g th e infer -
ences ,  ther e i s a  mechanis m whereb y th e far-apartnes s block s 
th e simulatio n fro m havin g it s norma l  effect .  I n brief ,  eac h 
reasonin g ste p i n a  simulatio n i s accompanied ,  outsid e th e 
simulation ,  b y a  hypothesi s t o th e effec t  tha t  th e agen t  doe s 
th e step .  Thes e specia l  hypothese s ca n b e reasone d abou t 
jus t  a s an y othe r  hypothesi s can ,  an d i n particula r  the y ca n 
be defeate d i n th e fac e o f  specia l  evidenc e lik e ou r  exampl e 
metaphorica l  sentence . 

Anothe r  typ e o f  metaphor/belie f  interactio n occur s i n per -
sonificatio n metaphor ,  a s i n " M y ca r  think s it' s  Sunday "  ut -
tere d t o explai n w h y th e ca r  won' t  start .  Fro m th e fac t  tha t 
th e ca r  think s it' s  Sunday ,  w e coul d infe r  tha t  th e ca r  think s 
i t  needn' t  "wak e up "  unti l  som e relativel y lat e time .  Thi s al -
lege d reasonin g b y th e ca r  woul d occu r  withi n a  simulatio n 
cocoo n fo r  th e car ,  embedde d withi n a  metaphorica l  pretenc e 
cocoo n fo r  th e pretenc e tha t  th e ca r  i s a  person .  Indeed ,  th e 
exampl e sentenc e "On e par t  o f  Joh n wa s insistin g tha t  Sall y 
was right"  use d abov e i s als o a  manifestatio n o f  personifica -
tio n metaphor . 

Conversely ,  metaphorica l  pretenc e ca n b e embedde d 
withi n simulativ e reasonin g abou t  beliefs .  A n agen t  X  tha t  i s 
mentione d i n discours e m a y b e portraye d a s thinkin g an d rea -
sonin g metaphoricall y abou t  something ,  a s i n (on e interpre -
tatio n of )  th e sentenc e " R o m e o think s tha t  Julie t  i s  th e sun. " 

Thi s phenomeno n ca n b e handle d b y embeddin g a  metaphori -
cal  pretenc e cocoo n fo r  pretendin g tha t  Julie t  i s  th e su n withi n 
a simulatio n cocoo n fo r  simulatin g Romeo . 

BelieC^etaphor Reasoning Similarity 

ATT-Meta' s metaphorica l  pretenc e reasonin g an d simulativ e 
belie f  reasonin g ar e almos t  identical .  Not e i n particula r  tha i 
uncertaint y type s (UBl )  t o (UB3 )  ar e directl y analogou s t o 
uncertaint y type s ( U M l )  t o ( U M 3 ) ,  respectively .  However , 
ther e ar e som e majo r  point s o f  differenc e algorithmically : 

(a) Simulative belief reasoning does not need an analogue of 
conversio n rule s adopte d fo r  metaphors .  On e ca n imagine , 
however ,  directl y analogou s rule s o f  th e for m I F a n agen t  o f 
such-and-suc h a  typ e believe s P  A N D P  i s abou t  so-and-s o 
T H EN / p r e s u m e d /  P  o r  o f  th e convers e for m I F P  A N D 
P i s abou t  so-and-s o an d agen t  X  i s o f  such-and-suc h a  typ e 
T H EN / p r e s u m e d /  X  believe s P .  Th e forme r  woul d sanc -
tio n relianc e o n th e opinion s o f  truste d others ,  an d th e latte r 
woul d sanctio n defaul t  ascriptio n o f  belief s t o suitabl e agent s 
(cf .  Balli m &  Wilks ,  1991) . 

(b) The above-mentioned automatic importation of facts into 
a metaphorica l  pretenc e fro m outsid e ha s n o analogu e i n sim -
ulativ e belie f  reasoning . 

We have seen that belief reasoning and metaphorical pre-
tenc e ca n b e neste d withi n simulativ e belie f  reasoning ,  an d 
belie f  reasonin g ca n b e neste d withi n metaphorica l  pretence . 
Also ,  w e hav e th e fourt h possibility ,  namel y tha t  metaphori -
cal  pretenc e ca n b e neste d withi n metaphorica l  pretence .  Thi s 
handle s chaine d metapho r  (A-AS- B mixe d wit h B-AS-C) . 
Conside r  th e sentenc e "Th e though t  hun g ove r  hi m lik e a n an -
gr y cloud "  (adapte d fro m a  real-tex t  example) .  Th e though t 
i s metaphoricall y cas t  a s a  cloud ,  an d th e clou d i s i n tur n 
metaphoricall y cas t  a s a n animat e bein g (becaus e onl y ani -
mat e being s ca n literall y b e angry) .  Thi s ca n b e handle d b y 
havin g a  metaphorica l  cocoo n fo r  th e secon d o f  thos e tw o 
metaphorica l  step s neste d withi n a  cocoo n fo r  th e first.  Tha t 
is ,  withi n th e pretenc e tha t  th e though t  i s a  clou d ther e i s a 
furthe r  pretenc e tha t  th e clou d i s a  person . 

I n principle ,  th e fou r  type s o f  nestin g ca n b e don e t o arbi -
trar y depth .  Thi s fact ,  i n conjunctio n wit h uncertaint y type s 
(UMl-3 )  an d (UBl-3) ,  require s conflic t  resolutio n t o b e han -
dle d correctl y withi n differen t  cocoon s a t  an y dept h o f  nest -
ing ,  an d acros s th e boundarie s o f  cocoons .  Th e latte r  i s 
neede d because ,  outsid e a  particula r  cocoo n (fo r  pretenc e o r 
ordinar y simulation) ,  a  hypothesi s migh t  b e supporte d an d 
attacke d b y a  combinatio n o f  argumentatio n base d o n tha t 
cocoo n an d othe r  argumentation .  Th e resultan t  complica -
tion s i n conflic t  resolutio n appea r  no t  t o hav e bee n addresse d 
elsewhere .  Th e mechanis m use d i n ATT-Met a i s sketche d i n 
Barnde n (1998 )  an d a  concurren t  conferenc e submission . 

Connections to Some Topical Issues 

The researc h contribute s t o th e debat e betwee n th e Simula -
tio n Theor y an d Theor y Theor y o f  menta l  ascriptio n (see , 
e.g. ,  Carruther s &  Smith ,  1996) ,  i n tha t  i t  clarifie s wha t  i s 
realisticall y neede d fo r  bot h o f  thes e approache s t o work ,  es -
peciall y whe n uncertaint y handlin g i s involved .  Mos t  o f  th e 
debat e ha s bee n rathe r  vagu e abou t  th e necessar y underlyin g 
processes ,  an d ha s hardl y devote d an y detaile d attentio n t o 
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uncertaint y handling .  Th e ATT-Met a researc h als o extend s 
simulatio n t o appl y t o metaphorica l  reasoning ,  a s a  typ e o f 
pretence . 

ATT-Meta' s metaphorica l  pretenc e processin g appear s t o 
provid e a  partia l  implementatio n o f  th e "conceptua l  blend -
ing "  notio n o f  Turne r  &  Fauconnie r  (1995) .  Metaphorica l 
pretenc e cocoon s ca n contai n a  mixtur e o f  pretence-base d 
and non-pretence-base d reasonin g (cf .  th e fac t  importatio n 
i n a  previou s section) .  Uncertainty-handling ,  includin g con -
flict  resolution ,  i s somethin g tha t  conceptua l  blendin g need s 
i n orde r  t o becom e algorithmicall y specifi c  an d conceptuall y 
plausible . 

Some psychologica l  researc h suggest s th e peopl e ma y no t 
construc t  litera l  meaning s fo r  metaphorica l  utterances ,  a t 
leas t  i f  th e utterance s ar e i n a n appropriat e contex t  an d ar e 
of  a  familia r  natur e (se e Ginest e &  Scart-Lhomme ,  i n press , 
fo r  a  recen t  review) .  Althoug h ATT-Met a i s no t  mean t  t o b e 
a psychologica l  model ,  i t  i s wort h notin g tha t  it s us e o f  litera l 
meaning s doe s no t  conflic t  wit h th e psychologica l  research . 
For  on e thing ,  th e ATT-Met a researc h i s no t  agains t  th e us e 
of  direc t  mapping s fro m familia r  manifestation s o f  metaphor s 
t o metaphorica l  meaning s (rathe r  tha n fro m nove l  manifesta -
tion s o f  familia r  metaphors) .  Also ,  th e psychologica l  studie s 
allude d t o d o no t  involv e ver y detaile d view s o f  sentenc e pro -
cessing ,  litera l  o r  otherwise ,  s o tha t  ther e i s plent y o f  roo m t o 
disput e tha t  the y indicat e tha t  litera l  meaning s ar e no t  bein g 
constructed .  Fo r  instance ,  a n observatio n tha t  i t  doe s no t  tak e 
longe r  t o proces s a  give n utteranc e whe n take n metaphori -
call y tha n whe n take n literall y migh t  indicat e onl y th e follow -
ing :  tha t  th e discourse-understandin g beyon d mer e sentence -
meanin g constructio n (suc h a s wor k fo r  discourse-coherenc e 
establishment )  i n th e litera l  cas e i s replace d b y analogou s bu t 
differen t  wor k i n th e metaphorica l  case ,  wit h th e litera l  mean -
in g itsel f  bein g constructe d i n bot h case s an d takin g bu t  a  mi -
nor  fractio n o f  th e overal l  reactio n time .  A  furthe r  argumen t 
i s give n i n Barnde n (i n press) . 

Conclusion 

The ATT-Meta-base d researc h seek s t o integrat e th e treatmen t 
of  menta l  stat e reasoning ,  metaphorica l  reasonin g an d uncer -
tainty .  I t  thereb y contribute s t o variou s area s wit h Cognitiv e 
Scienc e an d bring s togethe r  concern s tha t  hav e bee n artifi -
ciall y  separate d i n th e past .  B y no t  insistin g o n metaphorica l 
utterance s havin g meaning s othe r  tha n thei r  litera l  ones ,  i t  ha s 
th e freedo m t o dea l  powerfull y wit h nove l  manifestation s o f 
(familiar )  metaphors .  It s pretence-base d approac h make s it s 
handlin g o f  metaphor-base d reasonin g aki n t o it s handlin g o f 
belie f  reasoning . 
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Abstrac t 

Prelinguistic infants must find a way to isolate meaningful 
chunk s fro m th e continuou s stream s o f  speec h tha t  the y hear . 
Thi s bootstrappin g proble m ha s recentl y bee n th e focu s o f  sev -
era l  attempt s t o mode l  th e cognitiv e proble m computationally . 
H ow ca n w e evaluat e whethe r  thi s kin d o f  simulatio n i s rele -
vant  t o th e cognitiv e situation ,  an d ho w ca n w e compar e diff -
eren t  computationa l  approaches ? 1  discus s m y 0- B algorithm , 
a variable-lengt h clusterin g procedure ,  an d compar e i t  wit h 
five  othe r  models—thre e connectionis t  one s an d tw o statistica l 
program s whic h us e Minimu m Descriptio n Lengt h a s a  decisio n 
metric .  I  sho w tha t  th e model s diffe r  i n thei r  similarit y t o 
cognitiv e processe s wit h respec t  to :  a )  th e timin g o f  input s 
and outputs ;  b )  constraint s o n th e incrementa l  learnin g pro -
cess ;  c )  clusterin g vs .  dividin g strategy ;  an d d )  whethe r  th e 
goal  i s  t o find  word s o r  t o lear n word-findin g rules . 

What Is a Model? 

I n on e sense ,  an y theor y implie s som e mode l  o f  reality .  I n a 
narrowe r  sense ,  a  verba l  descriptio n i s calle d a  mode l  whe n 
i t  describe s i n detai l  som e comple x process ,  providin g a  ful -
le r  contex t  fo r  empirica l  observation s whos e relationshi p i s 
not  transparent .  A  compute r  progra m whic h simulate s th e 
input s an d output s o f  som e behavior ,  an d possibl y th e inter -
ned processin g a s well ,  i s  als o a  model .  Eac h kin d o f  mode l 
has differen t  strength s an d weaknesses .  Th e compute r  mod -
el  ha s greate r  precisio n an d enforce s interna l  consistency , 
but  th e narrativ e descriptio n ca n ofte n b e draw n close r  t o re -
alit y an d ca n includ e a  wide r  rang e o f  relevan t  phenomena . 

Model s hel p increas e ou r  understandin g b y forcin g u s t o 
loo k a t  mor e aspect s o f  th e problem ,  o r  mor e closely ,  tha n 
we migh t  otherwis e do ,  an d the y ca n generat e ne w an d test -
abl e hypotheses .  Bu t  al l  model s ar e a t  botto m a  collectio n 
of  analogies ,  an d bot h thei r  powe r  an d thei r  limitation s ste m 
fro m thi s fact .  Eve n a  precis e physica l  model ,  suc h a s a 
model  railroad ,  i s limite d i n realis m b y bein g m u c h smalle r 
tha n th e original .  I n evaluatin g a  model ,  w e mus t  mak e ex -
plici t  th e variou s analogie s involved ,  rememberin g tha t  eac h 
analog y i s a  huma n construc t  an d al l  ar e imperfect . 

What Is a Cc^nitive Computer Model? 

Cognitiv e model s depen d o n analogie s wit h huma n menta l 
processes .  I n on e sense ,  a  cognitiv e compute r  mode l  i s b y 
definitio n unreasonable—computer s ar e ver y unlik e huma n 
brains .  What' s more ,  th e single-purpos e compute r  program s 
we wil l  discus s her e ar e s o fa r  fro m th e comple x interaction s 
of  huma n cognitio n tha t  w e wil l  hav e t o stretc h ou r  imagina -
tion s eve n t o tolerat e th e comparison .  However ,  w e hop e 
tha t  b y pushin g th e analog y a s fa r  a s w e can ,  w e wil l  b e re -
warde d b y a  heightene d awarenes s an d a  sharjje r  understand -
in g o f  th e issue s involve d i n cognition . 

Cognitiv e model s shoul d b e evaluate d a t  leas t  i n par t  o n 
h o w wel l  the y simulat e th e cognitiv e proces s i n question .  I n 
thi s pape r  w e wil l  compar e model s tha t  us e differen t  compu -

tationa l  algorithms ,  an d sho w tha t  thes e involv e differen t  de -
gree s o f  similarit y t o th e infant' s menta l  processes . 

I n addition ,  learnin g model s hav e specia l  feature s tha t  cog -
nitiv e proces s model s d o not .  Realisti c computationa l  learn -
in g model s shoul d b e unsupervise d models—allowin g th e 
compute r  t o "learn "  fro m example s b y induction .  Supervise d 
model s presen t  correctl y analyze d instance s t o b e learned , 
and ar e usefu l  t o discove r  ne w way s o f  organizin g th e dat a 
so a s t o achiev e th e output .  Unsupervise d model s presen t 
unanalyze d instance s an d requir e tha t  th e syste m discove r 
th e correc t  analysis .  Model s whic h perfor m unsupervise d 
learnin g ar e als o know n a s "self-organizing "  an d th e resultin g 
structur e i s calle d "emergent. "  Th e model s w e wil l  loo k a t 
ar e mainl y unsupervised ,  thoug h som e hav e supervise d por -
tions . 

Cognitive Models vs. Language Engineering 

Modelin g languag e i n computer s i s als o value d fo r  perfor -
min g practica l  wor k i n th e world .  Imitadn g cognitiv e func -
tion s i s a n engineerin g goa l  a s wel l  a s a  scientifi c  one ,  bu t 
ther e ar e importan t  difference s betwee n th e two .  I n scienti -
fic  modeling ,  al l  aspect s o f  th e mode l  ar e evaluate d fo r  thei r 
closenes s t o th e huma n condition .  I n engineerin g projects , 
however ,  onl y th e output s nee d t o b e realistic—th e input s 
and th e processe s ar e no t  value d fo r  themselves ,  bu t  ca n b e 
anythin g tha t  produce s th e bes t  output .  Therefore ,  workhors e 
model s wil l  fin d supervise d trainin g jus t  a s acceptabl e a s 
unsupervise d training ,  a s lon g a s th e trainin g dat a i s readil y 
availabl e an d th e ultimat e outpu t  i s  o f  hig h quality . 

I n bot h scientifi c an d engineerin g models ,  quantitativ e 
evaluatio n i s a n importan t  criterion ,  bu t  i t  i s  les s critica l  t o 
th e cognitiv e enterprise .  A  fe w percentag e point s o n a  sin -
gl e performanc e measur e ca n affec t  th e choic e o f  algorith m 
fo r  a  larg e productio n project ,  bu t  th e sam e compariso n i s 
negligibl e whe n weighe d agains t  significan t  difference s i n 
psychologica l  reality . 

I n sum ,  engineerin g an d cognitiv e goal s an d method s ar e 
distinct ,  an d th e tw o ar e rarel y effectivel y combine d i n th e 
same project .  Whil e ther e i s som e borrowin g o f  technique s 
bac k an d forth ,  w e shoul d b e clea r  abou t  whic h i s which .  I n 
thi s paper ,  w e hav e a  cognitiv e goa l  rathe r  tha n a n engineerin g 
one—t o sho w tha t  frequenc y informatio n ca n b e mobilize d 
i n a  cognitivel y realisd c fashion . 

On th e othe r  hand ,  on e criterio n o f  a  successfu l  cognitiv e 
strateg y i s it s  effectiveness .  So ,  w e wil l  presen t  som e quant -
itativ e result s fo r  th e models ,  i n orde r  t o demonstrat e tha t 
the y ar e roughl y equa l  i n thei r  ra w segmentatio n power ,  an d 
the n w e wil l  loo k i n greate r  detai l  a t  qualitativ e criteria . 
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T h e Infan t  Boots t rapp in g P r o b l e m 

Infant s hea r  lon g unbroke n stream s o f  speech ,  whic h mus t 
be separate d int o chunk s tha t  ca n b e attache d t o meaning : 

e.g. :  th e ma n i n th e moo n 
not :  the m a n i n the m oo n 

By th e en d o f  th e first  yea r  o f  life ,  th e infan t  ha s starte d t o 
find  words ,  an d b y 1 8 month s o r  so ,  a  vocabular y o f  abou t 
50 word s i s achieve d an d th e rudiment s o f  linguisti c know -
ledg e ar e i n place .  Thus ,  w e hypothesiz e tha t  thi s firs t  word -
finding  proces s i s a  prelinguisti c an d temporar y one ,  soo n 
replace d b y mor e sophisticate d techniques . 

Linguisti c exploration s o f  thi s bootstrappin g proces s hav e 
suggeste d a  numbe r  o f  possibl e source s o f  segmentatio n in -
formation ,  som e o f  whic h ar e mor e availabl e and/o r  usefu l 
tha n others .  Thos e leas t  likel y t o b e usefu l  are :  acousti c 
cue s t o wor d boundarie s (no t  ver y numerous) ;  phoneti c an d 
phonotacti c cue s (word-based ,  s o requir e prio r  knowledg e 
of  words) ;  an d one-wor d utterance s (to o fe w an d no t  enoug h 
variety) .  Mor e likel y t o b e helpfu l  are :  utteranc e boundar -
ies ,  whic h hel p focu s attentio n o n chunk s a t  th e edge s a s 
wor d candidates ;  prosodi c cue s suc h a s intonation ,  whic h 
help s brea k u p lon g utterances ,  an d stress ,  whic h form s th e 
nucleu s o f  a  cluste r  o f  sounds ;  an d distributiona l  cue s suc h 
as cooccurrenc e frequency ,  whic h hav e bee n show n t o be -
come mor e usefu l  a t  th e en d o f  th e first  yea r  (Jusczyk ,  1997) . 

None o f  thes e ha s bee n demonstrate d t o b e adequat e b y it -
self ,  an d i t  i s  probabl e tha t  th e chil d use s a  combinatio n o f 
severa l  sources .  W e wil l  conside r  her e ho w muc h o f  th e jo b 
can b e accomplishe d b y distributiona l  cue s alone—informa -
tio n abou t  th e frequenc y o f  recurrin g chunks . 

Computational Models of Word Discovery 

The lac k o f  a  purel y linguisti c explanatio n fo r  thi s bootstrap -
pin g proble m ha s le d t o a  burs t  o f  recen t  researc h o n th e in -
fluence  o f  frequenc y o n infan t  segmentation .  Th e si x compu -
tationa l  model s discusse d her e shar e a n overal l  approach .  I n 

general ,  a  tex t  corpu s i s chose n an d al l  wor d boundarie s ar e 

removed ,  the n a  compute r  progra m "reads "  th e corpu s an d 
gather s statistica l  observation s t o decid e wher e t o replac e 
th e wor d boundaries ,  attemptin g t o duplicat e th e origina l 

tex t  (th e "standard") . 
Of  course ,  a s a  cognitiv e analog ,  thi s methodolog y i s ver y 

flawed.  First ,  th e criterio n o f  matchin g som e conventiona l 
"word "  standar d ca n b e justl y criticize d a s no t  imitativ e o f 
infan t  cognition .  Childre n famousl y us e morphemes ,  words , 
and phrase s a s basi c units .  S o orthographi c word s ar e onl y 
a roug h measur e o f  meaning-base d segmentation . 

Second ,  al l  th e model s us e grapheme s o f  som e sort ,  rathe r 

tha n soun d waves ,  t o represen t  th e speec h signal : 

Orthography :  loo k there s a  bo y wit h hi s ha t 

Phonemes:  lU k D* z 6  b 7 wI T hi z h& t 
Althoug h w e kno w ver y littl e abou t  ho w human s represen t 
language ,  an d practicall y nothin g abou t  ho w huma n infant s 
do so ,  certainl y i t  i s  no t  a s orthography !  However ,  decodin g 
actua l  soun d signal s i s stil l  beyon d th e abilit y  o f  machines , 
unles s considerabl e linguisti c knowledg e i s supplied . 

We no w revie w a  numbe r  o f  computationa l  model s o f  th e 
infant' s segmentatio n process .  The y fal l  int o thre e majo r 
groups :  connectionis t  networks ;  algorithm s usin g th e Mini -
m um Descriptio n Lengt h principle ;  an d frequenc y clusterin g 
algorithms .  A s a  benchmark ,  w e ad d a  "dum b default "  bi -
gra m technique . 

Firs t  w e wil l  briefl y describ e eac h project ,  an d giv e repre -
sentativ e quantitativ e result s fo r  them .  W e ca n hardl y d o jus -
tic e t o thes e project s i n suc h a  smal l  space ,  s o th e reade r  i s 
referre d t o th e origina l  reports .  Figur e 1  show s recal l  an d 
precisio n rate s i n term s o f  cut s an d o f  word s fro m th e respec -
tiv e paper s (mos t  algorithm s onl y repor t  on e wa y o r  th e 
other) .  Th e cu t  metri c i s mor e precise ,  bu t  th e wor d metri c 
i s mor e intuitiv e an d linguisticall y useful .  Th e res t  o f  th e 
pape r  wil l  discus s i n greate r  detai l  thei r  relativ e merit s a s 
cognitiv e models—whethe r  th e strategie s an d processe s the y 

Cut s a s % o f  Standar d 

Supervise d 
Utteranc e boundarie s 

Mutua l  informatio n . 

D Recal l  H  Precisio n 

Rocheste r  ne t 
Edinburg h ne t 

us e ne t 

Bren t  &  Cartwrigh t  (DR )  . 

No lengt h constrain t 
Lengt h constrain t  J 

BIGRAMS 

ALGORITHMS 

^ 
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0 2 5 5 0 7 5 10 0 
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Utteranc e boundarie s 

Mutua l  informatio n 
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Figur e 1 :  Reporte d quantitativ e performanc e o f  th e variou s models ,  measure d a s numbe r  o f  cut s o r  word s tha t  matc h th e stan -
dard .  Notes :  a )  W e sho w onl y th e result s du e t o distributio n an d utteranc e boundar y information ,  omittin g thos e fro m com -
bine d cue s (frequenc y statistic s plu s prosod y o r  phonotactics) .  b )  deMarcke n (1997 )  doe s no t  provid e comparabl e perform -
anc e measures ,  c )  Al l  th e result s show n her e ar e fo r  English ,  sinc e onl y th e 0- B algorith m report s cross-linguisti c results . 
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use ar e plausibl e one s fo r  infants ,  an d whethe r  th e timin g o f 

event s i s simila r  t o tha t  whic h i s observe d fo r  infants . 

Bigrams 

The "dum b default, "  agains t  whic h mor e sophisticate d tech -
nique s ca n b e gauged ,  i s a  variet y o f  simpl e statistica l  proce -
dure s whic h loo k onl y a t  two-characte r  combinations .  A 
progra m compute s th e relevan t  statisti c fo r  eac h bigra m type , 
rank s th e values ,  an d choose s a  cutof f  poin t  o n whic h t o 
bas e segmentatio n decisions .  Figur e 1  show s result s o n a 

33,000-wor d phonemi c corpu s fro m C H I L D E S (MacWhin -
ney ,  1995 )  fo r  severa l  statistics ,  usin g a  cutof f  poin t  chose n 
t o creat e th e sam e numbe r  o f  word s a s i n th e standard . 

•  W o r d boundarie s (supervised) :  Frequencie s o f  bigram s 
acros s standar d wor d boundarie s vs .  withi n word s ar e use d 
t o segmen t  th e sam e text .  Thi s techniqu e outperform s al l 
others ,  bu t  i t  use s informatio n no t  availabl e t o th e child . 

•  Utteranc e boundaries :  Frequenc y o f  bigra m type s occur -
rin g befor e an d afte r  utteranc e boundaries . 

•  Mutua l  Informatio n statisti c fo r  al l  bigra m type s (slight -
l y bette r  tha n th e alternative s o f  ra w frequenc y o r  transition -
al  probability ) 

Connectionist Models 

Network ,  o r  connectionist ,  model s fro m thre e laboratorie s 
al l  use d featur e representation s o f  phoneme s (se e Tabl e 1 
fo r  details) .  Th e tex t  wa s presente d a s a  stream ,  an d th e net -
work s wer e aske d t o predic t  th e nex t  phoneme ,  graduall y 
learnin g t o discriminat e betwee n phonem e pair s wit h hig h 
vs .  lo w cohesion .  I n th e Edinburg h net ,  th e amoun t  o f  erro r 
i n thi s tas k wa s translate d int o th e probabilit y  o f  a  wor d 
boundar y (les s erro r  =mor e cohesio n an d les s probabilit y  o f 
a boundary) .  I n th e othe r  tw o nets ,  indicator s o f  utteranc e 
boundarie s wer e supplie d i n th e inpu t  alon g wit h phoneme s 
(supervise d training) ,  an d on e outpu t  uni t  reporte d th e proba -
bilit y  o f  a  boundar y afte r  eac h phoneme . 

•Lfniversit y o f  Rochester :  Aslin ,  Woodward ,  LaMendol a 
& Beve r  (1996 )  teste d whethe r  a  connectionis t  architectur e 
usin g movin g triplet s coul d generaliz e fro m utteranc e 
boundarie s (pauses )  t o wor d boundaries . 

•Universit y o f  Edinburgh :  Cairns ,  Shilicock ,  Chate r  & 
Lev y (1997 )  ra n a  ver y larg e corpu s o n a  simpl e recurren t 
networ k (SRN )  usin g n o boundar y information ,  bu t  di d no t 
get  ver y goo d results .  A m o n g othe r  difference s betwee n 
thi s ne t  an d th e others ,  the y adde d "noise "  t o th e inpu t  b y 
randoml y flippin g featur e bits . 

•Universit y o f  Souther n Californi a (USC) :  Christiansen , 
Alle n &  Seidenber g (i n press )  use d utteranc e boundarie s 
lik e Rochester ,  bu t  wit h a  large r  corpu s an d a  S R N ,  an d re -
porte d simila r  results .  W e sho w her e result s withou t  th e us e 
of  stres s cues . 

Minimum Description Length (MDL) 

M DL i s a  quantitativ e metri c use d t o evaluat e h o w compactl y 
a particula r  lexico n represent s a  particula r  text .  A  compute r 

progra m tryin g t o construc t  a  "best "  lexico n fo r  a  corpu s 
use s M D L t o selec t  th e bes t  one .  A n MDL-base d mode l 
must  thu s tr y man y possibl e lexicon s an d evaluat e eac h one , 
generall y a  ver y computation-intensiv e process . 

•  d e M a r c k e n (1996 )  use d a n optimizin g approac h t o 

avoi d testin g ever y possibl e lexicon .  H e demonstrate d hi s 
metho d o n severa l  larg e corpora ,  usin g standar d orthography , 

but  h e segmente d hierarchicall y rathe r  tha n creatin g a  singl e 
serie s o f  words .  H e cite d recal l  rate s o f  ove r  9 0 % ,  bu t  h e 
di d no t  giv e precisio n rate s t o balanc e the m agains t  becaus e 
th e numbe r  o f  unit s create d (o n severa l  levels )  wa s man y 
time s th e numbe r  o f  word s i n th e standard . 

•  Bren t  &  Cartwrigh t  (1996 )  trie d al l  possibl e lexicon s 
exhaustivel y an d wer e therefor e limite d t o tin y corpor a o f 
abou t  52 5 words .  The y use d a  phonemi c representatio n o f 
th e speec h o f  mother s t o infants ,  fro m th e C H I L D E S dat a 
(MacWhinney ,  1995) .  Th e versio n reporte d her e i s calle d 
D R;  w e omi t  discussio n o f  late r  experiment s whic h adde d 
severa l  type s o f  phonotacti c information . 

The O-B Algorithm 

Olivie r  (1968 )  an d Wolf f  (1977 )  use d similar ,  bu t  independ -
entl y developed ,  algorithm s base d o n identifyin g a s "words " 
thos e variable-lengt h cluster s whic h appeare d frequently . 
Batchelde r  (1997 )  modifie d Olivier' s algorith m t o ge t  th e 
O- B algorithm ,  whic h wil l  represen t  th e othe r  tw o here .  Eac h 
utteranc e wa s parse d a s i t  wa s received ,  usin g th e bes t  com -
binatio n o f  word s accordin g t o th e curren t  lexicon .  "Best " 
was calculate d a s th e mos t  probabl e pars e i n ligh t  o f  experienc e 
t o date .  Th e result s o f  eac h pars e wer e the n use d t o revis e 
and exten d th e lexico n befor e proceedin g t o th e nex t  utterance . 
Thi s algorith m resemble s th e child' s hypothesi s testing : 
Words ar e no t  discovere d abruptly ,  bu t  graduall y becom e 
mor e an d mor e likel y a s evidenc e accumulates ,  o r  the y ma y 
fal l  fro m consideratio n i f  no t  muc h additiona l  evidenc e i s 
encountered . 

Tabl e 1 .  Detail s o f  thre e networ k experiment s (se e text) . 
Note :  U S C input s an d output s includ e 1  boundar y uni t  an d 2 
stres s units ;  the y use d a  loca l  representatio n fo r  outpu t  o f 
phonemes (on e bi t  fo r  eac h phoneme) . 

Rochester Edinburgh USC 

CoEpusof speech directed to child adult child 

Siz e i n word s 130 0 300,00 0 25,00 0 

Siz e i n segment s (characters )  <500 0 1,000,00 0 73,94 7 

W o rd Token/Typ e Rati o (TTR )  8 5 <2 5 3 0 

Coding: # segment types -44 45 36 

# binar y feature s (bits )  1 8 9  1 1 

Training: Iterations 2-3 2 1 

Tota l  bit s inpu t  <270,00 0 18,000,00 0 813,41 7 

Utteranc e boundar y trainin g superv .  unsup .  superv . 

Net architecture window of 3 SRN SRN 

Tasks :  Predic t  segment ? ye s ye s ye s 

Predic t  boundary ? ye s n o ye s 

Inpu t  unit s 54-1- 1 9  11-1-1+ 2 

Hidde n unit s 3 0 6 0 8 0 

Contex t  unit s n.a .  6 0 8 0 

Outpu t  unit s 1  2 7 36+1-F 2 
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The O- B algorith m begin s wit h a  lexico n o f  one-characte r 
"words. "  Afte r  a  fe w utterance s hav e bee n seen ,  two-charac -
te r  word s wil l  appear ,  an d s o on ,  wit h word s gettin g longe r 
and longe r  a s learnin g proceeds .  Th e averag e lengt h o f 
wor d cluster s ca n b e constraine d b y a n optimum-lengt h 
("optlen" )  parameter ,  whic h downgrade s parse s wit h overl y 
lon g words . 

The O- B algorith m result s show n her e ar e fro m a  corpu s 
of  75,00 0 word s i n standar d orthography ,  bot h wit h an d 
withou t  th e optle n constraint . 

Cognitive Comparison of Models 

Tabl e 2  provide s a  graphi c summar y o f  thi s discussion . 

Timing of Inputs and Outputs 

One measur e o f  th e cognitiv e realit y o f  a  mode l  i s  ho w close -
l y i t  matche s th e timin g o f  th e original .  Childre n receiv e in -
put  continuousl y and ,  afte r  a  perio d o f  n o apparen t  results , 
begi n t o produc e an d understan d words ,  on e b y one .  Discov -
er y o f  a  fe w primitiv e word s i s followe d b y mor e word s an d 
more comple x words ,  i n a  stead y progression .  Thei r  learn -
in g proces s i s incrementa l  an d continuous ,  wit h ne w input s 
modifyin g th e result s o f  learnin g s o far .  H o w d o th e compu -
te r  algorithm s measur e u p a s incrementa l  an d continuou s 
processors ? 

•  Th e M D L algorith m receive s th e wors t  scor e a s a n in -
crementa l  process .  Bot h M D L model s accep t  al l  inpu t  a s a 
singl e even t  an d the n proces s i t  repeatedly ,  finally  produc -
in g a  lexico n an d a  segmente d versio n o f  th e input .  Proces -
sin g consist s o f  placin g a  tria l  se t  o f  wor d boundarie s i n th e 
tex t  an d evaluatin g th e resul t  i n term s o f  th e lengt h an d freq -
uenc y o f  th e wor d types ,  the n tryin g a  ne w se t  o f  bounda -
ries ,  an d s o forth .  Thoug h th e computatio n proceed s b y sta -
ges ,  neithe r  th e inpu t  no r  th e outpu t  i s continuou s o r  incre -
mental : 

The searc h algorithm.. .  operate s i n batc h mode ,  readin g i n 
th e entir e inpu t  befor e segmentin g an y par t  o f  it .  Clearly , 
childre n d o no t  wor k thi s way .  Rather ,  the y ad d t o thei r 
lexicon s incrementall y a s n e w inpu t  become s available . 
(Bren t  &  Cartwright ,  1996:117 ) 

I t  ha s bee n argue d that ,  sinc e th e final  resul t  i s  th e same ,  th e 
inefficiencie s involve d i n incrementa l  o r  stage d output s ar e 
not  justifie d (Ling ,  1996 )  bu t  w e woul d lik e t o b e reassure d 
that ,  howeve r  inefficient ,  a n incrementa l  versio n i s a t  leas t 
possible .  Bren t  ha s outline d a n incrementa l  versio n (Brent , 
1997) ,  bu t  s o fa r  ha s no t  presente d a  workin g model . 

The natur e o f  th e M D L algorith m itsel f  woul d see m t o 
make thi s unlikely .  M D L set s itsel f  t o find  th e bes t  represen -
tatio n o f  a  particula r  an d finit e se t  o f  data .  I t  assume s a 
clos e relationshi p betwee n a  particula r  tex t  an d it s "best "  lex -
icon .  I f  th e se t  o f  inpu t  dat a change s slightly ,  the n a  whol e 
ne w se t  o f  computation s mus t  b e begun .  M D L wa s no t  de -
signe d fo r  th e huma n proble m o f  keepin g u p wit h a  continu -
ous strea m o f  data ,  an d i t  seem s t o b e impossibl e i n princi -
pl e fo r  i t  t o d o this . 

•  Th e O- B algorith m i s th e mos t  cognitivel y realisti c 
model ,  wit h bot h inpu t  an d outpu t  occurrin g incrementall y 
and synchronously .  I t  processe s eac h utteranc e a s i t  i s  en -
countere d an d produce s a  segmente d versio n a s i t  goe s along . 

The lexico n i s modifie d fo r  eac h utterance ,  addin g possibl e 
word s an d continuin g t o gathe r  evidenc e abou t  thei r  likeli -
hood . 

O- B als o resemble a th e chil d i n th e gradua l  growt h o f  th e 
word s themselves .  Althoug h al l  word-space s ar e remove d 
fro m th e tex t  befor e feedin g i t  t o th e algorithm ,  nevertheles s 
th e initia l  defaul t  segmentatio n i s a  serie s o f  singl e charact -
ers .  Thus ,  eve n a t  th e beginnin g o f  th e process ,  a  fe w smal l 
"words "  ca n b e extracted ,  an d th e word s ge t  longe r  wit h ex -
perience ,  jus t  a s i n th e child' s learnin g process . 

•  Th e network s receiv e a  mixe d score .  Th e inpu t  an d pro -
cessin g ar e continuous ,  wit h th e interna l  weight s changin g 
ver y graduall y throughou t  th e trainin g process .  Th e inpu t  i s 
presente d phonem e b y phonem e and ,  althoug h som e net s re -
proces s thei r  input ,  thi s i s  presumabl y i n imitatio n o f  "mor e 
of  th e same "  an d i s no t  i n principl e necessar y t o th e learnin g 
process . 

Th e characteristic s o f  th e output s i n thi s respec t  i s no t 
clearl y apparen t  fro m th e publishe d reports .  Recal l  tha t  al l 
thre e net s ha d som e grade d outpu t  tha t  wa s interprete d a s 
th e probabilit y  o f  a  boundar y followin g eac h phoneme .  Ther e 
see m t o b e tw o logica l  possibilitie s fo r  th e chang e i n thi s out -
put  a s trainin g proceeds ,  bot h o f  whic h coul d b e describe d 
as continuou s bu t  no t  incremental :  (1 )  Th e likelihoo d o f 
eac h o f  man y specifi c  boundarie s increase s graduall y an d i n 
synchrony ,  s o tha t  a t  som e poin t  i n th e cours e o f  trainin g a 
larg e numbe r  o f  boundarie s becom e recognizabl e a t  th e sam e 
time ;  o r  (2 )  a  fe w boundar y point s ar e clearl y identifie d 
earl y i n th e process ,  wit h mor e an d mor e adde d a s trainin g 
proceeds .  Th e first  cas e i s no t  incrementa l  b y an y interpreta -
tion .  Th e secon d case ,  thoug h boundarie s ar e discovere d in -
crementally ,  produce s n o usabl e "words "  unti l  fa r  alon g i n 
th e trainin g process .  Th e firs t  boundarie s t o b e identifie d 
ar e fe w an d widel y spaced ,  yieldin g unmanageabl e stretche s 
of  languag e i n betwee n tha t  ar e to o comple x t o b e accessibl e 
t o th e infan t  a s objects .  Counterintuitively ,  th e "words "  ge t 
smalle r  an d smalle r  a s experienc e an d knowledg e increase . 

Constraints 

Al l  o f  th e model s mak e segmentatio n decision s b y a  quanti -
tativ e assessmen t  o f  th e relativ e cohesio n betwee n variou s 
unit s o r  clusters .  Thes e cohesio n metric s for m a  continuu m 
wit h n o obviou s poin t  indicatin g a  shif t  fro m a  word-interna l 
t o a  word-boundar y condition .  H o w doe s eac h algorith m 
m a ke tha t  decision ,  an d h o w doe s eac h compar e wit h th e 
child' s process ? Wha t  constrain s o r  guide s th e learnin g pro -
ces s i n eac h case ? 

T wo algorithm s (Wolff ,  1977 ;  d e Marcken ,  1996 )  produc e 
a neste d segmentation ,  wit h th e mos t  cohesiv e unit s o n th e 
inside :  [s[h[or]]t][c[ut]] .  Thi s procedur e avoid s decidin g 
whic h lette r  group s represen t  morphs ,  whic h words ,  an d whic h 
phrases .  I n on e sense ,  suc h a  representatio n m a y b e mor e 
cognitiv e tha n rigi d wor d boundaries .  Certainl y adults ,  an d 
probabl y eve n children ,  stor e comple x lexica l  units ,  wit h 
severa l  hierarchica l  an d coexistin g levels . 

•  I n th e O - B algorithm ,  th e "optlen "  paramete r  set s a n up -
per  limi t  o n th e built-i n tendenc y fo r  word s t o gro w longer . 
I t  doe s thi s wit h a n evaluatio n metri c tha t  penalize s th e us e 
of  longe r  word s whe n ther e ar e shorte r  suitabl e candidates . 
Thi s constrain t  i s  th e analo g o f  a  developmenta l  limitation , 
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Tabl e 2 :  Summar y o f  cognitiv e evaluatio n a s discussed . 

Continuou s input ? 

Continuou s output ? 

Incremental ? 

Constrain t 

Strateg y 

Goal 

O-B 
yes 
yes 
yes 

optle n 

cluste r 

word s 

M PL 
no 
no 
no 

MDL/hie r 
cluste r 

word s 

N?t s 
yes 

yes ? 

no 
7 

divid e 

rule s 

Bigram s 

no 
no 
no 

optle n 

divid e 

rule s 

th e combinatio n o f  th e infant' s smal l  workin g memor y an d 
th e shor t  lif e o f  th e bootstrappin g process . 

The particula r  valu e o f  th e "optlen "  paramete r  use d i n 
thes e experiment s wa s th e on e calculate d t o produc e th e 
same numbe r  o f  wor d token s a s i n th e standard ,  whic h sim -
plifie d scorin g b y bringin g precisio n an d recal l  close r  toge -
ther .  Fo r  th e chil d ther e woul d b e n o suc h value ,  o f  course , 
but  b y hypothesi s a  gradua l  workin g u p fro m ver y smal l  t o 
larger .  I n fact ,  th e demonstratio n b y th e O- B algorith m tha t 
suc h a n incrementa l  clusterin g proces s need s som e constrain t 
ca n b e see n a s a  resul t  tha t  confirm s th e "les s i s more "  hypo -
thesi s o f  Newpor t  (1990 )  an d Elma n (1993) . 

•  I n th e networks ,  i t  i s  no t  clea r  wha t  constrain s th e learn -
in g process .  A s mentione d i n th e previou s section ,  w e d o 
not  kno w h o w th e output s change d ove r  th e trainin g pro -
cess ,  an d th e author s di d no t  repor t  h o w the y decide d t o ter -
minat e training .  I n tw o cases ,  sinc e th e precisio n an d recal l 
percentage s wer e fairl y  clos e together ,  w e ca n se e tha t  th e 
final  stat e o f  th e networ k produce d roughl y th e sam e num -
ber  o f  wor d division s a s i n th e standar d (Rocheste r  8 6 % o f 
th e standard ,  U S C 108%) .  Th e Edmburg h results ,  however , 
showe d tha t  th e numbe r  o f  division s mad e b y th e networ k 
was onl y 3 5 % o f  th e standard ,  a  sever e shortfall ,  an d onl y 
6 0 % o f  thes e wer e correc t  ( 2 1 % o f  th e standard) . 

-  Th e M D L algorithm s ar e constraine d b y th e tensio n be -
twee n th e lengt h o f  th e wor d typ e an d it s frequency .  Th e 
M DL principl e trie s t o minimiz e th e combine d lengt h o f  th e 
code d tex t  an d th e lexicon ,  resultin g i n th e avoidanc e o f 
bot h extremes :  a  lon g wor d whic h occur s rarel y i s  penal -
ized ,  a s i s a  ver y shor t  wor d whic h occur s to o frequently .  I n 
th e fomie r  cas e th e lexico n entr y i s to o lon g t o resul t  i n ne t 
saving s fo r  onl y a  fe w occurrences .  I n th e latte r  case ,  eac h 
of  th e man y occurrence s wil l  requir e a n inde x referenc e tha t 
i s  almos t  a s lon g a s th e origina l  wor d woul d hav e been . 

M DL i s derive d fro m informatio n theor y an d define s th e 
most  efficien t  encodin g o f  a  text : 

The M D L Principl e i s a  well-motivate d an d theoreticall y 
soun d principl e fo r  dat a compressio n an d estimation.. .  A s 

a strateg y o f  statistica l  estimation ,  M D L i s guarantee d t o 
be nea r  optimal .  (L i  &  A b e 1996:1 ) 

Bren t  &  Cartwrigh t  exten d thi s t o th e cognitiv e sphere : 

...[T]h e notio n tha t  th e bes t  segmentatio n o f  th e inpu t  i s 
th e on e wit h th e shortes t  representatio n ca n b e interprete d 
as a  formalizatio n o f  Occam' s Razor—th e notio n tha t  th e 
bes t  explanatio n o f  a  se t  o f  observation s (e.g. ,  linguisti c 
inputs )  i s th e simplest .  (Bren t  &  Cartwright ,  i n press : 
lOf. ) 

I t  i s  no t  clear ,  however ,  tha t  infan t  minds—o r  eve n adul t 

m inds—wor k accordin g t o suc h idealize d principles .  Fo r 
th e huma n brain ,  wher e computatio n i s slo w an d storag e i s 
plentiful ,  ther e seem s n o justificatio n fo r  a  schem e whic h 
does a  lo t  o f  wor k i n orde r  t o sav e storage . 

To carr y th e argumen t  a  bi t  further ,  w e ca n sa y tha t  M D L 
and othe r  compressio n scheme s ar e a n attemp t  t o rende r 
natura l  language—whic h i s "natural "  t o th e huma n m i n d — 

mor e manageabl e b y machines .  Th e mos t  efficien t  structur e 
fo r  a  compute r  i s th e leas t  redundan t  one ,  bu t  thi s i s no t  a 
characteristi c o f  huma n language ,  whic h b y it s natur e i s highl y 
redundant . 

Clustering vs. Dividing Strategies 

Wit h respec t  t o overal l  strategy ,  th e algorithm s patter n int o 
tw o groups :  Th e net s divide ,  whil e th e M D L an d O- B algo -
rithm s cluster .  Th e cluste r  approac h look s fo r  particularl y 
frequen t  an d thu s cohesiv e groups ,  an d treat s thes e a s th e ob -
ject s o f  interest—words ;  boundarie s betwee n wor d cluster s 
ar e a  side-effec t  o f  thi s process .  Th e divid e approac h look s 
fo r  point s o f  unusuall y lo w cohesio n an d treat s thes e a s divi -
sions ,  wit h word s arisin g betwee n thes e boundarie s a s a 
side-effec t  o f  th e process .  A s pointe d ou t  above ,  clusterin g 
promote s th e incrementa l  growt h o f  outputs ,  whil e dividm g 
frustrate s it .  A n eve n mor e fundamenta l  difference ,  perfect -
l y correlate d wit h th e cluster/divid e dichotom y i n ou r  sam -
ple ,  i s  discusse d i n th e nex t  section . 

Learning Words or Rules? 

The cluster/divid e differenc e i n strateg y i s linke d t o a  differ -
enc e i n th e goa l  o r  endpoin t  o f  th e process .  O- B an d M D L 
ar e modelin g th e discover y o f  particula r  words ,  whic h ar e 
the n recognize d a s word s an d use d again ,  whil e th e net s ar e 
modelin g th e discover y o f  h o w t o discove r  word s b y moni -
torin g relationship s betwee n phoneme s and/o r  features .  Th e 
end produc t  o f  th e clusterin g proces s i s a  lexico n o f  wor d 
types .  Th e en d produc t  o f  th e dividin g proces s i s a  "know -
ledge "  o f  th e statistica l  regularitie s o f  wor d boundarie s a s 
encode d i n th e hidde n unit s o f  th e networks . 

As on e indicatio n o f  thi s focu s o n proces s rathe r  tha n pro -
duct ,  al l  thre e network s "trained "  o n on e bod y o f  dat a an d 
the n "tested "  usin g a  held-ou t  portion .  Thi s reflect s th e de -
signers '  vie w o f  thei r  mode l  a s learnin g a  skill ,  whic h i s 
the n demonstrate d o n dat a distinc t  fro m tha t  whic h wa s see n 
i n training .  O- B an d M D L ,  o n th e othe r  hand ,  ar e engage d 
i n a  self-organizatio n o f  th e phonemi c stream ,  creatin g a  lex -
ico n an d a  parse d versio n o f  th e input .  Thei r  goa l  i s  no t  th e 
abilit y  t o find  ne w word s i n ne w input ,  bu t  th e knowledg e 
stor e whic h result s directl y fro m th e particula r  inpu t  seen . 

Whic h i s cognitivel y mor e plausible ? W h e n w e sa y tha t 
childre n ar e "learnin g t o segmen t  language, "  d o w e mea n 
tha t  the y ar e discoverin g meanin g unit s on e b y on e an d 
enterin g the m i n th e first  menta l  lexicon ? O r  d o w e mea n 
tha t  the y ar e learnin g "rules, "  o r  regularities ,  fo r  segmentin g 
thei r  nativ e languag e int o words ? Thi s contras t  i s  sometime s 
cas t  a s tw o kind s o f  knowledge :  rot e vs .  rule ,  "knowin g 
that "  vs .  "knowin g how. " 

Ther e i s a  nic e distinctio n her e tha t  i s  intimatel y relate d t o 
th e child' s rol e a s activ e learner .  W e mus t  differentiat e be -
twee n th e goa l  objec t  o f  learnin g an d th e pat h b y whic h i t  i s 
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reached .  Babie s ar e no t  tryin g t o lear n rule s o r  regularities , 
but  t o communicat e wit h thos e aroun d them .  T o ente r  th e 
linguisti c system ,  the y us e a n artfu l  combinatio n o f  imita -
tio n an d analysis .  Instinctivel y tryin g t o minimiz e effor t 
and maximiz e results ,  the y lear n t o pa y attentio n t o th e mos t 
productiv e regularities ,  th e mos t  reliabl e cues . 

So "rules, "  i n thi s sens e o f  probabilisti c  regularities ,  ar e 
bein g learne d b y th e infan t  a s a  by-produc t  o f  successfu l 
hypotheses .  Tha t  is ,  a s mor e an d mor e word s ar e learned , 
more an d mor e regularitie s tha t  le d t o thei r  hypothesi s ca n 
be confirmed .  Thi s i s th e opposit e o f  th e usua l  sens e o f 
"rule "  i n linguistic s a s somethin g whic h generate s linguisti c 
objects ,  rathe r  tha n somethin g whic h i s induce d fro m them . 
Perhap s w e ca n sa y tha t  th e word s themselve s ar e consciousl y 
"known, "  whil e th e "rules "  o r  cue s tha t  lea d t o successfu l 
learnin g ar e th e kin d o f  implici t  learnin g tha t  w e us e withou t 
consciou s awarenes s (Cleeremans ,  1993) . 

I f  so ,  undoubtedl y infant s ar e engage d i n bot h 'learnin g 
what "  an d "learnin g how "  simultaneously ,  bu t  th e firs t  bear s 
frui t  muc h soone r  tha n th e second .  Th e projec t  o f  learnin g 
matur e phonotactics ,  whil e certainl y ongoin g throughou t  thi s 
period ,  i s unlikel y t o lea d t o th e firs t  lexicon .  A s a  resul t  o f 
discoverin g th e firs t  grou p o f  words ,  th e child' s linguisti c 
knowledg e i s greatl y increased ,  an d i t  i s  probabl e tha t  th e 
firs t  primitiv e method s o f  wor d discover y ar e soo n discarded , 
or  a t  leas t  vastl y reorganized ,  o n th e wa y t o th e adul t  linguisti c 
system . 

But  i s i t  possibl e tha t  th e connectionis t  nets ,  too ,  ar e learn -
in g actua l  words ? H o w d o w e kno w tha t  the y ar e makin g 
phonotacti c discriminations ,  no t  lexica l  ones ? O n th e on e 
hand ,  the y creat e n o lexicon ,  an d thei r  us e o f  featura l  repres -
entation s increase s ou r  perceptio n o f  the m a s discriminatin g 
on phonotactics .  Bu t  the y d o evaluat e th e wor d boundarie s 
as outpu t  an d no t  th e rule s whic h presumabl y fin d them . 
Sinc e "connectionis t  network s ar e notoriousl y har d t o ana -
lyze "  (Cleeremans ,  1993:205 )  an d w e kno w o f  n o empirica l 
tes t  whic h ca n mak e th e necessar y distinction ,  w e wil l  ac -
cept  th e judgment s o f  thei r  designers : 

The mai n empirica l  clai m behin d ou r  approac h i s tha t  sub -
regularitie s withi n a  domai n ca n be ,  an d are ,  exploite d t o 
th e exten t  tha t  the y mak e usefu l  predictions .  I n ou r  cas e 
th e subregularit y i s phonotaaics ,  th e sublexica l  distribu -
tiona l  regularitie s o f  phonology .  (Cairn s e t  al. ,  1997:142 ) 

The mos t  importan t  outcome ,  however ,  wa s th e presenc e 
of  significantl y highe r  activatio n fo r  wor d boundarie s tha n 
fo r  within-wor d phonem e triplets .  Thi s indicate s that ,  i n 
additio n t o learnin g phonem e triplet s tha t  precede d a 
phraseAitteranc e boundary ,  th e mode l  als o learne d phon -
eme triplet s tha t  precede d a  wor d boundary .  (Asli n e t  al. , 
1996:129 ) 
I n sum ,  a s th e goa l  o f  a  bootstrappin g task ,  learnin g word s 

seems mor e plausibl e tha n learnin g h o w t o find  words ,  s o 
th e clusterin g algorithm s hav e a n edg e i n castin g th e prob -
le m i n a  mor e lifelik e form ,  an d th e bigra m an d connection -
is t  procedure s ar e i n thi s respec t  les s cognitivel y realistic . 

compute r  mode l  t o a  greate r  o r  lesse r  degree .  Th e rea l  gain s 
of  th e modelin g exercise ,  however ,  ar e a  cleare r  understand -
in g o f  th e natur e o f  th e infan t  segmentatio n process ,  an d a 
greate r  appreciatio n fo r  wha t  a  cognitiv e compute r  algori -
th m ca n sho w u s an d wha t  i t  cannot . 
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Abstrac t 

The relationship of different learning environments 
(traditiona l  versu s constructivist/collaborative )  t o 
students '  psychologica l  sens e o f  communit y i n th e 
classroo m wa s examine d i n thi s study .  I n additio n t o 
students '  sens e o f  community ,  students '  socia l  skill s an d 
socia l  behavio r  wer e als o examined .  Measure s o f  students ' 
psychologica l  sens e o f  communit y i n th e classroom , 
socia l  problem-solvin g skills ,  one' s ow n socia l  behavior , 
and socia l  behavio r  o f  th e clas s wer e collected .  Result s 
fro m thi s stud y sugges t  tha t  constructivist/collaborativ e 
learnin g environment s suppor t  students '  psychologica l 
sens e o f  communit y i n th e classroo m an d socia l  problem -
solvin g skill s  bette r  tha n traditiona l  learnin g 
environments ,  an d tha t  psychologica l  sens e o f  communit y 
i n th e classroo m i s a n importan t  facto r  i n students '  socia l 
skill s an d socia l  behavio r  i n th e classroo m setting . 

Our educational system today is faced with multiple 
challenges .  O n e majo r  challeng e i s relate d t o th e leve l  o f 
students '  academi c an d cognitiv e skills .  Student s i n today' s 
econom y hav e t o compet e fo r  job s tha t  requir e a  soli d 
foundatio n i n literacy ,  math ,  science ,  writing ,  an d 
technologica l  skills ,  a s wel l  a s expertis e i n critica l  thinking , 
reasoning ,  an d decisio n making .  Dat a fro m th e U.S . 
Departmen t  o f  Educatio n Nationa l  Assessmen t  o f 
Educationa l  Progres s indicate s tha t  althoug h th e averag e 
proficiencie s i n science ,  mathematics ,  an d writin g i n 199 2 
wer e slightl y highe r  tha n i n 1988 ,  thes e improvement s 
faile d t o kee p pac e wit h th e highe r  leve l  o f  skill s  tha t  ar e 
require d i n a  globa l  econom y ( N A E P ,  1995) ,  wit h th e 
majorit y o f  ou r  student s failin g t o exhibi t  highe r  leve l 
proble m solving ,  reasoning ,  an d learnin g skills .  Recen t  hig h 
schoo l  graduate s hav e bee n foun d lackin g i n conmiunication , 
collaboration ,  comprehension ,  an d reasonin g skill s  (Bruer , 
1993) . 

A secon d majo r  challeng e i s  relate d t o th e lac k o f  fi t 
betwee n students '  developmenta l  need s an d traditiona l  schoo l 

environments .  Thi s lac k o f  fit  i s  especiall y eviden t  fo r  earl y 
adolescent s an d thei r  transitio n t o middl e schools . 
Adolescenc e bring s fort h increase s i n students '  need s fo r 
autonomy ,  self-efficacy ,  an d focu s o n pee r  relations ,  an d 
increase s i n concer n abou t  socia l  acceptanc e b y peers ,  a s 
wel l  a s increase d cognitiv e abilitie s an d a  nee d fo r  comple x 
and challengin g problem-solvin g activities .  I f  thes e basi c 
need s ar e no t  fulfilled ,  adolescent s ar e likel y t o experienc e 
lac k o f  intrinsi c motivation ,  apathy ,  lac k o f  confidence , 
declin e i n attitude s towar d schoo l  an d schoolwork ,  an d 
declin e i n sel f  concep t  o f  academi c abilitie s (Eccle s e t  al. , 
1993) . 

A thir d majo r  challeng e i s relate d t o th e leve l  o f  students ' 
lac k o f  socia l  skill s an d prosocia l  behavio r  i n ou r  schools . 
Change s i n th e structur e an d cohesivenes s o f  familie s an d 
communitie s hav e lef t  man y childre n wit h fewe r  positiv e 
socia l  supports ,  les s adul t  guidance ,  an d fewe r  source s o f 
positiv e rol e model s (Carnegi e Counci l  o n Adolescen t 
Development ,  1995) .  Increasin g level s o f  violence ,  drug-use , 
and othe r  negativ e influence s i n an d ou t  o f  ou r  middl e an d 
hig h school s ar e havin g a  detrimenta l  impac t  o n th e qualit y 
of  life ,  qualit y o f  education ,  an d th e futur e o f  ou r  student s 
(Knox ,  Laske ,  &  Tromanhauser ,  1991) .  Improvin g th e 
qualit y an d safet y o f  ou r  school s i s increasingl y becomin g a 
nationa l  concer n (Saf e Schoo l  Ac t  o f  1993 ,  U S Senate) . 

The aforementione d academi c an d socia l  problem s hav e 
yielde d increase d call s fro m withi n an d outsid e th e 
educationa l  communit y t o reconceptualiz e goal s fo r  student s 
and role s teacher s pla y i n th e learnin g process ,  a s wel l  a s th e 
structur e an d functio n o f  learnin g environment s (Brow n & 
Campione ,  1994 ;  Glaser ,  1988 ;  Wise ,  1989) .  Thes e 
educationa l  shortcoming s hav e precipitate d a  growin g 
m o v e m e nt  towar d educationa l  reform ,  a  refor m tha t 
restructure s learnin g environment s s o tha t  the y bette r  mee t 
students '  cognitive ,  social ,  an d affectiv e need s b y utilizin g 
existin g researc h an d knowledg e i n cognitive ,  social ,  an d 
developmenta l  psycholog y (Bruer ,  1993 ;  Carnegi e Mello n 
Report ,  1995 ;  Eccle s e t  al. ,  1993 ,  Peple r  &  Slaby ,  1995) . 
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Tli e goa l  o f  thi s stud y wa s t o examin e suc h a  middle-schoo l 
refor m environmen t  (School s fo r  Thought )  an d it s effec t  o n 
students '  psychologica l  sens e o f  community ,  socia l 
problem-solvin g skills ,  an d prosocia l  behavior . 

Sense of Community in the Schools: 

T h e o r y a n d R e s e a r c h 

Saraso n (1974 )  propose d tha t  i n orde r  t o provid e student s 
wit h a n environmen t  tha t  nurture s th e aforementione d skills , 
we nee d t o restructur e th e traditiona l  classroo m environment . 

One o f  th e ke y goal s o f  suc h a  restructurin g woul d b e th e 
creatio n o f  a  learnin g communit y i n th e classroo m an d 
school s an d th e promotio n o f  a  psychologica l  sens e o f 
communit y i n th e classroom .  Accordin g t o Sarason ,  th e 
psychologica l  nee d fo r  bein g par t  o f  a  communit y i s  a 
fundamenta l  nee d al l  human s have .  McMilla n &  Chavi s 
(1986 )  define d psychologica l  sens e o f  communit y a s a 
feelin g tha t  member s hav e o f  belonging ,  a  feelin g tha t 
members matte r  t o eac h othe r  an d t o th e group ,  an d a  share d 
fait h tha t  members '  need s wil l  b e me t  throug h thei r 
commitmen t  t o b e together .  McMilla n an d Chavi s (1986 ) 
propose d fou r  criteri a fo r  definin g a  sens e o f  community :  a ) 
Membership— a feelin g o f  belongin g an d acceptance ,  o f 
sharin g a  sens e o f  persona l  relatedness .  Persona l  investmen t 
and boundarie s ar e importan t  element s o f  membership ,  b ) 
Influence~ a sens e o f  mattering ,  o f  makin g a  differenc e t o a 
group ,  an d o f  th e grou p matterin g t o it s members .  Influenc e 
i s bi-directional ,  c )  Integratio n an d fulfillmen t  o f  needs- a 
feelin g tha t  th e need s o f  th e individua l  wil l  b e me t  b y th e 
community ,  a s wel l  a  feelin g tha t  th e need s o f  th e 
communit y ca n b e me t  b y th e individual ,  d )  Share d 
emotiona l  connection-a n emotiona l  bon d tha t  graduall y 
build s a s member s o f  a  communit y shar e event s tha t  requir e 
investmen t  o f  time ,  energy ,  an d effort . 

Althoug h researchers '  approache s t o sens e o f  communit y 
var y somewha t  i n term s o f  focu s an d content ,  a n increasin g 
number  o f  researcher s ar e identifyin g bondin g t o socia l 
environments ,  suc h a s schools ,  tha t  provid e norm s opposin g 
high-ris k behavior s an d enabl e th e acquisitio n o f  skill s t o 
liv e accordin g t o thes e norms ,  a s a  facto r  instrumenta l  i n 
increasin g students '  resiliency .  Schoo l  communitie s tha t 
provid e student s wit h a  sens e o f  belongin g an d educationa l 
engagemen t  hav e bee n foun d t o b e mos t  effectiv e i n 
retainin g high-ris k youths .  Teachers '  sens e o f  belongin g i n 
th e schoo l  communit y ha s als o bee n associate d wit h 
positiv e academi c an d socia l  studen t  outcome s (Wehlag e e t 
al. ,  1989) .  Students '  sens e o f  classroo m belongin g an d 
suppor t  wa s associate d wit h students '  schoo l  motivation , 
interes t  an d expectation s o f  succes s i n academi c wor k 
(Goodenow ,  1993) .  Severa l  studie s hav e demonstrate d 
students '  sens e o f  schoo l  and/o r  classroo m communit y a s 
bein g associate d wit h highe r  level s o f  socia l  skills ,  intrinsi c 
motivation ,  self-esteem ,  academi c self-efficacy ,  likin g o f 
school ,  an d interes t  i n academi c activitie s (Battistic h e t  al. , 
1995) .  Whil e th e numbe r  o f  studie s i s smal l  th e result s ar e 
generall y consisten t  an d ver y encouraging .  Mor e researc h 
needs t o b e don e i n thi s are a t o hel p establis h a )  th e directio n 
of  thes e effect s (al l  evidenc e u p t o dat e ha s bee n 
correlational) ;  b )  i n additio n t o socia l  skills ,  th e relationshi p 
of  sens e o f  communit y i n th e school s t o socia l  behavior ;  c ) 

th e type s o f  schoo l  environment s tha t  promot e a  sens e o f 

community ;  an d d )  th e processe s b y whic h sens e o f 
communit y develop s i n th e schoo l  environment .  I n spit e o f 
th e growin g interes t  i n communit y buildin g a s a n integra l 
elemen t  i n th e proces s o f  improvin g children' s learnin g 
environments ,  ver y fe w studie s t o dat e hav e attempte d t o 
systematicall y examin e th e contributio n o f  suc h learnin g 
environment s t o students '  sens e o f  community ,  th e 
classroo m structure s an d mechanism s tha t  promot e a  sens e 
of  community ,  th e proces s b y whic h students '  sens e o f 
communit y develops ,  an d th e relationshi p o f  thi s proces s t o 
students '  developmen t  o f  socia l  an d academi c skills .  N o 
stud y t o dat e ha s examine d th e sociocultura l  effect s o f 
constructivis t  learnin g environments ,  an d specificall y th e 
relationshi p betwee n constructivist/collaborativ e learnin g 
environment s an d students '  sens e o f  community ,  socia l 
problem-solvin g skills ,  an d socia l  behavio r  i n th e classroo m 
whic h i s herei n examined . 

Schools For Thought Learning 

C o m m u n i t i e s 

Sarason' s theor y o n th e benefit s o f  communit y buildin g i n 
classrooms ,  pioneerin g project s suc h a s Joh n Dewey' s 
Chicag o Laborator y schoo l  (Dewey ,  1936) ,  a s wel l  a s 
advance s i n cognitiv e an d educationa l  researc h o n ho w 
childre n learn .  (Cognitio n an d Technolog y Grou p a t 
Vanderbil t  [CTGV ]  1994 ;  Bruer ,  1993 )  hav e provide d 
inspiratio n an d theoretica l  foundatio n fo r  a  growin g numbe r 
of  effort s t o buil d classroo m an d schoo l  environment s tha t 
ar e structure d a s learnin g communitie s (Brow n &  Campione , 
1994 ;  C T G V ,  1994 ;  L a m o n e t  al. ,  1996) .  School s fo r 
Though t  represent s suc h a n effort .  SFT' s concep t  o f  learnin g 
communit y refer s t o a  communit y i n whic h everyon e i s a 
teache r  a s wel l  a s a  learner .  I t  include s th e classroom ,  th e 
school ,  an d th e communit y a s a  whole .  S F T ha s a s it s goa l 
th e creatio n o f  middl e schoo l  classroom s tha t  suppor t 
extraordinar y achievemen t  fo r  al l  students—no t  jus t  a  selec t 
few .  School s fo r  Though t  learnin g communitie s hav e th e 
followin g cognitiv e characteristics :  a )  collaborativ e 
interdependen t  learning ,  b )  activ e participatio n o f  student s i n 
th e learnin g process ,  c )  distribute d expertis e amon g students , 
d)  authenti c an d realisti c comple x problem s wit h generativ e 
formats ,  an d f )  formativ e assessmen t  wit h opportunitie s fo r 
reflectio n an d revisio n (Brow n &  Campione ,  1994 ;  L a m o n 
et  al ,  1996) . 

Cognitive Research Behind SFT 

S FT gre w ou t  o f  th e integratio n o f  severa l  ke y concept s 
firom  anchore d instructio n (CTGV ,  1994) ,  guide d cooperativ e 
learnin g (Brow n &  Palincsar ,  1989) ,  an d intentiona l  learnin g 
environment s (Scardamali a &  Bereiter ,  1991) .  Thre e researc h 
project s hav e serve d a s th e cornerstone s o f  th e School s fo r 
Though t  progra m an d shar e feature s tha t  mak e the m 
compatibl e an d synergisti c (Lamo n e t  al. ,  1996) .  Al l  thre e 
researc h project s ar e consisten t  wit h a  constructivis t 
approac h t o learnin g (Bransford ,  Goldman ,  &  Hasselbring , 
1995 ;  Brow n an d Campione ,  1994 ;  Scardamali a &  Bereiter , 
1991) .  Constructivis t  theorie s vie w knowledg e a s a  socia l 
produc t  tha t  i s  activel y constructe d b y th e learne r  an d tha t 
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involve s th e interpretatio n o f  phenomena,  situations ,  an d 
events ,  includin g classroo m instruction ,  throug h th e 
perspectiv e o f  th e learner' s existin g knowledge . 
Constructivis t  theorist s argu e tha t  w e nee d t o drasticall y 
chang e th e natur e o f  teachin g an d learnin g tha t  occur s i n th e 
classroom .  Student s shoul d no t  b e passiv e recipient s o f 
informatio n provide d b y th e teacher ,  bu t  rathe r  student s 
shoul d b e activel y involve d i n th e constructio n o f  knowledg e 
(Perkins ,  1991 ;  Resnic k &  Klopfer ,  1989) . 

Al l  thre e researc h project s hav e contribute d t o th e 
followin g educationa l  principal s tha t  characteriz e SF T 
classrooms :  a )  th e importanc e o f  sustaine d thinkin g abou t 
authenti c problem s a s a  basi s fo r  extende d an d dee p inquir y 
i n variou s domain s suc h a s mathematics ,  science ,  an d socia l 
studies ,  b )  classroo m instructio n tha t  promote s collaborativ e 
and activ e studen t  involvemen t  i n plannin g an d organizin g 
researc h an d problem-solvin g activities ,  c )  formativ e 
assessmen t  an d revisio n opportunitie s fo r  students ,  an d d ) 
th e creation ,  throug h collaboration ,  o f  a  sens e o f 
community . 

Educational Features of SFT 

The aforementione d researc h program s shar e feature s tha t 
make the m synergistic .  Thi s synerg y involve s change s i n 
curriculum ,  instruction ,  assessmen t  an d community . 

Curriculum 

An emphasi s o n sustaine d thinkin g abou t  authenti c 
problem s tha t  ar e th e basi s o f  extende d in-dept h inquir y i n 
variou s domain s characterize s SF T curriculum .  Fo r  example , 
i n mathematic s th e Jaspe r  progra m use s problem-base d an d 
project-base d activitie s tha t  sustai n students '  interest .  Th e 
Jaspe r  adventure s ar e centere d aroun d bi g idea s suc h a s 
measuremen t  i n th e domai n o f  geometry .  Th e us e o f  video s 
as anchor s allow s student s flexibility .  Student s identif y thei r 
issue s an d researc h domain s an d see k relevan t  resources . 

Instruction 

Unlik e typica l  classrooms ,  i n whic h student s ar e th e 
recipient s o f  informatio n i n a  teacher-directe d environment , 
SFT student s ar e give n th e opportunit y t o pla n an d organiz e 
thei r  ow n research .  The y als o hav e th e opportunit y t o wor k 
collaborativel y towar d thei r  learnin g goals .  A n emphasi s o n 
distribute d expertis e allow s student s t o specializ e i n 
particula r  areas ,  s o tha t  th e learnin g communit y benefit s 
fro m students '  divers e expertise . 

Assessment 

Assessmen t  i n th e SF T classrooms—unlik e th e traditiona l 
achievemen t  tests—focuse s o n students '  comple x authenti c 
performance s Student s ar e give n frequen t  opportunitie s t o 
engag e i n formativ e assessmen t  an d revision . 

Community 

The SF T progra m promote s communit y buildin g bot h 
withi n th e classroo m (i.e. ,  betwee n student s an d teacher )  a s 
wel l  a s betwee n th e classroo m an d th e large r  community . 
Technolog y i s use d a s a  too l  i n thi s community-buildin g 
proces s b y encouragin g communicatio n wit h peer s a s wel l 

as wit h outsid e experts . 

Buildin g a  Sens e o f  Commun i t y i n th e 
S FT Classroo m 

As discusse d earlier ,  McMilla n &  Chavi s (1986 )  propose d 
fou r  criteri a fo r  definin g a  sens e o f  community .  Ho w d o th e 
cognitiv e characteristic s an d classroo m practice s o f  SF T 
foste r  th e developmen t  o f  thes e elements ? Th e followin g 
sectio n i s a  descriptio n o f  ho w thes e element s ar e fostere d i n 
th e SF T environment . 

a.  Membershi p i n th e classroo m community .  Th e ke v t o 
feeling s o f  belongin g i n a  communit y i s th e leve l  o f 
persona l  investmen t  tha t  individual s mak e i n th e communit y 
processes .  I n othe r  words ,  th e harde r  on e work s an d th e mor e 
resource s on e invest s i n earnin g thi s membership ,  th e mor e 
valuabl e an d meaningfu l  th e membershi p becomes .  I n th e 
SFT classroom ,  al l  student s ar e activ e participant s i n a 
rigorou s learnin g proces s tha t  continuall y challenge s the m 
by requirin g the m t o engag e i n dee p level s o f  inquiry . 
Student s ar e expecte d t o us e activ e strategi c learning ,  t o 
reflec t  o n thei r  learning ,  an d t o monito r  comprehension .  Al l 
th e student s ar e require d t o inves t  considerabl e effor t  i n 
acquirin g expertis e i n differen t  area s o f  researc h throughou t 
th e year .  I n addition ,  student s ar e expecte d t o effectivel y 
communicate ,  share ,  an d teac h thei r  knowledg e t o othe r 
members o f  th e classroom ,  an d t o appl y the m towar d th e 
common goal s o f  th e classroom .  Student s shar e learnin g 
goal s tha t  ar e comple x an d demanding ,  s o the y hav e t o wor k 
together ,  delegatin g responsibilit y  an d sharin g resources ,  i n 
orde r  t o successfull y reac h thei r  learnin g goals . 

b.  Influence .  I n th e SF T classroom ,  ever y studen t  i s  a n 
integra l  par t  o f  th e learnin g experience .  Throug h th e proces s 
of  distribute d expertise ,  eac h studen t  become s a n exper t  i n a 
domai n o f  knowledg e tha t  his/he r  peer s depen d o n fo r  thei r 
knowledg e an d understandin g o f  thi s particula r  area . 
Conversely ,  th e studen t  depend s o n th e res t  o f  th e grou p fo r 
his/he r  understandin g o f  othe r  area s o f  expertise .  Th e bi -
directiona l  natur e o f  thi s influenc e bond s eac h individua l  t o 
th e communit y o f  th e classroom .  Th e mode l  o f  instructio n 
and assessmen t  practice d i n th e SF T classroom s als o 
provide s th e studen t  wit h a  sens e o f  influence .  Student s ar e 
abl e t o activel y selec t  (wit h teache r  guidance )  thei r  area s o f 
research ,  an d student s ar e give n assessmen t  i n whic h the y 
ofte n pla y a n activ e rol e b y evaluatin g thei r  ow n 
performance .  Assessmen t  i s geare d toward s providin g th e 
studen t  wit h usefu l  feedbac k tha t  ha s a s it s goa l  th e 
continuou s improvemen t  o f  th e student .  Thu s student s fee l 
the y hav e som e contro l  an d influenc e ove r  instructio n an d 
assessment . 

c. Integration and fulfillment of needs. In the SFT 
classroo m eac h student' s learnin g need s ar e facilitate d an d 
enriche d b y hi s peer s throug h researc h activitie s suc h a s 
reciproca l  teaching ,  Jigsaw ,  crosstalk ,  etc .  Th e continuou s 
exchang e o f  idea s throug h variou s mean s o f  discours e allo w 
student s t o benefi t  from  th e common knowledg e bas e an d t o 
selectivel y incorporat e th e informatio n the y fee l  the y need . 
I n addition ,  th e contribution s o f  individua l  student s towar d 
common goal s hel p establis h the m a s value d member s i n 
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th e classroo m community .  Finally ,  th e opportunit y t o 
become a n exper t  an d t o shar e knowledg e wit h othe r 
members o f  th e communit y i n th e proces s o f  successfull y 
completin g a  c o m m o n learnin g goa l  provide s student s wit h 
a sens e o f  success .  Instructio n tha t  i s anchore d i n authenti c 
problem s provide s student s wit h curricul a tha t  ar e relevan t 
and interestin g t o them .  Students *  need s fo r  autonomy ,  an d 
fo r  engagin g an d challengin g activities ,  a s wel l  a s thei r  nee d 
fo r  socia l  suppor t  ar e me t  throug h th e structur e an d activitie s 
of  th e S F T classroom . 

d. ghared emptional connection is defined as the 
emotiona l  bon d tha t  i s  graduall y buil t  a s member s o f  a 
communit y shar e a  c o m m o n history .  Thi s share d histor y 
shoul d provid e interaction s wit h positiv e outcome s an d 
shoul d b e a  produc t  o f  considerabl e investmen t  o f  time , 
energy ,  an d effort .  I n S F T classrooms ,  student s ar e expose d 
t o a  year-lon g collaboration .  Thei r  collaboration s resul t  i n 
eventuall y gainin g a  dee p leve l  o f  comprehension .  Th e 
investmen t  o f  tim e an d effor t  result s i n a  sens e o f  master y 
and achievemen t  tha t  include s al l  member s o f  th e 
community . 

Method 

The setting s fo r  thi s stud y wer e seve n sixt h grad e 
classroom s i n thre e inner-cit y urba n middl e school s i n 
Nashville ,  T N .  Fou r  o f  th e classroom s wer e S F T an d thre e 
wer e traditional . 

Participants 

Ther e wer e 9 4 student s i n th e fou r  S F T classroom s (i n thei r 
firs t  yea r  o f  SFT )  an d 6 5 student s i n th e thre e compariso n 
classrooms .  I n orde r  t o examin e th e possibilit y o f  pre -
existin g difference s betwee n S F T an d compariso n 
classrooms ,  students '  academi c achievemen t  score s i n 
reading ,  math ,  an d scienc e fro m th e previou s yea r  wer e 
compare d wit h a  serie s o f  T-tests .  N o significan t  difference s 
wer e foun d betwee n S F T an d compariso n classrooms .  Thi s 
lac k o f  pre-exisitn g difference s i n academi c achievemen t 
score s support s th e assumptio n tha t  S F T an d contro l  group s 
wer e no t  significantl y differen t  academicall y a t  th e onse t  o f 
th e academi c year . 

Data Collection 

Student s complete d th e stud y i n thre e session s ove r  a  perio d 
of  thre e day s a t  th e en d o f  th e academi c year .  Student s 
complete d th e self-repor t  measure s i n thei r  classroo m durin g 
regula r  schoo l  hours .  Student s wer e tol d that ,  give n tha t 
some o f  th e question s ar e o f  a  sensitiv e nature ,  al l  thei r 
response s woul d remai n confidentia l  an d onl y th e 
experimente r  woul d hav e acces s t o thei r  name .  A t  th e 
beginnin g o f  th e firs t  session ,  student s wer e assigne d 
number s know n onl y t o th e experimenter .  Al l  subsequen t 
form s an d questionnaire s administere d t o th e student s ha d 
thei r  I D numbe r  a s th e sol e mean s o f  identification . 

Materials 

Student-complete d instrument s (Da y 1 ) 
1.  Socia l  Skill s  Rating s System—Studen t  Questionnaire , 

34 item s [Socia l  Skills ]  (Gresha m &  Elliott ,  1990) . 
2.  Psychologica l  Sens e o f  Communit y i n th e Classroo m 

(PSCC) .  1 9 ite m scal e (Bateman ,  1998 ;  Bateman , 
Newbrough ,  &  Goldman ,  1997b) . 
Student-complete d instrument s (Da y 2 ) 

3.  Conflict-situatio n vignette s (Bateman ,  1998 ;  Bateman , 
Goldman ,  Newbrough ,  &  Bransford ,  1997a) .  Thi s 
instrumen t  i s intende d t o measur e students '  socia l  problem -
solvin g skills .  Tabl e 1  depict s a n exampl e o f  on e o f  th e 
vignettes . 

Table 1. Example of a Conflict Vignette 

You and another child are working hard on an important 
presentation .  Yo u disagre e o n wha t  you r  presentatio n 
shoul d be .  Yo u thin k i t  shoul d b e a  writte n repor t  an d sh e 
think s i t  shoul d b e a  drawing .  Eac h o f  yo u think s hi s o r  he r 
ide a i s th e best . 

FIRST CHOICE 
I .  Wha t  woul d yo u d o i n thi s situation ? 

SECOND CHOICE 
2.  I f  wha t  yo u chos e t o d o di d no t  wor k wha t  woul d yo u 

do then ? 

The vignette s wer e constructe d i n a  2  (typ e o f  conflict )  X 
2 (locatio n o f  conflict )  design .  Fou r  hypodietica l  vignette s 
wer e give n t o students .  T w o vignette s involve d conflic t  ove r 
resource s an d tw o involve d conflic t  ove r  ideas .  Th e 
vignette s too k plac e i n tw o setting s (schoo l  an d 
neighborhood) .  Student s wer e aske d t o provid e tw o 
solution s fo r  eac h vignett e (i.e. ,  wha t  the y woul d d o firs t 
and wha t  the y woul d d o i f  thei r  firs t  solutio n di d no t  work ) 

Student-completed instruments (Day 3) 
4.  Behavior s o f  Other s i n you r  Clas s (Bateman ,  1998 ; 

Batema n e t  al. ,  1997ab) .  Thi s instrumen t  i s  intende d t o 
measur e students '  self-repor t  o f  th e leve l  an d type(s )  o f 
antisocia l  and/o r  delinquen t  behavio r  i n thei r  classroo m ove r 
th e las t  si x month s o f  schoo l  ( 6 items) . 

5.  You r  Behavio r  i n Clas s (Bateman ,  1998 ;  Batema n e t 
al. ,  1997ab) .  Thi s instrumen t  i s  intende d t o measur e 
students '  self-repor t  o f  th e leve l  an d type(s )  o f  antisocia l 
and/o r  delinquen t  behavio r  i n whic h the y ha d engage d i n 
thei r  classroo m ove r  th e las t  si x month s o f  schoo l  ( 6 items ) 

Results 

Psychologica l  Sens e o f  C o m m u n i t y i n th e 
Classroo m ( P S C C )  Student s i n th e S F T classroom s 
reporte d havin g a  significantl y highe r  psychologica l  sens e o f 
communit y tha n student s i n th e compariso n classroom s 
[F(l,146) = 40.83;/7<.001] . 
Socia l  Skill s  Ratin g Syste m (SSRS) .  Student s i n 
th e S F T classroom s reporte d significantl y highe r  level s o f 
cooperativ e skill s  tha n student s i n th e compariso n 
classroom s [F(l,142) = 5.01 ;  /7<.05] . 

Tabl e 2  present s th e mean s an d standar d deviation s fo r 
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PSCC an d SSRS. 

Tabl e 2 .  PSC C an d SSR S b y typ e o f  classroo m 

SFT Compariso n 

Measure s M S D M S I 
PSCC 3.2 0 .3 8 2.8 0 .3 7 
SSRS (cooperative )  14.2 6 2.6 7 13.1 4 3.2 2 

Behavior of Others in your Class (BOC). SFT 
student s reporte d significantl y lowe r  level s o f  fightin g 
behavio r  occurrin g i n thei r  classroo m tha n student s i n th e 
compariso n classroom s [F(l,145) = 5.01;/7<.05] . 
Your  Behavio r  i n Clas s (YBC) . 

SFT student s reporte d engagin g i n significantl y lowe r 
level s o f  fightin g i n thei r  classroom s tha n student s i n th e 
compariso n classroom s [F(l,145)) = 6.10;/7<.05] . 

Tabl e 3  present s th e mean s an d standar d deviation s fo r 

B OC an d YBC . 

Table 3. BOC and YBC by type of classroom 

SFT 
Measure s 
BOC (fighting ) 
YBC (fighting ) 

M 
0.9 2 
0.3 5 

m M 
.6 9 1.1 9 
.5 8 0.6 3 

Compariso n 

m 
.5 7 
.7 6 

Conflict-situatio n vignette s (CSV) .  Students ' 
propose d solution s t o th e fou r  conflict-situatio n vignette s 
wer e analyzed .  Th e goa l  o f  th e analyse s wa s t o identif y th e 
tota l  numbe r  o f  collaborativ e solution s student s propose d 
(Schmuc k &  Schmuck ,  1983) .  Student s i n th e SF T 
classroo m propose d a  significantl y highe r  numbe r  o f 
collaborativ e solution s tha n student s i n th e compariso n 
classroom s [F(l,142)) = 18.58;/7<.001] .  Se e Figur e 1 . 

c 

3 
O 
00 

2 
2 

6 

SFT COMPAR 

ISON 

Figur e 1 .  Numbe r  o f  collaborativ e solution s b y grou p 

Discuss io n 

Di d student s i n collaborative/constructivis t  learnin g 
environment s (i.e. ,  SF T classrooms )  repor t  highe r  level s o f 
psychologica l  sens e o f  communit y i n th e classroom ? Th e 
answer  i s  yes .  Was th e highe r  leve l  o f  communit y i n th e 
SFT classroom s accompanie d b y highe r  socia l  skills ? I t 
was.  Suppor t  fo r  thes e hypothese s come s fro m students * 
self-repor t  o f  thei r  socia l  skills .  SF T student s als o 
demonstrate d highe r  leve l  o f  socia l  problem-solvin g skill s  i n 
thei r  propose d solution s t o conflict-situatio n vignettes .  Di d 
thi s increas e o f  socia l  skill s  an d socia l  problem-solvin g 
abilit y  correlat e wit h decrease d antisocia l  behavio r  a t  th e 
individua l  an d a t  th e grou p leve l  fo r  student s i n th e SF T 
classrooms ? I t  did .  Student s i n th e SF T classroom s reporte d 
engagin g i n les s fightin g i n th e classroom ,  a s wel l  a s 
observin g lowe r  level s o f  fightin g i n thei r  classroo m a s a 
whole . 

Thi s stud y offer s suppor t  fo r  a  researc h mode l  i n whic h 
certai n type s o f  refor m learnin g environment s (i.e. , 

constructivist/collaborativ e learnin g environments )  bette r 
suppor t  students '  psychologica l  sens e o f  communit y i n th e 
classroom .  Futur e researc h shoul d examin e i n mor e detai l 
th e rol e tha t  cognitiv e characteristic s o f  refor m learnin g 
environment s pla y i n th e developmen t  o f  students '  sens e o f 
communit y i n th e classroo m an d students '  socia l  skill s  an d 
prosocia l  behavior .  Mor e specifically ,  studie s shoul d 
examin e th e causa l  relationshi p betwee n th e aforementione d 
variables ,  th e rol e o f  learnin g environmen t  cognitiv e 
characteristic s a s antecedent s o f  students '  sens e o f 
communit y an d prosocia l  behavior ,  an d th e processe s b y 
whic h suc h a  causa l  relationshi p develops . 
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Abstrac t 

A thorough account of how grammar is acquired must handle 
th e proble m o f  ho w learner s dea l  wit h cover t  grammatica l 
elements .  I n particular ,  ther e i s cross-linguisti c evidenc e 
tha t  language s contai n verb s tha t  ar e forme d b y 
incorporatin g a  silen t  grammatica l  elemen t  ( a head ,  i n G B 
terms) .  Assumin g thi s t o b e a  possibilit y  i n natura l 
grammar ,  thi s pape r  investigate s wha t  typ e o f  inpu t  woul d 
enabl e a  learne r  t o identif y a  ver b wit h cover t  hea d 
incorporation ,  an d thu s t o identif y a  gramma r  tha t  contain s 
such a  verb .  I  sho w tha t  suc h a  gramma r  canno t  b e learne d 
fro m inpu t  tha t  doe s no t  giv e th e location s o f  empt y head s 
i n sententia l  structure . 

Introduction 

The Poverty of the Stimulus 

I f  childre n wer e give n full y labele d structure s a s input ,  wit h 

al l  categoria l  informatio n provide d explicitly ,  languag e 

learnin g woul d b e trivial .  Bu t  thi s i s no t  th e cas e i n natura l 

languag e acquisition .  Languag e learnin g alway s involve s 

learnin g fro m partia l  input :  categor y label s ar e no t  explici t 

i n speec h (peopl e d o no t  explicitl y  identif y nouns ,  verb s an d 

empt y categorie s a s the y speak) ,  an d furthermore ,  learner s 

hav e onl y finit e (indeed ,  limited )  exposur e t o a  gramma r  tha t 

generate s a n infmit e se t  o f  expressions . 

Give n thes e condition s o n natura l  languag e learning ,  i t  i s 

importan t  t o investigat e exactl y wha t  typ e o f  inpu t  i s  neede d 

t o identif y a  natura l  grammar ,  an d whethe r  thi s typ e o f  inpu t 

i s reasonabl y availabl e t o learners . 

Have is a Complex Verb (be+P) 

I n language s tha t  d o no t  contai n a  ver b equivalen t  t o Englis h 

have ,  possessio n i s ofte n expresse d b y th e copula r  ver b be , 

and a  prepositio n o r  grammatica l  cas e marke r  markin g th e 

possessor .  Fo r  example ,  possessio n i n Hind i  i s expresse d i n 

th e followin g way : 

(1 )  Siitaa-ki i  d o b e hn e h 6 

Sita-ge n tw o sister s be-pres-p l 

"Sit a ha s tw o sisters "  (Mahajan ,  1997 ) 

A pattern of alternation between have, and be plus a 

grammatica l  marke r  acros s language s ha s le d a  numbe r  o f 

linguist s t o sugges t  tha t  th e ver b hav e i s actuall y a 

composit e for m o f  b e plu s a  silen t  incorporate d prepositio n 

(P) .  Furthermore ,  ther e i s evidenc e fro m language s suc h a s 

Classica l  Armenia n an d Irania n tha t  th e ver b hav e i s th e 

same lexica l  ite m i n mor e tha n on e (perhap s all )  o f  it s 

syntacti c occurrences .  Tha t  is ,  th e ver b hav e i n possessiv e 

construction s (e.g .  Joh n ha s a  book) ,  i s no t  distinc t  fro m th e 

ver b hav e tha t  appear s i n pas t  participl e construction s (e.g . 

Joh n ha s left) .  Thus ,  bot h (o r  all )  type s o f  th e ver b hav e 

shoul d b e complex . 

I n language s lik e English ,  ther e i s n o over t  evidenc e fo r 

th e comple x makeu p o f  have .  I f  expose d t o a  languag e o f 

thi s type ,  ho w coul d a  learne r  figur e ou t  tha t  hav e i s 

complex ,  unlik e othe r  mai n verbs ? 

Usin g a  Minimalis t  G r a m m a r 

I n orde r  t o identif y th e typ e an d amoun t  o f  grammatica l 

inpu t  necessar y fo r  a  learne r  t o identif y hav e a s a  comple x 

ver b (be+P) ,  I  us e a  minimalis t  framewor k a s develope d i n 

Stable r  (1996 ,  1998) .  Th e ide a behin d thi s framewor k i s tha t 

th e gramma r  i s represente d withi n th e lexicon ,  s o tha t  eac h 

lexica l  ite m i s a  composit e o f  th e item' s category , 

selectiona l  features ,  pronunciatio n an d meaning .  Lexica l 

item s ar e combine d throug h th e operation s o f  merg e (tw o 

item s ar e merge d t o satisf y selectiona l  requirements )  an d 

move (a n ite m move s t o satisf y grammatica l  cas e 

requirements) . 

For  example ,  a  Determine r  Phras e (DP )  i s forme d b y 

mergin g a  determine r  (whic h select s a  noun )  an d a  noun ,  a s 

illustrate d i n (2) . 
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(2 )  merg e [n = d  -cas e the ]  an d [ n cat ] 

< 

[ d -cas e the ] cat 

I n th e applicatio n o f  th e rul e merge ,  exactl y tw o feature s 

cancel :  th e featur e tha t  i s selecte d b y th e hea d (i n thi s cas e 

th e featur e n ,  selecte d b y th e hea d d) ,  an d th e categor y o f  th e 

ite m tha t  i s selecte d (i n thi s case ,  n) .  Th e wor d itsel f  give n 

at  th e en d o f  th e entr y represent s bot h pronounce d an d 

interprete d featrures .  A  nod e labele d '0 '  doe s no t  contai n an y 

phoneti c material .  Th e '< '  symbo l  indicate s tha t  th e 

projectin g hea d i s o n th e lef t  branc h i n th e structure ;  a  '> ' 

symbol  woul d indicat e a  hea d o n th e righ t  branch .  Abstrac t 

grammatica l  cas e i s assigne d t o DP s b y verb s an d th e Tens e 

head .  Th e nee d fo r  cas e ( a propert y o f  arguments ,  i.e .  DPs ) 

i s indicate d b y [-case] .  Th e abilit y  t o assig n cas e weakly , 

inducin g onl y cover t  movemen t  o f  features ,  i s  indicate d b y 

[+case] ,  an d th e abilit y  t o assig n cas e strongly ,  inducin g 

over t  movemen t  o f  th e cas e assignee ,  i s indicate d b y 

[+CASE] . 

I n orde r  t o us e thi s framewor k t o buil d construction s 

containin g th e ver b have ,  w e mus t  allo w a  hea d t o strongl y 

selec t  anothe r  head .  I n othe r  words ,  w e wil l  represen t  hea d 

incorporatio n b y havin g on e hea d strongl y selec t  anothe r 

head ,  thereb y inducin g movemen t  o f  al l  feature s i n th e 

selecte d hea d int o th e positio n o f  th e selectin g head .  W e wil l 

indicat e hea d incorporatio n b y X= ,  wher e X  i s th e categor y 

tha t  incorporate s int o th e hea d tha t  select s it .  Thu s i n ou r 

case ,  w e wil l  nee d a  verb ,  v ,  tha t  strongl y select s a 

prepositio n (P=) . 

A Grammar Containing Have as Be+P 

Sinc e I  a m intereste d i n testin g th e learnabilit y  o f  a  gramma r 

containin g a  ver b forme d b y cover t  hea d incorporation ,  I 

includ e i n m y gramma r  a  ver b (v )  whic h strongl y select s a 

prepositio n (p) ,  pronounce d /ha/ ,  yieldin g a  lexica l  elemen t 

pronounce d /have/ .  I n (3 )  I  giv e m y grammar ,  wher e 't ' 

indicate s a  Tens e nod e (correspondin g t o present/pas t  tens e 

features) ,  an d 'c '  indicate s a  Complementize r  node ,  th e roo t 
of  eac h clause . 

(3) Grammar 

[t=c ]  [T=c ] 

[v = + C A S E t ]  [V = + C A S E t ] 
[n = -cas e d ]  [n ] 

[c = +cas e d = v ]  [C = +cas e d̂ :  v ] 

[c = + C A S E d = V ]  [C = + C A S E d = V ] 
[d=+cased=v ]  [d=v ]  [p ^  y , 

[v=pha ]  [d=-K;ased=pha ] 
[p=d=pha ]  [t=d=pha ] 

Notic e tha t  m y gramma r  contain s fou r  distinc t  p  entries , 

eac h pronounce d /ha/ .  Inclusio n o f  thes e fou r  items ,  eac h o f 

whic h ha s differen t  selectiona l  properties ,  enable s th e 

grammar  t o generat e differen t  type s o f  hav e construction s 

(e.g .  possessive :  Joh n ha s a  book ;  pas t  participle :  Joh n ha s 

left ;  causativ e o r  experiential :  Joh n ha d Mar y leave ;  locative : 

The tabl e ha s a  boo k o n it) . 

For  clarity ,  I  wil l  illustrat e h o w th e lexica l  item s i n (3 ) 

ca n b e pu t  togethe r  wit h th e operation s merg e an d move ,  t o 

buil d th e sentenc e Mari a ha s a  boo k (se e als o Becker ,  199 7 

fo r  a  mor e detaile d description) . 

[ d -cas e a ]  boo k 

Figure 1: merge: [n= d -case a], [n book] 

Notice that exactly two features cancel: the n feature selected 

by th e determine r  a ,  an d th e n  categor y o f  book . 

[+cas e d = p  ha ] 

[-case a] book 

Figure 2: merge: [d= -i-case d= p ha], [d -case a book] 

The DP [a book] must move to get case, assigned weakly by 

th e p  [ha] . 

(a )  (book )  [d=pha ] 

/a/ 

Figure 3: move [a book] for case 

/book / 

Sinc e cas e wa s assigne d weakly ,  movemen t  i s covert :  th e 

pronounce d feature s o f  th e D P [ a book ]  remai n i n thei r 

origina l  posiiton ,  an d onl y th e interprete d feature s move . 

The prepositio n [ha ]  stil l  want s t o selec t  anothe r  D P ,  s o w e 

merg e th e subject : 
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strongly ,  inducin g over t  movement . 

[-cas e maria ] 

< < 

(a) (book) [p ha] 

/a/ 

Figure 4: merge: [d -case maria], [d= p ha] 

/book / 

We nee d t o merg e a n ite m tha t  wil l  selec t  th e p ,  s o w e 

merg e th e v  tha t  (strongly )  select s p : 

[v+ P has ] 

(book )  0 

/book / 

[-cas e maria ] 

(a ) 

Figur e 5 :  merge :  [P = v] ,  [ p ha ] 

Since P is strongly selected, all of its features raise into 

th e hea d tha t  selecte d it ,  namel y v ,  leavin g it s origina l  nod e 

empt y (represente d b y '0') .  Th e ver b n o w need s t o b e 

selected ,  s o w e merg e a  tens e head ,  whic h wil l  selec t  th e 

verb . 

[ + C A S E t ] 

[-casemana ] 

(a ) (book )  0 

/a / /book / 

Figur e 6 :  merge :  [v = -i-CAS E t] ,  [v-i- P has ] 

The subject, Maria, still needs case, and t will assign it case 

mana 

(book )  0 

/book / 

(a ) 

Figur e 7 :  mov e [maria ]  fo r  cas e 

Finally, we merge a node that will select t, namely c. 

Once w e d o thi s an d remov e th e interprete d features ,  w e hav e 

a bar e tre e structure ,  wit h unlabele d nodes ,  fo r  th e 

constructio n Mari a ha s a  book . 

< 

mari a 

/book / 

Figur e 8 :  merge :  [t = c] ,  [t ] 

The representation in Figure 8 provides no categorial 

informatio n (w e kno w b y assumptio n tha t  th e roo t  nod e i s 

categor y c) ,  bu t  i t  stil l  give s th e location s o f  empt y nodes , 

informatio n tha t  i s no t  plausibl y availabl e t o childre n i n th e 

auditor y input . 

We formall y represente d th e categoria l  option s an d use d a 

prolo g implementatio n t o identif y al l  th e possibl e 

classification s o f  lexica l  item s consisten t  wit h th e unlabele d 
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structures ,  findin g tha t  i n ever y case ,  th e classificatio n i s 

unique .  Tha t  is ,  ou r  gramma r  allow s thes e structure s t o b e 

derive d i n onl y on e way .  Give n th e structur e i n Figur e 8  a s 

input ,  th e prolo g progra m identifie s th e categor y o f  eac h 

node unambiguously ,  i.e .  i t  generate s th e lexico n i n (3) . 

Afte r  runnin g th e progra m o n si x differen t  tre e structure s 

containin g variou s hav e construction s a s input ,  th e resul t 

was tha t  th e node s i n al l  si x tree s wer e correctl y labele d (al l 

node s wer e labeled :  eve n th e empt y ones) .  Tha t  is ,  th e 

progra m wa s abl e t o determin e tha t  th e ver b i n Figur e 8  i s 

of  categor y V + P ,  no t  jus t  categor y V . 

Crucially ,  thi s mean s tha t  th e progra m distinguishe s 

betwee n th e ver b i n Figur e 8  an d th e on e i n Figur e 9 ,  whic h 

iso f  categor y V . 

mana 

want s 

/a / /book / 

Figur e 9 :  Th e structura l  differenc e betwee n ha s an d want s 

Note that the learning program I use here does not involve 

learnin g th e meaning s o f  thes e verbs .  Tha t  is ,  th e learne r 

identifie s hav e a s V + P an d wan t  a s V ,  bu t  doe s no t  lear n 

tha t  hav e i n Figur e 8  mean s somethin g hk e 'possess' ,  whil e 

th e hav e i n Joh n ha d M a r y leav e mean s somethin g lik e 

'cause' .  Th e proble m o f  h o w childre n lear n th e meaning s o f 

words ,  an d o f  verb s i n particular ,  remain s unsolved .  Ver y 

interestin g proposal s hav e bee n pu t  forth ,  fo r  exampl e b y 

Gleitma n (1990) ,  bu t  I  wil l  no t  addres s thi s issu e here . 

A Grammar With Less Syntactic Information 

Havin g establishe d tha t  th e gramma r  containin g V + P ca n b e 

learne d fro m bar e structures ,  w e shoul d as k whethe r  th e 

grammar  ca n b e learne d fro m inpu t  tha t  provide s les s 

sUoictura l  information .  Fo r  instance ,  i f  w e reduc e th e inpu t 

t o brackete d strings ,  w e ca n n o longe r  se e wher e th e empt y 

node s are .  Thi s typ e o f  inpu t  i s give n i n (4) ; 

(4 )  a .  [[Mari a [ha s [ a book]] ] 

b.  [[Mari a [want s [ a book]] ] 

The grammar in (3) is not learnable from the type of input 

i n (4) ,  becaus e item s tha t  ar e V + P ar e n o w indistinguishabl e 

fro m item s tha t  ar e simpl y V .  Furthermore ,  withou t 

knowin g wher e th e Tens e nod e is ,  th e learne r  canno t 

determin e whethe r  th e subject ,  Maria ,  i s  i n a  projectio n o f 

th e verb ,  o r  a  projectio n o f  Tense . 

Th e typ e o f  inpu t  i n (4) ,  however ,  i s  a  close r 

approximatio n o f  th e typ e o f  inpu t  childre n receiv e whe n 

learnin g language .  Give n tha t  childre n hav e n o difficult y 

acquirin g th e ver b have ,  w e ar e lef t  wit h a t  leas t  tw o 

possibilities :  1 )  th e comple x analysi s o f  hav e (a s be+P )  i s 

simpl y implausible ,  an d 2 )  childre n projec t  additiona l 

structur e tha t  i s unavailabl e i n th e auditor y input . 

I  rejec t  th e firs t  optio n becaus e a s w e sa w i n (4) ,  i t  i s 

impossibl e t o determin e whethe r  th e subjec t  i s  i n th e 

projectio n o f  V  o r  T .  Thus ,  eve n i f  hav e wer e simpl y o f 

categor y V ,  th e gramma r  woul d stil l  no t  b e learnabl e fro m 

th e typ e o f  inpu t  i n (4) .  Explorin g th e secon d option ,  then , 

le t  u s as k wha t  informatio n i n th e auditor y inpu t  childre n 

migh t  actuall y exploi t  i n orde r  t o acquir e a  g ramma r 

containin g hav e a s a  comple x verb . 

Acquisition in Children 

Sinc e childre n acquirin g Englis h monolinguall y ar e no t 

expose d t o possessiv e construction s forme d withou t  hav e 

(e.g .  i n Hindi ,  a s i n (1)) ,  i t  i s  wort h investigatin g wha t 

over t  informatio n i n th e inpu t  o f  Englis h childre n coul d us e 

t o figur e ou t  tha t  hav e i s be+P . 

The ver b hav e i n Englis h i s quit e a n unusua l  ver b i n 

term s o f  it s  syntacti c distribution .  I t  occur s i n a  wide r 

variet y o f  syntacti c context s tha n an y othe r  singl e verb .  A 

partia l  lis t  o f  hav e construction s i s give n i n (5) . 

(5) example (type) 

(a )  I  hav e bee n t o Paris .  (auxiliary ) 

(b )  I  hav e t o finis h thi s projec t  tonight ,  (semi-modal ) 

(c )  I  hav e brow n eyes ,  (inalienabl e possessio n (animate) ) 

(d )  Th e chai r  ha s a  hig h back ,  (inalienabl e possessio n 

(inanimate) ) 

(e )  I  hav e a  sister ,  (alienabl e possessio n (animate) ) 

(f )  I  hav e to o man y linguistic s books ,  (alienabl e possessio n 

(inanimate) ) 

(g )  I  ha d cerea l  thi s morning .  (ligh t  verb ) 

(h )  Joh n ha d m e tur n i n m y homewor k early ,  (causative -

eventive ) 

(i )  Joh n ha d m e turnin g i n si x abstract s pe r  week ,  (causative -

stative ) 

(j )  Th e ic e ha d th e ca r  slidin g aroun d (o n it) ,  (causative -

locative )  (fro m Belvin ,  1993 ) 
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(k )  I  ha d a  be e stin g m e yesterday ,  (experiential ) 

Dechaine ,  Hoekstr a &  Rooryck ,  1994 ) 

(1 )  I  hav e a  pe n o n m e / 1 hav e a  ha t  on .  (locative ) 

(fro m 

I f  childre n assum e tha t  differen t  occurrence s o f  a  ver b ar e 

i n fac t  occurrence s o f  th e sam e ver b (no t  homonymous , 

differen t  verbs) ,  the n experiencin g th e ver b hav e i n th e wid e 

variet y o f  construction s i n (5 )  coul d indicat e t o a  learne r  tha t 

hav e i s a  specia l  verb ,  perhap s eve n tha t  i t  i s  no t  simpl y o f 

categor y V .  Secondly ,  it s  distributio n i s simila r  t o tha t  o f 

th e ver b b e i n man y respects :  b e als o occur s wit h a  wid e 

variet y o f  complement s (e.g .  V P ,  D P ,  PP ,  C P ) ,  a  se t  whic h 

overlap s wit h th e se t  o f  complement s tha t  hav e ca n tak e 

(VP ,  D P ,  PP) .  Th e fac t  tha t  hav e an d b e tak e a  similarl y 

wid e rang e o f  complemen t  type s coul d tel l  th e learne r  tha t 

thes e verb s ar e derivationall y related .  Additionally ,  th e fac t 

tha t  thes e verb s ar e abl e t o tak e suc h a  wid e rang e o f 

complemen t  type s i s consisten t  wit h th e ide a tha t  thes e 

verb s contai n little ,  i f  any ,  semanti c conten t  (an d thu s ar e 

copula r  verbs) . 

Beyon d recognizin g th e specia l  statu s o f  hav e an d b e an d 

th e derivationa l  relatio n betwee n them ,  h o w woul d a  chil d 

figur e ou t  tha t  hav e i s specificall y fce+P?  I n fact ,  Englis h 

doe s displa y a  have-b e alternatio n patter n i n certai n 

constructions .  S o m e example s ar e give n i n (6-7) . 

(6) a. A book is on the table. 

b.  Th e tabl e ha s a  boo k o n it . 

(7 )  a .  M y knee s ar e bent . 

b.  I  hav e m y knee s bent . 

The alternations in (6-7) are somewhat weak, since the 

over t  P  i n (6a )  remain s over t  i n (6b) ,  s o i t  canno t  b e th e 

incorporate d element .  I n (7a) ,  ther e i s n o over t  P  tha t  coul d 

incorporat e int o b e t o for m th e hav e i n (7b) .  Howeve r  ther e 

ar e som e mor e transparen t  cases ,  a s i n (8-9) . 

(8) a. Sleep is of category V. 

b.  Slee p ha s categor y V . 

(9 )  a .  Y  i s a  propert y o f  X . 

b.  X  ha s th e propert y Y . 

In these cases it is easy to see that the verb have in the (b) 

example s correspond s exactl y t o th e fee+o/combination  i n 

th e (a )  examples . 

Interestingly ,  w e find  som e example s o f  apparen t  have-b e 

substitution s i n chil d language .  I n th e followin g exampl e 

fro m Bowerma n (1982) ,  th e chil d (ag e 2;1 )  produce s wha t 

appear s t o b e eithe r  a  correc t  b e constructio n bu t  fail s  t o 

rais e th e subjec t  ou t  o f  th e smal l  clause ,  o r  sh e produce s b e 

instea d o f  have : 

(10 )  Mother :  Clos e you r  eyes . 

Child :  N o !  I  wan t  b e m y eye s open . 

The adult version of the child's utterance is either (I la) or 

(lib) : 

(11) a. I want my eyes to be open. 

b.  I  wan t  t o hav e m y eye s open . 

A careful study of children's productions of have and their 

error s involvin g hav e i s neede d t o determin e h o w hav e 

develop s i n natura l  languag e acquisition ,  an d whethe r 

alternation s wit h b e pla y a  larg e o r  smal l  role . 

Summary and Future Directions 

Th e employmen t  o f  th e prolo g learnin g algorith m show s 

tha t  a  gramma r  containin g a  comple x ver b (i.e. ,  on e 

involvin g cover t  hea d incorporation )  i s  learnabl e give n inpu t 

tha t  provide s informatio n abou t  th e locatio n o f  empt y head s 

i n th e structure ,  bu t  no t  fro m inpu t  withou t  thi s informatio n 

(fro m brackete d strings) .  Thi s resul t  require s th e learne r  t o 

dra w o n informatio n tha t  i s  no t  availabl e i n th e auditor y 

linguisti c input ,  thu s suggestin g tha t  th e syntacti c 

informatio n i n th e inpu t  i s insufficien t  fo r  acquirin g th e 

grammar .  I n solvin g th e learnin g proble m fo r  comple x have , 

th e learne r  mus t  rel y o n syntacti c structura l  information , 

bot h informatio n tha t  i s  availabl e i n th e inpu t  (e.g .  have-b e 

alternations )  an d informatio n tha t  i s  no t  (e.g .  th e location s 

of  empt y heads) .  Whil e w e kno w tha t  non-over t  structura l 

informatio n i s necessary ,  i t  remain s t o b e determine d 

whethe r  a  learne r  coul d identif y th e gramma r  base d o n inpu t 

whose syntacti c richnes s la y somewher e betwee n unlabele d 

structure s an d brackete d strings .  Tha t  is ,  w e canno t 

immediatel y conclud e tha t  th e moderatel y ric h structure s lik e 

th e one s i n Figure s 8  an d 9  ar e availabl e t o childre n 

innately . 

Importantly ,  m y prolo g learne r  wa s no t  require d (o r  eve n 

allowed )  t o m a k e an y assumption s a s t o whethe r  th e 

categor y o f  a  give n lexica l  ite m remain s constan t  acros s 

differen t  occurrences .  Tha t  is ,  i f  th e learne r  figures  ou t  tha t 

hav e i s be+ P whe n i t  occur s i n a  possessiv e construction ,  i t 

canno t  assum e a  prior i  tha t  causativ e hav e i s likewis e be+? : 

rather ,  th e prolo g learne r  mus t  arriv e a t  thi s conclusio n 

base d o n syntacti c evidenc e i n th e causativ e h a v e 

construction .  Wha t  I  suggest ,  however ,  i s  tha t  childre n d o 

m a ke thi s a  prior i  assumption .  I n particular ,  the y mus t 

reaso n acros s utterance s (e.g .  thos e i n (5a-l) )  i n orde r  t o 

figur e ou t  tha t  hav e i s complex ,  an d i n doin g so ,  the y mus t 

assume categoria l  consistenc y acros s occurrence s o f  have . 

A numbe r  o f  issue s ar e raise d her e tha t  remai n unresolved . 

I  hav e trie d t o sho w tha t  whil e regularitie s i n th e input ,  suc h 

as have-b e alternations ,  ar e likel y t o b e exploite d b y 
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languag e learners ,  syntacti c informatio n abou t  empt y head s 

i s a n essentia l  ke y t o learnin g th e grammar .  Thi s 

informatio n canno t  b e retrieve d from  pattern s i n th e auditor y 

input . 

The implementatio n describe d her e i s a  ste p towar d a 

bette r  understandin g o f  ho w natura l  gramma r  ca n b e acquired . 

I t  take s a  differen t  directio n tha n mos t  recen t  learnabilit y 

work ,  i n tha t  i t  assume s initiall y  ver y littl e innat e syntacti c 

structur e o n th e par t  o f  th e learner .  Furthermore ,  i t  test s th e 

plausibilit y  o f  th e clai m tha t  natura l  languag e coul d contai n 

covertl y comple x verbs ,  b y examinin g whethe r  childre n 

coul d com e t o analyz e suc h a  ver b correctl y a s containin g a 

silent ,  incorporate d grammatica l  element . 
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Abstrac t 

Is human domain specific reasoning illogical? The effect of 
perspectiv e chang e o n reasonin g abou t  socia l  contract s i s on e 
of  th e puzzlin g phenomen a know n fro m researc h o n Wason' s 
selectio n tas k tha t  seem s t o corroborat e a n affirmativ e answe r 
t o thi s question .  Therefore ,  som e author s postulate d non-logi -
cal  cognitiv e processe s specialize d fo r  reasonin g abou t  socia l 
contracts .  I n contras t  t o thi s view ,  w e argu e tha t  suc h effect s 
reflec t  th e influenc e o f  domai n specifi c  knowledg e o n logica l 
reasoning .  Thi s knowledg e mus t  no t  b e ignore d whe n check -
in g th e deductiv e validit y o f  subjects '  inferences .  Takin g i t 
int o accoun t  shed s a  ne w ligh t  o n individuals '  deductiv e com -
petence .  Further ,  i t  become s possibl e t o predic t  suc h effect s 
not  onl y fo r  th e domai n o f  socia l  contracts .  W e presen t  a 
model  o f  causa l  reasonin g tha t  allow s u s t o deriv e ne w effect s 
of  perspectiv e change .  W e argu e tha t  thes e effect s d o no t  sho w 
tha t  peopl e mak e illogica l  inference s but ,  o n th e contrary ,  tha t 
subject s validl y reaso n deductivel y fro m thei r  causa l  knowl -
edge .  Finally ,  w e presen t  empirica l  result s tha t  strongl y sup -
por t  ou r  arguments . 

I n t r o d u c t i o n 

I t  i s  on e o f  th e theoreticall y mos t  puzzlin g findings  o f  recen t 
researc h o n h u m a n deductio n tha t  logicall y vali d inference s 
ca n no t  onl y b e facilitate d b y usin g themati c instea d o f 
abstrac t  reasonin g tasks ,  bu t  the y ca n als o b e "suppressed " 
A recen t  exampl e build s o n researc h o n Wason' s famou s 
selectio n tas k (Wason ,  1966) ,  namely ,  th e effec t  o f  perspec -
tiv e chang e o n conditiona l  reasonin g (Gigerenze r  &  Hug , 
1992) .  Reasonin g abou t  th e violatio n o f  socia l  contract s 
expresse d a s conditional s wa s sai d no t  t o b e base d o n logica l 
consideration s bu t  o n pragmati c one s tha t  depen d o n th e 
adopte d perspective ,  e.g. ,  whic h o f  th e partie s engage d i n a 
socia l  contrac t  i s  possibl y cheatin g (Gigerenze r  &  Hug , 
1992 )  o r  violatin g it s  dutie s (Holyoa k &  Cheng ,  1995 ; 
Politze r  &  Nguyen-Xuan ,  1992) .  Thi s vie w wa s teste d b y 
comparin g tw o themati c version s o f  th e selectio n task :  stan -
dar d vs .  reversed . 

A n exampl e o f  a  tas k i n standar d versio n goe s a s follow s 
(adapte d fro m Gigerenze r  &  H u g ,  1992) :  A  rul e create d b y a 
loca l  authorit y say s 

'If a home owner gets a subsidy from his local authority, 
the n tha t  perso n ha s installe d a  moder n heatin g system. ' 

There is an officer of the local authority who has heard 

rumor s abou t  h o m e owner s havin g violate d th e rule .  H e ha s 
t o chec k inforinatio n abou t  fou r  h o m e owner s represente d o n 
cards .  O n on e sid e o f  eac h car d ther e i s informatio n abou t 
whethe r  th e h o m e owne r  installe d a  moder n heatin g system , 
on th e othe r  sid e whethe r  tha t  perso n go t  a  subsid y bu t  onl y 
on e sid e o f  eac h car d i s visible .  Th e fou r  card s read :  'go t  a 
subsidy' ,  'di d no t  ge t  a  subsidy' ,  'installe d a  moder n heatin g 
system' ,  an d 'di d no t  instal l  a  moder n heatin g system' . 
Wh i c h car d o r  card s doe s th e office r  definitel y nee d t o tur n 
ove r  t o determin e whethe r  th e rul e ha s i n fac t  bee n violated ? 

I n th e reverse d version ,  subject s wer e cue d int o th e oppo -
sit e perspective ,  namely ,  tha t  h o m e owner s w h o ar e willin g 
t o instal l  a  moder n heatin g syste m hav e hear d rumor s tha t 
th e loca l  authorit y ha s violate d th e rule . 

W h at  ar e th e solution s t o thes e tasks ? Abbreviatin g ' A 
h o me owne r  get s a  subsidy '  a s 'P '  an d ' A h o m e owne r 
install s a  moder n heatin g system '  a s 'Q '  w e ca n represen t  th e 
rul e a s th e conditiona l  P  - ^  Q  an d th e fou r  card s a s P ,  -.P ,  Q , 
and -i Q respectivel y .  I t  wa s argue d tha t  fro m a  logica l  poin t 
of  vie w a  conditiona l  i s  violate d onl y i f  th e anteceden t  (P )  i s 
tru e an d th e consequen t  (Q )  false ;  i n al l  othe r  case s i t  i s true . 
Sinc e th e rul e i s th e sam e i n bot h version s o f  th e tas k on e 
shoul d choos e th e sam e patter n o f  card s (P/-iQ) :  th e P-car d 
t o chec k whethe r  Q  i s  true ,  an d th e -iQ-car d t o chec k 
whethe r  P  i s false .  B y contrast ,  adoptin g th e differen t  poin t 
of  vie w o f  eac h versio n shoul d resul t  i n opposit e selectio n 
patterns :  F ro m th e perspectiv e o f  th e loca l  authority ,  a  h o m e 
owner  ha s cheate d whe n h e go t  a  subsid y (P )  bu t  di d no t 
instal l  a  moder n heatin g syste m (—iQ) .  Thi s ca n b e checke d 
fo r  b y turnin g ove r  th e card s P/—.Q .  F ro m th e perspectiv e o f 
a h o m e owner ,  th e loca l  authorit y ha s cheated ,  whe n a  h o m e 
owner  di d instal l  a  moder n heatin g syste m (Q )  bu t  di d no t 
get  a  subsid y (—iP) ,  whic h ca n b e checke d fo r  b y turnin g ove r 
th e card s -,P/Q . 

'  Th e logica l  operator s use d 
form : 
-, P 
P aQ 
P v Q 
P-^ Q 
P<^Q 
VX 
P=>Q 

not  P ' 
' P an d Q ' 
'PorQ ' 
I f  P  the n Q ' 

and thei r  approximat e linguisti c 

'I f  an d onl y i f  P  the n Q ' 
'Fo r  al l  X ' 

(negation ) 
(conjunction ) 
(disjunction ) 
(conditional ) 
(biconditional ) 
(universa l  quantifier ) 

indicate s a  deductiv e derivatio n 
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Tabl e 1 :  Frequencie s o f  th e tw o critica l  selectio n pattern s 
P/-. Q an d -iP/ Q fro m 6  studie s (se e text ) 

Standar d 

( N =  412 ) 

Reverse d 

( N =  m) ) 

P/̂ Q 

^P/ Q 

48,4 % (199.5 ) 

2,8 % (11,5 ) 

4.1 % (15,5 ) 

45.4 % (172,5 ) 

The empirica l  result s ar e clear :  Reversin g th e perspectiv e 
change s th e predominan t  P/-. Q respons e int o a  -.P/ Q 
response .  Tabl e 1  summarize s th e dat a fro m si x studie s (Gig -
erenze r  &  Hug ,  1992 ;  Hoi )  oa k &  Cheng ,  1995 ;  Liberma n & 
Klar ,  1996 ;  Manktelo w &  Over ,  1991 ;  Nagy ,  1994 ;  Politze r 
& Nguyen-Xuan ,  1992 ;  fo r  detail s se e Beller .  1997) .  Th e 
result s o f  Cosmide s (1989 )  wer e similar :  Sh e reverse d th e 
conditiona l  rul e leavin g perspectiv e constan t  an d observe d 
th e sam e change s i n -.P/ Q respons e patterns . 

T wo implication s o f  thes e result s wer e discusse d i n th e 
debat e o n conten t  effects .  First ,  th e observatio n o f  "illogical " 
-iP/ Q response s woul d rul e ou t  th e interpretatio n tha t  the -
mati c conten t  facilitate s logica l  reasonin g compare d t o con -
tent-fre e reasonin g (Cosmides ,  1989 ;  Gigerenze r  &  Hug , 
1992) .  Second ,  Cosmide s (1989 )  argue d tha t  socia l  contract s 
wer e a  specia l  conten t  domai n becaus e ".. .  n o themati c rul e 
tha t  i s  no t  a  socia l  contrac t  .. .  ha s eve r  produce d a  conten t 
effec t  tha t  i s  bot h robus t  an d replicabl e ... "  (p .  200) .  A n d 
indee d nearl y al l  conten t  effect s i n Wason' s selectio n tas k 
wer e foun d fo r  socia l  rules . 

I n th e followin g w e analyz e bot h arguments :  I s Cosmide s 
righ t  i n claimin g tha t  "n o conten t  effect s i n selectio n task s 
withou t  socia l  rules' ? D o effect s o f  perspectiv e chang e reall y 
contradic t  logica l  reasoning ? W e argu e tha t  conten t  effect s i n 
genera !  reflec t  th e influenc e o f  domai n specifi c  knowledg e 
on logica l  reasoning .  Thi s knowledg e mus t  no t  b e ignore d 
when checkin g th e deductiv e validit y o f  subjects '  inferences . 
Takin g i t  int o accoun t  shed s a  ne w ligh t  o n individuals ' 
deductiv e competenc e wit h interestin g implication s fo r  th e 
psycholog y o f  deductio n an d th e philosophica l  debat e o n 
rationality .  Further ,  ou r  positio n implie s tha t  i t  shoul d b e 
possibl e t o predic t  suc h effect s fro m an y kin d o f  knowledge . 

I n th e following ,  w e first  sketc h ou t  ou r  genera l  ide a usin g 
an exampl e o f  a  simpl e conditiona l  inferenc e o f  anothe r 
domain .  The n w e presen t  a  mode l  o f  causa l  reasonin g tha t 
allow s u s t o deriv e ne w effect s o f  perspectiv e change .  W e 
sho w tha t  th e seemingl y illogica l  answer s ar e properl y vali d 
inference s fro m th e causa l  knowledge .  Finally ,  w e presen t 
experimenta l  result s tha t  strongl y suppor t  ou r  arguments . 

Explaining Content Effects: The General Idea 

Suppos e tw o persons ,  Pete r  an d Lisa ,  ar e talkin g t o eac h 
other .  Pete r  says :  "I f  T o m i s i n Paris ,  the n T o m i s i n th e Lou -
vre" .  Lis a know s "To m i s no t  i n Paris "  an d Pete r  conclude s 
"The n T o m i s no t  i n th e Louvre" .  Wha t  abou t  Peter' s conclu -
sion ? I s i t  deductivel y valid ? W h e n yo u first  loo k a t  i t  fro m 
th e poin t  o f  vie w o f  forma l  logi c yo u woul d sa y no' :  Th e 
correspondin g inferenc e patter n 

(1 )  in(Tom ,  Paris)- > in(Tom ,  Louvre ) 
(2 )  -iin(Tom ,  Paris ) 

(1 & 2 => 3) -iin(Tom, Louvre) 

is a prominent logical fallacy widely known as denial of the 
antecedent .  Th e logicall y correc t  answe r  woul d hav e bee n 
tha t  nothin g follow s fro m 1  &  2 .  Bu t  Peter' s "illogical "  con -
clusio n ca n b e explaine d i f  w e assum e tha t  h e use s conten t 
specifi c  knowledg e tha t  th e m u s e u m calle d 'Louvre '  exist s 
onl y i n Paris ,  therefor e bein g no t  i n Pari s implie s bein g no t 
i n th e Louvre : 

(4) V X: -,in(X, Paris) -^ -,in(X. Louvre) 

Adding this premise to Peter's argument makes his conclu-
sio n perfectl y valid . 

What  ca n w e lear n abou t  conten t  effect s fro m thi s simpl e 
example ? First ,  w e hav e t o distinguis h betwee n th e "superfi -
cia l  logica l  form "  o f  a n inferenc e tas k an d additiona l  pre -
mise s tha t  peopl e associat e wit h th e conten t  th e tas k refer s 
to .  Conten t  effect s o f  th e suppressiv e bu t  als o o f  th e facilita -
tiv e typ e ca n b e attribute d t o th e influenc e o f  suc h additiona l 
premises ,  an d i t  i s  thes e premise s tha t  bac k u p th e deductiv e 
validit y o f  th e inference s i n question .  Second ,  thi s principl e 
itsel f  i s  no t  conten t  specific .  I t  ca n b e applie d t o explai n th e 
influenc e o f  spatia l  knowledg e a s i n th e exampl e above ,  a s 
wel l  a s t o predic t  effect s of .  e.g. .  causa l  knowledg e o n th e 
solutio n o f  selectio n tasks .  Crucia l  fo r  thi s predictio n i s a 
detaile d specificatio n o f  th e assume d causa l  knowledge . 

Modeling Causal Perspective Change 

The Representation of Causal Knowledge 

Causal  knowledg e deal s wit h dependencie s betwee n events , 
mor e precisel y h o w effect s depen d o n causa l  conditions . 
Thi s knowledg e ca n b e use d i n reasonin g t o predic t  event s o r 
t o diagnos e causes . 

The representatio n o f  causa l  dependencies :  W e understan d 
a caus e a s a n even t  tha t  change s th e outcom e o f  late r  event s 
( a positio n goin g bac k t o th e Scottis h philosophe r  Davi d 
H u m e,  1711-1776 ;  se e Lewis ,  1973) .  A  caus e sufficientl y 
determine s th e occurrenc e o f  a n effect .  Ha d i t  bee n absent , 
the n — al l  othe r  condition s equa l  — th e effec t  woul d hav e 
bee n absen t  a s well .  A t  leas t  on e caus e i s necessar y t o elici t 
an effect .  Eac h effec t  ha s it s  causes ,  an d withou t  cause s 
ther e i s n o effect ,  therefore ,  w e represen t  th e dependenc y 
betwee n a n effec t  (E )  an d it s cause s (Cs )  a s a n equivalenc e 
relation :  causation(C s <- > E) .  Eac h singl e effec t  E  i s repre -
sente d separatel y togethe r  wit h al l  cause s know n t o elici t  E . 
Cause s ma y b e comple x whic h mean s tha t  severa l  causa l  fac -
tor s togethe r  ar e necessar y t o elici t  th e effect .  W e represen t 
comple x cause s a s a  conjunctio n o f  singl e causa l  factors .  I n 
additio n comple x cause s m a y contai n inhibitor y factor s 
whic h ar e modele d b y negatio n (the y hav e t o b e absen t  s o 
tha t  th e effec t  ca n occur) .  Alternativ e (complex )  cause s fo r 
one an d th e sam e effec t  ar e represente d a s disjunctiv e fac -
tors .  Thus ,  w e represen t  th e differen t  (complex )  cause s fo r 
one effec t  a s a  disjunctio n o f  conjunction s o f  singl e causa l 
factor s (se e Gra6hoff & May ,  1995) . 
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A simpl e example :  A  perso n ma y hav e th e followin g ide a 
of  ho w th e airba g o f  a  ca r  correctl y works :  I t  i s  inflate d onl y 
i f  th e ca r  ha s a n accident : 

(5) V car: accident(car) <-> inflated(airbag(car)) 

But the airbag may also react erroneously. There are two 
possibilities :  O n e observe s a  caus e bu t  n o effec t  o r  a n effec t 
withou t  a  know n cause .  A  faul t  o f  th e firs t  typ e ma y b e pu t 
d o wn t o a n inhibitor y causa l  facto r  no t  ye t  considered ,  e.g. , 
an insensitiv e airba g senso r  tha t  woul d preven t  th e airba g 
fro m bein g inflate d whe n th e ca r  ha s a n accident .  Th e corre -
spondin g causa l  knowledg e woul d be : 

(6) V car: accident(car) a -.insensitive(sensor(car)) 
<-» inflated(airbag(car) ) 

A fault of the second type may be explained by an alterna-
tiv e cause ,  e.g. ,  a n oversensitiv e airba g senso r  tha t  inflate s 
th e airba g withou t  th e ca r  havin g a n accident : 

(7) V car: accident(car) v oversensitive(sensor(car)) 
<-> inflated(airbag(car) ) 

Deduction rules for causal reasoning (Table 2): The 
knowledg e abou t  causa l  dependencie s ca n b e use d bot h t o 
predic t  th e occurrenc e o f  effect s fro m th e observatio n o f 
causa l  factor s an d t o explai n observe d effect s b y diagnosin g 
possibl e causes .  I f  w e represen t  causa l  dependencie s a s 
describe d above ,  fou r  inferenc e rule s ar e sufficient :  W e ca n 
predic t  a n effec t  E ,  i f  a t  leas t  on e o f  th e comple x cause s C s 
occurre d (rul e rl) .  I f  non e o f  th e cause s C s di d occu r  w e 
predic t  tha t  ther e i s n o effec t  E  (rul e r2) .  Diagnosin g cause s 
i s mor e complex .  W e diagnos e a  singl e causa l  facto r  C  o f  a 
comple x cause ,  i f  th e associate d effec t  E  occurre d an d al l 
alternativ e cause s A  ca n b e rule d ou t  (rul e r3) .  I f  al l  addi -
tiona l  necessar y factor s N  o f  a  singl e causa l  facto r  C 
occurre d bu t  th e effec t  E  di d not ,  the n w e diagnos e thi s fac -
to r  C  a s absen t  (rul e r4) . 

Tabl e 2 :  Inferenc e rule s fo r  predictin g an d diagnosin g event s 

Predictin g a n effec t  E : 

rl causation (Cs <-> E) a Cs 
=> E 

Predicting the absence of an effect E: 

r2 causation(Cs <-> E) a -iCs 
=> -. E 

Diagnosing a causal factor C: 

r3 causation( ( (C a N) v A) <-^ E) a E a -A 
=> C 

Diagnosing the absence of a causal factor C: 

r4 causation (( (C a N) v A) <-^ E) a -tE a N 
=> -. C 

Note. Cs = causes, E = effect, C = a single causal factor, 
N =  additiona l  necessar y factors ,  A  =  alternativ e causes . 

Suppos e a  perso n want s t o diagnos e a  fault y airba g sensor . 
She know s tha t  th e airba g o f  a  ca r  ha s bee n inflated : 

(8) inflated(airbag(car_l)) 

If the person believes 

(6) V car: accident(car) a -iinsensitive(sensor(car)) 
<-> inflated(airbag(car) ) 

then she will infer with rule r3 that the airbag sensor 
behave d correctl y an d wa s no t  insensitive : 

(6 & 8 =>r3 9) -iinsensitive(sensor(car_l)) 

However a person who believes 

(7) V car: accident(car) v oversensitive(sensor(car)) 
<-4 inflated(airbag(car) ) 

cannot say anything about the airbag sensor: It could have 
bee n oversensitiv e o r  not . 

The Prediction of New Empirical Phenomena 

Havin g specifie d th e assume d conten t  specifi c  (causal ) 
knowledg e w e ar e no w abl e t o predic t  ne w effect s o f  per -
spectiv e change . 

Perspectiv e chang e i n selectio n tasks :  Th e origina l  effec t 
was demonstrate d b y comparin g tw o version s o f  selectio n 
task s tha t  wer e sai d t o hav e th e sam e logica l  for m (namel y a 
conditiona l  rul e P  - ^  Q ) ,  an d th e sam e instruction ,  t o diag -
nos e case s o f  rul e violatio n ( P a  - .Q) .  Bu t  th e tw o version s 
wer e designe d i n suc h a  wa y tha t  subject s understoo d th e 
instructio n differentl y wit h referenc e t o th e adopte d perspec -
tiv e o n th e conten t  domain ,  e.g. ,  cheatin g o f  th e on e part y 
corresponde d t o P  a  —iQ ,  cheatin g o f  th e othe r  part y t o 
—iP A  Q .  Mos t  subject s ignore d th e conditiona l  an d followe d 
th e perspective .  O n th e basi s o f  ou r  mode l  o f  causa l  reason -
ing ,  w e ar e abl e t o predic t  analogou s effects . 

Conside r  tw o tas k version s wit h th e sam e conditiona l  rul e 

CI 'If a car has an accident (P), 
the n th e airba g o f  th e ca r  i s inflate d (Q) ' 

but with different perspectives: A standard version suggest-
in g tha t  th e airba g senso r  ma y possibl y no t  reac t  becaus e o f 
an insensitiv e sensor : 

(6) V car: accident(car) a ->insensitive(sensor(car)) 
<-> inflated(airbag(car) ) 

and a reversed version suggesting that the airbag sensor may 
erroneousl y reac t  becaus e o f  a n oversensitiv e sensor : 

(7) V car: accident(car) v oversensitive(sensor(car)) 
<- ^  inflated(airbag(car) ) 

In  both versions the task is to detect cases of rule violation. It 
ca n b e interprete d causall y a s t o detec t  th e respectiv e fault . 
On th e basi s o f  (6 )  a n insensitiv e senso r  ca n b e detecte d i f  a 
ca r  ha s a n acciden t  bu t  th e airba g i s no t  inflate d (classifie d 
wit h referenc e t o C I  a s P  a  —iQ) .  I n contrast ,  o n th e basi s o f 
(7 )  a n oversensitiv e senso r  ca n b e detecte d i f  a  ca r  ha s n o 
acciden t  bu t  th e airba g i s inflate d (-, P a  Q  wit h referenc e t o 
CI) .  Thus ,  changin g th e poin t  o f  view ,  tha t  i s  t o sa y changin g 
th e relevan t  causa l  backgroun d knowledge ,  result s i n differ -
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Tabl e 3 :  Th e predictio n o f  causa l  perspectiv e change :  Changin g th e poin t  o f  vie w (P I  vs .  P2 )  result s i n differen t  violatio n 
checkin g behavio r  Classifie d wit h referenc e t o th e conditiona l  statement s C I  'I f  a  ca r  ha s a n acciden t  (P) ,  the n th e 
airba g o f  th e ca r  i s  inflate d (Q) '  vs .  C 2 i f  a  ca r  ha s n o acciden t  (P) ,  the n th e airba g o f  th e ca r  i s no t  inflate d (Q) '  w e 
expec t  th e typica l  effec t  o f  perspectiv e chang e ( P a  -. Q vs .  -. P a  Q ) . 

Poin t  o f  vie w Violatio n =  faul t  diagnosi s 

Classifie d wit h referenc e 

t o C 1 a s t o C 2 a s 

PI :  Additiona l  inhibitor y causa l  facto r  (6 ) 

V car :  accident(car )  a  -iinsensitive(sensor(car) ) 

<-» inflated(airbag(car) ) 

P2: Additional alternative causal factor (7) 

V car :  accident(car )  v  oversensitive(sensor(car) ) 

<-> inflated(airbag(car) ) 

accident(car )  a  -.infiated(airbag(car) ) 

=>r 4 insensitive(sensor(car) ) 

naccident(car )  a  inflated(airbag(car) ) 

=>r 3 oversensitive(sensor(car) ) 

Pa^ Q 
standar d 

-,Pa Q 
reverse d 

^Pa Q 
reverse d 

Pa^ Q 
standar d 

Note .  Th e conditiona l  C I  ca n b e violate d onl y give n perspectiv e PI ,  th e conditiona l  C 2 onl y give n perspectiv e P2 . 

ent  violatio n checkin g behavio r  regardles s o f  th e conditiona l 
rule .  W e therefor e expec t  i n causa l  selectio n task s th e typica l 
answer  patterns :  P/-i Q i n th e standar d versio n an d -iP/ Q i n 
th e reverse d versio n (se e Tabl e 3) .  Not e tha t  wit h respec t  t o 
th e conditiona l  C I  diagnosin g a n oversensitiv e senso r  i n th e 
reverse d versio n seem s deductivel y no t  valid ,  bu t  wit h 
respec t  t o th e causa l  knowledg e (7 )  i t  is . 

Perspectiv e chang e i n a  rul e evaluatio n task :  I n explainin g 
th e effec t  o f  perspectiv e chang e i n th e selectio n tas k w e 
assume tha t  mos t  subject s ignor e th e conditiona l  rul e 
becaus e th e instructio n enable s the m t o d o so .  Bu t  i f  w e as k 
fo r  a n evaluatio n o f  th e rul e itsel f  w e shoul d expec t  a  logi -
call y correc t  handling . 

Suppos e a  perso n believe s 

(6) V car: accident(car) a -iinsensitive(sensor(car)) 
<-> inflated(airbag(car)) . 

Asked which of the two conditionals could be violated 

CI if a car has an accident, 
the n th e airba g o f  th e ca r  i s inflated '  o r 

C2 i f  a  ca r  ha s n o accident , 
the n th e airba g o f  th e ca r  i s  no t  inflated ' 

the person should answer 'only CI'. If she assumes that a car 
reall y ha s a n acciden t  (P) ,  the n i t  i s  no t  sur e o n th e basi s o f 
(6 )  tha t  th e airba g i s reall y inflated .  I t  depend s o n th e sensor . 
I f  i t  i s  insensitive ,  the n th e airba g i s no t  inflate d (-iQ) ,  an d 
th e conditiona l  C I  i s violate d .  Howeve r  a  perso n w h o 
believe s 

(7) V car: accident(car) v oversensitive(sensor(car)) 
<-> inflated(airbag(car) ) 

should give the opposite answer Now only the conditional 
C2 ca n b e violated ,  i f  th e ca r  reall y ha s n o acciden t  (P )  bu t 
th e airba g i s inflate d (-iQ )  becaus e th e senso r  i s oversensi -
tive . 

Proo f  schema :  P  a  (-.Q )  = > -,{ P - ^  Q) . 

C a u s a l  R e a s o n i n g W i t h a  Po in t  o f  V i e w 

On th e basi s o f  ou r  consideration s o n causa l  reasonin g w e 
predic t  tw o differen t  phenomena .  First ,  changin g th e poin t  o f 
vie w i n causa l  selectio n task s shoul d chang e th e predomi -
nant  selectio n patter n i n th e sam e wa y a s i n selectio n task s 
wit h socia l  rules .  Second ,  i f  w e as k subject s explicitl y  t o 
evaluat e conditiona l  statement s usin g thei r  causa l  knowledg e 
the y shoul d handl e the m formall y correct .  I n th e followin g 
we presen t  a n experimen t  designe d t o tes t  bot h predictions . 

Materials 

We use d tw o scenarios ,  airba g an d fire  extinguisher .  Bot h 
hav e a n identica l  structure ,  therefor e th e material s ar e 
describe d onl y fo r  th e first  one .  Fo r  eac h scenari o w e devel -
ope d tw o differen t  type s o f  tasks :  selectio n task s an d rul e 
evaluatio n tasks .  Al l  task s wer e presente d i n German . 

Selectio n tasks :  Eac h tas k consiste d o f  a  conditiona l  rule ,  a 
contex t  story ,  an d a n instruction .  W e use d tw o conditiona l 
rule s (C1/C2 )  bot h i n cause-effec t  order .  C I  wa s formulate d 
affirmatively ,  C 2 wa s negated : 

CI 'If a car has an accident, 
the n th e airba g o f  th e ca r  i s inflated '  an d 

C2 'I f  a  ca r  ha s n o accident , 
the n th e airba g o f  th e ca r  i s no t  inflated ' 

Two context stories were used (P1/P2). Both instructed the 
subject s t o tak e th e rol e o f  a  mechani c w h o ha s t o diagnos e a 
fault y airbag .  Versio n P I  cue d th e subject s t o believ e th e 
faul t  (a n insensitiv e sensor )  t o b e a n inhibitor y causa l  factor . 
I n versio n P 2 th e faul t  (a n oversensitiv e sensor )  coul d b e 
interprete d a s a n alternativ e cause .  Th e subjects '  tas k wa s t o 
chec k informatio n abou t  fou r  car s (writte n o n cards )  t o find 
out  whethe r  th e rul e ha s bee n violated .  O n on e sid e o f  eac h 
car d ther e wa s informatio n abou t  whethe r  th e ca r  ha d a n 
accident ,  o n th e othe r  sid e whethe r  th e airba g o f  th e ca r  wa s 
inflated .  Th e fou r  card s rea d 'ha d a n accident' ,  'ha d n o acci -
dent' ,  'th e airba g wa s inflated' ,  an d 'th e airba g wa s no t 
inflated' .  Combinin g th e tw o conditional s (C1/C2 )  wit h th e 
tw o contex t  storie s (P1/P2 )  w e go t  fou r  tas k versions :  tw o 
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standar d version s an d tw o reverse d version s (se e Tabl e 3  fo r 
th e concret e predictions) . 

Rul e evaluatio n tasks :  Th e sam e tw o contex t  storie s a s i n 
th e selectio n task s wer e used .  Thi s tim e th e subjects '  tas k 

was t o decid e o n th e basi s o f  th e causa l  knowledg e triggere d 
by th e contex t  stor y (P1/P2 )  whic h o f  th e tw o conditional s i n 
questio n (th e affirmativ e C I  o r  th e negate d C2 )  ca n b e vio -
late d (none ,  on e o f  them ,  o r  both) .  Takin g int o accoun t  th e 
causa l  knowledg e onl y on e o f  th e tw o conditional s ca n b e 
violate d i n eac h o f  th e tas k version s (se e Tabl e 3  fo r  th e con -
cret e prediction) . 

Subjects 

168 student s fro m th e Universit y o f  Freibur g participate d i n 
th e experiment .  Student s wer e pai d volunteer s fro m al l  disci -

pline s (excludin g psychology ,  mathematics ,  an d philoso -
phy) .  The y wer e untraine d i n logics ,  an d non e o f  the m ha d 
any prio r  experienc e wit h th e selectio n task .  Subject s wer e 
investigate d i n smal l  groups . 

Design 

We use d a  mixe d design :  Th e tw o causa l  scenario s (airba g 
and fire  extinguisher )  wer e give n withi n subjects ,  an d th e dif -
feren t  tas k version s pe r  scenari o (selectio n task s an d rul e 
evaluatio n tasks )  varie d betwee n subject s (2 1 subject s pe r 
tas k version) .  Eac h subjec t  receive d on e tas k o f  eac h causa l 
scenari o i n a  bookle t  togethe r  wit h other s task s no t  analyze d 
here .  On e o f  th e task s triggere d a n additiona l  inhibitor y 
causa l  facto r  th e othe r  a n additiona l  alternativ e causa l  factor . 
The tw o task s wer e balance d wit h respec t  t o typ e {standar d 
vs .  reverse d selectio n task ,  an d rul e evaluatio n task) .  The y 
wer e presente d i n rando m orde r  t o eac h subject .  I n addition , 
th e orde r  o f  th e fou r  card s i n eac h selectio n tas k wa s als o 
randomly . 

Results 

The result s  o f  th e selectio n task s ar e presente d i n Tabl e 4  fo r 
bot h scenario s (airba g an d fire  extinguisher )  separately .  A s 
predicted ,  changin g th e poin t  o f  vie w fro m standar d t o 
reverse d change s th e predominan t  selectio n patter n fro m 

Table 4: Frequencies of the two critical selection patterns 
P/—iQ an d —iP/ Q i n th e selectio n task s dependin g o n 
tas k versio n (standar d vs .  reversed )  an d scenari o 
(airba g vs .  fire  extinguisher ) 

Tabl e 5 :  Frequencie s o f  th e fou r  possibl e answe r  pattern s i n 
th e rul e evaluatio n task s o f  bot h scenario s (airba g 
and fire  extinguisher ) 

P/-. Q 

^P/ Q 

P/-n Q 

-,P/ Q 

Standar d Reverse d 

( n eac h 42 )  ( n eac h 42 ) 

81,0 % 

2,4 % 

69, 1 % 

7, 1 % 

Airba g 

(34 )  9, 5 % (4 ) 

(1 )  69,1 % (29 ) 

Fir e extinguishe r 

(29 )  2,4 % (1 ) 

(3 )  66, 7 % (28 ) 

Airba g 

(n =  42 ) 

Fir e extinguishe r 

(n =  42 ) 

Correc t 

Opposit e 

Bot h 

None 

69, 1 % 

14, 3 % 

7,1 % 

9,5 % 

(29 ) 

(6 ) 

(3 ) 

(4 ) 

69, 1 % 

11.9 % 

9,5 % 

9,5 % 

(29 ) 

(5 ) 

(4 ) 

(4 ) 

P/-i Q t o -iP/Q .  I n eac h o f  th e fou r  tas k version s o f  bot h sce -
nario s twelv e o r  mor e o f  2 1 subject s selecte d th e predicte d 
car d pattern .  Th e exac t  rando m probabilit y  p  tha t  on e 
observe s a  frequenc y x  o f  five  o r  mor e predicte d answer s i s 
alread y p<0.0 1 (;?( x >  5 ;  21 ;  r  =  1/16) ,  compute d o n th e 
basi s o f  th e binomia l  distributio n wit h r  bein g th e probabilit y 
t o produc e th e righ t  answe r  b y guessing) .  S o eac h singl e 
resul t  i s highl y significant .  I n addition ,  w e compute d (t)-cor -
relatio n coefficient s betwee n th e tas k versio n (standar d vs . 
reversed )  an d th e frequencie s o f  th e critica l  selectio n pat -
tern s (P/-i Q vs .  -.P/Q )  fo r  eac h scenari o separately .  Correla -
tio n coefficient s o f  ([ )  =  -0,8 6 (x ^  =  49.80 ,  df=\ ,  p < 0.01 ) 
fo r  th e airba g scenario ,  an d (j )  =-0,8 7 (x ^  =  46.26 ,  df = 1 , 
p <  0.01 )  fo r  th e fire  extinguishe r  scenari o respectively ,  indi -
cat e larg e effects . 

Tabl e 5  give s th e result s  o f  th e rul e evaluatio n task s aggre -
gate d ove r  th e tw o tas k version s fo r  eac h scenari o (airba g 
and fire  extinguisher )  separately .  I n eac h o f  th e fou r  singl e 
tas k version s twelv e o r  mor e subject s chos e th e correc t  con -
ditiona l  rul e a s bein g logicall y violate d give n th e respectiv e 
perspectiv e (exac t  probabilit y  p( x >  11 ;  21 ;  r  =  1/4 )  <  0.01) . 
Agai n eac h singl e resul t  i s  highl y significant . 

Conclusions 

The empirica l  result s an d th e theoretica l  analysi s strongl y 
back u p ou r  position .  First ,  w e wer e abl e t o predic t  an d t o 
empiricall y demonstrat e effect s o f  perspectiv e chang e i n 
causa l  selectio n task s an d thereb y disprov e Cosmides " 
(1989 )  clai m tha t  ther e ar e n o conten t  effect s i n selectio n 
task s withou t  socia l  rules .  Second ,  w e argue d tha t  i n th e 
causa l  selectio n task s wit h reverse d perspectiv e a n inconsis -
tenc y exist s betwee n th e conditiona l  rul e an d bot h th e con -
tex t  stor y an d th e backgroun d knowledg e o f  th e subjects .  I n 
thes e task s checkin g whethe r  th e conditiona l  rul e i s violate d 
does no t  mea n th e sam e a s diagnosin g th e technica l  faul t  a s 
suggeste d b y th e perspective .  Mos t  subject s decide d t o fol -
lo w th e perspective ,  thereb y solvin g th e task s "illogically " 
wit h respec t  t o th e conditiona l  rule .  Wit h referenc e t o th e 
causa l  knowledg e th e subjects '  answer s ar e perfectl y valid . 
Finally ,  th e rul e evaluatio n task s sho w tha t  peopl e d o reall y 
handl e themati c conditional s logicall y correctl y i f  w e explic -
itl y  as k the m t o d o so .  Thus ,  i n ou r  opinio n th e effec t  o f 
causa l  perspectiv e chang e doe s no t  contradic t  logica l  reason -
ing .  A  comparabl e fine  graine d analysi s o f  th e origina l  effec t 
wit h socia l  rule s yield s th e sam e resul t  (Beller ,  1997) .  Th e 
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subjects '  reasonin g i s logicall y i n lin e wit h th e knowledg e 
give n b y th e perspectiv e whic h i n th e reverse d versio n i s 
inconsisten t  wit h th e conditiona l  rule .  But ,  w h o i s t o blame , 
th e experimente r  developin g suc h inconsisten t  task s o r  th e 
subject s wh o hav e t o solv e them ? 

What  implication s fo r  th e theoretica l  debat e o n huma n 
deductiv e reasonin g ca n b e draw n fro m thes e results ? Th e 
significanc e o f  thes e effect s i s tha t  the y mak e u s awar e o f  th e 
importanc e o f  th e interpretiv e proces s (Fillenbauni ,  1993) . 
We hav e t o thin k carefull y abou t  ho w subject s interpre t  ou r 
reasonin g task s o n th e basi s o f  thei r  backgroun d knowledge . 
Further ,  w e hav e t o conside r  suc h knowledg e i n ou r  genera l 
theorie s o f  deductiv e reasonin g (e.g. ,  Johnson-Laird ,  1983 , 
Rips ,  1994 )  otherwis e w e canno t  explai n th e differenc e 
betwee n reasonin g wit h abstrac t  material s an d reasonin g 
wit h themati c materials .  Agai n Wason' s selectio n tas k give s 
an impressiv e exampl e fo r  suc h a  difference :  th e classica l 
abstrac t  versio n (i n contras t  t o themati c versions )  i s  normall y 
solve d correctl y b y les s tha n 1 0 % o f  th e subject s (Waso n & 
Johnson-Laird ,  1972) .  Understandin g thes e difference s 
means tha t  w e hav e t o tak e th e notio n o f  "content "  seriously . 
I n lin e wit h othe r  author s (e.g .  Chen g &  Holyoak ,  1985 ; 
Gigerenzer ,  1995 )  w e se e th e nee d fo r  integratin g "content " 
i n ou r  theorie s o f  deductiv e reasoning ,  bu t  w e thin k tha t  on e 
canno t  pla y "content "  of f  agains t  "logic" . 
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Abstrac t 

Adaptivity is examined within a complex task environ-
ment :  th e Kanfer-Ackerma n Ai r  Traffi c  Controlle r  Task© . 
A computationa l  mode l  i s develope d i n ACT- R t o accoun t 
fo r  suc h adaptivit y usin g a n implici t  learnin g mechanism . 

People demonstrate considerable flexibility in adapting their 
strategie s t o th e changin g natur e o f  th e environment .  Previ -
ou s studie s (Reder ,  1987 ;  Siegler ,  1988 ;  Lovet t  an d Ander -
son ,  1996 )  focuse d o n adaptiv e strateg y selectio n i n th e con -
tex t  o f  simpl e tasks .  Fo r  example ,  Lovet t  an d Anderso n 
(1996 )  applie d a  mode l  o f  adaptiv e strateg y choic e t o th e 
Buildin g Stick s Task ,  a n isomorp h t o th e Luchin s wate r  ju g 
task .  I n th e B S T the y manipulate d th e succes s o f  th e alter -
nativ e strategie s ove r  time .  Thei r  mode l  accounte d fo r  th e 
strateg y choice s o f  subject s b y usin g th e succes s an d failur e 
histor y o f  th e availabl e strategie s an d pickin g th e mor e suc -
cessfu l  strategy .  Nois e adde d t o thi s selectio n proces s al -
lowe d th e mode l  t o sampl e th e les s successfii l  strateg y i n 
proportio n t o it s relativ e succes s rate ,  a  commonl y observe d 
featur e o f  huma n choic e data . 

Althoug h thes e effort s hav e succeede d wit h simpl e tasks , 
i t  i s  possibl e tha t  comple x task s m a y plac e differen t  de -
mands o n peopl e an d mak e i t  difficul t  t o captur e th e essenc e 
of  thei r  behavio r  i n a  comple x tas k withi n thi s typ e o f  sim -
pl e computationa l  fi-amework.  Thi s pape r  report s a n effor t 
t o mode l  adaptiv e strateg y choic e withi n a  comple x task ,  th e 
Kanfer-Ackerma n Ai r  Traffi c  Contro l  Task © ( K A - A T C , 
Ackerma n an d Kanfer ,  1994) .  I n addition ,  w e investigat e 
assumption s abou t  monitorin g o f  strateg y choice . 

M a ny model s o f  strateg y choic e ar e commonl y though t  o f 
as explici t  model s o f  choice ,  wher e th e choic e i s controlle d 
throug h explici t  metacognitiv e monitoring .  Anothe r  possi -
bilit y  propose d b y Rede r  an d Schun n (1996 )  i s tha t  strateg y 
choic e i s m a d e throug h implici t  m e m o r y an d implici t  learn -
ing .  I n thi s cas e th e strateg y itsel f  m a y b e explicit ,  bu t  th e 
mechanis m o f  choosin g betwee n thes e over t  strategie s i s 
assume d t o b e implicit .  Alternatively ,  th e strateg y an d 
choic e m a y bot h b e implicit ,  an d peopl e m a y b e unawar e o f 
th e strategie s the y use d a s wel l  a s thei r  shift s betwee n the m 
(e.g. ,  Reder ,  1987) .  I n al l  thes e situations ,  learnin g o f  th e 
n e w strateg y involve s succes s o r  failur e wit h th e strateg y o r 
blam e assignment . 

D ue t o th e complexit y o f  th e tas k environmen t  i n th e cur -
ren t  study ,  blam e assignmen t  i s a  centra l  issue .  I n a  simpl e 
task ,  strateg y choic e lead s t o immediat e consequences .  I n 
th e K A - A T C task ,  poo r  strateg y choice s m a y no t  caus e im -

mediat e problems ,  an d m a y instea d lea d t o difficultie s severa l 
moves later . 

Blam e assignmen t  i s  a  fundamenta l  proble m i n artificia l 
intelligenc e an d ha s bee n explore d withi n m a n y frameworks. 
O ne o f  th e simples t  representation s o f  th e proble m o f  opti -
mal  choic e i s th e two-arme d bandit .  I n thi s problem ,  th e 
goal  i s  t o determin e th e optima l  payof f  o f  a  choic e betwee n 
tw o options ,  sa y A  an d B ,  wher e th e possibl e payoff s ar e 0 
or  1 .  Choice s A  an d B  ar e rando m variable s wit h a  fixed 
mean an d varianc e abou t  whic h w e hav e n o initia l  informa -
tion .  I f  w e kno w th e mea n payof f  o f  A  i s  highe r  tha n B 
the n th e optima l  strateg y i s t o alway s selec t  A .  Sinc e w e d o 
not  k n o w whic h strateg y wil l  b e mor e successful ,  w e mus t 
tes t  both .  Further ,  n o finit e numbe r  o f  sample s o f  eithe r 
strateg y ca n completel y determin e th e strateg y wit h th e 
highe r  mea n payof f  Trial s therefor e hav e tw o functions : 
informatio n gatherin g an d payof f  accumulation .  Optima l 
choic e i s a  tradeof f  betwee n collectin g enoug h informatio n 
t o determin e th e mor e successfu l  strategy ,  an d exploitin g th e 
mor e successfull y strateg y t o maximiz e th e overal l  payout . 
T o o littl e samplin g o f  bot h strategie s ca n mak e th e les s 
successfu l  strateg y loo k mor e successfu l  an d resul t  i n selec -
tio n o f  th e les s successfu l  strategy .  Excessiv e samplin g 
result s i n to o man y trial s o f  th e les s successfu l  strateg y 
(Holland ,  1992) . 

Th e curren t  tas k i s a  mor e genera l  cas e o f  thi s proble m 
whic h i s complicate d b y a )  changin g relativ e payoff s o f  dif -
feren t  strategie s ove r  time ,  b )  possibl e multipl e strategie s 
availabl e a t  eac h step ,  c )  th e difficult y i n determinin g wha t 
constitute s a  succes s o r  failure ,  an d d )  delay s i n finding  ou t 
whethe r  a  choic e wa s successfu l  o r  unsuccessful . 

The Kanfer-Ackerman ATC Task© 

The tas k wa s designe d t o simulat e som e difficul t  aspect s 
of  ai r  traffi c  control .  I t  present s th e subjec t  wit h a  dynami c 
environmen t  i n whic h the y mus t  atten d t o changin g weather , 

differen t  combination s o f  plan e type s an d landin g restric -
tions ,  tim e pressure ,  an d othe r  real-tim e factors . 

Th e state d goa l  o f  th e K A - A T C tas k i s t o accumulat e a s 
m a ny point s a s possibl e acros s th e trial s o f  th e session . 
Point s ar e accumulate d b y landin g plane s withou t  breakin g 
rules .  Rul e infraction s resul t  i n poin t  deduction s an d th e 
amount  o f  point s deducte d depend s o n th e severit y o f  th e 
infractio n (crashin g a  plan e du e t o lo w fue l  i s  mor e sever e 
tha n attemptin g t o lan d o n a n illega l  runway) .  Th e KA -
A T C interfac e ha s thre e majo r  scree n regions :  th e hol d area , 
th e weathe r  area ,  an d th e runwa y area .  Th e hol d are a con -
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sist s o f  1 2 hol d position s (North/East/SouthAVes t  x  3  lev -
els) ,  eac h o f  whic h ca n hol d on e plane .  W h e n a  hol d posi -
tio n i s occupied ,  i t  indicate s th e fligh t  number ,  th e typ e o f 
plan e (747 ,  DC-10 ,  727 ,  o r  Prop )  an d th e remainin g fue l  (i n 
minutes) .  Th e weathe r  are a show s th e curren t  win d speed , 
win d direction ,  an d groun d condition s fo r  th e runways .  Th e 
runwa y are a consist s o f  tw o north/sout h runways ,  on e lon g 
and on e short ,  an d tw o east/wes t  runways ,  on e lon g an d on e 
short .  W h e n plane s ar e lande d the y slowl y mov e acros s th e 
runwa y ove r  a  1 5 secon d period . 

The K A - A T C ha s a  concis e se t  o f  rule s tha t  gover n legal -
it y o f  landing s an d othe r  plan e moves : 
1.  Plane s ca n mov e onl y 1  hol d leve l  a t  a  time ,  an d onl y 

int o a n unoccupie d hol d slot . 
2.  Plane s ca n onl y lan d fro m hol d leve l  1 . 
3.  Plane s mus t  lan d int o th e win d (e.g. ,  i n a  nort h win d 

th e plan e mus t  lan d o n th e north/sout h runway . 
4.  Plane s wit h lo w fue l  (les s tha n 3  minute s remaining ) 

must  b e lande d immediately . 
5.  Onl y on e plan e a t  a  tim e ca n occup y a  runway . 
6.  Al l  plane s ca n alway s lan d o n th e lon g runway .  Th e 

curren t  weathe r  an d plan e typ e determin e whethe r  th e 
shor t  runwa y i s legal .  747 s ca n neve r  lan d o n th e shor t 
runway .  DC-10 s ca n lan d o n th e shor t  runwa y whe n 
th e runway s ar e no t  ic y an d th e win d spee d i s les s tha n 
40 knots .  727 s ca n lan d o n th e shor t  runwa y whe n th e 
win d spee d i s 0-2 0 knot s o r  whe n th e runwa y i s dry . 

An importan t  aspec t  o f  thi s tas k i s tha t  som e feedbac k 
abou t  strateg y succes s i s immediate ,  whil e som e feedbac k i s 
delayed .  Fo r  example ,  i f  a  subjec t  choose s t o lan d a  72 7 o n 
th e lon g runway ,  tha t  runwa y wil l  b e temporaril y  unavail -
able .  Althoug h th e 72 7 land s successfully ,  i t  ma y preven t 
th e landin g o f  747 s tha t  ar e lo w o n fuel ,  resultin g i n fewe r 
landing s (becaus e o f  suboptima l  runwa y usage )  an d possibl y 
eve n crashes .  O n th e othe r  hand ,  violatin g th e rule s b y at -
temptin g t o lan d a  DC-1 0 o n a n ic y runwa y cause s a  popu p 
windo w t o provid e immediat e feedback . 

To mode l  thi s assignmen t  o f  blam e backward s throug h 
time ,  blam e i s assigne d t o al l  action s o n th e causa l  pat h fo r 
th e curren t  goa l  an d subgoals .  I t  i s  possibl e tha t  th e causa l 
event s i n thi s tas k ar e sufficientl y remot e i n tim e tha t  a  cur -
ren t  predicamen t  canno t  reac h bac k t o th e tru e caus e t o as -
sig n blame .  I n thi s cas e w e woul d expec t  t o b e unabl e t o 
demonstrat e a  mode l  tha t  adapt s t o th e structur e o f  th e KA -
A T C task .  O n th e othe r  hand ,  i f  th e causa l  event s ar e suffi -
cientl y proxima l  t o a  succes s o r  failure ,  w e woul d expec t 
tha t  a  mode l  coul d adap t  t o changin g tas k conditions . 

The aspec t  o f  th e tas k w e ar e focusin g o n i s th e behavio r 
involvin g landin g planes .  Othe r  researcher s hav e investigate d 
th e behavio r  o f  subject s i n movin g plane s withi n th e queue s 
(e.g. ,  Joh n an d Lallement ,  1997 ;  Lee ,  Matessa ,  an d Ander -
son ,  1995 ;  Le e an d Anderson ,  1997) .  W e wil l  focu s o n th e 
choice s mad e b y subject s i n assignin g th e differen t  plan e 
type s t o runway s unde r  varyin g weathe r  condition s an d pro -
portion s o f  plan e type s i n th e incomin g flights . 

Data Set 

The K A - A T C dat a w e modele d ar e reporte d i n Rede r  an d 
Schun n (i n press )  an d Schun n an d Rede r  (i n press) .  Overall , 
subject s demonstrat e grea t  similarit y despit e th e tas k com -

plexity .  A s ca n b e see n i n Tabl e 1 ,  subject s lan d 747 s o n 

th e lon g runway ,  th e onl y lega l  runwa y fo r  thi s plan e type , 
almos t  exclusively .  Mistake s wit h thi s plan e typ e ar e rare , 

eve n i n th e firs t  severa l  trial s whe n subject s ar e learnin g th e 
task . 

Tabl e 1 :  Fo r  th e adaptiv e subject s i n Bloc k 1 ,  th e percent -
age o f  al l  plane s landed ,  an d percentag e o f  landing s o n th e 

sho n an d lon g runway s fo r  eac h plan e type . 

Plan e 

typ e 

Pro p 
DC-1 0 
727 
747 

% o f  al l 
lande d 

30 
40 

5 
25 

% o n shor t 
runwa y 

75 
20 
30 

0 

% o n lon g 
runwa y 

25 
80 
70 

100 

Subject s als o consistentl y lan d prop s o n th e shor t  runwa y 
and infrequenti y o n lon g runwa y eve n thoug h eithe r  runwa y 
i s lega l  an d landin g lon g require s fewe r  keystrokes .  On e 
possibl e explanatio n i s tha t  subject s vie w th e lon g runwa y 
as a  scarc e resourc e an d choos e thi s strateg y t o conserv e it . 
However ,  subject s associat e prop s wit h th e shor t  runwa y 
befor e the y hav e ha d a  chanc e t o determin e th e relativ e scar -
cit y o f  th e lon g runwa y i n thi s task .  A  secon d possibilit y  i s 
tha t  prop s ar e th e onl y plan e typ e tha t  ca n alway s lan d shor t 
so thi s i s a  cognitivel y simpl e rule .  A  thir d possibilit y  i s 
participant s us e thei r  rea l  worl d knowledg e o f  planes :  larg e 
plane s suc h a s jumb o jet s (747s )  nee d lon g runway s whil e 
smal l  plane s (props )  belon g o n shor t  runways . 

The choice s mad e wit h DC-10 s ar e o f  primar y interes t 
here .  DC-10 s m a y lan d o n bot h th e shor t  an d lon g runway , 
althoug h the y m a y onl y lan d o n th e shor t  runwa y unde r  cer -
tai n win d an d groun d conditions .  Subject s bas e thei r  runwa y 
choice s fo r  DC-10 s no t  onl y th e win d an d groun d condi -
tions ,  bu t  als o o n th e proportion s o f  plan e type s i n th e mi x 
of  incomin g planes .  Subject s lan d th e DC-10 s o n th e shor t 
runwa y mor e ofte n whe n ther e i s a  mi x o f  plane s tha t  mak e 
th e lon g runwa y scarce .  Specifically ,  Rede r  an d Schun n (i n 
press )  use d runwa y preferenc e fo r  DC-10 s t o measur e a d ^ 
tivit y i n subjects .  The y varie d th e proportion s o f  Prop s t o 
747 s b y bloc k whil e maintainin g a  hig h bu t  constan t  pro -
portio n o f  DC-10 s (40% )  an d a  lo w constan t  proportio n o f 
727 s (5%) .  Th e lowe r  proportio n o f  747 s i n bloc k 2  (5% ) 
vs .  th e proportio n i n bloc k 1  (25% )  ease s th e deman d fo r  th e 
lon g runway ,  whil e th e highes t  proportio n o f  747 s i n bloc k 
3 (50% )  create s th e greates t  deman d fo r  th e lon g runway . 

Reder  an d Schun n labele d a  landin g 'OpShort '  whe n a  sub -
jec t  chos e t o lan d a  DC-1 0 o n th e shor t  runwa y an d bot h 
runway s wer e open .  Hit s wer e define d a s attemptin g t o lan d 
a DC-1 0 o n th e shor t  runwa y whe n lega l  an d misse s wer e 
define d a s attemptin g t o lan d a  DC-1 0 o n th e lon g runwa y 
when i t  wa s lega l  t o lan d o n th e shor t  runway .  Fals e alarm s 
wer e define d a s attemptin g t o lan d o n th e shor t  runwa y whe n 
th e win d an d groun d condition s mad e suc h a  landin g illega l 
whil e correc t  rejection s wer e define d a s attemptin g t o lan d o n 
th e lon g runwa y whe n i t  wa s illega l  t o lan d o n th e shor t 
runway . 

Althoug h th e manipulatio n wa s quit e heavy-handed ,  som e 
subject s di d no t  shif t  thei r  landin g pattern s t o tak e advantag e 
of  th e changin g mi x o f  planes .  Rede r  an d Schun n labele d 
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thes e subject s a s nonadaptive .  A  secon d grou p o f  subjects , 

on whic h w e focu s here—th e adaptiv e subjects — 
differentiall y  allocate d DC-10 s t o th e lon g an d shor t  runwa y 
i n respons e t o th e demand s cause d b y hig h proportion s o f 

Prop s o r  747s .  Adaptiv e subject s showe d a  patter n o f  shor t 

runwa y usag e fo r  DC-10 s tha t  decrease d fro m block s 1  t o 2 , 
when mor e Prop s an d fewe r  747 s wer e include d i n th e mix , 
and increase d beyon d th e initia l  leve l  i n bloc k 1  when ,  i n 
bloc k 3 ,  th e proportio n o f  747 s t o Prop s wa s significantl y 

increased . 
Th e dat a i n Tabl e 2  repor t  th e proportio n o f  hit s t o hit s 

plu s misse s an d th e proportio n o f  fals e alarm s t o fals e 
alarm s plu s correc t  rejection s fo r  th e adaptiv e subjects .  I n 
th e firs t  block ,  hit s an d fals e alarm s ar e no t  significantl y 
differen t  ( p >  .1) ,  indicatin g n o sensitivit y t o th e rule s fo r 
landin g DC-10 s i n differen t  weathe r  conditions .  I n th e sec -
on d bloc k hit s an d fals e alarm s als o hav e simila r  magnitude s 
( p >  .5) ,  bu t  ar e decrease d relativ e t o bloc k 1 .  I n othe r 
word s th e subject s decreas e thei r  usag e o f  th e shor t  runwa y 
fo r  DC- ID s durin g thi s block ,  whe n a  hig h numbe r  o f  prop s 
m a ke th e shor t  runwa y a  scarc e resource .  I n th e thir d block , 
when ther e ar e a  larg e numbe r  o f  747s ,  subject s increas e 
thei r  usag e o f  th e shor t  runwa y fo r  DC-10 s relativ e t o bot h 
th e first  an d secon d block s ( p <  .01) .  Also ,  hit s increas e 
mor e tha n fals e alarm s i n th e thir d block ,  indicatin g tha t 
subject s becom e sensitiv e t o th e weathe r  rule s fo r  landin g 
DC- lO s (p<.01) . 

Table 2: Hit and false alarm proportions. 

Bloc k hit s fals e alarm s 

1 
2 
3 

.3 1 

.1 9 

.6 6 

.2 5 

.2 0 

.3 8 

Model 
Th e framewor k w e chos e fo r  th e curren t  stud y i s th e A C T -

R cognitiv e architectur e (Anderson ,  1993 ;  Anderso n an d 
Lebiere ,  i n press) .  A C T - R consist s o f  a  productio n syste m 
linke d t o a  spreadin g activatio n network .  Thes e tw o com -
ponent s provid e a n architectura l  separatio n fo r  procedura l  an d 
declarativ e knowledge .  Procedura l  knowledg e take s th e for m 
of  individua l  production s an d th e parameter s associate d wit h 
thos e productions .  A  goa l  stac k control s th e flo w o f  contro l 
withi n th e syste m an d determine s whic h production s m a y 
execut e a t  an y point .  Declarativ e knowledg e take s th e for m 
of  a  numbe r  o f  chunks ,  o r  node-lin k structures ,  containe d 
withi n th e declarativ e m e m o r y o f  A C T - R . 

Th e A C T - R theor y support s blam e assignmen t  throug h 
th e goa l  stac k mechanism .  W h e n a n erro r  stat e o r  succes s 
stat e i s reached ,  tha t  erro r  i s propagate d bac k t o production s 
tha t  participate d o n th e rout e t o th e erro r  state .  Fo r  exam -
ple ,  i f  a  D C - 1 0 i s successfull y lande d o n th e lon g runway , 
but  th e shor t  runwa y i s als o ope n an d th e onl y availabl e 
plan e i s a  74 7 (whic h ca n onl y lan d o n th e lon g runway) , 
th e productio n responsibl e fo r  landin g th e D C - 1 0 receive s 
par t  o f  th e blam e fo r  th e erro r  (failur e t o us e a n ope n run -
way) .  Thi s feedbac k make s th e goa l  structur e a  ke y par t  o f 
thi s modelin g project .  A  goa l  structur e tha t  include s to o 

many prio r  action s wil l  punis h o r  rewar d production s tha t 

had littl e t o d o wit h th e curren t  succes s o r  failure .  A  goa l 
structur e tha t  include s to o fe w production s m a y no t  allo w 

th e syste m t o assig n blam e fa r  enoug h bac k i n tim e t o reac h 

th e causa l  action . 

Model Description The current model is an ACT-R 4.0 
model  tha t  interface s wit h a  LIS P simulatio n o f  th e A T C 
task .  Th e aspect s o f  th e tas k simulate d includ e th e variou s 
hol d levels ,  runways ,  plan e types ,  mi x o f  incomin g plane s 
i n th e queue ,  weathe r  an d groun d conditions ,  rule s fo r  mov -
in g an d landin g planes ,  an d th e bloc k structur e an d timin g o f 

th e origina l  task .  O f  th e rule s mentione d above ,  onl y rul e 4 
whic h require s tha t  plane s wit h lo w fue l  b e lande d immedi -
ately ,  wa s no t  include d i n th e simulation . 

Th e schemati c representatio n use d b y th e A C T - R syste m 
include s a  structur e o f  chunk s tha t  represen t  th e variou s ele -
ment s o f  th e gam e interface ,  an d th e goa l  structure s use d i n 
th e task .  Th e goa l  type s includ e goal s t o obtai n informatio n 
abou t  th e curren t  gam e state ,  t o lan d planes ,  an d t o mov e 
plane s withi n th e hol d levels . 

Th e production s use d t o simulat e th e behavio r  o f  subject s 
fal l  int o tw o categories .  Th e firs t  se t  o f  production s gathe r 
or  notic e informatio n i n th e environmen t  suc h a s whic h 
plane s ar e i n th e firs t  hold ,  wha t  th e curren t  win d directio n 
is ,  an d whethe r  th e runway s ar e ope n o r  busy .  Th e secon d 
set  o f  production s ac t  o n th e gathere d informatio n an d inter -
act  wit h th e gam e simulation .  A t  th e highes t  leve l  o f  ab -
straction ,  then ,  th e syste m firs t  examine s th e curren t  gam e 
state ,  an d subsequentl y choose s a n action . 

A n exampl e productio n fro m th e mode l  tha t  attempt s t o 
lan d a  D C - 1 0 o n th e shor t  runwa y is : 

If the goal is to land a plane 
an d ther e i s a  DC-1 0 i n hol d leve l  1 
an d th e shor t  riinwa y i s ope n 

the n tr y t o lan d th e DC-1 0 o n tha t  runwa y 

There are 6 productions that choose to attempt to land the 
variou s plan e type s o n availabl e runways .  Ther e ar e ini -
tiall y  tw o enable d production s eac h fo r  th e D C - 1 0 an d 72 7 
specifi c  t o th e lon g an d shor t  runway s respectively .  Ther e i s 
on e productio n fo r  747s ,  whic h mus t  lan d long .  Ther e i s 
als o onl y on e productio n fo r  Props ,  whic h alway s lan d o n 
th e shor t  runway . 

Th e actio n chose n a t  eac h ste p o f  thi s simulatio n i s con -
straine d b y tw o things :  1 )  whethe r  a  productio n applie s t o 
th e curren t  goal ,  an d 2 )  th e histor y o f  succes s an d failur e o f 
th e production .  Th e conflic t  se t  include s thos e production s 
tha t  matc h th e typ e an d value s o f  th e curren t  goaJ .  Eac h o f 
thes e matchin g production s ha s a n expecte d gai n agains t  th e 
goa l  tha t  i s  calculate d b y th e formul a E  =  P G -C .  I n thi s 
formul a P  i s th e probabilit y  o f  succeeding ,  G  i s th e valu e o f 
th e curren t  goal ,  an d C  i s th e cos t  o f  followin g th e curren t 
production' s pat h t o th e goal .  Repeate d succes s lead s t o a n 
increas e i n P  an d therefor e th e chanc e tha t  thi s productio n 
wil l  b e selected ,  whil e repeate d failur e lead s t o a  decreas e i n 
P an d a  decreas e i n th e chanc e tha t  thi s productio n wil l  b e 
selected .  S o m e amoun t  o f  nois e ca n b e adde d t o thi s calcula -
tio n t o provid e variabilit y  o f  behavior .  Variabilit y  allow s 
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samplin g o f  previousl y unsuccessfu l  strategies ,  whic h i s 
necessar y t o confir m o r  refut e earlie r  experienc e i n a  stati c 
environment ,  an d t o adap t  an d us e ne w o r  mor e appropriat e 
strategie s i n a  dynami c environmen t  (Lovet t  an d Anderson , 

1996 ;  se e als o Holland ,  1992) . 
Succes s an d erro r  feedbac k impact s th e estimatio n o f  P , 

th e probabilit y  paramete r  fo r  eac h production .  Becaus e suc -
ces s an d failur e i s th e onl y sourc e o f  adaptivit y withi n th e 
model  w e ar e exploring ,  thi s definitio n i s critica l  t o th e per -
formanc e o f  th e model .  Sinc e th e state d goa l  o f  th e tas k i s 
t o accumulat e points ,  an d point s ar e gaine d b y landin g 
plane s whil e point s ar e los t  b y violatin g rules ,  w e use d thi s 
guidelin e t o defin e succes s an d failur e fo r  th e model .  A  suc -
cessfu l  uia l  i s  a  sequenc e o f  action s whic h resul t  i n th e lega l 
landin g o f  a  plan e o r  plane s o n th e ope n runway(s) .  A  fail -
ur e i s a  sequenc e o f  action s whic h resul t  i n a  rul e violatio n 
or  a n inabilit y  t o lan d a  plan e o r  plane(s )  o n th e ope n run -
way(s) .  W h e n neithe r  runwa y i s open ,  th e syste m engage s 
i n othe r  activitie s fro m whic h i t  doe s no t  receiv e feedback , 
suc h a s checkin g th e weather ,  movin g plane s withi n th e 
hol d levels ,  an d acceptin g plane s fro m th e queu e o f  incom -
in g flights . 

Goal 

^ ' 

Productio n A 

Goal 

^ 

r 

' 

Productio n A 

Pop wit h 
Successfu l 

landin g 

f 

Productio n B 

Pop wit h 
Faile d Landin g 

t 

Productio n C 

Figur e 1 :  Blam e assignmen t  pathwa y 

We als o develope d (an d rejected )  a n earlie r  mode l  strateg y 
i n whic h w e define d succes s a s landin g a  plan e o n a n ope n 
runway ,  an d failur e a s a  rul e violatio n o r  inabilit y  t o lan d a 
singl e plan e o n a n ope n runway .  Th e differenc e betwee n th e 
tw o i s subtle ,  bu t  essentia l  t o th e assignmen t  o f  blam e 
withi n thi s system .  I n th e newe r  simulation ,  b y definin g 
succes s o r  failur e i n term s o f  landin g pair s o f  planes ,  a  land -
in g o n on e runwa y tha t  block s othe r  possibl e landing s o n 
th e othe r  runwa y receive s partia l  blam e fo r  th e failure .  Thi s 
means tha t  eve n thoug h a  particula r  actio n migh t  b e lega l 
and successfu l  o n it s o w n (e.g. ,  landin g a  D C - 1 0 o n th e 
lon g runway) ,  i f  thi s actio n create s a  subsequen t  impass e 

(e.g. ,  unabl e t o lan d a  74 7 o n th e n o w occupie d lon g run -
way) ,  the n i t  wil l  becom e les s likely .  Withou t  thi s im -
prove d definitio n o f  failur e (an d correspondin g goa l  struc -
ture) ,  th e simulatio n canno t  lear n t o avoi d suc h problems . 
We discus s thi s poin t  furthe r  i n th e nex t  section . 

Throug h learnin g succes s an d failur e probabilitie s associ -
ate d wit h eac h production ,  th e mode l  i s abl e t o chang e it s 
overal l  proportio n o f  OpShor t  us e ove r  blocks .  However , 
ther e remain s th e issu e o f  separatio n o f  hit s an d fals e alarm s 

i n OpShor t  us e ove r  block s (i.e. ,  initiall y  n o differentiatio n 
i n block s 1  an d 2 ,  followe d b y a  larg e differentiatio n i n 
bloc k 3) . 

Ther e ar e severa l  straightforwar d alternativ e explanation s 
fo r  thi s chang e ove r  blocks .  I n th e first  tw o blocks ,  th e tas k 
i s relativel y simple ,  an d th e subject s wer e no t  unde r  heav y 
pressur e t o us e th e weathe r  information ,  an d the y wer e bus y 
learnin g othe r  aspect s o f  th e task .  However ,  i n th e third , 
mor e difficul t  block ,  i n orde r  t o frequentl y lan d D C 10 s o n 
th e shor t  runway ,  th e subject s ha d a  large r  incentiv e t o mak e 
use o f  weathe r  information .  Thi s chang e i n us e m a y reflec t 
either :  1 )  th e creatio n o f  ne w production s whic h encod e th e 
weather ;  2 )  raisin g th e estimate s o f  probabilit y  o f  succes s 
associat e wit h production s whic h chec k th e weather ;  3 )  th e 
creatio n o f  ne w production s whic h actuall y mak e us e o f  th e 
weathe r  informatio n i n decidin g t o us e th e shor t  runway ;  o r 
4)  som e combinatio n o f  th e above .  Change s i n bot h encod -
in g an d th e introductio n o f  ne w production s upo n learnin g 
hav e bot h bee n use d t o explai n adaptatio n withi n a  produc -
tio n syste m framewor k (e.g. ,  Siegler ,  1976) . 

As a  firs t  pass ,  ou r  A C T - R mode l  simulate s th e gradua l 
emergenc e o f  prope r  us e o f  th e rul e fo r  DC-10 s b y encodin g 
th e complet e weathe r  informatio n (win d direction ,  win d 
speed ,  an d groun d conditions )  differentiall y  i n th e thre e 
blocks .  I n block s on e an d two ,  th e complet e weathe r  i s 
encode d 1 0 % o f  th e tim e whe n th e syste m check s th e 
weather .  Th e othe r  9 0 % o f  th e tim e th e win d directio n i s 
encoded ,  bu t  th e win d spee d an d groun d conditio n ar e no t 
properl y encoded .  I n th e thir d block ,  th e complet e weathe r 
informatio n i s encode d 8 0 % o f  th e time .  Th e mode l  there -
for e assume s tha t  th e obstacl e t o prope r  us e o f  th e shor t 
runwa y wit h DC-10 s i s insufficien t  encoding . 

An alternativ e mechanis m withi n th e A C T - R framewor k 
tha t  woul d provid e simila r  result s i s th e productio n learnin g 
mechanism .  I f  th e mode l  doe s no t  hav e a  productio n tha t 
applie s th e rul e fo r  landin g DC-10s ,  bu t  ha s th e opportunit y 
t o lear n th e rul e an d doe s s o fo r  mos t  simulate d subject s b y 
earl y i n th e thir d block ,  paramete r  learnin g wil l  produc e a 
separatio n i n probabilit y  o f  succes s betwee n th e n e w produc -
tio n an d th e existin g productio n (an d therefor e hit s an d fals e 
alarms )  i n th e thir d block . 

Model Fit to Data The key aspects of data to be cap-
ture d includ e th e overal l  landin g pattern ,  an d mor e impor -
tantl y th e patter n o f  landin g DC- 1 O s whe n bot h runway s ar e 
open .  Qualitatively ,  th e mode l  shoul d sho w a  reductio n i n 
hit s an d misse s fro m bloc k on e t o bloc k tw o an d a n increas e 
i n hit s i n bloc k thre e wit h smalle r  increas e i n fals e alarms . 
Thi s separatio n o f  hit s an d fals e alarm s ca n onl y b e modele d 
by sensitivit y t o groun d conditions—otherwis e hit s an d fals e 
alarm s wil l  g o together . 
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Our  mode l  provide s bot h a  goo d qualitativ e an d quantita -
tiv e fit  t o th e dat a a s i s show n i n tabl e 3  below : 

Table 3: Model hits and false alarms proportions, 
wit h deviation s fro m empirica l  data . 

Bloc k hit s fals e alarm s 

1 
2 
3 

.3 4 

.2 5 

.5 8 

-.0 3 

-.0 6 
.0 8 

.2 2 

.2 0 

.3 2 

.0 3 

.0 0 

.0 6 

Fro m th e tabl e i t  i s  apparen t  tha t  th e succes s an d erro r  in -
formatio n provide d t o th e syste m place d simila r  demand s o n 
th e A C T - R mode l  t o thos e tha t  subject s wer e respondin g to . 
The qualitativ e fit  emerge d fro m tw o things :  th e pressur e o f 
th e plane s i n th e mix ,  an d th e enablin g o f  a  productio n sen -
sitiv e t o di e rul e fo r  landin g DC-10s . 

What  th e tabl e doe s no t  sa y i s tha t  ther e wer e som e for -
mulation s o f  succes s an d erro r  feedbac k fo r  whic h ther e wa s 
no apparen t  easil y discoverabl e A C T - R mode l  tha t  fi t  th e 
data .  W e experimente d wit h severa l  representation s o f  th e 
proble m an d learne d severa l  thing s fro m thes e efforts . 

First ,  th e inclusio n o f  som e plausibl e strategie s di d no t 
chang e th e mode l  behavio r  becaus e th e mode l  abandone d 
thos e strategie s du e t o lo w probabilit y  o f  success .  Fo r  ex -
ample ,  pickin g a  plan e befor e lookin g a t  whic h runway s 
wer e ope n o r  pickin g a n ope n runwa y t o tr y t o us e wit h n o 
knowledg e o f  di e plane s presen t  i n th e first  hol d leve l  wer e 
bot h ineffectiv e strategies ,  an d wer e discarde d b y th e model . 
I f  onl y thes e strategie s wer e give n t o th e model ,  i t  resulte d 
i n ver y lo w us e o f  th e shor t  runway ,  wel l  belo w level s 
reache d b y huma n subjects ,  especiall y i n bloc k 3 . 

Second ,  w e foun d tha t  th e erro r  feedbac k mus t  reac h fa r 
enoug h bac k i n tim e t o pas s th e blam e t o th e production s 
causin g th e problem .  Landin g plane s i n pair s whe n bot h 
runway s wer e ope n provide d a  sufficientl y larg e windo w i n 
tim e t o provid e effectiv e erro r  feedback .  Landin g on e plan e a t 
a U m e gav e erro r  feedbac k onl y effectin g th e curren t  landin g 
tha t  wa s to o loca l  i n nature .  A s a n example ,  landin g a  D C -
10 o n a  lon g runwa y wil l  neve r  fail .  I f  th e productio n tha t 
perform s thi s actio n onl y receive s feedbac k fro m tha t  land -
ing ,  the n th e mode l  wil l  lear n t o alway s prefe r  landin g D C -
10s o n th e lon g runway .  O n th e othe r  hand ,  attemptin g t o 
fill  bot h runway s whe n the y ar e bot h ope n doe s allo w fo r 
prope r  feedback .  I f  landin g a  DC-1 0 o n th e lon g runwa y 
consistentl y block s a  747 s fro m landing ,  a s happen s durin g 
th e earl y par t  o f  bloc k 3 ,  th e mode l  learn s t o avoi d usin g th e 
lon g runwa y fo r  DC-10s . 

Finally ,  chang e i n th e probabilit y  o f  weathe r  encodin g i s 
necessar y t o allo w fo r  a n increas e i n th e proportio n o f  hit s 
ove r  fals e alarms .  Fo r  a  differenc e betwee n hit s an d fals e 
alarm s t o occu r  i n an y block ,  bot h huma n subject s an d th e 
model  mus t  encod e th e complet e weathe r  condition s an d us e 
thos e condition s t o lan d DC-10 s o n th e shor t  runwa y whe n 
legal .  A n y mode l  tha t  account s fo r  thi s dat a mus t  b e abl e t o 
lan d th e DC-10 s o n th e shor t  runwa y takin g th e rule s an d 
weathe r  int o consideration . 

Conclusion s 

Thi s modelin g effor t  ha s importan t  implication s fo r  thre e 

differen t  domains :  th e understandin g o f  huma n cognition , 

A C T - R,  an d th e K A - A T C task . 
We hav e demonstrate d tha t  implici t  learnin g o f  loca l  suc -

ces s an d failur e ca n hel p accoun t  fo r  th e patter n o f  behavio r 

tha t  huma n subject s exhibi t  eve n i n a  relativel y complicate d 
task .  Althoug h i t  seem s intuitiv e tha t  th e onl y wa y t o 
solv e a  tas k an d perfor m wel l  i s  t o deliberatel y pla n th e 

moves ,  thi s mode l  demonstrate s tha t  th e necessar y feedbac k 
actuall y i s presen t  a t  a  fairl y  loca l  level .  Thi s possibilit y 
may hav e bee n overlooke d i n othe r  studie s concludin g tha t 
performanc e resulte d fro m detailed ,  goa l  oriente d planning . 
I n thes e cases ,  subject s ma y hav e bee n awar e o f  thei r  op -
tion s withou t  understandin g tha t  thei r  basi s fo r  choosin g a n 
actio n wa s thei r  histor y o f  succes s an d failur e (e.g. ,  Lovet t 
and Anderson ,  1996) .  I t  i s  importan t  t o not e tha t  thi s adaj > 
tivit y ove r  blocks ,  i n whic h th e mode l  decrease d an d the n 
increase d us e o f  OpShort ,  di d no t  depen d upo n th e differen -
tia l  encodin g ove r  time . 

S o me structura l  chang e i s necessar y withi n th e representa -
tio n o f  th e proble m w e chos e fo r  thi s mode l  t o captur e th e 
separatio n o f  hit s an d fals e alarm s i n bloc k 3 .  A s a  first 
pass ,  w e simulate d thi s b y a  shif t  i n encodin g fro m partia l 
weathe r  informatio n (win d direction )  t o complet e weathe r 
informatio n (win d direction ,  win d speed ,  groun d conditions) . 
The inabilit y  o f  subject s t o tak e advantag e o f  thi s informa -
tio n earl y o n ma y b e th e resul t  o f  severa l  factors .  I t  i s  pos -
sibl e tha t  subject s simpl y canno t  encod e chunk s t o maintai n 
th e weathe r  informatio n earl y i n th e game .  A s the y gai n 
experienc e wit h th e chunks ,  i t  become s easie r  t o bot h en -
code ,  retai n an d us e th e information .  I t  i s  als o possibl e tha t 
earl y o n subject s ar e attendin g t o othe r  non-informativ e fea -
ture s o f  th e gam e an d d o no t  pa y attentio n t o th e complet e 
weathe r  information .  Alternatively ,  th e subject s ma y encod e 
th e complet e weathe r  informatio n bu t  ma y hav e difficult y 
rememberin g th e rul e i n orde r  t o appl y th e information . 
The y m a y nee d extensiv e practic e befor e the y ca n reliabl y 
recal l  th e prope r  rule .  I t  woul d no t  b e surprisin g i f  th e hu -
m an dat a i s bes t  explaine d b y som e combinatio n o f  thes e 
factor s rathe r  tha n an y one . 

We ar e currentl y explorin g extension s t o th e curren t  mode l 
tha t  wil l  le t  i t  graduall y accumulat e experienc e wit h th e rul e 
fo r  DC-10s .  W e ar e als o explorin g accumulatin g experienc e 
wit h th e interfac e a s th e drivin g forc e behin d improvin g th e 
abilit y  t o encod e th e informatio n presente d i n th e task .  Thi s 
interfac e learnin g shoul d provid e a n accoun t  fo r  th e gradua l 
shif t  i n strateg y fro m rarel y encodin g th e weathe r  informa -
tio n t o usuall y encodin g th e weather .  Thi s typ e o f  strateg y 
shif t  i s  anothe r  exampl e o f  strateg y adaptivit y vi a implici t 
learning—throug h experience ,  th e mode l  learn s th e succes s 
and effor t  level s o f  tryin g t o encod e whethe r  o r  no t  botherin g 
t o encod e weathe r  an d use s thi s informatio n t o selectio n 
among thos e strategies . 

Anothe r  interestin g lesso n learne d fro m th e mode l  i s tha t 
th e strategie s tha t  hav e a  highe r  percentag e o f  succes s requir e 
th e mode l  t o maintai n mor e informatio n i n workin g m e m-
ory .  Th e mode l  strateg y tha t  bes t  simulate d huma n per -
formanc e require d simultaneou s acces s t o th e curren t  weathe r 
conditions ,  runwa y status ,  an d plane s waitin g t o land . 
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Maintainin g al l  o f  thi s informatio n whil e choosin g a n op -
tio n i s demanding ,  an d ma y explai n wh y som e huma n sub -
ject s wer e no t  abl e t o adap t  t o th e changin g proportion s o f 
planes . 

Finally ,  thi s mode l  succeede d i n th e ACT- R framewor k 
not  becaus e parameter s wer e exhaustivel y experimente d 
with ,  bu t  becaus e a  representatio n o f  succes s an d failur e wa s 
foun d tha t  allowe d th e mode l  t o effectivel y assig n blame . 
Some representation s coul d no t  provid e th e necessar y feed -
back fo r  ACT- R t o lear n th e task .  Thi s demonstrate s tha t 
th e probabilit y  parameter s i n ACT- R production s ar e no t 
free  parameter s tha t  ca n b e use d t o fit  curves .  Instead ,  th e 
productio n paramete r  learnin g mechanis m put s realisti c con -
straint s o n thes e paramete r  values ,  an d therefor e o n th e ac -
tio n o f  th e ACT- R system . 
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Abstrac t 
Cognitiv e Scienc e i s founde d o n notion s o f  representation , 
and shift s i n model s o f  representatio n hav e constitute d th e 
majo r  interna l  revolution s i n th e field.  Symbo l  Syste m an d 
relate d conception s wer e lon g dominant ,  bu t  th e frontier s 
passe d first  t o connectionis m an d mor e recentl y t o 
autonomou s agen t  orientations .  I n spit e o f  it s foundationa l 
role ,  representatio n ha s neve r  receive d a  consensua l  o r 
adequat e characterizatio n withi n cognitiv e science .  Thi s i s 
not  surprising ,  give n tha t  millenni a o f  effor t  i n philosoph y 
hav e als o faile d t o achiev e consensu s o r  adequacy ,  bu t  th e 
situatio n nevertheles s constitute s somethin g o f  a  scanda l  o r 
impass e i n a  field  i n whic h representatio n i s s o central .  Mor e 
recently ,  worker s i n dynamicis t  an d utonomou s agen t 
approache s hav e argue d tha t  representatio n i s no t  eve n a 
usefu l  notion .  I  argu e tha t  thi s confusio n an d impass e 
oncemin g representatio n i s du e t o a  fundamenta l 
misconceptio n abou t  th e natur e o f  representation ,  an d offe r  a n 
alternativ e model . 

Cognitive Science is founded on notions of representation 
(Gardner ,  1987) ,  an d shift s i n model s o f  representatio n hav e 
constitute d th e majo r  interna l  revolution s i n th e field. 
Symbol  Syste m an d relate d conception s (Newell ,  1980 ) 
wer e lon g dominant ,  bu t  th e frontier s passe d firs t  t o 
connectionis m an d mor e recentl y t o autonomou s agen t 
orientation s (Bickhar d &  Terveen ,  1995 ;  Clark ,  1997 ;  Maes , 
1990) .  I n spit e o f  it s foundationa l  role ,  representatio n ha s 
neve r  receive d a  consensua l  o r  adequat e characterizatio n 
withi n cognitiv e science .  Thi s i s no t  surprising ,  give n tha t 
millenni a o f  effor t  i n philosoph y hav e als o faile d t o achiev e 
consensu s o r  adequacy ,  bu t  th e situatio n nevertheles s 
constitute s somethin g o f  a  scanda l  o r  impass e i n a  field  i n 
whic h representatio n i s s o central .  Standar d name s fo r  thi s 
impass e hav e eve n becom e c o m m o n ,  suc h a s "th e empt y 
symbo l  problem. " 

I n recen t  wor k i n robotic s an d autonomou s agents ,  th e 
ver y notio n an d usefulnes s o f  representatio n ha s c o m e unde r 
attack ,  wit h som e arguin g tha t  representatio n i s a n 
unnecessar y an d misleadin g conceptio n tha t  woul d b e bette r 
Jettisoned .  Gettin g th e dynamic s righ t  i s  th e fundamenta l 
criterion ,  s o th e argumen t  goes ,  an d representatio n i s jus t 
th e wron g notio n t o b e helpfu l  i n accomplishin g tha t  (Beer , 
1990 ,  1995 ;  Brooks ,  1990 ,  1991a ,  1991b ,  1991c ;  N e h m z o w 
& Smithers ,  1991 ,  1992 ;  Pfeife r  &  Verschure ,  1992a , 
1992b ;  Por t  &  va n Gelder ,  1995) .  Suc h a  position ,  o f 
course ,  i s  no t  itsel f  consensual ,  eve n a m o n g contemporar y 
dynamicist s an d roboticists ,  bu t  tha t  suc h a  rejectio n o f 
representatio n i s on e o f  th e majo r  position s i n th e curren t 
frontier s o f  cognitiv e scienc e i s a t  leas t  a  bi t  ironic ,  an d i t 

lead s t o th e obviou s question :  wher e shoul d model s o f 
representatio n g o next ? 

I  hav e a n answe r  t o tha t  question ,  an d a n argumen t  fo r 
tha t  answe r  tha t  I  wil l  adumbrat e i n thi s paper . 

A Diagnosis 

W h en proposin g a  resolutio n o f  a  problem ,  i t  ca n b e usefu l 
t o hav e a  diagnosi s o f  tha t  problem .  I  hav e argue d tha t  th e 
impass e wit h respec t  t o adequat e model s o f  representatio n i s 
du e t o a  venerabl e erro r  i n assumption s abou t  th e natur e o f 
representatio n (Bickhard ,  1980 ,  1993 ,  1996 ;  Bickhar d & 
Terveen ,  1995) .  Ther e is ,  i n fact ,  a n entir e famil y o f  relate d 
arguments ,  som e o f  ancien t  provenance ,  som e discovere d 
jus t  recently .  Fo r  curren t  purposes ,  I  wil l  focu s o n on e slic e 
throug h thes e arguments . 

Th e empt y symbo l  proble m refer s t o th e fac t  tha t  standar d 
symbol s ar e empt y o f  content—representationa l  content . 
Conten t  i s wha t  specifies ,  fo r  a  conten t  understander ,  wha t 
th e representatio n i s  suppose d t o represent—tha t  thi s 
symbo l  represent s dogs ,  say ,  an d no t  cats .  I n tha t  sense , 
standar d symbol s ar e symbol s onl y i n th e forma l  sens e tha t 
ther e i s a  wa y o f  causall y differentiatin g token s int o types . 
Thi s i s obviousl y no t  problemati c i n th e case ,  fo r  example , 
of  differentiatin g bi t  pattern s int o thei r  respectiv e patter n 
categories .  I n no t  havin g content ,  however ,  the y ar e i n fac t 
not  genuin e representation s a t  all ,  and ,  thus ,  no t  symbol s i n 
any ordinar y sens e o f  th e term .  Th e problem ,  then ,  i s on e o f 
accountin g fo r  representationa l  conten t  (Coffa ,  1991) . 

Furthermore ,  conten t  i s a  syste m relativ e notion ,  an d no t 
an y syste m relativ e conten t  wil l  due .  I n particular ,  huma n 
being s hav e n o in-principl e difficult y i n understandin g 
printe d word s an d sentence s a s havin g content ,  and ,  fo r  tha t 
matter ,  i t  i s  a  practica l  headache ,  bu t  no t  a n in-principl e 
problem ,  fo r  human s t o understan d conten t  fo r  bi t  patterns . 
Th e impass e i s  wit h regar d t o modeling ,  an d constructing , 
organism s an d machine s tha t  hav e conten t  fo r  themselves . 
Th e impass e i s i n providin g a  naturalisti c accoun t  o f 
content ,  on e tha t  doe s no t  simpl y pas s th e proble m of f  t o 
some othe r  conten t  understandin g syste m o r  conten t 
providin g source ,  suc h a s a  h u m a n use r  o r  designer . 

Representatio n i s normall y considere d t o b e constitute d a s 
some sor t  o f  correspondenc e betwee n th e representatio n an d 
whateve r  i t  i s  tha t  i s  t o b e represented .  Thes e 
correspondence s ar e variousl y considere d t o b e causa l  i n 
nature ,  o r  lawful ,  o r  informational ,  o r  isomorphic ,  bu t 
althoug h suc h a  correspondenc e approac h i s  almos t 
universal ,  i t  ha s encountere d dee p problem s (Bickhard , 
1993 ;  Bickhar d &  Terveen ,  1995 ;  Fodor ,  1987 ,  1990a , 
1990b ;  Loewe r  &  Rey ,  1991 ;  Shanon ,  1993) .  O n e clas s o f 
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problem s i s tha t  suc h correspondence s ar e ubiquitous ,  an d 
most  o f  the m ar e clearl y no t  representational .  Ever y lawfu l 
connectio n i n th e univers e create s a n instanc e o f  som e suc h 
correspondence .  Th e standar d assumptio n i s tha t  th e clas s 
of  correspondence s ha s t o b e narrowe d furthe r  s o m e h o w — 
tha t  correspondenc e i s necessary ,  bu t  no t  suflicicn t  t o 
representation—an d furthe r  criteri a ar e sough t  tha t  wil l 
refin e th e clas s o f  correspondence s int o thos e tha t  ar e i n fac t 
representational . 

Ther e i s suc h a  criterion ,  but ,  unfortunately ,  i t  doe s no t 
solv e th e problem .  Th e poin t  i s  tha t  ther e ar e som e 
representation s tha t  ar e constitute d a s correspondences ,  an d 
examinin g the m yield s a n eas y criterion ,  bu t  tha t  criterio n i s 
of  n o help .  A n exampl e i s Mors e code :  pattern s o f  dot s an d 
dashe s correspon d to—encode—variou s character s an d 
numerals ,  an d thereb y constitut e representation s o f  them . 
But  suc h encodin g system s depen d o n thei r  user s alread y 
knowing—representing—th e do t  an d das h patterns ,  alread y 
knowin g th e character s an d numerals ,  an d alread y knowin g 
th e correspondence s betwee n them .  Th e proble m o f 
representation ,  thus ,  i s  massivel y presuppose d b y suc h 
encodings .  I t  i s  no t  solved .  Naturall y occurrin g 
"encodings "  avoi d th e conventionalit y o f  Mors e code ,  bu t 
do no t  ad d an y additiona l  modelin g benefits :  a n instanc e o f 
smoke "represents "  a  fire ,  a  neuu-in o flux  "represents " 
fusio n processe s i n th e sun ,  onl y t o someon e w h o alread y 
has al l  o f  th e relevan t  representations . 

To b e sure ,  ne w knowledg e ca n b e gaine d vi a suc h 
genuin e encodings—tha t  i s wha t  telegraph s ar e for ,  an d tha t 
i s wh y peopl e construc t  neutrin o detectors .  Bu t  wha t  canno t 
be don e i s t o generat e ne w encoding s pe r  se ,  ne w 
representationa l  content .  Th e existenc e an d th e us e o f 
encoding s presuppose s al l  o f  th e basi c representationa l 
issues .  Becaus e standar d correspondenc e approache s t o 
representatio n assum e tha t  correspondence s wil l  creat e 
some kin d o f  a n encoding ,  sometime s explicitl y  usin g th e 
term ,  sometime s not ,  I  hav e calle d suc h approache s 
"encodingism" .  I t  i s  th e assumptio n o r  presuppositio n tha t 
al l  representatio n ha s th e characte r  o f  encodings .  I t  canno t 
be correc t  because ,  althoug h genuin e encoding s hav e 
representationa l  content ,  the y hav e conten t  onl y b y virtu e o f 
th e encoding-use r  alread y knowin g wha t  tha t  conten t  i s t o 
be.  Encoding s canno t  b e th e fundamenta l  for m o f 
representatio n (Bickhard ,  1980 ,  1993 ;  Bickhar d &  Terveen , 
1995) . 

I n orde r  fo r  correspondence s t o constitut e representations , 
the y hav e t o hav e content ,  an d correspondence s d o no t 
constitut e no r  provid e content .  Conten t  ha s t o c o m e fro m 
somewher e else .  Conventiona l  encodings ,  suc h a s Mors e 
code ,  obtai n conten t  vi a definition .  Do t  an d das h pattern s 
ar e define d a s encodin g character s an d numerals .  Bu t  suc h 
definition s succee d onl y becaus e th e character s an d 
numeral s use d t o defin e th e do t  an d das h pattern s ar e 
themselve s alread y representational .  The y alread y hav e 
conten t  fo r  th e huma n learnin g th e code ,  an d the y provid e 
tha t  conten t  t o th e define d pattern .  Again ,  conten t  i s no t 
accounte d for ,  bu t  merel y presumed . 

I f  conten t  ha s t o c o m e fro m somewhere ,  an d i f 
correspondence s pe r  s e canno t  provid e it ,  the n wher e coul d 
i t  com e from ? Fodor' s argumen t  fo r  radica l  innatis m 

(Fodor ,  1981 )  turn s o n thi s issu e (Bickhard ,  1991 )  an d 
conclude s tha t  al l  basi c content s mus t  b e innate—ther e i s n o 
accoun t  o f  h o w the y coul d b e learne d o r  developed .  Bu t 
Fodor' s argumen t  turn s o n a  logica l  point ,  tha t  conten t  mus t 
be provide d fro m som e source ,  an d tha t  constraint ,  i f  i t 
hold s a t  all ,  hold s jus t  a s strongl y fo r  evolutio n a s i t  doe s fo r 
learnin g an d development .  I f  conten t  ha s t o c o m e fro m 
somewhere ,  fro m wher e di d evolutio n ge t  it ? 

Th e assumptio n tha t  conten t  mus t  com e fro m somewher e 
canno t  b e correct .  Ther e wa s n o representationa l  conten t  a t 
th e m o m e n t  o f  th e Bi g Bang ,  an d ther e i s now .  Conten t  ha s 
t o hav e emerged .  W e hav e n o consensua l  accoun t  o f 
conten t  emergence ,  bu t  tha t  i s  wha t  i s required .  Th e abov e 
arguments ,  plu s th e m u c h large r  famil y o f  whic h the y ar e a 
part ,  urge s tha t  n o suc h accoun t  i s possibl e o n standar d 
approaches ,  and ,  therefore ,  tha t  som e alternativ e conceptio n 
of  representatio n i s neede d i n orde r  t o b e abl e t o mode l  th e 
emergenc e o f  representationa l  content .  I  wil l  n o w tur n t o 
suc h a n alternative . 

Interactive Representation 

Ther e i s n o actio n i n th e typica l  encodin g stor y o f 
representation .  I f  th e relevan t  syste m engage s i n 
interaction ,  tha t  i s .secondar y t o th e natur e an d existenc e o f 
th e representation s tha t  migh t  pla y a  rol e i n selectin g o r 
guidin g thos e interactions .  Abou t  a  hundre d year s ago , 
however ,  an d i n contras t  t o th e millenni a o f  correspondenc e 
approaches ,  Peirc e introduce d th e possibilit y  o f  a n actio n 
base d framewor k fo r  understandin g th e mind ,  includin g 
representatio n (Joas ,  1993 ;  Rosenthal ,  1983) .  I  wil l  no t 
argu e th e specific s o f  Peirce' s models ,  becaus e I  thin k h e 
got  i t  wron g m th e details ,  but ,  nevertheless ,  I  a m proposin g 
an actio n based ,  a  pragmatic ,  mode l  o f  representation . 

Conside r  a n interactiv e agen t  face d wit h th e proble m o f 
choosin g a  nex t  action .  I n simpl e cases ,  tha t  "choice "  m a y 
be a  simpl e trigge r  base d o n curren t  syste m stat e an d curren t 
input ,  but ,  i n mor e comple x cases ,  mer e triggerin g wil l  no t 
do (Bickhar d &  Terveen ,  1995) .  Th e basi c poin t  i s  tha t 
triggerin g require s mor e reliabilit y  abou t  th e 
appropriatenes s o f  wha t  i s triggere d tha n ca n b e assure d i n 
al l  cases .  W h e n triggerin g i s no t  sufficient ,  a  riche r 
resourc e fo r  actio n selectio n i s th e indicatio n withi n th e 
syste m o f  th e anticipate d interna l  outcome s o f  variou s 
actions ,  shoul d thos e action s i n fac t  b e execute d (unde r 
thes e conditions )  Wit h suc h indication s o f  futur e 
potentialities ,  th e syste m ca n bot h selec t  action s wit h 
anticipate d desirabl e outcomes ,  an d ca n chec k internall y t o 
fin d ou t  i f  thos e anticipate d outcome s di d i n fac t  occu r  onc e 
th e interactio n i s over . 

I f  the y di d no t  occur ,  the n severa l  kind s o f  option s ca n b e 
present :  d o th e interactio n again ,  d o som e differen t 
interaction ,  engag e i n proble m solving ,  initiat e learnin g 
processes .  Th e critica l  poin t  her e i s tha t  th e failur e o f  th e 
indicate d outcom e t o obtai n serve s a s erro r  information ,  an d 
erro r  informatio n ca n guid e an d initiat e man y othe r  kind s o f 
processes .  Mer e triggerin g doe s no t  generat e (i n itself )  erro r 
feedbac k (se e Bickhar d &  Terveen ,  1995 ,  fo r  a  discussio n o f 
built-i n erro r  feedbac k suc h a s pain) . 

I  clai m tha t  thi s m u c h alread y provide s a  mode l  o f  th e 
emergenc e o f  primitiv e representation .  Furthe r  analysi s i s 
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require d t o sho w i n wha t  sens e tha t  i s  true ,  an d i t  i s  certainl y 

a primitiv e form ,  s o turthe r  modelin g i s require d t o accoun t 
fo r  les s primitiv e representation .  Nevertheless ,  suc h 
indication s o f  furthe r  interactiv e potentialitie s an d thei r 
anticipate d outcome s constitute s emergen t  representation , 
wit h emergen t  content ,  tha t  i s  natura l  i n th e sens e tha t  i t 
doe s no t  depen d o n an y outsid e use r  o r  designe r  o r 
interpreter . 

Th e firs t  poin t  i s  tha t  th e indicatio n o f  th e potentialit y  fo r 
a particula r  interactio n an d outcom e ca n b e false .  Th e 
outcom e m a y no t  occur .  S o w e hav e th e emergenc e o f 
somethin g wit h trut h value . 

Furthermore ,  tha t  trut h valu e i s (fallibilistically ) 
detectabl e b y th e syste m itsel f  b y checkin g o n whethe r  o r 
not  th e indicate d outcome(s )  di d o r  di d no t  occu r  (sinc e the y 
ar e interna l  outcomes ,  thi s checkin g ca n b e a  strictl y 
functiona l  matter) .  Tha t  is ,  th e emergen t  trut h valu e i s o f 
an d b y an d fo r  th e syste m (ther e ar e additiona l  issue s her e 
regardin g th e natur e o f  functio n tha t  I  wil l  no t  addres s i n 
thi s paper—se e Bickhard ,  1993 ;  Christensen ,  1996 ; 
Godfrey-Smith ,  1994 ;  Millikan ,  1984 ,  1993) .  I t  i s  no t  a n 
observe r  define d trut h value . 

Stil l  further ,  suc h a n indicatio n o f  interactiv e potentialit y 
i s  a  predicatio n abou t  th e curren t  environment .  I t  predicate s 
tha t  thi s environmen t  i s o f  a n appropriat e sor t  tha t  i t  wil l 
yiel d th e indicate d outcoine(s )  i f  th e indicate d interactio n i s 
engage d in .  And ,  t o reiterate ,  i t  i s  a  predicatio n tha t  ca n b e 
false . 

Furthe r  onc e again ,  suc h a  predicatio n ha s content , 
emergent—an d implicit—content .  Th e predicatio n 
predicate s o f  th e environmen t  tha t  thi s environmen t  ha s 
thos e properties ,  whateve r  the y are ,  tha t  wil l  suppor t  th e 
obtainin g o f  th e indicate d outcomes .  I t  i s  th e predicatio n o f 
thi s conten t  tha t  ca n b e false ,  an d ca n b e falsified . 

Her e w e encounte r  somethin g novel .  Conten t  i s 
standardl y assume d t o b e explicit ,  no t  implicit .  " D o g " 
represent s dog s becaus e th e conten t  o f  tha t  symbo l  a s a n 
encodin g i s k n o w n t o specif y dogs .  A n interactiv e 
indication ,  i n contrast ,  predicate s a n implici t  content ,  no t  a n 
explici t  content .  I t  predicate s tha t  thi s i s a  "yield s outcom e 
X w h e n interactio n Y  i s engage d in "  typ e o f  environment . 
Th e conten t  i s i n term s o f  yieldin g particula r  interna l 
outcomes ,  an d th e externa l  propertie s tha t  woul d m a k e tha t 
tru e are ,  again ,  implici t  no t  explicit . 

Nevertheless ,  I  clai m tha t  thi s rathe r  primitive ,  interactive , 
implici t  content ,  for m o f  representatio n i s foundationa l  t o al l 
others .  Certainl y i t  i s  emergent ,  i t  yield s trut h value ,  an d i t 
doe s hav e content—al l  apori a o n standar d encodin g 
accounts .  Th e promissor y note s tha t  mus t  b e addresse d 
(thoug h mos t  canno t  b e here )  include :  W h a t  abou t  explici t 
content ? W h a t  abou t  mor e familia r  representations ,  suc h a s 
of  objects ? W h a t  abou t  representation s o f  abstractions ,  suc h 
as o f  numbers ? W h a t  abou t  othe r  representationa l 
phenomena ,  suc h a s memory ,  categorization ,  rationality , 
episodi c m e m o r y ,  an d s o on ? W h a t  abou t  language ? Mos t 
of  thes e question s mus t  b e referre d elsewher e (Bickhard , 
1980 ,  1992 ,  1993 ,  forthcoming ,  i n press-a ,  i n press-b ; 
Bickhar d &  Campbell ,  1996 ;  Bickhar d &  Richie ,  1983 ; 
Bickhar d &  Terveen ,  1995 ;  Campbel l  &  Bickhard ,  1986) . 

Explici t  content ,  however ,  i s  on e tha t  ca n b e addresse d 
fairl y quickly .  Conside r  th e possibilit y  tha i  th e syste m ha s 
engage d i n a n interactio n an d ha s obtaine d th e indicate d 
interna l  outcome .  Th e predicatio n i s true—thi s i s i n fac t  a n 
environmen t  of ,  say ,  typ e A .  W h a t  els e migh t  th e syste m 
k n o w abou t  typ e A  environments ? Presumabl y on e thin g 
tha t  i t  migh t  kno w i s tha t  typ e A  environment s ar e also ,  say , 
typ e B  environments .  Tha t  is ,  detectin g a  typ e A 

environmen t  indicate s tha t  th e syste m i s als o i n a  typ e B 
environment ,  s o that ,  i f  i t  wer e t o engag e i n th e interaction s 
appropriat e t o typ e B ,  i t  woul d obtai n th e interna l  outcome s 
appropriat e t o typ e B .  Ther e ca n b e predictive — 
indicative—relationship s a m o n g th e primitiv e indicativ e 
predications . 

But  not e tha t  th e genera l  indicativ e relationshi p tha t  "typ e 
A environment s ar e typ e B  environments "  i s remove d fro m 
specifi c  environmenta l  encounters .  Suc h a n indicatio n 
coul d b e presen t  i n an d fo r  a  syste m eve n i f  tha t  syste m i s 
not  an d ha s no t  fo r  a  lon g tim e encountere d a  typ e A 
environment .  Suc h indicativ e relationships ,  then ,  ar e a 
mor e genera l  for m o f  knowledge—knowledg e abou t 
environmenta l  possibilities ,  no t  jus t  abou t  (th e possibilitie s 
of )  thi s curren t  environment . 

Of  particula r  relevanc e her e i s tha t  th e conten t  o f  suc h 
indicativ e relationship s i s (more )  explicit .  Th e content s o f 
what  constitute s a  typ e A  environmen t  an d wha t  constitute s 
a typ e B  environmen t  ar e implicit ,  bu t  th e indicatio n tha t 
typ e A  environment s (whateve r  the y are )  ar e typ e B 
environment s i s explicit .  Explicit ,  bu t  stil l  potentiall y  fals e 
and falsifiable ,  s o w e stil l  hav e emergen t  trut h value ,  an d w e 
n o w hav e explicitness . 

Suc h indicativ e relationship s ca n iterate :  typ e A  indicate s 
typ e B ,  which ,  i n turn ,  indicate s typ e C ,  an d s o on .  A n d 
the y ca n branch :  typ e A  migh t  indicat e al l  o f  B  an d C  an d D 
as possibilities .  A s such ,  the y ca n lin k int o potentiall y  vas t 
webs o f  representation s abou t  wha t  sort s o f  dependencie s 
obtai n i n possibl e environments ,  an d i t  i s  i n th e possibilitie s 
of  suc h web s tha t  th e answer s li e t o suc h question s a s "wha t 
abou t  representation s o f  objects?" . 

A simpl e manipulabl e object ,  suc h a s a  to y block ,  wil l 
offe r  man y interactiv e potentialities ,  suc h a s visua l  scan s 
fro m multipl e perspectives ,  manipulation s o f  variou s kinds , 
dropping ,  throwing ,  chewing ,  an d s o on .  Furthermore ,  an y 
on e o f  thes e interaction s suffice s t o indicat e th e 
potentialitie s o f  al l  th e others ,  perhap s wit h intermediat e 
interactions ,  suc h a s rotatin g a  to y bloc k t o obtai n a 
particula r  visua l  scan .  Stil l  further ,  th e entir e patter n o f 
interactiv e potentialitie s wil l  remai n invarian t  unde r  a  larg e 
clas s o f  possibl e interactions ,  suc h a s transporting ,  puttin g 
i n th e to y box ,  walkin g away ,  an d s o on—agai n perhap s 
wit h intermediat e interaction s suc h a s returnin g t o th e to y 
b o x — b ut  i t  wil l  no t  remai n invarian t  unde r  others ,  suc h a s 
burnin g o r  crushing .  Suc h internall y mutuall y reachable , 
and invariant-under-classes-of-basic-physical-actions ,  web s 
of  interactiv e indicativ e relationship s is ,  I  claim ,  th e basi c 
for m o f  simpl e objec t  representations .  I t  i s  a  Piagetia n 
model  o f  objec t  representatio n (Piaget ,  1954) ,  an d I  woul d 
sugges t  similarl y Piagetia n representationa l  model s fo r 
m a ny othe r  kind s o f  representation ,  suc h a s o f  number s 
(Piaget' s mode l  i s als o a  pragmatist ,  actio n based ,  m o d e l — 
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thu s th e abilit y  t o borro w suc h Piagetia n submodels—bu t 
th e interactiv e mode l  als o diverge s fro m Piage t  i n man y 
crucia l  ways ;  se e Bickhard ,  1988 ;  Bickhar d &  Campbell , 
1989 ;  Campbel l  &  Bickhard ,  1986) . 

The interactiv e mode l  o f  representation ,  then ,  arguabl y 
account s fo r  emergen t  conten t  an d trut h value ,  an d provide s 
resource s fo r  modelin g othe r  representationa l  phenomen a 
suc h a s object s an d numbers .  I t  i s  a  plausibl e candidat e fo r 
a foundationa l  for m o f  representation . 

Consequences 

The interactiv e mode l  o f  representatio n doe s no t  loo k m u c h 
lik e standar d correspondenc e models .  Representation s ar e 
commonl y suppose d t o b e produce d b y th e processin g o f 
(transduced )  inputs ,  whil e interactiv e representatio n i s 
emergen t  i n certai n kind s o f  interactiv e syste m organization . 
That  contras t  doe s rais e th e question ,  however ,  o f  wha t  role , 
i f  any ,  inpu t  processin g migh t  pla y i n th e interactiv e 
approach . 

Recal l  tha t  actuall y interactin g wit h a n environmen t  an d 
arrivin g a t  som e interna l  outcom e serve s t o differentiat e o r 
classif y tha t  environmen t  a s bein g of ,  say ,  typ e A .  O n th e 
basi s o f  suc h a  differentiation ,  furthe r  indications ,  suc h a s o f 
th e possibilitie s o f  interaction s o f  typ e Q ,  R ,  an d .S ,  migh t  b e 
evoked ,  an d th e ful l  interactiv e mode l  com e int o play .  M y 
focu s here ,  however ,  i s  th e initia l  differentiation . 

A simpl e for m o f  interaction ,  and ,  therefore ,  a  simpl e 
for m o f  differentiation ,  i s  a  for m i n whic h ther e i s n o 
output—ther e i s onl y inpu t  an d th e processin g o f  inputs . 
That  is ,  i t  migh t  suffic e t o arriv e a t  a  differentiatio n tha t  th e 
curren t  environmen t  i s o f  typ e A  t o onl y proces s inputs , 
wit h n o ful l  />j/eraction .  Bu t  i t  i s  precisely ,  i n standar d 
models ,  th e result s o f  suc h inpu t  processin g tha t  ar e 
assumed t o constitut e encode d representation s b y virtu e o f 
th e correspondence s tha t  ar e establishe d (factually )  i n an y 
suc h differentiatio n (ther e wil l  alway s b e a  factua l 
correspondenc e wit h whateve r  ha s bee n factuall y 
differentiated) .  Th e differenc e i n th e tw o sort s o f  models ,  a t 
leas t  t o thi s point ,  i s  tha t  encodin g model s assum e tha t 
someho w conten t  ha s magicall y com e int o bein g i n suc h 
correspondence ,  whil e th e interactiv e mode l  claim s that , 
howeve r  necessar y an d usefu l  differentiation s are ,  mor e i s 
require d i n orde r  t o ge t  content .  I n particular ,  indication s o f 
furthe r  potentialities ,  perhap s base d o n suc h differentiations , 
ar e require d i n orde r  t o constitut e content . 

So,  th e fact s o f  sensor y inpu t  processin g pos e n o 
problem s fo r  th e interactiv e model .  Thos e ar e th e basi c 
for m o f  simpl e differentiation s o f  environmenta l  types .  Bu t 
suc h processin g i s understoo d quit e differently—a s par t  o f 
an entir e interactiv e process ,  wit h representatio n emergen t 
i n th e futur e lookin g anticipations ,  no t  i n th e backwar d 
lookin g correspondences . 

On th e interactiv e view ,  then ,  standar d approache s hav e i t 
hal f  right .  The y focu s o n differentiation s an d presum e tha t 
tha t  i s  everything .  The y mis s th e ful l  interactiv e 
perspective ,  wit h it s futur e oriente d anticipations .  Suc h a 
poin t  hold s fo r  al l  correspondenc e model s o f  representation , 
includin g symbo l  syste m models ,  connectionis t  models ,  an d 
many other s (Bickhar d &  Terveen ,  1995) . 

On th e interactiv e view ,  genuin e representatio n ca n b e 
emergen t  onl y i n interactiv e systems ,  no t  i n passiv e inpu t 
processin g onl y systems .  Standar d compute r  model s an d 
standar d connectionis t  models ,  then ,  canno t  hav e genuin e 
representations .  O n th e othe r  hand ,  interactiv e 

representatio n m a y wel l  b e emergen t  i n interactiv e system s 
eve n i f  i t  i s  no t  recognize d a s suc h b y th e designer s o f  th e 
systems .  Interactiv e anticipator y representation s ar e a 
natura l  solutio n t o a  natura l  proble m o f  actio n selectio n tha t 
canno t  b e avoide d i n comple x interactiv e systems . 

Th e controvers y abou t  whethe r  o r  no t  representatio n i s a 
usefu l  notio n fo r  understandin g an d modelin g autonomou s 
agents ,  then ,  look s quit e differen t  fro m th e perspectiv e o f 
interactivism .  First ,  interactivis m agree s tha t  standar d 
encodingis t  conception s o f  representatio n ar e inappropriate , 
unnecessary ,  an d ca n b e badl y misleadin g i f  take n seriously , 
i n th e desig n an d modelin g o f  interactiv e agents .  O n th e 
othe r  hand ,  a  genuin e for m o f  representation—interactiv e 
representation—i s unavoidabl e i n mos t  interactiv e systems , 
and the y ca n b e bette r  understoo d an d bette r  designe d whe n 
tha t  i s recognized ,  an d it s potentia l  powe r  exploite d 
(Bickhard ,  1997a ,  1997b ;  Cheria n &  Troxell ,  1995a ,  1995b ; 
Christensen ,  Collier ,  Hooker ,  i n preparation ;  Hooker ,  1996) . 
So,  representatio n i s a n essentia l  notio n i n robotic s an d 
autonomou s agents ,  jus t  no t  standar d encodingis t  notion s o f 
representation . 

Mo r e deeply ,  representatio n canno t  b e accounte d fo r  i n 
inpu t  processin g terms ,  bu t  i t  emerge s naturally ,  an d i n 
initiall y  quit e simpl e forms ,  i n th e interactiv e view .  Simpl e 
interactiv e representation s emerg e i n quit e primitiv e 
organisms ,  an d becam e progressivel y mor e comple x an d 
differentiate d int o multipl e kind s throughou t  evolutionar y 
history ,  bu t  th e basi c interactiv e characte r  remain s throug h 
al l  level s o f  evolution ,  an d int o th e desig n o f  artificia l 
agent s a s well . 
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Abstrac t 

The question of how and whether language influences 
though t  i s a n importan t  on e i n man y o f  th e cognitiv e sciences . 
Our  wor k integrate s linguisti c analysi s o n lexica l  semantic s 

wit h psychologica l  wor k o n memory .  I t  i s  motivate d b y 
neoWhorfia n questio n whethe r  difference s i n languag e us e 
wil l  produc e correspondin g difference s i n nonlingusiti c 
cognition .  Th e researc h reporte d her e ask s ho w memor y fo r 
familiar ,  unambiguous ,  "verb-sized "  event s presente d o n 
vide o migh t  b e influence d b y a n accompanyin g verb .  Ou r 
ver b choice s o f  Pat h versu s Manne r  Verb s wer e guide d b y 
cross-linguisti c variatio n i n whic h aspect s o f  a n even t  ar e 
highlighte d b y th e verb .  W e find  a  predicte d interaction :  th e 
ver b altere d recognitio n memor y o f  familiar ,  unambiguou s 
event s 

Effects of Language on Event Memory 

The informatio n i n languag e an d i n perception ,  whil e 
organize d s o differently ,  i s  nevertheles s tightl y coupled  t o 
allo w meaningfu l  interplay :  w e ca n tal k abou t  wha t  w e se e 
and visualiz e wha t  w e hea r  described .  Thi s constrain s 
representatio n (Jackendoff ,  1987 )  an d processing .  H o w i s 
thi s informatio n linked ? Doe s languag e influenc e th e 
informatio n provide d b y perception ,  o r  i s th e encodin g an d 
use o f  perceptua l  informatio n relativel y immun e fro m th e 
influenc e o f  language ? Th e researc h reporte d her e ask s h o w 
memory fo r  familiar ,  unambiguous ,  "verb-sized "  event s 
presente d o n vide o migh t  b e influence d b y a n accompanyin g 
verb .  Ou r  ver b choice s ar e guide d b y cross-linguisti c 
variatio n i n whic h even t  aspect s ar e highlighte d i n th e verb . 

Thi s hypothesi s tha t  languag e migh t  influenc e perceptua l 
memory i s a  versio n o f  th e neoWhorfia n hypothesis :  doe s 
languag e influenc e thought ? Thi s questio n ca n b e aske d a t 
tw o ver y different ,  ye t  relate d levels :  th e leve l  o f  languag e 
syste m an d th e leve l  o f  languag e use . 

At  th e leve l  o f  th e languag e system ,  linguists , 
anthropologists ,  an d developmentaiist s hav e aske d whethe r  a 
person' s (native )  languag e influence s h o w tha t  perso n doe s 
some cognitiv e task .  Thi s researc h traditio n emphasize s 
carefu l  analysi s o f  th e languag e syste m bu t  doe s no t  giv e 
much attentio n t o identifyin g wha t  o r  h o w cognitiv e 
processe s produc e an y effect .  Whil e researc h i n th e '70' s 
produce d littl e evidenc e o f  Whorfia n effects ,  recen t  researc h 
has ,  includin g effect s o n clearl y nonlinguisti c tasks :  o n 
visua l  memor y (Levinson ,  1996) ,  o n informatio n selecte d t o 
includ e i n narrativ e (Herma n &  Slobin ,  1994) ,  o n socia l 

inferenc e (Hoffman ,  Lau ,  &  Johnson ,  1986) ,  an d o n 
cognitiv e an d semanti c developmen t  (Shatz,Martinez , 
Dicsendruc k &  Akar .  1995 ;  Gopnik&Choi ,  1990) . 

At  th e leve l  o f  languag e use ,  cognitiv e psychologist s as k 
what  th e effec t  o n cognitio n migh t  b e o f  choosin g on e versu s 
anothe r  languag e for m fro m withi n th e sam e languag e 
system .  Thi s researc h traditio n emphasize s carefu l  analysi s 
of  cognitiv e processing ,  particularl y memor y (schem a 
effect s an d eyewitnes s studies) ,  bu t  doe s no t  giv e muc h 
attentio n t o th e structur e o f  language .  Word s ar e typicall y 
treate d simpl y a s pointer s t o a  schem a o r  concep t  withou t 
referenc e t o thei r  rol e i n th e broade r  languag e system . 
Thes e studie s hav e provide d evidenc e tha t  languag e 
accompanyin g a  visua l  stimulu s doe s affec t  th e rememberin g 
of  it .  Effect s o f  labe l  o r  descriptio n ar e ofte n foun d whe n 
stimul i  ar e ambiguou s (Carmichael ,  Hogan ,  &  Walter ,  1932 ; 
Bower ,  Karlin ,  &  Dweck ,  1975 )  o r  har d t o describ e 
(Schoole r  &Engstler-Schooler,1990 )  an d whe n task s invit e 
reconstructiv e inferenc e (e.g .  Loftu s &  Palmer ,  1974 )  an d 
recall .  Occasionall y effect s o f  languag e (fo r  memor y o f 
drawings .  Centne r  &  Loftus ,  1979 )  ar e foun d wit h 
recognitio n test s an d familiar ,  unambiguou s stimuli . 
However ,  visua l  memor y i s  quit e good ,  an d effect s o f 
descriptio n o n recognitio n test s fo r  meaningfu l  materia l  ar e 
relativel y har d t o find  (e.g .  McCloskey & Zaragoza ,  1985 ; 
Bekeria n &  Bowers ,  1983) .  Wit h recognitio n tasks ,  effect s 
of  languag e o n visua l  memor y ar e obtaine d b y "slippin g by " 
th e verba l  informatio n i n th e for m o f  presupposition s i n 
misleadin g post-even t  description s an d disappear s i f  th e 
informatio n i s  presente d directl y o r  clos e t o th e tim e o f 
encodin g (Hall ,  Loftus ,  &  Tousignant ,  1984) . 

Our  wor k contribute s t o understandin g th e influenc e o f 
languag e form s o n visua l  memor y i n tw o ways .  First ,  w e 
investigat e memor y fo r  vide o tape s o f  simple ,  familiar , 
everyda y events .  Rathe r  tha n lookin g a t  ho w languag e 
migh t  fill  i n missin g informatio n whe n th e perceptio n i s 
ambiguou s o r  alread y attenuate d ove r  th e passag e o f  time , 
we loo k a t  ho w alternative ,  appropriat e description s fo r  th e 
same,  familia r  even t  affec t  it s  memory .  Perceptua l  memor y 
fo r  dynamic ,  even t  informatio n migh t  b e particularl y 
influence d b y language .  Unlik e stati c pictures ,  event s ar e 
fleeting  an d d o no t  normall y bea r  reexamination . 

Second ,  ou r  variation s i n th e languag e describin g th e 
event s com e fro m linguisti c analysi s o f  verbs .  W e see k t o 
preserv e th e cognitiv e psychologist' s  precis e investigatio n 
of  proces s bu t  als o preserv e th e insight s fro m lingusiti c 
analysi s an d consideratio n o f  a  ver b i n th e contex t  o f  a 
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whol e system .  Ou r  experiment s var y languag e form s withi n 
English ,  bu t  ou r  within-Englis h choice s ar e motivate d b y 
contrast s whic h ar e importan t  cross-linguistically .  W e wis h 
t o la y a  foundatio n fo r  linkin g within-languag c effect s t o 
between-languag e differences .  Cross-linguisti c difference s 
may b e th e cumulativ e resul t  o f  repeate d us e o f  th e form s 

availabl e i n an d preferre d b y on e languag e rathe r  tha n 
another .  Indeed ,  Ka y (1996 )  suggest s tha t  an y between -
speake r  difference s resultin g fro m us e o f  differen t  language s 
migh t  b e cu t  fro m th e sam e clot h a s within-speake r 
difference s i n us e o f  on e o r  anothe r  for m withi n a  singl e 
language .  Whil e Kay' s emphasi s wa s t o down-pla y cross -
linguisti c differences ,  thi s compariso n equall y suggest s th e 
importanc e o f  investigatin g withi n languag e effect s t o 
understan d cross-linguisti c differences . 

Our  stud y varie d th e typ e o f  ver b use d t o describ e a 
simpl e motio n event .  Language s diffe r  i n wha t  aspect s o f 
th e even t  ar e encode d i n th e verb ,  an d wha t  aspect s i n 
optiona l  "satellite "  construction s suc h a s prepositiona l  an d 
adverbia l  phrase s (Talmy ,  1985) .  T w o o f  thes e aspect s ar e 
Pat h an d Manner .  Pat h verb s specif y th e pat h ove r  whic h a 
movin g objec t  travels ,  whil e manne r  verb s specif y th e 
manner  i n whic h th e movemen t  take s place .  Englis h i s a 
path-satellit e languag e wit h manne r  encode d i n th e verb ,  an d 
informatio n abou t  pat h i n prepositiona l  phrases ,  e.g .  "th e 
bottl e F L O A T E D int o th e cave" .  Englis h ha s a  highl y 
elaborate d ver b lexico n fo r  manner ,  e.g .  wit h ove r  4 0 verb s 
fo r  differen t  way s o f  walking ,  fro m ambl e t o waddl e 
(counte d fro m Levin ,  1993) .  Englis h doe s hav e som e verb s 
tha t  specif y th e pat h o f  th e movin g objec t  rathe r  tha n manne r 
of  movement :  "leave" ,  "enter" ,  "ascend" ,  an d s o forth ,  bu t 
thes e ar e few ,  lo w frequency ,  an d borrowe d fro m Romanc e 
languages .  I n contras t  t o English ,  Romanc e language s suc h 
as Spanis h an d Frenc h typicall y encod e pat h informatio n i n 
th e verb ,  an d manne r  informatio n i n a n optiona l  adverbia l 
phrase . 

We designe d vide o event s whic h coul d clearl y b e 
describe d b y a  manne r  o r  pat h verb .  Fo r  example ,  a  vide o 
cli p showe d a  w o m a n climbin g a  se t  o f  stair s o n tipto e an d 
thi s wa s describe d eithe r  a s "Tiptoeing "  o r  "Ascending. "  W e 
aske d whethe r  recognitio n memor y woul d b e affecte d b y 
choic e o f  Pat h versu s Manne r  ver b describin g th e scen e a t 
encoding . 

We predic t  a  disordina l  interactio n s o tha t  foil s  whic h 
chang e Manne r  o n a  recognitio n tes t  wil l  b e easie r  t o detec t 
fo r  subject s w h o hea r  Manne r  rathe r  tha n Pat h verb s a t 
encoding .  Likewise ,  change s i n Pat h o n a  recognitio n tes t 
wil l  b e easie r  t o detec t  fo r  subject s w h o hav e hear d Pat h 
rathe r  tha n Manne r  verb s a t  th e tim e o f  encoding . 

Method Design 

Encodin g Conditio n (Manne r  Verb /  Pat h Verb / 
NoLanguage) ,  a  between-subjec t  variabl e wa s crosse d wit h 
Recognitio n Ite m Typ e (Pat h Foil /  Manne r  Foil /  Old] ,  a 
within-subjec t  factor . 

Subject s 

Thirt y self-reported ,  monolingua l  nativ e English-speakin g 
Stanfor d student s receive d cours e credi t  fo r  participation . 

Stimuli 

At  bot h encodin g an d tes t  subject s sa w vide o clip s o f 
c o m m o n,  everyda y event s whic h laste d 3-2 0 second s wit h 5 
second s o f  blac k i n betwee n scenes .  Fo r  subject s i n th e Pat h 
and Manne r  encodin g conditions ,  th e videotape d event s 
wer e accompanie d b y a  ver b a t  encoding .  N o languag e 
accompanie d an y scen e durin g recognition . 

Encoding Stimuli 

Ther e wer e 2 4 encodin g events ,  8  target s an d 1 6 fillers . 
Targe t  scenario s wer e designe d i n set s o f  thre e events :  on e 
origina l  even t  an d tw o foils .  Th e targe t  even t  wa s designe d 
t o b e goo d exampl e o f  bot h a  pat h an d a  manne r  verb ,  fo r 
example ,  a  chil d skippin g throug h a  livin g roo m t o exi t 
throug h th e fion t  door ,  o r  a  w o m a n crossin g a  road , 
jogging .  Th e 8  targe t  event s wer e skip/exit ,  jog/cross , 
pedal/pass ,  tiptoe /  ascend ,  stroll/leave ,  float/rise ,  hop/enter , 
and fly/descend .  Filler s wer e othe r  comnio n event s 
includin g bot h motio n event s an d explicitl y  socia l  events . 

Recognition Stimuli 

For  eac h targe t  scen e (e.g .  th e scen e tha t  wa s labele d eithe r 
as "Exiting "  o r  a s "Skipping") ,  subject s sa w th e origina l  cli p 
(a s see n a t  th e encodin g session )  an d tw o foil s whic h wer e 
variation s o f  th e original .  Th e Pat h Foi l  change d th e Pat h o f 
th e actio n i n th e even t  s o tha t  th e foi l  even t  di d N O T 
exemplif y th e origina l  P A T H verb .  Al l  othe r  aspects , 
includin g manne r  o f  motio n wer e kep t  a s identica l  t o th e 
origina l  even t  a s possible .  Likewise ,  th e Manne r  Foi l 
change d th e manne r  i n th e even t  s o tha t  th e foi l  even t  di d 
N OT exemplif y th e origina l  M A N N ER verb .  Se e Tabl e 1 . 
Fille r  ol d item s an d clos e foil s wer e include d . 

Table 1. Design of Target and Foils for Recognition Test 

Targe t Exi t 

Pat h foi l 
Mannerfoi l 

Approac h (no t  exit ) 
Exi t 

Ski p 
Ski p 
Gallo p (no t  skip ) 

Ideally ,  bot h pat h an d manne r  foil s  woul d b e o f  equa l 
difficult y i n th e control ,  N o Languag e condition .  Thi s i s no t 
critica l  becaus e eac h ite m i s judge d b y subject s i n bot h 
conditions ,  bu t  i t  woul d reduc e question s o f  scalin g i n 
interpretin g a n interaction .  W e wer e concerne d tha t  w e 
woul d b e force d t o us e "larger "  o r  "mor e salient "  change s 
fo r  pat h rathe r  tha n manner .  Relativel y subtl e change s i n 
manner  ma y b e sufficien t  t o produc e a  chang e i n manner- -
fro m jo g t o dash ,  o r  fro m ski p t o gallop .  O n th e othe r  hand , 
i t  seem s lik e a  large r  differenc e t o chang e fro m enterin g t o 
approaching ,  o r  fro m exitin g t o headin g t o th e door .  Englis h 
has man y manne r  verb s an d s o thei r  meaning s m a y b e "clos e 
together "  compare d t o difference s i n even t  meanin g neede d 
t o mak e a  nove l  even t  n o longe r  a n exampl e o f  th e initia l 
pat h verb . 
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P r o c e d u r e 

E n c o d i n g Sessio n 

Participant s wer e instructe d tha t  the y woul d b e doin g a 
coupl e o f  task s o n everyda y activitie s o n tha t  da y an d th e 
nex t  day .  Firs t  the v woul d watc h shor t  vide o clip s o f 
everyda y events .  Subject s wer e tol d the y woul d previe w th e 
vide o cli p event s n o w an d "rat e the m later" .  Also ,  the y wer e 
tol d tha t  the y woul d hea r  verb s accompanyin g eac h scen e 
but  tha t  thei r  tas k wa s t o watc h th e clips . 

Afte r  watchin g th e 7  minut e tap e o f  2 4 vide o clips ,  the y 
performe d a  fille r  tas k t o preven t  th e subject s fro m 
rehearsin g th e vide o clip s an d fro m knowin g wh y the y 
woul d return .  Th e fille r  tas k wa s writin g a  instruction s fo r 
buildin g a  Leg o model . 

Recognition Session 

Th e nex t  day ,  subject s too k a  recognitio n memor y tes t  o n th e 
vide o clip s wit h n o accompanyin g language .  The y viewe d 
clip s concernin g scenario s the y ha d see n th e da y befor e an d 
judge d whethe r  eac h vide o cli p wa s "identical "  t o th e 
origina l  clip .  Subject s indicate d whethe r  th e cli p wa s 
identica l  t o th e origina l  even t  (old )  o r  no t  identica l  (new )  o n 
a scal e fro m 1- 6 confidenc e scal e wher e 1 = Ver y sur e th e 
cli p wa s N E W;  6 = Ver y Sur e th e cli p wa s old .  T o hel p th e 
subject s loo k fo r  subtl e difference s betwee n th e variation s 
and th e origina l  scenes ,  item s 1  an d 3  o f  th e recognitio n lis t 
wer e th e ol d an d ne w clip s fo r  a  fille r  scenario . 

Subject s sa w 2 4 target-relate d item s (a s wel l  a s 1 6 fillers) . 
Of  th e targe t  relate d items ,  8  wer e th e old ,  origina l  clips ;  8 
varie d th e manne r  (Manne r  Foils )  an d 8  varie d th e pat h 
(Pat h Foils .  N o languag e accompanie d an y recognitio n tes t 
event . 

Subsequentl y subject s wrot e d o w n a  genera l  descriptio n 
of  wha t  cause d the m t o judg e a n ite m a s new .  The y als o 1 ) 
viewe d th e origina l  scene s agai n an d generate d description s 
and 2 )  recalle d th e origina l  word s hear d a t  th e encodin g 
session . 

Scoring 
Response s wer e score d fo r  error s an d a s rate d correctness .  A 
recognitio n judgmen t  wa s score d a s a n erro r  i f  th e rate d 
respons e wa s o n th e incorrec t  hal f  o f  th e ratin g scale .  Fo r 
eac h subject ,  th e percen t  o f  error s fo r  th e 8  item s o f  eac h 
typ e wa s totaled ,  contributin g 3  dat a points . 

Rate d Correctnes s score s wer e generate d fo r  ever y 
response ,  2 4 dat a points/subject .  Hig h rating s indicat e goo d 
performance .  Score s o f  6  mea n a  subjec t  wa s ver y sur e the n 
the y correctl y rate d a n ol d ite m a s certainl y ol d (ratin g o f  6 ) 
or  a  n e w ite m a s certainl y ne w (ratin g o f  1) .  Score s o f  1 
mean tha t  a  subjec t  wa s ver y sur e whe n the y incorrectl y 
rate d a n ol d ite m a s ne w o r  a  ne w ite m a s old . 

Results 

Overal l  Analysi s o f  D a t a 

T wo larg e analyses ,  o n th e Percen t  Error s an d o n 
Recognitio n Certainty ,  provide d a  genera l  mode l  o f  th e data . 
Figur e 1  illustrate s th e patter n fo r  Recognitio n Certainty . 
Th e 3x3(xlO )  Percen t  Error s analysi s include d Encodin g 

Ver b conditio n (Manner /  Path /  N o Language) ,  Recognitio n 

Ite m Typ e (Manne r  Foil /  Pat h Foil /  Old) ,  an d thei r 
interactio n (a s wel l  a s Subject s neste d i n condition) .  Th e 

3x3(xlO)x 8 Recognitio n Certaint y analysi s include d thes e 
factor s plu s EventSel( 8 differen t  scenarios )  an d it s 

interactions .  Se e Table s 1&2 . 
A mai n effec t  o f  Ite m Typ e wa s significan t  i n bot h 

analy.se s (recognitio n ceitaint y F(2 ,  621 )  =  37.79 ,  p < .001 ; 
error s F(2 ,  54 )  23.52= ,  p  <.001) .  Change d Manne r  foil s 
wer e mor e difficul t  t o rejec t  tha n Pat h foils .  Performanc e 
was bes t  o n Ol d Items ;  subject s seeme d biase d t o accep t  a n 
ite m a s ol d unles s the y ha d a  reaso n fo r  rejectin g it .  Ther e 
was n o effec t  o f  Encodin g Condition ,  o n eithe r  measure . 
Th e Recognitio n Certaint y analysi s als o foun d effect s o f 
EventSet ,  o f  Subject ,  an d o f  th e EventSetXItemTyp e 
interactio n (p<.05) . 

Encoding Label x Foil Type Interaction 

Four  analyse s foun d th e predicte d disordina l  interaction . 
Th e interactio n ter m o n Recognitio n Certaint y an d o n Error s 
fro m th e 3x 3 analyse s reporte d abov e wer e significan t 
(F(4,621] = 9.9 3 Certainty ;  F[4,89]=5.9 2 Errors ;  p' s <  .001) . 

Table 2. Recognition Certainty (SD) for each Encoding 
Conditio n an d Foi l  Typ e 

FOILS 

Pat h Foi l  Manne r  Foi l  Ol d 

L Pat h 5.2 8 f.46 )  3.3 5 (.76 )  5.2 4 (.39 ) 
A 

g Manner 4.65 (.69) 4.51 (.48) 5.1 (.56) 

NL 4. 4 (.80 )  4.1 0 (.44 )  4.9 6 (.79 ) 

I n addition ,  tw o 2x 2 analyse s provide d th e mos t  specifi c 
tes t  o f  th e hypothesize d interactio n o f  Pat h v s Manne r 
encodin g an d Pat h v s Manne r  foi l  type .  Thes e fou r  ke y cell s 
ar e shade d i n Table s 2 & 3 ;  colum n difference s ar e th e 
critica l  comparison .  Subject s showe d th e predicte d 
interaction :  Pat h Foil s (e.g. ,  no t  exitin g bu t  stil l  skipping ) 
ar e bette r  rejecte d b y subject s wit h Pat h Label s a t  encodin g 
tha n b y subject s wit h Manne r  Labels ;  an d Manne r  Foil s 
(e.g. ,  no t  skippin g bu t  stil l  exiting )  ar e bette r  rejecte d b y 
subject s Manne r  Labels ,  a t  encodin g tha n b y subject s wit h 
Pat h Label s (Error s F(l ,  18 )  =  14.11 ;  Certaint y F(l ,  302 )  = 

22.51 ;  p' s <  .00 1 ) .  Th e fac t  tha t  th e interactio n i s 
significan t  fo r  Error s a s wel l  a s th e mor e sensitiv e ratin g 
measur e o f  Certaint y show s tha t  th e effec t  i s  no t  du e t o 
subtl e change s i n confidence . 

Th e critica l  patter n i s th e reversa l  o f  performanc e b y th e 
tw o subjec t  group s fo r  th e tw o Foi l  Types .  Whil e pat h foil s 
ar e easies t  fo r  all ,  th e relativ e performanc e o f  Pat h an d 
Manner  Encodin g group s reverse s fo r  pat h an d manne r  foils . 
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Tabl e 3 .  Percen t  Error s (SD )  fo r  eac h Encodin g Conditio n 
and Foi l  Typ e 

FOIL 

Pat h Foi l  Manne r  Foi l Old 

A Pat h 

^  Manne r 
^  NoLan g 

.12 5 (.12 ) 
.23 8 (.14 ) 
.35 0 (.19 ) 

.52 5 (.20 ) 
.28 8 (.10 ) 

.36 3 (.15 ) 

.07 5 (.09 ) 
.13 8 (.12 ) 
.18 8 (.21 ) 

Thus th e effec t  wit h th e mor e sensitiv e rating s measur e i s 
not  simpl y reflectin g subtl e shift s i n confidenc e bu t  change s 
i n whethe r  a n ite m i s judge d ol d o r  new . 

Linea r  contrast s o n error s showe d tha t  mos t  o f  th e 2x 2 
interactio n effec t  wa s produce d b y subject s i n th e Pat h Labe l 
(Ite m effec t  fo r  Pat h Encodin g subjects :  F(l ,  54 )  =  14.21 , 
p<.001 ;  fo r  Manne r  subject s F (  1 ,  54 )  =  0.58 ,  p=ns) .  Pat h 

Rate d Correctnes s o n Recognitio n 
by Ite m Typ e 

Pat h Ver b 
Manner  Ver b 
No Labe l 

Manner  foi l  Pat h Fci l  Ol d Even t 
(Erro r  bar s ar e Confidenc e Interval s j t  .9 5 

Figure 1: Rated Correctness on Recognition 

Label subjects' errors on Manner Foils are drastically higher 
tha n o n Pat h Foil s [ 4 0 % higher] ,  whil e M a n n e r  Labe l 
subject s hav e onl y slightl y mo r e error s [ 5 % higher )  o n Pat h 
tha n o n M a n n e r  Foils .  Further ,  subject s i n th e contro l  ( N o 
Language )  grou p ha d equa l  error s (abou t  3 5 % )  bot h fo r 
Manner  an d fo r  Pat h Foils .  Thus ,  givin g Englis h speaker s 
Pat h Label s produce s a  greate r  differenc e betwee n erro r 
type s an d a  greate r  chang e fro m N o Languag e tha n doe s 
providin g M a n n e r  Labels . 

Scenario Comparisons 

To loo k fo r  ite m effects ,  w e looke d a t  th e erro r  pattern s t o 
foil s  fo r  th e 8  scenarios .  Fo r  th e 8  manne r  foils ,  performanc e 
on 1  ite m wa s a t  floo r  an d 1  ite m a t  ceiling ,  leavin g 6 
informativ e items .  O n al l  si x o f  thes e informativ e manne r 
foils ,  subject s i n th e Manne r  Labe l  conditio n mad e fewe r 
error s tha n di d subject s i n th e Pat h Labe l  condition .  Fo r  th e 
8 pat h foils ,  performanc e o n 3  wa s a t  floor ,  leavin g 5 
informativ e items .  O n 4  o f  th e five  informativ e items , 
subject s i n th e Pat h Labe l  Conditio n mad e fewe r  error s tha n 
di d subject s i n th e Manne r  Labe l  condition .  I n sum ,  whil e 
we hav e som e nondiagnosti c items ,  1 0 o f  th e 1 1 informativ e 
foil s  follo w th e predicte d pattern . 

D iscuss io n 

The primar y purpos e o f  th e experimen t  wa s t o see k a 
phenomena :  i s ther e a n effec t  o f  manne r  o r  pat h ver b o n 

visua l  recognitio n o f  meaningful ,  familiar ,  visuall y 
presente d events ? W e di d indee d find  th e predicte d 

disordina l  interactio n effec t  o f  encodin g ver b o n recognitio n 
memory.  Pat h foil s  wer e easie r  t o rejec t  whe n a n 
appropriat e pat h rathe r  tha n manne r  ver b wa s hear d a t 
encoding ;  manne r  foil s  wer e easie r  t o rejec t  whe n a n 
appropriat e manne r  rathe r  tha n pat h ver b wa s hear d a t 
encoding .  Thi s hel d whethe r  response s wer e score d a s 
number  correc t  o r  averag e certaint y o f  correc t  judgment . 

Thi s experimen t  i s a  first  ste p i n integratin g th e 
representationa l  analysi s fro m linguistic s wit h th e proces s 
method s o f  cognitiv e psycholog y i n th e domai n o f  motio n 
events .  However ,  thi s experimen t  alon e say s littl e definitiv e 
eithe r  abou t  th e locu s o f  effec t  durin g processin g o r  th e 
natur e o f  th e representation s involved .  However ,  reflectin g 
on pattern s i n ou r  dat a doe s provid e som e hint s tha t  wil l 
guid e ou r  ongoin g research . 

Locus of Effect 

Does th e ver b interac t  wit h visua l  informatio n (a t  encodin g 
or  access )  o r  doc:- ;  i t  ac t  onl y t o produc e a  memory -
independen t  response-bias ? Response-biase s i n memor y ar e 
practicall y important ,  a s evidence d fro m wor k o n eyewitnes s 
testimony .  Bu t  stil l  mor e interestin g i s th e possibilit y  tha t 
informatio n fro m th e ver b activel y guide s th e wa y 
informatio n fro m th e visua l  even t  i s processed .  W e offe r 
one broa d lin e o f  argumen t  tha t  t o sugges t  tha t  ou r  result s d o 
not  reduc e t o respons e bias :  Response-bia s shoul d onl y b e 
sensitiv e t o th e informativenes s o f  th e labe l  an d th e 
difficult y o f  discriminatin g th e visua l  event ,  no t  o n th e 
relatio n betwee n ver b an d initia l  event .  Conversely , 
integrativ e processe s shoul d sho w a  mor e complicate d 
patter n tha t  varie s wit h th e particula r  relation s betwee n ver b 
and event .  I f  th e visua l  informatio n canno t  b e accesse d a t 
tes t  wit h confidence ,  th e labe l  ca n b e use d a s a  guessin g 
strateg y abou t  wha t  th e scen e migh t  hav e been .  A  simpl e 
guessin g strateg y work s lik e this :  i f  a  scen e ca n b e describe d 
by a  labe l  yo u heard ,  the n gues s tha t  scen e i s a n ol d item . 
lA )  Thi s respons e bia s mode l  predict s tha t  th e languag e 
condition s shoul d diffe r  fro m th e n o languag e condition s i n 
th e followin g way :  a )  bette r  performanc e o n ol d item s 
(wher e tes t  scen e wil l  matc h encodin g verb )  an d o n foil s tha t 
mismatc h th e labe l  (gallo p scen e fo r  "'skipping") ;  i n bot h 
case s th e guessin g strateg y wil l  correctl y predic t  old/ne w 
status ;  b )  poore r  performanc e o n ne w foil s tha t  matc h th e 
labe l  ( a not-exi t  foi l  fo r  a n origina l  exit-ski p scen e describe d 
as "skipping") ;  her e th e labe l  wil l  stil l  fit  thi s scen e (stil l 
skipping )  an d usin g i t  a s a  respons e bia s wil l  incorrectl y lea d 
t o acceptin g a  ne w ite m a s old .  Th e sam e patter n o f  cos t  an d 
benefi t  relativ e t o N o Languag e shoul d b e foun d fo r  bot h 
Pat h an d Manne r  Conditions . 

I n actuality ,  th e patter n o f  performanc e i n th e Pat h an d 
Manner  Ver b condition s i s no t  th e same .  Th e Pat h conditio n 
fits  th e predicte d patter n o f  cost/benefits ,  bu t  th e Manne r 
Ver b conditio n doe s not .  Manne r  Ver b subject s showe d 
(modest )  improvemen t  relativ e t o th e N o Languag e subject s 
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fo r  al l  tes t  types ,  no t  a  mixe d patter n o f  cos t  an d benefit . 
Th e differen t  patter n fo r  Pat h an d Manne r  Condition s 

relativ e t o th e N o Languag e conditio n suggest s mor e i s 
goin g o n tha n respons e bias .  I f  difference s amon g Labe l 
Condition s replicate ,  thi s wil l  b e on e for m o f  evidenc e tha t 
th e effec t  i s  no t  al l  du e t o respons e bias . 

IB )  A  relate d patter n i n th e dat a deseive s mentio n here , 
thoug h i t  i s  no t  diagnosti c o f  whethe r  effect s ar e du e t o 

respons e bias .  No t  onl y wa s th e cost/benefi t  patter n 
differen t  fo r  th e Manne r  Conditio n compare d t o th e Pat h 
Condition ,  bu t  performanc e i n th e N o Languag e Conditio n 
looke d muc h close r  t o th e Manne r  Conditio n tha n t o th e 
Pat h Condition .  Th e N o Languag e Conditio n migh t 
resembl e th e Manne r  conditio n mor e closel y tha n i t 

resemble s th e Pat h Conditio n becaus e Englis h verb s mor e 
commonl y encod e manne r  rathe r  tha n path .  Possibly , 
subject s i n th e N o Languag e conditio n wer e mor e likel y t o 
generat e a n appropriat e manne r  ver b tha n pat h verb ,  an d an y 
self-generate d label s migh t  functio n analogousl y t o thos e 
provide d b y th e experimenter . 

2)  A  final  patter n o f  difference s als o suggest s tha t 
somethin g mor e tha n respons e bia s i s a t  work .  I n th e N o 
Languag e Condition ,  th e foi l  type s wer e o f  remarkabl y 
simila r  difficult y wit h 3 6 % error s fo r  manne r  versu s 3 5 % 
error s fo r  pat h foils .  Howeve r  fo r  th e languag e conditions , 
th e pat h foil s  ( 1 8 % errors )  wer e muc h easie r  tha n th e 
manner  foil s  ( 4 1 % errors) .  A s mentione d i n th e methods , 
we ha d anticipate d tha t  th e pat h foil s  woul d b e considerabl y 
easie r  an d tha t  the y relie d o n bigger' ,  o r  mor e "salient " 
changes .  However ,  thi s seeme d t o b e tru e onl y whe n 
languag e wa s provided !  Despit e counterbalancing ,  whic h 
woul d equat e an y effect s fro m respons e bias ,  th e relativ e 
difficult y o f  foil s  change d whe n verb s wer e provided ,  i n 
compariso n t o th e N o Languag e Condition .  Agai n thi s 
suggest s tha t  languag e change d th e wa y informatio n fro m 
th e video s wa s used . 

Th e experiment s wer e no t  designe d t o identif y whe n i n 
processin g languag e ha d it s effect .  However ,  dat a sugges t 
th e effec t  i s  no t  solel y late ,  actin g a s a  respons e bias . 

Representation of Path & Manner Verbs and of 
Even t s 

Thi s stud y als o open s investigatio n o f  h o w differen t  aspect s 
of  visua l  event s an d o f  ver b meaning s ar e represented . 
Linguist s analyz e ver b meaning s alon g contrastin g 
dimension s suc h a s Pat h an d Manner .  Bu t  menta l 
distinction s i n ver b meanmg s ma y no t  b e organize d s o 
neatly ;  th e meaning s o f  skip ,  gallop ,  leave ,  an d ris e migh t  al l 
be differen t  bu t  nee d no t  b e organize d alon g contrastin g 
dimension s o f  Pat h an d Manner .  Fo r  example ,  ver b 
meaning s migh t  b e relativel y idiosyncrati c bundle s o f 
schemati c informatio n suc h a s th e ag e o f  typica l  skippers , 
h o w on e feel s whe n skipping ,  togethe r  wit h informatio n 
abou t  lim b movement ,  etc .  Bu t  i f  hearin g manne r  word s 
allowe d on e t o selectivel y prim e othe r  manne r  verbs ,  o r  t o 
selectivel y atten d t o manne r  informatio n i n a n event , 
independen t  o f  th e particula r  manne r  associate d wit h a  give n 
verb ,  thes e findings  woul d argu e fo r  th e functiona l 
significanc e o f  Pat h o r  Manne r  attributes .  Woul d an y suc h 
attribute s simpl y reflec t  a  nonverba l  analysi s o f  even t 

structure ? O r  woul d thi s informatio n onl y b e organize d int o 
attribute s i n reactio n t o processin g i n a  languag e whic h 

treat s thes e particula r  distinction s a s fundamental . 

Future Directions 

Throughou t  ou r  futur e researc h w e ca n capitaliz e o n 
understandin g o f  processin g draw n fro m psycholog y an d o n 
linguisti c analysi s o f  representation .  I n tur n w e hop e t o 

provid e a  mor e integrate d understandin g o f  ho w languag e 
and though t  ar e relate d i n th e domai n o f  verb s an d events .  I n 

understandin g h o w w e ca n describ e wha t  w e see ,  w e ma y 
need t o accoun t  fo r  h o w ou r  seein g i s affecte d b y 
description . 

Our  futur e researc h ha s thre e aims .  Firs t  w e wil l  trac e ou t 
when i n processin g th e effcct(s )  occur(s )  an d th e exten t  o f 
interactio n betwee n visua l  an d verba l  information .  Second , 
we wil l  investigat e th e natur e o f  th e informatio n provide d b y 
th e verb .  Ar e th e forma l  dimension s o f  Manne r  an d Pat h 
psychologicall y rea l  suc h tha t  attentio n ca n b e shifte d a t  th e 
leve l  o f  th e whol e dimension ? O r  i s th e informatio n 
provide d b y th e ver b a  muc h mor e specifi c  schem a 
regardin g th e typica l  unfoldin g o f  on e clas s o f  events ? 
Third ,  w e wan t  t o investigat e possibl e between-languag e 
differences ,  particularl y comparin g performanc e i n N o 
Languag e conditions .  D o nonlinguisti c judgment s diffe r  a s 
th e resul t  o f  a  histor y o f  processin g event s i n term s o f  on e 
versu s anothe r  language ? 

References 

Berman ,  R .  A .  & .  Slobin ,  D .  I .  (1994) .  Relatin g Event s i n 
Narrative :  a  Crosslinguisti c Developmenta l  Study . 
Hillsdale ,  NJ :  Lawrenc e Eribau m Assoc . 

Bekerian ,  D.A .  &  Bowers ,  J.M .  (1983 )  Eyewitnes s 
testimony :  Wer e w e mislead ? Journa l  o f  Experimenta l 
Psychology:Learning ,  Memory ,  an d Cognition ,  1 .  139 -
145 . 

Bower ,  G .  H. ,  Karlin ,  M.B. ,  an d Dueck ,  A .  (1975) . 
Comprehensio n an d memor y fo r  pictures .  Memor y an d 
Cognition ,  3 ,  216-220 . 

Carmichael ,  L. ,  Hogan ,  H.P. ,  &  Walter .  A.A .  (1932) .  A n 
experimenta l  stud y o f  th e effec t  o f  languag e o n th e 
reproductio n o f  visuall y perceive d forms .  Journa l  o f 
Experimenta l  Psycholog y ,  J5 ,  73-86 . 

Choi ,  S .  &  Bowerman ,  M .  (1992) .  Learnin g t o expres s 
motio n event s i n Englis h an d Korean :  Th e influenc e o f 
languag e specifi c lexicalizatio n patterns .  I n Lexica l  an d 
Conceptua l  Semantics ,  B .  Levi n &  S .  Pinke r  (Eds. ) 
Elsevier/Blackwell :  Cambridge ,  M A . 

Centner ,  D .  &  Loftus ,  E .  (1979) .  "Integratio n o f  verba l  an d 
visua l  informatio n a s evidence d b y distortion s i n pictur e 

memory."America n Journa l  o f  Psychology ,  92(2) ,  363 -
375 . 

Gopnik ,  A .  &  Choi ,  S .  (1990) .  D o linguisti c difference s 
lea d t o cognitiv e differences ? A  cross-linguisti c stud y o f 
semanti c an d cognitiv e development .  Firs t  Language , 
JO,  199-215 . 

160 



Hall ,  D.F. ,  Loftus ,  E.F. ,  &  Tousignant ,  J.P .  (1984) . 
Posteven t  informatio n an d change s i n recollectio n fo r  a 
natura l  event .  I n G.L .  Well s &  E.F .  Loftu s (Eds. ) 
Eyewitnes s Testimony .  Cambridg e Universit y Press : 
Cambridge . 

Hoffman ,  C ,  Lau ,  I .  &  Johnson ,  D .  R .  (1986) .  "Th e 
Linguisti c Relativit y o f  Perso n Cognition :  A n English -
Chines e Comparison. "  Attitude s an d Socia l  Cognition . 

Jackendoff .  R .  (1987) .  O n beyon d zebra :  Th e relatio n o f 
linguisti c an d visua l  information .  Cognition ,  26 ,  89-114 . 

Kay,  P .  (1996 )  Intra-speake r  relativity .  I n Rethinkin g 
Linguisti c Relativity ,  J.J .  Gumjjer z &  S.C .  Levinso n 
(Eds) .  Cambridg e Universit y Press:Cambridge . 

Levin ,  B .  (1993) .  Englis h Ver b Classe s an d Alternations :  a 
Preliminar y Investigation .  U .  Chicag o Press :  Chicago . 

Levinson ,  S.C .  (1996 )  Relativit y i n spatia l  conceptio n an d 
description .  I n Rethinkin g Linguisti c Relativity ,  J.J . 
Gumperz &  S.C .  Levinso n (Eds.) .  Cambridg e Universit y 
Press:Cambridge . 

Loftus ,  E .  &  Palmer ,  J .  (1974 )  Reconstructio n o f  automobil e 
destruction :  A n exampl e o f  th e interactio n betvvee n 
languag e an d memory .  Journa l  o f  Verba l  Learnin g an d 
Verba l  Memory ,  13 ,  585-589 . 

McCloskey ,  M .  &  Zaragoza ,  Z .  (1985 )  Misleadin g pos t 
even t  informatio n an d memor y fo r  events :  Argument s an d 
evidenc e agains t  memor y impairment .  Journa l  o f 
Experimenta l  Psychology :  General ,  / /4 ,  3-18 . 

.Schooler ,  J.W .  &  Engstler-Schooler ,  T.Y .  (1990) .  Verba l 
overshadowin g o f  visua l  memories :  Som e thing s ar e 
bette r  lef t  unsaid .  Cognitiv e Psychology ,  22 ,  36-71 . 

Shatz ,  M .  J. ,  Martinez ,  I .  M. ,  Diesendruck ,  G. ,  &  Akar .  D . 
(SRCD Marc h 30 -  Apri l  2 ,  1995~Indianapolis) .  "Th e 
Influenc e o f  Languag e o n Children' s Understandin g o f 
Fals e Belief. " 

Ta'.my ,  L .  (1985) .  Lexicalizatio n patterns :  Semanti c 
structur e i n lexica l  forms .  I n T .  Shope n (Ed.) ,  Languag e 
Typolog y an d Syntacti c Description ,  vol .  3 : 
Grammatica l  Categorie s an d th e Lexicon .  Cambridg e 
Universit y Press . 

161 



Sharednes s a s a n Innat e Basi s fo r  C o m m u n i c a t i o n i n th e Infan t 

Francesca Marina Bosco (bosco,tirassa@psych.unito.it) 

Maurizi o Tirass a 
Universiti i  d i  Torin o 

Cenir o d i  Scienz a Cognitiv a 

vi a Lagrange ,  3 

1012 3 Torin o (Italy ) 

Abstrac t 

From a cognitive perspective, intentional 
communicatio n m a y b e viewe d a s a n agent' s activit y 
overtl y aime d a t  modifyin g a  partner' s menta l  states . 
Accordin g t o standar d Gricea n definitions ,  thi s require s 
eac h part y t o b e abl e t o ascrib e menta l  state s t o th e 
other ,  i.e. .  t o entertai n a  so-calle d theor y o f  mind . 
Accordin g t o th e relevan t  experimenta l  literature , 
however ,  suc h capabilit y  doe s no t  appea r  befor e th e 
thir d o r  fourt h birthday ;  i t  woul d follo w tha t  childre n 
unde r  tha t  ag e shoul d no t  b e viewe d a s communicatin g 
agents .  I n orde r  t o solv e th e resultin g dilemma ,  w e 
propos e tha t  certai n specifi c  component s o f  a n agent' s 
cognitiv e architectur e (namely ,  a  peculia r  versio n o f 
sharednes s an d communicativ e intention) ,  ar e necessar y 
and sufficien t  t o explai n infan t  communicatio n i n a 
mentalis t  framework .  W e als o argu e tha t  thes e 
component s ar e innat e i n th e huma n species . 

Introduction 

Cognitiv e pragmatic s i s  concerne d wit h th e menta l 
processe s involve d i n intentiona l  communication .  A  theor y 
i n cognitiv e pragmatic s aim s a t  describin g wha t  goe s o n i n 
th e min d o f  a n agen t  w h o i s communicatin g wit h a  partner . 
T o vie w intentiona l  communicatio n a s par t  o f  th e menta l 
event s an d o f  th e interaction s wit h th e worl d tha t  rea l  agent s 
entertai n impose s th e nee d t o fram e one' s specifi c  researc h 
withi n som e broade r  perspectiv e o n th e natur e an d 
functionin g o f  th e mind . 

Th e topi c o f  th e architectur e o f  th e huma n min d lie s a t  th e 
intersectio n o f  severa l  livel y debate s withi n cognitiv e 
sciences .  Ou r  wor k i s  grounde d i n thre e perspectives , 
namely ,  classica l  pragmatic s an d speec h ac t  theories ,  th e 
literatur e concernin g th e so-calle d theor y o f  min d (i.e. ,  th e 
capabilit y o f  understandin g anothe r  individual' s menta l 
states) ,  an d curren t  advancement s i n developmenta l  an d 
evolutionar y psychology .  W e conside r  cognitio n a 
biological ,  innatel y structure d phenomenon ,  whic h find s it s 
remot e root s i n th e evolutionar y histor y o f  th e species ,  an d 
develop s i n eac h individua l  throug h th e histor y o f  th e 
interaction s betwee n he r  innat e endowmen t  an d th e 
surroundin g environment . 

Thi s researc h i s concerne d wit h th e innat e predisposition s 
underlyin g intentiona l  communication .  B y communicatio n 
we refe r  t o a n agent' s facult y o f  intentiona l  actio n overtl y 

aime d a t  th e modificatio n o f  a  partner' s menta l  stale s (Gric e 
1989) .  Thi s require s dedicate d component s o f  th e cognitiv e 
architectur e (Airenti ,  Bar a &  Colombett i  1993) ,  whic h hav e 
t o b e c o m m o n t o al l  th e member s o f  th e species ;  i n othe r 
words ,  w e vie w communicatio n a s a  species-typica l 
competenc e (Tirass a 1997 ,  i n preparation) . 

Th e minima l  specifi c  component s o f  communicativ e 
competenc e ar e tw o menta l  stat e types ,  namely ,  share d 
belie f  (i.e. ,  th e agent' s abilit y t o unilaterall y constru e he r 
o wn menta l  state s a s mutuall y know n t o a  partner) ,  an d 
communicativ e intentio n (i.e. ,  th e agent' s abilit y t o ac t  s o 
tha t  a  partne r  wil l  notic e he r  action s an d ascrib e the m a 
suitabl e communicativ e meaning) .  A  thir d component , 
whic h w e wil l  no t  discus s here ,  i s  a n adequat e (se t  o O 
input/outpu t  channel s lik e language ,  gesture ,  etc . 

I n a  Gricea n definitio n o f  communicatio n a s th e over t 
attemp t  t o modif y a  partner' s menta l  states ,  i t  i s  necessar y 
tha t  eac h part y involve d posses s th e abilit y  t o represen t  an d 
understan d th e other' s menta l  states .  Thi s capabilit y 
common l y goe s unde r  th e nam e o f  theor y o f  min d 
(henceforth ,  T o M ) .  Mos t  o f  th e relevan t  literatur e agree s 
tha t  thi s capabilit y  start s t o appea r  aroun d th e thir d o r  fourt h 
birthda y (Baron-Cohe n 1995 ;  Clement s &  Perne r  1994 ; 
Perne r  1991) .  A  seriou s proble m the n arises :  childre n unde r 
thi s ag e shoul d no t  b e viewe d a s communicativ e agents , 
whic h i s  rathe r  implausibl e i n th e ligh t  o f  an y everyda y 
observatio n o f  a n infant' s behavior . 

T o solv e th e resultin g dilemma ,  w e propos e t o conside r 
sharednes s a s th e basi s fo r  intentiona l  communicatio n i n th e 
infant ,  an d t o vie w i t  a s a  primitive ,  innat e componen t  o f  he r 
cognitiv e architecture .  Thi s wil l  als o impl y a  redefinitio n o f 
th e concep t  o f  communicativ e intention .  Communicatio n 
ca n the n buil d upo n th e c o m m o n backgroun d tha t  sh e share s 
wit h he r  caregivers .  W e vie w thi s capabilit y a s a  theor y o f 
min d i n a  wea k sens e (cf .  Premac k &  Woodruf f  1978) , 
namely ,  a s th e infant' s plai n capabilit y o f  recognizin g 
certai n othe r  worl d entitie s a s agent s i n thei r  o w n respect , 
and therefor e a s plausibl e communicativ e partners . 

A fuU-fiedge d T o M require s instea d a n agen t  t o b e abl e t o 
explicitl y  represen t  an d therefor e possibl y verbaliz e suc h 
recognition ;  and ,  mos t  o f  all ,  t o constru e eac h entit y sh e 
view s a s a n agen t  a s endowe d wit h hi s o w n privat e an d 
autonomou s menta l  states ,  whic h m a y resembl e bu t  ar e no t 
necessaril y  identica l  t o thos e o f  th e chil d herself .  Thi s high -
leve l  capabilit y  develop s later ,  a s th e chil d acquire s th e 
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abilit y  t o discriminat e betwee n wha t  i s actuall y share d wit h 
eac h specifi c  (se t  of )  partner s an d wha t  i s not ,  i.e. ,  a s sh e 
realize s tha t  certai n menta l  state s ar e privat e o f  he r  ow n an d 

tha t  onl y som e o f  the m ma y b e considere d share d wit h olhc r 
agents . 

Our  positio n doe s no t  contraven e th e availabl e 

experimenta l  dat a concernin g T o M ,  i n tha t  w e d o no t  argu e 
tha t  explici t  T o M i s alread y manifes t  i n th e youn g child ,  bu t 
tha t  sh e ca n communicat e b y resortin g t o a  mor e primitiv e 
abilit y  o f  plai n sharedness . 

Cognitive Pragmatics 

We hav e define d cognitiv e pragmatic s a s th e stud y o f  th e 
menta l  processe s involve d i n intentiona l  communication . 
The root s o f  thi s relativel y ne w fiel d ma y b e trace d t o 
mentalis t  reading s o f  wor k don e i n th e philosoph y o f 
languag e b y Austi n (1962) ,  Gric e (1989 )  an d Searl e (1969 , 
1979) ,  a s wel l  a s t o late r  attempt s t o formaliz e i t  i n a 
computationa l  perspectiv e (e.g. ,  Alle n &  Perraul t  1980 ; 
Cohen,  Morga n &  Pollac k eds .  1990 ;  Cohe n &  Perraul t 
1979) .  Th e work s whic h ar e mos t  relevan t  fo r  ou r  curren t 
goal s ar e thos e develope d b y Airenti ,  Bar a &  Colombett i 
(1993) ,  Clar k (1992 ,  1996) ,  Sperbe r  &  Wilso n (1986) ,  an d 
Tirass a (1997 ,  i n preparation) . 

Our  approach ,  lik e th e other s w e hav e mentioned ,  i s cas t 
i n term s o f  th e menta l  state s tha t  a n agen t  ha s t o posses s i n 
orde r  t o b e abl e t o engag e i n intentiona l  communicatio n 
wit h a  partner .  I t  ha s t o b e remarked ,  however ,  tha t  w e 
conside r  a s menta l  state s no t  onl y th e classica l  se t  o f 
epistemi c an d volitiona l  state s lik e belief s an d intentions , 
but  als o othe r  type s o f  awarenes s lik e emotion s o r  th e 
menta l  correlate s o f  inne r  physiologica l  state s (e.g. ,  hunger , 
fear ,  an d s o on) . 

The ide a behin d man y suc h theorie s o f  pragmatic s i s tha t 
th e actua l  meanin g o f  an y communicativ e actio n i s no t 
univocall y predefine d a s a n a  prior i  b y th e actor ,  bu t  result s 
fro m a  cooperativ e proces s i n whic h bot h agent s involve d 
tak e a n activ e part .  Communicativ e interactions ,  i n othe r 
words ,  ma y b e conceive d a s onl y existin g agains t  a  c o m m o n 
backgroun d (Airenti ,  Bar a &  Colombett i  1993 ;  Clark ,  1992 , 
1996 ;  Tirass a 1997) .  Thi s c o m m o n backgroun d include s a n 
amount  o f  knowledg e abou t  eac h agent' s privat e an d publi c 
menta l  states ,  reciproca l  expectations ,  an d othe r  type s o f 
socia l  knowledge :  i t  provide s a  framewor k withi n whic h 
eac h agen t  ca n pla n an d understan d th e meanin g o f 
communicativ e actions .  A  dialogu e ca n onl y procee d i f  th e 
interactant s continuousl y contrac t  an d revis e thi s 
background ,  whos e creatio n an d flexibl e modificatio n 
require s eac h o f  the m t o activel y pla y he r  o w n role . 

Thi s implie s tha t  w e dea l  wit h communicativ e meaning s 
i n term s o f  ascription .  Th e meanin g o f  a  communicativ e 
actio n i s th e meanin g tha t  th e agent s involve d sharedl y giv e 
t o a  certai n even t  brough t  abou t  b y on e o f  them . 
Communicativ e actions ,  i n thi s framework ,  hav e n o 
meanin g pe r  se :  thei r  meanin g i s t o b e foun d i n th e menta l 
state s tha t  eac h part y share s wit h th e other . 

Thes e approache s t o communicatio n requir e eac h agen t 
involve d t o recogniz e th e partne r  a s anothe r  agen t  i n hi s 
turn ,  i.e. ,  a s a n individua l  endowe d wit h menta l  states :  n o 
one attempt s t o engag e i n communicativ e interactio n wit h 

an entit y sh e doe s no t  perceiv e a s a  plausibl e partner .  Thi s 
requiremen t  i s commonl y know n a s th e requiremen t  tha t  th e 
agen t  entertai n a  theor y o f  mind .  This,  however ,  create s a 
problem :  sinc e mos t  curren t  literatur e o n T o M conclude s 
tha t  a  chil d ha s n o suc h capabilit y  befor e th e thir d o r  fourt h 
yea r  o f  age ,  i t  follow s tha t  childre n younge r  tha n tha t  shoul d 
not  b e viewe d a s communicatin g i n a  Gricea n framework . 

I n principle ,  thi s proble m migh t  b e solve d b y adoptin g 
tw o completel y differen t  theorie s o f  communication :  a 
mentalis t  one ,  base d o n th e reciproca l  modificatio n o f  th e 
interactants '  menta l  state s an d capabl e o f  explainin g adul t 
communication ,  an d a  nonmentalis t  on e (whic h w e wil l  late r 
cal l  ethological) ,  base d o n som e completel y differen t 
proces s an d solel y dedicate d t o th e explanatio n o f  infan t 
communication .  W e wil l  argu e belo w tha t  i t  i s  instea d 
reasonabl e t o adop t  th e sam e mentalis t  approac h bot h t o 
adul t  an d t o infan t  communicatio n (se e als o Airenti ,  i n 
press) .  O n th e othe r  hand ,  thi s framewor k implie s tha t 
childre n b e viewe d a s agent s capabl e o f  takin g a n activ e rol e 
of  thei r  o w n i n communication ,  i n spit e o f  no t  bein g abl e t o 
explicitl y  theoriz e abou t  th e partner' s menta l  states .  Thi s 
require s i n tur n tha t  th e whol e approac h w e hav e describe d 
be reconsidere d fro m a  differen t  poin t  o f  view . 

Sharedness and Intention and Intention in 
In fan t  C o m m u n i c a t i o n 

I n orde r  t o adop t  a  cognitiv e perspectiv e o n infan t 
communication ,  w e propos e t o take ,  a s a  necessar y an d 
sufficien t  basi s fo r  communication ,  a  mor e primitiv e 
recognitio n o f  agenc y tha n a  full-fledge d T o M .  Thi s basi c 
capabilit y  i s  th e firs t  mean s a  chil d ha s t o engag e i n 
communicativ e interaction s wit h he r  socia l  environment . 
However  simpl e fro m a n adult' s  viewpoint ,  thes e 
protointeraction s ar e th e child' s first  step s towar d a  ful l 
ToM-base d communication ,  buildin g upo n a  later ,  explici t 
understandin g o f  wha t  goe s o n insid e a  partner' s mind ,  i.e. , 
of  wha t  hi s menta l  state s ar e an d wha t  difference s the y bea r 
t o thos e o f  he r  own . 

Th e abilit y  t o recogniz e othe r  entitie s o f  th e worl d a s 
individua l  agent s i s innat e i n th e huma n specie s (Lesli e 
1994 ,  Premac k 1990) ;  th e late r  acquisitio n o f  a  T o M an d o f 
th e abilit y  t o engag e i n adult-lik e communicatio n i s thu s du e 
t o th e interactio n betwee n specifi c  innat e component s o f  a n 
agent' s cognitiv e architectur e an d he r  socia l  environment , 
rathe r  tha n t o a  proces s o f  simpl e learning . 

We adop t  th e basi c framewor k o f  a  computationa l  theor y 
of  cognitiv e pragmatics ,  formulate d b y Airenti ,  Bar a & 
Colombett i  (1993) ,  an d modif y i t  s o t o accoun t  fo r  th e earl y 
developmen t  o f  communicativ e competence .  I n ou r  account , 
th e tw o basi c architectura l  component s tha t  allo w a n infan t 
t o communicat e ar e a  peculia r  versio n o f  sharednes s an d o f 
communicativ e intention . 

Airenti ,  Bar a &  Colombett i  (1993 )  prov e tha t  thes e 
concept s ar e logicall y necessar y fo r  communication .  Thei r 
argumen t  trace s bac k t o a  drawbac k i n Grice' s (1957 ) 
accoun t  o f  non-natura l  meanin g (i.e. ,  o f  communication) .  I n 
Grice' s analysis ,  communicatio n involve s th e agent' s 
intentio n tha t  th e partne r  recogniz e he r  intentio n a s 
communicative .  T o b e mor e precise :  i f  A n n say s t o B o b 
"Don' t  forge t  you r  umbrell a whe n yo u g o out :  there' s goin g 
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t o b e a  rainstorm" ,  he r  utteranc e i s communicativ e i f  sh e 
intends ,  b y utterin g it :  (i )  t o induc e B o b t o lak e a n umbrella , 
(ii )  t o le t  Bo b recogniz e intentio n (i) ,  an d (iii )  t o le t  suc h 

recognitio n b e (a t  leas t  par t  o O Bob' s reaso n fo r  takin g a n 
umbrella . 

Th e proble m wit h Grice' s accoun t  i s tha t  i t  involve s a n 
infinit e regression ,  whereb y i t  i s  alway s necessar y tha t  th e 
agen t  entertai n a  (n+l)-t h intentio n tha t  he r  n-t h intentio n b e 
recognize d (Strawso n 1964 ;  Schiffe r  1972) .  T o avoi d thi s 

pitfall .  Airenti ,  Bar a &  Colombett i  (1993 )  mtroduc e th e 
concep t  o f  overtness ,  an d dea l  wit h i t  i n term s o f  share d 
menta l  states .  The y defin e share d belie f  a s a  unilatera l 
primitiv e menta l  state ,  rathe r  tha n th e en d poin t  o f  a n 
infinit e nestin g o f  menta l  state s o f  th e A n n believe s tha t  B o b 
believe s tha t  Ann' s sort .  I n othe r  words ,  a n agen t  sharedl y 

believe s tha t  p  wit h a  certai n partne r  i f  sh e believe s bot h 
tha t  p  an d tha t  th e partne r  sharedl y believe s tha t  p  wit h her . 

Thi s definitio n allow s Airenti ,  Bar a &  Colombett i  (1993 ) 
t o als o defin e communicativ e intentio n a s a  circula r 
primitiv e o f  th e sam e sort :  i n particular ,  a s th e intentio n t o 
overtl y m a k e som e o f  th e agent' s privat e menta l  state s 
share d wit h th e partner .  Overtnes s her e mean s tha t  th e ver y 
intentio n t o communicat e ha s t o b e m a d e publi c i n it s turn . 
T o b e mor e precise :  a n agen t  intend s t o communicat e tha t  p 
t o a  partne r  i f  sh e intend s t o shar e wit h th e partne r  bot h tha t 
p an d tha t  sh e intend s t o communicat e tha t  p  t o him . 
Colombett i  (1993 ,  1998 )  ha s provide d formalize d 
definition s o f  bot h th e menta l  stat e type s w e hav e discusse d 
i n a  moda l  logi c language . 

Share d belie f  an d communicativ e intentio n ar e thu s 
logicall y necessar y component s o f  th e architectur e o f  a 
communicatin g agent .  Althoug h adul t  communicatio n wil l 
als o hav e t o includ e privat e belief s an d a  mor e sophisticate d 
concep t  o f  intention ,  w e propos e tha t  thes e tw o basi c 
components ,  appropriatel y reconsidered ,  ar e sufficien t  t o 
explai n infan t  communication . 

Sharednes s i s a n agent' s abilit y  t o constru e he r  o w n 
menta l  state s a s mutuall y k n o w n t o a  partner .  Thi s i s th e 
startin g poin t  o f  communicativ e interaction ,  whic h m a y the n 
be viewe d a s th e progressiv e modificatio n o f  th e c o m m o n 
backgroun d share d betwee n th e participants .  Sharednes s i s 
m a de possibl e b y th e fundamenta l  identit y o f  al l  h u m a n 
beings '  cognitiv e architecture ,  whic h allow s u s t o recogniz e 
our  conspecific s a s havin g menta l  state s qualitativel y simila r 
t o our s an d therefor e t o vie w the m a s plausibl e 
communicativ e partner s (Tirass a 1997) . 

We hypothesiz e tha t  a  youn g chil d m a y communicat e b y 
resortin g no t  t o a  full-fledge d T o M ,  a s implie d b y th e 
relevan t  literature ,  bu t  simpl y t o th e capabilit y  o f  sharin g 
her  menta l  state s wit h he r  partners ,  provide d tha t  sh e i s 
incapabl e o f  no t  sharin g them .  I n a  reversa l  o f  th e classica l 
approach ,  accordin g t o whic h th e infan t  i s unabl e t o ascrib e 
menta l  state s t o othe r  individuals ,  w e argu e tha t  sh e i s 
unabl e no t  t o conside r  he r  menta l  slate s share d wit h th e 
partners .  I n thi s perspective ,  th e egoceniris m o f  th e pre -
T o M chil d m a y b e interprete d no t  a s th e inabilit y  t o vie w 
th e conspecific s a s endowe d wit h menia l  states ,  bu t  a s th e 
inabilit y  t o understan d tha t  the y d o no t  necessaril y  shar e he r 
o wn menta l  states .  I n he r  earlies t  stage s o f  life ,  a  chil d 
woul d the n tak e al l  o f  he r  experientia l  stale s a s share d wit h 

her  partners .  I n ou r  proposal ,  fo r  a n infan t  t o .shar e al l  o f  he r 
menta l  slate s mean s tha t  the y are ,  i n he r  o w n perspective , 

intrinsicall y public . 
A n adult's ,  o r  a n elde r  child's ,  abilit y  t o shar e no t  al l  o f 

her  menta l  stale s (i.e. ,  t o understan d tha t  bot h he r  an d he r 
conspecific s hav e menia l  slate s privat e o f  thei r  o w n )  i s 
instea d m a d e possibl e b y th e presenc e o f  a  full-fledge d 
T o M,  i.e. ,  b y he r  abilit y  t o differentiat e he r  menta l  slate s 
fro m thos e tha t  ma y b e ascribe d t o th e partner .  Thi s m a y b e 
a late r  acquisitio n i n chil d development ,  possibl y supporte d 
by increasingl y comple x socia l  interaction s wit h th e 
caregivers . 

As fo r  communicativ e intention ,  Airenti ,  Bar a & 
Colombett i  (1993 )  defin e i t  a s a n agent' s intentio n t o ad d t o 

or ,  i n general ,  t o modif y -  th e c o m m o n backgroun d share d 
wit h th e partner ,  i.e. ,  a s a n individual' s capabilit y  o f  actin g 
i n suc h a  wa y tha t  a  partne r  m a y notic e he r  action s an d 
ascrib e the m a  suitabl e communicativ e meaning . 

Our  proposa l  i n thi s respec t  i s  that ,  i f  th e chil d share s al l 
her  subjectiv e realit y wit h th e partners ,  the n ever y actio n 
sh e m a y perfor m i s performe d i n th e cognitiv e spac e sh e 
share s wit h the m an d ha s therefor e a  communicativ e 
meaning .  A n infan t  woul d simpl y entertai n a n 
undifferentiate d typ e o f  intention ,  whic h woul d b e neithe r 
strictl y privat e no r  strictl y communicative ,  sinc e th e 
differenc e betwee n th e tw o woul d requir e he r  t o b e awar e 
tha t  som e o f  he r  menta l  state s ar e no t  actuall y shared . 

T o m a k e a n example :  a  hungr y chil d woul d simpl y tak e i t 
fo r  grante d tha t  he r  caregiver s shar e thi s menta l  stat e o f 
hers ,  whic h woul d brin g he r  t o als o tak e i t  fo r  grante d tha t 
her  hunge r  wil l  b e satisfied .  F ro m th e viewpoin t  o f  a  strictl y 
Gricea n theor y o f  communication ,  he r  cr y woul d no t  b e 
considere d intentionall y communicative ,  becaus e thi s woul d 
requir e tha t  sh e b e abl e t o dra w a n explici t  distinctio n 
betwee n th e menta l  state s sh e take s a s privat e o f  he r  own , 
thos e sh e take s a s privat e o f  th e caregivers' ,  an d thos e sh e 
take s a s share d wit h them .  Sh e canno t  therefor e b e sai d t o 
entertai n a  full y  communicativ e intention ,  accordin g t o th e 
definitio n give n above .  However ,  sh e ca n tak e i t  fo r  grante d 
tha t  ever y behavio r  o f  her s i s public ,  i.e. ,  share d wit h th e 
caregivers :  privat e an d communicativ e behavio r  ar e simpl y 
on e an d th e sam e thing . 

Late r  on ,  wit h th e ful l  developmen t  o f  T o M ,  th e infan t 
woul d begi n t o recogniz e tha t  bot h sh e an d th e othe r 
individual s hav e thei r  o w n privat e menta l  states , 
qualitativel y simila r  bu t  no t  necessaril y  identica l  t o thos e o f 
thei r  partners .  Thi s wil l  enabl e he r  t o realiz e tha t  onl y som e 
of  a n agent' s menta l  state s m a y actuall y b e share d wit h 
anothe r  individual .  Thi s wil l  b e th e beginnin g o f  intentiona l 
communicatio n i n a  full y  Gricea n definition :  a s T o M 
develops ,  communicatio n wil l  becom e on e o f  th e mean s 
availabl e t o a  certai n end ,  an d no t  a  plai n stat e o f  th e world . 

Stil l  later ,  thi s capabilit y  wil l  becom e explicit ,  mor e 
simila r  t o a  theor y i n th e litera l  acceptatio n o f  th e term ;  thi s 
wil l  allo w th e elde r  chil d t o reaso n upo n an d t o tr y t o affec t 
th e others '  menta l  state s i n a  mor e sophisticated ,  adult-lik e 
way ,  an d therefor e t o deal ,  e.g. ,  wit h wron g belief s an d thei r 
revision ,  deceit s (involvin g a  crucia l  differenc e betwee n a n 
agent' s publi c an d privat e menta l  states) ,  an d s o on . 
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Communicatio n a n Innatis m 

Explici t  To M become s manifes t  aroun d th e fourt h birthday ; 
Clement s &  Perne r  (1994 )  hav e foun d evidenc e o f  a n 
implici t  To M appearin g aroun d th e third .  Mos t  researcher s 
agre e tha t  thes e abilitie s d o no t  star t  fro m scratch ,  bu t  fin d 
thei r  precursors ,  o r  prerequisites ,  i n earlie r  cognitiv e 
capabilities ,  lik e gaz e monitorin g an d join t  attentio n (Baron -
Cohen 1995) .  I n an y case ,  ther e i s stron g evidenc e tha t  a 
chil d younge r  tha n 3  o r  4  i s incapabl e o f  differentiatin g he r 
own menta l  state s fro m thos e tha t  ca n b e ascribe d t o othe r 
individuals .  Thi s implie s tha t  sh e i s unabl e t o communicat e 
i n a  full y  Gricea n way ;  unles s on e i s willin g t o asser t  tha t 
she doe s no t  communicat e a t  all ,  thi s leave s ope n tw o 
possibilities . 

I n principle ,  tw o individual s belongin g t o th e sam e 
specie s ma y interac t  i n tw o ways :  ethological ,  i.e. ,  affectin g 
each other' s behavio r  b y wa y o f  a  full y  codifie d repertoir e o f 
behaviors ;  o r  psychological ,  i.e. ,  affectin g eac h other' s 
menta l  state s b y wa y o f  intentiona l  communication .  Thes e 
tw o type s o f  interactio n ar e foun d i n differen t  species , 
emerge i n differen t  phylogeni c stages ,  an d ar e irreducibl e 
t o eac h other ;  th e latter ,  bu t  no t  th e former ,  require s certai n 
specifi c  menta l  states ,  onl y typica l  o f  th e highl y comple x 
cognitiv e system s o f  sociall y  sophisticate d specie s lik e ours . 

An explanatio n o f  infan t  communicatio n base d o n a n 
ethologica l  perspectiv e woul d pos e seriou s problems .  A s a 
first  thing ,  i t  i s  no t  parsimonious ,  fro m a  scientifi c 
standpoint ,  t o hav e t o formulat e tw o completel y differen t 
theorie s fo r  communicatio n i n th e adul t  an d i n th e infant . 
The greates t  difficulties ,  however ,  woul d com e fro m th e 
attemp t  t o understan d th e transitio n fro m th e ethologica l 
theor y supposedl y use d b y th e infan t  t o th e psychologica l 
one use d b y th e elde r  chil d an d th e adult . 

A firs t  possibilit y  i s  tha t  th e ethologica l  theor y woul d 
simpl y vanish ,  leavin g roo m fo r  th e psychologica l  one ;  this , 
however ,  seem s rathe r  implausibl e an d eve n har d t o 
understand .  A  second ,  mor e interesting ,  possibilit y  woul d b e 
t o postulat e a n evolutio n o f  th e ethologica l  theor y int o th e 
psychologica l  one .  W e argue ,  however ,  tha t  thi s wil l  no t 
wor k either .  Ho w coul d a n infan t  lear n tha t  th e caregiver s 
ar e endowe d wit h menta l  states ,  startin g fro m a n ethologica l 
theory ? Suc h knowledg e canno t  com e fro m th e simpl e 
observatio n o f  thei r  behavior ,  becaus e a n organism' s menta l 
state s o r  eve n th e simpl e fac t  tha t  tha t  organis m doe s 
actuall y entertai n menta l  state s -  canno t  b e inferre d fro m th e 
plai n observatio n o f  tha t  organism' s behavio r  (Searl e 1992 ; 
Turin g 1950 ;  Watso n 1913) .  Ethologica l  an d psychologica l 
theorie s ar e intrinsicall y different ,  an d th e latte r  canno t  b e 
derive d fro m th e former ,  no r  fro m thei r  loca l  o r  globa l 
falsification .  Thi s is ,  i n practice ,  a  reformulatio n o f  wha t  i s 
known i n linguistic s a s th e argumen t  fro m th e povert y o f 
th e stimulus " 

Ther e is ,  i n othe r  words ,  a  circula r  proble m wit h th e 
ethologica l  stance :  i f  a n infan t  ha d n o ide a tha t  th e 
caregiver s ar e endowe d wit h menta l  states ,  sh e woul d hav e 
no wa y t o mak e suc h discover y startin g fro m th e 
observatio n o f  thei r  behavior .  Th e onl y wa y t o interac t  wit h 
othe r  huma n agent s qu a huma n agent s i s b y viewin g the m a s 
intentiona l  fro m th e beginning . 

Recognizm g conspecific s a s plausibl e communicativ e 
partner s canno t  b e a  matte r  o f  learning ;  no r  ca n i t  b e learne d 
tha t  the y posses s menta l  state s o r  tha t  thes e state s ca n b e 
more o r  les s differen t  fro m ours .  Therefore ,  th e capacit y o f 
entertainin g share d belief s an d communicativ e intention s 
have t o b e innat e an d species-typica l  i n orde r  t o justif y th e 
ver y existenc e o f  huma n communication .  Thi s doe s no t 
mean tha t  thes e menta l  state s ar e presen t  a t  birth :  ou r  poin t 
i s  tha t  the y resul t  fro m th e evolutio n o f  earlier , 
undifferentiate d state s o f  sharednes s an d intention . 

Bot h thes e earlie r  menta l  state s an d th e pattern s o f  thei r 
developmen t  int o adult-lik e .state s (whic h wil l  includ e th e 
abilit y  t o differentiat e betwee n privat e an d share d beliefs , 
and betwee n privat e an d communicativ e intentions )  hav e t o 
be innate .  Th e ful l  developmen t  o f  th e earlie r  state s int o th e 
late r  ones ,  o f  course ,  ma y wel l  requir e appropriat e 
interaction s wit h th e socia l  environment .  Ou r  poin t  her e i s 
thu s tha t  th e chil d canno t  lear n tha t  ther e exis t  othe r  beings , 
simila r  t o her ,  wit h who m sh e ma y communicate :  thi s 
knowledg e ha s t o b e par t  o f  he r  innat e competence .  Onl y 
thi s allow s fo r  th e creatio n an d modificatio n o f  a  common 
backgroun d wit h th e caregivers . 

Conclusion 

We hav e propose d tha t  ther e exis t  primitiv e component s o f 
human cognitiv e architecture ,  necessar y fo r  intentiona l 
communicatio n a s i t  ha s bee n define d sinc e Gric e (1957) , 
arguin g tha t  the y hav e t o b e innat e i n orde r  t o allo w fo r  th e 
ver y existenc e o f  communication .  Thes e component s ar e 
sharednes s an d communicativ e intentio n (plus ,  o f  course ,  a n 
appropriat e se t  o f  input/outpu t  channel s lik e languag e o r 
gesture) . 

These component s hav e t o b e someho w presen t  i n th e 
infant ,  i f  sh e ha s t o b e viewe d a s par t  o f  th e huma n 
communicativ e collectivit y (whic h i s als o th e onl y wa y t o 
guarante e tha t  sh e wil l  lear n wha t  sh e ha s t o lear n fro m he r 
socia l  environment) .  Ther e is ,  however ,  evidenc e tha t  the y 
canno t  b e presen t  i n th e sam e sophisticate d for m the y tak e 
i n th e elde r  chil d an d th e adult :  somethin g simple r  i s 
therefor e neede d t o explai n infan t  communication . 

We hav e argue d tha t  ou r  versio n o f  undifferentiate d 
sharednes s an d intentio n ar e th e necessar y an d sufficien t 
component s o f  a n infant' s communicativ e competence .  A 
key poin t  o f  thi s argumen t  i s tha t  thi s require s a  ver y early , 
innat e capabilit y  o f  recognizin g agency ,  i.e. ,  o f  viewin g 
certai n entitie s o f  th e worl d a s agent s endowe d wit h menta l 
states ,  an d certai n event s o f  th e worl d a s brough t  abou t  b y 
agent s rathe r  tha n b y physica l  necessity . 
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Abst rac t 

Constan t  interactio n wit h a  dynami c environmen t  — 
from  ridin g a  bicycl e t o segmentin g speec h — make s 
sensitivit y t o th e sequentia l  structur e o f  th e worl d a 
crucia l  dimensio n o f  th e cognitiv e system .  Account s o f 
sequenc e learnin g var y widely ,  wit h som e author s 
arguin g tha t  parsin g an d segmentatio n processe s ar e 
central ,  an d other s defendin g th e notio n tha t  sequenc e 
learnin g involve s mer e memorization .  I n thi s paper ,  w e 
argu e tha t  sequenc e knowledg e i s  essentiall y  statistica l 
i n natur e an d tha t  sequenc e learnin g involve s simpl e 
associativ e predictio n mechanisms .  W e focu s o n a  choic e 
reactio n situatio n introduce d b y Le e (1997) ,  i n whic h 
participant s wer e expose d t o materia l  tha t  follow s a n 
extremel y simpl e rule ,  namel y tha t  stimul i  ar e selecte d 
randoml y bu t  neve r  appea r  mor e tha n onc e i n a  lega l 
sequence .  Perhap s surprisingly ,  peopl e ca n lear n thi s rul e 
ver y well .  O r  d o they ? W e offe r  a  conceptua l  replicatio n 
of  th e origina l  finding,  bu t  a  ver y differen t  interpretatio n 
of  th e results ,  a s wel l  a s simulatio n wor k tha t  make s i t 
clea r  ho w highl y abstrac t  dimension s o f  th e stimulu s 
materia l  ca n i n fac t  b e learne d base d o n elementar y 
associativ e mechanisms . 

Introduction 

Sequenc e learnin g i s a  fundamenta l  proces s involve d i n th e 
m a ny differen t  cognitiv e skill s  require d fo r  successfu l 
interactio n wit h a n intensel y dynami c environment . 
A m o ng thos e skills ,  languag e i s  probabl y th e mos t 
complex ,  an d th e rol e tha t  elementar y associativ e sequenc e 
learnin g processe s m a y pla y i n it s  developmen t  hav e 
recentl y begu n t o b e explore d anew .  Fo r  instance ,  Saf&a n 
et  al .  (Saffran ,  J.R. ,  Newport ,  E.L. ,  Aslin ,  R.N. ,  Tunick , 
R.A. ,  &  Barrueco ,  S. ,  1997 )  recentl y showe d h o w 
incidenta l  exposur e t o artificia l  language-lik e auditor y 
materia l  (e.g. ,  bupadapatubitutibu... )  w a s sufficien t  t o 
enabl e participant s t o segmen t  th e continuou s sequenc e o f 
sound s the y ha d hear d int o th e artificia l  word s (e.g. , 
bupada ,  patubi ,  etc. )  tha t  i t  consiste d of ,  a s evidaice d b y 
thei r  performanc e i n a  subsequen t  recognitio n test .  Base d 
on thes e data ,  Saf&a n e t  al .  (1997 )  suggeste d tha t  wor d 
segmentatio n abilitie s develo p base d o n mechanism s tha t 
exploi t  th e statistica l  regularitie s presen t  i n sequence s o f 
events ,  suc h a s fo r  instanc e th e fac t  tha t  th e transitiona l 
probabilitie s o f  successiv e syllable s ar e highe r  withi n 
word s tha n betwee n words .  Interestingly ,  Safl&a n e t  al . 

(1997 )  roote d thei r  interpretatio n o f  thei r  fmding s i n th e 
apparend y remot e literatur e dedicate d t o implici t  learning . 
TTi e connectio n i s obviou s a s soo n a s on e recognize s tha t 
languag e acquisition ,  lik e implici t  learnin g (se e Berr y & 
Dienes ,  1993 ;  Cleeremans ,  199 3 fo r  reviews) ,  i s  likel y t o 
involve ,  a t  leas t  i n part ,  incidenta l  learnin g o f  comple x 
informatio n organize d a t  differen t  levels .  I n particular , 
researc h o n sequenc e learnin g has ,  ove r  th e pas t  decad e o r 
so provide d a  stead y strea m o f  relevan t  evidenc e suggestin g 
tha t  participant s exhibi t  detaile d sensitivit y t o th e 
sequentia l  structur e throug h difference s i n thei r  reactio n 
tim e t o stimul i  tha t  ar e o r  ar e no t  predictabl e base d o n th e 
tempora l  context .  I n typica l  sequenc e learnin g situations , 
participant s ar e aske d t o reac t  t o eac h elemen t  o f 
sequentiall y  structure d an d typicall y visua l  sequence s o f 
event s (e.g. ,  Nisse n &  Bullemer ,  1987) .  Severa l  version s 
of  thi s basi c paradig m ca n b e distinguished .  I n rule-base d 
paradigms ,  sequence s eithe r  confor m o r  fai l  t o confor m t o 
an abstrac t  rul e tha t  describe s permissibl e transition s 
betwee n successiv e stimuli .  Rule-base d paradigm s ca n i n 
tur n involv e eithe r  deterministi c (e.g. ,  Lewicki ,  Hill ,  & 
Bizot ,  1988 )  o r  probabilisti c  rules ,  a s w h e n th e stimulu s 
materia l  i s  generate d base d o n th e outpu t  o f  finite-stat e 
grammar s (e.g. ,  Cleeremans ,  1993) .  B y contrast ,  i n th e 
mor e c o m m o n simpl e repeatin g sequenc e paradigm ,  a 
singl e sequenc e containin g fixe d regularitie s i s  rqjeate d 
m a ny time s t o produc e th e trainin g se t  (e.g. ,  Nisse n & 
Bullemer ,  1987) . 

A perennia l  questio n i n thi s contex t  i s  t o detennin e 
exactl y wha t  peopl e lear n abou t  w h e n expose d t o 
sequentiall y  structure d stimulu s material .  Perhap s 
unsurprisingly ,  i t  i s  ofte n th e cas e tha t  severa l  differen t 
accoimt s ar e partiall y o r  completel y consisten t  wit h th e 
data .  Conside r  fo r  instanc e a  sequenc e learnin g situatio n i n 
whic h th e stimulu s materia l  consist s o f  a  simpl e repeatin g 
sequenc e suc h a s " A B C D B A " .  W h e n expose d t o thi s 
materia l  i n th e contex t  o f  a  choic e reactio n situation , 
participant s coul d eithe r  (1 )  lear n somethin g abou t  th e 
generatio n rules ,  (2 )  memoriz e th e entir e sequence ,  (3 ) 
become sensitiv e t o th e frequency  o f  specifi c  repeatin g 
fragment s o f  th e sequence ,  (4 )  lear n somethin g abou t  th e 
conditiona l  probabilit y o f  occurrenc e o f  eac h elemen t  i n 
th e contex t  o f  th e previou s elements ,  (5 )  lear n abou t  othe r 
aspect s o f  th e materia l  suc h a s specifi c  m o v e m e n t  pattern s 
(e.g. ,  alternations ,  trills ,  o r  mor e abstrac t  patterns) . 
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Cleereman s an d Jimene z (1998 )  suggeste d tha t  thes e 
differen t  account s m a y i n fac t  ofte n tur n ou t  t o b e 

descriptivel y equivalent ,  an d conclude d tha t  th e cor e 
processe s involve d i n sequenc e learnin g ar e bes t  though t  o f 
as involvin g elementar y associativ e learnin g processe s tha t 

resul t  i n a  progressivel y developin g sensitivit y t o th e 
statistica l  constraint s containe d i n th e materia l  (se e als o 
Stadler ,  1992) .  Suc h processe s ar e wel l  instantiate d b y th e 

Simpl e Recurren t  Networ k (henceforth ,  S R N ;  se e Elman , 
1990 ;  Cleereman s &  McClelland ,  1991) ,  whic h w e 
describ e late r  i n thi s paper . 

I n thi s context ,  Le e (1997 )  describe d a n interestin g 
sequenc e learnin g situatio n which ,  a t  firs t  sight ,  seem s t o 
challeng e traditiona l  account s o f  sequenc e learning .  Indeed , 
th e stimulu s se t  use d b y Le e consiste d o f  a  rando m 
selectio n o f  th e 72 0 (6! )  sequence s o f  si x element s tha t  ar e 
consisten t  wit h th e followin g simpl e constraint :  Eac h o f 
si x differen t  element s ca n onl y appea r  onc e i n eac h six -
element s sequence .  Fo r  instance ,  th e sequence s "123456 " 
or  "236145 "  ar e bot h lega l  becaus e eac h stimulu s appear s 
onl y once .  Th e sequenc e "235451" ,  however ,  doe s no t 
follo w th e rul e becaus e elemen t  '5 '  appear s twic e an d 
elemen t  '6 '  i s  missing .  Thi s rul e thu s result s i n a 
probabilit y  gradien t  acros s th e si x position s withi n eac h 
sequence ,  suc h tha t  th e firs t  elemen t  o f  an y lega l  sequenc e 
i s alway s completel y unpredictable ,  an d suc h tha t  th e 
subsequen t  element s becom e increasingl y predictabl e base d 
on th e contex t  se t  b y th e previoxi s elements .  Th e fma l 
elemen t  o f  eac h lega l  sequenc e i s thu s alway s completel y 
predictabl e base d o n th e first  five  elements .  Lee' s materia l 
thu s contain s almos t  n o structur e bu t  fo r  th e singl e highl y 
abstrac t  structura l  propert y describe d b y th e generatio n 
rule .  Nevertheless ,  Le e showe d tha t  participant s traine d o n 
thi s materia l  ten d t o respon d faste r  t o stimul i  tha t  occu r  i n 
seria l  positio n 6  tha n t o stimul i  tha t  appea r  i n seria l 
positio n 1 ,  thereb y indicatin g tha t  the y ha d learne d 
somethin g abou t  th e structur e o f  th e material .  Le e als o 
suggeste d tha t  learnin g involve d a  combinatio n o f  implici t 
and explici t  learning ,  t o th e exten t  tha t  peopl e wer e unabl e 
t o projec t  thei r  knowledg e i n variou s direc t  test s (e.g. , 
recognitio n o r  prediction) ,  bu t  nevertheles s exhibite d bette r 
learnin g whe n informe d o f  th e natur e o f  th e rule . 

As Le e (1997 )  indicated ,  traditiona l  theorie s o f  sequenc e 
learnin g m a y hav e a  har d tim e accoimtin g fo r  th e data . 
Indeed ,  theorie s tha t  rel y o n th e notio n tha t  peopl e 
memoriz e entir e instance s woul d hav e difficult y i n thi s 
cas e becaus e th e stimulu s materia l  simpl y doe s no t  consis t 
of  a  fe w repeatin g sequences .  Fragment-base d account s 
als o appea r  implausibl e becaus e eve n three-element s 
fiagments  fai l  t o conve y muc h informatio n abou t  th e 
relevan t  regularities .  Fo r  instance ,  th e fiagment  '123 '  ma y 
end i n an y o f  th e 6  seria l  position s an d b e followe d b y an y 
of  th e 6  possibl e element s bu t  '3 '  (stimulu s repetition s 
wer e forbidden) .  Le e conclude d tha t  "bot h parsin g an d 
short-ter m memor y mechanism s mus t  b e involved "  (p . 
428) ,  an d tha t  model s base d o n simpl e associativ e learnin g 
mechanisms ,  suc h a s th e S R N model ,  wer e probabl y 
incapabl e o f  learnin g thi s stimulu s material . 

I n th e following ,  w e fu^ t  repor t  o n th e result s o f  a 
conceptua l  replicatio n o f  Le e (1997)' s experiment .  Next , 
and i n contras t  t o Lee' s conclusions ,  w e sho w tha t 
participants '  sensitivit y t o th e rul e use d t o generat e th e 

stimulu s materia l  ca n actuall y b e understoo d base d o n th e 
operatio n o f  elementar y associativ e mechanism s tha t  d o 

not  involv e an y parsin g o f  th e material .  Mor e 
importantly ,  w e als o challeng e th e ide a tha t  an y learnin g 
i s involve d i n thi s situation .  Finally ,  w e explor e h o w wel l 
th e S R N mode l  ca n accoun t  fo r  ou r  data . 

Experimental Design 

Participants 

Twelv e participant s too k par t  i n th e experiment .  The y 
wer e pai d a  fla t  fe e o f  abou t  $1 4 an d coul d ear n a n 

additiona l  bonu s o f  u p t o $ 9 base d o n performanc e a t  th e 
tas k (se e below) . 

Apparatus and Display 

The experimen t  wa s ru n o n PowerP C Macintos h 

computers .  Th e displa y consiste d o f  si x dot s arrange d i n a 
horizonta l  lin e o n th e computer' s scree n an d separate d b y 
interval s o f  3  cm .  Eac h scree n positio n corresponde d t o a 
ke y o n th e computer' s keyboard .  Th e spatia l  configuratio n 
of  th e key s wa s full y compatibl e wit h th e scree n 
positions .  Th e stimulu s wa s a  smal l  blac k circl e 0.3 5 c m 
i n diamete r  tha t  appeare d o n a  whit e scree n background , 
centere d 1  c m belo w on e o f  th e si x dots .  Th e RS I  wa s 12 0 
msec. 

Procedure 

The experimen t  consiste d o f  2 4 trainin g block s durin g 
whic h subject s wer e expose d t o a  seria l  six-choic e R T 
task .  Eac h bloc k consiste d o f  18 0 trials ,  fo r  a  tota l  o f 
432 0 trials .  O n eac h trial ,  a  stimulu s appeare d a t  on e o f 
th e possibl e si x positions .  Participant s wer e instructe d t o 
respon d a s fas t  an d a s accuratel y a s possibl e b y pressin g 
on th e correspondin g key .  Th e targe t  wa s remove d a s soo n 
as a  ke y ha d bee n pressed ,  an d th e nex t  stimulu s  ̂ jpeare d 
afte r  a  12 0 mse c interval .  Erroneou s response s wer e 
signale d t o participant s b y mean s o f  a  tone . 

Al l  participant s wer e expose d t o tw o practic e block s o f 
18 trial s eac h befor e th e onse t  o f  th e experiment .  Shor t 
res t  break s occurre d betwee n an y tw o experimenta l  blocks . 
Durin g thes e breaks ,  participant s wer e give n feedbac k 
abou t  thei r  performanc e durin g th e previou s block ,  an d 
informe d abou t  h o w muc h bonu s mone y the y ha d earne d 
so far .  Thi s amoun t  wa s compute d fo r  eac h bloc k base d o n 
bot h accurac y an d speed .  A  longe r  res t  brea k o f  abou t  7 
minute s occurre d afte r  1 2 experimenta l  blocks . 

Al l  participant s wer e subsequentl y aske d t o perfor m a 
continuou s generatio n tas k durin g whic h the y w a « 
require d t o predic t  th e locatio n a t  whic h th e nex t  stimulu s 
woul d appear .  Thi s generatio n tas k consiste d o f  54 0 trial s 
presente d ove r  3  block s o f  18 0 trial s each .  Fo r  eac h 
participant ,  th e stimulu s materia l  presente d durin g 
generatio n wa s identica l  wit h th e materia l  the y ha d bee n 
expose d t o durin g block s 1 3 t o 1 5 o f  th e R T task ,  thereb y 
ensurin g tha t  th e R T an d generatio n task s wer e a s 
comparabl e a s possible .  N o explici t  feedbac k wa s provide d 
durin g th e generatio n task .  However ,  participant s coul d 
obtai n feedbac k merel y b y comparin g thei r  predictio n 
response s wit h th e actua l  locatio n a t  whic h th e nex t 
stimulu s appeared . 
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Stimulu s materia l 

The materia l  use d i n thi s experimen t  wa s th e sam e a s 
describe d b y Le e (1997) .  Th e stimulu s se t  consiste d o f  th e 
72 0 (6! )  sequence s o f  si x element s tha t  wer e consisten t 
wit h th e followin g simpl e constraint :  Eac h elemen t  coul d 
onl y appjea r  onc e i n eac h sequence ,  a s describe d i n th e 
introduction .  Eac h o f  th e 2 4 trainin g block s wa s produce d 
by randoml y selectin g (withou t  replacement )  3 0 lega l 
sequence s an d b y concatenatin g the m i n rando m orde r  wit h 
th e onl y constrain t  tha t  th e las t  elemen t  o f  an y sequenc e 
coul d no t  b e identica l  wit h th e first  elemen t  o f  th e nex t 
sequence .  Thi s procedur e ensure d tha t  th e materia l  wa s 

altogethe r  free  o f  repetitions ,  whic h ar e k n o w n t o elici t 
fas t  reactio n time s regardles s o f  thei r  probability .  Eac h 
participan t  wa s expose d t o a  differen t  rando m orde r  o f  th e 
2 4 trainin g blocks .  I n contras t  t o Le e (1997 )  then , 
participant s i n thi s stud y wer e expose d t o th e entir e 
trainin g se t  rathe r  tha n t o a  subse t  o f  al l  lega l  sequences . 

Results 

We firs t  repor t  o n overal l  performanc e i n th e R T task . 

Choice Reaction Time Performance 

To asses s whethe r  participant s wer e sensitiv e t o th e 
sequentia l  structur e o f  th e material ,  w e first  examine d 
whethe r  thei r  reactio n time s reflecte d th e seria l  positio n 
effec t  describe d b y Le e (1997) .  Recal l  tha t  th e stimulu s 
materia l  wa s suc h tha t  stimul i  appearin g a s th e first 
elemen t  o f  a  sequenc e wer e completel y rando m accordin g 
t o th e generatio n rules ,  an d tha t  stimul i  appearin g a t 
subsequen t  seria l  position s wer e increasingl y predictable , 
up t o seria l  positio n 6  wher e th e stimulu s wa s completel y 
determined .  Figur e 1  show s th e averag e reactio n time s 
obtaine d ove r  th e entir e experiment ,  plotte d separatel y fo r 
eac h o f  th e 6  seria l  positions .  Th e figure  make s i t  clea r 
tha t  participants '  response s ar e strongl y influence d b y th e 
seria l  positio n withi n eac h sequence :  Th e reactio n time s 
indee d decreas e linearl y fro m th e firs t  t o th e sixt h seria l 
position ,  wit h a  differenc e o f  abou t  3 0 mse c betwee n th e 
first  an d las t  seria l  positions .  Thes e impression s wer e 
confinne d b y a  two-wa y A N O V A wit h bloc k [2 4 levels ] 
and seria l  positio n [si x  levels ]  a s repeate d measure s 
factors .  Thi s analysi s revealed  a  significan t  mai n effec t  o f 
block ,  F(23 ,  253 )  =  48.14 ,  p<.0001 ,  M s e =  2997. 7 an d o f 
seria l  position ,  F(5 ,  55 )  =  22.26 ,  p<.0001 ,  M s e =  1554.3 . 
The interactio n als o reache d significance ,  F(115 ,  1265 )  = 
1.26 ,  p<.05 ,  M s e =  754.4 ,  albei t  mor e detaile d analyse s 
(se e below )  d o no t  confir m tha t  i s shoul d b e take n a s a n 
indicatio n o f  learning .  Further ,  a  tren d analysi s appUe d t o 
th e averag e reactio n time s collapse d ove r  seria l  position s 1 
t o 6  confirme d thei r  linearity ,  F(5 ,  55 )  =  22.26 ,  p<.0001 , 
M s e = 1554. 3 (R^ = 0.96) . 

Learning 

Figur e 2  (lef t  panel )  show s h o w th e seria l  positio n effec t 
describe d abov e change s ove r  training .  Th e figure  indicate s 
tha t  th e effec t  i s akead y presen t  earl y i n training ,  an d tha t 
th e slop e o f  th e curve s correspondin g t o differen t  moment s 
durin g trainin g doe s no t  appea r  t o chang e much .  Thes e 
impression s wer e confirme d b y a n A N O V A wit h bloc k [ 4 
levels ]  an d seria l  positio n [ 6 levels ]  applie d o n thi s 

Reactio n tim e Mean percentag e o f  correc t  prediction s 

positio n positio n 

Figur e 1 :  Lef t  panel :  M e a n reactio n time s a s a  functio n 
of  seria l  positio n ove r  th e entir e experiment .  Righ t 
panel :  M e a n percentag e o f  correc t  predictio n response s 
produce d i n th e continuou s generatio n task ,  plotte d 
separatel y fo r  stimul i  associate d wit h seria l  position s 1 
t o 6 . 

aggregate data, and which again produced a significant 
interactio n betwee n block s an d positions ,  F(I5 ,  165 )  = 
1.77 ,  p<.05 ,  M s e =  185.3 .  However ,  thi s significan t 
interactio n doesn' t  see m t o reflec t  learning .  Indeed ,  planne d 
comparison s showe d tha t  th e differenc e betwee n reactio n 
time s t o positio n 1  an d positio n 6  stimul i  (3 0 msec )  i s 
alread y significan t  ove r  th e first  tw o block s [F(l,ll )  = 
16.87 ,  p<.001 ,  M s e =  309.5] ,  an d tha t  i t  stay s relativel y 
constan t  u p unti l  th e las t  tw o blocks ,  fo r  whic h i t 
average s 4 1 mse c [F(l,ll )  =  23.56 ,  p<.001 ,  M s e = 
443.74] .  I n short ,  ther e i s i n fac t  ver y littl e evidenc e tha t 
ther e i s an y learnin g i n thi s situation ,  shor t  o f  unspecifi c 
practic e effects :  Th e seria l  positio n effec t  emerge s ver y 
earl y i n trainin g an d remain s quit e constan t  ove r  th e entir e 
experiment . 

Generation task performance 

Afte r  th e mai n R T task ,  participant s wer e aske d t o perfor m 
a continuou s generatio n tas k durin g whic h the y wer e t o 
predic t  wher e th e stimulu s woul d appea r  next . 

Figur e 1  (righ t  panel )  show s th e averag e percentage s o f 
correc t  prediction s plotte d separatel y fo r  eac h o f  th e 6 
seria l  position s an d average d ove r  th e 3  blocks .  Planne d 
comparison s showe d tha t  th e percentage s o f  correc t 
response s fo r  eac h positio n faile d t o diffe r  from  chanc e 
(18% )  (p>.10) ,  thu s suggestin g tha t  participant s wer e 
unabl e t o projec t  thei r  knowledg e i n thi s direc t  test . 
However ,  fiirther  analysi s showe d tha t  participant s wer e 
nevertheles s mor e successfu l  i n predictin g th e locatio n a t 
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Figur e 2 :  Lef t  panel :  M e a n reactio n time s a s a 

functio n o f  seria l  position ,  plotte d separatel y fo r  bloc s 1 -

6,  7-12 ,  13-18 ,  an d 19-24 .  Righ t  panel :  M e a n S R N 

response s plotte d separatel y fo r  epoch s 1 ,  3 ,  5 ,  an d 7 . 



whic h seria l  positio n 6  stimul i  coul d appea r  tha n fo r 

positio n 1  stimuli ,  (t(12 )  =  3.8 ,  p < .005) . 
Finally ,  participant s wer e als o aske d question s abou t 

whethe r  the y ha d notice d anythin g abou t  th e structur e o f 
th e stimulu s materia l  i n eithe r  task .  Al l  participant s 

indicate d tha t  the y though t  tha t  th e stimulu s materia l  wa s 
completel y random . 

Discussion 

Take n a t  fece  value ,  th e dat a w e obtaine d replicat e th e 
result s reporte d b y Le e (1997) :  Participant s see m t o b e 
abl e t o s o m e h o w segmen t  th e stimulu s materia l  i n chunk s 
of  6  elements .  Thi s i s wha t  prompte d Le e t o conclud e tha t 
parsin g mechanism s wer e necessar y t o understan d 
performance .  I n addition ,  an d somewha t  surprisingly ,  ou r 
dat a als o indicat e tha t  n o o r  littl e sequentia l  learnin g too k 
plac e i n thi s situation .  A  reexaminatio n o f  Le e (1997)' s 
result s likewis e seem s t o sugges t  tha t  th e seria l  positio n 
effec t  i s  alread y presen t  ver y earl y durin g training .  I n th e 
following ,  w e wil l  (1 )  sho w tha t  parsin g mechanism s o f 
an y kin d tur n ou t  t o b e uimecessar y t o accoun t  fo r 
performance ,  an d (2 )  sugges t  a n accoun t  o f  h o w 
participant' s sensitivit y t o th e sequentia l  structur e m a y 
develo p befor e the y ar e firs t  expose d t o th e task . 

The position effect is emergent. Lee (1997)'s 
analysi s rest s o n th e assumptio n tha t  i t  i s  necessar y fo r 
participant s t o encod e th e seria l  positio n fo r  the m t o 
exhibi t  faste r  reactio n time s t o seria l  positio n 6  stimul i 
tha n t o othe r  positions ,  an d therefor e t o someho w pars e 
th e materia l  i n successiv e chunk s o f  6  element s wit h th e 
correc t  boxmdaries .  This ,  however ,  need s no t  b e th e case : 
Participant s i n fac t  merel y nee d t o b e sensitiv e t o th e la g 
tha t  separate s tw o occurrence s o f  th e sam e stimulus ,  an d 
t o produc e faste r  response s t o stimul i  associate d wit h a 
lon g lag .  T o se e this ,  conside r  th e fac t  tha t  an y stimulu s 
tha t  occur s o n seria l  positio n 6 ,  tha t  is ,  a s th e fma l 
elemen t  o f  a n experimenter-generate d sequence ,  i s 
necessaril y  associate d wit h a  la g o f  a t  leas t  lengt h 5 ,  i n 
that ,  b y construction ,  th e sam e stimulu s coul d no t  hav e 
occurre d withi n th e sam e experimenter-generate d sequence . 
I n contrast ,  stimul i  tha t  occu r  o n seria l  positio n 1  coul d 
hav e previousl y occurre d a s recentl y a s tw o trial s ag o (i n 
th e previou s sequence) ,  an d thu s b e associate d wit h a  la g 
o f  lengt h 1 .  Thi s stat e o f  affair s i s depicte d i n Figur e 3  A , 
whic h clearl y show s tha t  th e differen t  seria l  position s ar e 
associate d wit h range s o f  lag s o f  increasin g length .  Fo r 
instance ,  positio n 1  i s associate d wit h lag s o f  lengt h 1-5 , 
and positio n 6  wit h lag s o f  lengt h 5-10 .  F ro m thi s 
perspective ,  then ,  th e positio n effec t  describe d b y Le e 
(1997 )  an d rephcate d i n thi s experiment ,  merel y emerge s 
out  o f  mor e elementar y feature s o f  th e material ,  namel y 
(1 )  tha t  o n eac h trial ,  th e probabilit y  o f  an y stimulu s 
increase s linearl y wit h th e la g tha t  separate s th e curren t 
tria l  fro m th e stimulus' s previou s occurrence ,  an d (2 )  tha t 
differen t  seria l  position s i n th e experimenter-generate d 
sequence s are ,  b y construction ,  associate d wit h 
distribution s o f  increasin g lags . 

I f  ou r  accoun t  i s correct ,  the n on e shoul d observ e a  la g 
effec t  i n th e data .  Figur e 3 B show s tiiat  suc h a  la g effec t  i s 
indee d present :  Reactio n time s decreas e linearl y wit h th e 
lag ,  a s confirme d b y a n A N O V A wit h la g [1 0 levels] . 
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Figur e 3 :  Th e la g effect .  A :  Distributio n o f  lag s fo r 
eac h seria l  position .  B :  M e a n reactio n time s (fille d 
symbols )  an d mea n S R N response s (ope n symbols )  fo r 
eac h o f  1 0 la g levels .  C :  M e a n reactio n times ,  an d D : 
M e an S R N response s plotte d separatel y fo r  th e 1 0 la g 
level s an d fo r  eac h seria l  position .  Se e tex t  fo r  additiona l 
details . 

F(9,99) = 25,45, p<.0001. Figure 3C further shows that 
position ,  b y itself ,  seem s t o hav e littl e impac t  o n 
performance :  Eac h curv e (correspondin g t o stimul i  wit h a 
give n la g lengt h a s i n Figur e 3 A )  i s relativel y fla t  acros s 
seria l  positions .  A n A N O V A wit h positio n [si x levels ] 
applie d t o thes e dat a an d restricte d t o stimul i  wit h a  la g o f 
lengt h 5  (th e onl y cas e wher e positio n an d la g ar e 
completel y crossed )  confirme d thi s impressio n an d showe d 
no significan t  effec t  o f  positio n (p=.09) .  Henc e i t  shoul d 
be clea r  tha t  participant s d o no t  nee d to ,  an d i n fac t  d o not , 
pars e th e materia l  i n orde r  t o exhibi t  th e observe d seria l 
positio n effect .  Combine d wit h th e furthe r  fac t  tha t  w e 
faile d t o observ e learnin g i n thi s situation ,  i t  woul d appea r 
tha t  sensitivit y t o th e seria l  position ,  fa r  fro m indicatin g 
learnin g o f  th e sequentia l  regularities ,  m a y i n fac t  reflec t 
knowledg e tha t  participant s alread y posses s befor e bein g 
expose d t o th e task .  Thi s knowledg e m a y consis t  o f  a 
tendenc y t o prepar e response s tha t  hav e no t  bee n use d 
recently ,  i n a  wa y simila r  t o th e well-knov m fac t  tha t 
spontaneousl y generate d rando m sequence s ar e i n fac t 
m u ch mor e unifor m tha n tru e rando m distributions .  H o w 
migh t  thi s knowledg e b e established ? Thi s i s th e issu e w e 
focu s o n i n th e res t  o f  thi s paper . 

Simulations 

T o fm d ou t  whethe r  simpl e associativ e learnin g 
mechanism s ar e i n fac t  sufficien t  t o accoun t  fo r  th e data , 
we explore d h o w wel l  th e S R N mode l  (Figur e 4 )  coul d 
lea m Le e (1997)' s material .  Th e networ k use s back -
propagatio n t o lea m t o cr̂ Jifi t  th e next  elemen t  o f  a 
sequenc e base d onl y o n th e curren t  elemen t  an d o n a 
representatio n o f  th e tempora l  contex t  tha t  th e networ k ha s 
elaborate d itsel f  T o d o so ,  i t  use s informatio n provide d b y 
so-calle d contex t  unit s which ,  o n ever y step ,  contai n a 
cop y o f  th e network' s hidde n uni t  activatio n vecto r  a t  th e 

170 



HH.  " " ^ 

1 next(6 )  1 

hidde n unit s (10 )  1 

f 

4 ^  ^ 
1 hkldef l  unit s (70 )  | 1 curren t  (6 )  1 

Figur e 4 :  Th e simpl e recurren t  networ k (SRN) .  Se e 
tex t  fo r  details . 

previous time step. Over training, the relative activation 
of  th e outpu t  imit s representin g eac h possibl e successo r 
come t o approximat e th e optima l  conditiona l  probabilitie s 
associate d wit h thei r  appearanc e i n th e curren t  context ,  an d 
ca n thu s b e interprete d a s representin g implici t  preparatio n 
fo r  th e nex t  elemen t  w h e n th e networ k i s use d a s a  mode l 
of  huma n sequenc e learnin g performance .  Previou s wor k 
(se e Cleereman s &  McClelland ,  1991 ;  Cleeremans ,  1993 ) 
has show n tha t  th e S R N i s abl e t o accoun t  fo r  abou t  8 0 % 
of  th e varianc e i n sequentia l  choic e reactio n tim e data . 

Simulation parameters and procedure 

To asses s h o w wel l  th e S R N coul d captur e R T 
performanc e i n thi s experiment ,  w e traine d th e mode l  o n 
th e sam e materia l  a s h u m a n subjects .  Th e networ k 
consiste d o f  8 0 hidde n imit s an d loca l  representation s o n 
bot h th e inpu t  an d outpu t  pool s (i.e. ,  eac h uni t 
corresponde d t o on e o f  th e 6  stimuli) .  Th e networ k wa s 
traine d t o predic t  eac h elemen t  o f  a  continuou s sequenc e o f 
stimul i  generate d i n exactl y th e sam e condition s a s fo r 
human subjects .  O n eac h step ,  a  stimulu s wa s generate d 
accordin g t o th e generatio n rule s an d presente d t o th e 
networ k b y settin g th e activatio n o f  th e correspondin g 
inpu t  uni t  t o 1.0 .  Activatio n wa s the n allowe d t o sprea d t o 
th e othe r  unit s o f  th e network ,  an d th e erro r  betwee n it s 
respons e an d th e actua l  successo r  o f  th e curren t  stimulu s 
was use d t o modif y th e connectio n weights .  Durin g 
training ,  th e activatio n o f  eac h outpu t  uni t  wa s recorde d o n 
ever y tria l  an d transforme d int o Luc e ratios  t o normaliz e 
th e responses .  Fo r  th e purpos e o f  comparin g simulate d an d 
observe d responses ,  w e assume d (1 )  tha t  th e normaUze d 
activation s o f  th e outpu t  unit s represen t  respons e 
tendencies ,  an d (2 )  tha t  ther e i s a  linea r  reductio n i n R T 
proportiona l  t o th e relativ e strengt h o f  th e uni t 
correspondin g t o th e correc t  response .  Th e network' s 
response s wer e finally  subtracte d fro m 1. 0 t o mak e 
increase s i n respons e strengt h compatibl e wit h reductio n 
i n R T . 

We conducte d extensiv e exploratio n o f  th e paramete r 
spac e usin g thi s an d othe r  closel y relate d architectures . 
Becaus e i t  appear s tha t  huma n participant s d o no t  lear n 
m u ch beyon d unspecifi c  practic e effect s i n thi s 
experiment ,  w e di d no t  attemp t  t o matc h th e numbe r  o f 
experimenta l  an d simulate d trials .  Th e result s presente d 
belo w provide d th e bes t  fit  w e coul d obtai n wit h th e 
human data ,  an d the y involve d 7  epoch s o f  trainin g o n th e 
entir e trainin g set ,  a  leamin g rate  o f  0.0 4 an d a 
m o m e n t u m o f  0.9 .  Te n network s initialize d wit h differen t 
rando m weight s selecte d i n th e -0.5 ,  0. 5 rang e wer e traine d 

on a  tota l  o f  3024 0 (72 0 sequence s x  6  element s x  7 
epochs )  trials ,  an d thei r  responses ,  assesse d a s describe d 
above ,  wer e average d together . 

Simulation results 

Over  7  epochs ,  th e networ k i s abl e t o maste r  th e trainin g 
set  ahnos t  perfectly ,  a s illustrate d i n Figur e 5 .  Th e 
network ,  lik e h u m a n participants ,  exhibit s a  linea r  seria l 
positio n effec t  (Figur e 5 ,  lef t  panel) .  Further ,  Figur e 3 B 
show s tha t  th e networ k als o exhibit s a  linea r  la g effec t 
tha t  i s  no t  onl y ver y simila r  t o th e h u m a n data ,  bu t  als o 
remarkabl y simila r  t o — an d indee d almos t  identica l  wit h 
— th e actua l  distributio n o f  lag s ove r  th e 6  seria l 
position s withi n th e stimulu s materia l  (con^ar e Figure s 
3 A an d 3D) .  A  regressio n analysi s usin g th e simulate d 
dat a depicte d i n Figur e 3 D an d tfie  correspondin g h u m a n 
dat a show n i n Figur e 3 C indicate d tha t  th e mode l  explain s 
abou t  7 0 % o f  th e varianc e (se e Figur e 5 ,  right  panel )  o f 
h u m an reactio n times .  Thu s i n al l  respects ,  th e networ k 
provide s a n excellen t  descriptiv e accoun t  o f  th e h u m a n 
data .  I n th e nex t  section ,  w e examin e h o w th e networ k 
learn s th e stimulu s material . 

Learning .  A s show n i n Figur e 2  (righ t  panel) ,  ove r  th e 
cours e o f  training ,  th e networ k progressivel y start s 
exhibitin g (afte r  3  epochs )  th e seria l  positio n effec t  tha t 
h u m an participant s alread y produc e a t  th e onse t  o f  th e 
experiment .  Not e tha t  th e networ k doe s no t  captur e 
unspecifi c  practic e effect s — a  knovr a limitatio n o f  th e 
S RN a s a  mode l  o f  choic e reactio n tim e performance . 
Figur e 6  provide s a  mor e detaile d vie w o f  th e network' s 
performanc e a s i t  change s ove r  training ,  an d show s tha t 
th e networ k become s progressivel y abl e t o predic t 
perfectl y whic h element s ar e possibl e a t  eac h seria l 
positio n (botto m row) .  Fo r  instance ,  th e networ k perfectl y 
predict s tha t  '6 '  i s th e onl y possibl e successo r  o f  "12345 " 
As describe d i n Servan-Schreiber ,  Cleereman s & 
McClelland ,  (1991) ,  th e developmen t  o f  sequenc e 
knowledg e i n th e S R N involve s a  graduall y increasin g 
sensitivit y t o th e sequentia l  constraint s containe d i n a n 
increasingl y larg e an d self-develope d representatio n o f  th e 
tempora l  contex t  define d b y previou s element s o f  th e 
sequence .  Initially ,  th e networ k learn s t o associat e eac h 
elemen t  wit h th e distributio n o f  it s  possibl e successors , 
and essentiall y  ignore s th e contex t  information .  I n thi s 
material ,  eac h elemen t  i s associate d wit h a  imiqu e 

650 Raadio n Tiir a 

625 -

o -  SB N 
HumwiDat a H u m an Dat a 

positio n 

SRN r 2 .  0.70 4 

Figur e 5 :  Compariso n betwee n simulate d an d h u m a n 

performance .  Lef t  panel :  Bot h himia n participant s an d th e 

model  exhibi t  a  linea r  seria l  positio n effect .  Righ t  Panel : 

Th e mode l  accotmt s fo r  abou t  7 0 % o f  th e varianc e i n th e 

distributio n o f  h u m a n reactio n times . 
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Figur e 6 :  Mode l  predictio n response s o n th e sequenc e 
12345 6 a t  differen t  point s i n training .  Eac h ba r 
represent s th e strengt h o f  th e outpu t  uni t  correspondin g 

t o eac h o f  th e 6  possibl e elements . 

distribution of successors because, by construction, an 
elemen t  caimo t  b e followe d b y itself .  Henc e afte r  on e 
epoc h o f  trainin g (se e Figur e 6 ,  to p row) ,  th e networi c 

tend s t o predic t  tha t  al l  th e element s bu t  th e inpu t  elemen t 
ar e possibl e successors ,  an d th e pattern s o f  activatio n ove r 
it s hidde n unit s n o w represent  thes e associations .  W h e n 
fe d bac k ont o th e contex t  units ,  thes e pattern s ca n n o w b e 
use d b y th e networ k a s a  representatio n o f  th e previou s 
element ,  an d i t  ca n the n star t  basin g it s prediction s o n tw o 
elements .  I t  i s  whe n th e networ k ha s becom e sensitiv e t o 
thre e element s tha t  th e material' s  structur e start s 
conveyin g informatio n abou t  th e la g tha t  separate s 
occurrence s o f  th e sam e stimulus .  Conside r  fo r  instanc e 
th e fragment  '123' .  I t  ca n neve r  b e followe d b y 3  b y 
construction ,  bu t  i t  i s  als o mor e ofte n associate d wit h '1 ' 
as a  successo r  tha n i t  i s  wit h '2' ,  regardless  o f  th e seria l 
positio n a t  whic h i t  ends .  Thi s i s simpl y becaus e ther e ar e 
mor e way s fo r  '1231 '  t o occu r  i n th e stimulu s se t  tha n 
ther e ar e way s fo r  '  1232 '  t o occur .  Indeed ,  wherea s neithe r 
'1231 '  an d '1232 '  ca n occu r  withi n an y lega l  sequence , 
'  1231 '  ca n spa n tw o lega l  sequence s i n thre e differen t  way s 
('1-231' ,  '12-31' ,  an d '123-1') ,  wherea s '1232 '  ca n onl y 
do s o i n tw o differen t  way s ('12-32' ,  an d '123-2') .  Hence , 
th e la g effec t  emerge s ou t  o f  th e network' s prediction -
base d sensitivit y t o th e statistica l  structur e o f  th e material , 
and th e la g effec t  i s itsel f  th e basi s fo r  th e emergin g seria l 
positio n effec t  characteristi c o f  huma n performance . 
Finally ,  furthe r  simulatio n wor k tha t  w e canno t  presen t 
due t o lac k o f  spac e indicate d tha t  th e network' s 
representation s o f  th e materia l  ar e sufficientl y abstrac t  t o 
enabl e i t  t o generaliz e flawlessl y afte r  trainin g o n onl y a 
subse t  o f  th e 72 0 lega l  sequences . 

General Discussion 

I n thi s paper ,  w e suggeste d tha t  th e cor e mechanis m 
involve d i n sequenc e learnin g i s  statistica l  i n nature ,  an d 
roote d i n th e developmen t  o f  distribute d representation s o f 
th e tempora l  contex t  acquire d throug h elementar y 
associativ e learnin g processe s tha t  operat e o n exemplars . 
We showe d h o w suc h mechanism s ar e i n fac t  sufficien t  t o 
understan d h o w sensitivit y t o ver y abstrac t  feature s o f  th e 
material ,  suc h th e seria l  positio n effec t  describe d b y Le e 
(1997 )  ca n emerg e ou t  o f  a  sensitivit y t o mor e elementar y 
feature s o f  th e material ,  suc h a s th e la g tha t  separate s 

successiv e occurrence s o f  th e sam e stimulus .  Parsin g 
mechanism s o f  an y kin d ar e thu s clearl y unnecessary . 

Mor e surprisingly ,  perhaps ,  ou r  result s sugges t  tha t  Le e 
(1997)' s findings  d o no t  involv e learnin g o f  th e sequentia l 

regularities ,  bu t  merel y reflec t  knowledg e tha t  participant s 
alread y posses s befor e bein g expose d t o th e task .  Thi s 
knowledge ,  perhap s gaine d throug h experienc e i n th e rea l 

world ,  m a y consis t  o f  a  tendenc y t o preferentiall y  prepar e 
response s tha t  hav e no t  bee n produce d recently .  Th e 
structur e o f  Le e (1997)' s materia l  woul d the n simpl y b e 

congruen t  wit h thi s bia s an d reinforc e it .  Thi s bia s doe s 
appea r  t o b e implicit ,  althoug h furthe r  research  i s 
necessar y t o clarif y thi s issue .  I n conclusion ,  i t  appear s 
tha t  performanc e i n thi s tas k migh t  b e mor e o f  matte r  o f 
knowin g withou t  learnin g tha n a  matte r  o f  learnin g 
withou t  knowing . 

Authors note 

Axe l  Cleereman s i s a  Researc h Associat e o f  th e Nationa l 
Fun d fo r  Scientifi c  Researc h (Belgium) .  Amau d 
Destrebecq z i s a  scientifi c  collaborato r  o f  th e Nationa l 
Fun d fo r  Scientifi c  Researc h (Belgium) .  M a u d Boye r  i s 
supporte d b y a  gran t  fro m th e Universit e Libr e d s 
Bruxelle s i n suppor t  o f  l U A P progra m #P/4-1 9 Thi s wor k 
was als o supporte d b y F R F C gran t  #2.4605.9 5 F  t o Axe l 
Cleeremans .  W e than k Pierr e Perruche t  an d Bo b Frenc h fo r 
insightfu l  comment s o n th e interpretatio n o f  th e data . 

References 

Berry ,  D.C. ,  an d Dienes ,  Z .  (1993) .  Implici t  Learning : 
Theoretica l  an d empirica l  issues .  Hove ,  U K :  Lawrenc e 
Erlbau m Associates . 

Cleeremans ,  A .  (1993) .  Mechanism s o f  Implici t  learning : 
Connectionis t  model s o f  sequenc e processing . 
Cambridge ,  M A :  M I T Press . 

Cleeremans ,  A .  &  Jimenez ,  L .  (1998) .  Implici t  sequenc e 
learning :  Th e trut h i s i n th e details .  I n M . A .  Stadle r  & 
P.A .  Frensc h (Eds.) ,  Handboo k o f  Implici t  Learning . 
Thousan d Oaks ,  C A :  Sag e Publications . 

Cleeremans ,  A .  &  McClelland ,  J.L .  (1991) .  Learnin g th e 
structur e o f  even t  sequences .  Journa l  o f  Experimenta l 
Psychology :  General ,  120 ,  235-253 . 

Ehnan ,  J.L .  (1990) .  Findin g structur e i n time .  Cognitiv e 
Science ,  14 ,  179-211 . 

Lee ,  Y.S .  (1997) .  Learnin g an d awarenes s i n th e seria l 
reactio n time .  I n Proceeding s o f  th e nineteenth .  Annua l 
Conferenc e o f  th e Cognitiv e Scienc e Societ y (pp .  119 -
124) .  Hillsdale ,  NJ :  Lawrenc e Erlbau m Associates . 

Lewicki ,  Hill ,  &  Bizo t  (1988) .  Acquisitio n o f  procedura l 
knowledg e abou t  a  patter n o f  stimul i  tha t  canno t  b e 
articulated .  Cognitiv e Psychology ,  20 ,  24-37 . 

Nissen ,  M.J .  &  Bullemer ,  P .  (1987) .  Attentiona l 
requirement s o f  learning :  Evidenc e from  performanc e 
measures .  Cognitiv e Psychology ,  19 ,  1-32 . 

Saffran ,  J.R. ,  Newport ,  E.L. ,  Aslin ,  R.N. ,  Tunick ,  R.A. , 
& Barrueco ,  S .  (1997) .  Incidenta l  languag e learning : 
Listenin g (an d learning )  ou t  o f  th e come r  o f  you r  ear . 
Psychologica l  Science ,  8 ,  101-105 . 

Servan-Schreiber ,  D. ,  Cleeremans ,  A .  &  McClelland ,  J.L . 
(1991) .  Grade d Stat e Machines :  Th e representatio n o f 
tempora l  contingencie s i n simpl e recurren t  networics . 
Machin e Learning ,  7 ,  161-193 . 

Stadler ,  M .A .  (1992) .  Statistica l  structur e an d implici t 
seria l  learning .  Journa l  o f  Experimenta l  Psychology : 
Learning ,  Memory ,  an d Cognition ,  18 ,  318-327 . 

172 



I n Defens e o f  Logica l  M ind s 

Selmer Bringsjord. Ron Noel, Elizabeth Bringsjord 

selmer@rp i  .  ed u •  www.  rp i  .  edu/~br ing s 

The Mind s &  Machine s Laborator y 

Dept .  o f  Philosophy ,  Psycholog y &  Cognitiv e Scienc e 

Departmen t  o f  Compute r  Scienc e (S.B. ) 

Rensselae r  Polytechni c Institut e (RPI )  Tro y N Y U S A 

Abstrac t 

According to the received view in the psychology of rea-
soning ,  Piaget' s vie w tha t 

: F Human s naturall y develo p a  context-fre e deductiv e 
reasonin g schem e a t  th e leve l  o f  elementar y first-order 
logic . 

has bee n overthrow n b y th e poo r  performanc e o f  educate d 
adul t  subject s o n specifi c  logi c problem s (e.g. ,  Wason' s 
selectio n task) .  I  propos e tha t  Piaget' s . F (o r  a t  leas t  a  vari -
ant )  i s  aliv e an d well ,  becaus e th e subject s i n questio n ar e 
simpl y victim s o f  a  defectiv e education .  Wit h a  modicu m 
of  th e right  sor t  o f  logi c training ,  human s reaso n deduc -
tivel y o n logi c problem s wel l  enoug h t o vindicat e Piaget . 

T h e Receive d View :  Piage t  Dea d o n 

Deductiv e Reasonin g 

Whil e som e element s o f  Piaget' s though t  remai n ver y 

much aliv e today ,  th e consensu s seem s t o b e tha t  a t  leas t 

one par t  ha s lon g bee n reduce d t o a  carcass :  th e par t  ac -

cordin g t o whic h 

^ Humans naturally develop a context-free deductive 

reasonin g schem e a t  th e leve l  o f  elementar y first-orde r 

logic ' 

As evidence that .F is generally regarded to be stone 

col d dead ,  on e ca n d o n o bette r  tha n Pete r  Wason' s 

[Wason ,  1995 ]  relaxe d remark s i n hi s contributio n t o a  re -

centl y publishe d boo k [Newstea d an d Evans ,  1995 ]  writ -

te n i n hi s honor .  Waso n i s credite d wit h devisin g th e 

semina l  experiment s tha t  le d t o th e rejectio n o f  T  (w e 

wil l  visi t  tw o o f  th e experiment s below) ,  an d th e remark s 

i n questio n aris e from  hi s retrospectio n o n thes e experi -

ments .  Fo r  example ,  w e read :  "Th e first  forma l  exper -

iments ,  don e partl y i n Scotland ,  met  wit h grav e look s 

fro m dedicate d Piagetians ;  th e subjects '  wer e clearl y in -

compatibl e wit h 'forma l  operations '  "  ([Wason ,  1995] , 

296) .  Waso n write s her e an d elsewher e a s i f  .? ^  ha s bee n 

lon g buried ;  mos t  other s i n th e psycholog y o f  reasonin g 

follo w suit .  Fo r  example ,  th e othe r  contributor s t o th e 

volum e i n question ,  eac h an d ever y on e o f  them ,  i s like -

minded :  the y eithe r  explicitl y  rejec t  o r  presuppos e th e 

falsit y  o f  Piaget' s J^ } 

I n thi s shor t  pape r  I  presen t  a  prolegomeno n fo r 

vindicatin g Piaget' s affirmatio n o f  T  an d it s rela -

tives .  Th e pape r  i s structure d a s follows .  I n sectio n 

2 I  presen t  fou r  logi c problem s o n whic h th e vas t 

majorit y o f  educate d adul t  subject s d o indee d ex -

hibi t  poo r  performance :  Wason' s selectio n tas k an d 

"THOG"  problem ,  a  well-know n an d thoroughl y stud -

ie d invali d syllogis m [Oakhilletal. ,  1989] ,  an d a n 

ingeniou s fourt h proble m involvin g exclusiv e disjunc -

tio n recentl y introduce d b y Johnson-Lair d an d Savar y 

[Johnson-Lair d an d Savary ,  1995]. ^  I n sectio n 3  I  briefl y 

revie w th e mai n response s tha t  hav e develope d i n re -

spons e t o th e experiment s an d dat a discusse d i n sectio n 

2.  I n sectio n 4  I  briefl y presen t  m y response .  I n th e final 

section ,  5 ,  I  discus s empirica l  suppor t  fo r  m y response , 

garnere d fro m m y attemp t  t o produc e i n student s th e 

reasonin g abilit y  Piage t  believe d woul d develo p a t 

th e stag e o f  "forma l  operations. "  Thi s discussio n i s 

accompanie d b y synopti c forma l  analysi s o f  tw o o f  th e 

problem s presente d i n sectio n 2 . 

Four Puzzles 

The psychology of reasoning is in many ways driven by a 

smallis h se t  o f  classi c reasonin g problems .  Firs t  an d fore -

most  amon g thes e i s n o doub t  th e Waso n selectio n task.'' . 

I f  yo u haven' t  see n thi s before ,  g o ahea d an d tr y t o solv e 

it ,  an d recor d you r  answe r  an d justification . 

'Tha t  is ,  a t  th e leve l  o f  th e propositiona l  calculu s plu s com -
mand ove r  som e se t  o f  simpl e operation s involvin g th e quanti -
fiers  'some *  ( 3 i n F O L )  an d 'all '  ( V i n FOL)) .  Th e propositio n 
!F ,  o r  a t  leas t  a  thesi s ver y clos e t o i t  (mor e abou t  variant s o n 
T below) ,  i s articulate d an d defende d b y Piage t  an d Inhelde r  i n 
[Inhelde r  an d Piaget ,  1958] . 

For  example ,  a s Johnson-Lair d (sarcastically? )  says : 

It seems that adult subjects in the selection task have not 
reache d th e Piagetia n leve l  o f  forma l  operations .  Ye t  the y 
ar e suppose d t o hav e aUaine d i t  aroun d th e ag e o f  12 . 
([Johnson-Laird ,  1995] ,  133 ) 

^As cognoscenti know, Johnson-Laird worked with 
Wason i n th e "earl y days "  t o devis e th e experiment s 
take n b y nearl y al l  t o overthro w th e like s o f  J ^  (e.g. ,  se e 
[Waso n an d Johnson-Laird ,  1972]) . 

^  Waso n first  describe d thi s proble m i n prin t  i n 
[Wason ,  1966] . 
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P I :  W a s o n ' s Selectio n T a s k 

Suppos e tha t  1  hav e a  pac k o f  card s eac h o f  whic h ha s a 
lette r  writte n o n on e sid e an d a  numbe r  writte n o n th e othe r 
side .  Suppos e i n additio n tha t  I  clai m th e followin g rul e i s 
true ; 

•  I f  a  car d ha s a  vowe l  o n on e side ,  the n i t  ha s a n eve n 
number  o n th e othe r  side . 

Imagin e tha t  I  no w sho w yo u fou r  card s fro m th e pack : 

E t 1 4  [ 7 

Whic h car d o r  card s shoul d yo u tur n ove r  i n orde r  t o de -
cid e whethe r  th e rul e i s tru e o r  false ? 

•  Answer : 
•  Justification : 

Only about 5% of the educated population give the cor-

rec t  answer ,  whic h i s E  an d 7 .  I f  yo u sai d E ,  yo u sa w tha t 

th e rul e i n questio n woul d b e overthrow n wer e ther e t o b e 

an od d numbe r  o n th e othe r  sid e o f  thi s car d — bu t  yo u 

faile d t o not e tha t  i f  th e 7  car d ha s a  vowe l  o n th e othe r 

side ,  thi s to o i s a  cas e tha t  shoot s d o w n th e rule . 

P2: The THOG Problem 

Here' s a  secon d problem ,  onc e agai n fro m Pete r  Wason ; 

tr y agai n t o solv e it ,  an d recor d you r  answe r  an d justifi -

cation. ' 

Suppos e tha t  ther e ar e fou r  possibl e kind s o f  objects : 

•  a n unhapp y dodecahedro n 
•  a  happ y dodecahedro n 
•  a n unhapp y cub e 
•  a  happ y cub e 

Suppos e a s wel l  tha t  I  hav e writte n dow n o n a  hidde n piec e 
of  pape r  on e o f  th e attitude s (unhapp y o r  happy )  an d on e 
of  th e shape s (dodecahedro n o r  cube) .  N o w rea d th e fol -
lowin g rul e carefully : 

•  A n objec t  i s  a  G O K E i f  an d onl y i f  i t  ha s eithe r  th e at -
tiuid e I  hav e writte n down ,  o r  th e shap e I  hav e writte n 
down,  bu t  no t  both . 

I  wi n tel l  yo u tha t  th e unhapp y dodecahedro n i s a  G O K E. 
Whic h o f  th e othe r  objects ,  i f  any ,  i s  a  G O K E? 

If your answer is 'happy cube' you are right. If you 

misse d thi s proble m (know n originall y a s th e T H O G 

problem )  you'r e no t  alone :  onl y abou t  1 0 % o f  th e edu -

cate d adul t  populatio n get s th e righ t  answer. ^ 

'This is Wason's [Wason, 1977] THOG problem, with 
th e shape-name s change d t o wor k alongsid e a  repre -
sentatio n o f  thi s proble m i n th e Hype rp roo f  syste m 
[Barwis e an d Etchemendy ,  1994 ]  I  us e t o teac h logic ,  auto -
mate d theorem-proving ,  an d AI .  HYPERPROOF i s discusse d 
below . 

*  Actually ,  i n 1 2 year s o f  presentin g th e selectio n tas k an d th e 
T H OG problem ,  I  hav e neve r  obtaine d onl y a  5 % differentia l 
betwee n i t  an d PI .  I n m y experienc e a t  Brow n Universit y an d 
Rensselaer ,  student s find  th e T H O G proble m muc h easie r  tha n 
th e selectio n task .  E.g ,  i n Genera l  Psycholog y o f  Fal l  1997 , 
1 0 % o f  th e student s (a t  th e star t  o f  th e semester )  solve d th e se -
lectio n task ,  bu t  ove r  3 0 % solve d th e T H O G.  I n a  recen t  offer -
in g o f  Introductio n t o Logi c Programming ,  8 0 % solve d T H O G, 
6 0 % th e selectio n task . 

Thoug h thes e problem s ar e stil l  catalyzin g 

ne w researc h today ,  the y wer e devise d decade s 

ago b y Wason .  Let' s tur n n o w t o a  recen t  prob -

lem ,  a n ingeniou s on e devise d b y Johnson-Lair d 

[Johnson-Lair d an d Savary ,  1995) : 

P3 
What  ca n yo u infe r  abou t  th e han d i n questio n fro m th e 
followin g if-the n statement ? 

•  I f  ther e i s a  kin g i n th e hand ,  the n ther e i s a n ace ,  o r  els e 
i f  ther e isn' t  a  kin g i n th e hand ,  the n ther e i s a n ace . 

Many subjects infer that there must be an ace in the 

hand .  Bu t  alas ,  thi s i s wrong .  (A s t o why ,  i f  yo u don' t 

know ,  I' m afrai d I' m goin g t o kee p yo u hangin g til l  I  for -

mall y diagnos e thi s proble m i n th e final  section) . 

Let  m e roun d thing s ou t  wit h a  fourt h logi c proble m 

presente d i n [Oakhil l  e t  a!. ,  1989] : 

P4 
What  follow s fro m th e followin g tw o premises ? 

(1 )  Al l  th e Frenchme n i n th e roo m ar e wine-drinkers . 
(2 )  Som e o f  th e wine-drinker s i n th e roo m ar e gourmets . 

Many subjects in this case infer 

(3)  Some of the Frenchman in the room are gourmets. 

But (3) doesn't follow from (1) and (2). (Do you see pre-

cisel y why ? Onc e again ,  forma l  diagnosi s i s give n late r 

on. ) 

Responses 

Ther e ar e thre e mai n response s t o th e fac t  tha t  peopl e ar e 

dreadfu l  a t  solvin g th e quarte t  presente d i n th e las t  sec -

tion: ^ 

The Mental Logic Response According to this re-

sponse ,  whic h i s promote d (e.g. )  b y Lanc e Rip s 

[Rips ,  1994 ]  an d Davi d O'Brie n [O'Brien ,  1995] , 

humans d o naturall y acquir e th e abilit y  t o deduc e 

abstractly ,  bu t  the y ar e restricte d t o a  deductiv e 

scheme havin g considerabl y les s powe r  tha n standar d 

first-order  logi c — an d thi s schem e i s no t  adequat e t o 

crac k problem s lik e thos e see n i n th e quarte t  displaye d 

i n th e previou s section . 

The Pragmatic Reasoning Schemas Response This 

respons e — th e chie f  advocate s fo r  whic h ar e Chen g 

and Holyoac k (e.g. ,  [Chen g an d Holyoak ,  1985] , 

[Holyoa k an d Cheng ,  1995] )  — spring s fro m th e 

fac t  tha t  whe n conditional s lik e th e on e see n i n th e 

selectio n tas k ar e change d int o "deontic "  conditionals , 

'  A s I  say ,  thes e ar e th e mai n responses .  On e respons e I  leav e 
asid e hold s tha t  ther e i s a  procedur e fo r  "checkin g fo r  cheaters " 
tha t  ha s evolve d i n u s a s a  resul t  o f  namra l  selectio n (e.g .  se e 
[Cosmides ,  1989]) .  Thi s respons e appeal s t o muc h o f  th e sam e 
experimenta l  dat a appeale d t o b y proponent s o f  th e Pragmati c 
Reasonin g Schema s Response . 
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performanc e improve s substantially .  Fo r  example , 

Grigg s an d C o x [Grigg s an d Cox ,  1982 ]  showe d tha t 

deonti c conditional s lik e 

• If a person is drinking beer then the person must be 

ove r  18 . 

tended to elicit correct selections. Here is an example 

of  a  schem a tha t  th e previou s conditiona l  migh t  b e a n 

instantiatio n of : 

• If the precondition is not satisfied, then the action 

must  no t  b e taken . 

The Mental Models Response The response has been 

champione d fo r  quit e a  whil e n o w b y Johnson-Lair d 

(e.g. ,  [Johnson-Laird ,  1995] ,  [Johnson-Laird ,  1997]) . 

Logician s will *  identif y th e respons e wit h semanti c 

tableaux ,  bu t  Johnson-Lair d prefer s a  somewha t  id -

iosyncrati c specification ,  an d h e ha s recentl y produce d 

a compute r  progra m tha t  instantiate s thi s specification . 

Accordin g t o thi s program ,  a  disjunctio n ( ^  V  V '  i s  repre -

sente d b y tw o models ,  on e i n whic h ( p obtains ,  an d on e 

i n whic h i )  obtains ;  th e tw o model s ar e writte n (on e t o 

a line )  a s 

If the reasoner now learns that <i> is false, she strikes out 

th e first  mode l  an d i s lef t  wit h th e secon d — i n whic h 

V*  i s  true .  (Thi s the n become s a  menta l  model s versio n 

of  uni t  resolution.) ' 

Now as a matter of fact I see fatal problems infecting 

eac h o f  thes e response s (a s wel l  a s th e other s I  don' t  ex -

plicitl y  consider),' "  bu t  m y objectiv e her e i s jus t  t o ai r  th e 

response s i n orde r  t o plac e m y o w n i n th e ful l  contex t  o f 

th e psycholog y o f  reasonin g an d Piaget' s IF .  I  tur n n o w 

t o m y o w n response . 

^Correctly ,  i n m y opinion :  I  thin k tha t  menta l  model s i s 
provabl y reducibl e t o semanti c tableaux . 

'Wha t  I  hav e jus t  sai d i s i n n o wa y offere d a s a  thoroug h 
descriptio n o f  th e menta l  model s approach . 

'"Her e i s th e ti p o f  th e iceber g o f  problem s I  see : 

• The permission schema reaction fails to account (e.g.) 
fo r  consistentl y better-than-guessin g performanc e o n syllo -
gisms .  Subject s ca n b e give n a  choic e betwee n fou r  conclu -
sio n o f  th e A ,  E ,  I  o r  O  form ,  a s wel l  a s "n o conclusio n fol -
lows, "  producin g a  chanc e rat e o f  2 0 % fo r  correc t  solution . 
A correc t  respons e rat e o f  mor e tha n 5 0 % i s common ;  I  hav e 
replicate d thi s rat e man y time s i n m y psychology ,  logic ,  an d 
compute r  scienc e classes . 

• Pragmatic reasoning schemas by definition fail to apply to 
(o r  t o explai n competenc e with )  abstrac t  reasonin g problem s 
havin g nothin g t o d o wit h pragmati c reasoning . 

• Both the mental logic and mental models approach fails to 
"scal e up "  t o logi c problem s mor e difficul t  tha n th e simpl e 
ones tha t  dominat e th e psycholog y o f  reasonin g literature . 

My Respons e 

Put  brutally ,  m y respons e i s this .  Th e reaso n tha t  subject s 

perfor m poorl y o n problem s lik e thos e see n i n th e quar -

te t  abov e i s tha t  thei r  educatio n i s defective ;  an d becaus e 

thei r  educatio n i s defective ,  the y haven' t  reache d Piaget' s 

stag e o f  forma l  operations .  I  realize ,  o f  course ,  tha t  T 

use s th e ter m 'naturally, '  an d I  realiz e a s wel l  tha t  thi s 

connote s tha t  people ,  withou t  specia l  training ,  wil l  reac h 

th e competenc e i n question. "  Bu t  thi s i s  a  bluf f  I' m quit e 

willin g t o call .  What ,  precisely ,  doe s 'naturally '  m e a n ? 

We al l  k n o w tha t  withou t  specia l  trainin g human s aren' t 

abl e t o solv e eve n simpl e arithmeti c problems .  Fo r  ex -

ample ,  conside r  thi s problem : 

• John is given | of a chocolate chip cookie. Each 

of  hi s te n friend s wil l  b e conten t  i f  the y receiv e g 

of  suc h a  cookie .  I f  Joh n i s willin g t o kee p non e 

fo r  himself ,  an d h e ca n divid e hi s cookie-par t  pre -

cisely ,  h o w m a n y friend s ca n h e satisfy ? 

Even educated adults do poorly on this problem.'^ (At a 

recen t  tal k a t  a  majo r  university ,  I  found ,  upo n present -

in g thi s problem ,  tha t  a  goodl y numbe r  o f  professor s ha d 

completel y forgotte n h o w t o divid e fractions. )  Doe s poo r 

performanc e o f  m a n y subject s o n a  puzzl e lik e thi s impl y 

th e falsit y o f  som e suc h propositio n a s th e followin g one ? 

F^A Humans naturally develop a context-free scheme at 

th e leve l  o f  elementar y arithmetic . 

If not, then why should .?^ fall? Perhaps, again, the prob-

le m pertain s no t  t o underlyin g cognitiv e development , 

but  rathe r  t o education ,  pur e an d simple .  I f  someon e in -

sist s o n a  rathe r  stric t  readin g o f  'naturally, '  accordin g t o 

whic h onl y a  bar e m i n i m u m o f  "official "  educatio n i s re -

quire d t o suppor t  th e ascriptio n o f  th e adver b naturally , 

and therefor e accordin g t o whic h F a i s indee d take n t o 

be false ,  the n I  wil l  b e quit e conten t  t o settl e fo r  defendin g 

th e vie w tha t 

F' If educated in logic as they are in arithmetic, humans 

develo p a  context-fre e deductiv e reasonin g schem e a t 

th e leve l  o f  elementar y first-order  logi c — a  schem e 

tha t  wil l  allo w fo r  th e solvin g o f  problem s lik e thos e 

see n i n ou r  quarte t  above ,  an d significantl y harde r 

problem s a s well . 

" I  realiz e als o tha t  par t  o f  wha t  I'v e bee n callin g th e 're -
ceive d view '  i s  tha t  som e suc h ter m i s par t  o f  th e thesi s a t  stake . 
For  example ,  i n thei r  discussio n o f  th e psycholog y o f  reason -
ing ,  StiUing s e t  al .  [Stilling s e t  al. ,  1995 ]  opin e tha t  a  proposi -
tio n virtuall y identica l  t o J F i s "obviously "  overthrow n b y th e 
fac t  tha t  th e vas t  majorit y o f  subject s fai l  t o solv e problem s lik e 
thos e visite d i n ou r  quartet . 

'̂ Here' s anothe r  proble m wit h a  slightl y differen t  twist : 
• 293 students from Grover Middle School are going on 

a field  tri p t o N e w Yor k City .  Eac h bu s carrie s 3 2 stu -
dents .  H o w man y buse s wil l  b e neede d fo r  th e trip ? 
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I  se e a t  leas t  tw o genera l  way s t o repl y t o m y view ;  i n 

a nutshel l  the y are : 

1. "You are stretching the concept of 'naturally acquire' 

to o far .  /• '  i s  true ,  bu t  thi s doesn' t  vindicat e Piaget. " 

2. ''T' is false — or at least you've done nothing to con-

vinc e u s tha t  it' s  true. " 

The first complaint seems to be easy enough to han-

dle .  Clearly ,  T '  i s  firmly  i n th e spiri t  o f  Piaget ,  an d 

I  woul d b e quit e conten t  wit h havin g defende d hi m t o 

thi s degree .  Besides ,  th e poin t  o f  th e referenc e i n T '  t o 

arithmeti c i s t o limi t  th e trainin g i n logi c t o somethin g 

wel l  shor t  o f  sustaine d an d intens e trainin g o f  th e sor t 

an aspirin g mathematicia n o r  logicia n woul d encounter . 

Th e trainin g i n questio n i s suppose d t o b e analogou s t o 

what  peopl e receiv e i n arithmeti c i n th e norma l  cours e 

of  developmen t  i n civilize d society.' ^  Th e secon d objec -

tio n i s mor e formidable .  I n fact ,  som e reader s wil l  b e 

of  th e opinio n tha t  thi s objectio n i s ver y formidabl e — 

becaus e apparentl y trainin g i n logi c does n ' t  caus e facil -

itatio n o n problem s lik e thos e see n i n th e abov e quarte t 

(se e [Chen g e t  al. ,  1986]) .  I  mus t  confes s tha t  I  hav e lon g 

foun d th e clai m tha t  logi c trainin g fail s t o facilitat e o n 

problem s lik e ou r  quarte t  nothin g shor t  o f  astonishing . 

Afte r  all ,  al l  fou r  o f  th e problem s abov e (and ,  indeed ,  al l 

logi c problem s a t  th e hear t  o f  th e psycholog y o f  reason -

ing) ,  fro m th e standpoin t  o f  th e conten t  o f  a  first-course 

i n mathematica l  logic ,  ar e painfull y  simple .  W h a t  aspec t 

of  th e trainin g coul d b e preventin g facilitation ? 

Empirical Support for My Response 

I  hypothesize d tha t  th e trainin g provided ,  becaus e i t  i s 

confine d t o merel y bris k coverag e o f  certai n purel y syn -

tacti c rule s o f  inference ,  fail s  t o giv e students/subject s 

th e forma l  tool s require d fo r  solvin g (P I  )-(P4) ,  an d othe r 

problem s fro m th e sam e genera l  class.'" *  W h a t  migh t 

'̂ Thi s i s a s goo d a  plac e a s an y t o sa y tha t  I  d o hap -
pen t o believ e tha t  carefu l  readin g o f  Piaget' s wor k o n th e 
issue s befor e u s — e.g. ,  [Inhelde r  an d Piaget ,  1958 ]  an d 
[Bet h an d Piaget ,  1966 ]  — reveal s tha t  a  sucessfu l  defens e o f 
Ĵ '  constitute s hi s vindicatio n i n th e are a o f  logica l  reasoning , 
but  exegesi s o f  hi s writing s wil l  hav e t o wai t  fo r  a  tim e whe n I 
hav e mor e space . 

'''Th e trainin g i n question ,  unfortunately ,  i s  probabl y equiva -
len t  t o tha t  require d an d suppbe d i n a  numbe r  o f  state s a s par t  o f 
thei r  K-1 2 mat h curricula .  Fo r  example ,  student s i n N e w Yor k 
Stat e ar e taugh t  t o manipulat e symbol s i n th e prepositiona l  cal -
culus ,  bu t  the y ar e no t  taugh t  an y o f  th e thing s I  enumerat e im -
mediatel y belo w i n m y hypothese s H1-H3 .  T o mak e th e poin t 
a bi t  mor e focussed ,  student s i n N e w Yor k Stat e ar e taugh t  ho w 
t o respon d t o question s lik e 
Given the statements 

- a V-. 6 
b 
c —*  a 

whic h on e o f  th e followin g statement s mus t  als o b e true ? 
(Chec k th e correc t  answer. ) 

be missing ,  I  specificall y hypothesized ,  i s (amon g othe r 

things ) 

HI teaching of </«proofs; 

H2 teaching of diagrammatic techniques; 

H3 and teaching of rigorous and general-purpose proce-

dure s fo r  formalizin g natura l  languag e logi c problem s 

i n first-order  logi c s o tha t  the y ca n the n b e solve d b y 

proof . 

In order to test these hypotheses, I have repeatedly taught 

student s h o w t o us e certai n theorem-provin g technolo -

gie s i n orde r  t o produc e proof s tha t  constitut e solution s 

t o problem s a t  th e leve l  o f  ou r  quartet ,  an d wel l  beyond . 

Thes e technologie s allo w fo r  bot h th e constructio n o f  dis -

proof s (so-calle d "proof s o f  non-consequence" )  an d fo r 

diagrammati c reasoning ;  an d th e us e o f  thes e system s 

t o generat e proof s absolutel y require s tha t  student s b e 

abl e t o formaliz e natura l  languag e logi c problem s i n first-

orde r  logi c s o tha t  suc h problem s ca n b e mechanicall y 

solve d b y proof . 

I n thre e separat e pre-test/post-tes t  designs ,  usin g th e 

syste m H y p e r p r o o f  [Barwis e an d Etchemendy ,  1994 ] 

(an d t o som e degre e th e syste m OTTER;  bot h ar e treate d 

by m e i n clas s a s theorem-provers ,  thoug h th e forme r  i s 

designe d mostl y fo r  pedagogica l  purpose s whil e th e lat -

te r  i s  use d b y professiona l  mathematicians) ,  thi s i s  pre -

cisel y wha t  I  found .  Fo r  example ,  i n th e first  experiment , 

whil e 2 0 % o f  student s a t  th e star t  o f  a  H y p e r p r o o f -

base d first  cours e i n mathematica l  logi c solve d th e selec -

tio n task ,  PI ,  ove r  8 0 % solve d a  forma l  analogu e a t  th e 

end o f  th e course .  Similarl y dramati c improvemen t  wa s 

obtaine d fo r  P2-P4 .  M o r e importantly ,  a t  th e conclusio n 

of  th e cours e student s wer e abl e t o routinel y solv e logi c 

problem s muc h mor e difficul t  tha n P1-P4 .  Thi s leve l  o f 

performanc e wa s replicate d twic e i n th e tw o othe r  exper -

iments .  O f  course ,  Piage t  predicte d tha t  deductiv e oper -

ation s woul d b e somethin g a  youn g perso n woul d maste r 

(wit h suitabl e interchang e wit h th e environment) .  I  se e 

no reaso n t o thin k that ,  say ,  sixt h grader s couldn' t  rou -

tinel y lear n t o d o wha t  m y colleg e student s routinel y lear n 

t o do ;  an d I' m plannin g experiment s a t  thi s grad e leve l  t o 

see i f  I' m correct. " 

D 
D 
D 
D 
D 
D 

c 
- 6 
-• c 
h 
a 
none of  th e abov e 

But  the y ar e no t  taugh t  ho w t o disprov e th e incorrec t  answer s 
here ,  no r  ho w t o us e establishe d diagrammati c technique s t o 
carr y ou t  proof s an d disproof s a t  thi s level ,  no r  ho w t o tak e a n 
Englis h wor d (logic )  proble m an d transfor m i t  int o a  forma l  rep -
resentatio n tha t  ca n the n b e use d t o mechanicall y generat e a  so -
lutio n i n th e for m o f  a  proof . 

" a fiiUer  descriptio n o f  th e experiment s I'v e conducted ,  a s 
wel l  a s thos e I' m planning ,  i s  forthcoming . 
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Let  m e conclud e b y briefl y diagnosin g th e tw o mem-

ber s o f  th e quarte t  P1-P 4 i n th e contex t  o f  m y hypothese s 

and th e pedagog y wit h whic h the y ar e associated .  (Mor e 

detail s ca n b e foun d b y lookin g a t  th e course s o n m y we b 

site. ) 

Conside r  first  th e selectio n tas k i n connectio n wit h H3 . 

My student s wer e tol d tha t  the y ha d t o cas t  th e selectio n 

tas k i n a  for m tha t  woul d allo w th e automate d theore m 

prove r  OTTE R t o solv e it .  Her e i s  a  sampl e inpu t  file: 

% Wason' s Selectio n Tas k 
% Thi s i s ci n inpu t  fil e fo r  th e 
% proo f  tha t  i f  car d 
% 4  (whic h show s a  7 ) ,  whe n flipped , 
% reveal s a  vowel , 
% the n a  contradictio n results . 

set(auto). 

formula_list(usable). 
% Th e rule : 
al l  X  (Vowel(x )  - > Even(x) ) . 
% Wha t  w e observ e facin g u s 
% befor e flipping : 
Vowel(c l ) . 
Consonant(c2) . 
Even(c3) . 
Odd(c4) . 
% Th e fac t  tha t  eve n an d od d 
% number s ar e dist inct : 
al l  X  (Even(x )  <- > -Odd(x) ) . 
% Th e possibi l i t y  tha t  car d 
% 4  bear s a  vowel : 
Vowel(c4) . 
end_of_list . 
And here is the proof from a sample output file ($F indi-
cate s tha t  a  contradictio n ha s bee n found) : 

[ ] 
[ ] 
[ ] 
[ ] 

PROOF 
-Vowe l  (x )  I  Eve n (x )  . 
-Even(x) I  -Odd(x) . 
Odd(c4) . 
Vowe l (c4) . 

1 
2 
6 
8 
10 [hyper,8,1 ]  Even(c4) . 
11 [hyper,10,2,6 ]  $F . 

en d o f  proo f 
My students get so good at this process that even logic 
problem s muc h harde r  tha n P I  ca n b e formalize d an d sen t 

t o OTTE R t o b e solve d b y proof .  Fo r  example ,  the y ar e 

soo n abl e t o solv e a  proble m lik e th e Dreadsbur y Man -

sio n Mystery:' * 

Someone Who lives in Dreadsbury Mansion killed Aunt 
Agatha .  Agatha ,  th e butler ,  an d Charle s liv e i n Dreads -
bur y Mansion ,  an d ar e th e onl y peopl e wh o liv e therein . 
A kille r  alway s hate s hi s victim ,  an d i s neve r  richer  tha n 
hi s victim .  Charle s hate s n o on e tha t  Aun t  Agath a hates . 
Agath a hate s everyon e excep t  th e butler .  Th e butle r  hate s 
everyon e no t  richer  tha n Aun t  Agatha .  Th e butle r  hate s 
everyon e Agath a hates .  N o on e hate s everyone .  Agath a 
i s  no t  th e butle r 
Now,  give n th e abov e clues ,  ther e i s  a  bi t  o f  a  disagree -
ment  betwee n thre e (incompetent? )  Norwegia n detec -
tives ;  Inspecto r  Bjo m i s sur e tha t  Charle s didn' t  d o it .  I s 

he right ? Inspecto r  Reida r  i s  sur e tha t  i t  wa s a  suicide .  I s 
he right?  Inspecto r  Ola f  i s  sur e tha t  th e butler ,  despit e con -
ventiona l  wisdom ,  i s innocent .  I s h e right? 

Let's consider now the teaching of disproofs, and let's 

ancho r  th e discussio n t o P4 :  I  note d abov e tha t  i n P 4 (3 ) 

doesn' t  follo w fro m (1 )  an d (2) .  Thi s sequenc e — (3 ) 

fro m (1 )  an d (2 )  — i s on e o f  25 6 syllogism s studie d b y 

Aristotl e (ou t  o f  thi s space ,  1 5 ar e valid) .  It' s  for m i s 

Al l  A s ar e B s 
Some B s ar e C s 
Some A s ar e C s 

I n orde r  t o confor m t o th e geometri c pred -

icate s buil t  int o th e H y p e r p r o o f  syste m 

[Barwis e an d Etchemendy ,  1994] ,  let' s  recas t  thi s 

inferenc e i n first-order  logi c a s follows . 

Vx(Dodec(x) ^ Happy(x)) 
3a:(Happy(i )  A  Large( x 

'*Thi s problem ,  pose d i n HYPERPROOF,  ca n b e obtaine d 
fro m m y we b sit e (unde r  Intr o t o Logic) .  Th e proble m formal -
ize d fo r  an d solve d b y OTTER ca n b e foun d o n th e sit e a s wel l 
(unde r  Intr o t o Logi c Programming) . 

3i(Dodec(x )  A  Large(x) ' 

Now, it is possible to prove in Hyperproof that this in-

ferenc e i s invalid .  Th e finished  proo f  i s  show n i n Fig -

ur e 1 .  Yo u wil l  notic e tha t  th e first  tw o line s o f  symboli c 

tex t  matc h th e premises ;  thi s i s  th e "given "  information . 

You wil l  the n se e wha t  i s  calle d a  "sub-proo f  unde r  thes e 

lines ;  th e sub-proo f  i s  compose d o f  thre e lines .  I n th e first 

lin e o f  th e sub-proo f  (a n assumption )  a  visua l  situatio n i s 

constructe d i n whic h tw o dodec s (frenchmen )  ar e happ y 

(wine-drinkers) ,  an d som e happ y thing s (wine-drinkers ) 

ar e larg e (gourmets) .  I n th e secon d lin e o f  th e sub-proof , 

a chec k i s don e t o mak e sur e tha t  thi s visua l  situatio n i s 

consisten t  wit h th e give n informatio n ( a ̂ /  indicate s tha t 

we hav e consistency) .  Finally ,  i n th e las t  line ,  w e sim -

pl y observ e tha t  th e conclusio n i n questio n i s fals e i n th e 

visua l  situation .  Thi s constitute s a  disproo f  o f  th e syllo -

gism . 

I n conclusio n an d i n short ,  Piage t  i s right:  human s ca n 

rathe r  easil y reac h th e leve l  o f  forma l  deductiv e opera -

tion s i f  the y ar e educate d i n logi c a s the y ar e i n area s lik e 

readin g an d arithmetic.' ^ 
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Abstrac t 

This study deals with the interpretation of verbal 
commands fo r  action .  Afte r  a n experimenta l  stud y o f 
human interpretatio n o f  instruction s fo r  drawin g 
geometrica l  figures ,  w e hav e devise d a  mode l  whos e 
computerize d versio n i s  calle d SIROCO.  Thi s mode l 
represent s a n attemp t  t o simulat e different s mechanism s 
implie d i n interpretatio n o f  verba l  commands .  Thes e 
mechanism s exploitin g contextua l  information s allo w 
clarifyin g an d completin g proposition s expresse d i n 
natura l  language .  I n th e model ,  first,  th e constraint s 
expresse d i n presen t  command ,  i n environnemen t  (alread y 
presen t  figures),  an d i n backgroun d communication ,  ar e 
represente d wit h fuzz y subset s an d circumstantia l  semanti c 
network s (wel l  suite d fo r  flexible  an d dynamica l 
representations) .  Subsequently ,  a n optimizatio n procedur e 
integratin g al l  thi s constraint s allow s finding  a  relevan t 
respons e t o th e command .  Finall y a  simulatio n whic h 
consist s i n translatin g instructor' s verba l  command s i n a 
defme d minima l  languag e an d makin g i t  interprete d b y th e 
syste m show s quit e goo d result s fo r  th e model . 

Introduction 

W h en yo u loo k a t  th e conten t  o f  verba l  commands ,  the y 
appea r  t o b e poor ,  ambiguou s an d elliptic .  Nevertheless ,  the y 
ar e i n fac t  efficien t  a s measure d b y th e fi t  o f  operato r  (th e 
perso n w h o execute s commands )  action s t o th e instructor' s 
(th e perso n w h o formulate s th e c o m m a n d )  intende d goal .  I n 
summary ,  a  fe w word s ar e enoug h t o elici t  comple x an d 
precis e actions .  H o w ca n th e powe r  o f  utterance s b e 
explained ? 

A partia l  explanatio n lie s i n th e fac t  tha t  th e operato r  ha s 
menta l  model s o f  situations ,  scenario s an d procedure s a t  hi s 
disposal .  Thes e compris e a  genera l  knowledg e whic h allow s 
hi m t o complet e th e informatio n received ,  t o activat e othe r 
knowledg e i n orde r  t o understan d wha t  i s bein g aske d o f  hi m 
and  finally,  t o carr y ou t  th e action .  W h e n ,  fo r  example , 
someone i s aske d t o pos t  a  letter ,  h e know s tha t  th e lette r 
need s a  stamp ,  a n address ,  tha t  i t  shoul d b e droppe d i n a  mai l 
box o r  take n t o th e pos t  office .  Modellin g th e operator , 
(here ,  th e perso n aske d t o mai l  th e letter )  call s fo r  describin g 
and  representin g th e kin d o f  genera l  knowledg e w e hav e jus t 
described .  Thi s i s  wha t  a  numbe r  o f  recen t  system s hav e 
attempte d t o do ,  includin g C A R A M EL (Saba h &  Briffault , 

1993 )  fo r  understandin g stories ,  C A M I L L E (Hastin g & 
Lytinen ,  1994 )  fo r  describin g scenarios . 

Pragmati c explanation s migh t  als o b e usefu l  i n 
explainin g th e powe r  o f  utterances .  Sperbe r  an d Wilson' s 
communicationa l  implication s (1986 )  an d Grice' s max im s 
(1975 )  c o m e t o mind .  Thus ,  i n th e abov e example ,  lackin g 
any indicatio n a s t o th e cos t  o f  th e stamps ,  th e operato r 
migh t  rightl y assum e tha t  th e lette r  shoul d b e sen t  a t  a 
standar d rate ;  becaus e i f  i t  wer e t o b e sen t  expres s o r 
recommended ,  thi s ver y relevan t  bi t  o f  informatio n woul d 
surel y hav e bee n provided .  Modellin g th e operato r  thu s call s 
fo r  integratin g pragmati c rule s a s wel l  a s genera l  knowledg e 
int o th e comprehensio n system .  Thi s i s wha t  ha s bee n don e 
wit h D I A B O L O ,  a  syste m fo r  analysin g an d generatin g 
dialogu e (Vilnat ,  1995) . 

Th e fu-s t  explanatio n a s t o w h y utterance s ar e s o powerful l 
i s  abou t  share d genera l  knowledge ,  th e secon d concern s th e 
interna l  logi c o f  communication .  Th e situate d actio n 
approach ^  provide s a  mor e circumstantia l  w a y o f  explainin g 
th e efficienc y o f  speech .  Th e proponent s o f  situate d actio n 
plac e les s emphasi s o n th e notio n o f  interna l  representatio n 
and mor e o n situationa l  cue s an d action .  Fo r  Olso n (1970) , 
w ho reject s th e linguisti c approac h t o studyin g th e 
comprehensio n o f  verba l  utterances ,  th e meanin g o f  a n 
utteranc e shoul d no t  b e looke d fo r  i n th e proposition ,  bu t  i n 
th e situatio n t o whic h th e utteranc e refers .  Thi s i s  th e 
approac h w e ar e takin g here :  th e powe r  o f  languag e reside s i n 
it s relatio n t o a  give n situation .  Importan t  clue s tha t  allo w 
completin g vagu e an d elliptica l  utterance s ar e provide d b y (i ) 
th e environment ,  (ii )  th e informatio n tha t  ha s alread y bee n 
communicate d (wha t  w e wil l  cal l  th e "background" )  an d (iii ) 
th e tas k (wha t  mus t  b e don e wit h th e element s provide d b y 
th e environment) . 

We thu s propos e suc h a  syste m an d calle d i t  S I R O C O . 
Thoug h i t  i s currentl y outfitte d t o interpre t  verba l  command s 
fo r  drawin g geometrica l  figures ,  i t  coul d b e adapte d t o 
interpre t  othe r  kind s o f  verba l  commands .  W e hav e use d i t  t o 
stud y h o w operator s interpre t  command s an d m a k e decisions . 
I n th e cas e o f  incompleteness ,  th e syste m ha s t o identif y th e 
instructor' s intende d categories .  I n th e cas e o f  imprecision ,  i t 
has t o defm e th e fuzz y boundarie s o f  th e categories .  T o thi s 

^See Norma n (1993) ,  fo r  a n introductio n t o thi s situate d actio n 
approac h . 
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end ,  w e use d tw o tool s fo r  representin g informatio n tha t  i s 
incomplet e o r  imprecise ,  namely :  circumstantia l  semanti c 
network s an d fuzz y subsets . 

Th e stud y w e presen t  her e wa s don e i n thre e phases :  A n 

experimenta l  phas e i n whic h a  huma n subject-operato r  wa s 
aske d t o interpre t  an d carr y ou t  instruction s fo r  drawin g 
geometrica l  figure s give n i n natura l  languag e b y a  subject -
instructor .  Th e secon d phas e consiste d i n designin g a  mode l 
of  th e subject-operator .  Finally ,  a  simulatio n allowe d 
comparin g SIROCO' s response s t o thos e o f  th e subject -
operator .  Thi s pape r  i s organise d followin g thes e thre e 
differen t  phases . 

Experiment 

Objective s 

The objectiv e o f  thi s experiment  wa s t o provid e empirica l 
dat a o n th e degre e o f  precisio n wit h whic h peopl e interpre t 
verba l  command s fo r  drawin g geometrica l  figures .  Mor e 
importantly ,  i t  aime d a t  providin g informatio n o n ho w 
missin g informatio n i s complete d and ,  mor e generally ,  o n 
h o w concret e situation s influenc e th e precisio n wit h whic h a 
c o m m a nd i s carrie d out .  Al l  dat a relativ e t o instructo r 
commands an d operato r  action s wa s collecte d automaticall y 
t o provid e a  precis e recor d o f  inpu t  an d outpu t  fo r  th e 
simulation . 

Method 

Participant s Thirt y fiv e instructor s wo- e recruite d fro m th e 
undergraduat e populatio n o f  th e Universit y Pari s 8 ,  St.Denis -
Vincennes .  A  singl e opwato r  wa s recruite d from  th e sam e 
population ,  hi s response s provide d th e dat a w e analysed . 

Materials A set of 35 drawings (8,2 cm large and 14,8 cm 
high) ,  on e fo r  eac h instructor ,  wer e create d wit h drawin g 
software .  Eac h drawin g wa s compose d o f  thre e simpl e 
geometrica l  figures .  Th e se t  wa s designe d t o provid e a  wid e 
rang e o f  propert y combination s fo r  th e geometrica l  figures . 
The differen t  figure-propatie s wctc :  rectangle ,  circl e an d 
square ,  fo r  th e shape ;  red ,  gree n an d blue ,  fo r  th e color ; 
small ,  med iu m an d large ,  fo r  th e size ;  top ,  cente r  an d botto m 
fo r  th e vertica l  position ;  and ,  fmally ,  left ,  middl e an d righ t 
fo r  th e horizonta l  position .  Th e compute r  apparatu s consiste d 
of  tw o larg e monitor s place d bac k t o bac k o n a  lon g tabl e 
(Figur e 1) .  Th e instructo r  coul d onl y communicat e throug h 
verba l  commands ,  th e operato r  coul d no t  se e th e origina l 
drawin g th e instructo r  ha d i n hi s hand . 

General Procedure Each one of the 35 drawings was 
give n t o a n instructor .  Th e instructo r  wa s aske d t o mak e th e 
op«^to r  reproduc e thi s pictur e throug h vaba l  command s 
only .  Afte r  th e operato r  ha d finishe d carryin g ou t  a 
command,  th e instructo r  coul d correc t  th e drawin g wit h a 
ne w verba l  c o m m a n d an d s o on ,  unti l  th e instructo r  wa s 
satisfie d wit h th e drawin g th e operato r  ha d produced . 

Automatic Data Collection All action related to writing 
verba l  command s (o n th e wor d processor )  an d drawin g figure s 
(o n th e graphi c interface )  wa s recorde d wit h "spy "  software . 

A ' k ^ ^ r t J B 

Figur e 1 :  Th e instructo r  wa s place d i n A  an d ha d i n hi s hand s 
a drawin g (F) .  Th e operato r  wa s place d i n B . 

Results and Discussion 

T h e P o w e r  o f  Utterrance s O n average ,  9  command s 
wer e necessar y fo r  a  satisfactor y reproductio n o f  th e origina l 
drawing .  Th e min imu m wa s 4 ,  th e maximu n wa s 1 8 fo r  a 
singl e drawing .  O n average ,  3  command s wer e require d fo r 
reproducin g eac h figure .  Mor e precisely ,  2  command s wer e 
sufficien t  t o correc t  th e firs t  attemp t  t o dra w a  figure . 

The Precision of Commands for Discrete 
Propertie s Th«ew«-ejus t  a  fe w lateralisatio n error s ("no t 
on th e left ,  I  sai d o n th e right") .  Thoug h informatio n o n siz e 
and colo r  wa s no t  alway s given ,  thes e wer e correctl y 
reproduce d b y th e operator .  Th e hypothesi s tha t  th e semanti c 
structur e o f  th e propertie s o f  th e figure s akead y i n plac e (se e 
Model  section )  allow s completin g th e missin g propert y 
informatio n i n a  c o m m a n d wa s globall y satisfied . 

The Precision of Commands for Continuous 
Propertie s Fro m a  statistica l  poin t  o f  view ,  ther e wer e n o 
significan t  diffwence s betwee n th e figure-value s fo r  th e 
continuou s propertie s o f  th e opoator' s finishe d drawing s an d 
th e corrrespondin g value s o f  th e origina l  drawings :  fo r  th e X 
coordinate s o f  th e figure' s top-lef t  come r  p>.96 ,  fo r  th e Y 
coordinate s (o f  th e sam e point )  p>.17 ,  fo r  widt h p>.9 4 an d 
fo r  heigh t  p>.08 .  Th e rat e o f  correlatio n betwee n th e 
operator' s drawing s an d th e original s on e wa s .8 6 fo r  th e X 
coordinat e (p<.0001) ,  .9 3 fo r  th e Y  coordinat e (p<.0001) ,  .7 0 
fo r  W (width )  an d .8 6 fo r  H  (height )  (p<.0001) .  Th e averag e 
correlatio n fo r  eac h o f  th e firs t  seve n command s i s give n i n 
tabl e 1 . 

Table 1: The average rate of correlation for each of the first 
seve n command s 

X: 
Y: 
W: 
H: 

CI 
.7 5 
.8 8 
.9 6 
.9 4 

C2 
.9 5 
.9 9 
.7 6 
.9 3 

C3 
.7 0 
.7 6 
.2 7 
.8 0 

C4 
.8 0 
.9 7 
.5 5 
.5 0 

C5 
.9 1 
.9 8 
.5 3 
.9 3 

C6 
.9 1 
.9 4 
.9 6 
.9 7 

C7 
.9 1 
.9 7 
.5 0 
.8 8 

I t  i s  clea r  tha t  th e operato r  faithfull y reproduce d th e origina l 
value s quit e rapidly ,  becaus e from  th e firs t  tr y on ,  th e 
commands wer e execute d wit h a n overal l  precisio n o f  4  % fo r 
X,  1 % fo r  Y ,  3  % fo r  W an d 2 % fo r  H .  W h e n th e operator' s 
figure s di d no t  full y  correspond ,  a  fe w mor e verba l  command s 
wer e al l  tha t  wa s neede d t o correc t  them . 
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Model 
The result s o f  th e experimen t  sho w tha t  th e situatio n i s 
indee d a n ai d i n intopretin g commands .  Th e presen t  mode l 
replicate s th e wa y i n whic h th e situatio n provide s 
informatio n b y takin g advantag e o f  th e dynamicit y o f 
circumstantia l  semanti c network s an d th e flexibilit y  o f  fuzz y 
subsets . 

Incompleteness Processing with Semantic Networks 

The prepositiona l  meanin g o f  a n instructio n i s first  analyse d 
as t o th e object s an d thei r  associate d p r o p ^ e s . 
Subsequently ,  object s an d propertie s ar e use d i n orde r  t o 
construc t  a  semanti c networ k whic h reflect s a n understandin g 

of  th e propositio n (Poitrenaud ,  1995) .  I n thi s network , 
propertie s ar e groupe d togetha -  whe n the y ar e share d b y 
severa l  object s i n orde r  t o constitut e categorie s (Figur e 2) . 

Correspondin g semanti c networ k 

smal l 

blac k (an d small )  circl e (an d small ) 

/ (circle and black and small) X 

squar e (an d blac k an d small ) whit e (an d circl e an d small ) 

o 
Presen t  object s 

Figur e 2 :  Exampl e o f  a  semanti c networ k constructe d 
fro m th e objec t  propertie s o f  th e situation . 

The underlying mathematical structure of this property 
networ k i s th e Galoi s lattic e (Barbu t  &  Monjardet ,  1970) . 
Thi s networ k allow s differen t  logica l  operations .  Fo r 
example ,  i f  amon g differen t  geometrica l  coloure d figures,  al l 
th e square s ar e black ,  i t  i s  possibl e t o predic t  th e blac k 
propert y from  th e squar e propert y becaus e o f  th e inherite d 
propertie s o f  th e squar e categor y i n th e semanti c network . 
For  example ,  i t  i s  alway s a  proble m t o categoris e a n 
incompletel y describe d n e w object .  A  goo d solutio n (fro m 
th e poin t  o f  vie w o f  modelisation )  consist s i n choosin g o r 
constructin g a  categor y tha t  doe s no t  alte r  th e structur e o f  th e 
networ k (a s fa r  a s possible) .  Fo r  example ,  i f  a  whit e squar e 
has t o b e drawn ,  withou t  an y specificatio n a s t o it s  size ,  i n 
th e situatio n describe d i n Figur e 2 ,  i t  wil l  b e small .  M o r e 
generally ,  thi s circumstancia l  semanti c networ k ca n b e ver y 
usefu l  fo r  modellin g actio n takin g th e situatio n int o accoun t 
(Richard ,  J.F. ,  Poitrenaud ,  S. ,  &  Tijus ,  C.A. ,  1993) . 

Representing a Command with Fuzzy Subsets 

A drawin g c o m m a n d specifie s size ,  sh^)e ,  colou r  an d 
positio n categories .  Excep t  fo r  colou r  categorie s whic h ar e 
precisel y define d (ther e i s jus t  on e kin d o f  blue ,  gree n an d re d 
available) ,  th e otha -  kind s o f  categorie s (fo r  example ,  large , 

rectangle )  hav e imprecis e boundaries .  TTiu s a n elemen t  (lik e a 
valu e correspondin g t o a  surfac e i n squar e centimetres )  ca n 

hav e a n intermediat e degre e o f  membershi p betwee n 0  an d 1 
i n a  category .  S o w e hav e chose n t o represen t  thes e 
categorie s wit h a  fuzz y subset .  Th e concep t  o f  fiizz y subse t 
(Zadeh ,  1965 )  i s a  generalisatio n o f  th e concep t  o f  set ,  i t  i s 
characterise d b y it s membershi p functio n (Figur e 3) . 

d̂egre e o f 
membershi p 

"mediu m size " 

suppor t  :  aiirfar ^ 
are a (cm2 ) 

Figur e 3 :  Membershi p functio n o f  a  fuzz y subse t 
representin g "mediu m size "  category .  Not e tha t  th e "core "  i s 
comprise d o f  element s whic h belon g t o th e fuzz y subse t  wit h 
a membershi p degre e equa l  t o 1 ,  an d tha t  th e "support "  i s 
comprise d o f  element s whic h belon g t o th e fuzz y subse t  wit h 
a non-zer o degree . 

As we are focusing upon general principles, we chose 
simpl e variable s (lik e surfac e are a fo r  siz e categories ,  an d 
absciss a fo r  horizonta l  position )  an d trapezoida l  fuzz y 
subsets .  W e represen t  a  c o m m a n d b y associatin g a  fuzz y se t 
t o eac h dimensio n o f  th e description .  Zade h (1975 )  introduce d 
th e concep t  o f  linguisti c variable s whic h consis t  o f  a 
variable ,  a  univers e i n whic h th e variabl e i s define d (rea l 
number s fo r  example) ,  an d a  se t  o f  fiizzy  subset s whic h 
represen t  differen t  characterisation s o f  th e variabl e (fo r 
example ,  smal l  med iu m an d larg e fo r  a  siz e variable) .  Her e 
we us e fou r  linguisti c variable s t o represen t  a  command :  (i ) 
th e siz e linguisti c variabl e whic h i s th e surfac e are a o f  th e 
figure  an d whic h i s characterise d b y "small" ,  "medium "  an d 
"large" ,  (ii )  th e shap e variabl e whic h i s th e width/heigh t 
quotien t  an d whic h i s characterise d b y "upright "  "equal "  an d 
"reclining" ,  (iii )  th e horizonta l  positio n o n th e absciss a 
whic h i s characterise d b y "left" ,  "middle "  an d "right "  and , 
finally,  (iv )  th e vertica l  positio n whic h i s o n th e ordinat e an d 
whic h i s characterise d b y "top" ,  "centre "  an d "bottom" .  T w o 
discret e variable s complet e thi s representation :  th e colou r 
whic h ca n b e blue ,  gree n o r  re d an d th e software' s shap e 
tools ,  on e fo r  drawin g rectangle s an d th e secon d fo r  drawin g 
ellipses . 

Applying a Linguistic Modifier We aim here to 
represen t  utterance s lik e "ver y large "  o r  "towar d th e left "  (a s 
oppose d t o "o n th e left") .  Linguisti c ar e mathematica l 
transformation s whic h allo w constructin g n e w fuzz y subset s 
from  initia l  ones .  Th e initia l  fuzz y subse t  represent s a n 
initia l  categor y ("large") .  Th e ne w fuzz y subse t  represent s a 
modifie d versio n ("ver y large" )  o f  a n initia l  category . 
Numerou s modifier s exist .  Here ,  w e us e thos e introduce d b y 
Boucho n an d Y a o (1992 )  whic h exploi t  th e distributio n o f 
define d categorie s i n a  singl e univers e (size ,  fo r  example) . 
Th e mathematica l  transformatio n o f  thes e linguisti c variable s 
correspond s t o a  shif t  (se e Figur e 4) . 
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.degre e o f  membershi p 

CI 
(small ) 

ver y 

centra l  categor y 
C2 

(medium ) 

rathe r 

maximal 
shif t 

C3 
(large ) 

athe r 
maximal 

shif t 
ver y 

fuzz y subset s representin g differen t 
characterisation s o f  a  sam e variable . 

shifted fiizzy subset representing 
'rathe r  small "  fo r  example . 

Figur e 4 :  Illustratio n o f  linguisti c modifie r  mechanisms . 

From a given characterisation and a given modifier, these 
mechanism s allo w deducin g th e shif t  (define d b y a  directio n 
an d a n amplitude )  t o b e applied .  Thus ,  fo r  modifier s lik e 
" voy "  th e directio n o f  th e shif t  i s towar d a n extrem e an d fo r 
modifiw s lik e "rather "  th e directio n i s towar d th e coitr e 
(Figur e 4) .  T h e amplitud e o f  th e shif t  i s  define d a s a 
proportio n o f  th e maxima l  shif t  whic h correspond s t o th e 
distanc e betwee n initia l  categor y cores .  Thu s a  modifie d 
categor y wil l  neve r  overla p a  neighbourin g category . 
MoreovCT ,  th e maxima l  shif t  automaticall y define s a  scal e 
regardles s o f  th e typ e o f  variable .  Finally ,  i t  i s  possibl e t o 
us e modifio- s wit h diffwen t  strengths .  Thu s "ver y very "  i s a 
modifie r  o f  th e sam e kin d a s "very "  bu t  th e amplitud e o f  th e 
shif t  associate d t o i t  i s  larger .  T o b e mor e precise ,  th e 
coefficien t  associate d t o "ver y very "  i s large r  tha n th e on e 
associate d t o "very " 

Applying a Fuzzy Relation We aim here to represent 
utterance s lik e "larger "  o r  " a littl e bi t  les s t o th e left" .  T h e 
concep t  o f  fuzz y relation s i s a  generalisatio n o f  th e concep t 
o f  relatio n a s i t  allow s intermediat e degree s (betwee n 0  an d 1 ) 
of  relatio n betwee n elements .  I t  correspond s agai n t o a  fuzz y 
subset .  Unlik e th e modifiers ,  thi s fuzz y se t  wil l  no t  b e 
constructe d from a  fuzz y se t  bu t  from a  valu e (th e surfac e are a 
of  th e figure,  i f  th e c o m m a n d i s "larger") . 

A degre e o f  membershi p 

TargCT*  "muc h larger " 

5^cm2 
(figur e surface ) 

surfac e are a 

Figur e 5 :  Illustratio n o f  fuzz y subse t  constructio n fo r 
utto-ance s containin g "larger "  a n d " m u c h larger" . 

We can divide this kind of command into two parts: the 
relatio n par t  w h i c h is ,  fo r  e x a m p l e " m u c h m o r e " ,  "less "  o r 

" s a m e "  an d a  categor y par t  w h i c h is ,  fo r  e x a m p l e "o n th e 
left "  o r  "large" .  I t  i s  possibl e t o defin e m e c h a n i s m s suc h tha t 
f ro m a  give n relatio n an d category ,  th e fuzz y se t  representin g 
th e utteranc e ca n b e constructed .  L ik e modifier s ,  differen t 

coefficient s ar e associate d wit h eac h relatio n expressin g a 
differen t  strength .  " M u c h m o r e "  indicate s a  stronge r  variatio n 
tha n " m o r e "  (Figur e 5 ) . 

Background communication 

At  an y poin t  i n a  verba l  exchang e involvin g commands , 
what  ha s alread y bee n sai d an d done ,  th e exchange' s 
background ,  i s decisiv e fo r  interpretation .  Fo r  example ,  wha t 

i s mean t  b y "larger "  ca n var y accordin g t o whethe r  i t  i s  a n 
initia l  correctio n whos e ai m i s t o ge t  th e operato r  t o dra w a 
figure  o f  roughl y th e right  siz e o r  whethe r  i t  i s  a  final 
correctio n aime d a t  precision . 

Background Construction During communication, 
variou s indication s an d correction s ar e given .  Thi s ca n b e 
represente d b y a  lis t  o f  slope s o f  diffo-en t  constructe d trapezi a 
i n th e prio r  commands .  Fo r  eac h variable ,  ther e i s on e 
background .  Fixin g a  maxima l  lengt h fo r  thi s lis t  allow s 
takin g th e operator' s limite d memor y int o account . 

Taking Background into Account Only two slopes are 
usefu l  fo r  eac h variable .  The y correspon d t o th e mor e 
restrictiv e constraint s (right ,  lef t  constraints ,  fo r  instance , 
respectively ,  muc h les s bi g tha n 10. 3 centimetre s an d large r 
tha n 5. 4 centimetres )  an d allo w constructin g a  fuzz y set .  So , 
backgroun d i s take n int o accoun t  b y intersectin g thi s las t 
fuzz y subse t  wit h th e curren t  comman d associate d t o th e 
fuzz y subset .  W h e n thi s intersectio n i s smal l  (unde r  a  give n 
threshold) ,  w e ca n decid e t o forge t  th e backgroun d i n ordo -  t o 
produc e a n appropriat e respons e despit e contradictor y 
commands. 

Choosing an Appropriate Solution 

Choosin g a  Relevan t  Poin t  Accordin g t o th e specifie d 
positio n i n th e drawin g command ,  th e relevan t  poin t  varies . 
For  example ,  i f  th e c o m m a n d call s fo r  drawin g a  figure  a t  th e 
to p lef t  comer ,  th e to p lef t  come r  o f  th e figure  i s th e relevan t 
point .  F ro m th e 3  vertica l  positio n characterisation s an d th e 
3 horizonta l  positio n characterisations ,  w e define d 9  relevan t 
points . 

Deflning the Degree of Acceptability for all 
Point s o f  th e D r a w i n g Are a Fo r  a  poin t  p  o f  th e 
drawin g area ,  th e acceptabilit y  degre e i s compute d b y 
aggregatio n o f  tw o intermediat e degree s di(p )  an d d2(p) .  W e 
chos e th e mi n operato r  fo r  expressin g conjunctions : 

d(p )  =  min(di(p),d2(p)) , 
w h a e di(p )  indicate s th e degre e t o whic h poin t  p  (th e 
relevan t  point )  i s a  goo d poin t  from  whic h t o begi n drawin g 
th e figure  specifie d i n th e c o m m a n d ("i n th e top-lef t  comer " 
or  "nea r  th e circle" )  an d wha- e d2(p )  indicate s th e degre e t o 
whic h i t  i s  possibl e t o plac e a t  p  a  figure  o f  th e siz e an d 
shap e correspondin g respectivel y t o th e siz e an d th e shap e o f 
th e characterisation s o f  th e command .  I t  i s compute d as : 

d2(p )  =  sup{(mi n (PsizeO) .  MshapeO^)) } 
wit h 0  <  1  <  Imax ,  0  <  h  <  hmax(l ) 

whCTe Ima x an d h m a x ar e respectivel y th e larges t  widt h an d 
heigh t  possibl e takin g int o accoun t  th e figures  alread y 
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presen t  an d Msiz e an d M s h f ^  ar e respectivel y th e m e m b w s h i p 

function s o f  th e siz e an d shap e fiizz y subset s constructe d 
fro m th e c o m m a n d .  C o m p u t i n g d(p )  fo r  al l  drawin g are a 
point s allow s definin g favourabl e area s (Figur e 7) . 

— 

A 

m 

B 

Figur e 7 :  A )  Figure s alread y presen t  B )  Visualisatio n o f 
favourabl e area s fo r  drawin g " a larg e circl e a t  th e centr e o f  th e 
drawin g area" . 

A Solution Suited to the Situation The general 
optimizatio n procedur e allow s choosin g a  solutio n suite d t o 
th e situatio n withou t  explicitl y  describin g th e situatio n 
beforehan d (Figur e 8) . 

o 

"Dra w a  larg e rectangl e 
i n th e top-lef t  corne r  " . 

"Dra w a  circl e nea r  th e 
first  one" . 

Figur e 8 :  I n thes e t w o situations ,  th e optimisatio n 
procedure s decid e respectivel y t o dra w a n uprigh t  rectangl e 
an d a  circl e t o th e righ t  o f  th e firs t  one . 

Validation 

The abov e mode l  ha s bee n computerise d an d calle d S I R O C O. 
Thi s syste m allowe d simulatin g th e operator-subjec t  i n orde r 
t o validat e th e mode l  b y comparin g syste m response s t o th e 
operato r  ones . 

Model Parametrization 

The experimen t  provide d thirt y fiv e communicatio n records . 
Ten record s wer e kep t  i n orde r  t o tes t  th e model .  Th e other s 
wer e use d fo r  teachin g th e fuzz y subset s o f  th e differen t 
characterisations ,  th e modifia- s an d relatio n parameter s t o th e 
system .  Mor e precisely ,  th e firs t  drawing s fo r  eac h 
communicatio n (whic h correspon d t o a  minima l  context ) 
allowe d definin g th e core s fo r  al l  characterisations .  Support s 
wer e the n define d i n orde r  t o construc t  a  fuzz y partitio n fo r 
eac h variabl e (se e above) .  Analysin g experimenta l  result s 
allowe d definin g nwdifia -  an d relatio n coefficients .  Relatio n 
coefficient s expres s similarity ,  thes e similarit y relation s ar e 
not  necessaril y  linear .  Fo r  example ,  fo r  a n equa l  differraic e o f 
surface ,  th e smalle r  di e tw o compare d surface s are ,  th e mor e 
the y ar e pwcqitivel y diffo-ent .  Howeva- ,  w e consido-e d thes e 

relation s t o b e linear ,  an d chos e averag e coefficient s becaus e 
th e experimenta l  materia l  di d no t  allo w inferrin g thei r  exac t 

shape -

Simulation 

A Descriptio n o f  S I R O C O Th e syste m w e develope d i n 
C ++ include s a  graphi c intafac e tha t  allow s visualisin g 
syste m an d subjec t  drawin g responses .  I t  als o allow s runnin g 
a command s file,  typin g command s interactivel y an d 
readjustin g th e system' s response s t o th e subject' s response s 
at  will .  Finall y  i t  allow s visualisin g favourabl e drawin g area s 
(b y creatin g a  matia b file). 

Definition of a Minimal Language The commands 
tha t  wer e kep t  i n orde r  t o tes t  th e mode l  wer e translate d int o a 
minima l  languag e consistin g o f  a  limite d numbe r  o f  word s 
and wit h a  stric t  structure ^  .  Mos t  o f  thes e word s indicat e th e 
linguisti c variabl e characterisations ,  an d also ,  th e modifier s 
and relation s ofte n use d i n commands .  Thi s languag e aim s a t 
representin g command s withou t  interpretin g tiiem.  Fo r 
example ,  "neare r  th e edge "  i s no t  translate d a s "mor e towar d 
th e left "  (i f  th e figure  i s nea r  th e lef t  edge )  bu t  b y "mor e 
extreme "  ("extreme "  i s automaticall y replace d wit h th e objec t 
category ,  i n thi s case ,  th e "left") .  Likewise ,  "mak e th e 
rectangl e longer "  i s translate d b y "mor e extreme" .  Thus ,  i f 
th e shap e categor y i s upright ,  th e heigh t  wil l  b e increased .  I f 
th e categor y i s reclining ,  th e widt h wil l  b e increased .  W e us e 
als o th e O R connecto r  i n orde r  t o expres s utterance s lik e 
"rectangle "  (a n uprigh t  rectangl e O R a  reclinin g rectangle )  o r 
"nex t  to "  (t o th e lef t  O R t o th e right  o f  anothe r  figure). 

Simulation with Readjustment For this simulation, 
th e operator-subjec t  compariso n wa s mad e c o m m a n d b y 
command.  Eac h o f  th e system' s response s wa s automaticall y 
readjuste d t o th e subject's ,  jus t  befor e th e nex t  comman d wa s 
interpreted .  Th e communicatio n backgroun d wa s als o 
readjusted .  Thus ,  fo r  eac h ne w command ,  th e syste m wa s 
place d i n precisel y th e sam e interpretin g situatio n a s th e 
subject . 

Results and Discussion 

I n orde r  t o evaluat e mode l  validity ,  w e compare d th e figures 
th e huma n operato r  dre w wit h th e one s th e syste m drew . 
Mor e precisely ,  w e compare d th e X  an d Y  coordinate s o f  th e 

figure's  top-lef t  comer ,  th e widt h W an d th e heigh t  H .  T h e 

averag e erro r  margi n fo r  th e positio n an d th e siz e o f  th e 
differen t  figures  fo r  th e first  seve n command s i s 0. 3 
centimetres . 

Compare d t o th e figur e varianc e i n th e initia l  drawings , 
ther e i s n o significan t  differenc e betwee n subjec t  an d syste m 
drawing s fo r  th e X  coordinat e (p>.2 )  an d fo r  th e widt h W 
(p>.32) .  O n th e othe r  hand ,  w e foun d difference s fo r  th e Y 
coordinat e (p=.02 )  an d fo r  th e heigh t  H  ( p <.01) .  Position s 

2 Th e command s whic h coul d no t  b e translate d correcti y wit h 
th e minima l  language ,  wer e no t  take n int o accoun t  fo r  th e 
results .  Fo r  mor e expressiveness ,  w e shoul d ad d variable s an d 
object s Oik e edges) .  Indeed ,  i t  seem s mor e appropriat e t o 
translat e "i n th e to p comer "  b y "ver y nea r  th e to p edge "  tha n 
by "ver y ver y a t  th e top" .  Howeve r  th e define d translatio n 
table s allo w expressin g correctl y mos t  o f  th e commands . 
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and size s hav e a  ver y importan t  correlatio n rate :  .93 ,  .84 ,  .9 3 

et  .92 ,  respectivel y fo r  X ,  Y ,  W ,  H . 

Table 2: For the first to the third figure, the degree of 
correlatio n 

X: 
Y: 
W: 
H: 

.9 4 

.9 3 

.9 1 

.8 3 

.9 3 

.9 8 

.9 0 

.9 0 

.9 1 

.3 0 

.9 7 

.9 7 

Overall ,  th e result s showe d a  goo d simulatio n o f  a  huma n 
operator .  Th e erro r  o f  margi n wit h whic h th e syste m 
operate d migh t  be ,  bu t  i s no t  necessarily ,  du e t o th e model . 
The syste m chos e on e solutio n fro m a  se t  o f  equall y 
possibl e solution s and ,  unde r  th e sam e conditions ,  a  huma n 
operato r  migh t  als o giv e differen t  responses . 

General Discussion 

Thi s modelisatio n i s  base d o n th e integratio n o f  a  se t  o f 
flexibl e constraint s int o a n optimizatio n procedure .  I t  allow s 
explainin g th e adaptabilit y o f  th e cognitiv e system .  A  smal l 
number  o f  combine d cue s ar e enoug h t o allo w definin g a 
precis e solution .  Th e metho d w e follow ,  first,  determinatio n 
of  fuzz y meanin g fo r  a  se t  o f  variables ,  an d second ,  definitio n 
of  a  solutio n maximizin g th e satisfactio n degre e o f  al l 
variabl e constraint s an d integratin g al l  environnemen t 
constraints ,  seem s wel l  adapte d t o mode l  action .  Compare d 
wit h a  rul e syste m wher e th e rule s hav e t o cove r  al l 
situation s an d hav e t o b e explicited ,  thi s metho d appear s 
mor e adaptativ e an d mor e simpl e t o implement . 

OthCT mor e elaborat e experiment s coul d revea l  othe r 
importan t  cues .  Eve n i n th e particula r  cas e o f  thi s 
ejq)eriment ,  w e d o no t  preten d t o hav e tackle d al l  th e facet s o f 
command interpretation .  Categor y learning ,  tha t  i s t o sa y th e 
adjustmen t  o f  interlocuto r  categories ,  i s  no t  take n int o 
accoun t  here .  Thi s i s no t  ver y importan t  her e becaus e 
communicatio n betwee n th e operato r  an d th e instructo r  too k 
plac e ver y quickl y (th e instructo r  wa s replace d fo r  eac h ne w 
drawing) . 

As w e mentione d i n th e introduction ,  ou r  stud y i s abou t  a 
particula r  contextua l  explanatio n o f  th e powe r  o f  language . 
Thus ,  som e implicit s o f  communicatio n wer e no t  take n int o 
account ,  wherea s thei r  effect s wer e no t  negligibl e firom  th e 
poin t  o f  vie w o f  th e results .  Fo r  example ,  whe n th e 
conmian d wa s t o dra w a  figure  o n th e lef t  an d ther e alread y 
was a  figure  o n th e left ,  th e syste m chos e t o plac e th e ne w 
figure  ver y nea r  th e first  on e (i t  place d i t  a s fa r  t o th e lef t  a s 
i t  could) .  Th e implici t  informatio n i n thi s comman d i s tha t 
th e tw o figures  ca n no t  b e stuc k together ,  becaus e i f  the y 
were ,  thi s informatio n woul d b e given .  T o explai n thi s kin d 
of  implici t  principl e o f  relevanc e introduce d b y Sperbo -  an d 
Wilso n (1986 )  seem s wel l  suited . 

Conclusion and Perspectives 

The ai m o f  thi s interdisciplinar y stud y wa s double .  O n th e 
on e hand ,  ou r  goa l  wa s t o mode l  th e processe s o f  comman d 
intapretatio n (throug h cognitiv e psychology )  an d o n th e 
other ,  i t  wa s t o creat e a  syste m capabl e o f  respondin g 
consistentl y t o verba l  commands ,  o f  detectin g implici t 
informatio n an d o f  adaptin g itsel f  t o a  give n situatio n 
(throug h artificia l  intelligence) .  Thes e tw o aspect s o f  th e 

stud y ar e b y n o mean s oppose d becaus e devisin g a  syste m 
tha t  model s a  huma n subjec t  ha s ever y chanc e o f  bein g a 

syste m whos e behaviou r  i s  adequate .  Thi s i s al l  th e mor e tru e 
give n tha t  verba l  communicatio n i s a  specificall y huma n 
activity . 

Thi s stud y mus t  b e considere d a s a  first  step .  Ou r  fiitu r 
wor k wil l  consis t  i n expandin g th e scop e an d th e analysi s o f 
th e huma n experiment .  I n ou r  first  experiment ,  w e chos e t o 
kee p th e sam e operato r  (i n orde r  t o hav e enoug h dat a fo r 
modellin g him) .  W e coul d no w compar e differen t  operators . 
We coul d als o stud y th e effec t  o f  stronge r  regularitie s (wit h 
drawing s compose d o f  mor e tha n 3  figures).  Finally ,  i t  woul d 
be interestin g t o mak e th e syste m interac t  directl y wit h a 
human instructor . 
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Abstrac t 

A series of simulations using the HAL model of memory 
demonstrate s tha t  wor d representation s fro m th e mode l  ca n 
be use d t o categoriz e a  variet y o f  common an d famou s 
prope r  nouns ,  cities ,  an d states .  Th e interna l  semantic s o f 
famous prope r  name s provide s a  riche r  se t  o f  meanin g 
constraint s tha n d o th e neighborhood s o f  common prope r 
names.  Retrieva l  error s wit h name s may b e du e t o thi s 
differenc e i n th e neighbor s an d th e densit y o f  thes e 
neighborhoods .  A  ver y salien t  constrain t  i n common 
prope r  name semantic s i s gender . 

Proper names are the Rodney Dangerfield of linguistics. 

They don' t  ge t  n o respect .  - -  McDonal d (1996 ) 

The investigation of proper name semantics has been a 

periphera l  domai n i n al l  area s o f  cognitiv e science .  Th e 

domain s o f  cognitiv e neuropsycholog y an d agin g accoun t  fo r 

most  prope r  nam e researc h (se e Cohe n &  Burke ,  1993) .  Th e 

paucit y o f  wor k o n prope r  name s i s notabl e whe n on e 

consider s tha t  prope r  name s ar e difficul t  t o lear n an d 

remember  an d would ,  o n th e surface ,  see m t o b e a n invitin g 

are a o f  investigation .  Th e importanc e o f  prope r  name s 

becomes foregrounde d whe n on e consider s ho w often ,  durin g 

th e cours e o f  a  day ,  a  perso n i s require d t o retriev e a  prope r 

name whe n interactin g wit h anothe r  person ,  an d th e 

necessit y o f  retrievin g othe r  informatio n associate d wit h a 

prope r  name . 

Memory Phenomena of Proper Names 

Prope r  name s ar e difficul t  t o lear n compare d t o othe r 

persona l  information .  Whe n subject s learne d differen t  kind s 

of  biographica l  informatio n abou t  fictitiou s persons ,  Cohe n 

and Faulkne r  (1986 )  foun d tha t  prope r  nam e retrieva l  wa s 

more problemati c compare d t o memor y fo r  othe r  persona l 

dat a suc h a s hobbie s o r  occupations .  Retrieva l  failur e wit h 

prope r  name s i s likel y du e t o th e lac k o f  specifi c  semanti c 

informatio n i n th e name' s representation .  Cohe n an d Burk e 

(1993 )  argu e that ,  withou t  thi s semanti c depth ,  ther e ar e fe w 

cues t o us e i n th e retrieva l  process .  Fo r  example ,  i f  a  perso n 

trie s t o retriev e chai r  an d instea d retrieve s seat ,  th e resul t 

woul d likel y stil l  b e useabl e i n th e retrieva l  context . 

Althoug h a n analogou s erro r  ca n occu r  wit h prope r  names . 

th e outcom e i s quit e different .  Retrievin g Dav e whe n Da n 

was intende d result s i n a n erro r  wit h mor e seriou s 

consequences .  Namin g problem s ar e als o frequen t  i n aphasia . 

Semenza (1995 )  discusse s case s i n whic h individual s hav e 

demonstrate d anomi a fo r  prope r  name s a s wel l  a s a  cas e i n 

whic h prope r  nam e informatio n wa s spared . 

Models of Proper Names 

Cases o f  dua l  dissociatio n ca n b e use d t o argu e fo r  a 

dissociatio n betwee n memor y fo r  prope r  name s an d memor y 

fo r  semanti c informatio n i n a n unimpaire d syste m suc h a s i n 

th e model s o f  Burto n an d Bruc e (1993) .  Mos t  model s o f 

prope r  name s shar e th e assumptio n o f  a  separat e memor y 

stor e fo r  prope r  names .  Burto n an d Bruc e offe r  a  ne w 

approac h wit h a n interactiv e activatio n mode l  an d argu e tha t 

names ar e difficul t  t o retriev e no t  becaus e the y ar e 

"meaningless, "  bu t  becaus e the y ar e uniqu e -  ther e i s jus t 

one Bil l  Clinton . 

Ther e ha s bee n ver y littl e discussio n o f  th e 

representationa l  natur e o f  prope r  name s (Cohe n &  Burke , 

1993) .  Th e purpos e o f  thi s pape r  i s t o presen t  a  serie s o f 

simulation s an d experiment s tha t  detai l  wha t  th e Hyperspac e 

Analogu e t o Languag e (HAL )  mode l  o f  memor y ca n offe r  t o 

representationa l  issue s wit h prope r  names .  W e wil l  presen t 

fou r  experiment s th e firs t  tw o wil l  sho w ho w HAL' s 

semantic s ca n b e use d fo r  th e categorizatio n o f  prope r  name s 

and othe r  concepts ;  the n w e tur n t o a  descriptio n o f  th e 

interna l  semantic s o f  common an d famou s prope r  names ; 

and finall y a  discussio n o f  gende r  i n prope r  names . 

The HAL Model of Memory 

H AL i s a  mode l  tha t  develop s wor d meaning s fro m a 

-30 0 millio n wor d corpu s o f  Usene t  tex t  b y utilizin g a 

globa l  co-occurrenc e learnin g algorithm .  H A L store s 

weighte d co-occurrenc e informatio n fo r  th e 70,00 0 mos t 

frequen t  symbols .  Thi s se t  o f  weighte d co-occurrence s form s 

a matri x o f  co-occurrence s fo r  word s i n th e contex t  o f  othe r 

words .  Thi s matri x result s i n a  se t  o f  wor d vector s tha t  serv e 

as coordinate s fo r  th e wor d i n a  140,00 0 high-dimensiona l 

meanin g space .  Th e contextua l  similarit y o f  th e word s i s 

inversel y proportiona l  t o th e distanc e betwee n th e word s i n 

th e hyperspac e (Burges s &  Lund ,  1997 ;  Lun d &  Burgess , 

1996) . 
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The H A L mode l  ha s bee n use d t o investigat e a  broa d 

rang e o f  cognitiv e phenomena ,  includin g semanti c primin g 

effect s an d th e dissociatio n betwee n semanti c an d associativ e 

primin g (Lund ,  e t  al. ,  1996) .  Althoug h mos t  wor k wit h 

H AL ha s bee n i n th e domai n o f  traditiona l  semanti c an d 

categorizatio n research ,  th e wor d vecto r  representation s 

encod e meanin g a t  a  genera l  level ,  no t  jus t  wha t  i s typicall y 

considere d semantic .  Th e stronges t  evidenc e fo r  thi s  i s ho w 

HAL' S representation s encod e grammatica l  categorica l 

informatio n (Burges s &  Lund ,  1997) .  A s a  result ,  HAL' s 

vecto r  representation s ar e bes t  characterize d a s contex t 

vectors ,  rathe r  tha n semanti c vectors ,  sinc e the y encod e th e 

context s i n whic h word s appea r  an d mak e us e o f  thi s 

informatio n i n a  variet y o f  way s (Landaue r  &  Dumais , 

1997) . 

Experiment 1: Proper Names as a Meaning 

C las s 

The goa l  o f  Experimen t  1  i s t o sho w tha t  HAL' s basi c 

abilit y  fo r  categorizatio n extend s t o prope r  names .  I n thi s 

simulation ,  differen t  group s o f  word s ar e subjecte d t o 

multidimensiona l  scalin g (MDS )  i n orde r  t o sho w tha t  th e 

interwor d distance s i n th e high-dimensiona l  meanin g spac e 

can provid e a  basi s fo r  categorization . 

Methods 

Each vecto r  i s a  se t  o f  coordinate s i n high-dimensiona l 

Euclidea n space .  Co-occurrenc e vector s wer e extracte d fo r  al l 

word s use d i n thi s experiment ;  th e M D S solutio n i s show n 

i n Figur e la . 

Results 

Thi s M D S project s point s i n a  140,00 0 high-dimensiona l 

spac e int o a  two-dimensiona l  spac e i n a  non-linea r  fashio n 

tha t  attempt s t o preserv e th e distance s betwee n points . 

Visua l  inspectio n suggest s tha t  th e thre e categorie s o f  word s 

wer e separate d i n th e meanin g space .  Sinc e th e 

dimensionalit y reductio n i s substantial ,  a n analysi s o f 

varianc e ( A N O V A )  o f  th e distance s i n th e high-dimensiona l 

spac e i s conducte d t o provid e anothe r  estimat e o f 

categorization .  Line s hav e bee n draw n i n th e figure s t o mak e 

eve n mor e apparen t  th e separatio n o f  thes e differen t  classe s 

of  items ;  th e A N O V As ar e importan t  t o substantiat e thi s 

visua l  (an d theoretical )  separation .  Th e A N O VA compare s 

th e intragrou p distance s t o intergrou p distances .  I n thi s way , 

one ca n determin e i n th e high-dimensiona l  spac e i f  on e 

grou p o f  word s i s differentiate d fro m th e other s b y th e vecto r 

representations .  Th e prope r  name s ar e separat e fro m th e 

othe r  tw o group s o f  items ,  F  (1 ,  42 )  =  109.71 ,  p  <  .0001 . 

Likewise ,  verb s ar e i n thei r  ow n space ,  F  (1 ,  42 )  =  50.65 ,  p 

< .0001 ;  a s ar e th e nouns ,  F  (1 ,  42 )  =  143.49 ,  p  <  .0001 . 

One ca n observ e interna l  semantic s o f  th e items ;  simila r 

verb s ar e clos e together ,  althoug h like d an d love d ar e distinc t 

fro m shove d an d pushed ,  F  (1 ,  4 )  =  22.08 ,  p  <  .009 .  Ther e 

i s a  suggestio n tha t  mal e prope r  name s occup y a  distinc t 

spac e fro m th e femal e name s an d thi s gende r  issu e wil l  b e 

explore d i n mor e detai l  i n Experimen t  4 . 

Discussion 

The result s fro m thi s simulatio n suppor t  th e contentio n tha t 

word s wit h simila r  meaning s shar e simila r  area s i n th e high -

dimensiona l  space .  Thi s conclusio n hold s fo r  wha t  woul d b e 

considere d mor e semanti c relationship s a s wel l  a s 

grammatica l  categories ;  simila r  t o earlie r  result s (Burges s & 

Lund ,  1997) .  Th e nove l  findin g i s tha t  prope r  name s see m 

t o occup y a  spac e distinc t  fro m othe r  nouns .  W e hav e no t 

yet  show n tha t  prope r  name s hav e an y meaningfu l  interna l 

semantics .  I n th e nex t  experimen t  w e investigat e th e exten t 

tha t  HAL' s vecto r  representation s ca n mak e furthe r 

distinction s amon g prope r  name s an d i n Experimen t  3  w e 

explor e th e questio n abou t  th e interna l  semantic s an d th e 

relationshi p betwee n a  name' s semanti c characteristic s an d 

th e cognitiv e effect s fo r  prope r  name s reporte d i n th e 

literature . 

Experiment 2: Categorization of Diverse 

Type s o f  Prope r  N a m e s 
One domai n i n whic h prope r  name s hav e bee n extensivel y 
investigate d i s i n text-base d informatio n retrieva l  (IR) . 

However ,  prope r  name s ca n exten d t o a  ver y divers e grou p o f 

concepts :  cities ,  governments ,  states ,  famou s persons , 

diseases ,  religions ,  an d s o on .  Approache s t o thi s prope r 

name categorizatio n hav e bee n varie d bu t  ten d t o includ e 

what  McDonal d (1996 )  refer s t o a s interna l  an d externa l 

evidence .  Interna l  evidenc e involve s th e for m o f  a  name , 

whic h i s usuall y recorde d i n som e databas e (e.g. , 

Cornhusker s store d i n a  databas e o f  grea t  footbal l  teams) . 

Externa l  evidenc e use s th e contex t  surroundin g a  nam e (e.g. , 

Presiden t  Clinto n identifie s thi s particula r  Clinto n a s th e 

President) .  Compilation s o f  database s suc h a s thes e ca n 

provid e th e fron t  en d t o a  sophisticate d too l  tha t  can ,  i n 

conjunctio n wit h part-of-speec h taggers ,  parsers , 

morphologica l  analyzers ,  tex t  structurers ,  an d othe r 

components ,  generat e a  ver y reasonabl e categorizatio n o f  a 

divers e se t  o f  prope r  names .  On e o f  th e mor e sophisticate d 

of  thes e ca n correctl y categoriz e 9 6 % o f  th e name s i t 

encounter s (Paik ,  Liddy ,  Yu ,  &  McKenna ,  1996) .  It s 

unclear ,  though ,  i f  thes e approache s wil l  correspon d wel l  t o 

th e cognitiv e processin g tha t  take s plac e durin g nam e 

retrieval .  I n thi s experimen t  w e se e i f  a  mor e divers e se t  o f 

prope r  name s ca n b e categorized .  Th e item s use d i n thi s 

experimen t  wer e motivate d b y th e rang e o f  prope r  noun s 

describe d b y Pai k e t  al . 

Methods and Results 

Co-occurrenc e vector s wer e extracte d fo r  fou r  classe s o f 

prope r  names :  cities ,  states ,  famou s prope r  names ,  an d 

common prope r  names .  A  M D S solutio n wa s compute d (se e 

Figur e lb) .  Visua l  inspectio n suggest s tha t  thes e divers e 

categorie s o f  prope r  name s wer e differentiated .  Citie s wer e 

separate d i n thi s procedur e fro m th e othe r  groups ,  F  (1 ,  70 ) 

= 49.13 ,  p  <  .0001 ;  a s wer e th e states ,  F  (1 ,  70 )  =  28.8 ,  p  < 
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Figur e 1  :  (a )  N a m e s ,  nouns ,  an d verbs ,  (b )  Type s o f  prop e 

noun s 

.0001 .  Althoug h citie s an d state s shar e m a n y feature s an d ar e 

foun d i n simila r  contexts ,  citie s w e r e separat e f r o m th e 

states ,  F  (1 ,  26 )  =  46.87 ,  p  <  .0001 .  F a m o u s prope r  n a m e s 

resid e i n thei r  o w n high-dimensiona l  space ,  F  (1 ,  106 )  = 

32.89 ,  p  <  .0001 ;  a s d o th e c o m m o n prope r  names ,  F  (1 , 

88)  =  65.49 ,  p  <  .0001 .  Furthermore ,  th e famou s name s ar e 

separat e fro m th e c o m m o n names ,  F  (1 ,  58 )  =  99.79 ,  p  < 

.0001 .  Furthe r  interna l  semantic s i s apparen t  a s well .  Th e 

co-occurrenc e vector s fo r  th e tw o president s plac e th e word s 

ver y close .  Likewise ,  murderer s (o r  thos e accuse d o f  murder ) 

shar e a  simila r  space . 

Discussion 

Once again ,  th e high-dimensiona l  meanin g spac e appear s 

capabl e o f  providin g th e basi c contextua l  informatio n fo r  th e 

categorizatio n o f  prope r  names .  Althoug h ther e i s similarit y 

alon g som e dimension s fo r  certai n items ,  fo r  example , 

Reagan an d Hitle r  wer e bot h politicians ;  the y ar e differen t 

withi n tha t  domain .  Th e result s ar e encouragin g fo r  furthe r 

consideratio n i n tha t  thes e vecto r  representation s migh t  b e a 

usefu l  adjunc t  fo r  informatio n retrieva l  engine s a s the y see m 

abl e t o approac h som e o f  th e sam e domain s a s mor e 

traditiona l  approache s wit h considerabl y les s top-dow n 

overhead . 

The within-grou p similarit y o f  som e o f  thes e item s 

(e.g. ,  Reaga n an d Clinton )  suggest s tha t  th e interna l 

semantic s o f  thes e word s ma y provid e usefu l  informatio n 

relate d t o cognitiv e issue s i n prope r  nam e retrieval .  I t  i s thi s 

matte r  tha t  th e nex t  experimen t  addresses . 

Experiment 3: Semantic Neighborhood 

Character is t ic s o f  P r o p e r  N a m e s 

Experiment s 1  an d 2  demonstrate d tha t  H A L ' s wor d 

representation s provid e a  considerabl e informatio n tha t  ca n 

contribut e t o categorization .  Thi s "information "  i s a  se t  o f 

contextua l  cue s fo r  a  word ,  i.e. ,  al l  th e weighte d co -

occurrenc e informatio n tha t  a  wor d ha s associate d wit h i t  a s 

th e movin g windo w slide s alon g th e text .  I t  i s  no t  difficul t 

t o imagin e tha t  thi s contextua l  informatio n migh t  allo w fo r 

th e kin d o f  categorizatio n presente d i n thes e experiments ; 

but ,  a t  th e sam e time ,  perhap s no t  reall y provid e furthe r 

informatio n tha t  coul d provid e suppor t  o r  insight s int o th e 

cognitiv e processe s involve d i n prope r  nam e retrieva l  an d 

representation .  I n Experimen t  3 ,  w e introduc e th e notio n o f 

th e semanti c neighborhoo d an d evaluat e it s potentia l  rol e i n 

th e cognitiv e theor y o f  nam e representation .  A  word' s vecto r 

element s ar e othe r  symbol s i n th e origina l  text .  Th e valu e 

fo r  a  particula r  elemen t  correspond s t o th e weighte d co -

occurrenc e fo r  tha t  wor d i n th e weighte d contex t  o f  th e othe r 

symbol  (usuall y a  word) .  Eac h o f  thes e vecto r  element s i s a 

dimensio n i n th e high-dimensiona l  space .  A n y wor d i n 

HAL ' s 70,00 0 ite m vocabular y ca n b e isolate d i n th e high -

dimensiona l  contex t  space .  I n tha t  space ,  a  wor d wil l  hav e 

othe r  word s tha t  var y i n distanc e fro m it .  Word s tha t  ar e 

clos e ar e referre d t o a s "neighbors. "  I n previou s research . 

Burgess ,  Livesay ,  an d Lun d (1998 )  hav e show n tha t  thes e 

neighborhood s provid e sufficien t  cue s t o allo w h u m a n 

subject s t o distinguis h betwee n simila r  words . 

To illustrat e th e notio n o f  semanti c neighborhoods ,  th e 

closes t  1 2 neighbor s t o tw o word s ar e liste d i n Tabl e 1 .  Th e 

neighborhood s diffe r  i n a  numbe r  o f  respects .  Book' s 

neighbor s includ e word s tha t  ar e ver y clos e i n meanin g t o 

b o o k {story ,  b o o k s ,  paper ,  issue) .  Othe r  neighbor s ar e 

simila r  i n tha t  the y ar e othe r  form s o f  informativ e medi a 

{movie ,  film) ,  an d other s ar e mor e peripherall y relate d 

{game ,  new ,  recent ,  original ,  word ,  series) .  Th e natur e o f  th e 

neighborhoo d fo r  Joh n i s differen t  tha n Book's .  John' s 

neighbor s ar e simpl y othe r  c o m m o n prope r  names ,  and ,  i n 

fact ,  ar e al l  mal e names .  Famou s prope r  name s hav e 

neighborhood s tha t  hav e a  riche r  se t  o f  cues ,  mor e lik e 

object s (se e Tabl e 2) . 

Ther e ar e tw o characteristic s o f  thes e neighborhood s tha t 

sugges t  tha t  H A L ' s neighborhood s ma y provid e cognitivel y 

plausibl e informatio n tha t  woul d facilitat e th e 

representationa l  modelin g o f  prope r  names .  Conside r  wha t 

happen s i n th e cas e o f  a  namin g error .  Presumably ,  th e erro r 

occur s becaus e a  cognitiv e proces s (spreadin g activation ,  a 

semanti c  cue )  wa s imprecis e t o som e degree .  I f  tha t  happen s 

fo r  book ,  an d anothe r  nearb y wor d i s retrieved ,  i t  i s  likel y 

tha t  th e erro r  wil l  b e eithe r  somethin g ver y clos e i n meanin g 

t o book ,  o r  som e cu e tha t  migh t  provid e fo r  th e generatio n 

of  othe r  relevan t  cues .  Conversely ,  i f  ther e i s som e erro r  i n a 

prope r  name ,  th e wron g nam e wil l  b e retrieved .  Prope r  nam e 

neighborhood s lac k th e semanti c dept h t o provid e an y ric h 

cue s fo r  retrieva l  i f  required .  Thi s correspond s nicel y t o mos t 

account s o f  prope r  n a m e retrieva l  error s i n th e literatur e 

(Cohe n &  Burke ,  1993) .  Th e secon d characteristi c tha t  coul d 

hel p explai n thes e type s o f  error s ha s t o d o wit h th e densit y 

of  th e neighborhoods .  Th e number s liste d besid e eac h 

neighbo r  i n Tabl e 1  ar e distance s (i n R C U s ;  se e Lun d & 

Burgess ,  1996 ,  fo r  details )  betwee n th e wor d an d th e 

neighbor .  Not e tha t  th e distanc e a t  th e en d o f  thes e particula r 

neighborhood s diffe r  b y approximatel y 5 0 R C U s ;  th e prope r 

name neighborhoo d (a t  leas t  i n thi s case )  i s dense r  tha n th e 

neighborhoo d fo r  th e c o m m o n object ,  book .  T h e 

implicatio n o f  thi s  i s clear ;  an y erro r  i n th e retrieva l  proces s 
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i s  mor e likel y t o resul t  i n retrieva l  o f  a  neighbor .  Th e 

neares t  neighbo r  o f  Joh n i s David ,  onl y 1 0 RCUs away ; 

wherea s th e neares t  neighbo r  o f  boo k i s story ,  1 7 RCUs 

away.  I n thi s experiment ,  w e tes t  t o se e i f  thi s  i s a  genera l 

resul t  fo r  bot h hig h an d lo w frequenc y matche d noun s an d 

prope r  name s simila r  t o thos e show n i n Tabl e 1 . 

Table 1: Semantic Neighbors of Book and John 

Neighbor s o f  boo k 

stor y = 

game 

movi e = 

new = 

fil m 

book s = 

paper  = 

recen t  = 

origina l  = 

issu e = 

serie s = 

wad = 

343 
360 
368 
368 
382 
384 
394 
395 
396 
398 
398 
399 

Neighbor s o f  Joh n 

davi d = 

pete r  = 

pau l  = 

mik e = 

Stev e = 

mar k = 

James = 

ji m = 

rober t  = 

to m = 

richar d = 

michae l  = 

299 
309 
311 
324 
334 
334 
335 
337 
342 
344 
347 
349 

Tabl e 2 :  Neighborhood s fo r  Politicia n an d Roc k Grou p 

Neighbor s of : 

Clinto n 

republican s 

bus h 

democrat s 

repubbca n 

bil l 

amencan s 

Reaga n 

poo r 

congres s 

america n 

peopl e 

Japanes e 

presiden t 

Neighbor s of :  Beatle s 

origina l 

ban d 

movi e 

son g 

first 

mai n 

lyric s 

britis h 

bes t 

x-file s 

song s 

las t 

albu m 

Method s 

20 hig h an d 2 0 lo w frequenc y prope r  name s wer e frequenc y 

matche d wit h 4 0 nouns .  Al l  word s wer e take n fro m th e 

Usenet  corpus ,  an d thei r  frequenc y wa s a  coun t  o f  time s th e 

word s appeare d i n th e H A L corpus .  Thi s frequenc y 

matchin g wa s performe d t o contro l  fo r  th e finding  tha t 

highe r  wor d frequencie s resul t  i n dense r  wor d neighborhoods . 

Results 

Bot h hig h an d lo w frequenc y name s ha d highe r  neighborhoo d 

densitie s tha n thei r  frequency-matche d nou n counterparts , 

t(l9 )  =  8.12 ,  p  <  .001 ;  /(19 )  =  3.12 ,  p  <.01 .  Thi s resul t 

demonstrate s tha t  eve n whe n name s an d noun s appea r  th e 

same numbe r  o f  time s i n th e corpus ,  prope r  name s hav e 

dense r  wor d neighborhood s i n high-dimensiona l  space . 

Discussion 

The analysi s o f  th e prope r  nam e an d commo n objec t 

neighborhood s provide s severa l  insight s int o th e difficult y 

commonl y see n wit h prope r  names .  Neighbo r  similarit y 

wit h common object s reduce s th e potentia l  impac t  o f  a n 

error .  A n erro r  wit h a  prope r  nam e wil l  almos t  certainl y 

resul t  i n th e wron g name .  Thi s i s exacerbate d b y th e 

differenc e i n th e densitie s o f  thes e tw o type s o f 

neighborhoods .  I n Experiment s 1  an d 2  ther e wa s som e 

indicatio n i n a n effec t  o f  gende r  — mal e an d femal e name s 

appea r  t o occup y separat e spaces .  Furthermore ,  th e 

neighborhood s o f  mal e an d femal e name s diffe r  i n thei r 

compositio n o f  mal e an d femal e names .  I n Experimen t  4  w e 

explor e th e natur e o f  thi s possibl e gende r  effect . 

Experiment 4a: Gender Categorization in 

H i g h Dimensiona l  Spac e 

The previou s result s provid e evidenc e tha t  prope r  name s 

occup y thei r  ow n local e i n high-dimensiona l  spac e Bu t 

what  o f  categorization s withi n th e pur e nam e spac e itself ? 

Specifically ,  w e wer e intereste d i n determinin g wha t  effec t 

th e gende r  o f  th e prope r  name s ha s o n tha t  name' s placemen t 

withi n high-dimensiona l  space . 

Methods 

A se t  o f  high-frequenc y mal e an d femal e name s wa s draw n 

fro m th e corpus ,  an d co-occurrenc e vector s wer e compute d 

fo r  th e names .  A n M D S wa s performe d o n th e co -

occurrenc e vector s t o determin e whethe r  name s woul d 

categoriz e i n high-dimensiona l  spac e base d o n gender . 

Results 

Analysi s o f  th e M D S (Figur e 2a )  demonstrate s tha t  th e 

model  distinguishe d wel l  betwee n mal e an d femal e names , 

clusterin g eac h i n it s ow n locatio n i n hig h dimensiona l 

space .  I n additio n t o th e M D S solution s demonstratin g 

gender-base d discriminability ,  a n A N O VA wa s performe d o n 

th e intragrou p an d intergrou p nam e distance s t o provid e 

inferentia l  suppor t  fo r  th e M D S model .  I n thi s analysis , 

mal e name s wer e differentiate d fro m femal e names ,  F(l,188 ) 

= 261.80 ,  p  <  .001 .  Th e co-occurrenc e vector s provid e 

evidenc e tha t  thes e mal e an d femal e prope r  name s ar e 

clusterin g i n distinguishabl e group s i n high-dimensiona l 

space .  However ,  ther e i s a  significan t  differenc e i n frequency 

betwee n mal e an d femal e name s i n th e corpus .  Sinc e th e 

prope r  name s use d wer e rank-ordere d an d th e highes t 

frequenc y mal e an d femal e name s used ,  thi s differenc e i n 

frequenc y wa s no t  take n int o effect .  Sinc e frequency  ca n 

pla y a  stron g rol e i n co-occurrenc e vectors ,  i t  i s  importan t 

t o determin e whethe r  th e gender-base d prope r  n a m e 

clusterin g i n hig h dimensiona l  spac e i s merel y a  frequency 

effec t  o r  du e t o gende r  discriminabilit y  i n th e prope r  nam e 

co-occurrenc e vectors . 

Expe r imen t  4b : 

F requency -Ma tche d G e n d e r  Categorizatio n 

The previou s simulatio n supplie d evidenc e tha t  name s wer e 

categorize d b y gende r  i n high-dimensiona l  space .  However , 

whethe r  thi s wa s du e t o th e greate r  frequenc y o f  th e mal e 

prope r  name s o r  wa s th e resul t  o f  gende r  informatio n 

containe d withi n th e prope r  nam e co-occurrenc e vector s wa s 
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lis a 

mar y 

(a ) 

kare n 

susa n 

ann 

Joh n 

davi d 

rober t 

richar d 

jame s 

elizabet h 

kare n 

Jennife r 

(b ) 

barbar a 

meliss a 

nei l 

harol d 

edwar d 

kennet h 

aaro n 

Figur e 2 :  (a )  Prope r  nam e gende r  categorization ,  (b )  Frequenc y controlle d prope r  nam e gende r  categorizatio n 

not  clear .  Ou r  hypothesi s wa s tha t  althoug h frequenc y 

migh t  pla y som e rol e i n gender-base d categorizatio n o f 

prope r  name s i n high-dimensiona l  space ,  gende r  informatio n 

containe d i n th e co-occurrenc e vector s wa s als o providin g 

categorica l  information .  T o limi t  th e possibl e effect s o f 

frequenc y i n gende r  categorization ,  anothe r  simulatio n wa s 

performe d i n whic h th e mal e an d femal e prope r  name s wer e 

matche d fo r  frequenc y t o contro l  fo r  th e greate r  frequenc y o f 

mal e name s i n th e corpus . 

Methods 

Anothe r  se t  o f  high-frequenc y mal e an d femal e name s wa s 

take n fro m th e Usene t  corpus .  However ,  i n thi s simulatio n 

th e prope r  name s wer e chose n i n frequency-matche d mal e an d 

femal e pairs .  Co-occurrenc e vector s wer e extracte d fro m th e 

model  fo r  thi s lis t  o f  name s an d a n M D S wa s performe d o n 

thes e co-occurrenc e vectors . 

Results 

Analysi s o f  th e M D S demonstrate d tha t  mal e an d femal e 

names wer e agai n discriminate d b y gender ,  eve n whe n th e 

prope r  name s wer e matche d fo r  frequenc y (se e Figur e 2b) . 

An A N O V A provide d furthe r  inferentia l  suppor t  fo r  thi s 

finding ,  showin g tha t  mal e an d femal e intranam e frequencie s 

wer e significantl y highe r  tha n internam e frequencies ,  F 

(1,188 )  =  4.37 ,  p  <  .05 ;  F  (1 ,  188 )  =  9.66 ,  p  <  .01 .  Thes e 

result s provid e evidenc e tha t  gende r  categorizatio n i n high -

dimensiona l  spac e i s no t  merel y du e t o th e highe r  frequenc y 

of  th e mal e names ,  bu t  rathe r  tha t  gende r  informatio n i s 

containe d i n th e co-occurrenc e vector s o f  th e prope r  names . 

Experiment 4c: 
Gender  Informatio n i n Hig h Dimensiona l 

Prope r  N a m e Neighborhood s 
Simulatio n 4 b provide d evidenc e tha t  mal e an d femal e name s 
occupie d differen t  location s i n hig h dimensiona l  space ,  eve n 

when th e greate r  frequenc y o f  mal e name s wa s take n int o 

accoun t  an d controlle d for .  Th e purpos e o f  thi s simulatio n 

was t o provid e furthe r  evidenc e tha t  gende r  separatio n i n 

hig h dimensiona l  spac e wa s no t  a n effec t  o f  frequency ,  bu t 

rathe r  tha t  usefu l  gende r  informatio n wa s containe d i n th e 

neighborhood s o f  mal e an d femal e prope r  names . 

Method s 

Neighborhood s consistin g o f  100 0 word s wer e extracte d fo r  a 

lis t  o f  mal e an d femal e names .  A  lis t  o f  adjective s wa s the n 

derive d fro m thes e neighborhood s a s see n i n Tabl e 3 . 

Adjective s wer e chose n ove r  othe r  classe s o f  word s becaus e 

the y wer e th e leas t  ambiguous ,  tha t  is ,  mos t  unlikel y t o 

belon g t o mor e tha n on e clas s o f  word s (a n exampl e o f  thi s 

i s  bill ,  whic h ca n b e a  prope r  name ,  a  non-nam e nou n wit h 

severa l  possibl e meanings ,  o r  a  verb) .  Ou r  goa l  wa s t o 

determin e i f  gende r  informatio n woul d b e preserve d i n thes e 

adjectives .  T w o list s o f  adjectives ,  on e derive d fro m mal e 

names an d on e derive d fro m femal e names ,  wer e presente d t o 

participants ,  wh o wer e aske d t o judg e whic h lis t  cam e fro m 

th e neighborhoo d o f  a  mal e nam e an d whic h lis t  cam e fro m 

th e neighborhoo d o f  a  femal e name . 

Results 

Participant s wer e ver y proficien t  i n determinin g whethe r  th e 

list s cam e fro m mal e neighborhood s o r  femal e 

neighborhoods ,  ̂ 2 (i ,  y y =  66 )  =  21.32 ,  p  <  .001 .  Thes e 

result s provid e mor e evidenc e tha t  gende r  separatio n i n th e 

high-dimensiona l  nam e spac e i s no t  merel y frequency-based , 

but  rathe r  tha t  gende r  relevan t  informatio n i s bein g preserve d 

i n th e co-occurrenc e vector s fo r  prope r  names . 

Table 3: Adjective Neighbors of Male and Female Names 

Neighbor s 

centra l 

specia l 

ful l 

persona l 

Swedis h 

af :  mal e name s 

sur e 

nationa l 

doubl e 

goo d 

digita l 

Neighbor s of :  femal e name s 

sweet 

hot 
las t 

new 
lovel y 

beautifu l 

pin k 

wil d 

gran d 

coo l 

G e n e r a l  D i scuss io n 

Ther e i s a  deart h o f  researc h int o th e natur e o f 

representation s i n prope r  name s (Cohe n &  Burke ,  1993) .  A t 

th e sam e tim e ther e i s a  consensu s abou t  severa l  aspect s o f 

what  th e representation s mus t  b e like ;  c o m m o n name s lac k 

a substantia l  semanti c component ;  whereas ,  famou s name s 

hav e th e riche r  semanti c componen t  muc h lik e wel l  know n 

objects .  W e sugges t  tha t  globa l  co-occurrenc e models ,  suc h 

as H A L ,  tha t  develo p representation s b y utilizin g th e 

context s i n whic h name s occu r  ar e a  plausibl e candidat e fo r 
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prope r  nam e representation .  A  numbe r  o f  experiment s wer e 

presente d tha t  mak e thi s case .  First ,  c o m m o n an d famou s 

prope r  name s occup y thei r  o w n meanin g area s i n th e high -

dimensiona l  space .  A n analysi s o f  th e neighborhood s 

surroundin g c o m m o n name s sugges t  tha t  ther e ar e tw o 

factor s tha t  ma y contribut e t o ho w retrieva l  failur e i s mor e 

likel y fo r  names .  First ,  c o m m o n nam e neighborhood s 

contai n othe r  c o m m o n names ;  whereas ,  neighborhood s o f 

othe r  noun s contai n a  ric h se t  o f  cue s a s t o thei r  meanin g 

(se e Tabl e 1) .  Thus ,  a n erro r  i n retrieva l  o f  a  c o m m o n nam e 

result s i n retrievin g th e wron g name ,  bu t  a n erro r  i n retrieva l 

wit h othe r  noun s wil l  likel y stil l  resul t  i n th e retrieva l  o f 

somethin g semanticall y relevan t  tha t  ma y eithe r  suffic e 

give n context ,  o r  coul d b e use d t o bootstra p th e intende d 

concept .  Thi s descriptio n o f  th e semanti c neighborhood s 

parallel s discussio n i n th e prope r  nam e literatur e (Cohe n & 

Burke )  abou t  th e lac k o f  detaile d semantic s o f  c o m m o n 

names.  Th e analysi s o f  H A L ' s nam e neighborhoods , 

however ,  generate d a  hypothesi s tha t  ha s no t  bee n discusse d 

i n th e literature .  W e foun d tha t  th e high-dimensiona l  spac e 

of  th e prope r  nam e neighborhood s i s  dense r  tha n fo r 

frequency-balance d c o m m o n objects .  Thus ,  an y erro r  i n 

retrieva l  make s a n erro r  wit h c o m m o n name s mor e likel y 

tha n wit h c o m m o n objects .  W e thin k tha t  H A L offer s a 

plausibl e descriptio n (o r  a t  leas t  a  goo d startin g point )  o f 

neighborhood s o f  famou s names .  Thes e neighborhood s 

contai n a  muc h riche r  se t  o f  cues ,  muc h lik e tha t  o f 

c o m m on object s (se e Tabl e 2) .  Representation s suc h a s 

thes e provid e fo r  a  large r  se t  o f  cue s fo r  retrieva l  an d a  dept h 

of  knowledg e suc h a s ha s bee n hypothesize d b y others . 

One salien t  aspec t  t o th e prope r  nam e representation s wa s 

gende r  an d thi s wa s unexpected .  Give n th e natur e o f  Usene t 

text ,  i t  wa s though t  tha t  th e gende r  distinction s ma y simpl y 

be asymmetrie s i n th e frequenc y o f  use .  However ,  thi s wa s 

rule d ou t  i n Experimen t  4b .  Lendin g suppor t  t o thi s 

distinctio n wa s Experimen t  4 c whic h showe d tha t  human s 

wer e sensitiv e t o th e gende r  bia s o f  th e adjective s i n mal e 

and femal e nam e neighborhoods .  Furthe r  investigatio n i s 

require d int o th e context s i n whic h mal e an d femal e name s 

occu r  i n orde r  t o sa y mor e abou t  thi s result .  A n importan t 

avenu e fo r  futur e researc h wil l  b e t o se e i f  thes e gende r  cue s 

ar e goo d retrieva l  cues . 

Most  model s o f  prope r  name s posi t  a  separat e componen t 

fo r  th e storag e o f  prope r  nam e lexical/semanti c entrie s 

(Burto n &  Bruce ,  1993) .  I t  i s  eas y t o imagin e th e 

motivatio n fo r  thi s ste p give n th e strikin g dissociation s tha t 

tak e plac e wit h brain-damage d patient s (Semenza ,  1995) . 

Furthermore ,  withou t  a  testabl e representationa l  mode l  i t  i s 

difficul t  t o imagin e prope r  nam e informatio n residin g wit h 

othe r  lexica l  an d semanti c information .  However ,  th e result s 

presente d her e sugges t  tha t  a  H A L offer s on e approac h t o a 

singl e mode l  o f  meanin g i n whic h semantic ,  grammatical , 

and c o m m o n an d famou s prope r  nam e informatio n ca n 

coexis t  i n on e system .  Thes e differen t  kind s o f  knowledg e 

ar e i n differen t  area s o f  th e high-dimensiona l  space ,  bu t  w e 

thin k tha t  considerin g th e possibilit y o f  a  singl e meanin g 

syste m m a y facilitat e n e w insight s (suc h a s th e 

neighborhoo d densit y finding) ,  a s wel l  a s ne w question s t o 

ask .  Althoug h i t  ma y appea r  surprisin g tha t  al l  thi s 

informatio n coul d b e encode d i n th e sam e meanin g system , 

i t  i s  importan t  t o bea r  i n min d tha t  th e underlyin g principl e 

i n th e encodin g o f  conceptua l  informatio n i n H A L i s  tha t 

th e context s i n whic h word s appea r  determine s thei r 

meaning .  Th e investigatio n o f  prope r  name s wil l  likel y 

benefit ,  lik e al l  othe r  area s o f  cognitiv e science ,  b y th e 

developmen t  o f  computationa l  model s o f  representation . 
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Abstrac t 

Competition can be seen as Adversarial Problem Solving 
(APS) ,  thu s idea s fro m proble m solvin g researc h ca n b e 
applie d t o it .  W e teste d i f  bette r  modelin g o f  th e opponen t  le d 
t o bette r  performanc e i n A P S usin g a  zero-su m gam e playe d 
by pairs ,  bu t  wit h n o obviou s skil l  component .  W e replicate d 
earlie r  result s tha t  showe d tha t  third-orde r  modelin g (i.e. , 
what  I  thin k m y opponen t  think s o f  me :  R 3 M A ) ,  bu t  no t 
second-orde r  mode l  (i.e. ,  wha t  I  thin k abou t  m y opponent : 
R 2 M A)  correlate d wit h performance .  W e als o manipulate d 
who wa s playe d (sam e perso n a s i n a n earlie r  game ,  o r  a 
predetermine d sequence )  an d wh o player s wer e tol d thei r 
opponen t  wa s (sam e o r  different) .  Player s performe d bette r 
when the y coul d appl y th e appropriat e mode l  (i.e. ,  wha t  the y 
wer e tol d matche d th e opponent) .  Therefore ,  w e showe d tha t 
more accurat e modelin g o f  a n opponen t  ca n lea d t o bette r 
APS.  However ,  th e critica l  aspec t  o f  modelin g ma y b e third -
orde r  modelin g accuracy .  W e als o foun d suppor t  fo r  a  gam e 
theor y analysi s o f  th e task . 

Competition as Adversarial Problem Solving 

I n M a y 1940 ,  a  Britis h trawle r  wa s o n it s wa y t o a 
rendezvou s wit h a  Germa n boa t  i n th e Englis h Channel . 
Aboar d th e trawle r  wer e tw o doubl e agent s (Germa n agent s 
w ho wer e actuall y Britis h agents )  cod e name d "Snow "  an d 
"Biscuit" .  Sno w wa s abou t  t o introduc e Biscui t  a s hi s 
subagen t  t o b e take n t o German y fo r  training ,  bu t  i n th e 
murk y worl d o f  double-agents ,  Britis h intelligenc e though t  i t 
unwis e fo r  eithe r  t o k n o w tha t  th e othe r  wa s workin g fo r  th e 
British .  However ,  bot h guesse d thi s fact .  Biscui t  the n 
forme d th e opinio n from  Snow' s behavio r  an d conversatio n 
tha t  h e wa s a  genuin e Germa n agen t  w h o woul d tur n Biscui t 
i n a s soo n a s the y me t  th e boat .  Meanwhil e S n o w decide d 
tha t  Biscui t  wa s a  genuin e Germa n agen t  w h o woul d betra y 
him .  S o Sno w di d everythin g possibl e t o convinc e Biscui t 
tha t  he ,  too ,  wa s a  genuin e Germa n agent ,  whic h confirme d 
Biscuit' s  fears .  Eventually ,  t o aver t  apparen t  disaster ,  Biscui t 
locke d Sno w i n hi s cabi n an d returne d th e boa t  t o England . 
By tryin g t o d o wha t  appeare d t o b e th e righ t  thin g eac h ha d 
contribute d t o th e ultimat e failur e o f  th e missio n (relate d b y 
Watzlawick ,  Weakland ,  «f e Fisch ,  1974 ,  pp .  xi-xii) . 

Proble m solvin g researc h ha s rarel y considere d th e typ e o f 
proble m tha t  S n o w an d Biscui t  wer e tryin g t o solve ,  on e i n 
whic h anothe r  perso n constitute d th e proble m task .  Studyin g 
stati c problem s simplifie s research ,  however ,  man y task s 
whic h fit  th e definitio n o f  proble m solvin g (i.e. ,  tryin g t o 
reac h a  goal )  ar e no t  static .  Unles s th e definitio n o f  proble m 
solvin g i s t o b e restricted ,  an y genera l  theor y o f  proble m 

solvin g mus t  incorporat e suc h tasks . 
Situate d cognitio n researc h ha s emphasize d th e nee d t o 

tak e int o accoim t  othe r  cognitiv e agent s i n th e environmen t 
(e.g. ,  se e Greeno ,  Moore ,  &  Smith ,  1993) .  However ,  suc h 
researc h ha s no t  considere d competitio n betwee n thos e 
agents .  Competitio n betwee n tw o peopl e m a y provid e a 
usefu l  situatio n fo r  th e stud y o f  interactiv e tasks ,  becaus e th e 
goal s o f  th e adversarie s ar e relativel y clear .  Ye t  i n 
competitiv e tasks ,  a  critica l  elemen t  i s tha t  peopl e react ,  an d 
reac t  t o reaction ,  jus t  lik e S n o w an d Biscui t  did . 

Competitio n ha s bee n studie d withi n socia l  psychology , 
but  ofte n onl y i n contras t  t o cooperatio n (se e Axelrod , 
1980) .  Competitio n ha s als o bee n studie d i n economic s an d 
game theor y (se e Rapoport ,  1960) .  Ye t  muc h o f  thi s 
researc h ha s bee n normative ,  an d ha s focuse d eithe r  o n 
explainin g o r  describin g aggregat e outcome s o f  competition , 
or  reaction s t o it .  Littl e o f  thi s researc h ha s she d ligh t  o n th e 
cognitiv e processe s peopl e us e whe n tryin g t o successfull y 
compete .  However ,  i n labelin g competitio n Adversaria l 
Proble m Solvin g (APS) ,  i t  ha s bee n suggeste d tha t 
competitio n ca n b e see n a s proble m solvin g (se e Gilhooly , 
1988 ;  Holding ,  1989 ;  Thagard ,  1992) ,  an d thu s m a y m a k e 
simila r  cognitiv e demands . 

Thagar d (1992 )  propose d a  se t  o f  cognitiv e processe s tha t 
coul d b e involve d i n successfii l  A P S .  I n particular ,  Thagar d 
argue d tha t  acros s man y domain s o f  A P S ,  i t  i s  th e abilit y t o 
model  th e opponent ,  an d furthe r  t o mode l  h o w th e opponen t 
model s you ,  tha t  i s  critica l  fo r  success .  Th e menta l  mode l 
tha t  i s  forme d ca n the n b e use d t o anticipat e an d counte r  th e 
opponent' s actions .  Suc h model s ar e a  resul t  o f  interpersona l 
perception ,  a  topi c wit h a  lon g histor y (se e Kenny ,  1994) . 
However ,  Thagard' s proposa l  concern s accurac y i n 
interpersona l  perception ,  a  topi c tha t  ha s receive d les s 
attention ,  partl y fo r  methodologica l  reason s (se e Kenny , 
1994 ,  ch .  7) .  Mo r e precisel y though ,  th e implicatio n o f 
Thagard' s proposa l  i s  tha t  accurat e modelin g i s no t  th e 
critica l  determinan t  o f  succes s i n an y on e competitiv e event ; 
instead ,  th e critica l  facto r  i s havin g a  mor e accurat e mode l 
tha n you r  opponen t  ha s o f  you . 

A for m o f  modelin g wa s studie d b y Rusche r  an d Fisk e 
(1990) ,  w h o showe d tha t  individual s i n competitio n focu s 
mor e tha n non-competitor s o n tryin g t o individuat e thei r 
opponents ,  particularl y o n task-relevan t  attribute s (althoug h 
competin g group s m a y ten d t o stereotyp e opponents ,  se e 
Brewer ,  1979) .  However ,  the y di d no t  examin e whethe r 
tryin g t o individuat e th e opponen t  improve d performance .  I n 
thi s paper ,  w e attempte d t o empiricall y tes t  th e proposa l  tha t 
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when a  playe r  ca n appl y a  bette r  mode l  o f  th e opponent , 
the n the y wil l  hav e mor e AP S succes s (i.e. ,  reac h th e goa l  o f 

th e competition )  tha n th e opponent . 

A Methodology for Studying APS 

Whil e i t  seem s t o mak e sens e tha t  modelin g a n opponen t 
shoul d pla y a  rol e i n succes s durin g APS ,  ther e i s littl e 
empirica l  suppor t  fo r  thi s intuition .  On e difficult y wit h 
examinin g AP S i s tha t  i t  ofte n involve s task s tha t  ar e ver y 
complex .  Fo r  example .  Holdin g (1989 )  pointe d ou t  tha t 

takin g int o accoun t  a n opponen t  i n a  tas k coul d increas e th e 
searc h spac e o f  proble m state s enormously .  Therefore ,  w e 
neede d a  simple ,  manipulatible ,  competitiv e tas k i n orde r  t o 
tes t  hypothese s abou t  APS .  Th e prisoner' s dilemm a gam e 
woul d no t  b e appropriat e becaus e i t  involve s pressur e 
toward s bot h cooperatio n an d competition .  Thu s th e goal s 
tha t  th e player s choos e ca n change ,  makin g i t  har d t o asses s 
i f  the y hav e reache d them .  Therefore ,  w e use d a  purel y 
adversaria l  game :  a  repeated ,  zero-sum ,  two-playe r  gam e i n 
whic h player s simultaneousl y selec t  th e numbe r  ONE,  TWO, 
or  THREE.  A  Choose r  an d a n Avoide r  playe r  mad e thei r 
selection s i n secret ,  the n eac h playe r  wa s tol d wha t  th e 
opponen t  selected .  I f  th e tw o players '  selection s coincided , 
the n Choose r  wo n th e amoun t  o f  point s tha t  correspond s t o 
th e numbe r  the y bot h selecte d an d Avoide r  los t  th e sam e 
amount  o f  points .  I f  th e players '  number s d o no t  matc h then , 
Avoide r  win s a  poin t  an d Choose r  lose s a  point .  Thus , 
Chooser  coul d wi n u p t o thre e points ,  bu t  Avoide r  coul d 
onl y eve r  wi n on e point .  T o offse t  this ,  Avoide r  wa s 
expecte d t o wi n mor e individua l  trial s  o f  th e game .  Tabl e 1 
present s th e pay-of f  matri x  fo r  thi s game . 

Table 1: Pay-off matrix for the game. Outcome for Chooser 
i s th e firs t  numbe r  i n th e pai r  whil e th e secon d numbe r  i s th e 
outcom e fo r  Avoider . 

Chooser' s 

selectio n 

ONE 
TWO 
THREE 

Avoider' s selectio n 

ONE 
+1/- 1 

-1/+ 1 

-1/+ 1 

TWO 
-1/+ 1 

+2/- 2 

-1 /  +  1 

THREE 

-1/+ 1 

-1/+ 1 

+3/- 3 

Assessin g Modelin g 

To asses s th e participants '  model s o f  eac h other ,  w e 
reasone d tha t  i f  player s ca n accuratel y mode l  thei r  opponent , 
the n the y shoul d b e abl e t o accuratel y asses s characteristic s 
of  thei r  opponent .  Therefore ,  w e ha d participant s us e seven -
poin t  scale s t o respon d t o a  se t  o f  wor d pair s tha t  indicate d 
thei r  genera l  assessmen t  o f  thei r  opponent ,  suc h a s negativ e 
-  positive . 

However ,  ther e ma y b e differen t  aspect s o f  thes e models , 
i n particular ,  ther e ma y b e a n importan t  distinctio n betwee n 
your  mode l  o f  wha t  yo u thin k you r  opponen t  i s like ,  an d 

what  yo u thin k i s you r  opponent' s mode l  o f  you .  Hyman s 
(1989 )  suggeste d tha t  th e latte r  ma y b e critica l  fo r  usin g 
deception .  W e wil l  refe r  t o thes e tw o aspect s a s second -
orde r  an d third-orde r  models ,  followin g Dennet' s (1978 , 
pp.  274-275 )  proposa l  o f  second -  an d third-orde r  intentions . 
Therefore ,  player s rate d th e se t  o f  wor d pair s fo r  thre e 

targets :  themselve s (th e sel f  scale ,  representin g a  first-orde r 
model) ,  thei r  opponen t  (th e opponen t  scale ,  representin g a 

second-orde r  model) ,  an d ho w the y though t  thei r  opponen t 
woul d rat e the m (th e opponent-sel f  scale ,  representin g a 
third-orde r  model) . 

It  wa s no t  clea r  a  prior i  whic h persona l  characteristic s 
shoul d b e critica l  fo r  successfia l  APS .  However ,  ou r 
proposa l  wa s tha t  th e critica l  aspec t  o f  modelin g fo r 

successfu l  AP S wa s ho w accurat e yo u ar e i n wha t  yo u 
though t  abou t  you r  opponent ,  rathe r  tha n you r  actua l 
assessmen t  o f  th e opponent .  Thu s w e use d th e response s 
fro m al l  si x scale s -  th e thre e scale s fro m eac h playe r  -  t o 
deriv e th e accurac y o f  a  player' s second -  an d third-orde r 
model s o f  th e opponent .  T o asses s a  player' s second-orde r 
accurac y fo r  modelin g a n opponen t  w e compare d th e 
player' s ratin g o f  th e opponen t  (th e opponen t  scale )  wit h th e 
opponent' s ratin g o f  hi m o r  hersel f  (th e sel f  scale) ,  b y 
summing th e absolut e difference s betwee n th e rating s o f  th e 
same ite m o n thes e tw o scales .  Third-orde r  modelin g 
accurac y fo r  th e playe r  wa s derive d b y summin g th e 
absolut e difference s betwee n item s o n th e player' s ratin g o f 
'ho w yo u thin k th e opponen t  woul d rat e you '  (i.e. ,  th e 
opponent-sel f  scale )  an d item s o n th e opponent' s actua l 
ratin g o f  th e playe r  (i.e. ,  th e opponent' s opponen t  scale) . 

I f  AP S merel y require s yo u t o b e bette r  tha n you r 
opponent ,  the n i t  implie s tha t  absolut e modelin g accurac y i s 
les s importan t  tha n relativ e modelin g accuracy .  Therefore , 
th e uni t  o f  analysi s i n thes e experiment s shoul d b e th e pai r 
of  players ,  rathe r  tha n individua l  players .  S o w e use d tw o 
measure s o f  relativ e modelin g accurac y calculate d fo r  eac h 
pai r  o f  players :  th e relativ e second-orde r  modelin g accurac y 
(t o b e referre d t o a s R2MA) ,  whic h wa s Avoider' s second -
orde r  modelin g accurac y subtracte d fro m Chooser' s second -
orde r  modelin g accuracy ;  and ,  th e relativ e third-orde r 
modelin g accurac y (t o b e referre d t o a s R3MA) ,  whic h wa s 
th e Avoider' s third-orde r  modelin g accurac y subtracte d 
from  th e Chooser' s third-orde r  modelin g accuracy . 

A Game Theory Analysis 

Games lik e thi s ca n b e analyze d usin g gam e theor y (se e 
Rapoport ,  1960) .  Game theor y i s essentiall y  descriptiv e a s i t 
seek s t o analyz e a  stat e o f  affair s tha t  exists ,  o r  t o predic t  a 
futur e equilibriu m state .  I t  doe s no t  addres s wha t  processe s 
brin g abou t  thi s stat e o f  affairs ,  thus ,  gam e theor y ca n onl y 
predic t  th e equilibriu m poin t  th e player s shoul d ten d 
towards .  However ,  i t  provide d a  usefti l  too l  fo r  analyzin g 
what  shoul d happe n i n ou r  game .  Th e critica l  concep t  wa s 
tha t  o f  a  mixe d strategy .  A  mixe d strateg y assume s dia t  o n 
each tria l  a n alternativ e i s chose n stochasticall y an d 
independen t  o f  th e previou s choices .  Vo n Neuman n (1928 ) 
showed tha t  fo r  an y finite ,  constan t  sum ,  two-perso n game , 
ther e exist s a  mixed-strateg y equilibriu m tha t  specifie s th e 
probabilit y  distributio n wit h whic h eac h possibl e choic e 
shoul d b e randoml y made .  Th e mixed-strateg y equilibriu m 
i s define d a s th e optima l  probabilit y  distributio n fo r  bot h 
players ,  suc h tha t  i f  bot h player s us e th e specifie d 
distributio n fo r  rando m choices ,  the n neithe r  playe r  ca n gai n 
by deviatin g from  th e disfribution .  Thi s probabilit y 
distributio n depend s o n th e pay-of f  matri x  o f  th e game .  Fo r 
our  game ,  th e distributio n wa s selectin g on e wit h 
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probabilit y  .4 6 (mor e precisely ,  6  ou t  o f  ever y 1 3 trials) , 
choosin g T w o wit h probabilit y  .3 1 (4/13) ,  an d thre e wit h 
probabilit y  .2 3 (3/13) .  Wit h thi s distribution ,  Avoide r  woul d 
be expecte d t o wi n a t  leas t  +.07 7 (1/13 )  point s pe r  trial ,  i f 
Avoide r  imitate s a  stochasti c process .  I n thi s game ,  th e 
mixed-strateg y equilibriu m fo r  Choose r  i s th e sam e se t  o f 
probabilitie s a s thos e fo r  Avoider ,  eve n thoug h Choose r  ha s 
an expecte d outcom e of-.07 7 point s pe r  trial . 

A Test of this Methodology 

Studie s b y B u m s (1993 )  an d B u m s an d Vollmeye r  (i n press ) 
applie d thi s methodolog y t o A P S .  A s predicte d b y gam e 
theory ,  th e Avoide r  player s ha d a  clea r  advantag e i n thes e 
studies .  Further ,  th e mea n proportion s wit h whic h Avoide r 
selecte d ONE,  t w o ,  an d thre e wer e clos e t o th e mixed -
strateg y equilibrium .  However ,  th e Choose r  players ' 
proportion s wer e almos t  equa l  fo r  eac h selection ,  althoug h 
th e mixed-strateg y equilibriu m predicte d th e sam e 
proportion s a s fo r  Avoiders . 

Relativ e modelin g accuracie s wer e calculate d a s outline d 
above .  Ther e wa s n o evidenc e tha t  R 2 M A correlate d wit h 
performanc e i n th e gam e a s measure d b y th e cumulativ e 
scor e afte r  th e final  tria l  o f  th e gam e (i n B u m s ,  1993 :  r[48 ] 
= .02 ,  p  =  .88 ;  B u m s an d Vollmeyer ,  i n press :  /•[48 ]  =  -.19 , 
p =  .18) .  However ,  succes s an d R 3 M A correlated ,  (i n 
Bums:  r[48 ]  =  .29 ,  p  =  .50 ;  B u m s an d Vollmeyer :  r[48 ]  = 
.37 ,  p  =  .006) .  Thus ,  i t  appeare d tha t  modelin g wa s 
associate d wit h success ,  bu t  perhap s onl y th e third-orde r 
componen t  wa s critical .  Fo r  n o singl e ite m wer e ra w 
response s associate d wit h success ,  no r  wa s relativ e accurac y 
on an y ite m particularl y associate d wit h performance , 
instead ,  onl y th e overal l  accurac y wa s predictive . 

An Experiment: Manipulating Modeling 

Whil e B u m s (1993 )  an d B u m s an d Volhneye r  (i n press ) 
supporte d th e clai m tha t  modelin g th e opponen t  wa s 
importan t  fo r  success ,  thes e wer e purel y correlationa l 
studies .  T o mor e firmly  establis h a  causa l  lin k fro m 
modelin g t o performance ,  w e directl y manipulate d th e 
usefiilnes s o f  players '  models .  Thi s allowe d u s t o generat e 
and tes t  a  specifi c  prediction :  I f  modelin g th e opponen t  i s 
usefu l  i n A P S ,  the n whe n peopl e ca n us e thei r  model s mor e 
effectivel y the y shoul d d o bette r  tha n whe n the y cannot . 

To tes t  thi s hypothesis ,  w e ha d participant s pla y th e gam e 
twice .  I n G a me 1 ,  pair s o f  participant s playe d 2 5 trial s o f  th e 
game agains t  eac h other .  I n G a m e 2 ,  the y playe d 3 0 trial s 
(startin g fro m a  scor e o f  zer o again )  bu t  w e manipulate d 
who participant s playe d (th e played-opponent) ,  an d w h o 
the y wer e tol d tha t  the y wer e playin g (th e told-opponent) . 
The played-opponen t  wa s eithe r  sam e (i.e. ,  eac h othe r 
again) ,  o r  differen t  (i.e. ,  bot h playe d agains t  a  predetermine d 
sequenc e o f  numbers) .  However ,  th e tw o member s o f  th e 
pai r  wer e i n opposit e told-opponen t  conditions :  On e playe r 
was tol d tha t  th e opponen t  wa s th e sam e a s i n G a m e 1 ,  an d 
th e othe r  playe r  wa s tol d tha t  th e opponen t  wa s different . 
Therefore ,  on e o f  th e player s shoul d hav e ha d a  modelin g 
advantag e ove r  th e other .  A s illustrate d i n Tabl e 2 ,  on e 
playe r  coul d appl y th e appropriat e model ,  whil e th e othe r 
coul d not . 

Tabl e 2 :  Illustratio n o f  th e desig n o f  th e experiment .  Factor s 
of  w h o bot h players '  opponen t  was ,  an d w h o Avoide r  playe r 
was tol d the y wer e playin g (Choose r  playe r  wa s tol d th e 
opposite) ,  wer e crosse d s o tha t  Avoide r  ha d th e opportunit y 
t o appl y a n appropriat e o r  a n inappropriat e mode l  (Choose r 
had th e opposit e opportunity) . 

Playe d sam e 
opponen t 

Playe d differen t 
opponen t 

( a sequence ) 

Avoide r  tol d sam e 
opponen t 

appl y appropriat e 
model 

appl y 
inappropriat e 
model 

Avoide r  tol d 
differen t  opponen t 

appl y 

inappropriat e 
model 

appl y appropriat e 
model 

I f  modelin g th e opponen t  i s a  determinan t  o f  success ,  the n 
th e playe r  w h o coul d appl y th e appropriat e mode l  shoul d d o 
bette r  tha n hi s o r  he r  opponen t  w h o ha d inaccurat e 
information ,  independen t  o f  w h o the y actuall y playe d an d 
what  the y wer e told .  Therefore ,  th e told-opponen t  conditio n 
shoul d interac t  wit h th e played-opponen t  condition ,  an d th e 
performanc e b y Avoide r  player s i n th e appropriat e mode l 
cell s o f  Tabl e 2  shoul d b e highe r  tha n thos e i n th e 
inappropriat e mode l  cells . 

Method 

Participants. One hundred and ninety-two participants fi"om 
th e Universit y o f  Califomia ,  Lo s Angele s introductor y 
psycholog y subjec t  poo l  too k par t  fo r  partia l  cours e credit . 

Procedure. Participants went to separate rooms on their 
arrival ,  i n orde r  t o eliminat e al l  possibilit y  o f 
communicatio n betwee n player s (th e gam e wa s playe d vi a 
computer) ,  the n the y wer e give n th e instruction s fo r  h o w t o 
pla y th e game .  Thes e include d th e pay-of f  matri x show n i n 
Tabl e 1 ,  althoug h show n i n a  wa y tha t  fit  wit h a  participant' s 
assigne d rol e (eithe r  Choose r  o r  Avoider ,  randoml y 
assigned) .  I n G a m e 1 ,  the y playe d agains t  eac h othe r  fo r  2 5 
trials .  O n eac h trial ,  th e tw o player s ha d a s muc h tim e a s 
the y like d t o decid e betwee n selectin g ONE,  t w o ,  o r  THREE. 
So tha t  the y alway s ha d acces s t o thei r  o w n an d thei r 
opponent' s histor y o f  selections ,  the y kep t  a  recor d o f  al l 
selection s o n a  scorin g sheet .  Onc e G a m e 1  wa s completed , 
the y wer e give n th e self ,  opponent ,  an d opponent-sel f  scale s 
t o complete .  Eac h scal e consiste d o f  th e sam e te n items ,  an d 
eac h ite m consiste d o f  a  pai r  o f  word s whic h anchore d th e 
end s o f  a  seven-poin t  interval .  Thes e te n wor d pair s were : 
risk-takin g -  risk-avoiding ;  humorou s -  serious ;  negativ e 
positive ;  har d -  soft ;  rationa l  -  intuitive ;  foolis h -  wise ; 
weak -  strong ;  pessimisti c -  optimistic ;  sever e -  lenient ; 
crue l  -  kind . 

For  G a m e 2 ,  the y wer e tol d tha t  the y ha d eithe r  th e sam e 
or  a  differen t  opponent ,  an d ha d thei r  score s rese t  t o zero . 
The y playe d th e predetermine d opponen t  (sam e opponen t  a s 
i n G a m e 1 ,  o r  different )  fo r  3 0 trials .  Th e differen t  opponen t 
was a  predetermine d sequenc e s o tha t  th e effect s o f  differen t 
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distribution s coul d b e teste d (no t  reporte d here) .  Abri c an d 
Kaha n (1972 )  foun d tha t  playin g a  sequenc e di d no t  affec t 
players '  strategie s i n a  prisoner' s dilemm a game ,  i f  the y 
though t  the y wer e playin g a  person .  Ou r  participant s wer e 
give n n o indicatio n tha t  the y migh t  no t  pla y a  person . 

Afte r  finishing  G a m e 2 ,  participant s complete d th e self , 
opponent ,  an d opponent-sel f  scale s again . 

Results 

Performance. For the 96 pairs, the first game was won by 
Avoide r  6 1 times ,  an d th e mea n scor e fo r  G a m e 1  {scor e 1 ) 
was 1.3 5 (S D =  8.11 )  i n favo r  o f  Avoider .  T o tes t  i f  th e 
G a me 2  manipulatio n affecte d players '  performance ,  w e 
calculate d thei r  relativ e scor e fo r  G a m e 2 :  scor e 1  fro m 
G a me 1  wa s subtracte d fi-om  th e differenc e betwee n a  pair' s 
absolut e score s fo r  G a m e 2 .  Suc h a  relativ e scor e fo r  G a me 
2 controlle d fo r  individua l  difference s whic h ma y hav e bee n 
reflecte d b y G a m e 1  performance . 

Table 3: Mean relative scores for Game 2 {SD in 
parentheses )  i n favo r  o f  Avoide r  fo r  eac h told-opponen t 
(sam e vs .  different )  an d played-opponen t  (sam e perso n vs . 
sequence )  conditions .  Fo r  eac h cel l  o f  th e tabl e n  =  24 . 

Playe d 
same perso n 

Playe d 
sequenc e 

Avoide r  tol d 
same opponen t 

3.25(10.13 ) 

1.67(8.69 ) 

Avoide r  tol d 
differen t  opponen t 

-2.75(11.93 ) 

5.13(9.80 ) 

The mea n relativ e score s fo r  eac h grou p ar e presente d i n 
Tabl e 3 .  A  2x 2 A N O V A o n relativ e score s foun d n o mai n 
effect s o f  played-opponent ,  F(l ,  92 )  =  2.23 ,  p  =  .13 ,  o r  told -
opponent ,  F(l ,  92 )  =  .37 ,  bu t  a s predicte d ther e wa s a 
significan t  interactio n betwee n thes e tw o factors ,  F(l ,  92 )  = 
5.16,/ ? =  .025 .  Comparin g appropriat e vers e inappropriat e 
model  conditions ,  th e forme r  ha d a  mea n relativ e scor e o f 
4.1 9 {S D =  9.90 )  whil e th e latte r  ha d a  mea n relativ e scor e 
of-0.5 4 {S D =  10.56) .  A s predicted ,  whe n th e appropriat e 
model  coul d b e applied ,  performanc e wa s better ,  /(94 )  = 
2.26 ,  p  =  .026 . 

Modeling Accuracy. We calculated R2MA and R3MA 
measure s a s outline d above .  I n detail ,  th e followin g 
calculatio n wa s mad e fo r  a  player' s absolut e second-orde r 
modelin g accuracy :  Fo r  eac h ite m o n a  player' s opponen t 
scale ,  th e absolut e differenc e betwee n it s ratin g an d th e 
same item' s ratin g o n th e opponent' s sel f  scal e wa s 
calculated ,  the n th e difference s fo r  th e te n item s wer e 
summed.  Therefore ,  a  lo w su m indicate d accurat e modeling . 
I n orde r  t o calculat e R 2 M A ,  th e absolut e second-orde r 
accurac y fo r  th e Avoide r  playe r  wa s subtracte d fro m th e 
absolut e accurac y fo r  th e Choose r  player .  Thus ,  a  positiv e 
R 2 MA indicate d tha t  Avoide r  wa s a  mor e accurat e second -
orde r  modeler ,  th e highe r  th e better .  Th e R 3 M A measur e 
was calculate d i n th e sam e way ,  excep t  tha t  th e absolut e 
difference s wer e calculate d betwee n item s o n a  player' s 

opponent-sel f  scal e an d th e opponent' s opponen t  scale .  Lik e 
R 2 MA an d R 3 M A ,  al l  o f  ou r  dependen t  measure s wer e 
differenc e score s derive d fro m th e Avoiders '  an d Choosers ' 
individua l  measures .  A s a  convention ,  bette r  performanc e o n 
our  measure s wa s alway s state d i n term s o f  th e Avoide r 
bein g better ,  s o positiv e score s indicate d bette r  performanc e 
by th e Avoider ,  an d negativ e score s indicate d bette r 
performanc e b y th e Chooser .  Suc h consistenc y mean t  tha t 
we alway s predicte d positiv e correlations . 

I n thi s experiment ,  R 2 M A an d R 3 M A measure s wer e 

calculate d a t  tw o points :  afte r  G a m e 1  an d afte r  G a me 2 .  A s 
th e modelin g accurac y o f  player s wh o playe d agains t  a 
predetermine d sequenc e woul d no t  b e expecte d t o correlat e 
wit h performance ,  w e onl y examine d G a me 2  correlation s 
fo r  pair s wh o playe d eac h othe r  i n G a me 2 .  Ther e wer e onl y 
46 suc h pair s becaus e th e ratin g dat a wa s incomplet e fo r  tw o 
pairs . 

Again ,  th e R 2 M A measure s wer e no t  associate d wit h 
performanc e (scor e 1  wit h R 2 M A afte r  2 0 trials :  r  =  .059 ,  p 
= .70 ;  relativ e scor e wit h R 2 M A afte r  G a me 2 ,  r  =  -.10 ,  / ? = 
.50) .  However ,  R 3 M A afte r  G a me 2  wa s correlate d wit h 
relativ e score ,  r  =  3 5 ,  p  =  .018 .  Furthe r  analysi s showe d 
agai n tha t  relativ e modelin g accurac y measur e derive d fo r 
individua l  wor d pair s fro m th e scale s di d no t  correlat e wit h 
performance .  Th e correlatio n betwee n scor e 1  an d R 3 M A fo r 
G a me 1  wa s no t  significant ,  r  =  .19 ,  p  =  .22 .  Perhap s i t 
take s tim e t o lear n enoug h abou t  th e opponent . 

To tes t  whethe r  R 3 M A wa s affecte d b y ou r 
manipulations ,  w e calculate d mea n R 3 M A from  afte r  th e 
manipulate d G a m e 2 .  A s w e expected ,  whe n pair s playe d 
agains t  eac h othe r  i n G a m e 2 ,  R 3 M A wa s highe r  whe n 
Avoide r  wa s tol d tha t  th e opponen t  wa s th e same .  A /  =  3.0 4 
{S D =  5.84 ,  «  =  24) ,  tha n whe n tol d tha t  th e opponen t  wa s 
different .  A /  =  -1.0 9 {S D =  8.56 ,  n  =  22) ,  althoug h thi s 
differenc e wa s no t  quit e significant ,  t{44 )  =  1.93 ,  p  =  .06 0 
(however ,  thi s tes t  ha d lo w power) .  Thi s tren d wa s no t 
inconsisten t  wit h modelin g difference s bein g responsibl e fo r 
th e bette r  performanc e o f  player s w h o wer e give n a  situatio n 
i n whic h th e appropriat e mode l  coul d b e applied ,  an d i t 
provide d som e evidenc e fo r  th e validit y o f  th e R 3 M A 
measure .  However ,  i f  R 3 M A measure s wer e som e typ e o f 
artifact ,  the n the y shoul d hav e bee n affecte d eve n whe n di e 
opponen t  wa s no t  a  person .  Bu t  whe n pair s playe d th e 
sequence ,  ther e wa s n o differenc e betwee n mea n R 3 M A fo r 
when Avoide r  wa s tol d tha t  the y ha d th e sam e opponent ,  M 
= 1.1 3 (S D =  7.00 ,  n  =  24) ,  an d fo r  whe n the y wer e tol d tha t 
th e opponen t  wa s different ,  M =  1.7 1 (S D =  6.13 ,  «  =  24) , 
t{46 )  =  .31 ,  p  =  .76 .  Similarly ,  th e correlatio n betwee n 
R 3 MA an d relativ e scor e fo r  player s w h o compete d agains t 
th e sequenc e wa s als o no t  significant ,  r(48 )  =  .12 ,  p  =  .43 . 
Thi s add s som e plausibilit y  t o ou r  interpretatio n o f  R 3 M A 
as measurin g relativ e modelin g accuracy . 

Quality of Distributions of Selections. The mean 

proportion s o f  trial s o n whic h Avoide r  player s gav e eac h 
selectio n i n G a m e 1  wer e agai n clos e t o th e gam e theor y 
equilibrium .  Avoide r  chos e ONE,  T W O,  an d THREE wit h mea n 
proportions ,  .4 2 {S D =  .12) ,  .2 9 {S D =  .19) ,  .2 9 {S D =  .11) , 
respectively .  However ,  a s before .  Choose r  mad e thes e thre e 
selection s wit h proportions ,  .3 2 {S D =  .13) ,  .3 5 {S D =  .10) , 
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.3 3 (S D =  .13) .  I n G a m e 2 ,  whe n player s compete d agains t  a 
sequence ,  th e natur e o f  th e sequenc e affecte d thei r 
distribution s (th e sequenc e typ e result s ar e no t  importan t  fo r 

th e issue s addresse d b y thi s paper ,  s o the y ar e no t  reporte d 
here) .  However ,  player s w h o continue d t o compet e agains t 
eac h othe r  ha d proportion s lik e thos e i n G a me 1 ;  fo r 
Avoider ,  .4 3 (S D =  .13) ,  .2 9 (S D =  .07) ,  ,2 8 (5Z )  =  .11) ;  fo r 
Chooser ,  .3 2 (5 D =  .11) ,  .3 5 (S D =  .10) ,  .3 3 (S D =  .12) . 

Analyzin g th e distributio n o f  selection s allowe d u s t o as k 
whethe r  th e t o Id-opponen t  manipulatio n coul d hav e affecte d 
performanc e vi a change s t o players '  distributions .  T o tes t 
this ,  w e calculate d relativ e distributio n extremit y (RDEx ) 
measure s fo r  G a m e 1  an d G a m e 2 .  T o calculat e this ,  w e fu-s t 
summed ho w muc h a  player' s proportio n fo r  selectio n o f 
ONE wa s abov e .33 ,  an d proportion s fo r  T W O an d thre e 
wer e belo w .33 ,  thu s i t  wa s a  measur e o f  th e qualit y o f  a 
player' s distribution .  R D E x wa s th e Chooser' s su m minu s 
tha t  fo r  Avoider .  W e analyze d R D E x fo r  player s tha t 
compete d agains t  eac h othe r  i n G a m e 2  wit h a  2x2x 2 
A N O VA o n R D E x wit h factor s fo r  gam e ( 1 o r  2) ,  rol e 
(Avoide r  o r  Chooser )  an d told-opponen t  (tol d sam e o r 
differen t  opponent) .  W e foun d a  larg e effec t  o f  role ,  F(l , 
46 )  =  34.14 ,  p  <  .001 ,  bu t  n o effec t  o f  game ,  F(\ ,  46 )  = 
1.90 ,  p  =  .18 ,  o r  told-opponent ,  F(l ,  46 )  =  .16 .  N o 
interaction s wer e significan t  (al l  F s <  1.0) .  Therefore , 
distribution s di d no t  chang e betwee n games ,  an d R D E x wa s 
not  affecte d b y w h o player s wer e tol d wa s th e opponent . 

Coul d qualit y o f  distribution s b e a  thir d facto r  tha t 
explain s th e correlatio n betwee n R 3 M A an d performance ? 
To tes t  this ,  w e di d a  regressio n analysi s o f  R D E x an d 
R 3 MA measure s o n relativ e score .  W e foun d a  significan t 
multipl e R  =  .49 ,  F(2 ,  43 )  =  6.79 ,  p  =  .003 .  Fo r  R D E x ,  p  = 
.3 5 wa s significant ,  /(44 )  =  2.61 ,  p  =  .013 ,  an d s o wa s th e P 
(.32 )  fo r  R 3 M A ,  /(44 )  =  2.39 ,  p  =  .021 .  Therefore ,  R D E x 
and R 3 M A bot h contribute d t o performance ,  bu t  separately . 
B u ms an d Vollmeye r  (i n press )  als o foun d this . 

Discussion 

As anecdota l  evidenc e suggests ,  i t  appeare d tha t  accuratel y 
modelin g th e opponen t  wa s associate d wit h succes s i n A P S . 
Thi s wa s show n i n tw o ways :  1) ,  th e relativ e accurac y o f 
third-orde r  modelin g wa s associate d wit h success ,  whic h 
replicate d previou s studies ;  2) ,  whe n w e manipulate d th e 
situatio n t o provid e th e opportunit y t o us e th e appropriat e 
model ,  player s performe d bette r  an d ha d greate r  modelin g 
accuracy ,  a s predicted . 

Is Modeling Causal for Success? How strongly can we 
argu e tha t  relativ e third-orde r  modelin g accurac y i s causall y 
relate d t o success ? W e neve r  directl y manipulate d third -
orde r  modeling ,  whic h weaken s an y clai m o f  causality . 
However ,  take n together ,  th e result s provide d goo d evidenc e 
tha t  bette r  modelin g le d t o bette r  performance ,  becaus e the y 
argu e agains t  man y otherwis e plausibl e alternativ e 
explanation s fo r  th e relationshi p betwee n performanc e an d 
modeling .  First ,  w e wer e abl e t o affec t  performanc e an d 
modelin g exactl y a s predicte d b y manipulatin g th e situatio n 
so tha t  modelin g coul d b e mor e o r  les s effectivel y applied . 
Ther e woul d b e n o reaso n t o expec t  a n advantag e o f  bein g 
abl e t o appl y th e appropriat e mode l  i n G a m e 2  o f  th e 

experiment ,  i f  sometiiin g wa s no t  learn t  i n G a m e 1  tha t  wa s 

specifi c  t o th e opponent .  Further ,  w e foun d tha t  whe n the y 
coul d appl y th e appropriat e model ,  player s tende d t o b e 
mor e accurat e a t  modelin g thei r  opponent ,  a s woul d b e 
expecte d i f  ou r  manipulation s ha d thei r  effec t  vi a modeling . 
Second ,  i f  ou r  result s wer e th e produc t  o f  som e artifac t  o f 
h o w winner s an d loser s responded ,  the n ou r  experimenta l 
manipulation s shoul d hav e affecte d modelin g jus t  a s the y 
affecte d performance ,  eve n whe n th e player s compete d 
agains t  a  fictitiou s opponent .  However ,  whe n the y playe d 
agains t  a  predetermine d sequenc e ther e wa s n o impac t  o f 
whethe r  the y wer e tol d tha t  the y ha d th e sam e o r  a  differen t 
opponent ,  an d performanc e di d no t  correlat e wit h R 3 M A . 

We di d fm d tha t  usin g a  bette r  distributio n o f  selection s 
(a s measure d b y R D E x )  wa s als o associate d wit h bette r 
performance .  S o i t  wa s critica l  t o sho w tha t  ou r  measur e o f 
relativ e modelin g accurac y wa s no t  jus t  a  substitut e fo r 
R D E x.  Regressio n analysi s showe d tha t  th e influenc e o f 
R D Ex o n performanc e wa s separat e from  tha t  o f  R 3 M A . 
Further ,  ther e wa s n o evidenc e tha t  distributio n qualit y wa s 
affecte d b y th e manipulation s i n th e experiment ,  despit e 
thes e manipulation s affectin g performance .  Therefore , 
modelin g appeare d t o b e th e onl y mechanis m throug h whic h 
our  manipulation s coul d influenc e performance . 

We hav e stil l  no t  completel y eliminate d th e possibilit y 
tha t  som e unmeasure d facto r  coul d actuall y b e responsibl e 
fo r  th e performance-modelin g relationship ,  fo r  example , 
intelligenc e o r  motivatio n coul d b e propose d a s candidates . 
Epstei n an d Harackiewic z (1992 )  di d fin d comple x effect s 
of  achievemen t  motivatio n i n competition ,  althoug h the y 
foun d n o effect s o f  thei r  manipulation s o f  motivatio n o n 
performance .  Ye t  althoug h qualit y o f  distributio n woul d 
appea r  t o b e th e likel y mechanis m vi a whic h motivatio n o r 
intelligenc e coul d affec t  performance ,  distributio n qualit y 
was no t  influence d b y th e manipulation s i n ou r  experiment . 
Thi s finding ,  togethe r  wit h th e findin g tha t  modelin g 
accurac y an d qualit y o f  distributio n accounte d fo r  separat e 
varianc e i n performance ,  make s i t  har d t o explai n th e 
performance-modelin g relationshi p a s du e t o a  thir d facto r 
tha t  correlate s wit h bot h relativ e modelin g accurac y an d 
performance .  Th e barrie r  fo r  an y speculate d thir d facto r  i s  t o 
propos e a  mechanis m throug h whic h i t  coul d affec t 
performanc e othe r  tha n modelin g o r  qualit y o f  distribution . 

Further Issues. We have not attempted to determine the 
siz e o f  th e contributio n o f  modelin g accurac y t o succes s i n 
A P S.  T o d o s o woul d requir e developin g th e bes t  possibl e 
measur e o f  modeling .  However ,  ou r  ai m wa s t o determin e 
th e existenc e o f  a  mode l  effec t  rathe r  tha n it s size .  Th e 
importanc e o f  modelin g m a y depen d o n th e particula r  gam e 
and it s demands ,  an d o n h o w evenl y matche d th e 
competitor s ar e o n othe r  factors .  I n ou r  game ,  w e trie d t o 
matc h player s a s evenl y a s possibl e b y removin g al l  specifi c 
skil l  component s from  th e game ,  bu t  stil l  foun d tha t  qualit y 
o f  distributio n wa s a  componen t  o f  success .  Ye t  ou r  gam e 
als o provide d ver y littl e informatio n o n whic h t o bas e a 
model  o f  th e opponent .  I n norma l  competitiv e situations , 
mor e informatio n i s available ,  an d thu s th e opportunit y fo r 
thos e w h o ca n exploi t  i t  shoul d b e greater .  Therefore ,  i t  i s 
possibl e w e hav e underestimate d th e amoun t  o f  varianc e i n 
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performanc e accounte d fo r  b y modelin g accuracy . 
Althoug h w e foun d tha t  third-orde r  modelin g bu t  no t 

second-orde r  modelin g accurac y wa s important ,  w e shoul d 
be cautiou s abou t  interpretin g thi s nul l  resul t  a s showin g tha t 
second-orde r  modelin g i s unimportant .  I n particular ,  th e 
R 2 MA measur e relie s o n accurat e self-ratings ,  bu t  ther e ar e 
debate s ove r  th e accurac y o f  self-ratings . 

Our  findings  als o rais e a n intriguin g questio n tha t  w e 
canno t  answe r  a t  thi s time :  i s A P S a  genera l  skill ? Som e 
peopl e ma y b e bette r  competitor s becaus e the y find 
competitio n motivating ,  bu t  perhap s modelin g i s a  genera l 
skil l  tha t  underlie s bette r  competition ,  independen t  o f  tas k 
specifi c  factors .  Eve n i f  highe r  motivatio n wer e responsibl e 
fo r  bette r  modeling ,  the n i t  i s  stil l  unclea r  exactl y ho w i t 
woul d lea d t o bette r  models .  O f  course ,  i t  coul d b e jus t  tha t 
sometime s peopl e happe n t o hi t  o n th e righ t  mode l  i n a 

particula r  gam e an d the n us e i t  t o wi n (unles s the y d o no t 
kno w tha t  the y ca n us e it ,  a s i n th e inappropriat e mode l 
conditions) ,  an d conversely ,  the y sometime s hi t  o n th e 
wron g mode l  an d us e i t  t o lose .  Thus ,  havin g th e righ t  mode l 
may b e responsibl e fo r  success ,  bu t  i t  ma y no t  b e a  genera l 
ability .  However ,  i t  i s possibl e tha t  som e peopl e ar e bette r  a t 
modeling ,  givin g the m a n advantag e i n general . 

H o w coul d modelin g accurac y facilitat e performance ? 
Perhap s i t  help s selec t  betwee n saf e an d risk y choices ,  o r  i t 
allow s player s t o us e deception ,  o r  i t  migh t  hel p the m decid e 
when t o deviat e from  th e equilibriu m strateg y suggeste d b y 
game theory .  Thi s i s a n issu e fo r  furthe r  study . 

I f  modelin g i s a  skill ,  the n i t  migh t  suppor t  Hymans ' 
(1989 )  suggestio n tha t  deceptio n migh t  b e a n evolve d skill . 
Deceptio n i s a  quintessentia l  huma n skill ,  a s i s implie d b y it s 
rol e i n th e Turin g Tes t  fo r  artificia l  intelligence . 

I n man y way s ou r  result s wer e consisten t  wit h th e gam e 
theor y analysis .  Avoider s wo n b y abou t  th e amoun t 
predicte d b y th e mixed-strateg y equilibrium ,  an d wer e clos e 
t o th e frequency  distributio n o f  selection s predicte d b y thi s 
equilibrium .  However ,  th e Choose r  player s di d no t  matc h 
thi s distribution ,  an d Avoider s di d no t  appea r  t o exploi t  this . 
Perhap s Chooser' s distributio n aros e becaus e eve n i f  th e 
mixed-strateg y equilibriu m wa s th e bes t  fo r  th e Chooser ,  i t 
was stil l  a  losin g strategy .  A s wel l  a s gam e theor y bein g 
usefu l  fo r  analyzin g th e game ,  th e result s i n tur n provide d 
some suppor t  fo r  th e psychologica l  validit y o f  th e gam e 
theoreti c concept s used . 

Conclusions 

Give n tha t  anecdota l  evidenc e support s th e clai m tha t 
modelin g i s importan t  i n A P S ,  i n on e sense ,  ou r  result s wer e 
not  surprising ,  althoug h th e finding  tha t  third-orde r 
modelin g wa s particularl y importan t  goe s beyon d th e 
anecdotes .  However ,  w e hav e demonstrate d a  methodolog y 
capabl e o f  empiricall y demonstratin g thi s intuitio n an d 
suitabl e fo r  beginnin g t o stud y thi s phenomenon .  Researc h 
on competitio n ha s ofte n focuse d o n factor s tha t  brin g abou t 
competitio n rathe r  tha n cooperation ,  an d ho w competitio n i s 

conducted .  Rarel y hav e th e factor s behin d successfu l  A P S 
been examined ,  eve n thoug h competitio n i s a  pervasiv e 
aspec t  o f  life .  Ou r  result s suggeste d tha t  modelin g i s a n 
importan t  componen t  o f  successfii l  A P S jus t  a s interpersona l 
perceptio n ha s bee n see n a s a n importan t  componen t  o f 

othe r  socia l  situations .  Goo d modelin g ca n eve n b e a  wa y o f 
avoidin g competition ,  a s i t  woul d hav e bee n fo r  Sno w an d 

Biscuit .  Thi s wor k present s a n opportunit y an d a  challeng e 
t o proble m solvin g researc h an d theory :  t o addres s 
interactiv e tasks . 

Acknowledgments 

Thi s researc h wa s partl y supporte d b y a  stipen d t o th e first 
autho r  from  th e Humbold t  Foundation . 

References 

Abric ,  J .  C ,  &  Kahan .  J .  P .  (1972) .  Th e effec t  o f 
representatio n an d behavio r  i n experimenta l  games . 

Europea n Journa l  o f  Socia l  Psychology ,  2 ,  129-144 . 
Axelrod ,  R .  (1980) .  Th e evolutio n o f  cooperation .  N e w 

York :  Basi c Books . 

Brewer ,  M .  B .  (1979) .  In-grou p bia s i n th e minima l 
intergrou p situation :  A  cognitive-motivatio n analysis . 
Psychologica l  Bulletin ,  86 ,  307-324 . 

Bums,  B .  D .  (1993 ,  June) .  Modelin g th e opponen t  i n 
adversaria l  proble m solving .  Poste r  sessio n presente d a t 
th e Fift h Annua l  Conventio n o f  th e America n 
Psychologica l  Society ,  Chicago ,  Illinois . 

Bums,  B .  D. ,  &  Vollmeyer ,  R .  (i n press) .  Modelin g th e 
adversar y an d succes s i n competition .  Journa l  o f 
Personalit y an d Socia l  Psychology . 

Dennet ,  D .  C .  (1978) .  Brainstorms :  Philosophica l  essay s o n 
min d an d psychology .  Montgomery ,  V T :  Bradfor d Books . 

Epstein ,  J .  E. ,  &  Harackiewicz ,  J .  M .  (1992) .  Winnin g i s no t 
enough :  Th e effec t  o f  competitio n an d achievemen t 
orientatio n o n intrinsi c interest .  Personalit y an d Socia l 
Psycholog y Bulletin ,  18 ,  128-138 . 

Gilhooly ,  K .  J .  (1988) .  Thinking :  Directed ,  undirecte d an d 
creativ e (2nded.) .  Sa n Diego ,  C A :  Academi c Press . 

Greeno ,  J .  G. ,  Moore ,  J .  L. ,  &  Smith ,  D .  R .  (1993) .  Transfe r 
of  situate d learning .  I n D .  K .  Detterma n &  R .  J .  Sternber g 
(Eds.) ,  Transfe r  o n trial :  Intelligence ,  cognition ,  an d 
instruction ,  Norwood ,  N.J. :  Ablex . 

Holding ,  D .  H .  (1989) .  Adversaria l  proble m solving .  I n K .  J . 
Gilhool y (Ed.) ,  H u m a n an d machin e proble m solving . 
N ew York :  Plenu m Press . 

Hymans,  R .  (1989) .  Th e psycholog y o f  deception .  Annua l 
Revie w o f  Psychology ,  40 ,  133-154 . 

Kenny ,  D .  A .  (1994) .  Interpersona l  perception :  A  socia l 
relation s analysis .  N e w York :  Guilfor d Press . 

Rapoport ,  A .  (1960) .  Fights ,  games ,  an d debates .  Ai m 
Arbor ,  MI :  Universit y o f  Michiga n Press . 

Ruscher ,  J .  B. ,  &  Fiske ,  S .  T .  (1990) .  Interpersona l 
competitio n ca n caus e individuatin g processes .  Journa l  o f 

Personalit y an d Socia l  Psychology ,  58 ,  832-843 . 
Thagard ,  P .  (1992) .  Adversaria l  Proble m Solving :  Modelin g 

an opponen t  usin g explanator y coherence .  Cognitiv e 
Science ,  16 ,  123-149 . 

Von Neumann ,  J .  (1928) .  Zu r  Theori e de r  Gesellschaftspiel e 
[O n a  theor y o f  games] .  Mathematisch e Annalen ,  100 , 
295-320 . 

Watzlawick ,  P. ,  Weakland ,  J .  H. ,  &  Fisch ,  R .  (1974) . 
Change .  N e w York :  Norton . 

196 



Buildin g T h e N e w Ont o Th e Old :  Categor y Constraint s o n Categor y Formatio n 

Ange l  Cabrer a (ncabrera(a)inf.uc3m.es ) 

Departament o d e Inform t̂ic a 
Universida d Carlo s II I  d e Madri d 

Butarqu e 1 5 

2891 1 Legan^ s (Madrid) ,  SPAI N 

Abstrac t 

It is generally accepted that the process of forming a new 
categor y i s biase d b y th e learner' s prio r  knowledge .  I n thi s 
context ,  numerou s studie s an d model s hav e pai d attentio n t o 
th e effect s o f  prio r  domai n theorie s o n th e proces s o f  formin g 
new categories .  What  i s ye t  t o b e understoo d i s ho w thi s 
proces s o f  acquirin g ne w knowledg e migh t  b e affecte d b y 
backgroun d knowledg e o f  th e ver y sam e type ,  i.e .  b y prio r 
categories .  Thi s pape r  present s a  fe w experiment s showin g 
how th e formatio n o f  ne w categorie s migh t  b e facilitate d b y a 
hig h overla p betwee n th e ne w an d th e ol d categories ,  wher e 
overla p i s operationa l  ize d a s th e mutua l  entrop y betwee n th e 
two . 

Introduction 

The ide a tha t  th e acquisitio n o f  ne w knowledg e i s biase d b y 
th e learner' s prio r  knowledg e i s on e o f  th e basi c tenet s o f 
cognitiv e scienc e wit h respec t  t o learnin g phenomena .  Th e 
ide a goe s back ,  a t  th e ver y least ,  t o th e Piagetia n notio n o f 
assimilation ,  accordin g t o whic h ne w knowledg e i s  con -
structe d onto ,  an d consequentl y constraine d by ,  existin g 
knowledge .  Piage t  stresse d th e ide a tha t  backgroun d 
knowledg e act s a s a  len s throug h whic h meanin g i s attrib -
ute d t o one' s observations ,  i n a  wa y tha t  help s th e cognitiv e 
syste m maintai n a  hig h degre e o f  interna l  coherenc e o r 
equilibrium . 

Sinc e Piaget ,  severa l  researcher s hav e explore d th e bias -
in g (o r  guiding )  rol e o f  backgroun d knowledg e i n learning . 
Jus t  t o mentio n a  few ,  Wisniewsk i  an d Medi n (1994) ,  an d 
Pazzani ,  (1991 )  hav e studie d th e interaction s betwee n prio r 
theorie s an d observatio n i n th e formatio n o f  ne w categories . 
Murph y an d Medi n (1985 )  attribut e prio r  theorie s th e im -
portan t  rol e o f  "holdin g cateogrie s together" ,  a  rol e tha t  ca n 
als o b e trace d t o Barsalou' s wor k o n ad-ho c categorie s 
(1983 )  an d t o studie s o f  children' s conceptua l  developmen t 
(Keil ,  1989) .  I n additio n t o prio r  theories ,  othe r  form s o f 
backgroun d knowledg e migh t  als o hav e simila r  effects . 
Cabrer a an d Billma n (1996) ,  fo r  example ,  foun d tha t 
knowledg e o f  one' s languag e ca n bia s th e proces s o f  cate -
gor y formatio n i n a  wa y tha t  i s no t  ver y differen t  fro m th e 
effect s o f  prio r  theories . 

On th e machin e learnin g sid e o f  cognitiv e science ,  severa l 
model s hav e bee n propose d tha t  dea l  wit h th e effect s o f 
theory-drive n inductiv e proces s i n learnin g (e.g .  Mooney , 
1993 ;  Mitchell ,  Kelle r  &  Kedar-Cabelli ,  1986 ;  DeJon g & 
Mooney,  1986) . 

I n al l  thes e cases ,  th e assumptio n i s tha t  on e typ e o f  prio r 
knowledg e (domai n theorie s o r  language )  affect s th e for -
matio n o f  knowledg e o f  a  differen t  kin d (concept s o r  cate -
gories) .  I n contrast ,  thi s pape r  focuse s o n h o w prio r  knowl -
edge o f  on e kin d (categories )  ca n bia s th e formatio n o f 
knowledg e o f  tha t  ver y sam e kind . 

Categories as mediators of generalization 

One wa y t o star t  analyzin g h o w existin g categorie s migh t 
influenc e th e formatio n o f  ne w one s consist s o f  lookin g a t 
th e rol e playe d b y categorie s i n generalization .  Categorie s 
hav e bee n show n t o pla y a n importan t  rol e i n inductio n b y 
actin g a s conductin g surface s spreadin g th e generalizatio n 
of  ne w knowledg e fro m on e objec t  t o a  whol e clas s o f  ob -
jects .  I n a n illustrativ e developmenta l  stud y b y Gelma n an d 
Markman (1987 )  childre n showe d a  stron g tendenc y t o 
generaliz e ne w propertie s the y ha d learne d abou t  on e objec t 
t o al l  th e member s o f  tha t  object' s basic-leve l  category . 
Furthermore ,  whe n th e categorie s wer e mad e mor e con -
spicuou s b y bein g explicitl y  labeled ,  th e effec t  wa s rein -
forced ,  an d categor y mediate d generalization s outnumbere d 
generalization s drive n b y th e appearanc e o f  th e objects . 
Othe r  example s o f  categor y mediate d generalization s ca n b e 
foun d i n th e are a o f  languag e development .  Fo r  instance ,  i n 
th e acquisitio n o f  th e pas t  tense ,  childre n fin d n o troubl e i n 
generalizin g morphologica l  rule s suc h a s thos e require d t o 
for m th e pas t  tens e t o al l  member s o f  th e V E R B categor y 
(e.g .  "sh e jumpe d ver y high" ,  "h e goe d t o bed" )  an d t o n o 
othe r  classe s o f  word s (se e Pinker ,  1989 ,  fo r  a  discussion) . 

So,  i f  categorie s constitut e a  milie u fo r  th e generalizatio n 
of  ne w knowledge ,  i t  woul d see m reasonabl e t o expec t  tha t 
the y als o hel p guid e th e generalizatio n o f  membershi p t o a 
ne w categor y bein g formed ,  sinc e categor y membershi p i s 
not  bu t  a  particula r  kin d o f  knowledge .  I n othe r  words ,  i f  I 
lear n tha t  Lassi e i s a  M A M M A L,  I  ca n us e m y prio r  cate -
gor y D O G t o generaliz e thi s ne w piec e o f  (categorical ) 
knowledg e t o al l  dogs .  I f  thi s interpretatio n i s correct ,  w e 
migh t  b e abl e t o loo k a t  existiri g categorie s a s conductin g 
surface s spreadin g th e generalizatio n o f  ne w categor y 
membership ,  a  vie w tha t  wil l  hel p u s understan d th e proces s 
of  buildin g ne w categorie s ove r  ol d ones . 

Overlap and Mutual Entropy 

Accordin g t o thi s view ,  th e formatio n o f  ne w categorie s wil l 
be facilitate d i f  th e ne w categorie s ten d t o respec t  th e 
boundarie s o f  existin g categories ,  i.e .  i f  the y ten d t o hol d 
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togethe r  item s tha t  als o belon g togethe r  accordin g t o th e 
existin g categories .  Conversely ,  i f  th e ne w categorie s re -

quir e distinction s no t  presen t  i n prio r  categories ,  thei r 
learnin g migh t  b e hindered . 

Thi s ide a o f  "agreement "  o r  "disagreement "  betwee n 
alternativ e categorization s o f  a  domai n ca n b e capture d b y a 
construc t  tha t  I  wil l  refe r  t o a s overlap .  Fro m al l  th e possi -
bl e operationa l  definition s o f  overla p 1  hav e chose n on e tha t 
borrow s fro m informatio n theory ,  a  framework  wit h a  suc -
cessfu l  predictiv e recor d i n th e are a o f  huma n categorizatio n 
(Corte r  &  Gluck ,  1992 ;  Cabrera ,  1995) .  Th e definitio n goe s 

as follows . 
Let  u s refe r  t o eac h possibl e wa y o f  partitionin g a  domai n 

as a  n .  A  partitio n n  consist s o f  a  se t  o f  exhaustive ,  mutu -

all y exclusiv e classe s o f  objects ,  n  =  { C } .  Le t  IT i  =  {C/ , 

C 2,  Cj,... ,  Cfi) ,  b e a  partitio n o f  th e domain ,  an d le t  P ( Q ) 

be th e (prior )  probabilit y  o f  occurrenc e o f  eac h clas s withi n 

th e domain .  Informatio n theor y define s th e entrop v associ -
n 

ate d wit h th e se t  o f  P(Q)' s a s - Z P ( Q ) l o g 2 f ( Q ) .  a n 
.= 1 

expressio n tha t  represent s th e averag e amoun t  o f  uncer -

taint y (measure d i n bits) ,  associate d wit h decidin g whic h 

clas s an y give n instanc e belong s to . 

For  example ,  a  partitio n consistin g o f  tw o equi-probabl e 
classe s ha s a n entrop y o f  1  bit ,  wherea s a  partitio n o f  8 
equi-probabl e classe s wil l  conve y a n entrop y o f  3  bits . 
Intuitivel y speaking ,  entrop y represent s th e averag e numbe r 
of  binar y question s on e woul d nee d t o as k i n orde r  t o figure 
out  whic h categor y an y give n objec t  belong s to .  I n general , 
th e mor e classe s i n a  partition ,  th e mor e uncertaint y th e 
partitio n wil l  convey .  Also ,  th e close r  th e probabilitie s ar e 
t o bein g uniforml y distribute d th e highe r  th e uncertainty . 

N o w suppos e tha t  w e hav e tw o partitions ,  Yl \  an d 112 , 
wher e n  ]  consist s o f  a  se t  o f  n  classe s B i  an d 11 2 consist s o f 
a se t  o f  m classe s Q .  Sayin g tha t  11 1 an d 11 2 hav e a  hig h 
overla p amount s t o sayin g tha t  knowin g th e clas s member -
shi p o f  a n objec t  accordin g t o on e o f  the m reduce s signifi -
cantl y ou r  uncertaint y (entropy )  abou t  th e clas s membershi p 
of  th e objec t  wit h respec t  t o th e othe r  one .  Overla p ca n 
therefor e b e measure d a s th e averag e reductio n i n uncer -
taint y tha t  on e partitio n provide s wit h respec t  t o th e other : 

Overlap{U ^  ,11̂ )  =  - ^  PiC,)log j  P(Q )  + 
i 

+ Y,PiBj)Y^P(C^Bj)log ^  PiC,\Bj ) 
(1 ) 

wher e P(C,]Bj )  represent s th e probabilit y o f  a n instanc e 
belongin g t o C /  give n tha t  w e ah-ead y k n o w tha t  i t  belong s 
t o Bj .  Thi s expressio n i s k n o w n b y informatio n theorist s a s 
mutua l  entropy .  Th e first  ter m i n thi s equatio n represent s 
th e prio r  entrop y associate d wit h partitio n 111 ,  o r  Ill' s 
intrinsi c uncertaint y i n th e absenc e o f  an y additiona l  infor -
mation .  Th e ter m insid e th e brackets ,  whic h w e ca n cal l 
conditiona l  entropy ,  represent s th e uncertaint y tha t  i s  lef t 
wit h respec t  t o partitio n FI i  conditionall y upo n knowin g th e 
clas s membershi p o f  th e objec t  wit h respec t  t o 112 .  Thi s 
conditiona l  entrop y i s weighe d b y th e probabilit y  o f  occur -
renc e o f  eac h o f  th e categorie s Bj ,  P(Bj) ,  an d average d 

acros s al l  th e categorie s i n 112 -  Altogether ,  overla p repre -
sent s h o w muc h mor e certai n I  a m abou t  th e clas s o f  a n 
unknow n stimulu s accordin g t o on e partitio n whe n I  kno w 
th e clas s th e stimulu s belong s t o accordin g t o th e othe r 

partition . 
The "overlap "  operato r  ca n b e though t  o f  a s a  dot -

produc t  betwee n partitions ,  representin g th e siz e o f  th e 

"projection "  o f  on e ove r  th e other .  Mutuall y uninformativ e 

partition s hav e a n overla p o f  zer o bits ,  a  situatio n that ,  fol -

lowin g dot-produc t  terminology,  ca n b e referre d t o a s or -

thogonality .  Sayin g tha t  partition s 11 1 an d 11 2 ar e orthogo -

nal  amount s t o sayin g tha t  P(C,|By )  =  P(C, )  an d 

P{Bj\Ci )  =  P{Bj )  fo r  an y C ,  e D ,  an d B j  e O a . 

A situatio n o f  particula r  interes t  whe n dealin g wit h hu -

m an categorie s i s  wha t  w e ca n cal l  embedde d partitions . 

We sa y tha t  partitio n 11 1 i s  embedde d i n 11 2 (o r  tha t  11 2 

embeds 111) ,  an d w e denot e i t  a s 11 1 ̂  n 2 ,  i f  fo r  ever y 

categor y C ,  G  D j ,  ther e i s a  categor y B j  e  11 2 suc h tha t 

C,  c  Bj .  Embedde d partition s ar e a t  th e opposit e extrem e 

from  orthogona l  partition s i n term s o f  overlap .  Betwee n 

thes e tw o extreme s ther e i s a  continuou s rang e o f  possibl e 

degree s o f  overla p betwee n partitions . 

Notic e tha t  claimin g a  learnin g bia s toward s highl y over -

lappin g set s o f  categorie s implie s a  preferenc e fo r  hierarchi -
call y organize d system s o f  categorie s ove r  system s o f  cate -
gorie s whic h cu t  acros s eac h other' s boundarie s (orthogona l 
organization) .  Thi s predictio n i s  consisten t  wit h th e ofte n 
note d hierarchi c characte r  o f  h u m a n categorie s (e.g .  Mervi s 
& R o s c h ,  1981 ;  Keil ,  1983) . 

Experimental Evidence 

Thi s sectio n summarize s th e result s o f  thre e experiment s 
tha t  wer e conducte d i n orde r  t o tes t  thi s hypothesize d hu -
m an preferenc e fo r  highl y overlappin g set s o f  categories .  I n 
eac h o f  th e experiments ,  subject s first  learne d t o classif y a 
set  o f  1 6 Phoenicia n characters '  int o a  numbe r  o f  categorie s 
followin g th e feedbac k signal s provide d b y th e experi -
menter .  Immediatel y after ,  subject s ha d t o lear n t o classif y 
th e sam e item s i n a  differen t  way .  Th e experiment s varie d 
th e amoun t  o f  overla p betwee n th e first  an d secon d set s o f 
categorie s an d measure d th e experience d difficult y i n th e 
secon d task . 

Experiment 1 

I n th e first  experiment ,  3 8 Georgi a Tec h undergraduat e 
student s underwen t  tw o successiv e supervise d classificatio n 
task s o f  24 0 trial s each :  on e tas k wit h tw o categorie s an d 
th e othe r  on e wit h foiu" .  At,eac h trial ,  subject s wer e pre -
sente d fo r  50 0 m s wit h a  Phoenicia n characte r  insid e a n 

1 Th e stimul i  wer e intende d t o b e a s nove l  t o th e subject s a s 
possibl e i n orde r  t o contro l  fo r  possibl e contaminatin g effect s o f 
prio r  theories .  Similarly ,  categorie s wer e forme d b y groupin g 
character s a s independentl y a s possibl e from  thei r  appearanc e i n 
orde r  t o contro l  fo r  possibl e contaminatin g effect s o f  topologica l 
structure . 
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imaginar y 6 0 b y 6 0 pixe l  squar e i n th e cente r  o f  a  M a c i n -
tos h hig h resolutio n 13 '  colo r  moni to r  an d ha d t o classif y 
th e characte r  b y pressin g a  give n ke y i n th e compute r  key -
board .  I f  the y di d no t  k n o w h o w t o classif y th e characte r 
the y coul d jus t  gues s an d procee d wit h th e nex t  trial . 

I n th e two-categor y task s (labele d a s " A "  an d " B "  i n 
Figur e 1) ,  subject s w e r e tol d tha t  s o m e Phoenicia n charac -
ter s c o m e from  Persia n an d other s c o m e from  Egyptian ,  an d 
tha t  the y w e r e require d t o figur e out ,  base d o n th e provide d 
feedback ,  w h a t  character s c o m e from  w h a t  language ,  b y 
pressin g eithe r  " E "  (fo r  Egypt ian )  o r  " P "  (fo r  Persian) . 
Afte r  thei r  response ,  th e incorrec t  labe l  w a s r e m o v e d from 
th e screen ,  an d th e characte r  w a s displaye d agai n flanke d b y 
th e correc t  labe l  a n d th e m e s s a g e "Co r rec t ! "  o r  " W r o n g . " 
Subject s w e r e instructe d t o respon d a s fas t  a s the y coul d 
whil e tryin g t o b e max ima l l y correct .  Afte r  responding , 
the y coul d wai t  a s lon g a s the y w ishe d befor e pressin g th e 
spac e ba r  t o m o v e o n t o th e nex t  trial . 
I n th e fou r  categor y tasks ,  th e trial s w e r e identical ,  excep t 
tha t  subject s w e r e tol d tha t  Phoenicia n writer s use d t o stor e 
thei r  typesetting s i n fou r  differen t  boxe s an d tha t  thei r  goa l 
w as t o figur e ou t  w h a t  letter s w e n t  int o w h a t  boxe s b y 
pressin g eithe r  " 4 " ,  " 5 " ,  " 7 "  o r  " 8 "  o n th e numer i c key -
pad . 
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Figur e 1 .  Categorie s i n Exper imen t  1 . 

Subjects were split into two experimental groups. In one 
grou p ( 2 - 0 ,  th e fou r  categorie s i n th e secon d tas k (se e Fig -
ur e 1 ,  lef t  panel )  w e r e e m b e d d e d i n (hierarchicall y relate d 
to )  th e t w o categorie s i n th e fu-s t  tas k (Overla p =  1  bi t  ac -
cordin g t o Eq .  1) .  I n th e othe r  g rou p (2-4x) ,  th e fou r  cate -
gorie s i n th e secon d tas k (Figur e I ,  righ t  panel )  we r e or -
thogona l  t o th e t w o categorie s i n th e firs t  tas k (Overla p =  0 
bits) .  Accord in g t o th e hypothesis ,  experienc e wit h th e fu-s t 
tas k shoul d m a k e th e secon d tas k i n th e e m b e d d e d situatio n 
easie r  tha n i n th e orthogona l  situation . 

Results. Two subjects in the 2-4 condition performed two 
S D ' s b e l o w th e m e a n i n th e firs t  tas k an d w e r e discarde d fo r 
fiirther  analyses ,  thu s leavin g 1 8 subject s i n eac h o f  th e t w o 
conditions .  T h e analysi s o f  varianc e o f  th e learnin g curve s 
resultin g from  groupin g trial s i n block s o f  2 0 yielde d sig -
nifican t  m a i n effect s o f  block ,  F ( l l ,  3 7 4 )  =  192.39 ,  p  = 
.000 ,  an d tas k (fu-s t  an d transfe r  i n bot h conditions) ,  F ( l , 
34 )  =  43.10,/ ? =  .000 .  T h e m a i n effec t  o f  bloc k reflect s th e 
learnin g progres s acros s trial s i n al l  conditions .  T h e effec t 
o f  tas k reflect s th e differen t  baselin e (chance )  per formanc e 
betwee n th e t w o -  a n d th e four-categor y task s (chanc e leve l 

w as 5 0 % i n th e two-categor y task s a n d 2 5 % i n th e four -
categor y tasks) .  Ther e w a s als o a  significan t  tas k b y b loc k 
interaction ,  F ( \ l ,  3 7 4 )  =  10.65 ,  p  =  .000 ,  w h i c h reflect s th e 
fac t  tha t  th e effect s o f  tas k vanishe d wit h block ,  a s subject s 
approache d perfec t  per fo rmanc e i n al l  conditions . 

Accord in g t o th e hypothesis ,  a n interactio n w a s expecte d 
betwee n tas k an d condition ,  tha t  w o u l d s h o w a  facilitatio n 
from  hierarch y i n th e transfer ,  four-categor y task .  H o w -
ever ,  thi s crossove r  w a s to o smal l  t o reac h statistica l  reli -
ability ,  F ( l ,  3 4 )  =  1.02 ,  p  =  .32 .  T h e analysi s o f  varianc e 
als o s h o w e d n o m a i n effec t  o f  experimenta l  condition ,  F ( l , 
3 4 )  =  .00 ,  an d n o significan t  interactio n o f  bloc k wit h eithe r 
experimenta l  conditio n o r  task . 

I n orde r  t o tes t  th e possibl e effect s o f  individua l  learnin g 
ability ,  subject s i n th e 2- 4 a n d 2-4 x w e r e spli t  int o t w o 
group s accordin g t o th e tota l  n u m b e r  o f  correc t  response s 
durin g th e first  task .  Statistica l  analyse s o f  thi s interactio n 
we r e conducte d b y includin g a  d ichotomize d variabl e repre -
sentin g learnin g abilit y  wit h respec t  t o th e g r o u p m e d i a n ( 9 
fas t  learner s an d 9  s lo w learner s i n eac h condition) .  T h e 
result s s h o w e d a  significan t  interactio n b e t w e e n conditio n 
an d learnin g ability ,  F ( I ,  3 2 )  =  5.72 ,  p  =  .023 ,  s h o w i n g tha t 
fas t  learner s an d no t  s lo w learner s s h o w e d th e predicte d 
benefi t  from  hierarchica l  structure . 

Disfributio n o f  Errors .  Finally ,  subjects '  us e o f  thei r  prio r 
categorie s i n generalizin g th e k n o w l e d g e acquire d durin g 
th e transfe r  tas k w a s assesse d b y lookin g a t  th e distributio n 
o f  erroneou s response s p roduce d b y subject s t o stimul i  from 
eac h o f  th e categorie s i n th e transfe r  tas k o f  th e hierarchica l 
2- 4 condition .  Thi s distributio n w a s c o m p a r e d t o th e re -
sponse s o f  subject s from a  differen t  tas k w h o face d th e 
s a me categorie s wit h n o prio r  experience .  Thi s w a s d o n e 
fo r  s lo w an d fas t  learner s separately ,  i n orde r  t o simultane -
ousl y asses s whe the r  th e us e o f  th e prio r  categorie s i n gen -
eralizin g n e w k n o w l e d g e w a s affecte d b y degre e o f  l e a m m g 
o f  th e prio r  categories .  Figur e 2  s u m m a r i z e s th e results , 
expresse d a s th e proportio n o f  incorrec t  response s tha t  w e r e 
consisten t  wit h th e superordinat e categor y m e m b e r s h i p o f 
th e stimulus ,  fo r  eac h o f  th e fou r  categories . 

Distribution of Errats 
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Figur e 2 .  Disfributio n o f  error s i n E x p e r i m e n t  1 

In an unbiased situation, only 33% of the incorrect re-
sponse s shoul d correspon d t o th e response s associate d wi t h 
m e m b e r s o f  th e s a m e superordinat e category ,  becaus e fo r 
ever y stimulu s ther e w e r e a lway s thre e possibl e "incorrect " 

Fast  Learner s 
B Slo w Learner s 
(3 N o Prio r  Exp . 

199 



responses .  Subject s wit h n o prio r  experienc e performe d 
ver y clos e t o thi s chanc e leve l  (averag e o f  3 1 % ) .  Slo w 
learner s wit h prio r  experienc e wit h th e superordinat e cate -

gorie s generalize d acros s th e superodinate s wit h a  sligh t 
highe r  probabilit y  (39%) ,  an d mor e s o fas t  learners ,  w h o 

average d 4 6 % .  So ,  no t  onl y di d subject s see m t o b e usin g 
th e categorie s forme d durin g th e first  tas k t o guid e th e for -
matio n o f  categorie s durin g th e secon d task ,  bu t  als o th e 
capacit y o f  thos e categorie s t o mediat e th e generalizatio n o f 
ne w knowledg e wa s mor e noticeabl e th e bette r  ha d th e firs t 
categorie s bee n learned . 

Experiment 2 

Th e goa l  o f  thi s experimen t  wa s t o furthe r  tes t  whethe r 
degre e o f  overla p wit h prio r  categorie s affect s learnin g 
difficult y i n a  settin g tha t  i s  neithe r  strictl y hierarchica l  no r 
strictl y orthogonal ,  bu t  somewher e i n between .  I n addition , 
thi s experimen t  introduce d a  n e w experimenta l  desig n tha t 
allowe d fo r  mor e powerfu l  withi n subject s analyses . 

The categorie s use d i n eac h o f  th e task s ar e depicte d i n 
Figur e 3 .  I n th e A B tas k ther e wer e tw o categorie s contain -
in g hal f  o f  th e stimul i  each ,  i .  e .  P^A )  =  P(B )  =  .5 .  I n th e L O 
task̂ ,  on e category ,  L ,  containe d al l  eigh t  character s i n cate -
gory/ 1 plu s hal f  o f  th e character s i n B ,  whil e th e othe r  cate -
gory ,  O ,  containe d th e remainin g hal f  o f  B .  I n othe r  words , 
PiL )  =  .75 ,  an d P(0 )  =  .25 .  Th e A B categor y se t  ha d a n 
uncertaint y o f  1  bit ,  th e L O se t  ha d a n uncertaint y o f  .8 1 
bits ,  an d th e tw o set s overlappe d i n .3 1 bits .  Th e A B tas k 
was base d o n th e Persian-Egyptia n stor y lin e o f  th e previou s 
experiment .  Th e stor y lin e i n th e L O tas k wa s abou t  h o w 
Phoenicia n writer s organize d thei r  type-settings ,  keepin g 
some i n on e bo x an d other s i n a  differen t  box . 

Categor y O 
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Figur e 3 .  Categor y set s i n Experimen t  2 . 

The key characteristic of the current arrangement as com-
pare d t o th e previou s experimen t  i s th e fac t  tha t  eac h o f  th e 
categorie s i n eac h partitio n ha d a  differen t  individua l  over -
la p wit h respec t  t o th e categorie s i n th e othe r  partition . 
Categor y L  overlappe d i n .06 1 bit s wit h th e A B set ,  whil e 
categor y O  overlappe d i n .2 5 bit s wit h tha t  sam e set .  A t  th e 

same time ,  categor y A  overlappe d i n .40 6 bit s wit h th e L O 
set ,  whil e categor y B  ha d a  negativ e overla p o f  -.09 4 wit h 
tha t  set .  Interestingl y (an d no t  s o intuitively! )  thi s negativ e 
overla p reflect s th e fac t  tha t  w e ar e les s certai n abou t 
whethe r  a n instanc e belong s t o Z ,  o r  O  whe n w e k n o w tha t  i t 

belong s t o B  tha n whe n w e k n o w nothin g a t  al l  abou t  th e 
instance .  I f  w e d o no t  kno w anythin g abou t  th e instance , 
we ca n onl y gues s tha t  i t  belong s t o L  mor e likel y tha n t o O 
(probabilit y  o f  .7 5 vs .  .25) ,  whereas ,  i f  w e k n o w tha t  th e 

instanc e belong s t o B  an d w e us e tha t  informatio n t o gues s 
whethe r  i t  belong s t o L  o r  O ,  w e ar e i n a  situatio n o f  maxi -
m um uncertaint y (. 5 vs .  .5) . 

Ther e wer e tw o experimenta l  conditions .  I n conditio n 
A B - L O subject s experience d th e A B tas k prio r  t o th e L O 
task .  Th e opposit e orde r  too k plac e i n th e L O - A B condition . 

Accordin g t o th e hypothesis ,  i t  wa s expecte d that ,  afte r 
formin g categorie s L  an d O ,  learnin g A  woul d b e easie r  tha n 
learnin g B .  Analogously ,  whe n transferrin g t o L O from  th e 
A B task ,  th e learnin g o f  O  wa s expecte d t o b e facilitate d 
relativ e t o L .  However ,  th e effec t  i n th e latte r  cas e coul d b e 

les s noticeabl e tha n i n th e forme r  case ,  give n th e relativ e 
value s o f  overlap. '  I n bot h cases ,  comparison s betwee n 
categorie s i n th e sam e tas k wer e carrie d ou t  a s withi n sub -
jects . 

Ther e wer e 19 2 A B learnin g trial s an d 19 2 L O trials .  Th e 
trial s wer e randoml y ordere d i n block s o f  4 8 trials .  Withi n 
eac h block ,  eac h o f  th e 1 6 character s appeare d thre e times . 
Twenty-fou r  subject s wer e randoml y assigne d t o conditio n 
A B - L O an d twenty-tw o t o conditio n LO-AB . 

Results. Across all conditions and categories, subjects 
average d betwee n 7 3 % an d 8 6 % correc t  response s i n th e 
first  learnin g task .  Subject s w h o score d a t  leas t  tw o stan -
dar d deviation s belo w th e mea n fo r  eithe r  o f  th e tw o catego -
rie s i n th e first  phas e wer e exclude d from  furthe r  analyses . 
Thi s wa s th e cas e wit h thre e subject s i n th e A B - L O grou p 
and tw o i n th e L O - A B group . 

L O - A B Transfer .  Th e analysi s o f  varianc e o f  accurac y 
yielde d a  significan t  mai n effec t  o f  condition ,  F(l ,  39 )  = 
5.12 ,  p  =  .029 ,  an d block ,  F(3 ,  117 )  =  130.84 ,  p  =  .000 . 
However ,  th e predicte d conditio n b y categor y interactio n 
was onl y marginall y significant ,  F(I ,  39 )  =  2.92 ,  p  =  .096 . 

The predicte d interactio n wa s mor e obviou s i n term s o f 
respons e time .  A s expected ,  experienc e wit h th e L O tas k 
made response s t o instance s from  th e A  categor y faste r  tha n 
response s t o instance s from  th e B  category ,  eve n thoug h 
categor y A  produce d slowe r  response s i n th e absenc e o f 
prio r  experience .  Th e analysi s o f  varianc e yielde d a  signifi -
can t  mai n effec t  o f  conditio n F(l ,  39) = 8.10 ,  p  =  .007 ,  an d 
block ,  F(3 ,  117) = 39.00 ,  p = .000 ,  a  significan t  conditio n b y 
bloc k interaction ,  F(3 ,  117) = 7.72 ,  p = .000 ,  and ,  mos t  im -
portantly ,  a  significan t  conditio n b y categor y interaction , 
F{ \ ,  39) = 9.63 ,  p = .00 4 tha t  i s consisten t  wit h th e predic -
tions . 

A B - L O Transfer .  I t  wa s expecte d tha t  prio r  experienc e 
wit h th e A B woul d facilitat e th e learnin g o f  O  relativ e t o L , 
althoug h th e effec t  wa s expecte d t o b e smalle r  tha n i n th e 
previou s scenario .  Statistica l  comparison s o f  accurac y i n th e 
L O tas k wit h an d withou t  prio r  A B experienc e yielde d a 
significan t  mai n effec t  o f  experience ,  F(l ,  39 )  =  5.96 ,  p  = 
.019 ,  block ,  F(3 ,  117) = 118.64 ,  p = .000 ,  an d category ,  F(l , 
39 )  =  71.53 ,  p  =  .000 ,  bu t  n o significan t  interaction ,  F(l , 

^  Th e label s L  an d O  represent ,  roughly ,  th e shape s o f  th e Ven n 
diagram s o f  th e respectiv e categorie s the y refe r  to . 

'  Notic e tha t  Overlap{A ,  LO )  -  Overlap{B ,  LO )  >  Overlap{0 .  AB ) 
-  OverlapiL ,  AB) . 
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39)  = .  18 .  Analogou s analyse s performe d o n respons e tim e 

dat a di d no t  sho w th e expecte d conditio n b y categor y inter -
actio n either ,  F(l ,  39)=.79 . 

Experiment 3 

Experimen t  3  wa s ver y simila r  t o Experimen t  2  bu t  wa s 
base d o n a  differen t  arrangemen t  o f  categories .  Th e catego -
rie s use d i n thi s experimen t  di d no t  diffe r  i n overla p a s 
much a s thos e i n th e previou s experimen t  bu t  the y ha d th e 
advantag e o f  allowin g u s t o examin e th e distributio n o f 
subjects '  error s (a s w e di d i n Experimen t  1 )  b y includin g a 
tas k wit h thre e categorie s instea d o f  tw o (whic h gav e sub -
ject s tw o possibilitie s fo r  erro r  i n eac h trial) . 

The arrangemen t  o f  categorie s tha t  wa s use d i n thi s ex -

perimen t  i s show n i n Figur e 4 .  Agai n ther e wa s a  symmet -

rica l  tw o categor y tas k tha t  I  wil l  refe r  t o a s AB .  Th e othe r 

task ,  123 ,  involve d thre e categorie s o f  comparabl e size s 

(P(l )  =  P(3 )  =  5/16 ;  P(2 )  =  6/16) ,  tha t  wer e no t  embedde d 

i n th e A B se t  bu t  overlappe d highl y wit h it .  Th e uncertaint y 

associate d wit h th e A B se t  wa s 1  bit ,  th e uncertaint y associ -

ate d wit h th e 12 3 se t  wa s 1.5 8 bits ,  an d th e overla p betwee n 

th e tw o set s wa s .62 5 bits . 
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Figur e 4 .  Desig n o f  categorie s i n Experimen t  3 . 

Categories A and B had an overlap of .3125 bits each 

wit h respec t  t o th e 12 3 set .  Categorie s 1  an d 3  overlappe d 

als o i n .312 5 bit s wit h respec t  t o th e A B set ,  whil e categor y 

2 wa s orthogona l  t o thi s se t  (zer o overlap) .  Consequently ,  i t 

was expecte d tha t  experienc e wit h th e A B tas k woul d fa -

cilitat e th e learnin g o f  /  an d 3  a s compare d t o 2 .  Con -

versely ,  prio r  experienc e wit h th e 12 3 tas k shoul d no t  alte r 

th e relativ e difficult y o f  A  an d B .  Thes e hypothese s wer e 

teste d b y comparin g relativ e performanc e o n eac h categor y 

betwee n th e group s o f  subject s wit h an d withou t  prio r  expe -

rienc e wit h th e alternativ e categor y set . 

Ther e wer e 4 5 subjects .  Twenty-fou r  o f  the m wer e ran -
doml y assigne d t o th e AB-12 3 condition ,  an d twenty-on e 
wer e assigne d t o th e 123-A B condition .  Th e res t  o f  th e 
desig n wa s identica l  t o experimen t  2 . 

Results .  Acros s al l  condition s an d categories ,  subject s 
average d betwee n 7 5 % an d 8 4 % correc t  response s i n th e 
firs t  learnin g tas k the y experienced .  Thre e subject s i n th e 
AB-12 3 grou p an d tiiree  subject s i n th e 123-A B grou p 

score d les s tha n tw o standar d deviation s belo w th e m e a n fo r 
at  leas t  on e o f  th e categories .  Th e dat a from  thes e subject s 
wer e exclude d from  furthe r  analyses .  Thi s lef t  2 1 an d 1 8 
subject s i n eac h condition . 

AB-12 3 Transfer .  Accordin g t o th e between-withi n 
A N O V A,  th e expecte d interactio n fel l  shor t  o f  reachin g th e 
normativ e 5 % reliabilit y  level ,  F(2 ,  74 )  =  2.52 ,  p  =  .087 . 
The mai n effec t  o f  experienc e als o approache d statistica l 
significance ,  F(l ,  37 )  =  3.04 ,  p  =  .09 ,  thu s indicatin g tha t 
ther e migh t  hav e bee n som e practic e effect .  Finally ,  ther e 
was a  significan t  effec t  o f  category ,  F(2 ,  74 )  =  8.40 ,  p  = 
.001 ,  wit h categor y 3  leadin g t o th e overal l  highes t  score s 
(85.4% ,  S D =  5.3) ,  an d categor y / ,  t o th e lowes t  (80.6% , 
S D =  8.3) .  Neithe r  th e mai n effec t  no r  th e interactio n wer e 
significan t  i n term s o f  respons e times . 

Distributio n o f  Errors .  Figur e 5  (left )  show s th e prob -
abilit y  o f  erroneousl y assignin g t o categor y /  a n instanc e o f 
categor y 2  tha t  als o belonge d t o A ,  fo r  subject s wit h an d 
withou t  prio r  experienc e wit h th e A B task .  Subject s wit h n o 
prio r  experienc e wit h th e A B se t  erre d equall y frequently  b y 
classifyin g instance s o f  2  a s /  an d 3  (averagin g abou t  5 0 % 
t o eac h category) .  O n th e contrary ,  subject s wit h prio r  ex -
perienc e wit h th e A B tas k tende d t o er r  mor e frequently  b y 
assignin g t o /  th e character s tha t  als o belonge d t o A ,  con -
sisten t  wit h th e membershi p o f  th e instance s durin g th e firs t 
task .  Overall ,  category-consisten t  error s wer e 60% i  follow -
in g A B training ,  bu t  jus t  5 0 % ,  o r  chance ,  wit h n o prio r  A B 
training . 
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Figur e 5 .  Distributio n o f  error s i n Experimen t  3 . 

Similarly ,  Figur e 5  (right )  show s th e probabilit y  o f  erro -
neousl y assignin g a n instanc e o f  categor y 2  tha t  als o be -
longe d t o B .  t o categor y  3 .  Fo r  al l  thre e instances ,  th e prob -
abilit y  o f  bein g erroneousl y assigne d t o 3  wa s highe r  fo r 
subject s wit h prio r  experienc e wit h th e A B task .  Thes e 
result s ar e consisten t  wit h th e prediction s an d th e findings 
of  Experimen t  1 . 

123-A B Transfer .  Becaus e A  an d B  hav e identica l  overla p 
wit h th e 12 3 categor y  set ,  prio r  experienc e wit h th e 12 3 tas k 
was no t  expecte d t o affec t  th e relativ e difficult y o f  learnin g 
of  A  an d B .  Th e result s di d no t  contradic t  thi s prediction .  A 
mixe d A N O V A showe d n o significan t  experienc e b y cate -
gor y interactio n i n term s o f  eithe r  accuracy ,  F(l ,  37 )  =  .00 , 
or  respons e time ,  F(l ,  37 )  =  .44 .  Accurac y di d sho w a 
significan t  mai n effec t  o f  experience ,  probabl y indicatin g 
practic e effects .  Ther e wa s n o mai n effec t  o f  categor y i n 
term s o f  accurac y o r  respons e time . 
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Discussio n 

The result s o f  Experimen t  1  showe d tha t  fas t  learner s ha d 
les s troubl e transferrin g fro m a  two-wa y classificatio n tas k 

t o a  four-way  tas k whe n th e categorie s i n th e four-wa y tas k 
wer e embedde d i n (wer e hierarchicall y relate d to )  th e cate -

gorie s i n th e two-wa y task ,  tha n whe n th e categor y set s 
wer e orthogona l  t o eac h other .  O n th e contrary ,  slo w learn -
er s di d no t  sho w suc h a  pattern .  W h e n lookin g a t  th e distri -
butio n o f  error s evidenc e wa s foun d supportin g th e ide a tha t 
al l  learner s (bu t  eve n mor e s o fas t  learners )  ha d a  tendenc y 
t o generaliz e categor y membershi p durin g th e secon d tas k 

acros s th e categorie s forme d durin g th e first  task . 
Experimen t  2  showe d tha t  peopl e transferrin g from  a n 

asymmetri c two-wa y classificatio n tas k t o a  symmetri c two -
way tas k ha d les s troubl e formin g th e categor y wit h th e 
highes t  overla p wit h respec t  t o th e initia l  tw o categories , 

thu s supportin g th e predictions .  Thi s resul t  indicate s tha t 
overla p m a y affec t  categor y formatio n eve n i n intermediate , 
neithe r  full y  hierarchica l  no r  fiill y  orthogona l  situations . 
W h en th e sequencin g o f  th e tw o task s wa s reversed ,  th e 
prediction s wer e mor e modes t  a s fa r  a s possibl e effect s o f 
overlap ,  bu t  th e result s faile d t o yiel d significan t  effects . 

W h en subject s i n Experimen t  3  transferre d from a  thre e 
categor y tas k t o a  symmetri c tw o categor y task ,  overla p 
predicte d n o effects .  No t  willin g t o suppor t  th e nul l  hy -
pothesi s base d simpl y o n a  lac k o f  statistica l  significance ,  i t 
i s  o f  interes t  t o not e tha t  th e A N O V A o f  th e no n expecte d 
interactio n yielde d a  nul l  valu e o f  F .  I n th e opposit e case , 
when subject s transferre d from  th e tw o t o th e three-categor y 
task ,  overla p predicte d a n effec t  favorin g categorie s 1  an d 3 
ove r  2 ,  althoug h thi s effec t  wa s predicte d t o b e o f  les s mag -
nitud e tha n tha t  observe d i n Experimen t  2 .  Th e result s wer e 
i n th e directio n tha t  ha d bee n predicted ,  bu t  the y wer e onl y 
marginall y significant . 

Summing up ,  effect s tende d t o sho w u p whe n difference s 
i n overla p wer e large ,  wer e eithe r  no t  observe d o r  onl y 
marginall y s o whe n difference s i n overla p wer e small ,  an d 
wer e no t  observe d a t  al l  whe n th e overla p difference s wer e 
null .  A t  a  genera l  leve l  then ,  thi s patter n o f  result s i s con -
sisten t  wit h th e hypothesi s tha t  overla p wit h respec t  t o prio r 
categorie s influence s th e proces s o f  constructin g ne w cate -
gories .  A t  a  detaile d level ,  th e absolut e predictiv e validit y 
of  mutua l  entrop y a s a  measur e o f  overla p remain s t o b e 
determined . 

The curren t  wor k indicate s tha t  th e proces s o f  buildin g a 
ne w categor y ca n b e considere d a s a  particula r  cas e o f 
knowledg e generalization ,  and ,  a s such ,  i t  i s  susceptibl e t o 
be guide d b y whicheve r  prio r  categorie s migh t  b e availabl e 
t o th e learner .  W h e n a  chil d learn s tha t  a  particula r  do g i s a 
m a m m al  ( a categor y labe l  neve r  encountere d before) ,  h e 
migh t  b e abl e t o generaliz e th e "mammalness "  propert y t o 
al l  dogs .  A s a  conclusion ,  prio r  categorie s wil l  bia s th e 
proces s o f  formin g ne w ones .  I n Keil' s  (1990 )  terms ,  prio r 
categorie s constitut e a  domain-specific ,  acquire d constrain t 
on categor y formation . 

Interestingly ,  th e clai m tha t  overla p wit h prio r  categorie s 

facilitate s categor y formatio n migh t  no t  onl y contribut e t o 

th e furthe r  understandin g o f  th e proces s o f  categor y forma -

tion ,  bu t  migh t  als o provid e a  parsimoniou s causa l  explana -

tio n fo r  th e generall y accepte d clai m tha t  huma n categorie s 

ten d t o b e organize d hierarchically . 
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Abstrac t 

This paper investigates the relationship readers with 
differen t  level s o f  prio r  knowledg e construc t  amon g 
procedura l  tex t  elements ,  specifically ,  amon g th e goal , 
th e action s an d th e outcom e o f  a  procedura l  text .  Reader s 
wer e eithe r  beginners ,  intermediates ,  o r  expert s i n usin g a 
particula r  software .  Ou r  hypothesi s wa s tha t  th e mai n 
differenc e betwee n th e prio r  knowledg e organizatio n o f 
beginner ,  intermediate ,  an d advance d subject s wa s du e t o 
th e relationshi p amon g a  goal ,  th e necessar y action s t o 
attai n thi s goal ,  an d th e obtaine d outcome .  A n experimen t 
usin g a  prime d recognitio n tas k wit h th e goa l  a s prim e 
and bot h th e outcom e an d th e action s a s target s confirme d 
thi s hypothesis .  Th e prime d recognitio n result s wer e 
simulate d wit h th e Construction-Integratio n mode l  o f 
comprehensio n (Kintsch ,  1998) . 

Introduction 

M a ny studie s hav e show n tha t  rememberin g an d learnin g 
fro m tex t  depen d o n bot h textua l  characteristic s an d th e 
cognitiv e propertie s o f  readers .  Kintsc h (1994 )  demonstrate d 
tha t  wit h explanator y texts ,  remembering ,  an d eve n learning , 
was bette r  o r  occurre d mor e quickl y w h e n th e expose d 
concept s wer e jus t  beyon d th e curren t  stat e o f  th e reader' s 
knowledge .  M c N a m a r a ,  Kintsch ,  Songe r  &  Kintsc h (1996 ) 
showe d tha t  whe n th e coherenc e o f  a  tex t  wa s weakened , 
e.g. ,  noun s wer e replace d b y pronouns ,  an d descriptiv e 
elaboration s an d connective s wer e removed ,  th e reader s wit h 
prio r  knowledg e use d compensator y comprehensio n 
processe s t o infe r  th e relation s no t  state d i n th e tex t  (se e als o 
McNamara &  Kintsch ,  1996) .  Othe r  researcher s hav e 
demonstrate d a n interactio n betwee n th e readers '  prio r 
knowledge ,  an d th e textua l  semanti c sUiictur e (Caillies , 
Denhidr e &  Jhean-Larose ,  i n press ;  Caillie s &  Denhiere ,  i n 
press) .  I n thes e studies ,  tw o version s o f  a  procedura l  text , 
causa l  an d teleological ,  wer e presente d t o thre e group s d " 
learners :  beginners ,  intermediate s an d advanced .  Result s 
showe d tha t  th e hierarchica l  organizatio n o f  textua l 
informatio n facihtate d th e comprehensio n o f  advance d 
subject s an d tha t  th e temporal-causa l  organizatio n facilitate d 
th e comprehensio n o f  beginne r  an d intermediat e subjects.Th e 

author s argu e tha t  th e interactio n wa s du e t o th e similarit y 
of  th e structur e o f  prio r  knowledg e an d th e organizatio n o f 
th e text :  text s whic h ar e hierarchicall y organize d i n a 
goal/sub-goal s structur e ar e optima l  fo r  th e advaiKe d 
subjects ,  an d text s whic h ar e organize d i n a  temporal-causa l 
chai n ar e optima l  fo r  th e beginne r  an d intermediat e subjects . 

Base d o n thes e results ,  w e believ e tha t  th e mai n 
differenc e betwee n th e prio r  knowledg e organizatio n o f  th e 
beginne r  an d th e advance d subject s lie s i n th e relationshi p 
a m o ng th e goal ,  th e necessar y action s t o attai n th e goal ,  an d 
th e obtaine d outcom e (Trabass o &  va n de n Broek ,  1985 ; 
Baude t & Denhiere ,  1991) .  Ou r  prediction s wer e base d o n th e 
assumptio n that :  (a )  fo r  advance d subjects ,  th e goa l  an d th e 
outcom e ar e direcd y an d strongl y associate d i n m e m o r y 
whil e th e action s necessar y t o attai n th e goa l  ar e 
subordinated ;  (b )  fo r  intermediat e subjects ,  th e goa l  an d th e 
outcom e ar e loosel y connected ,  an d th e outcom e i s  mor e 
relate d t o th e action s the y nee d t o reac h th e goal ;  (c )  fo r 
beginne r  subjects ,  th e typ e o f  relationshi p the y establis h 
a m o ng th e goal ,  th e outcome ,  an d th e action s varie d 
accordin g t o thei r  otde r  i n th e text .  Give n thes e assumptions , 
we expecte d a n effec t  o f  prio r  knowledg e structur e o n 
encodin g an d o n retrieva l  o f  information .  I n ou r  study ,  w e 
therefor e focuse d o n inpu t  activitie s a s measure d b y th e 
readin g time s o f  th e differen t  typ e o f  sentence s -  goal , 
actions ,  an d outcome — a s wel l  a s outpu t  estimate d b y th e 
retrieva l  o f  thi s informatio n i n m e m o r y .  Thi s wa s don e wit h 
a prime d recognitio n task ,  wit h eithe r  a  goa l  o r  a  contro l 
sentenc e a s primes ,  an d eithe r  outcom e o r  actio n sentenc e a s 
target s ( M c K o o n &  Ratcliff ,  1992 ;  va n de n Broe k &  Lorch , 
1993) . 

Simulation s carriedou t  wit h th e Construction-Integratio n 
model  an d presente d afte r  th e experimenta l  investigatio n w o e 
ru n t o accoun t  fo r  th e effec t  o f  prio r  knowledg e structur e o n 
th e retrieva l  o f  informatio n (Kintsch ,  1998) .  Accordin g t o 
th e Construction-Integratio n model ,  knowledg e i s rep-esented 
as a n associativ e network ,  th e node s o f  whic h ar e concept s 
and propositions .  Tex t  i s  processe d i n cycle s roughl y 
correspondin g t o a  sentence ,  an d tw o phases ,  constructio n 
an d integration ,  ar e involve d i n sentenc e comprehension .  Th e 
constructio n phas e take s as  inpu t  a  seri e o f  concept s an d 
propositions . 
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As a n exiuiiple ,  th e sentence : 

Selec t  th e paragrap h t o h e printed , 

wrresptmd s t o th e followin g propositions : 
PI  Paragrap h 

P2 TOBEPRINTED [P I  J 
P 3  SELEC T [PI ] 

Proposition s areconnectedeachothe r  biisc d o n referentia l 
coherenc e (Tapier o &  Denhî re ,  1995) :  th e propositio n 2 , 
lik e th e propositio n 3  wil l  b e connecte d t o th e propositio n 
1 Th e integratio n phas e i s characterize d b y a  proces s o f 
diffusio n o f  th e activation ,  reinforcin g th e proposition s 

appropriat e t o th e contex t  an d inhibitin g an d deactivatin g th e 
irrelevan t  elements .  Tlii s  result s i n a  memor y representatio n 
tha t  i s  locall y an d globall y wel l  structured ,  an d tha t  ca n b e 
represente d a s a  coheren t  propositiona l  network .  Fro m tlii s 
representation ,  a  reader  ca n recognize  sentences ,  answe r 
questions ,  an d s o on . 

Experiment 

We assum e tha t  reading  an d prime d recognitio n time s shoul d 
be shorte r  fo r  advance d tha n fo r  mtermediates ,  wit h thos e d " 
beginner s subject s bein g th e longest .  W e furthe r  expec t  a n 
interactio n betwee n prio r  knowledg e an d targe t  typ e fo r  th e 
goal  prime d recognitio n times :  Fo r  advance d an d intermediat e 
subjects ,  i t  shoul d tak e longe r  t o recognize  th e action s tha n 
t o recognize  th e outcome ,  thi s differenc e bein g greate r  fo r 
advance d tha n fo r  intermediates ;  fo r  beginne r  subjects , 
withou t  prio r  rele \  an t  knowledge ,  th e targe t  recognitio n tim e 
wil l  b e a  functio n o f  th e tex t  surfac e distanc e betwee n th e 
prim e goa l  an d th e targe t  (actio n 1  <  actio n 3  <  outcome) . 
We expec t  a  large r  goa l  primin g effec t  fo r  beginne r  tha n fo r 
intermediat e subjects ,  an d fo r  intermediate s tha n fo r  advance d 
subjects .  Fo r  advance d subjects ,  th e recognitio n time s wil l 
be th e sam e fo r  bot h goa l  an d contro l  prime s becaus e thes e 
tw o type s o f  pnm e equall y affec t  th e reactivatio n o f  th e 
subjects'ejMsodi c goa l  suiictur e (Ericsso n &  Kintsch ,  1995) . 

Method 

Participants 
Fift }  fou r  student s fro m Montpellie r  (France )  participate d i n 
th e experimen t  The y differe d i n thei r  knowledg e o f  th e tex t 
edito r  Wor d an d th e spreadshee t  Excel :  1 8 wer e begiimers ,  1 8 
wer e intermediates ,  an d 1 8 wer e advance d users .  Al l 
participant s rea d an d recognize d si x texts .  The y wct c 
assigne d t o on e o f  th e thre e group s accordin g t o thei r  prio r 
knowledge ,  mesure d b y thei r  score s obtaine d i n a 
questionnair e designe d t o tes t  thei r  knowledg e o f  Wor d an d 
Excel . 

Material 
Si x procedura l  text s wer e constructed :  thre e describin g th e 
use o f  W a d ™ an d thre e desaibin g th e us e o f  ExceF"̂ .  Eac h 
tex t  wa s compose d o f  thre e sequences ,  eac h sequenc e 
containe d a  goal ,  fou r  orderedactions ,  an d a  outcom e alway s 
presente d i n thi s order . 

An exampl e o f  tex t  i s  presente d below . 

To prin t  a  paragraph ,  i t  i s  necessar y t o perfor m th e followin g 
thre e sequence s o f  actions . 
Sequenc e 1 
Selec t  th e paragrap h t o b e printe d 

Positio n th e curso r  at-on e extremit y o f  th e paragrap h 
Pres s th e mous e butto n 
Plac e th e curso r  a t  th e othe r  extremit y 
Pres s simultaneousl y th e "Shift "  ke y an d th e mous e butto n 
The paragrap h appear s i n video-inverte d typ e 
Sequenc e 2 
Selec t  th e "Print... "  command 

Positio n th e curso r  o n th e "File "  men u 
Keep th e finge r  presse d o n th e mous e butto n 
Choose th e "Print... "  command 
Releas e th e mous e butto n 
The "Print "  dialo g bo x appear s o n th e scree n 
Sequenc e 3 

Prin t  th e paragrap h 
Type th e desire d numbe r  o f  copie s o n th e keyboar d 
Put  a  quotatio n i n th e optio n butto n "  Prin t  selectio n only " 
wit h th e mous e 
Positio n th e curso r  o n "OK " 
Pres s th e mous e butto n 
Word throw s th e impressio n o f  th e paragrap h 

The sentences to be recognized were preceded either by a 
goal  prim e sentence ,  suc h a s "Selec t  th e paragrap h t o b e 
printed, "  o r  b y a  contro l  prim e sentence ,  suc h a s "Remember 
thi s text "  Th e tru e target s coul d b e th e actio n 1 ,  th e actio n 
3,  o r  th e outcom e o f  th e sequences .  Twelv e pair s d 
sentence s wer e presente d afte r  eac h tex t  reading ,  6  tru e target s 
and 6  fals e targets .  Fou r  comprehensio n question s wo e 
constructe d t o mak e sur e tha t  subject s rea d i n orde r  t o 
understand . 

Procedure 
Each subjec t  readal l  si x texts .  Afte r  readin g a  text ,  presaite d 
one sentenc e a t  th e tim e sel f  paced ,  subject s performe d th e 
prime d recognitio n tas k an d answere d fou r  comprehensio n 
questions . 

Results 

Reading time 
The repeate d measure s A N O VA conducte d o n th e readin g 
time s pe r  wor d reveale d a  marginall y significan t  effec t  d " 
prio r  knowledge ,  Fi(2,51 )  =  2.77 .  p  <  .07 ;  ̂2(2,150 )  = 

74.08 ,  p  <  .01 ,  mainl y indicatin g tha t  th e averag e reading 
tim e wa s significantl y longe r  fo r  beginne r  subject s { M =  38 8 
ms)  tha n fo r  intermediat e ( M =  35 4 ms )  an d advance d 
subject s ( M =  32 3 ms) ,  Fi (  1.51 )  =4.29 ,  p  <  .05 ;  F2(IA50 ) 

= 106.23 ,  p < .01 . 
Prime d recognitio n 
Two 3 x 2 x 3 analyse s o f  varianc e o f  ye s response s wo e 
conducted :  on e fo r  th e correc t  recognitio n tim e pe r  word ,  an d 
one fo r  th e recognitio n errors .  Prio r  knowledg e wa s use d a s a 
betwee n facto r  (beginners ,  intermediates ,  an d advanced) ,  an d 
bot h Prim e (goa l  an d control) ,  an d Targe t  (outcome ,  actio n 
1,  an d actio n 3 )  a s withi n factors . 
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Whil e th e effec t  o f  prio r  knowledg e wa s no t  significan t 
fo r  recognitio n errors ,  th e m e a n recognitio n tim e wa s 
significantl y shorte r  fo r  th e beginner s tha n fo r  tli c  othe r 
subject s (  M =  25 5 m s v s h 4 =  33 4 m s ) ,  Fi(1.51): = I K 5') ,  p 

< .01 ;  ̂2(1,20) = 147.65 .  E < 01 . 

The interactio n o f  knowledg e an d targe t  wa s significan t 
fo r  recognitio n times ,  an d mainl y indicate d tha t  th e differenc e 
i n recognitio n tim e betwee n th e outcom e an d th e tw o othe r 
target s wa s smalle r  fo r  beginne r  subject s tha n fo r  th e tw o 
othe r  groups .  Fi(1.102 )  =  7.38 ,  p  <  .01 ,  ̂ 2(1,20 )  =  5.95 ,  p 

< .01 .  an d i t  wa s smalle r  fo r  intermediat e tha n fo r  advance d 
subject s Fi(1.102 )  =  3.79 .  p  <  .05 .  ̂2(1,20 )  =  3.58 .  p  < 

.05 ,  wherea s th e actio n 1  an d th e actio n 3  di d no t 
significantl y diffCT . 

The Knowledg e b y Targe t  b y Prim e interactio n wa s 
significan t  i n th e subjec t  analysi s Fj(4,102 )  =  3.06 ,  p  < 

.02 ,  andmarginall y significan t  i n th e ite m analysi s  ̂ 2(4,20 ) 

= 2.37 ,  p  <  .0 9 (se e Tabl e 1) .  Thi s interactio n mainl y 
indicate d a  goa l  primin g effec t  o n actio n 3  fo r  intermediates , 
and a  goa l  primin g effec t  o n actio n 1  fo r  advanced .  Fo r  eac h 
knowledg e group ,  analyse s showe d th e followin g results : 

Fo r  beginners ,  th e Prim e b y Targe t  interactio n wa s 
significant ,  F i ( 2 M )  =  3.62 .  p  <  .05 ;  ̂ 2(2,10 )  =  4.87 .  p  < 

.05 .  an d indicate d tha t  th e differenc e betwee n goa l  an d contro l 
condition s wa s greate r  fo r  th e actio n 1  tha n fo r  bot h th e 
outcom e an d th e actio n 3 .  Fj(1.34 )  =  6.88 .  p  <  .05 ; 

^2(1.10 )  =  9.53 .  p < .01 .  Th e actio n 1  wa s faste r  recognize d 

tha n th e tw o othe r  target s onl y whe n th e prim e wa s th e goal . 
Fo r  intermediates ,  th e Prim e b y Targe t  interactio n 

was no t  significant .  Although t  th e recognitio n time s o f  th e 
thre e target s di d no t  significantl y var y a s a  functio n o f  th e 
natur e o f  th e prime ,  th e outcom e an d actio n 1  target s wer e 
faste r  recognize d tha n th e actio n 3 ,  Fj(1.34 )  =  8.54 .  p < .01 ; 

'F2(1.10 )  =  3.86 ,  p < . 0 8 . 

Fo r  advanced ,  th e Prim e b y Targe t  interactio n wa s 
als o no t  significant .  Targe t  effec t  showe d tha t  th e outcom e 
targe t  wa s significand y faste r  recognize d tha n bot h th e actio n 
1 an d th e actio n 3 ,  Fi(l,34 )  =  35.04 .  p  <  .01 ;  ̂2(1,10 )  = 

15,28 ,  p  <  .01 .  tha t  didno t  differ . 

Table 1: Mean recognition time of the three true targets as a 
functio n o f  th e prim e an d o f  th e prio r  knowledge . 

Prior knowledge 

Goal  prim e 
Actio n 1 
Actio n 3 
Outcom e 

Beginner s 

230 
2 M 
250 

Intermediate s 

345 
344 
317 

Advance d 

335 
360 
286 

Contro l  prim e 
Actio n 1  27 9 
Actio n 3  26 7 
Outcom e 25 2 

32 5 
38 9 
33 2 

34 4 
34 5 
29 8 

Discussio n 

rii e iuialysi s showe d tha t  subject s wit h differen t  leve l  a [ 
prio r  knowledg e diffe r  regardin g t o readin g time s an d t o ye s 

recognitio n time s bu t  no t  regardin g t o ye s recognitio n error . 
hideed ,  w e observe d tha t  th e readin g tim e wa s th e shortes t  fo r 
th e advanced ,  an d th e longes t  fo r  th e begiimer s wherea s th e 
recognitio n tim e o f  th e tru e targe t  wa s shorte r  fo r  th e 
beginner s tha n fo r  th e intermediat e an d advancedsubjects . 

Consisten t  wit h ou r  hypothesis ,  th e prio r  knowledg e b y 
targe t  interactio n wa s significant ,  an d mainl y indicate d tha t 
th e differenc e betwee n th e outcom e an d th e action s wa s 
smalle r  fo r  th e beginne r  subject s tha n fo r  th e othe r 
knowledg e groups ,  an d wa s smalle r  fo r  intermediate s tha n f w 
advance d 

Th e significan t  Conditio n b y Targe t  b y Knowledg e 
interactio n demonstrate d a  goa l  primin g effec t  o n th e 
recognitio n time s o n th e action s 1  an d 3  bu t  n o goa l 
primin g effec t  o n th e recognitio n tim e o f  th e outcome , 
whic h i s consisten t  wit h ou r  assumption .  A s w e predicted , 
th e separate d analyse s indicate d tha t  th e relationshi p subject s 
wit h differentlevel s o f  knowledg e establishe d a m o n g a  goal , 
th e action s an d th e obtaine d outcom e differed .  Th e beginne r 
subject s recognize d faste r  actio n 1  clos e t o th e goa l  i n th e 
surfac e structur e tha n th e othe r  target s (actio n 3  an d 
outcome )  whe n th e prim e wa s th e goal ,  wherea s th e 
intermediat e an d advancedsubject s alway s recognize d fastes t 
th e outcom e (whic h wa s distan t  fro m th e goa l  i n th e surfac e 
structure) ,  fo r  al l  primin g conditions . 

Simulations 

Simulation s carrie d ou t  wit h th e Construction-Integratio n 
model  (Kintsch .  1998 )  wer e use d t o reproduc e th e 
recognitio n results .  Thes e simulation s ar e base d o n th e 
assumptio n tha t  th e reader s use d referentia l  coherence  t o 
construc t  textbas e representatio n (Tapier o &  Denhiere .  1995 ) 
and tha t  difference s i n recognitio n performanc e betwee n 
beginne r  an d advancedsubject s wer e du e t o th e activatio n d 
differen t  prio r  knowledg e structures :  a  temporal-causa l 
networ k fo r  beginner s an d a  goa l  hierarch y fo r  advance d 
users .  Ou r  mai n purpos e wa s t o simulat e th e effec t  o f  prio r 
knowledg e structur e o n th e elaboratio n o f  a n episodi c 
structur e durin g readin g an d o n th e retrieva l  o f  store d 
information . 

Th e firs t  ste p involve d i n th e simulation s wa s t o 
construc t  a  networ k o f  th e textua l  representiona l  unit s an d 
thei r  interrelations .  Th e secon d ste p wa s t o elaborat e a  prio r 
knowledg e networ k assume d t o represen t  th e prio r 
knowledg e structur e o f  begiimer .  intermediat e an d advaixs d 
subjects .  I n th e begiime r  knowledg e network ,  th e goal ,  th e 
action s an d th e outcom e o f  eac h sequenc e ar e relate d 
accordin g t o thei r  orde r  i n th e text ,  wherea s i n th e advance d 
network ,  th e goa l  an d th e outcom e ar e strongl y an d direcd y 
associate ,  an d action s subordinat e (se e figure s 1  an d 2) .  I n 
th e intermediat e network ,  th e goa l  an d th e outcom e ar e 
loosel y connecte d an d th e action s ar e relate d t o th e outcom e 
accordin g t o thei r  presentatio n orderi n th e text . 
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Figur e 2 :  Networ k o f  th e sequenc e 1  o f  a  tex t  wit h advance d 
prio r  knowledg e network . 

We postulate that during comprehension textbase 
element s ma y retriev e element s o f  th e knowledg e net . 
Indeed ,  a t  eac h processin g cycle ,  w e linke d prio r  knowledg e 
nodes t o th e correspondin g textbas e nodes .  Thes e knowledg e 
nodes wer e linke d t o thos e o f  th e textbas e accordin g t o th e 
assumptio n tha t  thi s knowledg e acces s i s no t  resourc e 
consumin g (Ericsso n &  Kintsch ,  1995) .  Separat e readin g 
simulation s wer e performe d fo r  th e beginner ,  th e 
intermediate s an d th e advancedsubjects .  Th e numbe r  o f  link s 
create d betwee n th e textbas e an d th e prio r  knowledg e 
network s wa s th e sam e fo r  eac h knowledg e grou p (n=6) .  We 
di d simulation s i n orde r  t o obtai n a n activatio n valu e i n lon g 
ter m memor y fo r  eac h node .  Thi s valu e represente d th e 
weigh t  i n memor y o f  th e concep t  o r  o f  th e proposition . 

To simulat e th e retrieva l  o f  informatio n wit h th e 
C(Mistruction-Integratio n model ,  w e linke d a  tes t  nod e t o th e 
textbase .  Th e tes t  nod e include d th e appropriat e prime ,  th e 
goal  o f  th e sequence ,  an d a  target ,  eithe r  th e action s ( 1 o r  3 ) 
or  th e outcome .  A  serie s o f  9  retrieva l  simulation s fo r  eac h 

knowledg e grou p wa s run :  3  fo r  eac h o f  th e thre e tex t 
sequences ,  an d targe t  type s (actio n 1 ,  actio n 3 ,  outcome) . 
Thus ,  w e obtaine d activatio n value s fo r  eac h targe t  o f  eac h 
sequence :  outcome ,  actio n 1  an d actio n 3 . 

We correlate d ou r  recognitio n tim e wit h th e activatio n 
value s obtaine d wit h th e Kintsch' s construction-integratio n 
model .  Th e activatio n value s obtaine d ar e i n goo d quahtativ e 
agreemen t  wit h th e experimenta l  data ,  excep t  fo r  intermediat e 
subjects .  Th e spearma n ran k correlation s betwee n targe t 
activatio n valu e an d recognitio n tim e wa s significan t  fo r 
beginne r  subject s (T s (9 )  =  .65 ,  g  <  05) ,  an d fo r  advance d (i ^ 

(9 )  =  .8 3 2  <  .02) ,  bu t  wa s n o significan t  fo r  th e 

intermediate s (i s =  o) -

Conclusion 

The purpos e o f  thi s experimen t  wa s t o investigat e th e 

relationshi p reader s wit h differen t  level s o f  prio r  knowledg e 
constructe d betwee n procedura l  tex t  elements .  I t  wa s assume d 
tha t  th e differenc e i n prio r  knowledg e organizatio n d 
begiimer ,  intermediat e an d advance d subject s wer e mainl y 
cause d b y difference s i n th e relationship s amon g th e goal , 
th e actions ,  an d th e outcome ,  an d tha t  thes e relationships , 
reflectin g organizatio n o f  knowledg e i n memory ,  delennine d 
th e readin g time s an d th e retrieva l  o f  information .  Ou r 
result s suppor t  thi s assumption . 

The analysi s o f  th e prime d recognitio n result s showe d 
tha t  fo r  beginners ,  th e targe t  recognitio n tim e varie d wit h th e 
surfac e distanc e betwee n th e prim e an d th e target ,  wherea s fo r 
th e advance d an d intermediat e subjects ,  th e outcom e wa s 
alway s faste r  recognize d tha n th e actions .  Thi s resul t 
suggest s tha t  th e begiimer s di d no t  establis h relatio n betwea i 
th e goa l  an d th e outcom e durin g reading ,  an d tha t  fo r 
intermediate s an d advance d subjects ,  th e outcom e wa s mor e 
availabl e i n memor y tha n th e actions .  Consisten t  wit h ou r 
mai n hypothesis ,  th e prio r  knowledg e organizatio n o f  th e 
beginner ,  intermediat e an d advance d subject s differe d i n th e 
relationshi p the y establishe d amon g th e goal ,  th e necessar y 
action s t o attai n th e goal ,  an d th e obtaine d outcome . 

However ,  contrar y t o ou r  expectations ,  th e beginner s 
recognize d tru e target s faste r  tha n th e tw o othe r  groups ,  th e 
mean mmibe r  o f  error s bein g equa l  fo r  th e thre e groups .  Ou r 
interpretatio n i s tha t  th e answer s o f  th e beginner s wer e 
mairil y  base d upo n th e surfac e feature s o f  th e tex t  (whic h 
was sufficien t  fo r  thes e simpl e texts) ,  wherea s answer s o f 
bot h th e intermediat e an d th e advance d subject s wer e base d 
on a  deepe r  conceptua l  understanding . 

Finally ,  w e demonstrate d tha t  th e Construction -
Integratio n mode l  propose d b y Kintsc h (1998 )  ca n b e use d t o 
tes t  hypothese s concernin g th e effec t  o f  prio r  knowledg e 
structur e o n th e elaboratio n o f  a n episodi c menta l 
representatio n an d o n retrieval . 

To conclude ,  understandin g th e interactio n amon g prio r 
knowledg e structures ,  tex t  feature s (Kintsch ,  1994 )  o r  tex t 
structure s (Caillie s &  al. ,  1997) ,  an d comprehensio n 
measure s (McNamara,  Kintsch ,  Songe r  &  Kintsch ,  19% ; 
McNamara an d Kintsch ,  1996 )  i s fundamenta l  fo r  a 
theoretica l  accoun t  o f  tex t  comprehension .  Th e 
Construction-Integratio n mode l  propose d b y Kintsc h (1988 , 
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1998 )  ca n provid e a  framewor k t o approac h thes e 
interactions . 
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Abstrac t 

The well-attested friction between linguistics and 
psycholog y i s no t  a  superficia l  phenomenon .  N o 
conceptio n o f  languag e ha s ha d mor e influenc e o n 
psycholog y an d Cognitiv e Scienc e tha n th e linguistic s o f 
Noam Chomsky .  Ye t  Chomskya n linguistic s i s  radicall y 
incompatibl e wit h viabl e account s o f  knowledge ,  an d o f 
th e developmen t  o r  evolutio n o f  knowledge .  Thi s 
incompatibilit y i s  strongl y manifeste d i n tw o 
characteristi c Chomskya n doctrines :  linguisti c competenc e 
and th e autonom y o f  syntax .  Th e fallaciou s argument s o n 
whic h Chomsk y relie s ar e analyzed ,  an d thei r  dee p 
implication s fo r  Cognitiv e Scienc e ar e traced . 

Friction between Linguistics and 

P s y c h o l o g y 

No one who works in linguistics or psychology will be 
shocke d t o hea r  o f  significan t  frictio n betwee n th e tw o 
disciplines ;  thi s ha s bee n widel y atteste d sinc e th e mid -
1960s .  Still ,  i t  i s  normall y assume d tha t  linguistic s ca n fit 
unde r  th e Bi g Ten t  know n a s Cognitiv e Scienc e jus t  a s wel l 
as psycholog y can .  F e w chil d languag e researcher s woul d 
attemp t  t o stud y languag e developmen t  withou t  seekin g t o 
incorporat e th e findings  o f  contemporar y linguistics ;  fe w 
psycholinguist s woul d attemp t  t o operat e withou t  regar d t o 
categories ,  assumptions ,  an d doctrine s derive d fro m 
linguistics . 

Contrar y t o thes e impressions ,  I  wil l  argu e tha t  importan t 
claim s mad e b y contemporar y linguistic s forestal l  it s 
assimilatio n int o cognitiv e o r  developmenta l  psychology . 
Thes e ar e no t  superficia l  feature s o f  linguisti c inquiry , 
lightl y modifiabl e t o assur e a  bette r  fit  wit h psychology .  O n 
th e contrary ,  the y ar e fundamental .  The y wil l  no t  chang e 
unles s linguistic s come s t o b e regarde d a s a  purel y forma l 
disciplin e withou t  relevanc e t o psychology—o r  linguistic s 
i s radicall y reoriente d t o assur e psychologica l  relevance . 

To kee p thi s discussio n focused ,  I  wil l  conside r  onl y th e 
linguistic s o f  N o a m Chomsk y an d hi s followers .  America n 
hnguistic s i s thoroughl y dominate d b y thi s school ;  fo r  mos t 
contemporar y cognitiv e psychologists ,  developmenta l 
psychologists ,  an d philosopher s o f  min d (althoug h no t  fo r 
most  Artificia l  Intelligenc e researchers) ,  linguistic s i s 
C h o m s k y a n linguistics .  Moreover ,  C h o m s k y ha s 
consistentl y an d persuasivel y insiste d tha t  psycholog y mus t 
pay hee d t o linguisti c formulations ,  instea d o f  operatin g i n 
splendi d isolatio n fro m them .  Meanwhile ,  h e ha s ferventl y 
resiste d an y suggestio n tha t  linguistic s migh t  hav e 
somethin g t o lear n fro m psychology . 

Chomsky' s conceptio n o f  th e dat a tha t  ar e relevan t  t o 

linguistic s pose s difficulties ;  s o doe s hi s conceptio n o f 
learning .  Bu t  th e antipsychologica l  implication s o f 
Chomskya n theor y an d practic e ar e largel y traceabl e t o tw o 
assumptions :  th e doctrin e o f  linguisti c competenc e an d th e 
doctrin e o f  autonom y o f  syntax . 

The Doctrine of Linguistic Competence 

Chomsky formulated the distinction between linguistic 
competenc e an d linguisti c performanc e i n Aspect s o f  th e 
Theor y o f  Synta x (1965) .  Thoug h highl y controversia l  whe n 

first  presented ,  i t  ha s graduall y permeate d Cognitiv e Science ; 
nowaday s i t  i s  commonplac e fo r  cognitiv e an d eve n 
developmenta l  psychologist s t o refe r  t o a  particula r 
formulatio n a s a  "competenc e theory, "  i n Chomsky' s sense . 

We hav e t o b e carefu l  abou t  th e precis e meanin g o f 
competenc e an d performanc e here ,  fo r  the y ar e liabl e t o ge t 
conflate d wit h common-sense ,  usefu l  notion s (Campbel l  & 
Bickhard ,  1986) .  W e al l  recogniz e tha t  a  perso n ma y kno w 
something ,  o r  b e abl e t o d o something ,  ye t  ma y no t 
manifes t  thi s knowledg e unde r  som e conditions .  Thi s 
distinction—betwee n wha t  th e perso n i s  competen t  t o d o 
unde r  som e conditio n o r  another ,  an d ho w th e perso n 
manifest s tha t  competenc e unde r  thes e specifi c  conditions — 
i s no t  a t  issue .  Bu t  w e shoul d realiz e tha t  thi s common -
sens e distinctio n i n n o wa y constrain s ho w th e skil l  o r 
knowledg e i s t o b e accounte d for ;  i t  prescribe s n o specifi c 
way o f  modelin g knowledge . 

Whil e conductin g empirica l  researc h i n psychology ,  w e 
may b e concerne d t o sor t  ou t  th e abilit y o f  interes t  t o u s 
("competence" )  fro m othe r  abilitie s ("performance" )  tha t  ar e 
extraneou s fro m ou r  poin t  o f  view .  So ,  fo r  instance ,  i f  I  a m 
tryin g t o asses s whethe r  a  7-year-ol d ca n solv e a  proble m 
tha t  require s a  certai n typ e o f  reasoning ,  I  woul d lik e t o b e 
abl e t o exclud e memor y fo r  th e premise s a s a n explanatio n 
fo r  th e child' s performance .  Give n th e purpos e o f  m y 
research ,  bein g abl e t o reaso n i n a  certai n wa y i s 
"competence, "  an d bein g abl e t o remembe r  premise s beyon d 
a certai n lengt h o r  complexit y  i s "performance. " 

Al l  th e same ,  wha t  i s  competenc e t o m e ma y b e 
performanc e t o anothe r  researcher ;  wha t  i s a n extraneous , 
confounde d nuisanc e t o m e ma y b e th e primar y objec t  o f 
inquir y fo r  someon e else .  A  researche r  wh o want s t o trac k 
th e developmen t  o f  workin g memor y capacit y woul d regar d 
memory fo r  th e premise s a s "competence" ;  th e abilit y t o 
make tha t  nove l  inferenc e tha t  s o intereste d m e woul d no w 
become "performance. "  Again ,  thi s secon d sor t  o f 
competence-performanc e distinctio n i n n o wa y dictate s ho w 
eithe r  competenc e o r  performanc e i s t o b e modeled . 

Chomsky' s distinctio n i s ofte n confuse d wit h thes e othe r 
two .  I t  shoul d no t  be ,  fo r  i t  i s predicate d o n ver y specifi c 
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assumption s abou t  th e wa y competenc e i s t o b e modele d 
(Campbel l  &  Bickhard ,  1986) . 

Chomsky (1965 )  distinguishe s "linguisti c competence, " 
or  "knowledg e o f  th e language, "  fro m th e variou s factor s 
tha t  affec t  "linguisti c performance, "  suc h a s memor y 
limitation s an d slip s o f  th e tongue .  I t  i s  no t  merel y 
limitation s an d source s o f  imperfectio n tha t  ar e t o b e 
regarde d a s performanc e factors ;  "real-tim e processing "  o f 
any sor t  i s  performanc e rathe r  tha n competence . 

To understan d precisel y wha t  linguisti c competenc e i s 
suppose d t o mean ,  let' s  conside r  wha t  a  Chomskya n linguis t 
actuall y  does .  Suppos e th e linguist' s  goa l  i s  t o produc e a n 
adequat e theor y o f  th e synta x o f  English .  Th e linguis t 
construct s a  syste m o f  rule s tha t  mee t  th e technica l 
requirement s o f  Chomsky' s (current )  schem e fo r  syntacti c 
analysis .  Th e linguis t  test s thes e rule s b y consultin g th e 
"linguisti c intuitio n o f  th e nativ e speaker "  (Chomsky , 
1965) . 

For  instance ,  th e linguist' s  curren t  rul e syste m m a y 
predic t  tha t  (1 )  "I t  i s  highl y improbabl e tha t  Bil l  Clinto n 
wil l  b e impeached "  an d (2 )  "Bil l  Clinto n i s highl y 
improbabl e t o b e impeached "  ar e bot h grammatica l  sentence s 
i n English .  However ,  whe n aske d whethe r  thes e ar e goo d 
sentences ,  nativ e speaker s o f  Englis h accep t  (1 )  an d rejec t 
(2) .  (Chomsk y limit s th e nativ e speaker' s spher e o f 
authorit y t o judgment s o f  "acceptability" ;  th e wiggl e roo m 
thi s mov e afford s hi m i s no t  importan t  here) .  Th e rul e 
syste m ha s identifie d a n ungrammatica l  sentenc e a s 
grammatical ,  s o i t  ha s faile d th e empirica l  test . 
Consequently ,  th e linguis t  mus t  modif y i t  s o tha t  (1 )  come s 
out  grammatica l  an d (2 )  doe s not .  Thi s modifie d rul e syste m 
may fai l  othe r  empirica l  test s i n it s turn ,  an d s o on . 

A rul e syste m tha t  keep s withstandin g man y suc h 
attempt s t o falsif y  i t  i s  a  valuabl e commodity :  i f  correct ,  i t 
describe s a n effectivel y unbounde d rang e o f  possibl e 
behavior ,  o r  possibl e tas k accomplishments .  I t  sort s ou t 
possibl e grammatica l  fro m possibl e ungrammatica l 
sentence s o f  English ;  i n man y cases ,  n o on e ha s actuall y 
sai d o r  writte n an y o f  thes e sentences .  Suc h a  descriptiv e 
theor y o f  possibl e tas k accomplishment s i s a  powerfu l 
device . 

But  nothin g abou t  a  descriptiv e theor y tha t  correctl y sort s 
out  differen t  kind s o f  possibl e tas k accomplishment s make s 
i t  a n adequat e explanator y theory .  Descriptiv e succes s doe s 
not  mak e i t  a n adequat e theor y o f  h o w thos e task s ar e 
accomplished . 

The centra l  erro r  i n Chomsky' s (1965 )  conceptio n o f 
competenc e i s hi s assumptio n tha t  a  descriptiv e theor y o f 
possibl e tas k accomplishment s mus t  b e par t  o f  th e accoun t 
tha t  explain s ho w thos e task s ar e accomplished .  Th e erro r  i s 
epitomize d i n hi s statemen t  tha t  a  theor y o f  th e linguisti c 
competenc e o f  th e nativ e speake r  mus t  "incorporat e th e 
grammar "  o f  th e language . 

I n Chomsky' s subsequen t  writing s o n linguistics ,  an y 
effor t  no t  devote d t o layin g ou t  an d defendin g hi s lates t 
formalis m ha s bee n expende d o n defendin g thi s erro r  a s a n 
instanc e o f  legitimat e scientifi c  practic e (e.g. ,  Chomsky , 
1975 ,  1980 ,  1986 ,  1988) .  I n hi s defense ,  Chomsk y ofte n 
resort s t o spuriou s claim s abou t  th e method s use d i n th e 
othe r  sciences .  Fo r  instance ,  Chomsk y (1980 )  ha s asserte d 

tha t  i f  a  theor y i n physic s survive s empirica l  test s an d meet s 
othe r  desiderat a fo r  a  goo d theory ,  the n n o on e shoul d eve r 
ask whethe r  th e entitie s posite d b y th e theor y d o have ,  o r 
coul d have ,  "physica l  reality. "  I n fact ,  suc h concern s hav e 
been commonplac e i n physics ,  i n th e pas t  an d i n th e presen t 
(e.g. ,  Laudan ,  1977 ;  Bickhar d &  Campbell ,  1996a) . 
Scientifi c  discipline s ar e concerned  abou t  th e ontolog y o f  th e 
phenomen a the y study ;  psycholog y shoul d b e concerne d 
abou t  "psychologica l  reality. " 

Chomsky' s ba d philosoph y o f  scienc e aside ,  hi s erro r 
most  ofte n goe s unrecognize d i n th e contex t  o f  linguisti c 
analysis .  A  linguis t  endeavor s t o construc t  a  grammar—fo r 
our  purposes ,  thi s mean s a  descriptiv e theor y o f  wor d 
ending s an d sentenc e structure—fo r  Mongolian .  Let' s 
assume tha t  th e linguis t  ha s succeede d a t  thi s goal :  th e rul e 
syste m h e o r  sh e ha s constructe d keep s correctl y sortin g ou t 
sentence s o f  Mongolia n fro m non-sentence s o f  Mongolian ; 
i t  keep s passin g th e tes t  whe n assesse d agains t  th e intuition s 
of  nativ e speaker s o f  Mongolian . 

What ,  then ,  enable s tha t  nativ e speake r  t o spea k 
Mongolian ? W h a t  knowledg e doe s h e o r  sh e us e t o 
distinguis h goo d fro m ba d sentence s i n Mongolian ? 
Accordin g t o Chomsky ,  th e matur e nativ e speake r  know s 
th e ver y se t  o f  rule s tha t  th e linguis t  ha s bee n laborin g t o 
construc t  an d test .  Tacitly ,  o f  course ;  th e speake r  i s not ,  an d 
canno t  be ,  consciousl y awar e o f  thes e rules .  Bu t  th e matur e 
speake r  mus t  k n o w th e g rammar—i n Chomsky' s curren t 
notation ,  n o less!—t o b e abl e t o spea k th e language .  Th e 
learne r  mus t  b e i n th e proces s o f  acquirin g tha t  ver y 
grammar—again ,  a s expresse d i n Chomsky ' s curren t 
notation . 

Over  th e years ,  Chomsk y ha s place d differen t  restriction s 
on th e rul e syste m t o b e constructe d b y th e linguist ; 
constraint s o n th e for m o f  th e rule s ar e drive n b y a  desir e fo r 
"explanatory "  adequacy ,  a s oppose d t o "descriptive " 
adequacy .  Bu t  a n "explanatorily "  adequat e gramma r  o f 
Mongolian ,  howeve r  motivate d b y estheti c considerations , 
or  thought s abou t  "languag e universals, "  o r  anythin g else ,  i s 
stil l  a  forma l  descriptio n o f  possibl e sentence s an d 
nonsentence s i n Mongolian .  Eve n i f  thi s g ramma r  o f 
Mongolia n ha s bee n carefull y vette d fo r  wha t  i t  ha s i n 
c o m m on wit h forma l  grammar s o f  English ,  o r  Japanese ,  o r 
Cree ,  o r  an y othe r  huma n language ,  i t  i s  stil l  a  systemati c 
descriptio n o f  sentence s an d nonsentence s o f  Mongolian .  Ye t 
by virtu e o f  it s  abilit y  t o describ e sentence s an d sor t  the m 
out  fro m nonsentences ,  i t  i s  suppose d t o constitut e par t  o f 
th e Mongolia n speaker' s knowledge . 

I f  th e jum p fro m a n adequat e gramma r  o f  Mongolia n t o 
th e Mongol ia n speaker' s knowledg e stil l  seem s 
unexceptionable ,  let' s  conside r  a  differen t  case .  A  Majo r 
Leagu e basebal l  pitche r  (let' s  say ,  Gre g M a d d u x o f  th e 
Atlant a Braves )  know s h o w t o thro w a  sinkerball .  No t  jus t 
any sinkerball ,  bu t  a  sinkerbal l  wit h pinpoin t  control ,  an d 
othe r  propertie s tha t  ten d t o ge t  batter s out .  A  physicis t 
seek s t o describ e thi s sinkerbal l  i n term s o f  Newtonia n 
mechanics ,  generatin g a  se t  o f  equation s that ,  let' s  assume , 
correctl y describ e th e propertie s o f  sinkerball s tha t  M a d d u x 
throw s unde r  differen t  conditions ,  an d d o no t  describ e inferio r 
pitche s o f  th e sor t  tha t  Maddu x doe s no t  throw. 

Th e physicist ,  then ,  ha s arrive d a t  a n adequat e 
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theoretica l  descriptio n o f  Maddux' s sinkerball .  Quit e a  feat . 

I s th e physicis t  thereb y entitle d t o conclud e tha t  Maddu x 
must  actuall y kno w th e equation s i n th e description ,  i n orde r 
t o b e abl e t o thro w th e sinkerbal l  thu s described ? 

Obviously ,  th e answe r  i s no .  Psychologist s ma y attemp t 
t o accoun t  fo r  Maddux' s skil l  usin g variou s theorie s o f 
moto r  control .  Bu t  non e wil l  posi t  knowledg e (taci t  o r 
otherwise )  o f  th e physicist' s  Newtonia n equation s o n 
Maddux ' s part .  M a d d u x i s competen t  a t  throwin g a 
sinkerball .  H e doe s no t  therefor e hav e "sinkerbal l 
competence. " 

Similarly ,  th e matur e speake r  o f  Mongolia n i s competen t 
at  speakin g Mongolian .  I t  doe s no t  follo w tha t  h e o r  sh e ha s 
"linguisti c competence "  i n Mongolian . 

Objection s ar e sometime s m a d e t o C h o m s k y a n 
"competenc e models "  o n th e ground s tha t  suc h model s 
predic t  "ideal, "  error-fre e performance .  Nothin g i n 
Chomskya n "knowledg e o f  th e language "  make s erro r 
possible ;  extrinsi c factor s hav e t o b e introduce d t o accoun t 
fo r  it .  Thes e objection s ar e legitimate .  Indeed ,  the y cu t 
deepe r  tha n i s ofte n realized :  a n error-fre e syste m coul d neve r 
lear n anythin g a t  al l  (Bickhar d &  Campbell ,  1996b) . 

Th e erro r  proble m goe s m u c h deepe r  tha n i s usuall y 
supposed .  Her e i s anothe r  profoun d problem :  th e structure s 
tha t  Chomsk y ha s use d ove r  th e year s t o describ e sentence s 
and distinguis h the m fro m nonsentence s ar e al l  static .  The y 
ar e unsuite d b y natur e t o describ e processe s operatin g i n rea l 
time .  Bu t  psycholog y i s al l  abou t  processe s operatin g i n rea l 
time .  I n fact ,  Bickhar d an d Tervee n (1995 )  hav e argue d tha t 
knowledg e o f  an y kin d require s timing .  Chomskya n rule s 
and Chomskya n analyse s o f  sentenc e structur e canno t 
describ e aspect s o f  a n agen t  tha t  i s  capabl e o f  interactin g 
wit h it s environmen t  an d meetin g it s goal s i n rea l  time ;  tha t 
i s t o say ,  Chomskya n sentenc e structure s canno t  describ e th e 
knowledge ,  o r  menta l  representation ,  o f  an y agent—excep t 
(som e of )  th e knowledg e o f  thei r  typ e o f  linguisti c analysi s 
tha t  i s  hel d b y Chomskya n linguists . 

Sinc e erro r  i s rule d ou t  an d nothin g describe s processe s i n 
rea l  time ,  i t  matter s no t  a t  al l  whethe r  Chomskya n model s 
of  "linguisti c competence "  ar e notate d wit h NP s an d VPs ,  o r 
V-bar s an d N-double-bars ;  whethe r  ther e ar e m a n y 
transformatio n rules ,  o r  one ,  o r  none ;  whethe r  filter s ar e 
allowe d a t  all ,  o r  allowe d t o proliferate ;  whethe r  "semanti c 
interpretation "  get s don e o n dee p structure ,  shallo w 
structure ,  o r  surfac e structure ;  whethe r  th e rule s ar e arrange d 
t o sui t  Chomsky' s 195 7 manner ,  o r  hi s "minimalist "  styl e 
of  th e 1990s ,  o r  an y o f  th e variant s i n between .  Al l  suc h 
model s ar e equall y unsuite d t o accoun t  fo r  th e speaker' s 
abilit y  t o speak ,  o r  comprehend ,  o r  tel l  th e differenc e 
betwee n goo d sentence s an d ba d ones . 

Thoug h N o a m Chomsk y has  give n thi s fallac y it s classi c 
statement ,  an d promote d i t  mor e aggressivel y tha n anyon e 
else ,  h e i s hardl y alon e i n committin g it .  A s Terr y Dartnal l 
(1997 )  ha s noted ,  20t h centur y psycholog y has  frequentl y 
falle n pre y t o "revers e psychologism" ;  i t  ha s continuall y 
jumpe d fro m linguisti c o r  logica l  description s t o theorie s 
tha t  pu t  thos e ver y sam e description s i n th e mind s o f 
speaker s an d reasoners .  I n th e psycholog y o f  reasoning ,  th e 
propriet y o f  thi s lea p i s subjec t  t o debate ;  no t  everyon e 
agree s tha t  th e forma l  descriptio n o f  a n inferenc e i s 

necessaril y  residen t  i n th e min d o f  th e perso n w h o ca n mak e 
tha t  inferenc e (contras t  Brain e &  Rumain ,  1983 ,  wit h 
Johnson-Laird ,  1983) .  I n Chomskya n linguistics ,  an d i n th e 
psychologica l  theorizin g carrie d ou t  unde r  it s influence ,  th e 
move i s mad e al l  th e time ,  an d n o on e objects . 

The doctrin e o f  "linguisti c competence, "  then ,  i s alread y 
profoundl y antipsychological .  Bu t  th e damag e i t  cause s ha s 
been compounde d b y anothe r  doctrine ,  thi s on e peculia r  t o 
Chomsky . 

The Doctrine of Autonomy of Syntax 

From the beginning, Chomsky's enterprise has focused 
primaril y o n sentenc e structure .  Mos t  effort s i n phonolog y 
wer e abandone d a  generatio n ag o ("generativ e phonology " 
reache d it s high-wate r  mar k wit h Chomsk y an d Halle , 
1968) .  A n d Chomsk y has  show n littl e mor e affinit y fo r 
semantic s tha n hi s (officiall y  behavioristic )  Bloomfieldia n 
predecessor s di d (Harris ,  1994a ,  1994b) . 

The standar d manne r  o f  dividin g linguisti c inquiry ,  int o 
phonology ,  syntax ,  semantics,  an d pragmatics ,  i s  itsel f 
untenabl e o n psychologica l  grounds ,  bu t  th e argumen t  fo r 
it s  untenabilit y  require s a n alternativ e conceptio n o f 
languag e (Bickhard ,  1980 ;  se e als o below) .  A t  an y rate ,  fe w 
linguist s hav e take n thes e conventiona l  distinction s an d 
reifie d the m wit h Chomsky' s vehemence .  B y th e mid-1970s , 
Chomsky (e.g. ,  1975 )  wa s proclaimin g tha t  synta x i s 
"autonomous. "  Hi s proclamatio n mean t  tha t  th e rule s an d 
categorie s o f  synta x d o no t  depen d o n anythin g els e withi n 
th e subjec t  matte r  o f  linguistics—specifically ,  the y d o no t 
depen d i n an y wa y o n propertie s o f  meaning ,  o r  o f  languag e 
use .  I t  als o mean t  tha t  th e rule s o f  synta x d o no t  depen d o n 
any propertie s o f  anythin g outsid e th e real m o f  linguistics . 
The findings  o f  cognitiv e psycholog y ma y infor m u s abou t 
linguisti c meaning ,  Chomsk y (1975 )  conceded ,  bu t  the y 
wil l  neithe r  explai n no r  constrai n th e rule s an d structure s o f 
syntax . 

Sinc e Chomsk y believe s tha t  knowin g h o w t o spea k 
Englis h mean s knowin g th e rule s o f  Englis h synta x a s 
notate d withi n hi s system ,  knowin g h o w t o spea k Dyirba l 
means knowin g th e rule s o f  Dyirba l  a s comparabl y notated , 
and s o on ,  i t  follow s direcd y tha t  knowledg e o f  synta x i s 
als o autonomous .  Knowledg e o f  synta x acquire s a  uniqu e 
statu s withi n th e Chomskya n worldview :  suc h knowledg e i s 
completel y unlik e an y othe r  knowledg e tha t  huma n being s 
coul d have . 

Th e doctrin e o f  th e autonom y o f  synta x wa s th e 
immediat e inspiratio n fo r  Jerr y Fodor' s (1983 )  conceptio n o f 
th e h u m a n min d a s a  collectio n o f  special-purpos e 
"modules, "  eac h equippe d wit h it s privat e stoc k o f  uniqu e 
dat a structures .  (Ironically ,  however ,  Fodo r  wa s to o 
concerne d wit h accountin g fo r  psycholinguisti c dat a t o posi t 
a synta x modul e a s such. ) 

Th e autonom y doctrin e di d no t  inspir e Chomsky' s 
insisten t  nativis m regardin g languag e acquisition ,  whic h 
predate s i t  (Chomsky ,  1968) .  Bu t  onc e th e autonom y 
doctrin e i s accepted ,  i t  has  th e usefu l  propert y o f  makin g 
thi s sor t  o f  nativis m inevitabl e (e.g. ,  Chomsky ,  1975 , 
1980) .  I f  learnin g t o spea k a  languag e mean s comin g t o 
kno w th e syntacti c rule s o f  tha t  language ,  precisel y a s a 
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Chomskya n linguis t  woul d notat e the m (th e linguisti c 
competenc e doctrine) ,  an d knowledg e o f  thos e syntacti c rule s 
i s completel y unlik e an y othe r  knowledg e w e coul d eve r 
acquir e (th e autonom y doctrine) ,  the n huma n being s mus t  al l 
come equippe d wit h a t  leas t  a  skeleta l  se t  o f  syntacti c rules . 
Otherwis e w e coul d neve r  acquir e th e rule s o f  ou r  nativ e 
language ,  an d coul d neve r  "learn "  t o spea k i t  grammatically . 
I n th e 1980s ,  Chomsky' s bran d o f  nativis m acquire d it s no w 
familia r  for m o f  assertin g tha t  newbor n babie s arriv e wit h a n 
encode d Universa l  Grammar .  Al l  tha t  ha s t o b e done ,  then , 
t o attai n th e syntacti c rule s o f  th e languag e bein g learne d i s 
t o se t  approximatel y 10 0 parameters ,  thereb y fleshin g ou t 
thes e skeleta l  rule s (Chomsky ,  1986 ,  1988 ;  Pinker ,  1994) . 

Innatenes s claim s ar e no t  problemati c pe r  se .  H u m a n 
being s ar e clearl y preadapte d t o lear n spoke n (o r  signed ) 
language ,  i n way s tha t  w e ar e no t  preadapte d t o lear n t o read . 
The obstacle s ar e th e sor t  o f  innat e knowledg e Chomsk y i s 
positing ,  an d th e ground s fo r  insistin g tha t  i t  mus t  b e 
innate . 

Normally ,  i f  w e posi t  innat e skills ,  knowledge ,  o r 
tendencie s i n huma n beings ,  o r  organism s o f  othe r  species , 
we ar e emittin g a  promissor y note .  W e m a y no t  hav e a n 
evolutionar y accoun t  o f  th e origi n o f  thes e abilitie s read y t o 
hand ,  bu t  i f  ou r  accoun t  o f  innat e knowledg e i s tenable , 
ther e mus t  b e som e wa y i n whic h thi s knowledg e cam e int o 
bein g throug h th e processe s o f  evolutionar y variatio n an d 
selection . 

But  Chomskya n nativis m emit s n o suc h promissor y 
notes ;  i t  declare s tha t  non e ca n b e tendered .  I f  knowledg e o f 
synta x i s s o muc h unlik e knowledg e o f  anythin g els e tha t  i t 
coul d no t  hav e com e int o bein g durin g th e earl y year s o f 
individua l  huma n beings ,  h o w coul d i t  hav e com e int o bein g 
durin g eon s o f  evolution ? Wel l  befor e C h o m s k y (1988 ) 
affirme d i n prin t  tha t  huma n languag e capabilitie s coul d no t 
be a  produc t  o f  natura l  selection ,  thi s anti-evolutionar y 
conclusio n wa s inescapable ,  give n hi s doctrine s o f  linguisti c 
competenc e an d syntacti c autonomy . 

As Chomsky' s anti-evolutionar y proclivitie s hav e becom e 
more widel y recognized ,  som e o f  hi s disciple s hav e sough t 
t o distanc e themselve s fro m hi s views .  The y hav e diagnose d 
Chomsky' s anti-evolutionis m a s a  misunderstandin g o f  neo -
Darwinism ,  o r  a  theologica l  quirk ,  unrelate d t o th e substanc e 
of  hi s linguisti c theories . 

Dennet t  (1995 )  accept s al l  o f  Chomsky' s stricture s 
regardin g syntax ,  includin g th e suppose d proo f  tha t  babie s 
ar e bor n wit h innat e knowledg e o f  th e rule s o f  Universa l 
Grammar,  the n take s Chomsk y t o tas k fo r  hi s resistanc e t o 
neo-Darwinia n evolutionar y explanations . 

Pinke r  (1994 )  promote s a  strongl y C h o m s k y a n 
conceptio n o f  languag e an d o f  languag e development—alon g 
wit h relate d doctrines ,  suc h a s Fodoria n modularity—whil e 
affirmin g tha t  huma n languag e aros e throug h selectio n 
pressure s o n ou r  ancestors '  mean s o f  communicatin g wit h 
thei r  conspecifics .  I n takin g thi s wa y out .  Pinke r  i s require d 
t o dismis s Chomsky' s (1975 )  assertio n tha t  huma n languag e 
i s no t  primaril y a  mean s o f  communication—despit e th e 
eviden t  irrelevanc e o f  Chomsky' s syntacti c description s t o 
any accoun t  o f  communicativ e activity .  Lik e Dennett , 
Pinke r  fail s  t o gras p th e consequence s o f  th e doctrine s o f 
competenc e an d syntacti c autonomy ,  bot h o f  whic h h e 

continue s t o accept . 
Chomsky ,  then ,  i s bein g consisten t  whe n h e dig s i n hi s 

heel s an d refuse s t o g o wher e Darwi n migh t  lea d him ;  hi s 

follower s ar e bein g inconsisten t  whe n the y see k t o harnes s 
hi s linguisti c theorie s t o a  neo-Darwinia n accoun t  o f 
cognitiv e evolution . 

Chomsky i s consistent ,  bu t  tha t  doe s no t  mea n tha t  h e i s 
right .  Chomskya n linguistic s tell s  u s tha t  som e kind s o f 
knowledg e (specifically ,  syntacti c knowledge )  canno t 
develop .  Wors e yet ,  i t  tell s  u s tha t  the y canno t  evolve ,  tha t 
the y ar e evolution-proof .  Bu t  i f  a  conceptio n o f  knowledg e 
makes i t  impossibl e fo r  tha t  knowledg e t o com e int o being , 
tha t  conceptio n i s untenable .  Knowledg e o f  languag e di d no t 
exis t  bac k whe n lif e form s wer e jus t  emergin g ou t  o f  th e 
primordia l  soup ,  bu t  i t  doe s exis t  n o w — s o i t  mus t  hav e 
emerge d a t  som e tim e i n between . 

Chomsky' s o w n anti-evolutionar y argument s ar e no t  th e 
most  philosophicall y interestin g ones .  Hi s cas e fo r  th e 
autonom y o f  synta x move s i n a  tigh t  circle : 

"(1 )  Synta x i s autonomous .  It s primitiv e concept s ar e 
irreducibl e to ,  an d distinc t  from ,  thos e o f  semantics , 
cognitiv e science ,  o r  anythin g else . 

(2 )  Therefore ,  onl y th e mos t  abstrac t  syntacti c input s ca n 
be relevan t  t o th e learnin g o f  syntax .  Context ,  meaning , 
intrinsi c developmenta l  constraints ,  an d s o on ,  ar e rule d ou t 
a priori . 

(3 )  Give n hi s auster e construa l  o f  th e languag e learnin g 
problem ,  C h o m s k y conclude s tha t  th e 'availabl e 
information '  i s  insufficien t  t o specif y th e gramma r  o f  th e 
languag e bein g learne d withi n th e spac e o f  abstractl y 
possibl e grammars . 

(4 )  Becaus e o f  th e lac k o f  availabl e information ,  h e 
conclude s tha t  ther e mus t  b e a n innat e syntax-learnin g 
facult y o r  organ .  Otherwis e th e tas k o f  learnin g synta x 
woul d b e impossible . 

(5 )  Th e dedicate d innat e syntax-learnin g facult y constitute s 
furthe r  confirmatio n tha t  synta x i s autonomous. "  (Campbel l 
& Bickhard ,  1992 ,  pp .  581-582 ) 

W h en no t  repeatin g hi s circula r  argument ,  Chomsk y ha s 
sough t  t o thro w hi s opponent s of f  balance ,  challengin g 
the m t o produc e o n th e spo t  a n explanatio n o f  som e arcan e 
detai l  o f  hi s curren t  forma l  schem e fo r  syntax .  Suc h tactic s 
m ay b e effectiv e i n th e hea t  o f  debat e (a s the y wer e i n 
Piattelli-Palmarini ,  1980) .  U p o n reflection ,  however ,  thos e 
w ho hol d riva l  conception s o f  languag e m a y realiz e tha t  the y 
do no t  recogniz e suc h properties ,  i n whic h cas e the y ar e 
unde r  n o obligatio n t o explai n them .  I n othe r  cases , 
explanation s fo r  th e pattern s an d constraint s o f  interes t  t o 
C h o m s ky m a y b e readil y availabl e fro m non-syntacti c 
source s (se e Bickhard ,  1995 ,  fo r  a  non-Chomskya n accoun t 
of  th e supposedl y uniqu e syntacti c constraint s i n Chomsky' s 
governmen t  an d bindin g theory) . 

Chomsky' s longtim e philosophica l  all y  Jerr y Fodo r  (e.g. , 
1981 )  i s jus t  a s anti-evolutionary ,  bu t  hi s view s pertai n t o 
human knowledg e i n general ,  instea d o f  bein g restricte d t o 
purporte d knowledg e o f  syntacti c rules .  A n d Fodo r  normall y 
relie s o n argument s i n principle .  Consequently ,  ther e i s 
m u ch mor e t o b e learne d fro m th e critica l  analysi s o f  hi s 
doctrine s tha n fro m th e critica l  analysi s o f  Chomsky ' s 
(Campbel l  &  Bickhard ,  1981 ;  Bickhard ,  1991 ,  1993) . 
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Still ,  i t  i s Chomsky' s idea s tha t  hav e dominate d America n 
linguistic s fo r  nearl y 4 0 years .  I t  i s  Chomskya n linguistic s 
wit h whic h psycholog y vainl y attempt s t o coexist .  I t  i s 
C h o m s k y a n linguistic s tha t  ha s stubbornl y faile d t o 
integrat e wit h th e othe r  discipline s tha t  hav e coalesce d int o 
Cognitiv e Science . 

The Fate of Linguistics 

Over time, some members of the Cognitive Science 
communit y hav e learne d t o ignor e Chomskya n linguistics , 
or  t o wor k aroun d it .  Followin g Schan k (1975) ,  man y 
researcher s i n Natura l  Languag e Processin g hav e rejecte d 
Chomsky ' s syste m a s irrelevan t  t o thei r  enterprise , 
particularl y becaus e o f  it s failur e t o dea l  wit h meaning .  Bu t 
many other s i n Cognitiv e Scienc e continu e t o rel y i n vai n 
on thi s intractabl e se t  o f  doctrines .  Ther e ar e developmenta l 
psychologist s w h o ,  i n essence ,  den y tha t  developmen t 
occurs .  Unde r  Chomskya n influence ,  the y hav e conclude d 
tha t  th e mos t  importan t  kind s o f  huma n knowledge ,  lik e 
knowledg e o f  syntax ,  canno t  c o m e int o bein g throug h 
learning . 

Forma l  linguistic s i s a n ancien t  disciplin e (Robins , 
1967) ,  nearl y a s ancien t  a s Wester n philosophy ,  an d fa r  olde r 
tha n psychology .  I n th e wor k o f  Chomsk y an d hi s school , 
traditiona l  hnguistic s ha s finall y an d fatall y overreache d 
itself .  I t  ha s venture d to o fa r  beyon d th e limit s impose d b y 
treatin g sound s an d wor d part s an d word s an d sentence s a s 
"linguisti c objects, "  the n subjectin g suc h object s t o forma l 
analysis .  (Th e institutiona l  morbidit y o f  America n 
linguistics—eve n wealthy ,  prestigiou s universitie s hav e 
bee n closin g thei r  Linguistic s Departments—seem s t o trac k 
it s conceptua l  crisis. ) 

Old-fashione d forma l  linguistic s m a y no t  disappear ;  i t 
m ay continu e t o assis t  u s i n gainin g metalinguisti c 
awareness ,  i n learnin g mor e abou t  th e propertie s o f  th e 
languag e w e spea k an d gainin g contro l  ove r  som e o f  them . 
I t  m a y endure ,  i n othe r  words ,  carryin g ou t  th e function s 
tha t  20t h centur y linguist s hav e com e t o despis e a s "schoo l 
grammar. " 

But  fo r  thos e o f  u s w h o nee d t o understan d languag e fro m 
a psychologica l  (o r  sociological ,  o r  neurological ,  o r  AI ) 
standpoint ,  ther e i s n o doub t  tha t  massiv e retoolin g wil l  b e 
required .  Whethe r  th e ne w account s tha t  w e nee d wil l  b e 
calle d "linguistics, "  o r  somethin g else ,  i s  no t  settled .  Wha t 
the y wil l  d o wit h al l  o f  th e conventiona l  linguisti c 
phenomena—subject s an d predicates ,  genitive s an d datives . 
N o u n Phrase s an d Ver b Phrases ,  infinitive s an d 
complements—i s no t  ye t  clear ;  som e o f  th e classi c 
phenomen a ma y b e discarded ,  other s retained ,  stil l  other s 
thoroughl y reinterpreted .  S o m e linguisti c formalism s ma y 
be abl e t o contribut e t o a  thoroughl y process-oriente d 
account ;  othe r  aspect s o f  languag e use ,  particularl y thos e 
tha t  requir e variatio n an d selectio n withi n th e immediat e 
context ,  m a y prov e recalcitran t  t o an y currentl y availabl e 
formalis m (Campbel l  &  Bickhard ,  1992) . 

I  offe r  m y suggestion s abou t  alternativ e conception s o f 
languag e wit h som e trepidation .  N o on e ha s les s patienc e 
wit h programmati c alternative s tha n a  forma l  linguist .  A n d 
one pag e o f  camera-read y cop y no t  enoug h t o specif y a 

programmati c alternative .  ( A fa r  mo r e elaborate d 
presentatio n woul d stil l  fai l  t o satisf y th e note d Chomskya n 
w ho refuse d t o rea d an y critiqu e o f  hi s position—unles s i t 
was book-length. ) 

Still ,  som e guideline s ca n b e pu t  forward . 
A psychologicall y adequat e accoun t  o f  languag e mus t 

begi n wit h a n adequat e accoun t  o f  knowledge .  No t  becaus e 
knowledg e an d languag e shoul d b e conflated ,  a s the y ar e i n 
so man y contemporar y approaches .  Rather ,  a n adequat e 

accoun t  begin s wit h a  conceptio n o f  knowledg e a s 
interactive ,  a s a n emergen t  propert y o f  a  syste m tha t  i s 
capabl e o f  interactin g wit h it s environment ,  no t  a 
conceptio n o f  knowledg e a s structure s i n th e min d tha t 
correspon d t o structure s ou t  i n th e environment .  I t  i s  th e 
persistenc e o f  inadequat e view s abou t  knowledg e tha t  make s 
Chomsky' s competenc e doctrin e an d othe r  instance s o f 
"revers e psychologism "  s o attractive ;  i f  knowledg e consist s 
of  structure s i n th e min d tha t  ar e isomorphi c t o structure s i n 
th e environment ,  wha t  coul d b e wron g wit h puttin g th e 
structure s o f  forma l  gramma r  o r  forma l  logi c bac k int o th e 
min d o f  th e speake r  o r  reasoner ? 

But  i f  knowledg e i s no t  fundamentall y encoded ,  o r 

constitute d b y structura l  correspondenc e betwee n menta l 
representation s an d thing s i n th e environment ,  the n languag e 
canno t  b e a  syste m fo r  recodin g th e speaker' s encode d 
knowledg e int o utterances ,  whic h ar e the n decode d int o 
encode d knowledg e b y a  listener .  (Becaus e the y retai n 
traditiona l  view s o f  knowledg e a s encoded ,  an d o f  languag e 
as a  syste m fo r  transmittin g encode d knowledge ,  standar d 
critique s o f  C h o m s k y withi n Cognitiv e Scienc e [e.g. , 
Schank ,  1975 ]  fai l  t o identif y al l  o f  Chomsky' s incorrec t 
presuppositions—no r  hav e the y arrive d a t  a n alternativ e 
vie w o f  languag e tha t  avoid s thes e presuppositions. ) 

I f  knowledg e i s interactive ,  i t  usuall y wil l  no t  tak e th e 
for m require d fo r  recoding ,  transmission ,  an d decoding ,  s o 
languag e wil l  hav e t o b e understoo d i n a  differen t  way . 
Bickhar d (1980 )  ha s argue d tha t  languag e i s a n advance d 
communicativ e actio n system ,  whos e evolutio n ca n b e 
understoo d i n term s o f  th e evolutio n o f  communicativ e 
actio n systems .  I n Bickhard' s approach ,  utterance s ar e 
operator s o n understanding s (o r  "situatio n conventions" )  tha t 
ar e share d a m o n g th e agent s w h o ar e doin g th e 
communicating ;  sentence s ar e operato r  forms .  Sentenc e 
structur e i s a  matte r  o f  differentiation s mad e withi n whol e 
communicativ e acts ,  no t  o f  well-forme d encodings ;  an d th e 
conventiona l  distinctio n betwee n semantic s an d pragmatic s 
collapses ,  becaus e th e conventiona l  distinctio n ca n n o longe r 
be draw n betwee n thos e aspect s o f  languag e tha t  pertai n t o 
trut h an d falsit y an d thos e tha t  pertai n t o th e use s tha t  ca n b e 
made o f  language .  Operato r  form s ar e use d t o brin g abou t 
change s i n situatio n conventions ,  an d i t  i s  th e situatio n 
conventions ,  no t  th e operato r  forms ,  tha t  ca n b e tru e o r 
false . 

S o me existin g linguisti c theorie s hav e resource s t o offe r 
us a s w e embar k o n thi s quest .  Beside s suc h obviou s 
candidate s (fo r  a  Cognitiv e Scienc e audience )  a s Speec h Ac t 
theor y (Searle ,  1969 )  an d categoria l  gramma r  (discusse d i n 
Bickhar d &  Campbell ,  1992) ,  ther e ar e others ,  littl e know n 
i n th e U S A ,  tha t  hav e insight s t o offer :  fo r  instance , 
functionalis m o f  th e Pragu e schoo l  (Sgall ,  Hajicovd ,  & 
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Panevovd ,  1986 )  an d o f  th e Londo n schoo l  (Halliday , 

1975) ,  an d utterer-centere d linguistic s (Culioli ,  1990) . 
These conception s an d stil l  other s hav e strength s an d 

weaknesse s tha t  deserv e a  muc h mor e detaile d treatment . 
Indeed ,  mos t  hav e receive d suc h a  treatmen t  elsewher e 
(Bickhard ,  1980 ;  Bickhar d &  Campbell .  1992 ;  Campbel l  & 
Bickhard ,  1992 ;  Bickhar d &  Terveen ,  1995) .  Bu t  n o positiv e 
guidanc e wil l  b e forthcomin g fro m th e Chomskya n schoo l 
as w e see k a  psychologicall y relevan t  accoun t  o f  huma n 
language . 

That  i s no t  t o belittl e Chomsky' s significance .  Afte r  hi s 
argument s i n principl e agains t  behaviorism ,  Chomsky' s 
majo r  accomplishmen t  wa s t o pus h old-fashione d linguistic s 
beyon d it s limits .  H e ha s establishe d onc e an d fo r  al l  tha t 
old-fashione d linguisti c analysi s canno t  tel l  u s wha t  th e 
matur e speake r  o f  a  languag e knows ,  o r  wha t  th e languag e 
learne r  i s learning .  Thes e ar e valuabl e an d hard-wo n lessons . 
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Abstrac t 

Two views of problem solving procedure generalization are 
compare d i n a n experiment :  th e Generalizatio n b y 
Applyin g Example s (GenApp )  an d Generalizatio n b y 
Studyin g Example s (GenStudy )  views .  Th e result s sugges t 
tha t  learner s ca n acquir e a  sufficientl y genera l  approac h fo r 
solvin g nove l  problem s b y studyin g appropriately -
designe d example s tha t  encourag e on e t o for m subgoal s t o 
represen t  a  solutio n procedure .  Learner s wh o ar e le d t o 
for m a  mor e rot e procedur e sho w muc h les s transfer .  N o 
evidenc e wa s foun d fo r  generalizatio n throug h application . 

Introduction 

Learner s hav e difficult y solvin g problem s tha t  involv e mor e 

tha n mino r  change s t o th e procedur e demonstrate d b y 

trainin g problem s o r  example s (e.g. ,  Bassok ,  W u ,  &  Olseth , 

1995 ;  Catrambone ,  1995 ,  1996 ,  i n press ;  Novic k & 

Holyoak ,  1991 ;  Reed ,  Dempster ,  &  Ettinger ,  1985 ;  Ross , 

1987 ,  1989) .  Peopl e ten d t o for m solutio n procedure s tha t 

consis t  o f  a  lon g serie s o f  step s rathe r  tha n mor e meaningfu l 

representation s tha t  woul d enabl e the m t o successfull y tackl e 

n e w problem s (Single y &  Anderson ,  1989) . 

Suc h findings  ar e a  caus e fo r  concern .  Presumabl y on e o f 

th e job s o f  educatio n i s t o equi p peopl e t o dea l  wit h nove l 

problem s an d situations ,  no t  jus t  a  smal l  recognizabl e set . 

Yet  i t  appear s tha t  thi s jo b doe s no t  ge t  done .  Learner s 

see m t o b e predisposed ,  o r  th e environmen t  shape s the m t o 

develo p th e disposition ,  t o hav e thei r  proble m solvin g 

guide d b y set s o f  memorize d step s an d b y surfac e feature s o f 

problem s (Chi ,  Feltovich ,  &  Glaser ,  1981 ;  Larkin , 

McDermott ,  Simon ,  &  Simon ,  1980 ;  Ross ,  1987 ,  1989) . 

Surfac e o r  superficia l  feature s ar e thos e aspect s o f  problem s 

that ,  whe n changed ,  d o no t  affec t  th e solutio n procedure ;  tha t 

is ,  the y hav e n o necessar y relevanc e t o th e solutio n t o th e 

problem .  Learner s ofte n d o no t  realiz e tha t  seemingl y 

differen t  set s o f  step s acros s problem s migh t  b e calculatin g 

th e sam e thin g suc h a s th e forc e actin g o n a  particula r 

object . 

Student s ten d t o memoriz e th e detail s o f  h o w equation s ar e 

filled  ou t  rathe r  tha n learnin g th e deeper ,  conceptua l 

knowledg e tha t  i s  implici t  i n th e details .  Thus ,  i f  the y ar e 

give n a  n e w proble m tha t  seem s simila r  t o a n ol d one~a t  a 

surfac e level~the y wil l  tr y t o appl y a  se t  o f  step s fro m th e 

ol d problem .  Thes e step s ar e invoke d whe n th e leame r 

recognize s certai n feature s t o b e presen t  i n a  problem .  I f  th e 

step s ca n no t  b e used ,  th e leame r  wil l  frequentl y no t  kno w 

what  t o d o o r  wil l  carr y ou t  a n inappropriat e procedure . 

A mor e fruitfu l  approac h t o proble m solvin g woul d b e t o 

organiz e one' s proble m solvin g knowledg e i n som e wa y tha t 

generalize s acros s problem s i n a  domain .  On e typ e o f 

knowledg e structur e tha t  appear s t o ai d procedura l 

generalizatio n i s on e organize d b y subgoals . 

As use d i n th e presen t  paper ,  a  subgoa l  represent s a 

meaningfu l  conceptua l  piec e o f  a n overal l  solutio n 

procedure .  Subgoal s ca n b e use d b y a  learne r  t o hel p hi m o r 

her  solv e nove l  problem s sinc e problem s withi n a  domai n 

typicall y shar e th e sam e se t  o f  subgoals ,  althoug h th e step s 

fo r  achievin g th e subgoal s migh t  var y fro m proble m t o 

problem .  A  subgoa l  ca n serv e a s a  guid e t o whic h par t  o f  a 

previously-learne d solutio n procedur e need s t o b e modifie d 

fo r  a  nove l  proble m (Catrambone ,  1996 ,  i n press) . 

Designing Better Examples 

Earlie r  studie s hav e demonstrate d tha t  i f  example s ar c 

designe d i n suc h a  wa y a s t o encourag e subgoa l  learning , 

the n learner s ar e mor e likel y t o correctl y solv e ne w 

problem s tha t  involv e th e sam e subgoal s bu t  requir e ne w 

step s fo r  achievin g the m (Catrambone ,  1995 ,  1996) .  Thi s 

vie w migh t  b e calle d th e "generalizatio n b y studyin g 

examples "  (o r  GenStudy )  view . 

For  instance ,  conside r  th e permutatio n exampl e an d 

"equation-oriented "  solutio n i n Figur e la .  Afte r  studyin g 

thi s exampl e abou t  computers ,  a  learne r  migh t  thin k tha t  th e 

way t o solv e suc h "choice "  problem s i s t o find  th e numbe r 

of  thing s bein g picked ,  decremen t  tha t  numbe r  b y th e 

number  o f  time s thing s ar e bein g picked ,  muhipl y thos e 

number s together ,  an d the n divid e 1  b y tha t  result . 

However ,  suc h a n approac h woul d b e wron g fo r  problem s i n 

whic h th e role s o f  human s an d object s wer e reversed . 

Conside r  th e proble m i n Figur e l b abou t  chairs .  Th e correc t 
1 

answe r  t o thi s proble m i s  11*1 0 O n e mus t  conside r  wha t 

i s bein g picke d an d no t  jus t  assum e tha t  th e numbe r  o f 

object s form s th e basi s fo r  th e denominator .  I n th e 

compute r  proble m i t  i s  computer s tha t  ar e bein g picke d an d 

thus ,  th e numbe r  o f  computer s (o r  things )  supplie s th e 
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startin g valu e fo r  th e denominator .  Suc h a n approac h t o th e Probabilit y  o f  th e first  scientis t  (wh o come s first 

1 alphabetically )  gettin g th e compute r  wit h th e lowes t 

chai r  proble m woul d lea d t o a n incorrec t  answe r  o f  14*13 .  seria l  numbe r  =1/11 . 

I n th e chai r  proble m i t  i s  th e numbe r  o f  secrelaric s tha t 
supplie s th e startin g valu e fo r  th e denominato r  sinc e Probabilit y of^secon d scientis t  gettin g secon d lowes t 

secretarie s ar e bein g assigne d t o chair s (or .  chair s ar e seria l  numbe r  =  1/10 . 

"picking "  secretaries) . 
Suppos e thoug h tha t  th e solutio n studie d t o th e compute r  Probabilit y  o f  thir d scientis t  gettin g thir d lowes t 

proble m wa s presente d i n th e followin g "subgoal-oriented "  ^̂ "̂ '  numbe r  =  1/9 . 

way: 
_ L *  _ L *  1  =  _ 1 _ =  overal l  probabilit y 

So,  1 1 1 0 9  99 0 

a. )  Th e suppl y departmen t  a t  I B M ha s t o mak e sur e tha t  scientist s ge t  computers .  Today ,  the y hav e 1 1 I B M computer s 

and 8  I B M scientist s requestin g computers .  Th e scientist s randoml y choos e thei r  computer ,  bu t  d o s o i n alphabetica l 

order .  W h a t  i s th e probabilit y  tha t  th e first  3  scientist s alphabeticall y wil l  ge t  th e lowest ,  secon d lowest ,  and  thir d 

lowes t  seria l  numbers ,  respectively ,  o n thei r  computers ? 

Equation-Oriented Solution: 
1 

The equatio n neede d fo r  thi s proble m i s n  *  ( n 1 )  *  .. .  *  ( n r  +  1 )  jhi s equatio n allow s on e t o determin e th e 

probabilit y  o f  th e abov e outcom e occurring .  I n thi s proble m n  =  1 1 an d r  =  3 .  Th e 1 1 represent s th e numbe r  o f 

computer s tha t  ar e availabl e t o b e chose n whil e th e 3  represent s th e numbe r  o f  choice s tha t  ar e bein g focuse d o n i n thi s 

problem .  Th e equatio n divide s th e numbe r  o f  way s th e desire d outcom e coul d occu r  b y th e numbe r  o f  possibl e 

!  =  - J — =  overal l  probabilit y 
outcomes .  So ,  insertin g 1 1 an d 3  int o th e equation ,  w e find  tha t  1 1 *  1 0 * 9 99 0 

b.) The secretaries at city hall are supposed to get new chairs this week. Today, city hall received 14 new chairs and 

ther e ar e 1 1 secretarie s requestin g them .  Fo r  inventor y purposes ,  th e propert y manage r  want s t o assig n th e chair s i n 

th e orde r  tha t  the y ar e unpacked .  So ,  startin g wit h th e chai r  tha t  i s  unpacke d first,  sh e randoml y choose s a  secretar y t o 

receiv e it ,  an d continue s unti l  al l  th e secretarie s hav e chairs .  W h a t  i s th e probabilit y  tha t  th e first 2  secretarie s 

alphabeticall y wil l  ge t  th e first  an d secon d chair s tha t  ar e unpacked ,  respectively ? 

c.) The Nashville Gnats Baseball team has a bus that has 30 seats. There are 25 players that are going on a road trip to 

pla y i n a  nearb y town .  T o avoi d arguments ,  th e manage r  randoml y choose s a  playe r  fo r  eac h seat ,  startin g wit h th e 

seat s i n th e front .  W h a t  i s th e probabilit y  tha t  th e 6  pitcher s ge t  th e 6  fron t  seats ? (I t  doe s no t  matte r  whic h o f  th e 

particula r  si x fron t  seat s th e pitcher s get ,  jus t  a s lon g a s i t  i s  an y on e o f  th e si x i n th e front. ) 

d.) As part of a new management policy, the Campbell Company is allowing the 20 company-owned vacation cottages 

t o b e use d fo r  vacation s b y thei r  1 4 plan t  managers .  I f  th e managers ,  i n orde r  o f  seniority ,  randoml y choos e a  cottag e 

fro m a  list ,  wha t  i s th e probabilit y  tha t  th e fou r  manager s wit h th e mos t  seniorit y ge t  th e mos t  lavish ,  secon d mos t 

lavish ,  thir d mos t  lavish ,  an d fourt h mos t  lavis h cottages ,  respectively ? 

Figur e 1 :  Exampl e an d Problems . 
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Thi s subgoal-oriente d solutio n i s assume d t o hel p learner s 

for m tw o goals .  Th e first  i s  th e goa l  t o find  th e overal l 

probability .  Thi s goa l  i s  assume d t o b e forme d becaus e tha t 

goal  i s  explicitl y  state d i n th e example .  Th e secon d i s th e 

subgoa l  t o find  eac h even t  probability ,  fo r  example ,  th e 

probabilit y  o f  th e first  scientis t  gettin g th e compute r  wit h 

th e lowes t  seria l  number ,  th e probabilit y  o f  th e secon d 

scientis t  gettin g th e compute r  wit h th e second-lowes t  seria l 

number ,  etc .  Thi s subgoa l  i s  assume d t o b e forme d becaus e 

eac h individua l  even t  probabilit y  i s  explicitl y  labele d an d 

spatiall y  separat e i n th e subgoal-oriente d solution .  A  learne r 

w ho studie d suc h a n approac h might ,  whe n face d wit h th e 

chai r  problem ,  b e mor e likel y t o notic e tha t  chair s ar e 

pickin g secretarie s rathe r  tha n th e othe r  wa y around .  Thus , 

thi s learne r  migh t  b e mor e likel y t o provid e th e correc t 

answer .  I n addition ,  suc h a  learne r  migh t  als o hav e a  bette r 

chanc e a t  figuring  ou t  tha t  th e numerator s fo r  th e individua l 

even t  probabilitie s i n th e proble m i n Figur e I c ar e no t 

simpl y " 1 "  bu t  rathe r  ar e number s tha t  indicat e th e numbe r 

of  "acceptabl e choices. " 

GenApp Vs. GenStudy 

O ne proble m wit h prio r  studie s supportin g th e GenStud y 

vie w (e.g. ,  Catrambone ,  1995 ,  1996 )  i s tha t  participant s 

wer e given ,  afte r  studyin g examples ,  on e o r  tw o isomorphi c 

problem s t o solv e befor e bein g give n nove l  problem s t o 

solv e (wher e "novel "  mean s tha t  th e proble m ha d a  chang e 

i n role s compare d t o th e example s an d m a y hav e involve d a 

chang e i n th e step s neede d t o achiev e th e subgoals) .  I t  i s 

possibl e tha t  th e attemp t  t o appl y th e example s t o th e 

isomorphi c problem s le d participant s t o for m generalization s 

of  th e solutio n procedur e whic h the n helpe d the m solv e th e 

nove l  problems .  Thi s alternativ e migh t  b e calle d th e 

"generalizatio n b y applyin g examples "  (o r  GenApp )  view . 

Th e G e n A p p vie w i s supporte d b y th e findings  o f  Ros s 

and Kenned y (1990) .  I n a  typica l  experimen t  the y ha d 

learner s stud y fou r  probabilit y  principle s (e.g. , 

permutations ,  combinations )  tha t  wer e eac h illustrate d 

throug h a  worke d example .  Afte r  studyin g th e principle s 

and example s learner s attempte d t o solv e tw o problem s fo r 

eac h principle .  Th e first  tes t  proble m fo r  eac h principl e 

eithe r  di d o r  di d no t  contai n a  cu e indicatin g whic h prio r 

trainin g exampl e wa s relevan t  fo r  solvin g th e problem .  Th e 

secon d tes t  proble m fo r  eac h principl e di d no t  contai n a  cue . 

Ross an d Kenned y (1990 )  foun d tha t  whe n learner s 

receive d a  cu e o n th e first  tes t  proble m fo r  a  particula r 

principle ,  the y wer e mor e likel y t o correctl y solv e th e 

secon d tes t  proble m fo r  tha t  principl e compare d t o case s i n 

whic h th e first  tes t  proble m wa s uncued .  Mor e specifically , 

thi s benefi t  manifeste d itsel f  i n term s o f  a n increase d 

likelihoo d i n usin g th e correc t  principl e fo r  th e secon d tes t 

proble m a s wel l  a s instantiatin g th e variable s correctly .  Fo r 

instance ,  i f  th e exampl e involve d human s pickin g object s 

(e.g. ,  scientist s choosin g computers) ,  th e problem s woul d 

involv e object s "picking '  human s (e.g. ,  a s a  particula r 

compute r  i s unpacked ,  a  randoml y chose n scientis t  i s 

assigne d t o us e it) .  Learner s w h o wer e cue d t o th e relevan t 

exampl e whe n workin g o n th e first  tes t  proble m fo r  a 

particula r  principl e wer e mor e likel y t o ge t  th e role s fo r 

humans an d object s correc t  whe n workin g o n th e secon d tes t 

proble m fo r  tha t  principl e (ther e wa s n o differenc e betwee n 

cue d an d uncue d performanc e o n th e first  tes t  proble m wit h 

respec t  t o gettin g th e role s correct) .  Ros s an d Kenned y 

argue d tha t  difference s betwee n th e proble m an d th e cue d 

exampl e le d learner s t o for m a  generalizatio n a s the y 

attempte d t o appl y th e exampl e t o th e problem .  Thi s 

generalizatio n affecte d performanc e o n th e secon d tes t 

problem . 

One difficult y wit h th e Ros s an d Kenned y (1990 )  stud y i s 

tha t  th e example s wer e no t  designe d t o hel p learner s for m a 

generalizatio n o f  th e solutio n procedure .  Rather ,  trainin g 

consiste d o f  a  statemen t  o f  th e probabilit y  principle ,  a  stud y 

example ,  an d on e mean s o f  workin g ou t  th e exampl e 

(simila r  t o th e equation-oriente d solutio n t o th e compute r 

exampl e i n Figur e la) . 

The ai m o f  th e presen t  experimen t  wa s t o pi t  th e 

GenStud y an d G e n A p p view s agains t  eac h other . 

Participant s studie d a  singl e permutatio n exampl e (Figur e 

la )  wit h eithe r  th e equation-oriente d solutio n o r  th e subgoal -

oriente d solution .  Th e first  tes t  proble m wa s a  permutatio n 

proble m tha t  ha d human s an d object s playin g eithe r  th e 

same role s a s i n th e exampl e o r  playin g reverse d roles .  So , 

fo r  hal f  o f  th e participants ,  th e first  tes t  proble m the y 

receive d wa s th e chai r  proble m whic h ha d reverse d role s 

relativ e t o th e exampl e (se e Figur e lb) .  Fo r  th e othe r  hal f 

of  th e participants ,  th e first  tes t  proble m wa s jus t  lik e th e 

trainin g exampl e an d i s show n i n Figur e Id .  Th e secon d an d 

thir d tes t  problem s wer e th e sam e fo r  al l  participants .  Th e 

secon d proble m wa s a  permutatio n proble m wit h reversed 

roles ,  tha t  is ,  object s choosin g human s (simila r  t o th e 

proble m i n Figur e lb) .  Th e thir d proble m wa s a 

combinatio n proble m als o wit h reverse d role s (se e Figur e 

Ic) . 

Conside r  th e fat e o f  tw o hypothetica l  learners-on e wh o 

studie d th e equation-oriente d solutio n t o th e compute r 

exampl e an d on e w h o studie d th e subgoal-oriente d solution -

when face d wit h th e nove l  proble m i n Figur e I c i n whic h 

th e make-u p o f  th e individua l  events ,  a s wel l  a s th e role s o f 

humans an d objects ,  ar e differen t  fro m th e example .  Th e 

answer  t o thi s proble m i s 
6 ^ 5 » 4 ^ 3 ^ 2 ^  1 _ 6*5*4*3*2* 1 

25 2 4 2 3 2 2 2 1 2 0 25*24*23*22*21*2 0 

Th e successfu l  learne r  mus t  b e sensitiv e t o th e fac t  tha t 

th e numerato r  fo r  eac h individua l  even t  probabilit y  i s  no t 

simpl y " 1 "  an d tha t  th e denominato r  i s no t  automaticall y 

base d o n th e numbe r  o f  objects .  A  learne r  wit h a n equation -

oriente d approac h ha s littl e guidanc e fo r  makin g suc h 

observations ;  however ,  a  learne r  wit h th e subgoal-oriente d 
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approac h migh t  b e abl e t o figur e al l  thi s ou t  sinc e h e o r  sh e 

i s mor e likel y t o focu s o n th e individua l  events . 

Predictions 

Accordin g t o th e G e n A p p view ,  th e followin g prediction s 

shoul d b e made : 

1)  Participant s whos e first  tes t  proble m wa s th e reverse d 

role s permutatio n tes t  proble m shoul d d o bette r  o n th e 

secon d reverse d role s permutatio n proble m compare d t o 

participant s whos e first  tes t  proble m wa s th e same-role s 

permutatio n problem .  Thi s i s becaus e th e first  grou p woul d 

be led ,  i n th e proces s o f  applyin g th e example ,  t o for m a 

bette r  generalizatio n tha n th e secon d grou p an d thu s coul d 

use thi s superio r  generalizatio n t o dea l  wit h th e reverse d 

role s i n th e secon d permutatio n problem . 

2)  Participant s whos e first  tes t  proble m wa s th e reverse d 

role s permutatio n tes t  proble m shoul d d o bette r  o n th e 

reverse d role s combinatio n problem—a t  leas t  wit h respec t  t o 

rol e assignment ,  tha t  is ,  puttin g th e correc t  value s i n th e 

denominator-compare d t o participant s whos e first  tes t 

proble m wa s th e same-role s permutatio n problem .  Onc e 

again ,  th e forme r  grou p woul d hav e a  bette r  generalizatio n t o 

use whe n solvin g th e combinatio n problem . 

3)  N o particula r  predictio n woul d b e mad e abou t 

differentia l  performanc e betwee n th e equation-oriente d an d 

subgoal-oriente d groups . 

Accordin g t o th e GenStud y view ,  th e followin g 

prediction s shoul d b e made : 

1)  Fo r  participant s w h o receiv e th e reversed-role s proble m 

as thei r  first  tes t  problem ,  thos e receivin g th e subgoal -

oriente d solutio n i n th e exampl e wil l  d o bette r  o n tha t 

proble m compare d t o participant s w h o studie d th e equation -

oriente d solution . 

2)  Subgoal-oriente d participant s wil l  solv e th e secon d tes t 

problem~th e reversed-role s permutatio n problem—wit h mor e 

succes s tha n equation-oriente d participants . 

3)  Subgoal-oriente d participant s wil l  perfor m bette r  o n th e 

reversed-role s combinatio n proble m compare d t o equation -

oriente d participants . 

E x p e r i m e n t 

M e t h o d 

Participants .  Participant s wer e 12 0 student s fro m 

introductor y psycholog y classe s a t  th e Georgi a Institut e o f 

Technolog y w h o participate d i n th e experimen t  fo r  cours e 

credit .  Non e o f  the m ha d take n a  probabilit y  cours e prio r  t o 

participatin g i n th e experiment . 

Materials and Procedure. Participants received a 

bookle t  containin g on e trainin g exampl e ( a worked-ou t 

permutatio n exampl e involvin g human s pickin g objects ;  se e 

Figur e la )  an d thre e tes t  problems . 

T wo factor s wer e manipulated :  I )  subgoa l  orientatio n o f 

th e example ,  an d 2 )  orde r  o f  tes t  problems .  Wit h respec t  t o 

th e subgoa l  orientation ,  hal f  o f  th e participant s wer e i n th e 

subgoal-oriente d conditio n whic h mean t  tha t  tha t  th e 

solutio n t o th e studie d exampl e wa s designe d t o hel p 

participant s t o for m th e neede d subgoal s fo r  solvin g bot h 

permutatio n an d combinatio n problems .  Th e othe r  hal f  o f 

th e participant s studie d th e equation-oriente d solutio n tha t 

encourage d a  mor e rot e approach .  Wit h respec t  t o tes t 

proble m order ,  th e first  tes t  proble m wa s eithe r  a  same-role s 

permutatio n proble m i n whic h human s pic k object s (a s i n 

th e example )  o r  a  reversed-role s permutatio n proble m i n 

whic h object s pic k humans .  Th e secon d an d thir d tes t 

problem s wer e th e sam e fo r  al l  participants :  th e first  wa s a 

reversed-role s permutatio n proble m an d th e secon d wa s a 

reversed-role s combinatio n problem .  Thus ,  ther e wer e fou r 

group s wit h 3 0 participant s pe r  group . 

Participant s wer e aske d t o stud y th e exampl e carefull y 

sinc e afte r  studyin g i t  the y woul d b e aske d t o solv e som e 

problems .  The y wer e tol d the y coul d no t  loo k a t  th e 

exampl e whe n workin g o n th e problems .  Thi s restrictio n 

was intende d t o increas e th e likelihoo d tha t  participant s 

woul d pa y attentio n t o th e exampl e an d h o w i t  wa s solved . 

Participant s worke d a t  thei r  o w n pac e an d wer e aske d t o 

sho w al l  thei r  work .  I n general ,  participant s too k abou t  3 0 

minute s t o complet e th e experiment . 

Each permutatio n proble m wa s score d fo r  whethe r  a 

participan t  use d th e correc t  denominator .  Fo r  instance ,  th e 
_ 1 

solutio n t o th e chai r  proble m i s 11*10 .  i f  a  participan t 
_ J 

wrot e 14*13 .  confusin g th e role s o f  th e chair s an d 

secretaries ,  th e denominato r  woul d b e score d a s incorrect . 

For  th e combinatio n problem ,  th e numerato r  an d 

denominato r  wer e bot h score d a s correc t  o r  incorrect .  T w o 

rater s independentl y score d th e problem s an d agree d o n 

scorin g 9 6 % o f  th e time .  A n y disagreement s wer e resolve d 

by discussion. ' 

Results 

Tabl e 1  present s th e percentag e o f  subject s i n eac h conditio n 

w ho foun d th e denominato r  correctl y i n eac h proble m a s 

wel l  a s th e percentag e w h o foun d th e numerato r  correctl y i n 

th e combinatio n problem .  Thes e percentage s ar e compare d 

'  Logicall y on e coul d writ e th e correc t  startin g valu e fo r  th e 
denominato r  (fo r  permutatio n an d combinatio n problems )  o r  th e 
correc t  startin g valu e fo r  th e numerato r  (fo r  combinatio n 
problems )  bu t  fai l  t o decremen t  th e valu e appropriately .  I n 
practic e though ,  i f  a  participan t  foun d th e correc t  initia l  valu e 
(e.g. ,  1 4 fo r  th e denominato r  i n th e chai r  proble m o r  6  fo r  th e 
numerato r  i n th e basebal l  problem) ,  h e o r  sh e almos t  invariabl y 
di d th e decrementin g appropriately .  Thus ,  fo r  eac h proble m 
ther e i s a  singl e scor e fo r  th e denominato r  and ,  fo r  th e 
combinatio n problem ,  a  singl e scor e fo r  th e numerator . 
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i n variou s way s belo w i n orde r  t o tes t  th e prediction s o f  th e 

G e n A pp an d GenStud y views . 

Performanc e o n Firs t  Permutatio n Proble m wit h Sam e 

Role s a s Example :  A s th e firs t  ro w o f  result s i n Tabl e 1 

indicates ,  participant s i n bot h th e equation-oriente d an d 

subgoal-oriente d condition s foun d th e denominato r  i n thi s 

proble m wit h littl e difficulty .  Thi s simpl y demonstrate s 

tha t  participant s coul d mimi c th e step s show n i n th e 

example . 

Performanc e o n Firs t  Permutatio n Proble m wit h Reverse d 

Role s fro m Example :  Th e secon d ro w o f  result s i n Tabl e I 

shows that ,  a s predicte d b y th e GenStud y view ,  subgoal -

oriente d participant s outperforme d equation-oriente d 

participants .  ;^(1 ,  N  =  60 )  =  4.44 ,  p  =  .035 . 

Performanc e o n Secon d Permutatio n Problem :  A s 

predicte d b y th e GenStud y view ,  subgoal-oriente d 

participant s outperforme d equation-oriente d participants , 

/2il ,  N  =  120 )  =  9.85 ,  p  =  .0017 .  Furthermore ,  th e tw o 

equation-orientatio n group s di d no t  diffe r  fro m eac h other . 

Th e G e n A p p vie w predicte d a  differenc e betwee n thes e tw o 

group s sinc e th e Ist-problem-has-reversed-roles-from -

exampl e grou p shoul d hav e bee n le d t o a  generalizatio n tha t 

shoul d hav e helpe d thei r  p)erformanc e o n th e 2n d permutatio n 

proble m relativ e t o th e othe r  equation-oriente d group .  Thi s 

di d no t  occur .  Suc h a  differenc e als o faile d t o appea r 

betwee n th e tw o subgoal-oriente d groups . 

Performanc e o n Combinatio n Proble m Denominator :  A s 

predicte d b y th e GenStud y view ,  subgoal-oriente d 

participant s outperforme d equation-oriente d participants , 

)ftil,N = 120) = 10. 1 l, p =  .0015 . 

Performanc e o n Combinatio n Proble m Numerator .  A s 

predicte d b y th e GenStud y view ,  subgoal-oriente d 

participant s outperforme d equation-oriente d participants , 

;f2(l,/V = 120 )  =  9.02,/ ? =  .0027 . 

Discussion 

The overal l  performanc e difference s amon g th e group s ca n b e 

summarize d a s follows :  th e subgoal-oriente d group s 

outperforme d th e equation-oriente d group s o n al l  aspect s o f 

th e nove l  problem s (rol e reversal s an d usin g a  non-"l " 

numerato r  fo r  th e combinatio n problem) .  Ther e wa s n o 

evidenc e o f  improve d generalizatio n b y an y grou p a s a 

functio n o f  havin g attempte d t o solv e a  reversed-role s 

proble m first. 

The result s sugges t  tha t  generalizatio n ca n occu r  fro m 

properl y designe d example s an d tha t  a  learne r  doe s no t 

necessaril y  hav e t o appl y a n exampl e t o a  proble m i n orde r 

t o for m usefu l  generalizations .  Whil e gettin g learner s t o 

for m usefu l  generalization s i s a n importan t  pedagogica l 

goal ,  i t  apparentl y ca n b e achieve d i n mor e tha n on e way . 

Carefully-designe d example s see m t o b e on e effectiv e wa y t o 

make thi s happen . 

Tabl e 1 :  Percentag e o f  Participant s Correctl y Findin g Denominator s fo r  Eac h Tes t  Permutatio n an d Combinatio n Proble m 

and Percentag e Correctl y Findin g Numerato r  fo r  Combinatio n Proble m 

Prob le m Featur e 

Denominato r  fo r  1s t 
Permutatio n Proble m 

(Same Roles ) 

Denominato r  fo r  1s t 
Permutatio n Proble m 

(Reverse d Roles ) 

Denominato r  fo r  2n d 
Permutatio n Proble m 

(Reverse d Roles ) 

Denominato r  fo r 
Combinatio n Proble m 

(Reverse d Roles ) 

Numerato r  fo r 
Combinatio n Proble m 

Condi t io n 

Equation-Oriente d Subqoa l -Oriente d 

1st  Proble m ha s 
Same-Ro le s 
a s Exampl e 

93. 3 

n/ a 

40. 0 

43. 3 

26. 7 

1st  Proble m ha s 
Reversed-Role s 

fro m Exampl e 

n/ a 

46. 7 

46. 7 

50. 0 

23. 3 

1 S t  Proble m ha s 
Same-Ro le s 
as Exampl e 

90. 0 

n/ a 

70. 0 

73. 3 

53. 3 

1st  Proble m ha s 
Reversed-Role s 

fro m Exampl e 

n/ a 

73. 3 

73. 3 

76. 7 

50. 0 
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Ther e wa s n o evidenc e o f  a  generalizatio n bein g forme d 

due t o applyin g a n exampl e t o a n initia l  tes t  proble m fo r 

participant s i n th e equation-oriente d condition .  Thi s i s a  bi t 

surprisin g sinc e thi s conditio n wa s mean t  t o b e simila r  t o 

Ross an d Kennedy' s (1990) .  However ,  ther e ar c 

methodologica l  difference s betwee n th e presen t  experimen t 

and thos e i n Ros s an d Kenned y tha t  ma y accoun t  fo r  th e lac k 

of  a n effec t  o f  application .  Fo r  instance ,  Ros s an d Kenned y 

used example s t o illustrat e fou r  probabilit y  principle s durin g 

trainin g an d wer e explicitl y  cuein g (o r  no t  cueing )  a  relevan t 

exampl e fo r  th e firs t  tes t  proble m fo r  eac h principle . 

Perhap s th e potentia l  confusio n abou t  whic h principl e i s 

relevan t  fo r  a  tes t  proble m playe d a  rol e i n th e generalizatio n 

process .  Suc h confusio n wa s no t  a n issu e i n th e presen t 

experimen t  sinc e onl y on e principl e wa s illustrate d durin g 

training .  A  secon d differenc e wa s tha t  n o explici t  cu e t o a 

relevan t  exampl e wa s use d i n th e presen t  study .  However , 

ther e wa s certainl y a n implici t  cu e sinc e participant s wer e 

tol d tha t  th e exampl e woul d hel p the m solv e th e tes t 

problems . 

Such methodologica l  difference s ma y nee d t o b e explore d 

systematicall y  i n orde r  t o determin e i f  ther e ar e situation s i n 

whic h th e applicatio n o f  a n exampl e aid s generalizatio n a s 

much a s studyin g example s designe d t o encourag e 

generalization . 

Conclusions 

Whil e th e result s suppor t  a  subgoal-oriente d approac h t o 

designin g exampl e solutions ,  the y d o no t  provid e guidanc e 

as t o th e specifi c  subgoal s tha t  shoul d b e taught .  Tha t  is , 

anothe r  researche r  o r  teache r  workin g wit h permutatio n an d 

combinatio n problem s migh t  determin e tha t  a  differen t  se t  o f 

subgoal s tha n thos e use d her e ar e bette r  fo r  student s t o learn . 

The ai m o f  thi s stud y wa s t o sho w tha t  a  particula r  se t  o f 

good subgoals-a s determine d b y a  task-analysi s an d b y th e 

researcher' s intuition—ca n b e conveye d t o learner s throug h 

examples .  I t  woul d b e usefu l  thoug h t o develo p constraint s 

on ho w on e determine s wha t  ar e "good "  subgoal s fo r 

problem s i n a  particula r  domain .  Cognitiv e modelin g tool s 

such a s ACT- R (Anderson ,  1993 )  ma y provid e constraint s 

withi n a  unifie d theor y tha t  ca n hel p on e determin e th e 

subgoal s tha t  shoul d b e taugh t  t o learners .  O n th e othe r 

hand,  fro m a  pragmati c poin t  o f  view ,  i t  ha s bee n thi s 

researcher's  observatio n tha t  forcin g onesel f  t o solv e a 

reasonabl y larg e numbe r  o f  problem s withi n a  domain ,  an d 

takin g carefu l  note s o n ho w on e wen t  abou t  solvin g th e 

problems ,  ca n produc e a  usefu l  lis t  o f  subgoals ,  an d othe r 

type s o f  information ,  tha t  ca n the n b e taugh t  t o learner s 

throug h paper-and-penci l  examples ,  animations ,  an d othe r 

type s o f  teachin g material s (Catrambone ,  Stasko ,  &  Byrne , 

1996) . 
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Abst rac t 

Two eyetracking experiments were conducted to investigate 
ho w th e domai n o f  interpretatio n fo r  referentia l  expression s 
i s constructe d an d coordinate d durin g utteranc e processing . 
Of  particula r  interes t  wa s ho w th e uniquenes s requiremen t  fo r 
a defmit e nou n phras e (e.g .  'th e book' )  coul d b e satisfie d 
give n a  particula r  arra y o f  candidat e referents .  Experimen t  1 
demonstrate d tha t  th e conceptua l  relatio n expresse d b y a 
prepositio n immediatel y limit s attentio n t o compatibl e 
referent s an d i n tur n facilitate s definit e referenc e t o thes e 
objects .  Experimen t  2  showe d tha t  domain s ar e furthe r 
constraine d b y th e judgmen t  o f  whic h referent s ar e 
compatibl e wit h a n intende d action ,  an d tha t  uniquenes s ca n 
be establishe d b y suc h factor s eve n whe n severa l  object s 
compatibl e wit h th e nou n phras e ar e presen t  i n th e 
perceptua l  field.  Th e result s demonstrat e tha t  domain s o f 
interpretatio n fo r  referentia l  expression s ar e constructe d an d 
update d dynamicall y a s a n utteranc e unfold s i n time ,  takin g 
bot h linguisti c an d nonlinguisti c factor s int o account . 

Introduction 

Semanti c investigation s o f  referenc e hav e suggeste d tha t 
definit e nou n phrase s carr y uniquenes s implication s (Kadmon , 
1990 ;  K a m p « & Reyle ,  1993) .  Fo r  example ,  i n respondin g t o 
th e instructio n "pas s m e th e book" ,  a  heare r  mus t  determin e 
tha t  onl y a  singl e boo k i s  relevant ,  eve n thoug h severa l 
book s m a y b e availabl e fo r  referenc e withi n th e immediat e 
situatio n o r  curren t  discourse .  Th e apparen t  lac k o f 
ambiguit y i n th e us e o f  definit e referenc e reflect s tha t 
conversationa l  agent s interpre t  thes e expression s wit h respec t 
t o s o m e subse t  o f  th e world ,  o r  domai n o f  interpretation . 

Althoug h th e proces s o f  subdividin g th e worl d o f  discours e 
i s essentia l  fo r  effectiv e reference ,  relativel y littl e i s  k n o w n i n 
detai l  abou t  h o w interpretiv e domain s ar e constructe d o r  use d 
i n languag e comprehension ,  particularl y i n term s o f  on-lin e 
processing .  Th e curren t  stud y explore s th e questio n o f  h o w 
domain s o f  interpretatio n ar e coordinate d an d use d a s a n 
utteranc e unfolds .  I n particular ,  w e ar e intereste d i n 

evaluatin g h o w linguisti c an d nonlinguisti c source s o f 
informatio n ar e coordinate d i n th e constructio n o f  domains , 
and i n evaluatin g th e tim e cours e o f  thi s process .  Answer s t o 
thes e question s ar e relevan t  fo r  understandin g th e cognitiv e 
representation s tha t  mediat e th e lin k betwee n languag e an d 
th e worl d an d fo r  evaluatin g linguisti c theorie s o f  meanin g 
and reference . 

T o explor e thes e issues ,  w e use d a n eyetrackin g 
methodolog y whic h make s i t  possibl e bot h t o systematicall y 
manipulat e propertie s o f  th e visua l  contex t  an d t o us e spoke n 
languag e stimuli .  I n thi s paradigm ,  participant s wea r  a  head -
mounte d eyetracke r  whic h allow s unconstricte d hea d an d bod y 
movement .  Ey e movement s ar e recorde d a s participant s hea r 
instruction s t o m o v e object s i n a  visua l  displa y immediatel y 
i n fron t  o f  them .  Th e recor d o f  ey e movement s i s  use d t o 
infe r  whic h entitie s i n th e displa y ar e considere d a s candidat e 
referent s ove r  th e cours e o f  interpretin g th e instruction . 
Previou s studie s usin g thi s paradig m hav e show n tha t  th e 
proces s o f  referentia l  interpretatio n i s highl y incremental .  I n 
th e cas e o f  definit e nou n phrases ,  a n ey e movemen t  i s mad e 
t o a  targe t  referen t  a s soo n a s i t  become s uniqu e withi n th e 
give n display .  Fo r  example ,  give n th e instructio n "Pic k u p 
th e re d block" ,  ey e movement s t o th e bloc k occu r  a t  th e poin t 
of  th e adjectiv e isd ,  i f  th e bloc k i s th e onl y re d objec t  i n th e 
displa y (Tanenhaus ,  Spivey-Knowlton ,  Eberhar d &  Sedivy , 
1995) .  Th e focu s o f  th e curren t  stud y i s t o evaluat e th e 
exten t  o f  th e visua l  domai n whic h i s take n int o consideratio n 
when identifyin g a  referen t  fo r  a  definit e nou n phrase ,  an d 
what  factor s contro l  th e scop e o f  thi s domain . 

Linguistic cues in domain construction 

Th e goa l  o f  ou r  first  experimen t  wa s t o evaluat e ho w 
domain s o f  interpretatio n ar e constraine d on-lin e i n respons e 
t o semantic-conceptua l  cue s i n th e unfoldin g speech .  W e 
examine d th e potentia l  fo r  a  spatia l  prepositio n (e.g. ,  'inside' ) 
t o limi t  th e domai n o f  interpretatio n fo r  a  subsequen t  definit e 
nou n phrase . 
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Figur e 1 :  Exampl e displays ,  experimen t  1 

Th e questio n o f  interes t  wa s whethe r  a  prepositio n 
immediatel y restrict s th e se t  o f  candidat e referent s fo r  th e 
followin g nou n t o onl y thos e object s whic h ar e compatibl e 

wit h th e conceptua l  relatio n evoke d b y th e preposition .  I n 
th e cas e o f  th e prepositio n 'inside' ,  th e se t  o f  compatibl e 
referent s woul d consis t  o f  container-lik e objects . 

Th e display s use d ar e illustrate d i n Figur e 1 .  I n critica l 
trials ,  participant s wer e instructe d t o pic k u p a n objec t  i n th e 
displa y (e.g .  a  whistle )  an d pu t  i t  insid e anothe r  objec t  i n th e 
displa y (e.g .  a  can) .  W e varie d th e numbe r  o f  container s i n 
th e displa y suc h tha t  hal f  th e display s i n critica l  trial s 
containe d onl y on e container ,  whil e th e remainin g hal f 
containe d thre e containers .  Thi s manipulatio n wa s crosse d 
wit h a  secon d factor ,  namel y th e particula r  prepositio n used . 
Hal f  th e critica l  instruction s use d th e prepositio n 'inside' ,  an d 
th e remainin g instruction s use d 'below' .  Th e instruction s 
usin g 'below '  wer e contro l  conditions ,  sinc e thi s prepositio n 
shoul d no t  restric t  attentio n t o containers .  (Participant s wer e 
tol d beforehan d tha t  'below '  corresponde d t o th e gri d squar e i n 
fron t  o f  th e particula r  location) . 

I f  th e relatio n evoke d b y th e prepositio n 'inside '  restrict s 
th e domai n o f  interpretatio n t o container s only ,  the n 
facilitatio n i n identifyin g th e referent ,  a s reflecte d i n faste r  ey e 
movement  latencies ,  shoul d b e eviden t  whe n display s 
containe d onl y on e container ,  relativ e t o whe n multipl e 
container s ar e presen t  an d t o th e contro l  condition s wher e th e 
prepositio n use d wa s 'below' . 

Result s 

Th e graph s i n Figur e 2  sho w th e proportio n o f  fixation s fo r 
th e variou s object s i n th e displa y a t  3 3 millisecon d time -

slice s durin g th e critica l  regio n o f  th e instruction .  T h e figur e 
contain s th e result s fo r  th e tw o condition s i n whic h th e 
prepositio n use d wa s 'inside' .  Result s fro m th e conditio n 
wher e multipl e container s wer e presen t  reveal s tha t 
identificatio n o f  th e targe t  di d no t  occu r  unti l  afte r  th e onse t 
of  th e hea d noun .  T h e result s fo r  th e contro l  condition s 
usin g th e prepositio n 'below '  (no t  shown )  mirrore d thi s 
result .  However ,  w h e n onl y on e containe r  i s  present ,  ey e 
movement s t o th e targe t  objec t  bega n towar d th e offse t  o f  th e 
preposition .  T h e result s fo r  al l  condition s ar e represente d i n 
Figur e 3  a s mea n ey e m o v e m e n t  latencie s t o th e targe t 
container . 

A n analysi s o f  varianc e performe d o n th e latenc y dat a 
reveale d a  significan t  effec t  o f  prepositio n typ e w h e n onl y 
on e containe r  wa s presen t  (F(l, l  l)=68.78,p<.001) . 
Instruction s wit h 'inside '  lea d t o faste r  latencie s tha n thos e 
wit h 'below' .  Ther e wa s als o a n effec t  o f  numbe r  o f 
container s w h e n th e prepositio n w a s 'inside '  (F(l, l  1)=64.58 , 
p<.001) .  Latencie s t o th e targe t  w h e n multipl e container s 
wer e presen t  wer e longe r  tha n thos e w h e n onl y on e containe r 
was i n th e display .  I n sum ,  th e result s demonstrat e tha t  th e 
semantic-conceptua l  informatio n evoke d b y th e prepositio n 
immediatel y constrain s th e domai n o f  interpretatio n t o thos e 
referent s compatibl e wit h th e preposition .  Thi s resul t  i s 
consisten t  wit h finding s fro m previou s studie s whic h 
demonstrate d tha t  referentia l  interpretatio n reflect s a  rapi d 
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Figur e 2 :  Proportio n o f  fixatin g object s ove r  time ,  experimen t  1 . 

221 



O ne Containe r 

H Multipl e Container s 

100 0 - t 

80 0 -

60 0 -

40 0 • 

20 0 • 

Insid e Belo w 

Figure 3: eye movement latencies to target. Experiment 2 

process of establishing correspondences between candidate 
referent s an d th e unfoldin g speech . 

Thi s potentia l  fo r  a  prepositio n t o direc t  attentio n t o certai n 
referent s i s particularl y interestin g i n ligh t  o f  th e distinctio n 
traditionall y mad e betwee n referentia l  propertie s o f  referrin g 
expression s (suc h a s nou n phrases )  and  predicate s (suc h a s 
ver b phrase s an d prepositions) .  Thi s distinctio n ha s bee n 
argue d t o b e absolute ,  meanin g tha t  th e potentia l  t o establis h 
referenc e i s a  propert y o f  th e clas s o f  referrin g expression s 
onl y (e.g .  Hurifor d &  Heasley ,  1983) .  Th e presen t  findin g 
tha t  preposition s m a y pla y a n importan t  functio n i n 
constrainin g referenc e suggest s tha t  thi s distinctio n m a y b e 
overstated . 

O ne limitatio n i n th e curren t  experimen t  i s tha t  ther e wer e 
n o condition s presen t  whic h actuall y require d participant s t o 
interpre t  th e uniquenes s o f  th e referen t  containe r  wit h respec t 
t o onl y th e se t  o f  container s rathe r  tha n th e entir e arra y o f 
object s i n th e displa y (includin g noncontainers) .  On e 
possibl e alternativ e explanatio n o f  th e result s i s therefor e tha t 

speede d ey e movement s d o no t  reflec t  an y proces s o f  domai n 
construction ,  bu t  rathe r  tha t  participant s wer e engagin g i n a 
simpl e problem-solvin g strateg y wher e the y wer e tryin g t o 
accommodat e th e instructio n a s quickl y a s possible .  I n othe r 
words ,  on e migh t  argu e tha t  th e limitin g informatio n mad e 
availabl e b y th e prepositio n i s no t  use d routinel y durin g 
languag e comprehension ,  bu t  i s bein g consciousl y applie d t o 
perfor m th e tas k i n th e presen t  experiment .  Thi s issu e i s 
addresse d i n th e secon d experiment ,  wher e w e focu s o n th e 
rol e whic h noniinguisti c informatio n play s i n limitin g 
domains . 

Pragmatic cues in domain construction 

I n a  secon d experiment ,  w e examine d i n greate r  detai l  th e 
proces s o f  h o w uniquenes s i s establishe d i n definit e reference . 
Thi s wa s don e b y increasin g th e complexit y o f  th e 
experimen t  i n tw o ways .  O n e wa s t o modif y display s suc h 
tha t  th e uniquenes s o f  th e referen t  coul d onl y b e establishe d 
on th e basi s o f  a  subse t  o f  th e availabl e referents .  T o achiev e 
this ,  w e use d display s i n whic h ther e wer e tw o instance s o f 
th e referen t  o f  th e nou n i n th e critica l  nou n phras e (e.g .  tw o 
cans) .  Thes e object s wer e tw o differen t  size s (se e Figur e 4) . 
Instruction s i n thi s experimen t  wer e analogou s t o thos e i n 
Experimen t  1  (e.g. ,  'Pic k u p th e cube .  N o w pu t  i t  insid e th e 
can') .  However ,  o n purel y perceptua l  grounds ,  th e us e o f  th e 
definit e articl e i n thes e instruction s violate s uniquenes s 
requirements ,  sinc e ther e i s mor e tha n on e ca n i n th e display . 
Our  secon d modification ,  whic h introduce d th e potentia l  fo r 
uniquenes s t o b e satisfied ,  wa s t o var y th e siz e o f  th e move d 
objec t  (e.g .  cube )  suc h tha t  i t  coul d fit  i n eithe r  bot h can s 
(i.e .  smal l  cube) ,  o r  onl y th e larg e ca n (i.e .  larg e cube) .  Thi s 
allowe d u s t o examin e th e us e o f  a  noniinguisti c constrain t  i n 
th e constructio n o f  domains ,  namel y th e judge d compatibilit y 
of  th e move d objec t  wit h potentia l  locations .  W e 
hypothesize d tha t  th e outcom e o f  thi s compatibilit y 
assessmen t  woul d exclud e inappropriat e location s fro m th e 
domai n o f  interpretation .  Th e uniquenes s condition s 
associate d wit h definit e expression s shoul d revea l  th e succes s 
of  thi s pragmati c cu e i n constrainin g th e domain .  Fo r 
example ,  upo n hearin g "Pic k u p th e cube .  N o w pu t  i t 

Small  Ca n 
(potentia l  target ) 

B i g C a n (potentia l  target ) 

/ 

Bowl 
(uniqu e 
competitor ) 

Cube (smal l  O R big ) 

Figure 4: Example display, experiment 2 
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inside..." ,  a  comprehende r  m a y no t  simpl y limi t  attentio n t o 
containers ,  bu t  t o onl y thos e container s whic h ar e compatibl e 
wit h th e objec t  i n hand .  I f  th e smal l  ca n i s exclude d sinc e i t 
i s  no t  compatibl e wit h th e (big )  cube ,  th e domai n o f 
interpretatio n wil l  contai n onl y on e can ,  thereb y satisfyin g 
uniquenes s fo r  definit e reference . 

The objec t  siz e manipulatio n wa s crosse d wit h a  secon d 
factor ,  namel y th e typ e o f  articl e use d i n th e instructions . 
Hal f  th e instruction s use d th e definit e articl e 'the '  t o refe r  t o 
th e targe t  container ,  an d th e othe r  hal f  use d th e indefinit e 
articl e 'a' .  Thi s manipulatio n allowe d u s t o evaluat e whethe r 
any detecte d effec t  o f  domai n restrictio n fo r  definite s i s likel y 

t o b e du e t o th e us e o f  problem-solvin g strategie s t o 
complet e th e task .  I f  th e proces s o f  restrictin g th e domai n t o 
a compatibl e containe r  result s fro m simpl e problem-solving , 
result s fo r  definite s should  resembl e thos e fo r  indefinites . 
Thi s i s becaus e th e sam e numbe r  o f  compatibl e an d 
incompatibl e object s i s use d i n eac h condition .  I n othe r 
words ,  i f  participant s ar e usin g th e incompatibilit y  o f  som e 
of  th e container s a s a  mean s t o strategicall y eliminat e 
possibl e location s an d accommodat e th e instructio n a s 
quickl y a s possible ,  the n participant s shoul d b e equall y fas t 
when a  definit e o r  indefinit e i s used ,  sinc e th e rang e o f 
possibl e target s i s th e sam e i n eac h case . 

The display s als o containe d a  thir d containe r  (e.g .  a  bowl ) 
whic h coul d contai n bot h th e larg e o r  smal l  cube .  Thi s 
containe r  wa s include d t o provid e a  'genuinely '  uniqu e 
containe r  referen t  i n th e display .  Give n previou s evidenc e fo r 
th e incrementa l  natur e o f  referentia l  processing ,  thi s objec t 
may b e likel y t o attrac t  ey e movement s i n th e definit e ('th e 
can' )  conditions .  Fo r  instance ,  upo n hearin g th e partia l 
insU-uctio n "pu t  th e cub e insid e the..." ,  a n ey e movemen t 
m ay b e mad e t o thi s objec t  sinc e i t  i s  th e onl y perceptuall y 
uniqu e containe r  i n th e display .  A  considerabl e numbe r  o f 
look s t o thi s objec t  migh t  b e expecte d i f  semanti c an d 
pragmati c cue s d o no t  hav e th e potentia l  t o constrai n domain s 
sinc e referenc e t o on e o f  th e actua l  target s (i.e .  on e o f  th e 
cans )  woul d b e unlikel y wit h a  definit e nou n phrase . 

Finally ,  t o evaluat e h o w uniquenes s a s satisfie d withi n a 
pragmatically-circumscribe d domai n i s comparabl e t o whe n 
uniquenes s i s satisfie d o n purel y perceptua l  grounds ,  th e 
desig n containe d contro l  trial s i n whic h onl y on e instanc e o f 
th e referen t  o f  th e locatio n nou n phras e wa s presen t  (e.g .  'pu t 
th e pe n insid e th e glass' ,  wher e ther e wa s onl y on e glas s i n 
th e display) . 

Results 

I n collectin g th e ey e movemen t  dat a fro m th e secon d 
experiment ,  th e targe t  wa s code d a s th e referen t  containe r 
whic h th e participan t  selecte d t o pu t  th e m o v e d objec t  in .  A s 
Figur e 5  shows ,  th e shortes t  ey e movemen t  latencie s occurre d 
i n th e definit e articl e conditio n w h e n th e displa y containe d 
onl y on e compatibl e referen t  o f  th e nou n phrase .  Thes e 
latencie s wer e faste r  tha n th e analogou s conditio n i n whic h a n 
indefinit e wa s use d (F(l,4 )  =  8.11 ,  p  <  .05) ,  an d th e definit e 
conditio n wher e bot h referent s wer e compatibl e (F(l,4 )  = 
13.24 ,  p  <  .05) .  Thes e result s sugges t  tha t  th e pragmati c 
compatibilit y  assessmen t  constraine d th e domai n o f 

interpretatio n t o onl y thos e container s whic h coul d 

accommodat e th e move d object ,  thereb y allowin g th e 
uniquenes s conditio n fo r  th e definit e t o b e satisfied .  Th e 
result s als o sugges t  tha t  usin g a n indefinit e expressio n t o 
identif y a  referen t  whic h i s uniqu e withi n a  give n domai n 
violate s expectations ,  a s show n b y increase d latencies .  Thi s 

resul t  show s tha t  th e domain-restrictio n effec t  foun d fo r 
definite s i s no t  du e t o problem-solving .  I f  thi s wer e th e case , 
participant s shoul d strategicall y eliminat e th e incompatibl e 
containe r  a s a  candidat e an d shoul d m a k e comparabl e rapi d ey e 
movement s t o th e targe t  i n bot h th e definit e an d indefinit e 
conditions . 
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Figur e 5 :  Ey e m o v e m e n t  latencie s t o target . 

Experimen t  2 

To assess how the satisfaction of uniqueness within 
pragmatically-circumscribe d domain s compare s t o th e cas e 
wher e uniquenes s ca n b e satisfie d o n th e basi s o f  th e 
perceptua l  domai n alone ,  th e definit e condition s i n Figur e 5 
wer e compare d wit h th e contro l  conditio n i n whic h a  definit e 
articl e wa s use d wit h display s wher e onl y on e instanc e o f  th e 
referen t  containe r  wa s present .  A s Figur e 6  shows ,  latencie s 
i n th e contro l  conditio n ar e extremel y simila r  t o thos e i n th e 
conditio n i n whic h tw o referent s wer e present ,  bu t  onl y on e 
was compatible .  I n fact ,  n o reliabl e differenc e wa s detecte d 
betwee n thes e condition s (F<1) .  Thi s similarit y provide s a 
clea r  illustratio n o f  h o w conceptua l  an d pragmati c cue s 
eliminat e th e ambiguit y whic h woul d otherwis e b e expecte d 
w h en usin g a  definit e expressio n t o refe r  t o a n entit y whic h i s 
not  uniqu e i n th e immediatel y relevan t  perceptua l  context . 
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Figur e 6 :  Ey e m o v e m e n t  latencies ,  definit e 

condition s an d contro l  conditions ,  experimen t  2 

Figure 7 shows the proportion of trials containing a look 
t o th e othe r  instanc e o f  th e nou n phras e referent .  Th e result s 
fo r  th e definit e articl e condition s sho w tha t  incidenc e o f  look s 
t o th e othe r  instanc e o f  th e name d containe r  wa s elevate d i n 
th e conditio n wher e bot h referen t  container s wer e compatibl e 
wit h th e move d objec t  (F(l,4 )  =  8.13 ,  p<.05) ,  indicatin g 
indecisio n o r  confusion .  I n addition ,  whe n bot h referen t 
container s wer e compatible ,  ther e wer e fewe r  look s t o th e 
othe r  instanc e o f  th e targe t  referen t  i n th e indefinit e conditio n 
tha n i n th e definit e conditio n (F(l,4)=7.68 ,  p<.05) , 
suggestin g agai n tha t  th e us e o f  definit e referenc e wa s 
incompatibl e wit h display s whic h di d no t  allo w th e domai n 
of  interpretatio n t o b e limite d t o a  uniqu e referent . 

O ne Compatibl e Referen t 

T wo Compatibl e Referent s 

Figur e 7 :  Proportio n o f  trial s containin g a  loo k t o 

th e alternativ e referen t 

Next we considered the proportion of trials containing a 
loo k t o th e competito r  objec t  i n th e displays .  Th e 
competito r  wa s th e containe r  i n th e displa y whos e hea d nou n 

alway s picke d ou t  a  uniqu e referen t  (i.e .  th e bow l  i n Figur e 
4) .  W e hypothesize d tha t  th e incrementa l  interpretatio n o f 
referentia l  expression s m a y caus e look s t o thi s ite m t o 
increas e i n th e definit e conditio n relativ e t o th e indefinit e 
condition .  A s Figur e 8  shows ,  th e incidenc e o f  look s t o thi s 
objec t  wa s greate r  i n th e definit e condition s tha n i n th e 
indefinit e condition s (F(l,4)=6.99 ,  p<.05) .  However ,  th e 
averag e incidenc e o f  look s t o thi s objec t  wa s fairl y low , 
suggestin g tha t  th e potentia l  fo r  conceptua l  an d pragmati c 
factor s t o restric t  referenc e doe s no t  permi t  th e perceptuall y 
uniqu e containe r  t o becom e particularl y salient . 
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Figur e 8 :  Ey e m o v e m e n t  latencie s fo r  definit e condition s 

an d contro l  condition .  Experimen t  2 

Collectively, the results of the second experiment highlight 
th e w a y i n whic h semanti c an d pragmati c cue s operat e i n 
tande m t o immediatel y restric t  th e domai n o f  interpretatio n 
fo r  a  referrin g expression . 

Discussion 

Th e experimenta l  findings  sugges t  som e interestin g 
extension s t o th e issu e o f  contex t  an d reference .  Th e first 
experimen t  demonstrate d tha t  th e proces s o f  establishin g 
referenc e i s facilitate d b y th e presenc e o f  semantic-conceptua l 
cue s (i n thi s case ,  prepositions )  whic h constrai n th e se t  o f 
candidat e referents .  Th e finding  tha t  thes e cue s functio n t o 
facilitat e referenc e eve n whe n the y ar e no t  logicall y o r 
pragmaticall y necessar y fo r  interpretin g a  definit e expressio n 
provide s s o m e insigh t  int o th e questio n o f  h o w referenc e i s 
routinel y establishe d wit h minima l  effor t  an d wit h n o 
apparen t  delay . 

Th e secon d experimen t  demonstrate d tha t  th e semantic -
conceptua l  cue s examine d i n th e first  experimen t  ar e furthe r 
constraine d b y pragmati c factor s suc h a s th e evaluatio n o f 
particula r  action s relevan t  t o completin g a  task .  Th e 
conclusio n tha t  tas k intention s ar e relevan t  i n definit e 
referenc e i s consisten t  wit h som e theoretica l  analyse s (e.g . 
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Birner & Ward ,  1994) .  However ,  th e findin g tha t  thi s facto r 
has a n immediat e effec t  i n constrainin g th e interpretatio n o f  a 
subsequen t  nou n phras e i s  incompatibl e wit h a  prevalen t 
clai m i n psycholinguistic s tha t  th e complexit y o f  pragmati c 
inferenc e lead s t o delaye d processing .  Rather ,  th e result s an ; 
compatibl e wit h th e vie w tha t  informatio n fro m a  wid e 
variet y o f  source s i s  use d t o dynamicall y generat e an d 
reevaluat e th e domai n o f  interpretatio n o f  referentia l 
expressions . 

The result s o f  bot h experiment s hav e implication s fo r  ho w 
th e notion s o f  'context '  an d 'utterance '  ar e applie d i n 
theoretica l  an d experimenta l  investigation s o f  reference . 
Traditionally ,  contex t  an d utteranc e hav e bee n treate d a s 
largel y distinc t  an d separabl e constructs ,  wher e contex t  i s 
characterize d i n term s o f  factor s externa l  t o th e utterance . 
Such factor s includ e perceptua l  salienc e (Clark ,  Schreude r  & 
Buttrick ,  1983) ,  mutua l  gaz e (Argyl e &  Cook ,  1976) ,  share d 
knowledg e (Clar k &  Marshall ,  1981) ,  an d prio r  discours e 
(Prince ,  1992) .  Th e curren t  result s ar e inconsisten t  wit h a 
stric t  separatio n o f  contex t  an d utteranc e sinc e the y 
demonstrat e conceptua l  informatio n evoke d b y som e 
linguisti c uni t  (e.g .  preposition )  m a y b e crucia l  i n creatin g 
th e contextua l  condition s whic h licens e a  uniqu e referen t  fo r  a 
definit e nou n phras e i n th e sam e utterance . 

Whil e w e hav e provide d som e specifi c  evidenc e regardin g 
th e coordinatio n o f  informatio n an d th e tim e cours e o f 
establishin g domains ,  th e curren t  result s onl y scratc h th e 
surfac e o f  problem .  Futur e consideration s includ e examinin g 
th e resolutio n o f  referenc e i n riche r  contextua l  environments , 
and h o w thi s proces s interact s wit h highl y domain-sensitiv e 
linguisti c element s suc h a s prosodi c focu s an d quantificatio n 
operators . 
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Abstrac t 

This paper describes results of a dynamic model of 
aspectua l  compositio n tha t  demonstrate s ho w feature s 
necessar y fo r  plannin g an d controllin g action s ca n als o 
motivat e an d groun d simpl e analyse s o f  a  numbe r  o f  as -
pectua l  phenomena .  A  nove l  featur e o f  th e mode l  i s 
an activ e computationa l  representatio n fo r  ver b seman -
tic s calle d x-schemas ,  a n extensio n o f  th e Petr i  ne t 
formalis m tha t  ca n encod e goals ,  resource s an d othe r 
feature s affectin g aspect .  Vexin g problem s o f  aspectua l 
compositio n len d themselve s t o simpl e analyse s i n term s 
of  th e context-sensitiv e interactio n betwee n verb-specifi c 
x-schema s an d a  controlle r  x-schem a tha t  capture s im -
portan t  regularitie s i n th e evolutio n o f  events .  Th e re -
sultin g x-schema s ca n b e elaborate d an d constraine d b y 
suc h factor s a s tense ,  tempora l  modifiers ,  nominal s an d 
pragmati c context ,  providin g a  ric h representatio n tha t 
support s simulativ e inferenc e i n languag e understand -
ing . 

In t roduct io n 

Sinc e Vendler' s semina l  pape r  (1967) ,  th e comple x an d 
context-sensitiv e determinatio n o f  aspectua l  status ,  o r 
th e interna l  tempora l  shap e o f  a n event ,  ha s bee n th e fo -
cus o f  muc h wor k (Comrie ,  1976 ;  Dowty ,  1979 ;  Verkuyl , 
1993 ;  Hwan g an d Schubert ,  1994 ;  Steedman ,  1996) . 

Moens an d Steedma n (1988 )  (M&S )  mak e th e crucia l 
observatio n tha t  aspectua l  phenomen a depen d o n a  no -
tio n o f  even t  structur e tha t  capture s contingenc y re -
lationship s amon g events .  The y us e a  tripartit e even t 
nucleu s t o characteriz e inheren t  aspectua l  classe s an d 
offe r  a  transitio n networ k tha t  specifie s possibl e coer -
cion s betwee n classe s induce d b y grammatica l  marker s 
and tempora l  modifiers .  I n Harr y i s hiccupping ,  fo r  ex -
ample ,  th e progressiv e coerce s th e hiccu p int o a n itera -

tiv e process .  M & S als o illustrat e ho w notion s o f  contin -
genc y affec t  th e interpretatio n o f  tempora l  connective s 
lik e when . 

Thi s pape r  describe s a  dynami c mode l  o f  aspectua l 
compositio n tha t  demonstrate s ho w feature s neede d fo r 
plannin g an d controllin g action s ca n als o motivat e an d 
groun d simpl e analyse s o f  a  numbe r  o f  linguisti c phenom -
ena.  Ou r  wor k extend s M&S' s analysi s b y providin g a n 
activ e computationa l  mode l  wit h motivate d constraint s 
on aspectua l  coercio n an d a  mor e precis e descriptio n o f 
inter-even t  contingency . 

(Baile y e t  al. ,  1997 ;  Narayanan ,  1997a ;  Narayanan , 
1997b )  introduce d ou r  basi c computationa l  mode l  o f 

verb s an d events ,  motivate d b y recen t  result s i n bio -
logica l  contro l  theory .  A  nove l  featur e o f  th e mode l  i s 
an even t  representatio n calle d a n executin g schema , 
or  x-schema ,  a n extensio n o f  th e Petr i  ne t  formalis m 
(Reisig ,  1985) .  X-schema s ar e activ e structure s tha t 
tightl y coupl e actio n an d reactio n an d ar e highl y respon -
siv e t o change s i n bot h th e environmen t  an d intentiona l 
state .  Suc h propertie s ar e precisel y thos e neede d fo r  con -
trollin g goal-directe d behavio r  i n a  complex ,  uncertai n 
and dynami c environment .  The y also ,  however ,  provid e 
a cognitivel y motivate d basi s fo r  man y semanti c distinc -
tion s tha t  aris e fro m th e highl y context-sensitiv e inter -
actio n betwee n lexica l  an d grammatica l  aspect ,  nomina l 
semantic s an d tense .  Th e dynami c mode l  w e hav e im -

plemente d support s fine-grained  even t  simulatio n neede d 
fo r  inferenc e i n languag e understanding . 

(Narayanan ,  1997b )  showe d ho w ou r  dynami c mode l 
of  ver b x-schema s interactin g wit h thei r  controlle r  x -
schema coul d handl e som e subtl e interaction s betwee n 
inheren t  an d phasa l  aspect s an d avoi d som e well-know n 
paradoxe s an d problem s i n othe r  accounts .  I n thi s pa -
per ,  w e repor t  o n th e applicabilit y  o f  ou r  mode l  t o th e 
genera l  proble m o f  aspectua l  composition ,  includin g th e 
interactio n o f  verba l  aspec t  wit h nominals ,  tense ,  tem -
pora l  modifier s an d pragmati c context .  W e first  briefl y 
revisi t  th e basi c even t  representation ,  focusin g o n exten -
sion s tha t  allo w u s t o mode l  th e compositio n o f  multi -
pl e feature s i n a  dynami c system .  W e the n outlin e th e 
result s o f  applyin g ou r  mode l  t o th e variou s aspectua l 
phenomena . 

Representation 

The unified representation we employ for verbs and the 
action s an d event s the y describ e i s partl y inspire d b y 
recen t  result s i n biologica l  moto r  contro l  theory .  Ou r 
computationa l  mode l  i s base d o n extension s t o th e Petr i 
net  formalism .  Th e basi c Petr i  ne t  i s  a  weighted ,  bipar -
tit e grap h tha t  consist s o f  place s (draw n a s circles )  an d 
transition s (draw n a s rectangles )  connecte d b y directe d 
inpu t  an d outpu t  arcs .  Th e stat e o f  a  ne t  i s define d b y a 
markin g tha t  specifie s a  distributio n o f  token s (speci -
fied  a s a  blac k do t  o r  a  number )  ove r  th e place s o f  th e net . 
The real-tim e executio n semantic s o f  Petr i  net s model s 
th e productio n an d consumptio n o f  resources :  a  transi -
tio n i s enable d whe n al l  it s inpu t  place s ar e marke d suc h 
tha t  i t  ca n fir e b y movin g token s (th e numbe r  specifie d 
by th e weigh t  o f  th e arc )  fro m inpu t  t o outpu t  places . 
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The mos t  relevan t  feature s o f  Petr i  net s fo r  ou r  pur -
poses ar e thei r  abilit y  t o mode l  event s an d state s i n 
a distribute d syste m an d cleanl y captur e sequentiality , 
concurrenc y an d event-base d asynchronou s control .  Ou r 
extension s t o th e basi c Petr i  ne t  formalis m includ e type d 
arcs ,  hierarchica l  control ,  durativ e transitions ,  parame -
terization ,  type d (individual )  token s an d stochasticity . 
We wil l  illustrat e thes e extension s throug h th e simpl e 
x-schemafo r  wal k  (T O STORE)  show n i n Figur e 1 .  Thi s 
schema depict s condition s (suc h a s visua l  an d postura l 
conditions )  tha t  sdlo w a n agen t  wit h sufficien t  energ y t o 
begi n a n ongoin g proces s o f  walkin g b y takin g a  ste p 
wit h eac h foot ,  whic h continue s unti l  th e agen t  arrive s 
at  th e store . 

ok(vlslon ) >al3at(stors ) 
finish 

X 
ongoin g 

uprign t 
energychig h 

d o n e 

1 Fuameter a 
rat e 
Slo w 

goal 
at(store ) step(slaw,loot1 ) step(slow.foot2 ) 

Figur e 1 :  X-schem a fo r  walk(t o store ) 

The introduction of typed arcs allows places to rep-
resen t  a  variet y o f  condition s o n transitions .  Standar d 
Petr i  ne t  inpu t  arcs ,  o r  resourc e arcs ,  mode l  measur e 
fluents  suc h a s energ y an d force .  I n th e schem a show n 
i n th e figure,  th e energ y plac e act s a s a  resourc e tha t 
must  hav e a t  leas t  w  token s befor e th e star t  transi -
tio n fires.  Enabl e arc s (show n a s undirected )  an d in -
hibitor y arc s (wit h inhibitor y circles )  allo w place s t o ac t 
as pre-condition s an d post-condition s tha t  enabl e an d 
disabl e schemas ,  respectively .  Th e goa l  o f  bein g at(store ) 
i n Figur e 1  doe s both :  i t  inhibit s th e star t  o f  th e schem a 
(an d perhap s othe r  schema s tha t  accomplis h th e sam e 
goal ,  suc h a s DRIV E T O STORE) ,  an d i t  i s  a  precondi -
tio n t o finishin g th e action .  Th e revise d executio n se -
mantic s ad d th e conditio n tha t  transition s fire  onl y  i f  n o 
inhibitor y ar c i s marked ,  an d al l  enabl e arc s  are ;  thes e 
arc s resul t  i n n o toke n transfer . 

Hierarchica l  contro l  allow s u s t o mode l  actio n hi -
erarchie s an d th e decompositio n o f  transition s int o sub -
schemas .  I n th e figure,  WALK i s decompose d (show n a s a 
hexagon )  int o a  sequenc e o f  steps ;  thes e coul d b e furthe r 
refine d t o stanc e an d swin g phases .  X-schem a transi -
tion s ca n hav e rea l  duration s whic h correspon d t o th e 
dela y betwee n enablin g an d firing.  Plac e marking s per -
sis t  unti l  the y ar e draine d b y a  transition .  State s tha t 
hol d fo r  a  certai n perio d ca n thu s b e modele d b y attach -
in g a  sin k transitio n wit h a  specifi c  duration . 

X-schema s hav e severa l  propertie s tha t  allo w the m t o 
adapt  t o a  dynami c environment ,  renderin g i t  impossi -
bl e t o vie w x-schema s merel y a s pre-compile d programs . 
Parameterizatio n allow s x-schema s t o dynaunicall y 
bin d t o differen t  worl d objects ,  correspondin g t o indi -
vidua l  tokens ,  an d t o operat e wit h differen t  parameter s 
durin g execution .  Th e schem a i n th e figure,  fo r  exam -

ple ,  dynamicall y bind s stor e t o it s goa l  locatio n an d i s 
parameterize d a s walkin g a t  a  slo w rate .  Stochasti c tran -
sition s an d arc s mode l  uncertaint y i n worl d evolution s 
as wel l  a s prioritize d actio n selectio n I n th e figure,  th e 
hig h probabilit y  p=. 9 o f  takin g th e iterat e rathe r  tha n 
finis h ar c afte r  tw o step s model s th e inherentl y periodi c 
or  continuou s natur e o f  walking . 

Flo w o f  activatio n withi n a  singl e schem a i s locall y 
controlled ,  bu t  i t  ca n b e maintaine d unti l  a  goa l  i s 
achieved ,  an d i t  i s  susceptibl e t o event-base d interrup -
tion .  X-schema s ca n monito r  resource s an d th e effect s 
of  thei r  execution ,  a s wel l  a s distinguis h betwee n simpl e 
enablin g an d th e actua l  executio n o f  a n action .  A  muc h 
fulle r  discussio n o f  th e formalism ,  includin g a  proo f  o f  a 
theore m establishin g th e forma l  connectio n betwee n x -
schemas an d Generalize d Stochasti c Petr i  Net s (GSPN) , 
can b e foun d i n Narayanan' s dissertatio n (1997) . 

The propertie s describe d here ,  i n additio n t o thos e o f 
Petr i  net s i n general ,  ar e jus t  a  fe w o f  thos e tha t  mak e 

x-schema s a n idea l  representatio n fo r  th e contro l  an d co -
ordinatio n o f  comple x action s  i n a  dynami c environment . 
The nex t  sectio n show s ho w th e sam e propertie s prov e 
essentia l  fo r  modelin g th e semantic s o f  aspect .  Specif -
ically ,  linguisti c element s provid e informatio n require d 
fo r  th e initiatio n an d contro l  o f  underlyin g x-schemas ; 
we the n describ e ho w informatio n provide d b y differen t 
element s ca n b e composed .  Th e well-define d executio n 
semantic s o f  th e formalis m the n allow s real-tim e simu -
latio n tha t  ma y b e necessar y fo r  inferenc e i n languag e 
understanding . 

Aspectual composition 

The semantics of aspect arises from the dynamic bind-
in g betwee n verb-specifi c  x-schema s an d a  controlle r 
x-schem a tha t  capture s regularitie s i n th e evolutio n o f 
comple x events ,  show n i n Figur e 2 . 

Oll|Oll> (  nx l t ^  D o M 

o o 
Cued CaKi M 

Figur e 2 :  Th e controlle r  x-schem a 

In many events, particular preconditions must be met 
befor e a n even t  i s read y t o start ,  an d eve n the n i t  ma y b e 
canceled .  Whil e th e even t  i s ongoin g i t  ma y iterat e man y 
time s befor e i t  i s don e (usuall y wit h consequences) ,  a s i n 
Figur e I .  Sinc e th e structur e o f  th e controlle r  constrain s 
possibl e executio n trajectories ,  a  marke d ongoin g nod e 
indicate s tha t  th e activit y i n questio n ha s alread y starte d 
and migh t  nex t  iterate . 
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Figur e 3 :  Bindin g o f  w a l k t o controlle r 

Crucially ,  th e controlle r  i s  itsel f  a n activ e x-schem a 

tha t  ca n thu s interac t  wit h bot h th e underlyin g s c h e m a 
a n d th e worl d state .  Figur e 3  s h o w s h o w node s o f  th e 
controlle r  ca n b e b o u n d t o differen t  phase s o f  th e w a l k 
x-schema .  T h e interpretatio n o f  p h a s a l  aspec t  fall s di -
rectl y ou t  o f  binding s o f  particula r  controlle r  node s t o th e 
underlyin g s c h e m a .  Figur e 3  s h o w s h o w th e p r o s p e c -
tiv e aspec t  corresponding s t o th e stat e o f  bein g abou t  t o 
wal k a n d specifie s tha t  th e agen t  i s  upright ,  ha s e n o u g h 
energy ,  etc. ,  whil e th e p r o g r e s s i v e aspec t  bind s t o a n 
ongoin g wal k process ,  indicatin g tha t  step s ar e bein g 
take n a n d energ y bein g consumed .  Lexica l  item s ca n 
correspon d t o specifi c  mark ing s o f  th e controlle r  an d af -
fec t  th e executio n trajector y o f  th e underlyin g x-schema ; 
verb s i n infinitiv e f o r m refe r  t o th e entir e graph . 

Cross-linguisti c evidenc e fo r  th e m o d e l  c o m e s f ro m th e 
ubiquit y o f  aspectua l  expression s tha t  directl y activat e 
specifi c  node s o f  th e controlle r  (Comr ie ,  1976) ,  thoug h 
we focu s o n Englis h i n thi s paper .  Thes e m a y b e eithe r 
lexica l  i tem s (Englis h star t  t o V )  o r  g rammat ica l  m a r k -
er s (Tami l  in d m a r k s iterate ;  M a n d a r i n l e an d Englis h 
perfec t  m a r k done) .  T h e controlle r  transition s ca n them -
selve s b e d e c o m p o s e d int o subordinat e aspec t  graphs , 
capturin g th e semantic s o f  almos t  starte d t o walk ,  whic h 
expand s star t  an d m a r k s it s cancele d node . 

Conflictin g requirement s o f  differen t  lexica l  item s pre -
ven t  s o m e combinations .  E n g h s h progressiv e activate s 
th e ongoin g node ,  wh ic h canno t  itsel f  b e d e c o m p o s e d 
an d started .  T h u s th e preferre d interpretatio n o f  starte d 
almos t  walkin g i s on e i n whic h almos t  walkin g refer s 
t o s o m e actio n distinc t  f ro m walking ,  suc h a s crawling . 
M o r e comp le x aspectua l  pattern s aris e w h e n language s 
grammat ic iz e m o r e comp le x controlle r  markings . 

A l thoug h th e controlle r  m o s t  naturall y applie s t o c o m -
plex ,  d y n a m i c events ,  eve n apparentl y stati c situation s 
m ay b e viewe d a s correspondin g t o th e ongoin g node . 
Th i s vie w o f  state s allow s ou r  m o d e l  t o preserv e th e gen -
era l  restrictio n agains t  state s i n th e progressiv e (*H e i s 
bein g tall )  bu t  als o accoun t  fo r  challengin g exception s i n 
a principle d m a n n e r .  A l thoug h prototypica l  state s m a y 
b e s h o w n a s simpl e x -schem a places ,  the y ca n als o cor -
respon d t o th e ongoin g stat e o f  a  simplifie d controller . 

as i n Figur e 4(a). ^  A l thoug h bot h [  liv e i n Texa s an d / 
a m livin g i n Texa s m a y refe r  t o th e s a m e ongoin g state , 
the y diff'e r  i n scope :  th e presen t  tens e versio n focuse s 
o n th e stat e itself ,  whil e th e progressiv e versio n ha s th e 
endpoint s o f  th e stat e i n focu s an d thu s take s o n a  t e m p o -
rar y reading. '  T h e ongoin g nod e als o ofte n require s a  re -
sourc e t o persist ,  a s i n (b) ,  licensin g progressiv e mark in g 
an d temporal ,  intentiona l  reading s (Bill' s  bein g silly) . 

onQoift Q flnlth •tar t flnlth 

c>H1-^«^. , 
tflor t  I—I 

perilt t 

a)  I  liv e I n Texas . 
I  a m livin g I n Texas . 

b)BlU' s bein g slUy . 

F i gu r e 4 :  State s v i e w e d t h r o u g h th e controlle r 

Features of the subject may influence the salience of 
eac h o f  thes e readings .  I n T h e l a m p i s s tandin g b y th e 
d o o r w a y ,  th e inabilit y o f  th e i n a n i m a t e subjec t  t o pro -
v id e resource s lik e ene rg y o r  intentio n force s a  t e m p o r a r y 
read in g no t  possibl e fo r  th e m o r e p e r m a n e n t  subjec t  o f 
* T h e m o a t  i s  su r round in g th e castle . 

Aspectual classes 

As evidence d b y th e complication s tha t  aris e eve n fo r 
simpl e states ,  zispectua l  compositio n i s highl y sensitiv e 
t o constraint s impose d b y contex t  an d clausa l  elements . 
Th e notio n o f  compositio n tha t  emerge s i n ou r  model , 
however ,  differ s dramaticall y fro m th e logica l  composi -
tio n o f  stati c aspectua l  feature s an d classe s c o m m o n i n 
th e literature .  T h e controlle r  an d th e specifi c  lexica l 
and grammatica l  item s i n a  sentenc e jointl y accoun t  fo r 
acceptabilit y  judgment s an d contextuall y salien t  inter -
pretations .  Aspectua l  inferenc e draw s o n a  mor e flexi-
bl e notio n o f  coercio n tha n i s possibl e fo r  theorie s base d 
on stric t  aspectua l  classes ;  i t  i s  characterize d instea d i n 
term s o f  th e dynami c interactio n o f  th e variou s schema -
tize d proces s primitive s outline d earlier .  I n tha t  sens e 
our  mode l  elaborate s o n Steedman' s mor e recen t  pro -
posa l  (1996 )  t o us e dynami c semantic s t o characteriz e 
aspect . 

Th e aspectua l  distinction s propose d b y Vendler ,  M & S 
and other s ar e a  derivabl e subse t  o f  thos e i n ou r  model . 
Resourc e consumptio n i n continuou s processe s allow s 
simpl e distinction s t o b e draw n betwee n state s an d pro -
cesses ,  an d th e standar d telicit y featur e ca n b e treate d 
simpl y a s progres s towar d som e goal ,  ofte n depletin g 
some limite d resource ,  e.g. ,  th e distanc e t o th e par k i n 
wal k t o th e park . 

Additiona l  flexibility  arise s f ro m th e fac t  tha t  specifi c 
event s m a y requir e onl y a  subpar t  o f  th e overal l  con -
troller ,  a s demonstrate d fo r  state s earlier .  T h e m o d e l 

'Similarly ,  becaus e verb s tha t  ar e non-intentiona l  b y de -
fault ,  a s i n H e los t  hi s keys ,  d o no t  hav e a  preparator y phase , 
thei r  enable d an d read y node s m a y b e collapse d int o a  singl e 
enable d node . 

^ We labe l  th e controlle r  transitio n persis t  her e instea d o f 
iterat e t o emphasiz e tha t  th e sam e stat e i s bein g maintained . 

228 



thu s allo-.-' s th e s a m e situatio n l o b e construe d i n sub -
tl y differen t  ways ;  th e well-know n Imperfectiv e Parado x 
i s easil y resolve d b y observin g tha t  th e action s o f  Fig -
ur e 1  m a y o r  m a y no t  b e see n a s goal-oriented .  Lik e 
states ,  a  continuou s proces s lik e walkin g ha a n o large r 
goal-oriente d structur e an d n o conditio n preventin g i t 
fro m finishing .  Thi s lexicall y specifie d aspectut d struc -
tur e m a y interac t  differentl y wit h particula r  aspectua l 
markers .  Fo r  instance ,  sinc e Englis h perfec t  mark s th e 
don e node ,  goeJ-oriente d processe s lik e tha t  depicte d i n 
Joh n ha s walke d t o th e stor e clearl y licens e inference s lik e 
at(store) .  Bu t  i t  i s  possibl e t o infe r  Joh n ha s walke d a t 
any tim e afte r  th e lower-leve l  continuou s proces s (takin g 
tw o steps )  ha s bee n executed ,  sinc e i n th e absenc e o f  a 
goal ,  th e don e transitio n ca n b e take n withou t  assertin g 
tha t  th e ongoin g stat e o r  proces s ha s ended . 

T h e perspectiva l  shift s importan t  fo r  mak in g th e ba -
si c imperfective/perfectiv e distinctio n ar e naturall y 
modele d b y hierarchica l  decompositio n o f  transitions ,  a s 
wel l  a s abstractio n fro m th e controlle r  t o a  discret e 
transition .  S o m e shift s m a y preven t  referenc e t o con -
trolle r  nodes ,  thu s accountin g fo r  iterativ e reading s (a s 
i n th e sneezin g examples). ^  Dependin g o n th e particula r 
combination ,  however ,  th e controlle r  m a y allo w instea d 
of  preven t  access .  T h e ver b win ,  fo r  instance ,  i s  usuall y 
see n a s a  punctua l  event .  I n th e framewor k give n here , 
not  onl y ca n i t  b e place d i n th e contex t  o f  a  rac e — 
show n i n Figur e 5  a s th e finis h transitio n o f  a  rac e — 
but  i n combinatio n wit h progressiv e marking ,  a s i n Joh n 
was winnin g th e race ,  th e transitio n ca n b e expande d 
int o a n ongoin g subeven t  tha t  ca n eve n b e modified . 

^ start 0«°"-^~=" flnijj, 
read y "' p ongoin g >—i  don e 
O >• ;  I  3 K )  ^ (  >  =^ 0 

;  riterat e 
- Q 

win 

•tar t  ̂ ^ ^ r p flntoh 

Figur e 5 :  Progressiv e markin g o f  wi n a s finis h o f  a  rac e 

The remainder of this section will be devoted to char-
acterizin g som e o f  th e constraint s impose d b y clausa l 
elements ,  includin g tense ,  tempora l  modifier s an d nom -
inals . 

Tense 

Our  mode l  interpret s tens e a s contributin g informatio n 
abou t  th e tim e o f  a n x-schem a activatio n stat e relativ e 
t o th e tim e o f  speech .  Thi s approac h incorporate s obser -
vation s fro m Reichenbach' s (1947 )  classi c analysi s o f  th e 

•'Ou r  mode l  als o accommodate s perspectiva l  shift s base d 
on pragmaticall y determine d tim e scal e o f  referenc e (e.g. , 
slow-motio n movi e context s jdlowin g H e sneeze d fo r  5  min -
utes) .  Furthe r  details ,  includin g th e modelin g o f  viewpoin t 
aspect ,  ca n b e foun d i n (Narayanan ,  1997a) . 

relation s a m o n g speec h (S) ,  evta t  (E )  an d referenc e (R ^ 
time ,  bu t  w e ca n mor e clearl y characteriz e bot h R  an d 
E b y projectin g th e controlle r  ont o a  timeline ,  a s show n 
i n Figur e 6 . 

TS^ 
r f . 

• )  j« < 

Figur e 6 :  Projectin g th e controlle r  ove r  tim e 

E corresponds to the duration of the event; for dis-
cret e event s lik e (a) ,  E  will ,  a s i n Reichenbach ,  m a p t o a 
particula r  poin t  o n th e line .  R  i s determine d b y th e con -
trolle r  stat e specifie d b y th e even t  description ;  her e th e 
pas t  perfec t  o f  los e mark s th e don e nod e o f  th e (simple ) 
controller ,  allowin g th e inferenc e tha t  E  precede d bot h 
th e referenc e an d th e utteranc e time . 

Th e advantag e o f  usin g th e controlle r  become s cleare r 
when mor e o f  th e controlle r  structur e i s accessible ,  a s 
i n th e futur e perfec t  i n (b) .  I n particular ,  w e specif y E 
as mappin g t o th e tim e (interval )  durin g whic h th e con -
troller' s ongoin g nod e i s marked .  Not e tha t  S  potentiall y 
take s plac e before ,  durin g o r  afte r  th e projectio n o f  th e 
ongoin g nod e ont o th e timelin e (show n a s after) ,  pro -
vidin g a n explanatio n fo r  th e lac k o f  linguisti c marker s 
expressin g a  relatio n betwee n S  an d E  i n Reichenbach' s 
analysis . 

Temporal modifiers 

Tempora l  modifier s lik e fo r  five  minute s an d i n a n hou r 
hav e bee n use d fro m Vendle r  onwar d t o distinguis h as -
pectua l  classes .  Bot h ar e easil y handle d a s dela y o n th e 
firing  o f  x-schem a transitions ,  a s mentione d earlier ,  bu t 
the y diffe r  i n th e requirement s the y place .  Specifically , 
we mode l  durativ e (/or- )  modifier s a s a  dela y o n th e 
suspen d transitio n i n th e controlle r  scheme ;  fo r  state s 
thi s reduce s t o th e finis h transition .  S p a n (tn- )  modi -
fiers  appl y t o a  goal-enable d finis h transition ,  modifyin g 
th e duratio n o f  bot h th e ongoin g proces s an d th e finis h 
transition .  The y m a y als o directl y mar k a  transitio n t o 
indicat e simpl y tha t  th e transitio n fires  afte r  th e speci -
fied  time . 

Thes e requirement s explai n th e differin g inference s 
abou t  whethe r  th e boo k ha s bee n finished  betwee n th e 
following : 

1. a. She read the book for an hour. 

b.  Sh e rea d th e boo k i n a n hour . 

Similarly ,  durative s naturall y combin e wit h state s an d 
processes ,  bu t  span s produc e marke d inceptiv e reading s 
{Bil l  walke d {for/*in }  a n hour). ^ 

*Some language s freel y allo w inceptiv e readin g fo r  pas t 
perfectiv e states ,  a s i n Spanis h (Yo )  l e conoc i  a l  hombre , 
wher e th e perfectiv e for m o f  th e ver b "know "  translate s a s 
" I  me t  th e m a n " 

229 



T h e well-kno-v n iterAtiv e coercio n induce d s y liur a 
live s ha s a  motivate d explanatio n i n thi s case ,  sinc e th e 
suspen d transitio n ca n fir e onl y afte r  th e specifie d tim e 
period ,  forcin g discret e transition s lik e sneez e t o tak e th e 
iterat e loop . 

Durativ e modifier s sometime s appl y t o a  stat e result -
in g fro m a m even t  rathe r  tha n th e even t  itself :  Jil l  lef t 
th e roo m fo r  a n hou r  refer s t o th e perio d afte r  Jil l  ha s 
left ;  th e salienc e o f  th e stat e m a y explai n wh y thi s read -
in g i s preferre d t o a n iterativ e one .  Th e inferenc e tha t 
sh e return s a t  th e en d o f  thi s perio d fall s naturall y ou t 
of  th e fac t  tha t  state s give n a  duratio n ar e implie d t o 
finis h afte r  th e specifie d duration ,  whic h i s mos t  easil y 
effecte d i n thi s cas e b y a  retur n t o th e previou s state . 

Such durativ e modificatio n o f  a  resul t  seem s t o tak e 
plac e mos t  easil y fo r  event s construe d a s simpl e transi -
tions ,  eve n whe n th e underlyin g even t  i s a  mor e comple x 
continuou s process .  Referrin g onc e agai n t o Figur e 1 ,  th e 
depicte d even t  coul d b e describe d b y eithe r  o f  th e verb s 
walke d o r  went ,  bu t  additio n o f  fo r  a n hou r  produce s 
differin g pattern s o f  mos t  likel y inference : 

2. a. John walked to the store (for an hour). 

b.  Joh n wen t  t o th e stor e (fo r  a n hour) . 

Additional aspectual mysteries are explained by this 
interpretatio n o f  tempora l  modifiers .  Transition s tha t 
tak e plac e i n th e contex t  o f  a  large r  goal-directe d even t 
easil y satisf y th e requirement s o f  spa n modifier s {Mar c 
won th e rac e i n 5. S minutes) ,  bu t  the y ar e mor e resis -
tan t  t o appearin g wit h duratives :  *Mar c wo n th e rac e 
fo r  a  fe w minutes .  Acceptabl e interpretation s migh t  re -
sul t  fro m iteratio n (especiall y whe n th e duratio n i s fo r 
years) ,  bu t  sinc e n o reversibl e stat e result s th e duratio n 
canno t  appl y t o th e don e state .  I t  can ,  however ,  appl y 
t o th e ongoing  stat e tha t  ha s bee n brough t  int o focu s b y 
progressiv e markin g 

Nominal features 

Nomina l  distinction s lik e number ,  boundednes s (mas s o r 
count) ,  animac y an d specificit y hav e widel y note d aspec -
tua l  consequence s (Verkuyl ,  1993 ;  Langacker ,  1991) .  th e 
simples t  case ,  plura l  subject s o r  object s ca n provid e an -
othe r  rout e t o iteration ,  a s i n Soldier s wer e reachin g th e 
summi t  al l  morning . 

I n mor e comple x cases ,  w e interpre t  nominal s a s af -
fectin g th e resource s provide d t o x-schemas .  A s see n 
earlie r  wit h progressiv e states ,  th e abilit y  o f  nominal s t o 
furnis h intentiona l  resource s play s a  larg e rol e i n distin -
guishin g kind s o f  state s an d processes ;  a  stativ e sens e 
of  ru n result s i n *Th e roa d i s runnin g fro m her e t o th e 
school . 

Similarly ,  presen t  tens e applie s onl y t o state s tha t  hol d 
at  utteranc e tim e an d thu s favor s th e stativ e reading . 
W h en n o suc h readin g i s possible ,  presen t  tens e ofte n 
produce s a  habitua l  readin g (vi a iteratio n int o a  larger -
scal e currentl y ongoin g process) :  Mar y run s fro m her e t o 
th e schoo l  ha s a  habitua l  reading ,  unlik e Th e roa d run s 
fro m her e t o th e school . 

Resource s consume d durin g th e even t  als o provid e 
goal s tha t  enabl e finishing .  Thi s analysi s account s fo r 

th e observatio n i-ha t  b o u n d e d object s allo w com e verb s 
t o appea r  wit h spa n modifiers .  Th e ver b eat ,  fo r  in -
stance ,  provide s a  clea r  exampl e o f  resourc e consump -
tion :  i t  become s teli c  i n combinatio n wit h coun t  noun s 

( a sandwich ,  thre e sandwiches) ,  quantifie d mas s noun s 
( a poun d o f  cheese )  o r  specifi c  mas s noun s (th e cheese) . 

W h en n o specifi c  boun d i s place d o n th e resource ,  a s 
wit h bar e plural s [sandwiches )  an d unbounde d noun s 
(cheese) ,  th e resourc e canno t  b e deplete d an d therefor e 
fail s  t o provid e a  goal .  Not e tha t  specifi c  preposition s 
m ay forc e a  particula r  reading :  compar e Joh n walke d t o 
th e par k wit h Joh n walke d i n th e park . 

Thi s analysi s explain s wh y argument s tha t  d o no t  pro -
vid e a  depletabl e resourc e fai l  t o induc e ateli c readings . 

Th e classi c exampl e fro m Vendle r  i s  tha t  o f  pus h th e cart , 
whose objec t  i s  bot h bounde d an d specified ,  ye t  fail s  t o 
serv e a s a  goal ,  a s i n H e pushe d th e car t  fo r  a n hou r 
(cf .  H e washe d th e car t  i n a n hour) .  Sinc e th e PUSH x -
schema require s th e agen t  (an d energ y source )  t o appl y 
continuou s forc e t o th e cart ,  th e tw o participant s mov e 
togethe r  an d ther e i s n o movemen t  o f  th e agen t  wit h re -
spec t  t o th e cart . 

Verb s o f  creatio n provid e a n interestin g cas e o f  con -
flicting  requirement s o f  a  constructio n an d tempora l 
modifier : 

3. a. I {read/?wrote} the book for an hour. 

b.  I  wrot e poetr y fo r  a n hour . 

The phrase for an hour modifies the ongoing transi-

tio n withou t  assertin g tha t  th e finis h transitio n ha s bee n 
taken ,  bu t  th e objec t  o f  writ e doesn' t  exis t  unti l  then , 
accountin g fo r  varyin g judgment s o f  acceptability .  N o 
specifi c  goa l  i s  presen t  fo r  th e creatio n o f  th e unbounde d 
nou n poetr y i n (b) ,  s o durativ e modificatio n i s clearl y 
acceptable . 

A simila r  phenomeno n i n (4 )  demonstrate s interactio n 
wit h constructiona l  constraints :  althoug h i n (4a )  cak e 
canno t  functio n a s a  goal ,  th e dativ e constructio n i n (4b ) 
entail s tha t  tha t  th e (finished )  cak e i s transferre d t o th e 
recipient .  Again ,  requirement s o f  durativ e modificatio n 
conflic t  wit h th e entaile d creatio n o f  th e product . 

4. a. I baked the cake for an hour. 

b.  * I  bake d yo u th e cak e fo r  a n hour . 

Inter-schema relations 

I n additio n t o aspectua l  composition ,  th e CONTROLLER 
als o bring s insigh t  t o tempora l  relation s betwee n events . 
M &S hav e argue d tha t  tempora l  adverbial s suc h a s when , 
before ,  an d afte r  mus t  b e define d i n term s o f  "suc h 
notion s a s causatio n an d consequence ,  rathe r  tha n o n 
purel y tempora l  primitives" .  T h e fac t  tha t  whe n doe s 
not  literall y mea n "a t  th e sam e tim e as "  i s  illustrate d b y 
th e followin g example ,  whic h M & S tak e fro m (Ritchie , 
1979) : 

5. When they built the 39th Street bridge... 

a.  a  loca l  architec t  dre w u p th e plans . 

b.  the y use d th e bes t  materials . 

c.  the y solve d mos t  o f  thei r  traffi c  problems . 
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Figure 7: Inter-schema interactions 

As thi s exampl e shows ,  th e even t  indicate d b y a  whe n 
claus e ca n i n fac t  occu r  before ,  durin g o r  afte r  th e even t 
indicate d b y th e mai n clause .  Mfc S propos e tha t  th e 
tru e meanin g o f  whe n i s on e o f  a  "contingency "  relatio n 
betwee n th e tw o events .  Tha t  is ,  on e even t  depend s o n 
th e othe r  i n a  genera l  way . 

I n ou r  implemente d mode l  o f  x-schem a composition , 
we ar e abl e t o formall y defin e th e notio n o f  contingen t 
relations .  Th e centra l  ide a behin d ou r  compositiona l 
theor y i s  tha t  transition s i n th e controlle r  grap h set , 
get  an d modi f y value s o f  th e Agent' s state .  Th e con -
trolle r  grap h allow s u s t o distinguis h betwee n case s o f 
sequentia l  an d concurren t  x-schem a triggerin g o r  inhibi -
tion .  Additionally ,  w e ar e abl e t o mode l  th e cas e wher e 
th e executio n o f  a n x-schem a i s  abl e t o inteiiupt ,  ter -
minate ,  o r  otherwis e modif y th e executio n trajector y o f 
anothe r  x-schema . 

I n Figur e 7 ,  w e depic t  th e relation s betwee n th e thre e 
x-schema s tha t  correspon d t o design ,  constructio n an d 
use o f  th e bridg e i n (4) .  Th e thre e x-schema s bin d t o 
th e specifi c  instanc e o f  bridg e (correspondin g t o a  spe -
cifi c  token) .  A s depicte d i n Figur e 7 ,  th e completio n 
of  th e desig n proces s result s i n th e presenc e o f  plans , 
whic h i s a  necessar y preconditio n fo r  th e constructio n o f 
th e bridge .  Similarly ,  th e completio n o f  th e bridg e i s a 
preconditio n fo r  it s  us e b y commuters .  I n addition ,  i n 
our  mode l  th e presenc e o f  appropriat e material s  i s a  re -
sourc e inpu t  tha t  get s consume d i n th e bridge-buildin g 
proces s a s par t  o f  a  sub-schema .  Th e interpretatio n o f 
befor e i n th e x-schem a mode l  i s tha t  i t  indicate s a  tran -
sitio n (o r  serie s o f  transitions )  fro m th e finis h nod e o f 
th e actio n indicate d b y th e subordinat e claus e t o som e 
preconditio n o f  th e read y nod e o f  th e mai n clause .  Th e 
connectio n i s generall y complex ,  rathe r  tha n consistin g 
of  a  singl e transition . 

I n th e cas e o f  when ,  a  numbe r  o f  possibl e enablemen t 
relation s ar e possible .  Specifically ,  a s illustrate d b y th e 
example ,  whe n m a y hav e a  representatio n simila r  t o be -
fore ,  afte r  o r  during .  Thi s i s no t  becaus e th e wor d whe n 
i s ambiguou s betwee n thre e meanings ,  bu t  rathe r  be -
caus e i t  simpl y indicate s tha t  ther e i s a  causa l  connec -

tio n l)etwee n th e tw o x-bchemas ,  withou t  specifyin g wha t 
type .  I n ou r  curren t  implementation ,  th e specifi c  inter -
pretatio n i s foun d b y a  reachabilit y  simulatio n fro m th e 
individua l  node s o f  th e controlle r  fo r  th e actio n indicate d 
by th e mai n claus e t o th e enable d nod e o f  th e actio n in -
dicate d b y th e subordinat e clause .  Thes e path s indicat e 
whethe r  th e tw o action s m a y hav e bee n simultaneous ,  o r 
i f  ther e wa s a n explici t  causa l  connection . 

Acknowledgments 

Thi s wor k wa s supporte d i n par t  b y NS F gran t  IRI -
961929 3 an d a n NS F Graduat e Researc h Fellowship . 
Thank s t o Jerr y Feldma n an d th e N T L grou p fo r  valu -
abl e comment s o n th e pape r  an d it s underlyin g ideas . 

References 

Bailey ,  D .  R. ,  Feldman ,  J .  A. ,  Narayanan ,  S. ,  an d Lakoff , 
G.  (1997) .  Modelin g embodie d lexica l  development . 
I n Proceeding s o f  th e 19t h Cognitiv e Scienc e Societ y 
Conference . 

Comrie, B. (1976). Aspect: An introduction to the study 
of  verba l  aspec t  an d relate d problems .  Cambridg e 
Universit y Press ,  Cambridge . 

Dowty, D. (1979). Word Meaning and Montague Gram-
mar .  D .  Reidel ,  Dordrecht ,  W .  Germany . 

Hwang, C. L. and Schubert, L. K. (1994). Interpreting 
tense ,  apsec t  an d tim e adverbials :  A  compositional , 
unifie d approach .  I n Firs t  Internationa l  Conferenc e 
on Tempora l  Logic . 

Langacker, R. W. (1991). Concept, Image, and Symbol. 
Mouto n d e Gruyter ,  Berli n an d N e w York . 

Narayanan, S. (1997a). Knowledge-based Action Rep-
resentation s fo r  Metapho r  an d Aspec t  ( K A R M A ) . 
P h D thesis .  Compute r  Scienc e Division ,  E E C S De -
partment ,  Universit y o f  Californi a a t  Berkeley . 

Narayanan, S. (1997b). Talking the talk is like walking 
th e walk :  A  computationa l  mode l  o f  verba l  aspect . 
Proceeding s o f  th e 19t h Cognitiv e Scienc e Societ y 
Conference . 

Reisig, W. (1985). Petri Nets. Springer Verlag. 

Ritchie, G. (1979). Temporal clauses in English. Theo-
retica l  Linguistics ,  6 . 

Steedman, M. (1996). Temporality. In Handbook of Logic 
and Language .  Elsevier ,  Nort h Holland . 

Verkuyl, H. J. (1993). A Theory of Aspectuality. Cam-
bridg e Universit y Press . 

231 



A F r a m e w o r k fo r  Scientifi c  R e a s o n i n g wit h L a w E n c o d i n g D i a g r a m s : 

Ana l ys i n g Protocol s t o Asses s It s Utilit y 

Peter C-H. Cheng (p«t«r . ch«ng9nott Ingham, ac .uk) 
E S RC Centr e fo r  Researc h i n Development ,  Instructio n an d Trainin g 

Departmen t  o f  Psychology ,  Universit y o f  Nottingham ,  Nottingham ,  N G 7 2 R D ,  U.K . 

Abstrac t 

Law Encoding Diagrams (LEDs) are classes of represent-
ation s fo r  proble m solvin g an d learnin g i n science .  A 
framewor k consistin g o f  fou r  schema s ha s bee n propose d 
t o accoun t  fo r  proble m solvin g an d learnin g wit h LEDs . 
Thi s pape r  assesse s th e utilit y o f  thi s framewor k b y usin g 
i t  t o analys e verba l  an d behavioura l  protocol s o f  a  subjec t 
involve d i n proble m solvin g wit h a  clas s o f  LED s fo r 
electricity . 

Introduction 

Understandin g th e natur e o f  representation s an d th e rol e the y 
hav e i n cognitio n i s  fundamenta l  t o Cognitiv e Science . 
Differen t  representation s o f  formall y isomorphi c problem s 
ca n dramaticall y chang e th e difficult y o f  th e problem s (e.g. , 
Kotovsky ,  Haye s an d Simon ,  1985) .  Expert s an d novice s 
m ay hav e differen t  proble m representation s fo r  th e sam e 
domai n tha t  substantiall y  affec t  thei r  approache s t o proble m 
solvin g (Ega n an d Schwartz ,  1979 ;  Koedinge r  an d Anderson , 
1990) .  Ther e ar e computationa l  benefit s o f  diagrammati c 
representation s ove r  sententia l  representation s tha t  ar e 
informationall y equivalen t  (Larki n an d Simon ,  1987) .  Th e 
focu s her e i s o n th e interna l  menta l  an d externa l  aspect s o f 
representation s tha t  mus t  b e analyse d an d relate d t o 
adequatel y understan d cognitio n (Tabachneck-Schijf , 
Leanord o an d Simon ,  1997 ;  Zhan g 1996) . 

Thi s pape r  i s  par t  o f  a  researc h programm e tha t  i s 
studyin g th e rol e o f  representation s i n cognitio n b y 
examinin g a  particula r  clas s o f  representation s wit h som e 
interestin g propertie s — L a w Encodin g Diagrams ,  LEDs . 
L E D s,  ar e representationa l  system s tha t  captur e th e law s o f  a 
domai n i n th e structur e o f  a  diagra m usin g geometric , 
topologica l  o r  spatia l  constraints ,  suc h tha t  eac h 
instantiatio n o f  a  diagra m i s a  singl e cas e o f  th e law s o r  a n 
exampl e o f  th e phenomen a o f  th e domain .  Th e rol e o f  L E D s 
i n scientifi c  discover y ha s bee n investigate d (Cheng ,  1996a , 
Cheng an d Simon ,  1995 )  an d thei r  potentia l  fo r  learnin g 
scienc e i s bein g pursue d (Cheng ,  1996b ,  1996c) . 

The particula r  clas s o f  L E D s considere d her e wa s invente d 
by th e autho r  an d ha s bee n calle d A V O W diagram s (Amps , 
Volts ,  O h m s an d Watt s — th e unit s o f  th e basi c electrica l 
properties) .  Th e elementar y diagram s ar e rectangles ,  A V O W 
boxes ,  tha t  represen t  th e propertie s o f  a  singl e resisto r  o r 
load ,  a s show n i n Figur e 1 .  Th e mapping s o f  propertie s t o 
diagra m feature s are :  voltag e (V )  t o height ;  curren t  (I )  t o 
width ;  resistanc e (r )  t o gradien t  o f  th e diagonal ;  powe r  (P )  t o 
area .  A s V=I* r  (Ohm' s law )  an d P=V* I  (powe r  law) ,  th e 

Figur e 1  A n A V O W Bo x 
fo r  a  resisto r 

geometr y o f  th e A V O W - b o x e s encode s thes e law s (i.e. , 
height=width*gradient ,  area=height*width) . 

To mode l  network s o f  resistors ,  A V O W boxe s ca n b e 
composed ,  a s i n th e diagram s i n Table s 4  an d 5 .  Th e 
compositio n constraint s o n suc h composit e A V O W 
diagram s encod e Kirchoff' s  Law s tha t  gover n th e behaviou r 
of  electrica l  networks .  A  wel l  forme d composit e A V O W 
diagra m mus t  b e a  rectangl e tha t  i s  completel y filled  wit h 
A V OW boxes ,  wit h n o overla p o r  gaps . 

Cheng (1997 )  propose s a  framewor k t o characteriz e th e 
natur e o f  informatio n processin g wit h LEDs .  Thi s pape r 
describe s ho w th e framewor k ha s bee n applie d t o th e prob -
le m solvin g protocol s o f  a  sub -
jec t  usin g A V O W diagrams . 
The completeness ,  coherence , 
consistenc y an d parsimon y o f 
th e analysi s argue s fo r  th e ade -
quac y o f  th e framework . 

Here ,  th e framewor k i s first 
described ,  wit h electricit y 
providin g a n exampl e domain . 
Second ,  th e framewor k i s use d 
t o analys e protocol s o f 
proble m solving ,  t o asses s th e 
utilit y o f  th e framework . 
Finally ,  th e discussio n sectio n consider s th e adequac y o f  th e 
framework  an d relate d work . 

Schemas for LEDs 

The fou r  schema s name d i n Tabl e 1  wer e propose d a s th e 
basi s o f  a  framework  fo r  understandin g proble m solvin g an d 
learnin g wit h L E D s i n scientifi c  domain s b y Chen g (1997 , 
i n press) .  Th e schema s ar e distinguishe d o n tw o dimen -
sions .  On e pai r  o f  schema s (1,2 )  hold s informatio n abou t 
th e basi c unit s o r  component s o f  a  domain .  Th e othe r  pai r 
(3 ,  4 )  deal s wit h th e interaction s amon g thos e components . 
The phenomen a leve l  schema s (1 ,  3 )  ar e fo r  particula r  class -
es o f  phenomen a o r  cases ,  an d th e schema s (2 ,  4 )  a t  th e 
theoretical ,  o r  meta ,  leve l  hol d informatio n abou t  th e law s 
or  principle s governin g th e domain .  Th e fou r  classe s o f 
schemas ar e considere d i n tur n wit h example s from  th e 
electricit y domain . 

L E D schema s (LS) .  Tabl e 2  show s example s o f  thi s 
clas s o f  schema s fo r  selecte d circui t  components .  The y hav e 
slot s containin g informatio n abou t  (i )  particula r  aspect s o f  a 
componen t  an d (ii )  it s  A V O W diagra m representation .  Fo r 
example ,  conside r  th e Typical-loa d LS .  Th e interpretatio n 
slo t  indicate s tha t  thi s schem a deal s wit h typica l  load s wit h 
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Tabl e 1  Schema s fo r  LED s 

Phenomena leve l Theoretica l  leve l 

Intra-componen t  relation s 
Inter-componen t  interaction s 

(1 )  L E D schema s (LS ) 
(3 )  Composite-LE D schem a (CLS ) 

(2 )  meta-LE D schem a ( M L S ) 
(4 )  Meta-composite-LE D schem a ( M C L S ) 

Slot s 

Diagram s 

Diagram -
configuratio n 

Domain -
condition s 

Interpretatio n 

{1 )  Typical-loa d 

/ / 
Rectangl e (no t 
especiall y thi n o r 
squat ) 

"Norma l  values " 
(no t  tin y o r  huge ) 

Typica l  loa d 

Tabl e 2  L E D schema s (LS ) 

{2 }  Known-loa d 
V 

^ I 

Rectangl e wit h 
know n 
dimensions . 

Value s o f  som e o f 
I ,  V ,  r ,  P  given . 

Particula r  resisto r 

{3 }  Insulato r 

Vertica l  lin e 
(narrow , 
gradien t  huge ) 

1=0 o r  r=o o o r 

(P= 0 an d V?tO) . 

Insulator , 
"broke n circuit " 

{4 }  Conducto r 

Horizonta l  lin e 
(flat ,  gradien t 
tiny ) 

V =0 o r  n= 0 o r 
(P= 0 an d I?tO ) 

Conductor ,  "shor t 
circuit " 

{5 }  Voita f e-sourc e 

Vc 

Rectangl e wit h 
constan t  heigh t 

Vc=constant ,  P  an d 
I  variabl e 

Idealize d batter y 

propertie s (domain-conditions )  tha t  ar e no t  unusual .  Th e 
load s ca n b e represente d b y a  rectangl e (d iagram -
constraints )  tha t  i s  simila r  t o on e i n th e d iagram s slot . 
The Known-load ,  Insulato r  an d Conducto r  LS s ar e 
specialization s o f  th e Typical-loa d LS .  Th e Voltage-sourc e 
L S i s fo r  idealise d batteries ,  whic h suppl y a  constan t 
voltage .  On e us e o f  LS s i s t o complet e th e informatio n 
about  a  componen t  whe n onl y partia l  informatio n i s given . 
For  example ,  i f  on e consider s a  resisto r  o f  unknow n bu t  no t 
extrem e value ,  the n matche s wit h th e interpretatio n an d 
diagram-condition s slot s o f  th e Typical-loa d L S wil l  b e 
made an d a  rectangl e (diagram-configuration )  t o represen t 
i t  ma y b e draw n (diagrams) . 

M e t a - L E D schem a ( M L S ) .  Thes e schema s hol d 
informatio n abou t  (i )  th e law s governin g a  clas s o f 
component s an d (ii )  ho w the y ca n b e represente d a s LEDs . 
I n Tabl e 3  th e A V O W - b o x M L S i s fo r  resistors/load s an d 
th e Source-bo x M L S i s fo r  powe r  supplie s suc h a s batteries . 
M L Ss stor e informatio n tha t  i n effec t  defin e th e nature s o f 
particula r  set s o f  LSs .  Fo r  example ,  ho w shoul d a 
componen t  wit h (near )  infinit e resistanc e b e represented ? 
First ,  ther e wil l  b e on e diagra m bo x (interpretation-rules ) 

whic h mus t  b e a  rectangl e o f  som e sor t  ( d la g r a m -
constraints) .  Ohm' s la w (encoded-laws )  tell s  u s tha t 
curren t  wil l  b e nearl y zer o (domain-propert ies )  a s 
resistanc e i s almos t  infinite .  A s curren t  i s represente d 
(property-mappings )  b y th e widt h o f  th e bo x (diagram -
features) ,  s o th e rectangl e wil l  b e ver y narrow .  Thi s i s th e 
Insulato r  L S {3 }  (Number s i n curl y bracket s identif y 
schemas i n Tabl e 2  t o 6) . 

Compos i t e -LE D s c h e m a ( C L S ) .  Thes e shar e a 
c o m m on structur e t o LS s bu t  the y dea l  wit h network s rathe r 
tha n individua l  components .  Th e diagram s (slot )  contain s 
configuration s o f  mor e tha n on e A V O W box .  Th e 
diagram-feature s specif y wit h relativ e position s o f  whol e 
boxe s rathe r  tha n thei r  individua l  elements .  Th e domain -
condition s relat e propertie s o f  differen t  boxes ,  an d th e 
interpretatio n o f  CLS s ar e topologie s o f  components . 
Tabl e 4  give s som e examples .  A  C L S ma y b e use d i n a 
simila r  fashio n t o a  LS .  Fo r  instance ,  give n tw o load s i n 
serie s (interpretation) ,  th e Typical-serie s C L S ca n b e use d 
t o dra w th e give n diagram ,  o r  t o complet e a  diagra m i f  on e 
A V OW bo x ha s alread y bee n drawn .  Particula r  relation s 
betwee n th e load s ca n als o b e asserte d (domain-cond -

Tabl e 3  Meta-LE D schem a (MLS ) 

Slo t (6 )  A V O W - b o x {7 }  Source-box . 

Diagram -
feature s 

A bo x width ,  V  bo x heigh t 
Q bo x diagona l  gradient ,  P  bo x are a 

As bo x width ,  V s bo x heigh t 
Ps bo x are a 

Diagram -
constraint s 

Rectangl e (box )  wit h bottom-lef t  t o top-righ t  diagonal . Rectangle . 

Domain -
propertie s 

current ,  /  (A) ;  voltage ,  V  (V) ; 
resistance ,  R  (Q) ;  power ,  P  ( W ) 

Sourc e voltage .  Vs .  Sourc e current .  Is . 
Power  supplie d b y source ,  P s 

Encoded-law s O h ms law :  V=IR .  Powe r  law :  P=V I Power  law :  Ps=VsI s 

Propert y 
mapping s 

I  — A; V — V; R — a; P — P 
Horizonta l  line s ar e equi-potentials . 

I n — X;V n — \;P n — F 
Top o f  bo x i s a t  V s an d botto m i s a t  0 . 

Interpretation -
rule s 

Singl e component ,  o r  a n isolate d networ k (wit h a  on e 
inpu t  an d on e outpu t  connection) . 

An idea l  powe r  source . 

Case s Table2(l} ,  {2} ,  {3}.{4 } Tabl e 2  {5} . 
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Tabl e 4  Serie s Composite-LE D schema s (CLS ) 

Slot s (8 )  Typical-serie s {9 }  Equal-series-pai r 10}  Series-load-t-conducto r [11 }  General-serie s 

Diagram s 

1 ^ 

E 0 

Dlagram -
configuratio n 

stack ,  sam e widt h stack ,  sam e width ,  boxe s 
same heigh t 

stack ,  sam e width ,  1  bo x 
squa t 

stack ,  no t  o f  unifor m 
width . 

Domain -

condition s 

VT=V1+V2,11=12 , 
RT=R1+R2 

VT=VH-V2,11=12 . 

RT=Rl-l-R2 ,  R1=R 2 

VT=V1,V2=0,11=12 , 

RT=R1,  R2=0 . 

VT=V1+V2,  11̂ 12 , 

RT=n.a . 

Interpretatio n resistor s m pur e 
serie s 

equa l  resistor s i n pur e 
serie s 

resisto r  i n pur e serie s wit h 
conducto r 

tw o resistor s partl y i n 
serie s wit h eac h other . 

itions) ;  suc h a s th e curren t  i s th e sam e throug h bot h loads . 
The Typical-serie s C L S m a y b e specialize d t o giv e 

Equal-pair-series ,  Series-load-i-conducto r  an d Series-load-i-in -
sulato r  (no t  shown )  CLSs .  Further ,  i t  i s  itsel f  a  special -
izatio n o f  th e General-serie s C L S .  Ther e ar e equivalen t 
CLSs fo r  paralle l  load s (i.e. .  Typical-parallel ,  Equal-parallel -
pair ,  etc.) .  Tabl e 5  show s som e othe r  interestin g example s 
of  CLSs ,  whic h ar e usefu l  fo r  th e analysi s below . 

M e t a - c o m p o s i t e - L E D s c h e m a s ( M C L S )  Thes e 
schema s captur e (i )  th e law s governin g th e interaction s 
among component s an d (ii )  ho w the y ar e t o b e represente d a s 

configuration s LEDs .  Tabl e 6  give s thre e examples ,  tw o o f 
which .  Serie s cin d Paralle l  M C L S s ,  ar e specialization s o f  th e 
third ,  General-Networ k M C L S .  A n interestin g exampl e t o 
conside r  i s  th e generatio n o f  th e Series-and-paralle l  C L S 
{13 }  fro m M C L S s .  Fro m a  circui t  diagra m wit h thre e resis -
tors ,  R l  i n paralle l  wit h a  sub-networ k comprisin g R 2 an d 
R3 i n series ,  th e Serie s M C L S ca n firs t  b e applie d t o th e 
sub-networ k o f  R 2 an d R 3 t o dra w a  stac k o f  tw o A V O W 
boxes .  The n takin g thi s sub-networ k an d R l  together ,  th e 
applicatio n o f  th e Paralle l  M C L S put s anothe r  bo x fo r  R l 
nex t  t o th e stac k fo r  R 2 an d R3 ,  lik e th e drawin g i n Tabl e 5 . 

Althoug h th e schema s ar e simila r  t o eac h other ,  thes e 
particula r  pair s o f  schema s appea r  necessar y o n logica l  an d 
psychologica l  ground s (Cheng ,  i n press) .  M u c h o f  th e 
explanator y powe r  o f  th e framewor k fo r  scientifi c  reasonin g 
wit h L E D s reside s i n th e dimension s identifie d i n Tabl e 1 . 

Protocol Analysis 

I n othe r  application s o f  th e framework ,  i t  wa s use d t o 
characteriz e Galileo' s kinematic s discoverie s (Cheng ,  1997 ) 
and t o analys e th e natur e o f  scientifi c  understandin g usin g 
particl e collision s a s a n exampl e domai n (Cheng ,  i n press) . 

Here ,  i t  i s  applie d t o protoco l  dat a fro m experiment s t o 
continu e t o asses s it s  utility .  I f  coherent ,  parsimonious , 
complet e an d consisten t  account s ca n b e give n o f  ho w 
subject s lear n an d d o proble m solvin g wit h A V O W 
diagrams ,  thi s wil l  argu e fo r  th e adequac y o f  th e framework . 
However ,  th e complexit y o f  scientifi c  domain s an d th e 
norma l  us e o f  multipl e representation s i n proble m solvin g 
makes thi s a  significan t  challenge .  Fo r  instance ,  a  subjec t 
sayin g 'resistance '  ma y b e referrin g t o (i )  a  variabl e i n a n 
equation ,  (ii )  a  particula r  circui t  component ,  (iii )  th e 
magnitud e o f  a  property ,  o r  (iv )  th e gradien t  o f  th e diagona l 
i n a n A V O W box .  Here ,  a n opportunit y provide d b y partic -
ularl y goo d qualit y verba l  an d behavioura l  protocol s o f  a 
singl e subjec t  wa s take n up .  Th e subject ,  SL ,  participate d 
i n a  pilo t  experimen t  o n th e effectivenes s o f  A V O W diag -
rams fo r  learnin g abou t  electricity .  No t  onl y wer e hi s ver -
balization s detaile d bu t  h e di d a  lo t  o f  meaningfu l  pointing , 
whic h provide d th e mean s t o disambiguat e th e referent s o f 
verba l  expressions .  S L i s a  graduat e electrica l  engineer .  I n 
pre-tes t  proble m solvin g wit h th e conventiona l  algebrai c 
approac h t o electricity ,  i t  wa s foun d tha t  h e ha d a  reasonable , 
but  no t  a n expert ,  understandin g o f  th e domain . 

SL receive d brie f  instruction s o n A V O W diagram s (se e 
below )  an d attempte d thre e problem s usin g A V O W 
diagrams .  Th e processin g o f  SL' s verba l  protocol s mainl y 
followe d th e guideline s o f  Ericsso n an d Simo n (1993) ,  wit h 
transcript s o f  th e verbalization s segmente d int o expression s 
and a  simpl e codin g schem e devise d t o catergoriz e drawin g 
activity ,  computation s an d pointing .  T o identif y whe n th e 
subjec t  appeare d t o b e usin g a  particula r  schem a variou s 
codin g rule s base d o n th e definitio n o f  th e differen t  schema s 
wer e devised .  Basi c schema s fo r  components ,  L S o r  M L S , 
ar e implicate d when :  a n expressio n refer s t o singl e resisto r 

Tabl e 5  Mor e Composite-LE D schema s (CLS ) 

Slot s 

Diagram s 

Diagram-configuration s 

Domain-condition s 

Interpretatio n 

{12}N-equal-paralle l 

^ ^ 7 

side-by-sid e only ,  sam e heigh t 

Vl=V2=..Vn ,  R 1 = R 2 = .. .  = R n 
l/RT=l/Rl-l-l/R2 + .. .  -l-l/Rn , 

N equa l  component s i n paralle l 

{13 }  Series-and-paralle l 

^ ^ 

stac k o f  2  boxe s sid e b y sid e wit h on e box ,  equa l  heigh t 

V 1 = V 2 + V 3;  12=1 3 
l/RT=l/Rl-l-l/(Rl-l-R2 ) 

A pai r  i n serie s i n paralle l  wit h a  singl e 
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Tabl e 6 .  Meta-composite-LE D schema s ( M C L S ) 

Slot s 

C o m p o n e n t - L E D s 

Composition -

constraint s 

Domain -
descriptio n 

Encode -
laws/relation s 

Mapping-rule s 

Interpretation-rule s 

Configuration s 

{15 }  General-Networ k 

A V OW boxe s 

Completel y filled  rectangl e 
(n o overlap s o r  gaps ) 

Any (2D )  networ k 

Kirchoff s laws :  genera l 

1 bo x fo r  eac h componen t  o r 
sub-network .  Topologie s o f 
circui t  an d diagra m match . 

current ,  voltag e (an d power ) 
share d amon g component s 

Al l  (non-crossing )  networks . 

jl6}Serie s 

A V OW boxe s 

Stacke d 

serie s component s 

Kirchoff s laws :  curren t 
conserved ,  voltag e distribute d 

1 bo x fo r  eac h componen t  o r 
sub-network .  Vertica l  orde r  o f 
boxe s matche s loads . 

Curren t  share d throug h loads . 
Voltag e spli t  acros s loads . 
Power  distribute d amon g loads . 

E.g.,{8}{9){10}{ll) . 

(17 )  Paralle l 

A V OW boxe s 

Sid e b y sid e 

paralle l  component s 

Kirchoff s laws :  voltag e 
conserved ,  curren t  distribute d 

1 bo x fo r  eac h componen t  o r 
sub-network .  Horizonta l  orde r 
of  boxe s matche s loads . 

Curren t  spli t  ove r  loads . 
Voltag e share d acros s loads . 
Power  distribute d amon g loads . 

Paralle l  configurations . 

or  on e A V O W box ;  o r  a  grou p o f  boxe s ar e treate d a s a 
unitar y entity ;  o r  a  networ k i s take n a s a  whol e wit h n o 
consideratio n o f  it s  interna l  topology .  Composit e schemas , 
C LS o r  M C L S ,  ar e implicate d whe n relation s amon g boxe s 
or  th e structur e o f  a  networ k ar e mentioned .  Phenomen a 
leve l  schemas ,  L S an d C L S ,  ar e indicate d whe n ther e i s a 
inferenc e consistin g o f  th e recognitio n o f  a  configura -
tion/cas e followe d immediatel y b y th e recal l  o f  associate d 
informatio n o r  th e drawin g o f  a  diagram ,  wit h n o inter -
venin g inferenc e steps .  Theoretica l  leve l  schemas ,  M L S an d 
M C L S,  ar e deeme d t o operat e whe n ther e ar e explici t 
inference s t o obtai n ne w informatio n o r  th e incrementa l 
piece-wis e consideration/constructio n o f  a  diagram . 

To enabl e th e identificatio n o f  ne w schema s bein g gen -
erated/learned ,  fou r  condition s wer e specified :  (i )  th e subjec t 
comes acros s a  nove l  domai n configuratio n no t  previousl y 
solved ;  (ii )  solve s thi s sub-goa l  wit h a  serie s o f  inference s 
tha t  invok e existin g schemas ;  (iii )  ther e i s n o singl e schem a 
tha t  coul d hav e bee n use d t o mak e tha t  inference ;  an d (iv )  th e 
subjec t  late r  solve s anothe r  sub-goa l  fo r  a n isomorphi c 
domai n configuratio n withou t  makin g a  serie s o f  inferences . 
Thes e condition s restric t  th e hypothesizin g o f  ne w schema s 
t o a  minimum ,  s o tha t  difficultie s i n th e explanatio n o f  th e 
protoco l  canno t  simpl y b e circumvente d b y proposin g ne w 
conceptua l  entities .  Thi s i n tur n make s th e overal l  tes t  o f 
th e framewor k a s stringen t  a s possible . 

Workin g throug h th e protocols ,  schema s t o explai n 
particula r  inference s wer e propose d base d o n th e informatio n 
availabl e t o th e subjec t  a t  eac h poin t  i n th e protoco l  an d th e 
ne w informatio n h e inferred .  Al l  thre e problem s hav e bee n 
analysed ,  bu t  onl y th e instruction s an d th e firs t  proble m wil l 
be considere d (give n th e limite d space) ,  t o illustrat e th e 
natur e o f  th e analysis . 

Instructions 

Thes e mus t  b e considere d a s the y provide d S L wit h hi s 
initia l  schemas .  The y consiste d o f  tw o brie f  page s o f 
writte n tex t  an d diagrams .  Fro m thei r  conten t  an d SL' s 
protocol s i t  i s  clea r  tha t  S L learn t  th e followin g schemas : 
Known-loa d {2 }  an d Voltage-sourc e (5 )  LSs ;  A V O W - b o x 

M LS {6} ;  Typical-paralle l  an d Typical-serie s {8 }  CLSs ; 
Paralle l  {17 }  an d Serie s {16 }  M C L S s .  Consider ,  fo r 
instance ,  ho w th e instruction s supplie d th e informatio n fo r 
al l  th e slot s o f  th e Voltage-sourc e L S {5} .  O n th e secon d 
pag e o f  th e instruction s wa s a  circui t  diagra m showin g a 
networ k connecte d t o a  batter y an d a  correspondin g A V O W 
diagram .  Bot h th e batter y an d th e overal l  heigh t  o f  th e 
A V OW diagra m share d a  c o m m o n symbo l  t o indicat e th e 
voltag e o f  th e batter y acros s th e whol e network .  Thus ,  S L 
had a  diagra m representin g a  battery ,  whic h h e kne w wa s a n 
idealise d voltag e sourc e (interpretation) ,  an d th e symbo l 
tol d hi m tha t  th e fixe d heigh t  o f  th e rectangl e (diagram -
configurations )  represent s tha t  constan t  voltag e o f  th e 
batter y (domain-conditions) . 

Problem 1 

I n thi s proble m th e overal l  resistanc e o f  th e networ k i n 
Figur e 2  ha d t o b e calculated ,  usin g th e give n value s o f  th e 
resistors .  (Resistor s wil l  b e identifie d i n th e tex t  b y a  'R ' 
plu s thei r  value ;  e.g. ,  Rl/12. )  Figur e 3  show s SL' s 
solutio n t o th e problem ,  wit h label s [A ]  t o [I ]  fo r  th e 
A V OW boxe s tha t  wer e drawn .  SL' s genera l  approac h t o 
thi s proble m wa s firs t  t o incrementall y construc t  th e A V O W 
diagra m fro m th e circuit ,  startin g wit h bo x [A ]  an d workin g 
throug h t o bo x [I] .  The n S L assigne d value s t o boxe s i n 
tur n startin g wit h [A ]  an d propagatin g th e know n value s 
throug h th e diagra m t o hel p constrai n th e furthe r  assignmen t 
of  values ,  whic h include d a  littl e algebr a t o fin d th e value s 
fo r  [H ]  an d [I] .  The n fro m th e calculate d tota l  heigh t  an d 
width ,  S L foun d th e overal l  gradien t  an d thu s th e resistanc e 
of  th e network . 

Thi s proble m solutio n ca n b e characterize d i n term s o f 
th e schema s learne d fro m th e instructions ,  plu s th e 
generatio n o f  3  ne w schemas .  Tabl e 7  summarize s th e mai n 
step s i n th e solutio n wit h th e particula r  schema s tha t  wer e 
invoke d o r  create d a t  eac h step .  Th e informatio n rea d fro m 
or  place d int o particula r  slot s ar e no t  given ,  bu t  som e 
example s wil l  giv e th e flavo r  o f  th e type s o f  inference s mad e 
and ho w the y wer e coded . 
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(Ste p 1 )  Th e initia l  drawin g o f 

[A ]  i s  a n applicatio n o f  th e 

Typical-loa d L S {1} ,  wit h S L 

quickl y drawin g th e A V O W bo x 

diagra m fo r  Rl/12 ,  assumin g a n 

interpretatio n o f  i t  a s a  typica l 

load .  Thi s i s th e firs t  A V O W 

box S L ha s drawn .  (Ste p 2 )  H e 

check s wha t  th e diagram' s 

feature s represen t  b y comparin g 

th e give n value s t o th e exampl e 

on th e firs t  pag e o f  th e 
instructio n sheet ,  whic h i s a n 
applicatio n o f  th e A V O W - b o x 

M LS {6 }  t o matc h particula r 
diagram-feature s t o domain -
propertie s usin g th e property -
m a p p i n g s .  (Ste p 3 )  B y 
examinin g th e value s S L ma y b e 
considere d t o hav e speciaUze d th e 
Typical-loa d {1 }  L S int o a  Known-loa d {2 }  L S fo r  Rl/12 , 
associatin g particula r  value s wit h domaln-properties , 
rathe r  tha n assumin g the y ar e jus t  "typical" .  (Ste p 4 )  S L 
sees tha t  Rl/ 4 i s i n serie s wit h Rl/1 2 an d state s tha t  'serie s 
ar e o n to p o f  eac h other' ,  implyin g th e Serie s M C L S {16 } 
was use d t o decid e wher e t o plac e bo x [B] .  (Ste p 5 )  Th e 
actua l  drawin g o f  [B ]  i s  jus t  a n applicatio n o f  th e Typical -
loa d LS{1} . 

Skippin g t o Ste p 11 ,  w e fin d a n interestin g exampl e o f 
th e generatio n o f  th e Series-and-paralle l  CL S {13} .  S L i s 

Figur e 2 .  Circui t  fo r 
proble m 1 . 

s - - - -

& - . 

k 

Figur e 3 .  Solutio n t o Proble m 1 

trying to decide how to draw [H] and [I] given [A-G] using 
th e Typical-serie s {8 }  an d Typical-paralle l  CLSs .  Th e inter -
pretatio n o f  R 4 an d R l  fro m th e circui t  diagra m mean s tha t 
bot h th e schem a ar e simultaneousl y applicable ,  s o th e dia -
gra m ha s [H ]  stacke d o n [I ]  an d bot h nex t  t o [A-G] .  Now , 
give n thi s ne w configuratio n S L ca n reasonabl y b e assume d 
t o hav e generate d a  ne w schema ,  CL S Series-and-paralle l 
CLS {13} ,  whic h happen s t o b e use d i n th e nex t  problem . 

The analyse s o f  th e secon d an d thir d problem s ar e largel y 
similar ,  bu t  othe r  ne w schema s ar e generated . 

Discussion 

The framewor k ha s bee n use d t o analys e SL' s protocol s fo r 
th e thre e problems .  A s th e sam e condition s fo r  identifyin g 

Tabl e 7  SL' s Solutio n Pat h t o Proble m 1 

Ste p Action s Schemas Invoke d an d Ne w Schema s Create d (* ) 

1 Dra w [A ] 
2 Diagra m features ? 
3 (i )  Compar e [A ]  gradien t  wit h (ii )  instructio n exampl e bo x 

4 Where to draw [BJ? 
5 Draw[B ] 
6 Serie s sub-network ,  dra w [CDE ]  perimete r 
7 Spli t  [CDE ]  int o thre e equall y 
8 Ad d diagonal s 
9 Serie s sub-network ,  dra w perimete r  [FG ] 
10 (i )  Spli t  int o tw o an d (ii )  ad d diagonal s 

11 [H] and [I] in series and in parallel [A-G], draw perimeter 

[HI] . 
12 Divid e [HI ]  int o tw o usin g give n resistanc e 
13 Tota l  resistanc e i s overal l  diagona l 
14 (i )  Comput e value s fo r  [A] ;  (ii )  chec k wit h Ohms law . 
15 Comput e value s fo r  [B ]  give n i t  i s  i n serie s wit h [A] . 
16 Comput e value s fo r  (i )  [C ]  give n (ii )  i t  i s  i n paralle l  wit h 

[DE ]  an d (iii )  [CDE ]  i n serie s wit h [B ] 
17 Chec k wit h (i )  Ohms la w an d (ii )  instructio n example . 
18 Comput e value s fo r  (i )  [F ]  give n (ii )  i t  i s  par t  o f  [FG] . 
19 (i )  Tota l  heigh t  b y summin g (ii )  individua l  height s 
20 Equation s t o comput e (i )  height s o f  [H ]  an d [I ]  give n (ii ) 

tota l  height . 
21 Su m (i )  widths ,  thu s (ii )  overal l  gradien t 

Typical-loa d LS{1 } 
AVOW-box MLS{6 } 
(i )  Typical-loa d L S {1 }  =>Known-loa d L S {2 } 
(ii )  Known-loa d L S 
Serie s M C L S {16 } 
Typical-loa d LS{1 } 
Typical-serie s CLS {  8 } 
Paralle l  MCLS{  17} ,  *N-EquaI-paralle l  CL S {12 } 
3X Typical-loa d L S {1 } 
Typical-serie s CL S {8 } 
(i )  Typical-serie s CLS{8} ,  (ii )  2 X Typical-loa d L S 
{l},*Equal-parallelCL S 

Typical-serie s CL S {8} ,  Typical-paralle l  CLS , 
*Series-and-paralle l  CL S {13 } 
Typical-serie s CL S {8 )  an d 2 X Known-loa d L S {1} . 
AVOW-box M L S {6} . 
(i )  Known-loa d L S {2} ;  (ii )  AVOW-box M L S {6} . 
Known-loa d LS{2 }  an d Typical-serie s {8} . 
(i )  Known-loa d L S {2} ;  (ii )  N-equal-paralle l  CL S 
{12} ,  (iii )  Known-loa d L S {2 } 
(i )  AVOW-box M L S {6} ,  (ii )  Known-loa d L S {2} . 
(i )  Known-loa d L S {2} ,  (ii )  Equal-paralle l  CLS . 
(i )  Known-loa d {2} ;  (ii )  4 X Known-load s {2 } 
(i )  Serie s M L S {16} ,  (ii )  2 X Known-loa d {2} . 

(i) 2X Known-loads {2}, (ii) Known-loads LS {2}. 
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th e differen t  schema s wer e use d throughou t  th e instruction s 
and al l  thre e problems ,  th e analysi s appear s t o giv e a  fairl y 
consisten t  interpretation .  Th e analysi s ca n b e considere d t o 

be complet e a s ther e wer e n o substantiv e expression s o r 
drawing s tha t  coul d no t  b e reasonabl y accommodate d b y th e 
schemas .  Th e analysi s wa s fairl y parsimoniou s a s onl y a 
relativel y smal l  numbe r  o f  schema s o f  eac h typ e neede d t o 
be hypothesize d t o explai n SL' s behaviou r  an d the y wer e 
typicall y invoke d mor e tha n once .  Th e analysi s ha s som e 
coherenc e a s i t  provide s a  fairl y  unifor m characterizatio n o f 
th e differen t  phase s o f  SL' s reasonin g an d o n quit e differen t 
problem s types .  Ther e i s goo d reaso n t o thin k tha t  th e 
number  an d particula r  definitio n o f  slot s i s necessar y an d 
sufficien t  fo r  explainin g th e variou s inference s observed .  A t 
leas t  fo r  A V O W diagrams ,  ther e d o no t  see m t o b e an y 
redundan t  slot s containin g unnecessar y informatio n an d non e 
of  th e expression s ha d substantiv e informatio n tha t  coul d 
not  b e place d i n on e o f  th e propose d slots . 

Further ,  th e framewor k appear s t o captur e th e comple x 
reasonin g tha t  relate s th e value s o f  propertie s o f  individua l 
components/AVO W boxe s t o th e globa l  structur e o f  th e 
A V OW diagrams/circui t  topolog y — a n importan t  aspec t  o f 
proble m solvin g wit h LEDs .  Th e framewor k als o provide s 
an integrate d accoun t  o f  proble m solvin g an d learnin g wit h 
A V OW diagrams .  Proble m solvin g i s largel y characterize d 
by th e applicatio n o f  schema s b y matchin g content s o f 
certai n slot s t o availabl e fact s an d the n assertin g th e fact s 
fro m th e othe r  slot s o f  th e schemas .  On e importan t  aspec t 
of  learnin g i s th e generatio n o f  nove l  domai n leve l  schemas , 
LSs an d CLSs ,  usin g th e meta-leve l  knowledg e o f  th e 
domai n containe d i n M L S s an d M C L S s . 

The variou s slot s o f  th e schema s have ,  quit e deliberately , 
not  bee n define d i n precis e term s wit h th e specificatio n o f 
particula r  dat a formats ,  becaus e th e exac t  natur e o f  th e 
informatio n ma y var y fro m domai n t o domain ,  o r  eve n 
withi n a  domain .  Fo r  example ,  domain-conditlon s ma y 
be specifie d a s magnitude s o f  propertie s fo r  on e aspec t  o f  a 
domai n bu t  a s topologica l  relation s i n another .  Th e 
framewor k aim s t o b e a  genera l  characterizatio n o f  th e 
classe s o f  informatio n tha t  ar e necessar y fo r  proble m solvin g 
and learnin g wit h L E D s i n divers e proble m domains ,  bu t  i n 
doin g s o trade s som e precisio n i n th e definitio n o f  slot s fo r  a 
grea t  scop e o f  applicability . 

The propose d framewor k extend s previou s wor k o n 
proble m solvin g wit h diagrammati c representation s base d o n 
schemas.  I n contras t  t o Ega n an d Schwart z (1979) ,  w h o 
studie d th e rol e o f  perceptua l  chunk s i n th e recognitio n o f 
functiona l  unit s i n circui t  diagrams ,  th e framewor k provide s 
a basi s fo r  studyin g proble m solvin g tha t  integrate s circui t 
diagram s wit h th e nove l  A V O W diagrams ,  whic h 
incorporat e informatio n abou t  th e underlyin g law s governin g 
th e domain .  Koedinge r  an d Anderso n (1990 )  sho w ho w 
exper t  geometr y proble m solvin g ca n b e characterize d a s th e 
searc h throug h a  spac e o f  diagrammati c configuratio n 
schemas ,  DCSs .  Th e L S an d C L S schema s ar e simila r  t o 
DCSs,  bu t  th e matchin g o f  slot s content s i s no t  onl y t o th e 
diagra m configuration ,  a s i n D C S s ,  bu t  als o t o th e 
conceptua l  informatio n abou t  th e domain .  Further ,  th e 
M LS an d M C L S schema s provid e a  basi s fo r  beginnin g t o 

explor e th e "knowledge-based "  processe s b y whic h L S an d 
C LS ca n b e learne d i n th e first  place . 
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Abstrac t 

In this paper we investigate representational and methodolog-
ica l  issue s i n a  attracto r  networ k mode l  o f  th e mappin g fro m 
orthograph y t o semantic s base d o n [Plaut ,  1995] .  W e find  that , 
contrar y t o psycholinguisti c studies ,  th e respons e tim e t o con -
cret e word s (represente d b y mor e 1  bit s i n th e outpu t  pattern ) 
i s slowe r  tha n fo r  abstrac t  words .  Thi s mode l  als o predict s 
tha t  respons e time s t o word s i n a  dens e semanti c neighbor -
hood wil l  b e faste r  tha n word s whic h hav e fe w semanticall y 
simila r  neighbor s i n th e language .  Thi s i s conceptuall y consis -
ten t  wit h th e neighborhoo d effec t  see n i n th e mappin g fro m 
orthograph y t o phonolog y [Seidenber g &  McClelland ,  1989 , 
Plau t  etal. ,  1996 ]  i n tha t  pattern s wit h man y neighbor s ar e 
faste r  i n bot h pathways ,  bu t  sinc e ther e i s n o regularit y i n th e 
rando m mappin g use d here ,  i t  i s  clea r  tha t  th e caus e o f  thi s 
effec t  i s  differen t  tha n tha t  o f  previou s experiments .  W e als o 
repor t  a  rathe r  distressin g finding.  Reactio n tim e i n thi s mode l 
i s  measure d b y th e tim e i t  take s th e networ k t o settl e afte r  be -
in g presente d wit h a  ne w input .  Whe n th e criterio n use d t o 
determin e whe n th e networ k i s "settled "  i s  change d t o includ e 
testin g o f  th e hidde n units ,  eac h o f  th e result s reporte d abov e 
chang e th e directio n o f  effec t  -  abstrac t  word s ar e no w slower , 
as ar e word s i n dens e semanti c neighborhoods .  Sinc e ther e 
ar e independen t  reason s t o exclud e hidde n unit s fro m th e stop -
pin g criterion ,  an d thi s i s wha t  i s don e i n common practice , 
we believ e thi s phenomeno n t o b e o f  interes t  mostl y t o neura l 
networ k practitioners .  However ,  i t  doe s provid e som e insigh t 
int o th e interactio n betwee n th e hidde n an d outpu t  unit s durin g 
setthng . In t roduc t io n 

Th e publicatio n o f  th e Seidenber g an d McClellan d (1989 ) 

model  o f  namin g se t  int o motio n a n extensiv e debat e o n th e 

natur e o f  th e processe s use d i n th e recognitio n an d pronunci -

atio n o f  Englis h words .  A  numbe r  o f  existin g model s relie d 

on tw o separat e mechanisms :  a  rule-followin g mechanis m fo r 

th e pronunciatio n o f  regula r  word s an d nove l  no n words ,  an d a 

look-u p mechanis m fo r  th e pronunciatio n o f  irregula r  words . 

Seidenber g an d McClellan d claime d tha t  a  singl e mechanis m 

i n th e for m o f  a  neura l  networ k coul d perfor m bot h rule-lik e 

and exceptio n mappings ,  an d accoun t  fo r  regularit y effect s 

see n i n reactio n tim e studie s usin g th e lexica l  decisio n an d 

namin g tasks .  The y showe d tha t  thei r  paralle l  distribute d pro -

cessin g mode l  demonstrate s a  so-calle d neighborhoo d effec t 

i n whic h th e reaction-tim e t o a  wor d i s decrease d i f  i t  ha s a 

number  o f  neighbor s wit h simila r  orthographi c t o phonologi -

cal  mappings . 

Th e principa l  attribut e o f  a  neura l  networ k whic h make s i t 

a goo d mode l  o f  regularit y effect s i n readin g i s tha t  o f  neigh -

borhoo d training .  W h e n th e inpu t  an d outpu t  representation s 

ar e chose n appropriately ,  trainin g a  singl e input/outpu t  pat -

ter n improve s th e performanc e no t  onl y o f  tha t  pattern ,  bu t 

of  simila r  pattern s also .  Thus ,  a  rule-lik e behavio r  i s  induce d 

whic h cause s nove l  input s t o b e pronounce d i n a  manne r  simi -

la r  t o huma n subjects ,  an d als o account s fo r  th e neighborhoo d 

effect . 

Sinc e tha t  time ,  th e focu s i n modelin g lexica l  acces s effect s 

has shifte d fro m feed-forwar d t o attracto r  networks ,  recurren t 

network s whic h ar e traine d t o settl e t o a  stabl e output .  Us -

in g attracto r  networ k models ,  A  numbe r  o f  experiment s hav e 

bee n reporte d whic h len d credenc e t o th e ide a tha t  man y o f 

th e effect s see n durin g lexica l  acces s wit h huma n subject s ar e 

naturall y modele d usin g attracto r  networks . 

Plau t  e t  al .  (1996 )  showe d tha t  th e regularit y effec t  demon -

strate d b y [Seidenber g &  McClelland ,  1989 ]  hold s fo r  attrac -

to r  network s a s wel l  a s fo r  feed-forwar d networks .  Plau t 

(1995 )  demonstrate d semanti c an d associativ e primin g i n a n 

attracto r  networ k mode l  whic h implemente d a  rando m map -

pin g whos e inten t  wa s t o simulat e th e mappin g fro m orthog -

raph y t o semantics .  Plau t  an d Shallic e (1993 )  demonstrate d 

an attracto r  networ k mode l  which ,  whe n damage d showe d a 

number  o f  symptom s o f  dee p dyslexia . 

The purpos e o f  ou r  researc h i s t o loo k fo r  regularitie s i n 

th e behavio r  o f  attracto r  network s implementin g a  mappin g 

fro m orthograph y t o semantics .  Th e principl e aspec t  o f  th e 

mappin g fro m orthograph y t o phonology ,  tha t  o f  regularity ,  i s 

lackin g i n th e mappin g fro m orthograph y t o semantics .  Eve n 

thoug h tw o word s whic h ar e spelle d similarl y hav e a  goo d 

chanc e o f  havin g simila r  pronunciations ,  ther e i s littl e reaso n 

t o believ e tha t  the y wil l  hav e simila r  meanings .  I n spit e o f  thi s 

lac k o f  regularit y i n th e mapping ,  w e sho w tha t  regularitie s 

stil l  persis t  i n th e behavio r  o f  attracto r  networ k model s o f  thi s 

mapping . 

We presen t  a  comprehensiv e se t  o f  networ k simulation s i n 

whic h w e independentl y var y severa l  factors : 

• the frequency with which an input/output pattern is seen 

durin g trainin g 

• the semantic neighborhood density, the proximity and 

number  o f  outpu t  pattern s whic h ar e simila r  t o a  patter n 

of  interest , 

• the number of bits which are on in an output pattern. 
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The first  factor ,  trainin g frequency ,  w e equat e wit h th e fre -

quenc y o f  occurrenc e o f  a  wor d i n speec h o r  tex t  fo r  huma n 

subjects .  Sinc e wor d frequency  i s perhap s th e mos t  reliabl e 

determine r  o f  reactio n tim e i n reading ,  an y stud y whic h lef t 

out  thi s facto r  woul d b e incomplete . 

Th e secon d factor ,  semanti c neighborhoo d density ,  i s  on e 

possibl e sourc e o f  a  neighborhoo d effec t  i n network s whic h 

ar e traine d withou t  a  regula r  mapping .  Evidenc e fo r  suc h 

an effec t  withou t  a  regula r  mappin g woul d hav e interestin g 

implication s fo r  ou r  understandin g o f  th e regularit y effec t  i n 

reading .  I t  woul d als o mak e a  uniqu e predictio n o f  attrac -

to r  networks .  W e ar e awar e o f  onl y on e pape r  tha t  look s fo r 

an effec t  o f  semanti c neighborhoo d [Buchana n e t  al. ,  1996] . 

Thi s pape r  report s th e result s o f  testin g thre e dee p dyslexi c 

patient s i n a  namin g task .  Readin g error s o f  on e o f  th e pa -

tient s showe d significan t  correlatio n wit h th e densit y o f  th e 

semanti c neighborhoo d o f  th e stimulu s words .  Thoug h thi s 

stud y count s error s rathe r  tha n lookin g a t  reactio n time s a s 

does ou r  model ,  b y showin g som e effec t  o f  a  semanti c neigh -

borhood ,  i t  doe s len d credenc e t o th e concept . 

The thir d factor ,  outpu t  patter n bi t  density ,  ha s bee n 

use d t o encod e concretenes s o f  wor d meanin g i n a 

number  o f  connectionis t  model s [Cottrel l  &  Plunkett ,  1995 , 

Plau t  &  Shallice ,  1993] .  I n thi s research ,  pattern s whic h hav e 

more bit s o n ar e take n a s havin g mor e feature s instantiated , 

thu s representin g mor e concret e concepts . 

A numbe r  o f  psycholinguisti c studie s sho w a n effec t  o f 

concretenes s o n reactio n time .  A  significan t  facilitatio n i n re -

actio n tim e fo r  eithe r  concret e o r  highl y imageabl e word s ha s 

been reporte d bot h fo r  th e lexica l  decisio n tas k [James ,  1975 , 

Whaley ,  1978 ,  Krol l  &  Merves ,  1986 ,  deGroot ,  1989] ,  an d 

th e namin g tas k [d e Groot ,  1989] .  I n general ,  th e effec t  seem s 

t o b e stronge r  i n th e lexica l  decisio n tas k tha n i n th e namin g 

task . 

Al l  o f  thes e lexica l  decisio n studie s whic h foun d th e mai n 

effec t  an d whic h include d statistic s o n interactions ^  reporte d 

a significan t  interactio n betwee n frequenc y an d concrete -

nes s o r  imageabilit y  suc h tha t  th e concretenes s effec t  wa s 

stronge r  fo r  lo w frequency  words .  Indeed ,  tw o o f  th e stud -

ie s [James ,  1975 ]  [Krol l  &  Merves ,  1986 ]  repor t  n o concrete -

nes s effec t  fo r  hig h frequency  word s whil e reportin g a  signif -

ican t  effec t  fo r  lo w frequency . 

De Groo t  (1989 )  doe s no t  repor t  a  significan t  interac -

tio n betwee n frequenc y an d imageability ,  bu t  analysi s o f 

[Strai n e t  al. ,  1995 ]  show s a  nonsignifican t  tren d i n th e sam e 

directio n a s th e lexica l  decisio n studies .  I n thei r  first  experi -

ment ,  whic h i s th e onl y experimen t  whic h include s hig h fre -

quenc y words ,  th e facilitatio n fo r  hig h imageabl e word s over 

lo w imageabl e word s i s 24. 5 msec ,  fo r  lo w frequenc y words , 

but  onl y 6  msec ,  fo r  hig h frequenc y words .  Mos t  o f  thi s dif -

ferenc e come s from  word s wit h exceptiona l  pronunciations . 

Thei r  secon d experimen t  show s a  significan t  interactio n be -

twee n th e regularit y o f  pronunciation s an d imageabilit y  suc h 
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'On e stud y [Whaley ,  1978 ]  reporte d multipl e regressio n statis -
tic s an d therefor e di d no t  repor t  statistic s o n an y interactions . 

Figur e 1 :  Networ k Architectur e 

tha t  facilitatio n fo r  highl y imageabl e word s i s muc h stronge r 

fo r  exceptio n words . 

Togethe r  thes e result s sugges t  tha t  semantic s play s a 

rol e i n lexica l  decisio n an d naming ,  an d als o i n th e pro -

nunciatio n o f  exceptio n words ,  a s ha s bee n suggeste d b y 

[Plau t  &  Shallice ,  1993 ,  Plau t  e t  al. ,  1996] . 

Network Simulations 

To com e t o a  bette r  understandin g o f  th e factor s tha t  affec t 

settlin g tim e i n a n attracto r  networ k mode l  whic h map s fro m 

orthograph y t o semantics ,  w e ra n a  numbe r  o f  simulations .  I n 

thi s section ,  w e explai n ou r  simulatio n method s an d presen t 

results .  Thes e experiment s represen t  a  parametri c stud y o f 

th e effect s o f  certai n kind s o f  semanti c structur e o n lexica l 

access . 

Network Architecture 

Figur e 1  show s th e networ k architectur e use d i n ou r  simula -

tions .  Ther e wer e 2 0 inputs ,  10 0 hidde n units ,  an d 10 0 out -

put s unit s wit h recurren t  connection s withi n th e outpu t  laye r 

and bac k t o th e hidde n layer .  Thi s architectur e an d m u c h 

of  th e trainin g metho d ar e take n directl y fro m [Plaut ,  1995] . 

M u ch o f  th e techniqu e i s simila r  t o tha t  use d i n experimen t  3 

of  [Plau t  etal. ,  1996] . 

I n orde r  t o approximat e continuou s time ,  continuou s net -

wor k unit s ar e used .  Th e followin g formul a describe s th e ac -

tivatio n behavio r  o f  thes e units .  Th e activatio n o f  uni t  j  a t 

tim e t ,  s y ,  i s  simpl y th e squashe d ne t  inpu t  o f  uni t  j  a t  tha t 

time .  Th e ne t  inpu t  x y i s a  tim e varyin g average : 

Th e T  paramete r  regulate s th e granularit y o f  discret e tim e 

use d t o approximat e continuou s tim e b y specifyin g th e small -

est  tic k o f  tim e th e networ k operate s on .  W e wil l  refe r  t o thes e 

smalles t  unit s o f  tim e a s ticks ,  an d th e actua l  unit s o f  tim e w e 

ar e approximating ,  t ,  a s simulatio n tim e units .  I n th e graph s 

below ,  settlin g tim e i s i n term s o f  simulatio n tim e units . 

Th e recurtenc e an d th e us e o f  continuou s unit s m a y see m 

overl y complex ,  sinc e th e proble m o f  mappin g betwee n ou r 

representation s o f  orthograph y an d semantic s ca n b e learne d 

by a  feed-forwar d network .  W e chos e thi s methodolog y be -

caus e w e ar e intereste d i n a n accurat e simulatio n o f  th e tim e 

i t  take s th e networ k t o settl e t o th e correc t  outpu t  patter n af -

te r  th e inpu t  i s changed ,  a s a  measur e o f  reactio n tim e t o th e 

stimulus . 
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Trainin g Pattern s 

The networ k wa s traine d t o ma p fro m "orthography "  t o "se -

mantics. "  W e includ e quotatio n mark s aroun d thes e tw o la -

bel s becaus e w e d o no t  attemp t  t o se t  u p a  correspondenc e 

betwee n a  wor d representatio n an d an y wor d o f  Englis h o r 

any othe r  natura l  language .  Instead ,  followin g (Plau t  1995) , 

we us e rando m 0/ 1 bi t  pattern s t o represen t  bot h th e orthog -

raph y an d semantic s o f  eac h word .  Th e inpu t  "orthographic " 

pattern s wer e uniforml y distributed ,  spars e bi t  patterns .  Th e 

probabilit y  o f  an y bi t  bein g o n i s 0.1 .  W e impose d a  mor e 

interestin g structur e o n th e outpu t  "semantic "  representatio n 

t o captur e th e concept s o f  imageability ,  an d semanti c neigh -

borhood . 

Highl y imageabl e o r  concret e word s ar e ofte n charac -

terize d i n th e literatur e a s havin g a  riche r  representatio n 

[Breedi n e t  al. ,  1994] .  Thi s ma y tak e th e for m o f  mor e se -

manti c feature s fo r  concret e words ,  o r  mor e sensor y con -

nection s fo r  highl y imageabl e words .  I n th e contex t  o f  ou r 

simulations ,  w e captur e thi s concep t  b y varyin g a  singl e pa -

rameter ,  P { O N E ) ,  th e probabilit y  o f  a  bi t  bein g a  on e i n 

th e outpu t  representation .  Representation s wit h mor e fea -

tures ,  o r  1  bits ,  w e cal l  concrete .  Thos e wit h fewe r  bits , 

we cal l  abstract .  Th e P { O N E )  paramete r  i s se t  t o 0. 5 fo r 

concret e words ,  an d 0. 1 fo r  abstrac t  words .  Not e tha t  sim -

ila r  representation s ar e assume d elsewher e i n th e literatur e 

[Cottrel l  &  Plunkett ,  1995 ,  Plau t  &  Shallice ,  1993] . 

To captur e th e concep t  o f  a  semanti c neighborhood ,  i n 

whic h a  numbe r  o f  word s hav e simila r  meanings ,  w e wan t 

t o generat e outpu t  pattern s suc h tha t  tw o pattern s fro m th e 

same semanti c neighborhoo d hav e mor e bit s  i n common tha n 

tw o pattern s fro m differen t  neighborhoods .  W e captur e thi s 

concep t  usin g th e P { F L I P )  parameter .  Thi s paramete r  i s th e 

probabilit y  tha t  an y singl e bi t  i n th e semanti c representatio n 

wil l  change ,  o r  "flip "  betwee n tw o neighbors .  Thi s control s 

ho w tightl y packe d th e pattern s i n a  neighborhoo d wil l  be . 

We us e th e term s "dense "  an d "sparse "  t o distinguis h lo w an d 

hig h P { F L I P )  value s respectively . 

Al l  pattern s i n a  neighborhoo d ar e generate d fro m a  sin -

gl e prototyp e patter n whic h i s no t  include d i n th e final  se t  o f 

trainin g patterns .  Th e proces s w e us e t o produc e thes e pat -

tern s i s designe d s o that : 

• the probability that a bit in any pattern is a 1 is independent 

of  al l  othe r  bits ,  an d i s give n b y P { O N E ) , 

• the probability that two corresponding bits between a pair 

of  pattern s i n a  neighborhoo d ar e differen t  i s  independen t 

of  al l  othe r  bit s  i n th e patter n an d i s give n b y P{FLIP) . 

First a prototype pattern is generated where each bit is ran-

doml y se t  t o 1  wit h probabilit y  P { O N E ) .  T o generat e a  sin -

gl e exempla r  patter n fro m th e prototype ,  w e randoml y an d 

independentl y decid e whethe r  o r  no t  t o flip  eac h bit .  Thi s de -

cisio n i s mad e i n tw o stages .  First ,  wit h probabilit y  p ,  th e bi t 

i s designate d t o b e resampled .  Next ,  eac h bi t  s o designate d 

i s se t  t o 1  wit h probabilit y  P { O N E )  simila r  t o th e proces s 

fo r  th e origina l  prototype .  Th e valu e o f  an y bi t  whic h i s no t 

designate d t o b e resample d i s lef t  unchanged . 

The valu e o f  th e probabilit y  p  i s chose n s o tha t  th e proba -

bilit y  o f  correspondin g bit s bein g differen t  betwee n tw o pat -

tern s i n th e neighborhoo d wil l  b e P{FLIP) .  Th e valu e o f 

p necessar y t o achiev e a  give n P{FL IP )  varie s dependin g 

upon th e P { O N E )  parameter .  Tha t  is ,  wit h on e settin g o f  p 

fo r  tw o differen t  setting s o f  P { O N E ) ,  th e expecte d distanc e 

betwee n pattern s i n a  neighborhoo d woul d change .  Henc e 

we ha d t o comput e th e prope r  valu e o f  p  fo r  eac h valu e o f 

P{FLIP )  s o tha t  th e expecte d distanc e betwee n tw o pattern s 

i n a  neighborhoo d i s independen t  o f  ou r  choic e o f  P { O N E ) . 

A thir d parameter ,  N N B O R S,  i s  th e tota l  numbe r  o f  pat -

tern s i n th e neighborhood .  Not e tha t  N N B O RS i s inde -

penden t  o f  P{FLIP) .  Fo r  instance ,  i t  i s  possibl e t o hav e 

a tightl y packe d neighborhoo d containin g onl y a  fe w pattern s 

(smal l  P{FLIP) ,  smal l  N N B O R S ) ,  o r  a  loosel y packe d 

neighborhoo d containin g man y pattern s (larg e P{FLIP) , 

larg e N N B O R S ) .  Despit e th e tw o parameter s bein g inde -

pendentl y controlled ,  w e d o expec t  thes e tw o parameter s t o 

have simila r  effect s o n th e simulation ,  s o w e wil l  cal l  a  neigh -

borhoo d containin g man y pattern s "dense "  an d on e wit h fe w 

"sparse" . 

So fa r  w e hav e mentione d thre e parameter s use d t o gen -

erat e ou r  rando m semanti c representations :  Th e P { O N E ) 

paramete r  determine s th e concretenes s o r  imageabilit y  o f  a 

word ,  whil e N N B O RS an d P{FL IP )  determin e ho w man y 

semanti c neighbor s a  wor d ha s an d ho w clos e togethe r  the y 

are .  Ther e i s a  fourt h an d final  paramete r  attache d t o eac h 

word ,  th e F R E Q parameter .  Thi s determine s th e relativ e fre -

quenc y o f  th e word ,  o r  ho w ofte n i t  i s  see n durin g training . 

Tabl e 1  record s th e variou s level s use d fo r  eac h o f  th e fou r 

parameters .  Ou r  bas e simulatio n wa s a 2 x 2 x 2 x 2 exper -

imen t  wit h 6  pattern s i n eac h cel l  fo r  eac h networ k resultin g 

i n 9 6 wor d pattern s fo r  eac h network . 

Table 1: Summary of Simulation Parameters. 

P{ONE) 

P{FLIP ) 

N N B O RS 

F R EQ 

Probablit y tha t  a  bi t  i n 

th e patter n i s a  on e 

Prob .  tha t  bi t  flips  be -

twee n 2  pattern s i n n'hoo d 

Number  o f  pattern s i n 

th e neighborhoo d 

Relativ e numbe r  o f 

presentation s i n trainin g 

0. 1 =  abstrac t 

0. 5 =  concret e 

0.0 5 =  dens e 

0.1 5 =  spars e 

6 =  dens e 

2 =  spars e 

1 =lo w 

4 =  hig h 

Trainin g Metho d 

We traine d an d teste d te n separat e networks ,  eac h wit h dif -

feren t  initia l  weigh t  values ,  an d differen t  set s o f  pattern s gen -

erate d usin g th e parameter s describe d above .  Ou r  network s 

wer e traine d usin g Pearlmutter' s metho d fo r  continuous ,  re -

curren t  back-propagatio n throug h tim e [Pearlmutter ,  1989] . 
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Durin g training ,  befor e th e presentatio n o f  a  ne w inpu t  pat -

tern ,  th e activatio n o f  eac h uni t  (sy )  wa s se t  t o 0.3 ,  an d th e 

time-average d ne t  inpu t  (ly' )  wa s se t  t o -0.8473 ,  whic h i s 

th e inverse-sigmoi d o f  th e initia l  activatio n o f  0.3 .  Thi s ini -

tia l  activatio n valu e wa s chose n a s i t  i s  th e averag e valu e o f 

al l  outpu t  patter n bit s i n th e trainin g set . 

On eac h presentation ,  mea n 0  Gaussia n nois e wit h standar d 

deviatio n 0.0 5 wa s use d t o corrup t  th e inpu t  portio n o f  th e 

trainin g pattern .  Th e activatio n value s o f  th e inpu t  laye r  wer e 

set  a t  tim e t  =  0t o thi s corrupte d pattern ,  an d activatio n wa s 

propagate d forwar d usin g th e formul a o f  th e previou s page , 

unti l  simulatio n tim e t  =  A .  Durin g thi s tim e th e inpu t  laye r 

activation s wer e clampe d t o thei r  noise-corrupte d value s s o 

the y di d no t  chang e betwee n tim e 0  an d 4 . 

Durin g th e bac k propagatio n phase ,  cros s entrop y erro r 

[Hinton ,  1989 ]  betwee n th e activatio n o f  th e outpu t  laye r  an d 

th e outpu t  trainin g patter n wa s injecte d betwee n tim e t  =  2 

and 4 .  Th e erro r  accumulate d durin g thi s perio d wa s back -
propagate d t o tim e 0 ,  bu t  n o farther . 

Gradien t  descen t  wit h m o m e n t u m wa s use d t o calculat e 

ne w weights ,  an d th e weigh t  change s wer e applie d befor e th e 
nex t  patter n wa s presented .  Th e learnin g rat e wa s 0.005 ,  wit h 

momen tu m 0.8 .  Eac h networ k wa s traine d fo r  100 0 epoch s 

at  T  =  0.2 .  Thi s wa s followe d b y "annealin g training "  con -

sistin g o f  6 0 epoch s a t  t  =  0.05 ,  an d 4 0 mor e epoch s a t 

r  =  0.01 . 

Simulation 1 - Results & Discussion 

Afte r  training ,  w e assesse d th e settlin g time s fo r  eac h o f  th e 

96 pattern s fo r  eac h o f  th e te n networks .  Eac h networ k uni t 

was initialize d t o it s startin g activatio n o f  0.3 ,  an d allowe d t o 

settle .  I n thi s simulation ,  th e networ k wa s considere d settle d 

when n o outpu t  uni t  change d b y mor e tha n 0.00 1 i n a  singl e 

tim e tick .  Thi s i s th e metho d use d i n [Plaut ,  1995] ,  an d i s 

simila r  t o tha t  o f  [Plau t  e t  al. ,  1996] . 

At  thi s point ,  fo r  ever y trainin g pattern ,  th e su m square d 

erro r  o n th e final  activatio n o f  th e networ k i s withi n y/O ^  o f 

th e trainin g pattern ,  whic h i s adequat e t o assur e u s tha t  n o bi t 

i s of f  b y mor e tha n 0.5 . 

Figur e 2  plot s th e mai n effect s o n settlin g tim e fo r  th e fou r 

parameters .  I n thes e graphs ,  th e dependen t  axi s plot s th e av -

erag e amoun t  o f  simulatio n tim e th e networ k too k t o settl e t o 

a stabl e semanti c output .  Th e erro r  bar s plo t  on e standar d er -

ro r  o n eac h sid e o f  th e mean .  M e a n settlin g time s ar e plotte d 

afte r  variou s amount s o f  trainin g rangin g fro m 20 0 t o 100 0 

epochs .  Th e weight s use d i n thes e graph s wer e derive d b y 

doin g annealin g trainin g startin g fro m th e weight s produce d 

on th e sam e se t  o f  1 0 network s afte r  200 ,  400 ,  600 ,  800 ,  an d 

100 0 epoch s o f  training . 

We performe d 2 x 2 x 2 x 2 repeate d measure s A N O V As 

on th e settlin g time s a t  100 0 epochs .  Eac h o f  th e 1 0 network s 

was treate d a s a  separat e subject ,  an d al l  4  factor s wer e treate d 

as withi n subjec t  source s o f  variance .  Th e result s sho w tha t 

al l  th e mai n effects ,  excep t  fo r  N N B O R S,  ar e significant . 

Frequen t  word s settl e faste r  tha n infrequen t  (FpREQi'i-,^ ) 

E 
H 
en 
B 

(A 

2.4- ] 

2.2 -

2.0 -

1. 8 

ahstrac t  concret e 

Epoch s 

•K 20 0 

spars e ;pa : dens e 

^ • ^ O n ~ T ( b N E )  •  0^ 5 0 . 1 5 P ( F L I P )  0 . 0 5 

2.4-, ' 

0) 
1/ 3 

1 . 8 -
sparse '  dens e 

2 NNBORS 6 

Figur e 2 :  Mai n Effec t  fo r  Simulatio n 1 

= 897 7 < 0 001). Abstract words are faster than con-

Cret e ( F ; L k ) ( 1 . 9 )  =  12.1 ,  P  =  0.007) .  Th e influenc e o f 
th e P ( F L I P )  paramete r  i s t o mak e word s i n dens e seman -

ti c neighborhood s faste r  {Fp(FUP){'^,^ )  =  6.90 ,  p  =  0.027) . 

Th e directio n o f  influenc e fo r  N N B O R S i s consisten t  wit h 

P { F L I P ) ,  bu t  th e resul t  i s  no t  significan t  {Fnnbors{ ' ^ ,  9 ) 

= 4.92 ,  p  =  0.054) . 

Th e sam e patter n o f  significanc e i s obtaine d whe n th e anal -

ysi s i s performe d a t  200,400 ,  600 ,  an d 80 0 epochs .  W e hav e 

als o performe d preliminar y trial s usin g a  numbe r  o f  othe r 

manipulations :  changin g th e magnitud e o f  th e stoppin g cri -

terion ,  th e rang e o f  th e P { O N E )  parameter ,  an d th e rang e 

of  F R E Q .  Wit h th e exceptio n o f  th e F R E Q experiment , 

non e o f  thes e manipulation s ha d an y noticeabl e effec t  o n th e 

result .  I n th e F R E Q manipulation ,  frequencie s o f  1  an d 8 

wer e used .  Al l  significan t  effect s wer e th e sam e a s reporte d 

abov e excep t  fo r  P { F L I P )  whic h showe d a  non-significan t 

tren d consisten t  wit h ou r  reporte d results .  Informa l  analysi s 

suggest s tha t  muc h o f  th e effec t  o f  P { F L I P )  i s los t  a t  hig h 

frequencies . 

Th e fac t  tha t  abstrac t  word s ar e faste r  tha n concret e word s 

i s inconsisten t  wit h th e findings  o f  a  numbe r  o f  psycholin -

guisti c studie s whic h repor t  tha t  reactio n time s t o abstrac t 

word s i n th e namin g an d lexica l  decisio n task s ar e slowe r 

tha n t o concret e words .  Thes e findings  wer e summarize d i n 

th e introductio n t o thi s paper .  Thi s i s a  proble m fo r  thos e w h o 

believ e tha t  attracto r  network s mak e goo d model s o f  lexica l 

acces s phenomena ,  whil e a t  th e sam e tim e hol d tha t  th e pri -

mar y distinctio n betwee n abstrac t  an d concret e word s i s tha t 

concret e word s hav e dense r  semanti c bi t  representations .  Ou r 

finding  suggest s tha t  a  differenc e i n th e densit y o f  th e bi t  rep -

resentatio n i s inadequat e t o explai n reactio n tim e difference s 
of  huma n subjects . 

Th e simulatio n show s tha t  bein g i n a  dens e semanti c neigh -

borhoo d result s i n decrease d settlin g times .  Thi s i s consis -

ten t  wit h th e regularit y effec t  i n reading .  There ,  accordin g 

t o [Seidenber g &  McClelland ,  1989 ]  an d [Plau t  etal. ,  1996 ] 
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th e effec t  i s a  resul t  o f  neighborhoo d training .  Trainin g o n 
on e patter n ha s th e effec t  o f  reducin g reactio n time s o n sim -
ila r  patterns .  I n ou r  simulation ,  th e mappin g betwee n input s 
and output s i s random .  Knowin g th e correc t  outpu t  fo r  som e 
inpu t  ca n giv e n o informatio n abou t  wha t  i s th e correc t  out -
put  fo r  an y othe r  input .  Therefore ,  th e resul t  reporte d i n thi s 
pape r  canno t  b e cause d b y th e sam e kin d o f  neighborhoo d 
training .  W e sugges t  rathe r  tha t  trainin g o n a  patter n ma y 
hav e th e effec t  o f  decreasin g settlin g tim e o f  pattern s whic h 
ar e nearb y i n outpu t  space .  Thi s within-domai n neighbor -
hoo d effec t  i s  distinc t  fro m th e neighborhoo d trainin g ob -
serve d b y [Seidenber g &  McClelland ,  1989 ]  whic h w e wil l 
cal l  a  between-domai n neighborhoo d effect ,  althoug h i t  ma y 
hav e significan t  influenc e o n settlin g time s eve n i n problem s 
whic h featur e a  regula r  mapping .  Furthe r  stud y t o determin e 
th e relativ e siz e o f  thes e tw o effect s i s required . 

For  problem s withou t  a  regula r  mapping ,  thi s within -
domai n neighborhoo d effec t  ma y serv e a s a  distinctiv e pre -
dictio n o f  attracto r  networ k models .  A s such ,  i t  i s a  candidat e 
fo r  distinguishin g betwee n suc h model s an d alternativ e hy -
potheses . 

Simulation 2 • Results & Discussion 

We rera n th e testin g phas e o f  th e previou s section ,  usin g 
th e sam e se t  o f  te n networks ,  an d th e sam e fina l  weights . 
Th e onl y differenc e betwee n thi s ru n an d th e earlie r  on e i s 
tha t  i n thi s secon d ru n hidde n unit s a s wel l  a s outpu t  unit s 
wer e include d i n th e tes t  fo r  settling .  Unde r  thi s ne w stop -
pin g criterion ,  eac h o f  th e mai n effect s i s significan t  a t  p  < 
0.05 .  Unfortunately ,  th e directio n o f  al l  o f  th e effect s ex -
cep t  frequenc y ar e reversed .  Frequen t  word s ar e stil l  facili -
tate d (Ff req{1 ,  9 )  =  247.1 ,  p  <  0.001) .  However ,  no w con -
cret e word s ar e faste r  tha n abstrac t  {Fp(^oNE )  (1.9 )  =  208.5 , 
p <  0.001) .  Also ,  eac h o f  th e factor s controllin g th e den -
sit y o f  a  semanti c neighborhoo d no w interfere s wit h settlin g 
(i^p(FL/P)(1.9 )  =  52.5 ,  p  <  0.001 ;  F n n b o « 5 ( 1 , 9 )  =  13.1 , 
p =  0.006) .  Figur e 3  plot s th e results . 

We hav e recentl y successfull y reproduce d th e result s o f 
[Plaut ,  1995] ,  whic h demonstrate s possibl e mechanism s be -
hin d associativ e an d semanti c primin g i n a n attracto r  networ k 
model .  I n [Plaut ,  1995] ,  associativ e primin g i s show n t o hav e 
a muc h stronge r  influenc e o n reactio n time s tha n doe s seman -
ti c priming .  W e hav e foun d tha t  i n ou r  replicatio n includin g 
hidde n unit s i n th e stoppin g criterio n ha s th e effec t  o f  revers -
in g thi s result .  Wit h hidde n unit s i n th e stoppin g criterion , 
semanti c primin g ha s a  stronge r  influenc e tha n doe s associa -
tiv e priming .  Fo r  detail s se e [Clouse ,  1998] . 

Not e tha t  i n bot h set s o f  simulations ,  th e onl y chang e i n 
methodolog y wa s th e introductio n o f  hidde n unit s int o th e 
stoppin g criterion .  H o w coul d suc h a  smal l  chang e hav e suc h 
a larg e impac t  o n th e results ? 

Give n som e inpu t  patter n an d som e se t  o f  weights ,  th e tra -
jector y followe d throug h activatio n spac e fo r  th e tw o test s 
must  necessaril y  b e identica l  u p t o th e poin t  wher e th e output -
onl y criterio n i s met .  Afte r  thi s point ,  th e outpu t  unit s chang e 
ver y little ,  bu t  th e hidde n unit s continu e t o chang e unti l  th e 
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Figure 3: Main Effect for Simulation 2 
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Settl e 

Figur e 4 :  Settlin g time s fo r  tw o word s 

settling criterion is met. The time during which the hidden 
unit s chang e b y themselve s i s approximatel y hal f  th e lengt h 
of  tim e require d fo r  th e outpu t  unit s t o reac h criterion .  Thi s 
i s lon g enoug h t o revers e muc h i f  no t  al l  o f  th e differenc e i n 
settlin g time s o f  th e outpu t  units .  Se e figure  4 . 

For  th e cas e o f  th e P { O N E )  effect ,  w e hav e som e under -
standin g o f  wh y th e settlin g tim e reverse s whe n hidde n unit s 
ar e include d i n th e stoppin g criterion .  Th e settlin g behavio r 
ca n b e characterize d b y a  numbe r  o f  stages .  I n th e earlies t 
stag e littl e influenc e from  th e inpu t  patter n ha s ye t  "leake d 
through "  t o th e outpu t  layer .  Th e observe d behavior ,  whic h 
we believ e i s base d mainl y o n th e bia s weight s o f  th e out -
put  units ,  i s  t o tur n al l  output s off .  Thi s i s followe d b y a 
secon d stag e i n whic h selecte d bit s correspondin g t o one s i n 
th e targe t  patter n ar e turne d o n i n th e output .  Th e distanc e 
travele d fro m al l  zero s t o th e correc t  numbe r  o f  outpu t  one s 
i s muc h greate r  fo r  pattern s wit h P { O N E )  =  0. 5 tha n fo r 
thos e wit h P { O N E )  =0.1 .  Thi s ma y accoun t  fo r  th e longe r 
settlin g time s fo r  concret e pattern s whe n onl y th e outpu t  unit s 
ar e teste d fo r  settling .  I n th e final  stage ,  afte r  th e outpu t  unit s 
hav e settled ,  th e outpu t  unit s chang e ver y little ,  therefor e th e 
hidde n unit s ar e settlin g unde r  constan t  input .  Th e formula s 
governin g activatio n unde r  thes e condition s dictat e tha t  unit s 
wit h mor e extrem e input s wil l  ten d t o reac h settlin g criterio n 
faste r  tha n thos e wit h input s nea r  zero .  W e hav e observe d 
tha t  th e input s t o hidde n unit s ar e generall y mor e extrem e fo r 
pattern s wit h P { O N E )  =  0.5 ,  whic h account s fo r  th e faste r 
settlin g o f  hidde n unit s fo r  thes e patterns .  Tha t  th e input s 
t o P { O N E )  — 0. 5 pattern s ar e mor e extrem e i s reasonabl e 
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considerin g tha t  thes e input s consis t  o f  mor e non-zer o terms , 

due t o th e greate r  numbe r  o f  one s i n th e output .  W e hav e ye t 

t o wor k ou t  a  satisfyin g explanatio n fo r  th e semanti c neigh -

borhoo d effect . 

Sinc e changin g th e stoppin g criterio n ha s suc h a  profoun d 

influenc e o n th e simulatio n results ,  a  principle d choic e o f 

stoppin g criterio n i s ver y important .  C o m m on practic e i s t o 

exclud e hidde n unit s fro m th e stoppin g criterion .  This ,  w e 

believe ,  i s  base d o n th e reasonabl e assumptio n tha t  th e ac -

tivatio n o f  th e hidde n unit s is ,  b y definition ,  no t  visibl e t o 

othe r  networks ,  an d therefor e ha s n o influenc e thei r  behavior , 

includin g an y networ k whos e tas k require s decidin g i f  thi s 

networ k ha s settled . 

Conclusion 

I n thi s pape r  w e hav e reporte d th e result s o f  a  simulatio n o f 

th e effect s o f  a  numbe r  o f  differen t  variable s o n a n existin g 

attracto r  networ k mode l  o f  th e mappin g fro m orthograph y t o 

semantics .  W e find  significan t  effect s o f  frequency,  th e num -

ber  o f  one s i n th e outpu t  pattern ,  an d tw o measure s o f  neigh -

borhood  density . 

We find  tha t  mor e one s i n th e outpu t  patter n tend s t o slo w 

setding .  On e possibl e representatio n o f  concret e word s use d 

by connectionist s include s mor e on e bits .  Sinc e th e psy -

cholinguisti c literatur e suggest s tha t  reactio n time s t o con -

cret e word s ar e faste r  tha n t o abstract ,  ou r  resul t  suggest s tha t 

thi s representatio n cause s a  conflic t  wit h huma n behavior .  A 

more radica l  conclusion ,  no t  share d b y bot h authors ,  i s  tha t 

concret e word s shoul d b e represente d b y pattern s wit h fe w 

bit s on ,  suggestin g a  mor e "focal "  patter n o f  activity .  W e als o 

find  a  semanti c neighborhoo d effec t  i n whic h word s whic h 

hav e man y semanticall y simila r  word s i n th e languag e ten d 

t o settl e faster . 

I n a  secon d se t  o f  simulations ,  w e sho w tha t  bot h o f  thes e 

effect s revers e whe n hidde n unit s ar e include d i n th e stop -

pin g criterion .  Thi s w e interpre t  a s a n effec t  whic h i s o f  inter -

est  principall y t o neura l  networ k researchers ,  rathe r  tha n a s a 

predictio n o f  huma n behavior . 
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Abstrac t 

Language plays a pervasive role in our day-to-day experience 
and i s likel y t o hav e a n effec t  o n othe r  non-linguisti c aspect s 
of  life .  A t  th e sam e time ,  languag e i s itsel f  constraine d b y th e 
world .  I n thi s pape r  w e stud y thi s interactio n usin g Playpen ,  a 
connectionis t  mode l  o f  th e acquisitio n o f  wor d meaning .  W e 
argu e tha t  th e interactio n betwee n linguisti c an d non-linguisti c 
categorie s depend s o n th e patter n o f  correlation s i n th e worl d 
and o n thei r  relatio n t o th e correlation s define d b y words .  W e 
the n discus s thre e kind s o f  possibl e interaction s an d presen t 
simulation s o f  eac h usin g Playpen ,  a  neural-networ k mode l  o f 
th e acquisitio n o f  wor d meaning . 

I n t r o d u c t i o n 

Languag e play s a  pervasiv e rol e i n ou r  day-to-da y experi -
ence .  Thu s i t  i s n o surpris e tha t  peopl e wonde r  t o wha t  exten t 
languag e i n genera l  an d th e particula r  languag e on e speak s 
affec t  th e res t  o f  ou r  cognitiv e abilities .  Doe s languag e af -
fec t  thought ;  tha t  is ,  d o linguisti c categorie s influenc e genera l 
cognitiv e categories ? M o r e generally ,  h o w d o linguisti c an d 
non-linguisti c categorie s interact ? 

Th e Linguisti c Relativit y Hypothesis ,  associate d mos t 
closel y wit h Benjami n Le e W h o r f  (Whorf ,  1956) ,  concern s 
th e first  question .  T h e claim ,  i n it s stronges t  form ,  i s tha t  lin -
guisti c categorie s exer t  a  direc t  influenc e o n genera l  cognitiv e 
categories .  Sinc e Whorf ,  m a n y researcher s hav e attempte d t o 
find  evidenc e fo r  thi s influenc e (se e Luc y (1996 )  fo r  a  re -
view) ,  bu t  ther e i s a s ye t  n o agreemen t  tha t  th e evidenc e ha s 
bee n found . 

Peopl e hav e usuall y studie d th e effec t  o f  languag e o n cog -
nitio n b y looking  fo r  difference s i n adul t  speaker s o f  differen t 
languages .  Negativ e result s (Rosch ,  1973 ;  Ka y &  McDaniel , 
1978 )  ar e me t  wit h th e argument s tha t  th e experiment s ar e 
biase d toward s Indo-Europea n languages ,  ar e dealin g wit h a 
par t  o f  perceptio n no t  subjec t  t o linguisti c effects ,  o r  involv e 
irrelevan t  languag e distinction s whic h shoul d no t  b e expecte d 
t o hav e a n effec t  i n th e first  place .  Positiv e result s (Carrol l  & 
Casagrande ,  1958 ;  Ka y &  Kempton ,  1984 ;  Bloom ,  1981 )  ar e 
generall y explaine d awa y a s effect s o f  culture ,  biase d stimul i 
or  th e linguisti c natur e o f  th e tas k bein g used . 

M o r e recently ,  linguisti c relativit y ha s bee n studie d i n th e 
contex t  o f  learning ,  an d th e pictur e ther e look s mor e promis -
in g fo r  linguisti c relativity .  I t  ha s bee n show n tha t  th e orde r  i n 
whic h childre n lear n certai n words ,  a s wel l  a s thei r  pattern s 
of  overgeneralization ,  depen d o n th e languag e bein g learne d 
(Brown ,  1994 ;  Bowerman ,  1996) ,  evidenc e fo r  a n effec t  o f 
languag e o n th e res t  o f  cognition .  Thi s i s furthe r  supporte d 
by convergin g evidenc e fro m studie s showin g h o w learnin g 

label s i n th e laborator y ca n affec t  children' s performanc e i n 
task s lik e wor d generalizatio n an d analogica l  proble m solv -
in g (Jone s &  Smith ,  1993 ;  Centner ,  Rattermann ,  Markman ,  & 
Kotovsky ,  1995) .  Othe r  developmenta l  studie s als o sho w par -
allel s betwee n linguisti c an d non-linguisti c performanc e i n 
variou s domain s (Jones ,  Smith ,  Landau ,  &  Gershkoff-Stowe , 
1992 ;  Smit h &  Sera ,  1992) . 

We believ e tha t  learnin g i s th e righ t  plac e t o loo k fo r  rel -
ativisti c  effects ,  bu t  w e als o believ e tha t  th e empirica l  wor k 
on developmen t  mus t  b e supplemente d wit h a  computationa l 
account ,  on e whic h look s a t  h o w th e demand s o f  linguisti c 
and non-linguisti c task s m a y lea d t o long-ter m effects .  I n th e 
pape r  w e presen t  th e beginning s o f  suc h a n account .  I n th e 
nex t  sectio n w e discus s th e rol e o f  correlation s i n th e learnin g 
of  linguisti c an d non-linguisti c categories .  Nex t  w e presen t 
a computationa l  mode l  an d discus s th e result s o f  thre e sim -
ulation s demonstratin g possibl e kind s o f  relativisti c effects . 
Finall y w e conside r  th e implication s o f  th e mode l  fo r  futur e 
researc h o n linguisti c relativity . 

Linguistic and Non-Linguistic Correlations 

We propose that the way linguistic and non-linguistic cate-
gorie s interac t  depend s o n th e natur e o f  th e correlation s i n 
th e worl d an d th e wa y thes e relat e t o th e correlation s i n th e 
language .  Durin g thei r  first  year ,  babie s experienc e th e worl d 
withou t  an y o f  th e biase s tha t  ar e buil t  int o language .  I t 
i s b y n o w clea r  tha t  the y lear n a  grea t  dea l  abou t  h o w th e 
worl d work s durin g thi s tim e (Baillargeon ,  1994 ;  Spelke , 
Breinlinger ,  Macomber ,  &  Jacobson ,  1992) .  O n e aspec t  o f 
thi s learnin g i s th e discover y o f  correlation s betwee n fea -
ture s alon g differen t  dimension s (Younger ,  1990) .  Thes e non -
linguisti c correlation s defin e wha t  w e wil l  cal l  non-linguisti c 
categories .  I n it s secon d year ,  th e chil d begin s t o lear n lan -
guage ,  whic h introduce s it s o w n categories ,  define d i n term s 
of  th e correlation s betwee n word s an d non-linguisti c dimen -
sions .  Th e linguisti c categorie s m a y agre e o r  disagre e wit h 
th e non-linguisti c categories .  Figur e 1  show s som e o f  th e 
ways i n whic h th e tw o sort s o f  categorie s ca n b e relate d t o 
on e another . 

Give n thes e sort s o f  correlations ,  linguisti c an d non -
linguisti c cognitio n coul d interac t  a t  severa l  levels .  First , 
some word s coul d b e rendere d easie r  t o lear n tha n others . 
I n fact ,  som e categorie s o f  word s ar e consistentl y learne d 
befor e others ,  a n effec t  whic h canno t  b e explaine d b y fre -
quency .  Acros s language s noun s ar e learne d befor e verb s 
(Nelson ,  Hampson ,  &  Shaw ,  1993 )  an d instrumen t  verb s ar e 
learne d befor e othe r  verb s (Huttenlocher ,  Smiley ,  &  Char -
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word s 

M ^ ^ i 

Figur e 1 :  Possibl e correlation s betwee n linguisti c an d non -
linguisti c categories .  Non-linguisti c features ,  represente d b y circles , 
may b e associate d wit h words ,  represente d b y squares ,  i n suc h a 
way tha t  th e word s agre e wit h non-linguisti c categorie s (squiggl y 
pattern) ,  disagre e wit h non-linguisti c categorie s (soli d pattern) ,  sub -
divid e non-linguisti c categorie s (cross-hatche d pattern) ,  o r  combin e 
non-linguisti c categorie s pattern s (diagona l  hatche d pattern) . 

ney ,  1983 ;  Behrend ,  1990) .  Thes e ordering s hav e bee n ex -
plaine d i n term s o f  th e traditiona l  vie w tha t  categorie s ar e 
forme d aroun d stron g correlationa l  structur e (Rosch ,  Mervis , 
Gray ,  Johnson ,  &  Boyes-Braem ,  1976 ;  Kerste n &  Billman , 
1997) .  Thi s strength-of-correlation s accoun t  shoul d als o hol d 
fo r  th e correlation s betwee n word s an d othe r  perceptua l  in -
puts .  Word s tha t  agre e wit h previousl y learne d categorie s 
shoul d b e easie r  t o lear n tha n word s tha t  disagre e wit h them . 

Anothe r  plac e wher e a n effec t  o f  languag e o n cognitio n 
coul d b e foun d i s i n th e highlightin g (o r  downplaying )  o f 
dimension s tha t  ar e relevan t  (o r  irrelevant )  t o th e languag e 
bein g learned .  Thi s effec t  o n attentio n coul d b e show n i n 
bot h linguisti c an d non-linguisti c tasks .  Hun t  an d Agnol i 
(1991 )  sugges t  tha t  learnin g a  languag e tha t  make s a  distinc -
tio n coul d m a k e speaker s o f  tha t  languag e mor e sensitiv e t o 
tha t  distinctio n i n non-linguisti c  tasks ,  a  direc t  effec t  o f  lan -
guag e o n perception . 

An exampl e o f  a  linguisti c tas k wher e effect s o f  languag e 
on attentio n ca n b e observe d i s th e developmen t  o f  th e shap e 
bias .  Childre n a t  aroun d 1 8 month s o f  ag e ten d t o general -
iz e word s t o nove l  object s o f  th e sam e shap e a s th e exemplar , 
rathe r  tha n t o nove l  object s tha t  shar e size ,  colo r  o r  materia l 
wit h th e exemplar .  Becaus e concret e noun s i n mos t  language s 
ar e organize d mainl y i n term s o f  shape ,  thi s attentiona l  bia s 
help s the m generaliz e correctly .  Th e shap e bia s appear s onl y 
afte r  th e chil d ha s learne d roughl y 5 0 nouns ,  mos t  o f  the m 
namin g categorie s o f  thing s tha t  ar e simila r  i n shap e (Jone s 
et  al. ,  1992) .  Thi s suggest s tha t  i t  i s  th e learnin g o f  word s 
tha t  drive s th e learnin g o f  th e bias .  Th e wa y i n whic h th e 
linguisti c categorie s correlat e wit h perceptua l  dimension s ap -
parentl y cause s th e learne r  t o atten d t o particula r  dimensions , 
at  leas t  i n th e contex t  o f  linguisti c tasks . 

A mor e dramati c effec t  o f  languag e woul d b e o n th e natur e 
of  th e non-linguisti c categorie s themselves .  Non-linguisti c 
categorie s ar e buil t  u p ou t  o f  correlation s betwee n percep -
tua l  dimensions .  Linguisti c categorie s m a y agre e wit h thes e 
non-linguisti c correlation s i f  word s correlat e wit h correlatin g 

perceptua l  dimensions .  Alternatively ,  th e non-linguisti c cor -
relation s m a y b e irrelevan t  fo r  th e linguisti c categories .  T h e 
chil d ha s bot h linguisti c an d non-linguisti c task s t o perform . 
I n performin g th e non-linguisti c  tasks ,  th e chil d ca n rel y o n 
non-linguisti c correlations ,  bu t  i f  th e languag e agree s wit h 
thes e correlations ,  sh e ca n rel y o n linguisti c correlation s a s 
well .  O n th e othe r  hand ,  i f  th e non-linguisti c correlation s 
hav e nothin g t o d o wit h th e language ,  non-linguisti c task s ca n 
onl y b e performe d usin g thes e correlations .  Thi s implie s tha t 
th e strengt h o f  th e non-linguisti c correlation s migh t  var y wit h 
th e languages .  Whil e w e k n o w o f  n o direc t  evidenc e fo r  thi s 
possibility ,  th e stron g versio n o f  th e Linguisti c Relativit y Hy -
pothesi s predict s thi s sor t  o f  effec t  m a y b e found . 

I n wha t  follows ,  w e provid e illustration s i n th e mode l  o f 
al l  thre e sort s o f  interactions ,  th e influenc e o f  th e matc h be -
twee n linguisti c an d non-linguisti c categorie s o n th e relativ e 
eas e o f  words ,  th e influenc e o f  linguisti c categorie s o n atten -
tio n t o perceptua l  dimensions ,  an d th e influenc e o f  linguisti c 
categorie s o n th e w a y i n whic h non-linguisti c categorie s ar e 
represented . 

The Model 

Plaype n (Gasse r  &  Colunga ,  1997 )  i s a  connectionis t  mode l 
of  th e acquisitio n o f  wor d meaning .  Fo r  th e purpose s o f  thi s 
paper ,  th e followin g feature s o f  th e mode l  ar e relevant : 

1. The network is a generalization of a continuous Hopfield 
network .  Unit s ar e update d randoml y unti l  th e networ k 
settles . 

2. Network units have relative phase angles in addition to ac-
tivation ,  an d featur e bindin g i s handle d throug h th e syn -
chronizatio n o f  uni t  phas e angles .  Unit s affec t  eac h other' s 
phas e angle s vi a th e weight s o n th e connection s joinin g 
them . 

3. Units are of two types. Micro-object units (MOUs) rep-
resen t  objec t  features .  Micro-relatio n unit s ( M R U s )  rep -
resen t  relation s betwee n th e feature s o f  separat e objects . 
Relatio n word s tak e th e for m o f  M R U s .  Eac h M O U ha s a 
singl e phas e angle ;  eac h M R U ha s tw o phas e angles ,  on e 
fo r  eac h o f  th e object s i t  relates . 

4. Connection weights are adjusted via the contrastive Heb-
bia n learnin g rul e (Movellan ,  1990) . 

5. Non-linguistic features and relation words interact through 
on e o r  mor e intermediat e layer s o f  M R U s . 

Three characteristics of Playpen make it especially well 
suite d t o th e stud y o f  th e interactio n betwee n languag e an d 
perception .  First ,  linguisti c meanin g an d non-linguisti c con -
cept s ar e no t  rigidl y distinguished .  Thi s i s importan t  because , 
i f  w e ar e t o ente r  th e linguisti c relativis m debat e withou t  an y 
biases ,  w e shoul d no t  assum e fro m th e star t  tha t  linguisti c 
and non-linguisti c concept s ar e independent .  Th e mode l  al -
low s correlation s t o develo p i n th e layer s o f  M R U s separatin g 
word s an d non-linguisti c perceptio n a s learnin g take s place , 
and thes e correlation s ca n hav e mor e o r  les s o f  a  linguisti c 
characte r  Second ,  th e mode l  i s designe d t o dea l  wit h rela -
tiona l  knowledge .  Language s var y mor e i n th e wa y i n whic h 
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the y expres s relationa l  informatio n tha n i n th e wa y the y ex -
pres s informatio n abou t  objects ,  s o i t  i s  mor e likel y tha t  ef -
fect s o f  languag e wil l  b e foun d i n relationa l  word s (Centne r 
& Boroditsky ,  1998 )  Whil e w e d o no t  mode l  thes e propertie s 
of  relatio n words ,  the y argu e fo r  focusin g o n relatio n word s 

as a  possibl e sit e o f  relativisti c  effects ,  an d modelin g thes e 
effect s woul d requir e a  syste m capabl e o f  handlin g relations . 
I n particular ,  a  mode l  mus t  b e abl e t o lear n relationa l  cor -

relation s (Gasse r  &  Colunga ,  1998) .  Third ,  th e mode l  ca n 
be "run "  i n bot h th e "comprehension "  an d th e "production " 
directions ,  allowin g fo r  th e possibilit y o f  mutua l  effect s o f 
languag e an d perceptio n o n on e another . 

Experiments 

Th e thre e simulation s w e describ e her e wer e base d o n a  se t 
of  pre-define d correlation s amon g non-linguisti c dimension s 
and correlation s betwee n th e non-linguisti c dimension s an d 
words .  Ther e wer e tw o non-linguisti c dimensions ,  an d rela -
tion s withi n eac h dimensio n correlate d wit h relation s withi n 
th e other .  Tha t  is ,  a  pai r  o f  object s wit h particula r  value s o n 
on e dimensio n tende d t o hav e particula r  value s o n th e other . 
Th e relationa l  correlation s ar e show n i n Figur e 2a . 

Di m 1  Di m 2 AA 

AB 

I  C C '  I 

V -

BA 

BB i 

DC ' 
I 

DD i 

Easy Languag e 
Har d Languag e 

-  -  Wor d 1 
Word 2 

a 

Figur e 2 :  Correlation s use d i n experiments .  A ,  B ,  C  an d D  repre -
sent  possibl e micro-relation s betwee n feature s o n Dimension s 1  an d 
2.  (a )  Th e micro-relation s ar e associate d wit h eac h othe r  acros s th e 
dimension s i n th e tw o cluster s shown ,  (b )  Possibl e pairing s o f  rela -
tion s o n th e tw o dimension s ar e associate d wit h on e o r  th e othe r  o f 
tw o words .  I n th e Eas y language ,  th e word s agre e wit h th e non -
linguisti c correlations ;  i n th e Har d language ,  th e word s correlat e 
onl y wit h micro-relation s o n Dimensio n 1 . 

We defined two "languages," an Easy language, which 
agree s wit h th e non-linguisti c correlations ,  an d a  Har d lan -
guage ,  whic h disagree s wit h th e non-linguisti c correlations , 
as show n i n Figur e 2b .  Eac h languag e consist s o f  tw o rela -
tiona l  words .  Fo r  th e Eas y language ,  th e categorie s i n th e 
worl d agre e wit h th e categorie s promote d b y th e words .  Tha t 
is ,  eac h o f  th e tw o correlationa l  cluster s existin g i n th e worl d 
i s associate d wit h on e o f  th e word s i n th e language .  Fo r  th e 
Har d language ,  th e word s cu t  acros s th e tw o prelinguisti c cor -
relationa l  cluster s i n suc h a  wa y tha t  th e wor d describin g a 
pai r  o f  value s alon g th e tw o dimension s i s determine d b y th e 
valu e alon g Dimensio n 1  only .  Fo r  example ,  accordin g t o th e 
patter n o f  correlation s betwee n dimension s i n Figur e 2 ,  th e 
pair s o f  value s labele d A - B an d B - A shoul d b e i n th e sam e 
categor y bu t  the y ar e assigne d t o differen t  word s i n th e Har d 
language .  Tha t  is ,  th e valu e alon g Dimensio n 2  i s no t  predic -
tiv e o f  th e linguisti c category . 

Th e architectur e o f  th e network s use d i n thes e simulation s 
i s show n i n Figur e 3 . 

WORDS f " 

O 

micro-relatio n 

uni t 
H IDDEN 

R Us 

micro-objec t 

uni t 

P E R C E P T U AL 

D I M E N S I O NS • 

Dimensio n 1 Dimensio n 2 

Figur e 3 :  Networ k architecture .  Micro-objec t  unit s ar e represente d 
by squares ,  micro-relatio n unit s b y diamonds .  Arrow s indicat e com -
plet e connectivit y betwee n layers .  Eac h Hidde n M R U i s associate d 
wit h a  pai r  o f  Perceptua l  Dimensio n M O U s.  A  possibl e patter n 
acros s th e networ k i s shown .  Darknes s indicate s activation ,  an d ar -
ro w directio n indicate s relativ e phas e angle . 

The networks are trained and tested on two different tasks. 
For  Non-linguisti c Patter n Completion ,  the y ar e presente d 
wit h a  patter n o n on e o f  th e Perceptua l  Dimension s an d ex -
pecte d t o produc e a n appropriat e patter n o n th e other .  (Not e 
tha t  ther e ar e alway s tw o possibilitie s fo r  th e appropriat e pat -
tern. )  Th e networ k ca n lear n t o solv e thi s tas k usin g th e con -
nection s joinin g th e Perceptua l  Dimensio n an d Hidde n Rela -
tio n layer s o r  th e connection s betwee n th e tw o Hidde n Rela -
tio n layers .  Fo r  Production ,  th e network s ar e presente d wit h 
a patter n o n th e Perceptua l  Dimension s an d expecte d t o out -
put  a  word . 

Experiment 1 - Difficulty of languages 

Th e goa l  o f  thi s experimen t  i s t o se e h o w th e differen t  corre -
lationa l  pattern s bot h betwee n dimension s an d wit h th e word s 
affec t  th e difficult y o f  learnin g th e tw o languages .  Th e net -
work s wer e first  traine d i n a  Pre-linguisti c Phas e o n Non -
linguisti c Patter n Completio n alon e fo r  3 0 repetition s o f  th e 
relevan t  trainin g pattern s (epochs) .  Next ,  durin g a  Linguisti c 
Phase ,  Patter n Completio n trainin g wa s discontinued ,  an d th e 
network s wer e traine d o n Productio n fo r  seve n epochs .  W e 
predic t  tha t  th e Eas y languag e wil l  b e learne d faste r  tha n th e 
Har d languag e durin g th e Productio n phas e becaus e th e Eas y 
languag e categorie s agree d wit h th e non-linguisti c categories . 

Durin g th e Pre-linguisti c Phase ,  th e network s mastere d th e 
Patter n Completio n tas k b y learnin g weight s betwee n th e tw o 
Hidde n layer s representin g th e non-linguisti c correlations . 
Result s fo r  th e Linguisti c Phas e ar e show n i n Figur e 4 . 

Th e dat a wer e submitte d t o a  2(Language )  *  7(Epoch )  anal -
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Figur e 4 :  Result s fo r  Experimen t  1 .  Th e Har d languag e i s harde r 
t o lear n tha n th e Eas y language . 

ysi s o f  varianc e fo r  a  mixe d design .  Thi s analysi s reveale d a 
mai n effec t  o f  epoch ,  indicatin g tha t  th e network s ge t  bette r 
as the y receiv e mor e training .  Mo r e importantly ,  a s predicted , 
ther e i s a  mai n effec t  o f  languag e ( p <  .001) .  Thus ,  th e Eas y 
languag e i s learne d faste r  tha n th e Har d language ,  althoug h 
by th e en d o f  th e trainin g th e tw o network s hav e comparabl e 
performance .  N o interaction s betwee n languag e an d epoc h 
wer e found . 

The result s mak e sens e fo r  tw o reasons .  Give n th e corre -
lation s betwee n th e Perceptua l  Dimension s an d th e tw o lan -
guag e situations ,  a  networ k learnin g th e Eas y languag e coul d 
choos e t o atten d t o Dimensio n 1 ,  t o Dimensio n 2 ,  t o bot h 
dimension s o r  eve n t o differen t  dimension s fo r  differen t  val -
ues alon g th e dimensions .  I n contrast ,  t o lear n th e Har d lan -
guag e th e networ k need s t o atten d t o Dimensio n 1  an d ignor e 
Dimensio n 2 .  Sinc e th e spac e o f  possibl e goo d solution s i s 
large r  fo r  th e Eas y tha n fo r  th e Har d language ,  th e word s i n 
th e Har d languag e t o b e harde r  t o lear n tha n th e word s i n th e 
Easy language . 

A secon d reaso n fo r  th e eas e o f  th e Eas y languag e con -
cern s th e effec t  o f  th e non-linguisti c correlation s o n languag e 
learning .  I n th e cas e o f  th e Eas y language ,  learnin g th e righ t 
associatio n betwee n on e perceptua l  inpu t  an d it s correspond -
in g wor d shoul d improv e th e chance s o f  producin g th e righ t 
wor d fo r  th e othe r  instance s o f  tha t  word .  Thi s i s becaus e 
of  th e previousl y existin g correlations .  A t  th e beginnin g o f 
Productio n training ,  an y association s betwee n a  Hidde n uni t 
and th e Wor d laye r  indirectl y affec t  th e othe r  Hidde n unit s 
involve d i n non-linguisti c cluster s wit h tha t  Hidde n unit .  I n 
th e cas e o f  th e Eas y language ,  th e correlation s hel p sinc e lin -
guisti c an d non-linguisti c categorie s agree ;  i n th e cas e o f  th e 
Har d language ,  th e correlation s fai l  t o hel p solv e th e Produc -
tio n task . 

Thi s experimen t  demonstrate d h o w word s ca n diffe r  i n eas e 
of  learnin g t o th e exten t  tha t  the y agre e wit h non-linguisti c 
categories .  Tha t  is ,  give n a  particula r  se t  o f  perceptua l  di -
mensions ,  fo r  example ,  th e se t  o f  dimension s tha t  i s learne d 
relativel y earl y becaus e o f  it s  salienc e o r  importanc e t o th e 
child ,  word s wil l  diffe r  i n th e degre e t o whic h thos e dimen -
sion s defin e them .  A n d thi s differenc e wil l  lea d t o difference s 
i n eas e o f  learning .  Th e compariso n hold s withi n language s 

as wel l  a s acros s languages .  I f  thi s i s  true ,  thi s woul d ex -
plai n th e facilitate d learnin g o f  instrumen t  verb s ove r  othe r 

verbs .  Th e instrumen t  togethe r  wit h th e actio n for m a  tigh t 
correlationa l  cluste r  tha t  i s  likel y t o b e ther e prelinguistically . 
I n contrast ,  fo r  a  mor e abstrac t  verb ,  fo r  example ,  enter ,  a 
chil d woul d hav e t o concentrat e o n th e on e thin g tha t  matter s 
(path )  an d ignor e th e othe r  aspect s o f  th e situatio n t o whic h 
th e wor d applies .  Thi s i s als o consisten t  wit h findings  tha t 
i n Tzeltal ,  a  Maya n languag e wit h a n apparentl y complicate d 
syste m fo r  expressin g spatia l  relations ,  context-specifi c  spa -
tia l  relatio n word s ar e learne d earlie r  tha n th e mor e abstrac t 
spatia l  preposition s (Brown ,  1994) . 

Experiment 2 - Highlighting dimensions 

Th e goa l  o f  th e secon d simulatio n i s t o verif y tha t  th e net -
work s traine d o n th e Har d languag e d o i n fac t  pa y mor e at -
tentio n t o th e relevan t  tha n t o th e irrelevan t  dimension .  T o tes t 
thi s w e presente d th e traine d network s wit h nove l  perceptua l 
inpu t  patterns .  W e predic t  tha t  th e network s traine d o n th e 
Har d languag e wil l  produc e th e wor d whic h i s consisten t  wit h 
th e relevan t  dimensio n (Dimensio n 1) ,  whil e thos e traine d o n 
th e Eas y languag e shoul d sho w n o suc h preference .  Fo r  ex -
ample ,  i n Figur e 2 ,  i f  th e networ k i s give n th e value s fo r  A  i n 
D im l  an d C  i n D i m l ,  th e network s traine d o n th e Har d lan -
guag e shoul d ten d t o outpu t  W o r d I ,  becaus e onl y th e patter n 
on D i m l  (A )  counts .  I n th e sam e situatio n network s traine d 
on th e Eas y languag e coul d outpu t  eithe r  Wor d I  (consisten t 
wit h A A an d A B )  o r  Wor d 2  (consisten t  wit h C C o r  D C ) . 

Network s wer e first  traine d i n th e Pre-linguisti c  Phase ,  the n 
i n th e Linguisti c Phas e fo r  7  epoch s o f  trainin g o n th e Produc -
tio n patterns .  W e wer e onl y concerne d wit h th e performanc e 
followin g thi s training .  T o compar e th e performanc e o f  th e 
networks ,  w e subtracte d th e numbe r  o f  word s agreein g wit h 
Dimensio n 2  fro m th e numbe r  o f  word s agreein g wit h Di -
mensio n 1 .  Thu s a  positiv e resul t  indicate s a  preferenc e fo r 
Dimensio n 1 ,  a  negativ e resul t  a  preferenc e fo r  Dimensio n 2 . 

Th e result s ar e show n i n Figur e 5 .  A  T-tes t  reveale d that , 
as expected ,  th e network s traine d o n th e Eas y languag e ha d 
a differen t  preferenc e patter n fro m thos e traine d o n th e Har d 
language .  I n fact ,  th e network s traine d o n th e Eas y languag e 
showe d n o preferenc e fo r  eithe r  wor d whil e th e network s 
traine d o n th e Har d languag e showe d a  significan t  preferenc e 
fo r  th e word s consisten t  wit h Dimensio n 1 . 

Experiment 3 - Effect of language on non-linguistic 

categorie s 

Th e goa l  o f  Experimen t  3  i s t o determin e whethe r  th e differ -
enc e i n th e tw o language s ca n hav e a n effec t  o n th e wa y i n 
whic h th e networ k learn s th e correlation s betwee n th e Per -
ceptua l  Dimensions .  Durin g pre-linguisti c trainin g i n Ex -
periment s 1  an d 2 ,  th e network s readil y learne d th e weight s 
on th e connection s joinin g th e tw o Hidde n layer s represent -
in g thes e correlations .  Sinc e eac h hidde n uni t  i s  associate d 
wit h a  pai r  o f  value s alon g on e o f  th e Perceptua l  Dimensions , 
thes e weight s ar e easil y interpreted .  Pre-linguisti c trainin g 
result s i n positiv e weight s o n eac h o f  th e connection s joinin g 
Hidden-laye r  M R Us representin g pair s o f  perceptua l  feature s 
whic h correlat e an d negativ e weight s o n th e othe r  connec -
tions .  A s ca n b e see n fro m Figur e 6a ,  ther e ar e eigh t  corre -
latin g pairs ;  henc e eigh t  o f  th e weight s joinin g th e Hidde n 
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Figur e 5 :  Result s fo r  Experimen t  2 .  Th e network s traine d o n th e 
Har d languag e responde d wit h th e wor d consisten t  wit h Dimensio n 
1 9 7 % o f  th e time ,  whil e network s traine d o n th e Eas y languag e 
showed n o preference . 

layer s ar e positive ,  whil e th e othe r  eigh t  weight s ar e negative . 
For  example ,  th e weigh t  o n th e connectio n joinin g th e hidde n 
unit s representin g A  o n Diinensio n 1  an d B  o n Dimensio n 2 
i s positive ,  whil e th e weigh t  fo r  A  o n Dimensio n 1  an d C  o n 
Dimensio n 2  i s negative . 

I n Experimen t  3 ,  rathe r  tha n trainin g th e network s o n th e 
Non-Linguisti c Patter n Completio n tas k befor e trainin g o n 
th e Productio n task ,  w e traine d the m o n th e tw o task s simul -
taneousl y b y alternatin g betwee n th e tw o tasks . 

For  th e Har d network ,  th e tw o task s mus t  b e solve d usin g 
completel y differen t  weights .  T o lear n t o produc e th e cor -
rec t  word ,  th e networ k mus t  rel y o n th e connection s from 
th e Dimensio n 1  Hidde n laye r  t o th e Word s layer .  T o lear n 
t o perfor m th e Patter n Completio n task ,  i t  need s t o lear n th e 
inter-Hidden-laye r  correlatio n weights . 

For  th e Eas y network ,  o n th e othe r  hand ,  becaus e th e lin -
guisti c an d non-linguisti c correlation s agree ,  th e tw o task s 
ca n mak e us e o f  th e sam e weights .  I n particular ,  ther e ar e tw o 
ways i n whic h th e networ k coul d lear n t o solv e th e Patter n 
Completio n task .  I t  coul d mak e us e o f  th e inter-Hidden-laye r 
correlatio n weights ,  a s w e expec t  i n th e Har d network .  Alter -
nately ,  i t  coul d rel y o n th e Hidden-to-Word s connections ,  us -
in g th e wor d a s a  bridg e betwee n th e tw o dimensions .  Thes e 
tw o path s ar e show n i n Figur e 6 .  Becaus e th e Eas y networ k 
ca n perfor m th e Patter n Completio n tas k withou t  th e inter -
Hidden-laye r  weight s i f  i t  ha s th e Hidden-to-Word s weights , 
and becaus e i t  need s th e Hidden-to-Word s weight s anywa y t o 
solv e th e Productio n task ,  w e predic t  th e inter-Hidden-laye r 
correlatio n weight s wil l  b e smalle r  i n th e Eas y tha n i n th e 
Har d network. 

We traine d 1 0 network s eac h o n th e Eas y an d Har d se t 
of  patterns ,  alternatin g Productio n an d Patter n Completio n 
tasks .  Fo r  thi s experiment ,  w e ar e intereste d onl y i n th e inter -
Hidden-laye r  weight s tha t  resulte d durin g training ,  no t  i n th e 
performanc e o f  th e network s o n th e tasks .  Afte r  fou r  epoch s 
of  training ,  w e compare d th e correlatio n weight s fo r  th e A 
and B  inpu t  patterns ,  tha t  is ,  th e A-A ,  A-B ,  B-A ,  an d B- B 
inter-Hidden-laye r  weights ,  fo r  th e Eas y an d Har d networks . 
As w e expected ,  th e weight s i n th e Har d networ k wer e signif -

icantl y large r  ( p <  .02 )  tha n th e weight s i n th e Eas y network . 
Thi s show s tha t  th e natur e o f  th e linguisti c categorie s ca n di -
rectl y influenc e th e weight s representin g th e non-linguisti c 
correlations . 

I n thi s experimen t  w e showe d ho w th e kin d o f  languag e 
bein g learne d ca n affec t  th e wa y th e sam e informatio n i s 
learned .  Mor e importantly ,  th e sam e tas k wa s solve d wit h 
or  withou t  linguisti c knowledg e dependin g o n th e correla -
tio n pattern s betwee n th e word s an d th e world .  Thi s point s 
out  a  flaw  i n on e o f  th e mos t  frequen t  complaint s abou t  rel -
ativis m experiments ,  namel y tha t  wheneve r  a  cross-linguisti c 
differenc e i s found ,  th e tas k i s declare d t o b e linguisti c i n na -
ture .  I n ou r  illustration ,  bot h network s solv e th e sam e tas k 
usin g differen t  part s o f  th e architecture .  Ther e wa s n o be -
haviora l  differenc e betwee n th e tw o network s i n eithe r  o f  th e 
tw o task s the y wer e traine d o n an d ye t  thei r  representatio n o f 
th e knowledg e necessar y t o solv e th e task s wa s different .  W e 
thin k thi s i s a  direc t  effec t  o f  th e structur e o f  th e language s 
bein g learne d b y th e network s o n cognition .  Thi s suggest s 
tha t  i t  i s  no t  th e tas k tha t  make s th e proces s linguisti c o r  non -
linguistic ,  an d t o a  certai n extent ,  tha t  i t  coul d b e th e structur e 
of  th e languag e tha t  does .  Th e fac t  tha t  w e foun d n o behav -
iora l  difference s reflectin g th e weigh t  difference s i n th e net -
work s shoul d no t  b e discouraging .  Brai n sca n studie s coul d 
be performe d o n peopl e t o loo k fo r  effect s analogou s t o th e 
weigh t  difference s i n th e networks .  Also ,  preliminar y result s 
sho w languag e effect s durin g th e cours e o f  learnin g suggest -
in g tha t  tha t  i s a  goo d plac e t o star t  lookin g fo r  evidenc e fo r 
relativism . 
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Figur e 6 :  Tw o path s fo r  performin g Non-Linguisti c Patter n Com-
pletion ,  (a )  Th e networ k use s th e between-Hidden-Iaye r  connection s 
representin g th e correlation s betwee n th e Perceptua l  Dimensions . 
Thi s i s possibl e wit h bot h th e Eas y an d Har d networks ,  (b )  Th e net -
wor k use s th e Hidden-to-Word s connections .  Thi s i s possibl e onl y 
wit h th e Eas y Network . 

Conc lus ion s 

I n thi s pape r  w e hav e argue d tha t  linguisti c relativit y ca n b e 
bes t  studie d i n term s o f  th e correlation s betwee n differen t  per -
ceptua l  dimensions ,  th e correlation s betwee n linguisti c cate -
gorie s an d perceptua l  dimensions ,  an d th e wa y i n whic h thes e 
correlation s interac t  durin g th e learnin g o f  languag e an d o f 
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non-linguisti c  tasks .  W e focuse d o n thre e specifi c  relativis -
ti c effect s an d showe d ho w eac h o f  thes e coul d b e simulate d 
wit h a  simpl e neural-networ k mode l  o f  wor d learning .  W e 
believ e tha t  suc h a  mode l  i s crucia l  t o th e relativit y debate . 
Withou t  a n explici t  accoun t  o f  ho w th e learnin g o f  linguisti c 
and non-linguisti c categorie s depend s o n differen t  kind s o f 
correlations ,  i t  wil l  remai n unclea r  precisel y wha t  linguisti c 
relativit y migh t  mea n fo r  cognition . 
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Visua l  D o m i n a n c e a n d th e Contro l  o f  Act io n 
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Abstrac t 

Visual dominance refers to the tendency for visual stimuli to 
dominat e awarenes s o f  stimul i  o f  simila r  o r  lesse r  intensit y 
presente d simultaneousl y i n othe r  modalities .  Th e effec t  ma y 
be see n i n simpl e an d choic e reactio n tim e studies .  Whe n vi -
sual  an d auditor y stimul i  ar e presente d separately ,  visua l  reac -
tio n tim e i s typicall y slowe r  tha n auditor y reactio n time .  How -
ever ,  whe n visua l  an d auditor y stimul i  ar e presente d simultane -
ousl y th e visua l  stimulu s generall y provoke s th e firs t  response . 
I n thi s pape r  w e provid e a  computationa l  accoun t  o f  suc h vi -
sual  dominanc e effects .  Th e simulatio n extend s a n existin g 
computationa l  mode l  o f  routin e actio n selection ,  accountin g 
fo r  th e counterintuitiv e visua l  dominanc e findings  whils t  pro -
vidin g furthe r  suppor t  fo r  th e origina l  actio n selectio n model . 

I n t r o d u c t i o n 

Colavit a (1974 )  demonstrate d tha t  althoug h simpl e auditor y 
reactio n tim e i s significantl y les s tha n simpl e visua l  reactio n 
time ,  visua l  stimul i  appea r  t o dominat e awarenes s whe n stim -
ul i  o f  equa l  subjectiv e intensit y ar e presente d simultaneousl y 

i n th e visua l  an d auditor y modalities .  Thi s resul t  — a n in -
stanc e o f  visua l  dominanc e — i s somewha t  counter-intuitive : 
on e migh t  expec t  that ,  o n simultaneou s presentation ,  th e au -
ditor y stimulu s woul d b e detecte d befor e th e visua l  stimulu s 
an d thus ,  o n a  seria l  accoun t  o f  attention ,  b e processe d befor e 

th e visua l  stimulus .  Instead ,  th e detectio n o f  th e visua l  stim -
ulu s appear s t o over-rid e processin g o f  th e auditor y stimulus , 
which ,  Colavit a found ,  coul d g o undetected . 

Visua l  dominanc e i s no t  limite d t o th e prepotenc y o f  th e vi -
sua l  modalit y wit h respec t  t o th e auditor y modality .  Posner , 
Nissen ,  &  Klei n (1976 )  discus s a  variet y o f  experimenta l  sit -
uation s i n whic h informatio n presente d i n th e visua l  modalit y 
take s precedenc e ove r  othe r  sensor y inpu t  (includin g proprio -
ceptiv e inpu t  an d tactil e input) .  Posne r  e t  al .  (1976 )  als o pro -
vid e a  theoretica l  accoun t  o f  visua l  dominance .  The y argu e 
tha t  visua l  dominanc e phenomen a aris e fro m mechanism s de -
signe d t o compensat e fo r  th e "lo w alertin g capabilit y  o f  visua l 

signals "  (p .  161) . 
Simpl e reactio n tim e experiment s lik e thos e o f  Colavit a 

(1974 )  lin k simpl e perceptio n (detectio n o f  a  stimulus )  t o sim -
pl e actio n (effectin g a  key-press) .  I n previou s wor k (Cooper , 
Shallice ,  &  Farringdon ,  1995 ;  Coope r  &  Shallice ,  1997 )  w e 
hav e develope d a  computationa l  mode l  o f  th e contro l  o f  rou -
tin e actio n base d o n th e contentio n schedulin g theor y o f  Nor -
m an &  Shallic e (1986) .  Althoug h no t  originall y develope d a s 
a theor y o f  visua l  dominanc e (o r  perceptua l  phenomena) ,  th e 
theor y doe s provid e a n accoun t  o f  th e selectio n o f  actio n i n 

respons e t o bot h intentiona l  an d contextua l  influence s an d — 
cruciall y i n th e contex t  o f  visua l  dominanc e phenomen a — 

th e resolutio n o f  respons e competition .  Thi s pape r  describe s 
an extensio n o f  th e contentio n schedulin g mode l  derive d b y 
th e additio n o f  modalit y specifi c  inpu t  channels .  Unde r  a  vari -
et y o f  conditions ,  th e extende d mode l  exhibit s m a n y o f  th e vi -

sua l  dominanc e effect s see n i n Colavita' s (1974 )  multi-moda l 

reactio n tim e experiments . 
Th e remainde r  o f  th e pape r  begin s b y reviewin g Colavita' s 

(1974 )  results .  Thi s i s  followe d b y a n outlin e o f  th e con -
tentio n schedulin g mode l  an d a  summar y o f  ou r  previou s 

findings.  A  detaile d descriptio n o f  th e theoretica l  an d compu -
tationa l  extension s require d o f  th e mode l  i n orde r  t o simulat e 
multi-moda l  reactio n tim e task s i s the n given ,  an d simula -

tion s o f  th e experiment s performe d b y Colavit a (1974 )  ar e re -
ported .  W e conclud e b y discussin g thre e issue d raise d b y th e 
modellin g work :  th e methodologica l  difficultie s arisin g fro m 
th e simulatio n o f  quantitativ e reactio n tim e data ;  th e relatio n 
betwee n th e curren t  mode l  an d th e theoretica l  literatur e o n 

visua l  dominance ;  an d continuin g difficultie s wit h th e quan -
titativ e modellin g o f  "conflict "  reactio n time . 

Colavita's Reaction Time Tasks 

I n Colavita' s experiments ,  subject s adjuste d th e intensit y o f  a 
ligh t  s o tha t  i t  wa s (subjectively )  equa l  t o tha t  o f  a  tone .  Th e 
ligh t  an d ton e wer e the n use d a s stimul i  i n a  numbe r  o f  trial s 
i n whic h simpl e an d choic e reactio n tim e wer e assessed .  I n 
al l  trials ,  subject s place d thei r  inde x fingers  ove r  tw o keys , 
on e o f  whic h wa s designate d th e ton e key ,  an d th e othe r  o f 
whic h wa s designate d th e ligh t  key .  I n simpl e R T trials ,  sub -
ject s wer e tol d befor e eac h tria l  whic h stimulu s t o expect ,  an d 
wer e require d t o respon d b y pressin g th e appropriat e key .  Af -
te r  th e simpl e R T trial s wer e complete ,  subject s wer e give n 
choic e R T trial s i n whic h the y wer e no t  tol d whic h stimulu s 
woul d b e presente d o n eac h trial .  Th e result s ar e reproduce d 
i n tabl e 1 ,  i n whic h reactio n time s ar e give n i n milli-second s 
and standar d error s ar e show n withi n brackets .  A s ca n b e see n 
fro m th e table ,  auditor y R T wa s les s tha n visua l  RT .  Thi s dif -
ferenc e wa s significant .  Ther e wa s n o significan t  difference , 
however ,  betwee n RT s i n th e choic e condition . 

Table 1: Colavita's Reaction Time Data 

Visua l 
Auditor y 

Simpl e R T 

197(7.9 ) 

179(7.2 ) 

Choic e R T 

29 9 (9.0 ) 

297(8.3 ) 
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Colavit a als o intersperse d "conflict "  trial s wit h th e stan -
dar d choic e trials .  I n thes e trial s bot h th e ton e an d ligh t  wer e 
presente d simultaneously .  Subject s wer e no t  warne d o f  suc h 

trials .  O n 9 8 % o f  conflic t  trials ,  subject s respondin g b y firs t 
pressin g th e ligh t  key . 

The Control of Action 

Norman &  Shallic e (1986 )  argu e tha t  actio n i s controlle d 

by a  semi-automati c "slav e system "  (know n a s contentio n 
scheduling) .  Thi s syste m m a y i n tur n b e controlle d b y a  high -

leve l  supervisor y syste m (th e supervisor y attentiona l  system) , 
but  suc h high-leve l  contro l  i s  onl y necessar y i n situation s in -

volvin g attentio n t o detail ,  planning ,  trouble-shooting ,  etc .  I n 
particular ,  supervisor y attentio n i s no t  require d whe n execut -
in g routin e o r  repetitiou s tasks .  Fo r  suc h tasks ,  contentio n 
schedulin g m a y b e configure d appropriatel y (b y supervisor y 

attention )  an d lef t  t o operat e autonomously . 
The contentio n schedulin g syste m i s hel d t o consis t  o f  a 

set  o f  actio n schema s participatin g i n a n interactiv e activatio n 

network .  Actio n schema s ar e hierarchicall y structured .  A t 
th e lowes t  leve l  the y correspon d t o actio n primitive s suc h a s 
pick-u p o r  press-button .  A t  highe r  level s the y compris e goal -
oriente d set s o r  sequence s o f  lower-leve l  schemas . 

A numbe r  o f  influence s ac t  upo n schem a activatio n withi n 
th e interactiv e activatio n network .  Firstly ,  schema s m a y b e 
excite d (o r  inhibited )  b y environmenta l  factor s (suc h a s th e 
presenc e o f  a  button ,  whic h m a y excit e th e press-butto n 
schema) .  I n th e absenc e o f  appropriat e contro l  suc h envi -
ronmenta l  triggerin g i s hel d t o caus e utilisatio n behaviou r 
(Shallice ,  Burgess ,  Schon ,  &  Baxter ,  1989 )  an d captur e er -
ror s (Reason ,  1984) .  Secondly ,  schema s m a y receiv e exci -
tatio n fro m higher-leve l  schema s withi n th e network .  Thi s 
top-dow n activatio n i s gate d suc h tha t  i t  onl y flows  whe n th e 
paren t  schem a i s selected .  Schema s ar e selecte d whe n thei r 
activatio n exceed s a  threshold .  Onc e selected ,  a  schem a wil l 
excit e it s componen t  schema s (i.e. ,  thos e schema s immedi -
atel y belo w i t  i n th e hierarchy) ,  thu s increasin g th e likelihoo d 

tha t  on e o r  mor e o f  th e componen t  schema s wil l  als o b e se -
lected .  Thirdly ,  schema s compet e throug h th e mechanism s 
of  sel f  activatio n an d latera l  inhibition .  Al l  schema s ar e sel f 
excitatory .  Sel f  excitatio n tend s t o maintai n schem a activa -
tio n values .  Thi s maintenanc e i s countere d b y latera l  inhibi -
tion .  Schema s ar e sai d t o compet e i f  the y shar e resourc e re -
quirements .  Schema s inhibi t  thei r  competitor s b y a n amoun t 
proportiona l  t o thei r  o w n activation .  Fourthly ,  schema s a t 
any leve l  ma y receiv e activatio n directl y fro m th e supervi -
sor y system .  I f  necessar y thi s excitatio n m a y b e directe d a t 
schemas correspondin g t o primitiv e actions ,  causin g (unde r 
norma l  functioning )  th e direc t  selectio n o f  thos e actions .  Fi -
nally ,  a  smal l  degre e o f  rando m excitatio n an d inhibitio n o f 
schemas i s assume d t o exist .  Thi s rando m nois e m a y ulti -
matel y lea d t o mino r  variation s i n th e system' s behaviour . 

The variou s source s o f  activation ,  an d i n particula r  th e 
competitiv e sources ,  lea d t o a  syste m i n whic h on e schem a 
fro m eac h se t  o f  competin g schema s wil l  becom e highl y ac -
tiv e (an d henc e b e selected) .  Selectio n a t  th e lowes t  leve l  o f 
th e hierarch y lead s t o th e executio n o f  th e primitiv e actio n 
correspondin g t o th e selecte d low-leve l  schema .  Onc e per -
formed ,  th e activatio n o f  th e schem a i s inhibited ,  allowin g an -

othe r  low-leve l  schem a t o becom e active .  W h e n al l  necessar y 
componen t  schema s o f  a  high-leve l  schem a hav e bee n per -

forme d th e activatio n o f  tha t  high-leve l  schem a i s als o inhib -

ited ,  allowin g a  furthe r  high-leve l  schem a t o becom e selected . 
Thi s syste m o f  inhibitio n afte r  executio n leads ,  i n theory ,  t o a 

dynami c syste m capabl e o f  performin g organise d sequence s 
of  actio n withou t  continuou s supervisor y control . 

The origina l  verba l  specificatio n o f  th e contentio n schedul -

in g theor y specifie d h o w action s wer e selected ,  bu t  no t  h o w 
th e argument s o f  thos e action s wer e selected .  Thus ,  whils t 
th e theor y coul d accoun t  fo r  sequencin g o f  actions ,  n o at -

temp t  wa s mad e t o accoun t  fo r  th e selectio n o f  th e object s 
t o whic h thos e action s wer e t o b e applie d (or ,  indeed ,  fo r  th e 
selectio n o f  th e specifi c  effector s t o perfor m th e actions) .  Th e 
contentio n schedulin g theor y has ,  however ,  bee n extende d i n 
recen t  computationa l  wor k (Coope r  e t  al. ,  1995 ;  Coope r  & 
Shallice ,  1997 )  s o a s t o incorporat e argumen t  selection .  Th e 

basi c mechanis m consist s o f  furthe r  interactiv e activatio n net -

works .  Withi n on e network ,  effector s compet e fo r  th e "effec -
to r  roles "  o f  actions .  Thus ,  i n th e cas e o f  pick-up ,  lef t  an d 
righ t  hand s m a y compet e t o b e th e han d tha t  carrie s ou t  th e 
action .  Similarly ,  objec t  representation s compet e fo r  th e ob -
jec t  argumen t  role s o f  schema s (whic h specify ,  fo r  example , 
th e particula r  objec t  t o b e picke d up) . 

Th e viabilit y  o f  th e contentio n schedulin g theor y a s a  the -
or y o f  th e contro l  o f  routin e actio n ha s bee n demonstrate d 
by th e simulatio n o f  behaviou r  i n th e comple x hierarchicall y 
structure d tas k o f  coffe e preparatio n (Coope r  e t  al. ,  1995 ; 
Cooper  &  Shallice ,  1997) .  Successfu l  completio n o f  thi s nat -
uralisti c task ,  whic h involve s th e additio n o f  variou s coffee -
relate d substance s t o a  m u g o f  ho t  water ,  require s th e ex -
ecutio n o f  thre e intermediate-leve l  schemas ,  eac h o f  whic h 
comprise s fou r  primitiv e actions .  Th e action s withi n th e 
intermediate-leve l  schema s mus t  b e performe d i n a n appro -
priat e sequenc e (e.g. ,  openin g a  packe t  o f  suga r  befor e pour -
in g th e content s int o th e m u g ) ,  bu t  th e orde r  i n whic h th e 
intermediate-leve l  schema s themselve s ar e performe d i s no t 
critical .  I n addition ,  th e intermediat e goal s (e.g. ,  sugarin g th e 
coffee )  ca n b e achieve d b y a  variet y o f  mean s (usin g eithe r  a 
suga r  sache t  o r  a  suga r  bowl) . 

A significan t  concer n i n thi s wor k wa s t o demonstrat e tha t 
th e contentio n schedulin g theor y coul d accoun t  fo r  bot h nor -
mal  behaviou r  an d behaviou r  resultin g fro m variou s form s o f 
neura l  damag e o r  malfunction .  Indeed ,  th e coffe e preparatio n 
tas k wa s chose n becaus e o f  th e availabilit y  o f  dat a concernin g 
th e error s mad e b y neurologica l  patient s durin g th e prepara -
tio n o f  coffe e withi n a n institutiona l  settin g (cf .  Schwartz , 
Reed,  Montgomery ,  Palmer ,  &  Mayer ,  1991) .  Wit h thi s i n 
min d i t  wa s show n tha t  reduce d top-dow n activatio n withi n 
th e schem a networ k lead s t o a  genera l  disorganisatio n o f  ac -
tio n simila r  t o tha t  o f  Actio n Disorganisatio n Syndrom e (con -
firming  th e argument s o f  Schwart z e t  al. ,  1991) .  I t  wa s als o 
show n tha t  reduce d sel f  activatio n (o r  equivalentl y increase d 
latera l  inhibition )  withi n th e schem a networ k lead s t o greatl y 
slowe d initiatio n o f  action ,  a s i s see n i n Parkinson' s Disease . 

Modelling Reaction Time Data 

I n orde r  t o appl y th e contentio n schedulin g mode l  t o reactio n 
tim e dat a i t  i s  necessar y t o augmen t  th e mode l  b y I )  relatin g 
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th e selectio n o f  actio n t o rea l  time ,  an d 2 )  includin g modality -
speciti c  inpu t  channels .  W e conside r  eac h i n turn . 

Th e mechanis m o f  interactiv e activatio n i s modelle d withi n 

th e implementatio n o f  contentio n schedulin g b y a  cycli c pro -

cess .  O n eac h cycl e th e activation s o f  al l  node s ar e updated . 
Schemas whos e activatio n exceed s th e selectio n threshol d ar e 

als o marke d a s selected ,  an d action s correspondin g t o an y 

low-leve l  schema s ar e performed .  Withi n suc h model s reac -
tio n tim e m a y b e relate d t o th e numbe r  o f  processin g cycle s 

elapse d betwee n stimulu s presentatio n an d actio n execution . 
For  simplicit y th e curren t  wor k assume s a  linea r  relationshi p 

betwee n processin g cycle s an d time .  Thus ,  eac h cycl e i s as -

sumed t o tak e a  fixed  numbe r  o f  milli-seconds ,  tc ,  an d proces -
sor  time ,  expresse d i n milli-second s pe r  cycle ,  i s  a  paramete r 
of  th e simulation s reporte d here . 

Our  assumptio n o f  a  constan t  cycl e tim e require s som e jus -

tification .  Th e time-cours e behaviou r  o f  interactiv e activatio n 
network s i s cruciall y dependen t  upo n th e precis e equation s 
use d t o updat e activatio n values ,  an d a  variet y o f  equation s 

yiel d qualitativel y simila r  behaviou r  (compare ,  fo r  example , 
McClellan d &  Rumelhart ,  1981 ;  Houghton ,  1990 ;  Coope r 
et  al. ,  1995) .  I n orde r  t o overcom e thi s difficulty ,  w e conside r 

behaviou r  o f  th e mode l  wit h tw o differen t  activatio n updat e 
equations ,  an d wit h a  variet y o f  differen t  (bu t  constant )  pro -
cesso r  cycl e times .  Regularitie s whic h hol d ove r  thes e vari -

ant  implementation s ar e mor e properl y understoo d t o aris e 
fro m theoretica l  commitment s withi n th e contentio n schedul -
in g theory ,  rathe r  tha n fro m implementationa l  detail s relatin g 

t o an y on e particula r  implementatio n (cf .  Cooper ,  Fox ,  Far -
ringdon ,  &  Shallice ,  1996) . 

Th e contentio n schedulin g mode l  m a y b e extende d t o re -
actio n tim e task s b y th e inclusio n o f  modality-specifi c  inpu t 
channels .  Thes e channel s ar e assume d t o fee d int o th e objec t 
representatio n network s whic h m a y i n tur n excit e schemas . 

As figure 1  shows ,  thes e inpu t  channel s ar e assume d t o b e 
independent ,  an d t o hav e separat e tim e parameters .  I n th e 

'c. v 

Tota l  visua l  an d auditor y reactio n tim e m a y b e expresse d 
i n term s o f  th e parameter s introduce d i n figure  I : 

Contentio n 
Schedulin g 

Hands 

Figur e 1 :  Hypothesise d processe s fro m percep t  t o ac t 

figure, ty is the time elapsed between presentation of a visual 
stimulu s an d notificatio n o f  tha t  stimulu s t o th e contentio n 
schedulin g system ,  t a i s th e equivalen t  tim e fo r  a n auditor y 
stimulus ,  tc s i s th e tim e take n b y th e contentio n schedulin g 
syste m t o selec t  a  response ,  an d t e i s th e tim e take n t o pres s 
th e butto n onc e th e contentio n schedulin g syste m ha s selecte d 
a respons e (includin g nerv e transmissio n tim e an d tim e t o 
overcom e effecto r  inertia) . 

RT„  =  t y +  tc ,  -I-1 ^ 

RTa =  i a +  tc ,  +  U 
(1 ) 

Thi s ma y b e simplifie d b y mergin g effecto r  tim e an d channe l 
time : 

RTu =  /„-! -  tc , 

RT„  =  / a +  tc . 
(2 ) 

l y  an d l a ar e referre d t o a s visua l  an d auditor y lag ,  an d ar e 
give n by : 

/ „  =  « v +  t , 
l a =  t a + t e 

(3 ) 

Furthermore ,  a s note d abov e w e assum e a  linea r  relationshi p 

betwee n processin g tim e an d processin g cycles : 

tc s =  #  o f  processin g cycle s x  t c (4 ) 

The behaviou r  o f  inpu t  channel s i s assume d t o b e in -
fluenced  b y a  secon d parameter ,  th e channel' s strengt h (o r 
weight) .  A  channel' s strengt h determine s th e impac t  o f 
signal s travellin g throug h tha t  channe l  o n th e contentio n 
schedulin g system .  Withi n th e model ,  visua l  dominanc e i s 
hel d t o aris e fro m th e interactio n o f  strengt h an d timin g pa -
rameter s withi n th e differen t  modalities .  I n particular ,  th e 
strengt h o f  th e visua l  channe l  i s  assume d t o b e greate r  tha n 
tha t  o f  th e auditor y channe l  (leadin g t o dominanc e o f  th e au -
ditor y channe l  b y th e visua l  channe l  unde r  simultaneou s stim -
ulu s presentation) ,  bu t  th e auditor y channel' s tim e la g i s as -

sumed t o b e les s tha n tha t  o f  th e visua l  channe l  (leadin g t o 
shorte r  reactio n time s i n th e auditor y modalit y tha n i n th e vi -
sua l  modalit y whe n stimul i  ar e presente d separately) . 

I n sum ,  th e extende d model ,  wit h auditor y an d visua l  per -
ceptua l  channels ,  include s 5  parameter s abov e an d beyon d 
thos e presen t  i n th e origina l  model :  auditor y la g (la) ,  auditor y 
channe l  strengt h (Sa) ,  visua l  la g (/„) ,  visua l  channe l  strengt h 
(s„) ,  an d cycl e tim e (tc) .  A n extensiv e investigatio n o f  reg -
ularitie s tha t  hol d acros s thi s 5-dimensiona l  paramete r  spac e 
i s necessar y befor e soun d conclusion s relatin g t o th e applica -
tio n o f  th e contentio n schedulin g theor y t o visua l  dominanc e 
phenomen a ca n b e drawn . 

I n orde r  t o simulat e Colavita' s simpl e an d choic e R T task s 
withi n th e extende d contentio n schedulin g syste m i t  i s  als o 
necessar y t o specif y appropriat e schem a networks .  W e as -
sume tha t  th e differenc e betwee n th e simpl e an d choic e task s 
lie s purel y i n th e schema s installe d i n thes e networks ,  an d 
tha t  al l  numeri c parameter s o f  th e complet e syste m ar e fixed 
acros s th e tasks .  W e furthe r  assum e tha t  al l  parameter s gov -
ernin g flo w o f  activatio n withi n th e contentio n schedulin g 
syste m hav e domain-independen t  values .  W e therefor e fix 
thes e parameter s t o th e value s use d i n th e coffe e preparatio n 
tas k (Coope r  &  Shallice ,  1997) . 

Simple Reaction Time 

Althoug h qualitativ e similaritie s betwee n th e behaviou r  o f 
th e mode l  an d tha t  o f  Colavita' s subject s m a y b e establishe d 
withou t  difficulty ,  th e establishmen t  o f  quantitativ e equiva -
lence s i s les s straightforward .  W e begi n wit h th e simpl e R T 
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tas k an d a  fixed  updat e equation .  W e assum e tha t  th e tas k 

require s fou r  schemas :  on e whic h detect s whe n a  stimulu s i s 
present ,  on e whic h detect s whe n a  stimulu s i s no t  present ,  on e 
whic h correspond s t o a  ke y press ,  an d on e whic h corresp()nd s 

t o abstinenc e o f  a  ke y press. '  Th e hierarchica l  networ k struc -

tur e o f  thes e schema s i s show n i n figure  2 ,  wher e itali c  fon t 
i s use d t o indicat e schem a name s an d bol d fon t  i s use d t o in -
dicat e goals . 

Decide 

No Stimulu s 

Prepar e 

Wait 

Stimulu s Presen t 

Pres s 

Push 

Figur e 2 :  Simpl e R T Schem a Hierarch y 

Note that the schema hierarchy of figure 2 is independent 
of  modality .  A s th e differenc e betwee n visua l  an d auditor y 
channel s i s assume d t o resul t  fro m thei r  differen t  paramete r 
values ,  i t  i s possibl e t o adop t  a  modality-fre e approac h t o th e 
exploratio n o f  th e relatio n betwee n thes e paramete r  value s 
and reactio n time .  I n wha t  follows ,  w e us e th e parameter s 
s an d /  t o refe r  t o modality-fre e channe l  strengt h an d lag . 

The schem a hierarch y o f  figure  2  doe s indee d yiel d a  sys -
te m capabl e o f  simulatin g simpl e R T behaviour .  Qualitativel y 
norma l  reactio n tim e behaviou r  (i.e. ,  pressin g o f  th e appropri -
at e ke y shortl y afte r  th e appearanc e o f  a  stimulus )  occur s ove r 
a wid e rang e o f  paramete r  values ,  bu t  th e numbe r  o f  process -
in g cycle s require d o f  contentio n schedulin g befor e a n actio n 
i s effecte d i s highl y dependen t  upo n th e channe l  strengt h (a s 
woul d b e expected) .  Thi s relatio n i s show n graphica l  i n fig-

ur e 3  (wher e channe l  la g i s se t  t o zero) .  Th e effec t  o f  in -
creasin g channe l  la g i s t o ad d a  constan t  tim e t o tota l  reactio n 
time .  A s note d above ,  th e effec t  o f  modifyin g cycl e tim e i s t o 
multipl y reactio n tim e b y a  constant . 

The result s plotte d i n figure  3  ar e derive d fro m th e simula -
tio n o f  10 0 trial s a t  eac h o f  5 1 value s o f  s  rangin g fro m 0.0 0 
t o 1.00 .  A  non-linea r  regressio n suggest s a n exponentia l  re -
latio n betwee n numbe r  o f  cycle s an d th e squar e o f  channe l 
strength : 

# cycle s =  39.3-1-23. 8 x  e -S.lxs ^ (5 ) 

Thi s provide s a  goo d fit  t o th e data ,  wit h a n R M S erro r  o f 
0.4 8 cycle s ove r  th e 5 1 dat a points . 

For  an y valu e o f  S y an d Ct ,  equatio n 5  ma y b e use d i n con -
junctio n wit h equation s 2  an d 4 ,  an d th e simpl e reactio n time s 
reporte d b y Colavit a an d reproduce d i n tabl e 1 ,  t o determin e a 

'Th e competitiv e mechanism s withi n contentio n schedulin g re -
quir e tha t  al l  schema s hav e a t  leas t  on e competitor .  Hence ,  schema s 
ar e require d fo r  bot h situation s i n whic h a  stimulu s i s presen t  an d 
thos e i n whic h n o stimulu s i s present . 

0. 0 0. 2 0. 4 0 6 0. 8 

Channel  Strengt h 

Figure 3: RT (in Cycles) as a Function of Channel Strength 

value of/„ which will yield a simple visual reaction time near 
t o tha t  o f  subjects .  Similarl y fo r  an y valu e o f  S a a n appropri -
at e valu e o f  l a ma y b e determined .  Th e equation s effectivel y 
allo w th e isolatio n o f  line s o f  fixed  R T (geodesies )  withi n 
[Strengt h x  Lag ]  space .  Figur e 4  show s tw o suc h lines ,  corre -
spondin g t o th e observe d simpl e auditor y an d visua l  reactio n 
time s (wit h t c =  2  milli-second s pe r  cycle) . 

120 • 

a 
-J 

U 

Visio n 
Auditio n 

0. 0 0. 2 0. 4 0. 6 0. 8 1. 0 

Channel  Strengt h 

Figure 4: Geodesies in [Strength x Lag] Space 

Choice Reaction Time 

The geodesie s i n [Strengt h x  Lag ]  spac e d o no t  identif y 
uniqu e value s fo r  al l  five  parameter s i n th e model .  Rather , 
fo r  an y valu e o f  tc ,  the y defin e independen t  pair s o f  value s 
fo r  {sy,lv )  an d {saJa) -  Th e result s o f  Colavita' s choic e re -
actio n tim e experiment s impos e a  furthe r  constrain t  o n thes e 
paramete r  values . 

A furthe r  se t  o f  simulation s aime d a t  reproducin g choic e 
reactio n tim e behaviou r  wa s therefor e performed .  I n thes e 

simulations ,  th e schem a hierarch y give n i n figure  5  wa s em -
ployed .  I t  i s  assume d tha t  thi s correspond s t o th e schem a hier -
arch y tha t  a  subjec t  woul d emplo y whe n s/h e wa s no t  warne d 
of  th e stimulu s modalit y befor e presentatio n o f  th e stimulu s 
(a s i n Colavita' s choic e R T experiments) .  Al l  othe r  aspect s 
of  th e mode l  remaine d a s i n th e simpl e reactio n tim e simula -
tions . 
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Decid e 
Tabl e 2 :  Paramete r  Value s 

No Stimulu s Stimulu s Presen t 

Choose 

Prepar e 

Wait 

Auditor y 
Stimulu s 

Pres s 
Lef t 

Push 
Uf t 

Visua l 
Stimulu s 

Pres s 
Righ t 

Push 
Righ t 

Figur e 5 :  Choic e R T Schem a Hierarch y 

Comparison of the schema hierarchies of figures 2 and 5 
show s tha t  choic e reactio n tim e require s selectio n o f  a n ad -
ditiona l  schem a identifyin g th e modalit y o f  th e stimulus . 
W h en a  singl e stimulu s i s  presente d (a s i n Colavita' s stan -
dar d choic e R T trials) ,  thi s additiona l  ste p allow s mor e tim e 
fo r  difference s i n channe l  strengt h t o pla y a  role ,  an d th e 
greate r  strengt h o f  th e visua l  channe l  cancel s ou t  tha t  chan -
nel' s greate r  lag . 

Th e schem a hierarch y o f  figure  5  wa s foun d t o yiel d th e 
observe d choic e reactio n time s when ,  fo r  example ,  tc s =  1 , 

{sy,k )  =  (0.141,136) ,  an d {saJa )  =  (0.128,117) .  Thes e 
(s ,  I )  pair s li e o n th e appropriat e geodesies ,  an d s o ar e guar -

antee d t o als o yiel d appropriat e simpl e reactio n times . 

Further Results 

As note d above ,  merel y showin g tha t  th e mode l  ca n repro -
duc e th e Colavit a dat a wit h on e appropriat e configuratio n o f 
parameter s is ,  methodologically ,  a  poo r  tes t  o f  th e model . 
Firstly ,  i t  m a y b e argue d t o b e littl e mor e tha n paramete r  fit-
ting .  Secondly ,  i t  m a y lea d t o th e result s bein g interprete d 
to o strictl y (b y implyin g tha t  th e tru e valu e o f  eac h param -
ete r  ha s bee n determined) .  W e therefor e adop t  a  strateg y o f 
providin g multipl e paramete r  configurations ,  wit h tw o activa -

tio n updat e equations ,  whic h giv e ris e t o th e dat a reporte d b y 
Colavita .  Tabl e 2  present s a  serie s o f  suc h parameter/equatio n 
combination s arrive d a t  b y th e metho d describe d i n th e pre -
cedin g sections .  Al l  equation/paramete r  combination s i n thi s 
tabl e lea d t o reactio n time s withi n 5  milli-second s (i.e. ,  les s 
tha n 1  standar d error )  o f  thos e i n tabl e 1 . 

I n thi s table ,  equatio n refer s t o th e functio n use d t o calcu -
lat e chang e i n activatio n i n term s o f  curren t  activatio n an d ne t 
input .  Th e "tanh "  functio n i s  tha t  use d b y Coope r  &  Shallic e 
(1997) .  Thi s functio n specifie s tha t  th e activatio n o f  a  schem a 
nod e a t  an y tim e t  i s th e hyperboli c tangen t  o f  th e su m o f  th e 
net  inpu t  a t  tha t  tim e plu s 0.8 0 time s th e ne t  inpu t  a t  tim e i  — 1 

plu s 0.80 ^  time s th e ne t  inpu t  a t  tim e t  -  2  plu s 0.80 ^  time s 
th e ne t  inpu t  a t  tim e t  — 3  an d s o on .  0.8 0 i s a  parameter , 
th e persistenc e o f  previou s input ,  whic h serve s a  rol e simi -

la r  t o tha t  o f  deca y i n othe r  interactiv e activatio n work .  Th e 

Equatio n 

tan h 

tan h 

tan h 

sigmoi d 

sigmoi d 

sigmoi d 

tc 

1 
2 
3 

0. 5 
1 

1.5 

Sv 
0.14 1 

0.21 0 

0.26 2 

0.14 0 

0.21 0 

0.26 0 

Iv 
136 
80 
28 

136 
81 
29 

Sa 
0.12 8 

0.19 1 

0.23 7 

0.13 0 

0.19 2 

0.24 1 

l a 
117 
60 

7 
118 
61 
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"sigmoid "  equatio n i s simila r  t o tanh ,  excep t  tha t  th e sigmoi d 

or  logisti c functio n i s use d i n plac e o f  th e hyperboli c tangen t 
and a  persistenc e paramete r  o f  0.9 0 i s used . 

Conflict Reaction Time 

We assum e tha t  i n Colavita' s conflic t  trial s — whe n visua l 

and auditor y stimul i  ar e presente d simultaneousl y bu t  whe n 

th e subjec t  i s  expectin g onl y on e stimulu s t o occu r  — th e 
supervisor y syste m deploy s th e sam e schem a hierarch y a s i s 

use d i n standar d choic e trials .  I n th e vas t  majorit y o f  suc h 

situation s Colavit a foun d tha t  subject s responde d first  t o th e 
visua l  stimulus ,  an d frequentl y appeare d totall y unawar e o f 
th e presenc e o f  th e auditor y input .  M e a n reactio n tim e i n 

thes e situation s wa s 30 3 milli-seconds ,  which ,  thoug h greate r 
tha n choic e reactio n tim e fo r  stimul i  i n eithe r  modalities ,  wa s 
not  significantl y so . 

W h en simultaneou s visua l  an d auditor y stimul i  ar e pre -
sente d t o th e mode l  qualitativel y simila r  behaviou r  i s ob -
served :  th e visua l  respons e dominates ,  wit h a  slowe d reactio n 

time .  Becaus e auditor y la g i s les s tha n visua l  lag ,  th e schema s 
correspondin g t o th e detectio n o f  a n auditor y stimulu s ini -
tiall y  reac t  mor e quickl y tha n thos e correspondin g t o detec -

tio n o f  a  visua l  stimulus .  Th e activatio n o f  auditor y relate d 
schema s begin s t o rise .  Onc e th e inpu t  fro m th e visua l  stimu -
lu s arrive s a t  th e schem a network ,  however ,  th e strengt h o f  th e 
visua l  inpu t  cause s th e activatio n o f  visual-relate d schema s t o 
quickl y excee d tha t  o f  auditory-relate d schemas ,  despit e th e 
latera l  inhibitor y competitio n betwee n th e two .  W h e n th e vi -
sua l  schema s ar e mor e activ e tha n th e auditor y schemas ,  th e 
visua l  schema s quickl y inhibi t  th e auditor y schemas ,  causin g 
th e activatio n o f  auditor y schema s t o fal l  bac k t o nea r  rest . 
Once a  visua l  respons e i s  given ,  th e visua l  schema s ar e in -
hibited .  I f  th e auditor y stimulu s i s  stil l  present ,  thi s allow s 

th e auditor y schema s t o reactivat e an d becom e selected .  Th e 
basi c effec t  i s  illustrate d i n figure  6 ,  whic h show s th e salienc e 
of  eac h stimulu s throughou t  a  typica l  conflic t  trial . 

Al l  setting s o f  strengt h an d la g parameter s investigate d i n 
th e previou s sectio n le d t o th e visua l  stimulu s bein g prepo -
ten t  (i.e. ,  a n initia l  visua l  respons e unde r  conflic t  conditions) . 
However ,  th e exten t  o f  slowin g i n th e respons e i s consistentl y 
fa r  greate r  (generall y b y approximatel y 10 0 milli-seconds ) 
tha n tha t  observe d i n subject s b y Colavit a (1974) . 

General Discussion 

We hav e develope d a  mode l  o f  visua l  dominanc e base d o n 
paralle l  pre-processin g o f  visua l  an d auditor y stimul i  an d 

subsequen t  competitio n a t  th e leve l  o f  th e contro l  o f  action . 
Th e mode l  build s o n N o r m a n &  Shallice' s (1986 )  contentio n 
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scheduling theory of routine action selection via the addition 
of  visua l  an d auditor y inpu t  channels .  Simulation s hav e bee n 

presente d whic h sho w tha t  th e augmente d actio n selectio n 
model  i s capabl e o f  producin g quantitativel y accurat e RT s i n 
simpl e an d choic e reactio n tim e tasks . 

Despit e thes e successes ,  ther e ar e a  numbe r  o f  caveat s 

whic h mus t  b e applie d t o th e curren t  work .  Mos t  signifi -
cantly ,  ther e ar e a  variet y o f  methodologica l  difficultie s whic h 
surroun d an y attemp t  a t  quantitativ e modellin g o f  reactio n 
tim e data .  I n th e curren t  case ,  specifi c  value s fo r  five  pa -
rameter s ar e necessar y befor e quantitativ e result s ca n b e pro -
duced .  B y providin g suc h value s w e d o no t  mea n t o sugges t 
tha t  parameter s wit h thes e specifi c  value s appl y t o th e cogni -
tiv e system .  Rather ,  w e hav e show n — b y demonstratin g a 
number  o f  set s o f  suitabl e paramete r  value s an d tw o alternat e 
activatio n function s — tha t  a  syste m o f  thi s genera l  sor t  i s  ca -
pabl e o f  producin g th e qualitativ e an d quantitativ e behaviou r 
exhibite d b y norma l  subject s unde r  fou r  differen t  tas k con -
ditions .  Quantitativ e modellin g o f  a  fifth  condition ,  simulta -
neou s presentatio n o f  visua l  an d auditor y stimuli ,  ha s prove d 
elusive ,  althoug h th e qualitativ e effect s see n i n thi s conditio n 
ar e reproduce d b y th e model . 

The mode l  als o shed s som e ligh t  o n theorie s o f  visua l  dom -
inance .  Colavit a (1974 )  provide s a  tentativ e explanatio n o f 
hi s reactio n tim e result s i n term s o f  a  seria l  mode l  o f  atten -
tio n i n whic h attentio n i s switche d betwee n modalities .  H e 
suggest s tha t  hi s result s woul d aris e fro m suc h a  mode l  i f  th e 
visua l  channe l  wer e sample d mor e frequentl y tha n th e audi -
tor y channel .  Suc h a n explanatio n als o require s tha t  visua l 
processin g b e inherentl y slower .  Posne r  e t  al .  (1976 )  sugges t 
instea d tha t  visua l  dominanc e arise s fro m th e interactio n o f  a 
number  o f  propertie s o f  attention .  I n particular ,  the y sugges t 
tha t  1 )  visua l  signal s ar e les s alertin g tha n signal s derivin g 
fro m othe r  modalities ;  an d 2 )  i n a n attemp t  t o compensat e 
ther e i s a  processin g bia s toward s th e visua l  modality .  Ou r 
model  share s muc h wit h th e approac h o f  Posne r  e t  al .  (1976) . 
Greate r  visua l  strengt h amount s t o a  processin g bia s fo r  th e 
visua l  modality .  Suc h a  bia s ca n als o b e see n a s a  compen -
sator y mechanis m tha t  operate s t o enhanc e visua l  inpu t  tha t 
woul d otherwis e b e disadvantage d b y a  la g whic h i s greate r 
fo r  th e visua l  modalit y tha n fo r  othe r  modalities .  Suc h a  vi -
sual  lag ,  however ,  doe s no t  directl y correspon d t o Posne r  e t 

al.' s  propositio n tha t  visua l  signal s ar e les s alertin g tha n sig -
nal s derivin g fro m othe r  modalities ,  althoug h thi s propositio n 
migh t  follo w a s a  resul t  o f  th e magnitud e o f  visua l  lag . 

Despit e th e difficultie s mentione d i n th e precedin g para -

graphs ,  th e strength s o f  th e mode l  (a s a n extensio n o f  a n ex -
istin g actio n selectio n model ,  an d a s providin g a n accoun t 
of  visua l  dominanc e i n Colavita' s simpl e an d choic e reactio n 

tim e tasks )  sugges t  tha t  i t  i s worth y o f  furthe r  investigation . 
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Abstrac t 

Here ,  th e fundamenta l  questio n i s th e existenc e o f  a  menta l 
lexico n fo r  pictures ,  a s i t  exist s on e fo r  words .  An d so ,  wha t  i s 
th e structur e o f  th e semanti c memor y an d it s relationship s wit h 
acces s modalitie s ? 
I n th e fû t  experimen t  w e determin e i f  a  pictur e o r  a  wor d ca n 
activat e th e sam e semanti c structur e b y usin g th e semanti c 
primin g paradigm .  Th e classica l  effec t  o f  facilitatio n wa s foun d 
fo r  wor d priming ,  bu t  no t  fo r  pictur e a s prime .  A n hypothesi s i s 
tha t  th e semanti c networ k activate d b y picture s i s differen t  from 
tha t  activate d b y words .  I n th e secon d experiment ,  w e 
demonstrat e tha t  th e semanti c associatio n structur e fo r  picture s 
and fo r  word s i s  different .  S o o n th e basi s o f  thes e data ,  w e 
replaye d th e experimen t  I .  I n thi s case ,  picture s a s word s coul d 
induc e semanti c primin g o f  a  word .  An d s o w e discus s th e issu e 
of  multipl e v s unitar y semanti c storage . 

Introduction 

Analysis of semantic representation is central to the study 

of  languag e comprehension .  Semanti c m e m o r y i s initiall y 

describe d a s a  networ k (Quillian ,  1967 )  constitute d b y 

node s interconnecte d b y links .  Node s ar e generall y word s 

an d th e semanti c networ k i s describe d a s a n organizatio n 

of  verba l  entities .  So ,  semanti c network s ar e essentiall y 

verba l  networks .  Thi s bring s u p th e questio n o f  th e 

semanti c processin g o f  pictures .  Bot h kind s o f  model s wer e 

designe d t o accoim t  fo r  pictur e processin g :  i n on e th e 

semanti c m e m o r y i s a  c o m m o n structur e fo r  word s an d 

pictures ;  i n th e other ,  fo r  eac h categor y o f  inpu t  (words , 

pictures... )  ther e i s a  specifi c  correspondin g semanti c 

network .  T h e ai m o f  thi s articl e i s  t o analyz e th e 

assumptio n o f  a  c o m m o n semanti c representation . 

The thesis of a common semantic network is supported by 

smdie s o f  picture/wor d interferenc e task s (Stroo p effect ) 

whic h demonstrate d th e influenc e o f  semanti c activatio n i n 

th e processe s o f  colo r  namin g (Potte r  &  Faulconer ,  1975 ; 

Snodgrass ,  1980 ;  Glase r  &  Glaser ,  1989 ;  L a Heij ,  Happe l 

& Mulder ,  1990 ;  Smit h &  Magee ,  1980) .  I n fact , 

interpretatio n o f  th e interferenc e effec t  i s  difficul t  becaus e 

interferenc e ca n resul t  fro m th e propagatio n o f  activatio n 

eithe r  insid e a  c o m m o n networ k o r  betwee n tw o networks . 

I n th e analysi s o f  interferenc e effects ,  th e hypothesi s o f  tw o 

semanti c network s mus t  b e distinguishe d from  th e 

hypothesi s o f  independenc e o f  th e networks .  T o su m up , 

relationship s betwee n th e tw o network s ca n generat e 

interferences .  Th e discussio n o n th e niunbe r  o f  semanti c 

files  require s compariso n o f  wor d identificatio n model s 

wit h th e pictur e namin g model .  Indeed ,  onl y a  precis e 

descriptio n o f  thes e tw o model s ca n allo w a n explanatio n 

t o b e mad e abou t  th e origi n o f  interferenc e effects .  Thi s 

compariso n ca n b e facilitate d b y th e fac t  tha t  som e pictur e 

namin g model s reproduc e readin g model s (Level t  an d al. , 

1991) . 

In general, the study of semantic networks is carried out 

usin g th e primin g technique .  Th e experimenta l  paradig m 

has bee n labele d a s th e single-wor d semanti c paradig m 

(Neely ,  1991) .  A  tria l  consist s o f  tw o events :  first,  a 

semanti c contex t  i s provide d b y th e presentatio n o f  a  singl e 

stimulu s (mor e ofte n a  word )  calle d th e prime ,  t o whic h n o 

over t  respons e i s required .  Second ,  thi s prim e i s followe d 

by a  presentatio n o f  a  singl e strin g o f  letters ,  calle d th e 

target .  I n nearl y al l  experiments ,  subject s hav e bee n 

require d eithe r  t o m a k e a  word/nonwor d decisio n abou t  th e 

targe t  (th e lexica l  decisio n task) .  I n th e lexica l  decisio n 

task ,  decisio n latenc y decrease s w h e n th e prim e an d th e 

targe t  ar e semanticall y associated .  Thi s facihtatio n wa s 

examine d i n som e detai l  b y Neel y (1976) .  Semanti c 

primin g effect s wer e initiall y  interprete d i n term s o f  a 

sprea d o f  activatio n i n a  semanti c networ k t o nearb y node s 

fo r  relate d word s (Collin s &  Loftus ,  1975) .  I n particula r 
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condition s (ver y shor t  prime-targe t  stimulu s onse t 

asynchronie s (SOAs)) .  thi s sprea d o f  activatio n migh t  b e 

considere d a s a n automati c phenomenon .  I n thi s conditio n 

th e primin g paradig m ca n b e use d t o stud y th e organisatio n 

of  th e semanti c network . 

Experiments 

The goal of the research presented here is to test the 

validit y o f  th e hypothesi s o f  a  c o m m o n semanti c structure , 

independen t  o f  th e input .  I n th e firs t  experiment ,  w e wil l 

determin e i f  a  picture ,  a  wor d presente d auditoril y  o r  th e 

same wor d presente d visuall y ca n activat e th e sam e 

semanti c structure .  Result s from  th e firs t  researc h le d u s t o 

construc t  table s o f  associatio n fo r  picture s (experimen t  2) . 

The thir d experimen t  wil l  allo w u s t o specif y i f  ther e exist s 

a specifi c  semanti c syste m fo r  pictiu-es . 

1 - First experiment 

The aim of the first experiment is to examine the role of 

th e natur e o f  inpu t  i n th e activatio n o f  th e associativ e 

network .  Fo r  th e lexica l  decisio n task ,  mos t  experiment s 

hav e use d word s a s stimuli .  Word s coul d b e associate d b y a 

graphemical ,  a  phonologica l  (usin g homophones) ,  a 

syntactical ,  o r  a  semantica l  relation .  Th e purpos e o f  ou r 

experimen t  i s t o determin e i f  th e presentatio n o f  a  pictur e 

or  a n auditoril y  presente d wor d (prime )  facilitate s th e 

lexica l  decisio n o n th e writte n wor d (target) . 

Method :  Subjects .  A  grou p o f  eightee n people ,  mad e u p o f 

graduat e student s an d researcher s i n compute r  scienc e an d 

i n cognitiv e scienc e a t  th e Universit y o f  Paris-Sud ,  too k 

par t  i n thi s experiment .  The y wer e nativ e Frenc h speaker s 

who ha d eithe r  norma l  o r  correcte d t o norma l  visio n an d 

norma l  hearing .  Participatio n wa s voluntary . 

Materials and design. The stimuli were 240 pairs of items 

wher e th e prim e wa s eithe r  a  writte n wor d (i.e .  a  visuall y 

presente d prim e word) ,  o r  a  hear d wor d (i .  e. ,  a n auditoril y 

presente d prim e word) ,  o r  a  pictur e (  colore d drawings) . 

The targe t  wa s alway s a  writte n word .  Eac h prim e evoke d 

an object ,  a n anima l  o r  a  vegetable ,  etc .  Word s wer e 

controlle d concernin g thei r  lengt h (4- 9 letters) ,  an d th e 

wor d frequency  wa s medium .  Th e picture s wer e selecte d 

from  th e Snodgras s an d Vanderwar t  (1980 )  norm s an d 

colore d t o resembl e th e natura l  color s o f  th e object s 

considered .  Thes e wer e drawing s o f  familia r  object s an d 

animal s o r  vegetables ,  wit h a  moderat e amoun t  o f  detail , 

al l  eas y t o identify .  Th e auditor y materia l  wa s compose d b y 

hear d words ,  from  th e lis t  o f  writte n words ,  recorde d 

withou t  intentiona l  specifi c  intonation .  Th e auditor y prim e 

word s wer e recorde d vi a a  Soun d Blaste r  car d o n a  PC . 

The experimen t  wa s divide d int o thre e parts ,  eac h 

correspondin g t o on e o f  th e thre e categorie s o f  prim e 

(auditoril y  presente d word ,  visuall y presente d word ,  an d 

picture) .  Eac h par t  wa s mad e u p o f  4 0 associate d couple s 

(prim e an d targe t  semanticall y  associated) ,  4 0 couple s o f 

control s (wit h neutra l  prime) ,  4 0 couple s o f  disfractor s 

(wit h non-wor d a s target) ,  an d 4 0 couple s o f  distractor' s 

control s (wit h neutra l  prim e an d non-wor d a s target) .  Th e 

associate d couple s wer e selecte d o n th e basi s o f  th e Frenc h 

tabl e o f  wor d associatio n (Lieury ,  Iff ,  &  Duris ,  1976) .  Th e 

targe t  i s th e firs t  wor d spontaneousl y associate d t o th e 

prim e b y mor e tha n 5 0 % o f  th e subjects . 

For the picture condition, the neutral prime was a 

shapeles s picture ,  fo r  th e written-wor d conditio n a  numbe r 

X equa l  t o th e numbe r  o f  letter s i n th e associate d wor d 

target ,  an d fo r  th e auditor y conditio n a  continuou s sound . 

Ther e wa s a n equivalen t  proportio n o f  associate d an d 

contro l  conditions .  Instruction s an d stimul i  wer e presente d 

usin g a  PC ,  eithe r  o n th e cente r  o f  th e scree n o r  vi a a n 

acousti c headset .  Th e compute r  wa s equippe d t o permi t 

millisecon d accuracy . 

Procedure. Subjects were tested individually. All subjects 

went  throug h th e thre e condition s o f  th e experimen t  an d 

therefor e als o wen t  throug h th e thre e modalitie s o f 

presentation .  Effect s o f  orde r  an d rank s wer e 

counterbalanced .  Th e thre e condition s o f  primin g wer e 

contraste d wit h th e contro l  conditio n (wit h neutra l  prime) . 

Subject s mad e a  decisio n tas k an d respon d e d "yes "  o r  "no " 

by mean s o f  pushbuttons .  Right-hande d subject s responde d 

"  ye s "  wit h th e right  inde x finger ,  left-hande d subject s 

wit h th e lef t  inde x finger . 

A trial consisted of the presentation of the prime, an ISI 

and th e presentatio n o f  th e target .  Th e pictur e prim e 

appeare d fo r  4 0 m s ,  th e written-wor d prim e fo r  6 0 ms .  Th e 

identificatio n threshol d fo r  picture s an d writte n word s wa s 

imde r  1 0 ms ,  weake r  fo r  th e picture s tha n fo r  th e writte n 

words .  Th e targe t  remaine d i n appearanc e unti l  th e subjec t 

had mad e a  decision ,  bu t  afte r  150 0 ms .  th e messag e "  i t  i s 

to o lat e "  appeare d .  Th e S O A wa s 9 0 m s (a s i s suppose d 

t o b e a  conditio n fo r  automati c activation) . 

Each session began by practice trials. Trial order was 

randomized .  Reactio n time s wer e measured . 

Results and discussion: 

Mean values for lexical decision latencies of positive 

answer s (exac t  decisio n fo r  targe t  words )  ar e presente d m 

Tabl e 1 .  Th e numbe r  o f  error s i s negligible ,  i.e .  alway s 

inferio r  t o 1 0 % . 
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Table t  :  M e a n value s fo r  lexica l  decisio n latencie s (msec. ) 

Prim e 

Cond. 

m 

a 

Pictur e 

Associate d 

591.1 2 

27.1 8 

Contro l 

597.9 4 

22.6 3 

Prim e 

Cond. 

m 

a 

Written-Wor d 

Associate d 

571,6 6 

15,8 1 

Contro l 

599,8 6 

29,7 6 

Prim e 

Cond. 

m 

a 

Heard-Wor d 

Associate d 

585,8 7 

17,2 2 

Contro l 

605,3 6 

23,3 5 

For  eac h situatio n (picture ,  hear d wor d an d writte n word ) 

we hav e compare d th e associate d conditio n wit h th e 

contro l  condition .  Significan t  effect s wer e foun d i n th e 

situatio n wher e th e prim e i s a  writte n wor d ( t  (17 )  = 

4.810 ,  p  =  .0002 )  an d i n th e situatio n wher e th e prim e i s a 

hear d wor d ( t  (17 )  =  3.451 ,  p  =  .0031) ;  i n contrast ,  whe n 

th e prim e i s a  pictur e ther e wa s n o differenc e ( t  (  17 )  = 

1.092 )  betwee n result s fo r  associate d an d contro l 

conditions .  A n A N O V A indicate d tha t  ther e wer e n o 

difference s (F<1 )  betwee n contro l  conditions :  fo r  prim e 

picture s mea n latenc y wa s 597,94 ,  fo r  prim e heard-word , 

605,3 6 an d fo r  prim e written-word ,  599,86 . 

When the prime is a word, the classic effect (Neely, 1991) 

of  facilitatio n wa s found :  th e lexica l  decisio n i s shorte r 

when th e prim e an d th e targe t  ar e semanticall y linked . 

Thi s resul t  usuall y foun d wit h writte n word s wa s als o 

foun d whe n th e prim e wa s a  wor d presente d acoustically . 

Thus ,  visua l  an d acousti c word s activat e th e sam e semanti c 

system .  I n contrast ,  th e effec t  o f  facilitatio n wa s no t  foun d 

when th e prim e wa s a  picture .  A n explanatio n o f  ou r  dat a 

i s tha t  ther e exist s tw o semanti c networks ,  on e fo r  picture s 

and on e fo r  verba l  inputs . 

2. Experiment 2 : Associations table 

In the first experiment, the associated couples were 

selecte d from  th e "tabl e o f  verba l  associations "  (Lieur y an d 

al. ,  1976) .  I f  th e semanti c networ k i s differen t  fo r  word s 

tha n fo r  pictures ,  th e tabl e o f  association s wil l  als o b e 

different .  So ,  t o tes t  th e hypothesi s o f  a  dua l  semanti c 

networ k i t  i s  necessar y t o defin e a  "  tabl e o f  pictur e 

associations" .  T o compar e th e pictiu- e prim e conditio n 

wit h th e verba l  prim e conditio n a  ne w "  wor d associatio n 

table "  ha s bee n constructe d wit h th e sam e grou p o f 

subjects . 

Method: Subjects 

Thirty graduate students at the University of Paris-Sud 

volunteere d fo r  thi s experiment .  The y wer e al l  nativ e 

Frenc h speakers .  Non e ha d previousl y see n th e se t  o f 

picture s 

Materials and design : The stimuli were 284 pictures or 

correspondin g words .  The y ar e th e sam e a s thos e use d i n 

th e first  experiment .  Th e colore d picture s wer e selecte d 

from  th e Snodgras s an d Vanderwar t  norm s (1980) .  Thes e 

wer e drawing s o f  familia r  object s an d animal s o r 

vegetable s an d wer e easil y labeled .  28 4 word s 

correspondin g t o picture s wer e use d t o construc t  th e wor d 

associatio n table .  Th e word s wer e 4  t o 9  letter s i n lengt h 

and thei r  frequency  wa s medium . 

Design and procedure : Stimuli were presented on a 

scree n fo r  1 0 s .  The y wer e numbered .  A t  th e beginnin g o f 

th e experimen t  subject s receive d a n 11-pag e noteboo k 

containin g th e number s o f  th e stimul i  (fro m 1  t o 284) . 

Subject s wer e instructe d t o writ e th e first  respons e 

associate d wit h th e stimulu s i n front  o f  it s  number .  The y 

had th e duratio n o f  th e presentatio n (1 0 s )  t o respon d t o 

eac h stimulus .  Fo r  th e wor d associatio n tabl e the y wrot e 
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th e first  wor d evoke d b y th e wor d stimulus ,  an d fo r  th e 

pictur e associatio n tabl e the y wrot e th e wor d tha t  name d 

th e first  imag e evoke d b y pictur e stimulus .  Thi s las t  tas k 

was ver y difficul t  because ,  a s w e hav e teste d i n a  prcxiou s 

experiment ,  th e first  answe r  evoke d b y th e subject s i s th e 

name o f  th e pictur e an d the n th e secon d wor d evoke d i s th e 

wor d associate d wit h th e first  wor d naming ,  whic h bring s 

us bac k t o th e verba l  association s table .  Thus ,  i n thi s 

experimen t  w e ha d t o encourag e the m t o perfor m th e tas k 

of  generatin g a n imag e associate d wit h th e pictur e 

presented .  T o avoi d n a m e response ,  subject s wer e traine d 

t o activat e a  menta l  imag e an d t o n a m e i t  (on e word )  o r  t o 

describ e i t  b y fe w words . 

Subjects who took part in the construction of the two tables 

(wor d associatio n an d pictur e association )  wer e teste d i n 

tw o session s :  on e sessio n wit h pictur e stimul i  an d on e 

sessio n wit h wor d stimuli .  Hal f  o f  th e subject s bega n wit h 

pictur e stimul i  an d wer e teste d tw o month s late r  wit h wor d 

stimul i  an d hal f  o f  th e subject s bega n wit h wor d stimul i 

and wer e teste d tw o month s late r  wit h pictiu- e stimuli .  Th e 

experimen t  wa s ru n collectivel y b y grou p o f  1 5 t o 2 0 

subjects . 

Results 

The first analysis involves calculating the dispersal of the 

answer s fo r  eac h stimulus .  Fo r  wor d stimuli ,  59.2 7 % o f 

response s ar e identical .  Thus ,  mor e tha n hal f  th e subject s 

gav e th e sam e associatio n respons e whe n th e stimulu s wa s 

a word .  Fo r  picttu- e stimuli ,  th e percentag e i s slightl y 

weaker  a t  60.2 6 %.  Th e differenc e betwee n thes e tw o 

percentage s i s no t  significant .  Despit e th e difficult y o f  th e 

task ,  whe n th e stimulu s i s a  picture ,  associativ e response s 

ar e n o mor e disperse d tha n w h e n i t  i s  a  word .  Thus ,  th e 

pictur e associatio n tabl e i s a s vali d a s th e wor d associatio n 

table . 

Comparison between the two tables was completed by the 

stud y o f  th e rat e o f  recovery ,  i.e .  th e rati o o f  case s wher e 

th e majority' s respons e i s th e sam e i n th e tw o associatio n 

table s (wor d o r  image) .  Thi s rat e o f  recover y i s 36.2 6 %. 

Thus ,  th e rat e o f  divergenc e i s 63.7 4 %. .  Thi s resul t 

indicate s tha t  association s activate d b y picture s ar e 

differen t  fro m thos e activate d b y words . 

The most important result of this analysis is the fact that 

th e presentatio n o f  th e pictur e i s mos t  likel y t o evok e th e 

situatio n i n whic h th e stimulu s i s habituall y encountered .  I t 

i s  th e cas e fo r  4 3 . 1 5 % o f  th e responses .  Tha t  lead s t o th e 

though t  tha t  th e associativ e structiu-e s correspondin g t o 

picture s an d t o word s ar e different .  Thi s hypothesi s i s 

evaluate d i n th e thir d experiment . 

3.  Exper imen t  3 

The hypothesis of the dual semantic network is tested in 

thi s experiment .  Th e experimen t  1  i s replaye d withou t  th e 

acousti c condition .  I n th e situatio n wher e th e prim e i s a 

picture ,  associate d couple s ar e chose n b y usin g th e 

associativ e pictur e table . 

Method : Subjects. There were 16 volunteer subjects, all 

graduat e student s i n compute r  scienc e o r  i n cognitiv e 

scienc e a t  th e Universit y o f  Paris-Sud .  The y wer e nativ e 

Frenc h speaker s w h o ha d eithe r  norma l  o r  correcte d t o 

norma l  visio n an d norma l  hearing . 

Materials and procedure. The method was identical to that 

use d i n Exp .  I  wit h respec t  t o instruction s an d presentatio n 

rates .  I n th e cas e wher e th e prim e wa s a  pictiu-e ,  th e targe t 

of  th e associate d coupl e wa s th e first  associate d wor d give n 

by a  m i n i m u m o f  5 0 % o f  subject s i n th e tes t  o f 

association . 

Results and discussion 

Mean values for lexical decision latencies of positive 

answer s (exac t  decisio n fo r  targe t  words )  ar e presente d i n 

Tabl e 1 .  A s i n experimen t  1 ,  th e numbe r  o f  error s i s 

alway s inferio r  t o 1 0 % . 

Table 2 : Mean values for lexical decision latencies 

Prim e 

Cond. 

m 

a 

Pictur e 

Associate d 

553.7 1 

21.7 0 

Contro l 

575.4 4 

24.8 4 

Written-wor d 

Associate d 

565.3 2 

24.8 6 

Contro l 

581.9 6 

19.4 3 

Compariso n betwee n associate d an d contro l  condition s 

indicate d significan t  effec t  fo r  written-wor d ( t  (15 )  =  -

2.298,  p  =  .0354 )  an d fo r  pictur e ( t  (15 )  =  -3.132 ,  p  = 

.0064) .  Differenc e betwee n contro l  condition s wa s no t 

significant .  So ,  th e presentatio n o f  a  pictur e activate s wor d 

namin g associate d wit h a n image .  Semanti c activatio n 

wit h pictur e prim e i s simila r  t o semanti c activatio n wit h 

wor d prim e whe n th e targe t  i s a  word . 
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G e n e r a l  discussio n 

The hypothesis of a single semantic network would be 

strengthene d i f  phonologica l  encodin g precede d semanti c 

activation .  Phonologica l  encodin g woul d generat e a  singl e 

outpu t  fo r  bot h pictur e an d word .  Th e hypothesi s o f 

phonologica l  encodin g befor e semanti c activatio n i s no t 

supporte d b y studie s o f  pictur e identification .  Level t  an d al . 

(1991) ,  Del l  an d O'Seaghdh a (1991 )  an d Vikovitch , 

Humphrey s an d Lloyd-Jone s (1993 )  hav e prove d tha t 

semanti c processin g precede s phonologica l  encodin g o f  th e 

picture .  Thi s conclusio n i s confirme d b y Experimen t  2  an d 

3 results :  wer e thi s no t  th e case ,  an d th e namin g o f  pictur e 

precede d it s semanti c process ,  word s an d picture s woul d 

hav e th e sam e associate d item .  I n fact ,  result s fro m 

experiment s 1  an d 3  a s wel l  a s th e stud y o f  th e tabl e o f 

figure  associatio n indicat e tha t  th e presentatio n o f  a  pictur e 

does no t  evok e th e sam e associate d ite m a s th e presentatio n 

of  a  word .  I n th e majorit y o f  cases ,  th e presentatio n o f  a 

pictur e activate s th e situatio n wher e th e objec t  i s  generall y 

encountere d (brea d -  bakery )  whil e th e readin g o f  a  wor d 

evoke s anothe r  objec t  (brea d -  butter) .  Thes e result s d o no t 

involv e tw o semanti c networks ;  rathe r  the y indicat e tha t 

th e par t  o f  th e semanti c networ k tha t  i s activate d varie s 

wit h categorie s o f  input .  Thi s interpretatio n o f  thes e result s 

bring s u p th e questio n o f  th e forma t  o f  th e semanti c 

networ k sinc e i t  i s  necessar y t o imagin e a  semanti c 

networ k tha t  coul d b e activate d b y pictures ,  o r  b y visua l  o r 

auditor y presentatio n o f  words . 
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Abstrac t 

One large experiment is reported wliich examined the role of 
geometr y an d functiona l  relation s o n th e comprehensio n o f 
th e spatia l  preposition s over ,  under ,  abov e an d below .  Th e 
tas k consiste d o f  ratin g ho w appropriat e a  sentenc e 
(containin g on e o f  thes e prepositions )  wa s t o describ e a 
picture .  Th e result s sho w a  significan t  effec t  o f  functiona l 
relation s o n th e rating s given ,  demonstratin g th e importanc e 
of  fimctiona l  relation s a s a  determinan t  o f  th e 
comprehensio n o f  spatia l  prepositions .  However ,  whil e ove r 
and unde r  wer e ver y sensitiv e t o functiona l  relations ,  abov e 
and belo w wer e mor e influence d b y geometri c relations . 
Thus thes e result s indicat e fo r  th e firs t  tim e tha t  spatia l 
preposition s ar e differentiall y  influence d b y geometri c an d 
functiona l  relations ,  an d tha t  geometr y an d functiona l 
relation s ar e distinc t  factors . 

Introduction 

Spatia l  preposition s ar e a m o n g th e shortes t  word s i n th e 
Englis h language .  Nevertheless ,  i t  i s difficul t  t o specif y th e 
condition s unde r  whic h term s lik e i n an d ove r  ar e used . 
Traditionall y geometri c construct s hav e bee n invoke d t o 
underpi n thei r  lexica l  entrie s (e.g. ,  Herskovits ,  1986) .  Fo r 
example ,  i n th e sentence ,  "Th e pea r  i s i n th e bowl, "  th e 
figur e (th e pear )  i s  locate d i n th e regio n describe d b y th e 
prepositiona l  phras e i n th e bowl ,  wit h th e spatia l  relatio n 
expresse d b y i n correspondin g t o "containe d interio r  t o th e 
referenc e object. "  However ,  ther e i s no t  a  direc t  mappin g 
betwee n spatia l  relation s an d prepositiona l  usage .  Fo r 
instance ,  i n i s  appropriat e t o describ e th e relationshi p 
betwee n th e pea r  an d th e bow l  i n 1(a )  bu t  ove r  woul d b e 
th e mos t  appropriat e ter m i n 1(b )  althoug h th e geometri c 
relation s ar e identical . 

(a ) 

Figur e 1 

Recentl y i t  ha s bee n argue d tha t  extra-geometri c factor s 
m ay pla y a n importan t  rol e i n th e us e an d comprehensio n 
of  spatia l  prepositions .  I n particular ,  functiona l  relation s 
hav e bee n postulate d a s th e ke y component s underlyin g th e 
meanin g o f  th e spatia l  preposition s in ,  o n an d a t 
(Coventry ,  1992 ,  1998 ;  Coventry ,  Carmichae l  an d Garrod , 
1994 ;  Garro d an d Sanford ,  1989 ;  Talmy ,  1988 ; 
Vandeloise ,  1994) .  Functiona l  relation s hav e t o d o wit h 
h o w object s interac t  wit h eac h other ,  an d wha t  th e 
function s o f  object s are .  Fo r  example ,  wit h in ,  Garro d an d 
Sanfor d (1989 )  an d Coventr y (1992 ,  1998 )  propos e tha t  th e 
lexica l  entr y is ; 

in :  functiona l  containmen t  -  i n i s  appropriat e i f 
th e groun d i s  conceive d o f  a s fulfillin g it s 
containmen t  function . 

Whethe r  o r  no t  i n i s appropriat e depend s o n a  numbe r  o f 
factor s whic h determin e whethe r  th e containe r  i s fulfillin g 
it s function .  Thes e includ e movemen t  ove r  tim e wher e th e 
figure  remain s i n th e sam e positio n relativ e t o th e 
container ,  o r  wher e th e containe r  i s sealed ,  thu s blockin g 
movement  o f  th e figure  beyon d th e rim  o f  th e container , 
allowin g constrain t  o f  locatio n ove r  time . 

Empirica l  evidenc e fo r  th e importanc e o f  thi s functiona l 
analysi s ha s bee n forthcomin g fo r  topologica l  prepositions . 
For  example ,  Coventr y (1992 ,  1998 )  foun d tha t  contiguit y 
of  movemen t  o f  figure  wit h groim d significantl y increase d 
th e us e an d ratin g o f  i n w h e n th e figure  wa s positione d o n 
to p o f  othe r  object s abov e th e rim  o f  a  containe r  a s 
compare d wit h stati c scene s wher e th e geometr y wa s th e 
same.  Conversely ,  movemen t  o f  th e figure  independentl y 
of  th e groim d wa s foun d t o reduc e th e us e o f  in .  Similarly , 
tiltin g th e containe r  reduce s th e us e o f  i n i f  i t  look s lik e th e 
figure  m a y fal l  out . 

I n additio n t o th e effect s o f  movement ,  Coventry , 
Carmichae l  an d Garro d (1994 )  provid e preliminar y 
evidenc e tha t  functio n effect s m a y b e objec t  specific . 
Comparin g stati c scene s involvin g a  ju g an d a  bow l  i n wa s 
use d significantl y mor e wit h th e bow l  a s groun d tha n wit h 
th e ju g a s groun d w h e n th e pil e wa s high .  Furthermore , 
addin g liqui d t o th e ju g wa s foun d t o furthe r  decreas e th e 
us e (an d ratings )  o f  in ,  bu t  m a d e n o differenc e i n th e cas e 
of  th e bowl .  Thu s th e additio n o f  wate r  appear s t o m a k e 
th e object-specifi c  functio n o f  th e ju g (t o contai n liquids ) 
mor e salient ,  furthe r  reducin g th e appropriatenes s o f  th e 
containe r  a s a  containe r  o f  solids .  Additionally ,  Coventr y 
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et  al .  (1994 )  foun d tha t  labellin g th e sam e objec t  a  dis h 
versu s a  plat e influence s prepositiona l  usage ,  indicatin g 
tha t  difleren t  noun s sugges t  differen t  object-specifi c 
properties . 

I t  woul d appea r  tha t  th e importanc e o f  extra-geometri c 

factor s a s a  determinan t  o f  th e us e an d comprehensio n o f 
topologica l  preposition s ha s bee n established .  However ,  i t 
i s  les s clea r  (a )  th e relativ e exten t  t o whic h functio n an d 
geometr y influenc e th e us e an d comprehensio n o f  spatia l 
term s an d (b )  whethe r  extra-geometri c factor s influenc e 
th e us e an d comprehensio n o f  al l  spatia l  prepositions . 

Th e presen t  experimen t  wa s designe d t o evaluat e th e 
relativ e exten t  t o whic h functiona l  versu s geometri c 
relation s contribut e t o th e comprehensio n o f  th e 
preposition s over ,  above ,  under ,  below . 

Function, Geometry and Over, Under, Above, 
Belo w 

Th e rol e o f  geometr y underpinnin g th e us e an d 
comprehensio n o f  projectiv e preposition s suc h a s over , 
under ,  abov e an d belo w ha s b ^ n th e subjec t  o f  bot h 
extensiv e linguisti c analysi s (e.g. ,  Bennett ,  1975 ;  Brugman , 
1988 ;  Lakoff ,  1987 )  an d recen t  empirica l  stud y (Carlson -
Radvansk y &  Irwin ,  1993 ,  1994 ;  Carlson-Radvansk y & 
Radvansky ,  1996 ;  Haywar d &  Tarr ,  1995 ;  Loga n an d 
Sadler ,  1996) .  Loga n an d Sadle r  (1996 )  foun d tha t  th e 
prototypica l  abov e relationshi p i s a t  a  poin t  highe r  tha n 
directl y abov e th e referenc e object .  Displacin g th e figure 
fro m th e centra l  axi s o f  th e referenc e objec t  wa s foun d t o 
reduc e th e appropriatenes s o f  th e term .  However ,  thes e 
studie s involve d participant s markin g point s o r  ratin g 
scene s involvin g abstrac t  geometri c shapes  rathe r  tha n rea l 
object s wit h an y relation s betwee n them . 

Carlson-Radvansk y an d Radvansk y (1996 )  foun d tha t  th e 
presenc e o f  a  functiona l  relatio n betwee n object s t o b e 
describe d wa s associate d wit h a  preferenc e fo r  intrinsi c 
descriptions ,  wherea s th e absenc e o f  a  relationshi p wa s 
associate d wit h a  preferenc e fo r  deictic-extrinsi c 
descriptions .  Coventr y an d Mathe r  (i n press )  als o 
demonstrat e contex t  effect s base d o n objec t  knowledg e wit h 
th e spatia l  prepositio n over .  The y foun d tha t  th e 
introductio n o f  a  contex t  i n whic h a  plan e ha d t o dro p a 
b o mb i n orde r  t o hi t  a  buildin g significantl y influence d th e 
use d an d ratin g o f  ove r  t o describ e th e positio n o f  th e plan e 
at  variou s point s o n a  pat h highe r  tha n th e buildin g a s 
compare d t o a  no-contex t  contro l  condition .  Furthermore , 
ther e wa s a  relationshi p betwee n wher e subject s though t 
ove r  wa s appropriat e an d wher e the y though t  th e b o m b 
shoul d b e droppe d t o successfull y hi t  th e target .  However , 
no suc h effect s wer e foun d fo r  above .  F ro m this ,  Coventr y 
an d Mathe r  hav e argue d tha t  ove r  i s mor e influence d b y 
extra-geometri c factor s tha n above ,  an d tha t  preposition s 
m ay cluste r  int o functiona l  an d non-functiona l  types . 

Th e presen t  experimen t  therefor e manipulate d geometr y 
an d functio n independentl y an d togethe r  i n orde r  t o asses s 
th e influenc e o f  bot h factor s o n th e comprehensio n o f  over . 
above ,  unde r  an d below .  Followin g th e findings  o f 
Coventr y &  Mathe r  (i n press )  i t  wa s predicte d tha t  functio n 
effect s shoul d b e presen t  wit h th e preposition s ove r  an d 
under ,  bu t  absen t  wit h abov e an d below .  Conversel y i t  wa s 

predicte d tha t  abov e an d belo w woul d b e mor e affecte d b y 
change s i n geometri c relation s tha n ove r  an d under . 

Experimental Design 

Th e experimen t  wa s designe d t o tes t  fo r  th e differentia l 
effect s o f  fiinctio n an d geometr y o n participants '  rating s o f 
th e appropriatenes s o f  sentence s t o describ e a  serie s o f 
pictures .  Th e variable s manipulate d include d thre e level s o f 
geometr y an d thre e level s o f  functionality .  Eithe r  th e figure 
i n th e pictur e wa s positione d canonicall v abov e th e ground , 
at  a n angl e o f  45 °  o r  a t  a n angl e o f  9 0 t o th e groun d (se e 
Figur e 2) .  Fo r  eac h leve l  o f  geometr y thre e level s o f 
functionalit y wer e employed .  Th e figure  wa s show n t o b e 
eithe r  fulfillin g it s fiinction ,  no t  fulfillin g it s function ,  o r 
othe r  object s wer e no t  presen t  t o mak e th e functiona l 
relationshi p relevan t  ( a control) .  Th e sentence s give n t o 
rat e wer e presente d i n pair s fo r  eac h picture .  Eac h sentenc e 
i n a  pai r  wa s identica l  excep t  fo r  th e preposition .  Fo r 
example ,  a  pai r  o f  sentence s coul d b e Th e m a n i s unde r  th e 
umbrell a an d Th e m a n i s belo w th e umbrella .  Th e 
prediction s wer e tha t  i f  geometri c relation s ha d a n effec t  o n 
th e comprehensio n o f  thes e prepositions ,  th e participant s 
woul d giv e th e highes t  rating s t o a  sentenc e whe n i t 
describe d a  pictur e wher e on e o f  th e object s appeare d i n it s 
canonica l  positio n an d th e lowes t  rating s whe n th e sam e 
sentenc e describe d a  varian t  o f  th e pictur e whic h containe d 
th e sam e objec t  title d a t  90° .  W e wer e als o predictin g tha t 
i f  functiona l  relation s ha d a n effect ,  participants '  rating s 
fo r  a  particula r  sentenc e woul d b e highe r  w h e n i t  describe d 
a pictur e depictin g a  fiinctional  relatio n betwee n objects , 
tha n whe n th e fiinctiona l  relatio n wa s no t  present . 
Additionally ,  i t  wa s predicte d tha t  ove r  an d unde r  woul d b e 
most  sensitiv e t o functiona l  relation s whil e abov e an d 
belo w shoul d b e mor e sensitiv e t o geometri c relations . 

Method 

Participants: Thirty-eight undergraduate students from the 
Universit y o f  Plymout h participate d i n thi s experimen t  a s 
an extr a credi t  optio n i n a  Psycholog y course .  Al l 
participant s wer e nativ e speaker s o f  English . 

Materials: The materials for the experiment consisted of 
a tota l  o f  14 4 picture s an d wer e base d o n tw o set s o f  fou r 
type s o f  pictures .  Eac h pictur e i n a  se t  ha d nin e variant s ( 3 
level s o f  geometr y an d 3  level s o f  functionality) ,  makin g a 
tota l  o f  7 2 pictures .  Eac h pictur e wa s printe d twice ,  on e 
wit h a  pai r  o f  sentence s (e.g .  Th e m a n i s under/belo w th e 
umbrella )  an d th e othe r  wit h anothe r  pai r  o f  sentence s 
(e.g .  Th e umbrell a i s over/abov e th e m a n )  t o tes t  al l  fou r 
prepositions . 

Th e first  se t  o f  picture s depicte d a  m a n usin g a n objec t  t o 
protec t  himsel f  fro m a  fallin g object/object s (e.g. ,  a  ma n 
usin g a n umbrell a t o protec t  himsel f  fro m rain) .  Fo r  eac h 
pictur e ther e wer e thre e level s o f  geometr y o f  th e objec t 
use d b y th e m a n t o protec t  himsel f  (i n thi s cas e th e 
umbrella) .  Additionally ,  fo r  eac h geometri c permutatio n 
ther e wer e thre e level s o f  fiinctionality:  control ,  wher e th e 
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objec t  th e m a n trie d t o protec t  himsel f  fro m wa s abse m 
(e.g .  ther e wa s n o rain) ;  fimctional .  wher e th e objec t  wa s 
presen t  (i.e .  th e rai n wa s fallin g o n th e umbrell a keepin g 
th e m a n dry) ;  an d non-fimctional .  wher e th e fallin g objec t 
was presen t  bu t  th e protectin g objec t  di d no t  fulfi l  it s 
functio n (i.e .  th e rai n wa s fallin g o n th e m a n despit e th e 
umbrella' s presence) .  Se e Figur e 2  fo r  a n exampl e o f  al l 
nin e level s o f  pictur e fo r  on e se t  o f  materials . 

fre e t o us e an y numbe r  i n th e scale .  Th e experimenta l 
session s laste d aroun d 3 0 minutes . 

. im^- -> ;> ~ 

Figur e 2 :  Example s fro m Materia l  Se t  1 

The second set of pictures depicted two related objects 
(e.g. ,  ca n an d a  pan) .  O n e o f  thes e object s wa s alway s a 
recipien t  object .  Fo r  eac h pictur e ther e wer e thre e level s o f 
geometr y o f  th e recipien t  objec t  (i n thi s cas e thepan).Ther e 
wer e als o thre e level s o f  functionality :  control ,  wher e th e 
falling/poiuin g objec t  wa s missin g (i n thi s cas e ther e wer e 
no bean s i n th e can) ;  functional ,  wher e th e falling/pourin g 
objec t  wa s presen t  (i.e .  ther e wer e bean s fallin g int o th e 
pan) ;  an d non-fimctional .  wher e th e falling/pourin g objec t 
was presen t  bu t  di d no t  en d u p i n th e recipien t  objec t  (i.e . 
ther e wer e bean s missin g th e pa n an d droppin g ont o th e 
floor) .  Se e Figur e 3  fo r  a n exampl e o f  a  pictur e wit h al l 
nin e level s o f  function/geometr y (an d Appendi x fo r  a 
descriptio n o f  th e pictur e material s used) . 
Procedure :  Participant s wer e ru n i n group s o f  6-1 0 people . 
Each participan t  receive d th e instruction s an d a  bookle t 
containin g th e material .  Th e participant s wer e tol d tha t 
eac h pag e o f  th e bookle t  containe d a  pictur e an d tw o 
sentences ,  an d tha t  thei r  tas k consiste d o f  ratin g h o w 
appropriat e eac h sentenc e wa s t o describ e th e picture .  The y 
wer e give n a  7-poin t  scal e wher e 1  mean t  totall y 
inappropriat e an d 7  totall y appropriate .  Participant s wer e 

Figur e 3 :  Example s fro m Materia l  Se t  2 

The test materials were divided into two parts. One copy 
of  eac h pictur e (wit h on e pai r  o f  prepositions )  appeare d i n 
par t  on e an d th e othe r  cop y o f  th e pictur e (wit h th e othe r 
pai r  o f  prepositions )  i n par t  two .  Hal f  o f  th e participant s 
sa w par t  on e first  an d th e othe r  hal f  sa w th e secon d par t 
first  (thoug h participant s wer e no t  awar e o f  th e tw o parts) . 
Additionally ,  th e material s wer e randomise d i n a  stratifie d 
fashion .  W e create d 9  group s o f  8  picture s fo r  eac h part . 
Eac h grou p ha d on e pictur e fro m eac h materia l  set ,  an d 
corresponde d t o a  differen t  leve l  o f  geometr y an d 
functionality .  Then ,  eac h individua l  grou p wa s randomise d 
befor e bein g groupe d wit h anothe r  group .  Eac h participan t 
had a  differen t  groupin g an d randomisation .  Th e en d resul t 
of  thi s proces s mean t  tha t  th e possibilit y  o f  primin g effect s 
was minimised . 

Resul t s 

Th e result s fo r  eac h se t  o f  material s ar e reporte d separately . 

Material Set 1 

A five  wa y analysi s o f  varianc e (full y  within )  wa s 
performe d o n th e ratin g data .  Th e variable s wer e materia l 
typ e (umbrella/man ,  head/hat ,  shield/viking , 
visor/gardener) ,  functio n (e.g. ,  functional ,  non-functiona l 
and control) ,  angl e (canonical ,  45° ,  o r  90°) , 
superior/inferio r  preposition s (over/abov e an d under/below ; 
highe r  tha n an d lowe r  tha n prepositions )  an d 
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functional/non-functiona l  preposition s (over/unde r  an d 

above/below) . 
A m a i n effec t  o f  functio n w a s foun d [F(2 ,  72 )  =  82.41 ,  p 

< 0.0001] .  Fol low-u p analysi s usin g T u k e y H S D test s 
reveale d significan t  difference s betwee n al l  thre e level s o f 
function .  T h e highes t  rating s wer e give n fo r  th e functiona l 

scenes ,  a n d th e lowes t  rating s we r e give n fo r  th e non -
functiona l  scenes .  Ther e w a s als o a  m a i n effec t  o f  angl e 
[F(2 ,  7 2 )  =  213.22 ,  p  <  0.0001] .  A s expected ,  th e highes t 
rating s we r e give n fo r  th e canonica l  orientatio n a n d th e 

lowes t  fo r  th e 9 0 °  pictures .  Al l  thre e level s differe d 
significantl y from  on e another . 

N o m a i n eflFec t  w a s foun d fo r  th e superior/inferio r 
distinctio n [F(l ,  36 )  =  0.37 ,  p  >  0.05] .  H o w e v e r  a  m a i n 
effec t  w a s foun d fo r  th e over/under-above^elo w 
compar iso n [F(l ,  36 )  =  76.07 ,  p  <  0.0001] .  Overal l 

over/unde r  w e r e give n lowe r  rating s tha t  above/below . 
A significan t  interactio n w a s observe d betwee n functio n 

a n d angl e [F(4 ,  144 )  =  5.36 ,  p  <  0.001] .  Fo r  th e 4 5 degre e 
a n d 9 0 degre e angles ,  th e rating s fo r  functional ,  non -
functiona l  a n d contro l  scene s differe d significantl y from 
o n e other .  W i t h th e canonica l  position ,  ther e w a s n o 
significan t  differenc e betwee n th e functiona l  a n d contro l 
scene s althoug h th e non-functiona l  scene s di d diffe r 
significantl y from  th e othe r  two . 

T h e r e we r e als o significan t  interaction s betwee n th e 
functional/non-fiinctiona l  prepositio n distinctio n an d angl e 
[F(2 ,  7 2 )  =  122.15 ,  p  <  0.0001 ]  a n d functio n [F(2 ,  72 )  = 
34.36 ,  p  <  0.0001] .  T h e s e interaction s ar e displaye d i n 

Figur e 4 . 
T h e r e we r e a  n u m b e r  o f  material s effect s an d 

interactions .  N o t  onl y w a s ther e a  m a i n effec t  o f  material s 
PF(3 ,  108 )  =  80.07 ,  p  <  0.0001] ,  bu t  material s als o 
interacte d wit h function ,  angl e a n d th e functional/non -
functiona l  distinction .  O n examinat io n al l  set s o f  material s 
behave d th e s a m e w a y wit h al l  th e m a i n variable s -  w h a t 
differ s be twee n material s i s  th e siz e o f  th e effect s althoug h 
th e directio n remain s th e s a m e i n eac h case .  I t  wou l d 
appea r  tha t  s o m e set s o f  material s ar e m o r e functiona l  tha n 
others ,  a n d thi s shoul d b e note d i n futur e studies . 
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Figur e 4 :  Interactio n B e t w e e n Functional/Non-fiinctiona l 
Prep ,  a n d Functio n a n d A n g l e 

Materia l  Se t  2 

Agai n a  five-way  analysi s o f  varianc e (fiill y  within )  wa s 

performe d o n th e data) .  Th e variable s wer e materia l  typ e 
(tap/bucket ,  chute/skip ,  can/pan ,  bottle/glass) ,  functio n 
(e.g. ,  functional ,  non-functiona l  an d control) ,  angl e 
(canonical ,  45° ,  o r  90°) ,  superior/inferio r  preposition s 
(over/abov e an d under/below )  an d ftinctional/non-
fiinctiona l  preposition s (over/unde r  an d above/below) .  Th e 

result s wer e ver y simila r  t o thos e foun d wit h th e first 
materia l  set .  M a i n effect s o f  functio n [F(2 ,  70 )  =  96.23 ,  p  < 
0.0001] ,  angl e [F(2 ,  70 )  =  164.71 ,  p  <  0.0001 ]  an d th e 
functional/non-functiona l  distinctio n [F(l ,  35 )  =  119.45 ,  p 

< 0.0001 ]  wer e found ,  al l  i n th e sam e directio n a s thos e 
foun d wit h Materia l  Se t  1 .  Additionall y ther e wa s a  mai n 
effec t  o f  th e superior/inferio r  distinctio n [F(l ,  35 )  =  5.24 ,  p 
< 0.05] .  Abov e an d o\e r  wer e give n lUghe r  rating s tha t 
belov i  an d unde r  overall ,  whic h i s consisten t  wit h previou s 
wor k (e.g. ,  Seymour ,  1974) .  Similarly ,  ther e wa s als o a n 
interactio n betwee n angl e an d th e superior/inferio r 
distinctio n [F(2 ,  70 )  =  5.80 ,  p  <  0.01] . 

Ther e wa s a  significan t  interactio n betwee n functio n an d 
angl e [F(4 ,  140 )  =  10.47 ,  p  <  O.OOOI] .  Follow-u p analysi s 
reveale d tha t  al l  thre e level s o f  functionalit y differe d 
significantl y fro m on e anothe r  i n th e predicte d directio n a t 
ever y geometri c position . 

Ther e wer e als o significan t  interaction s betwee n functio n 
an d fiinctional/non-functional  preposition s [F(2 ,  70 )  = 
35.86 ,  p  <  0.0001 ]  an d angl e an d fimctional/non-fimctional 
preposition s [F(2 ,  70 )  =  46.52 ,  p  <  0.0001] .  Thi s patter n o f 
result s wa s th e sam e a s thos e foun d fo r  Material s Se t  1 . 
Functio n ha s a n effec t  wit h over/unde r  bu t  no t  wit h 
above/below .  Conversely ,  angl e ha d a n effec t  wit h 
above/belo w bu t  no t  wit h over/under .  T h e three-wa y 
interactio n betwee n function ,  angl e an d functional/non -
functiona l  preposition s wa s als o significan t  [F(4 ,  140 )  = 
7.26 ,  p  <  0.0001] .  Thi s i s displaye d i n Figur e 5 . 

As wit h Materia l  Se t  1 ,  ther e wa s a  mai n effec t  o f 
material s plu s interaction s betwee n material s an d ftmction 
an d angle .  O n examinatio n al l  set s o f  material s behave d i n 
th e sam e wa y wit h al l  th e mai n variable s -  wha t  differ s 
betwee n material s i s th e siz e o f  th e effect s althoug h th e 
directio n remain s th e sam e i n eac h case . 
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Figur e 5 :  Interactio n B e t w e e n Functional/Non-functiona l 
Prep ,  a n d Functio n an d A n g l e 
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G e n e r a l  Discussio n 

The result s acros s bot h set s o f  material s wer e ver y similar . 
Mai n effect s o f  functio n an d angl e wer e foun d i n bot h sets , 
demonstratin g tha t  functiona l  relation s an d geometr y ar c 
bot h importan t  factor s i n determinin g th e appropriatenes s 
of  a  prepositio n t o describ e a  spatia l  scen e 

Wit h regard s t o geometry ,  th e result s wer e ver y simila r  t o 

thos e foun d i n th e literatur e (Carlson-Radvamsk y &  Irwin , 
1993 ,  1994 ;  Haywar d &  Tar ,  1995 ;  Loga n &  Sadler ,  1996) . 
W h en th e figur e i s displace d fro m th e poin t  directl y abov e 
th e centra l  axi s o f  th e referenc e object ,  appropriatenes s 
rating s fo r  suitabl e spatia l  preposition s decrease . 
Additionally ,  th e stud y showe d a  mai n efifec t  o f  fiinction  o f 
simila r  magnitud e t o tha t  foun d fo r  th e geometri c 
manipulation .  Participant s gav e significantl y highe r  rating s 
t o sentence s correspondin g t o scene s wher e th e functiona l 
relatio n betwee n object s held ,  tha n t o sentence s 
correspondin g t o scene s wher e a n objec t  wa s show n no t  t o 
be fulfillin g it s function . 

The interactio n betwee n geometr y an d functio n als o 
reveal s tha t  i t  i s no t  th e cas e tha t  fiinctional  relation s onl y 
become importan t  whe n th e prototypica l  geometri c relatio n 
i s no t  present .  Functionalit y effect s wer e presen t  wit h bot h 
set s o f  material s a t  al l  thre e positions ,  no t  jus t  i n th e 
margina l  geometri c cases . 

The effect s foun d i n th e experimen t  presente d i n thi s 
pape r  buil d o n th e findings  obtaine d b y Carlson-Radvansk y 
and Radvansk y (1996) .  Thes e author s foun d tha t  functiona l 
relation s influence d fram e o f  referenc e selection .  Fram e o f 
referenc e ambiguit y wa s absen t  i n th e presen t  study , 
providin g evidenc e tha t  functiona l  relation s ar e crucia l  bot h 
not  onl y i n th e choic e o f  frame s o f  referenc e bu t  als o t o 
determin e th e appropriatenes s o f  a  spatia l  ter m withi n a 
singl e fram e o f  reference . 

Althoug h material s effect s wer e observe d acros s bot h 
sets ,  effect s o f  flinctionalit y an d geometr y wer e i n th e sam e 
directio n fo r  al l  sets .  I t  i s  wort h noting ,  however ,  tha t  th e 
canonica l  positio n fo r  th e figure  acros s scene s di d differ , 
whic h ma y hav e lea d t o th e materia l  differences .  Fo r 
example ,  a n umbrell a i s  normall y hel d directl y abov e th e 
head ,  wherea s a  shiel d i s usuall y hel d i n fron t  o f  th e body . 

Give n th e existenc e o f  functionalit y effect s i n th e presen t 
study ,  an d previou s researc h indicatin g tha t  ther e ar e 
object-specifi c  functio n effect s wit h topologica l  preposition s 
(Coventr y e t  al. ,  1994 )  futur e studie s nee d t o contro l  fo r  th e 
type s o f  objec t  relation s use d i f  geometr y i s t o b e th e focu s 
of  attention . 

I t  shoul d b e note d tha t  mos t  studie s examinin g projectiv e 
preposition s hav e focuse d o n geometri c relations .  Fo r 
instance ,  Loga n an d Sadle r  (1996 )  usin g abstrac t  objects , 
showed typicalit y effect s fo r  projectiv e prepositions .  The y 
propos e tha t  geometri c template s ar e use d t o asses s th e 
appropriatenes s o f  spatia l  terms .  However ,  thi s proposa l 
shoul d b e treate d wit h caution .  I t  ma y b e th e cas e tha t  suc h 
effect s ar e onl y presen t  wit h abstrac t  object s wher e subject s 
distinguis h betwee n geometri c region s a s the y hav e n o 
othe r  informatio n t o g o on . 

The presen t  stud y has ,  fo r  th e first  term ,  demonstrate d 
th e importanc e o f  bot h functio n an d geometr y i n th e 
comprehensio n o f  projectiv e prepositions .  Furthermore , 

clea r  evidenc e ha s bee n produce d tha t  som e preposition s 

ar e mor e influence d b y functiona l  relation s whil e other s ar e 
mor e influence d b y geometry .  Th e ratin g o f  ove r  an d unde r 
acros s bot h set s o f  material s wer e influence d mainl y b y 
functionality ,  whil e abov e an d belov /  wer e mainl y 
influence d b y geometry .  Thi s patter n o f  result s support s th e 
findings  o f  Coventr y an d Mathe r  (i n press) ,  fo r  ove r  an d 
above ,  bu t  als o extend s th e result s t o unde r  an d below .  I t 
may b e th e cas e tha t  preposition s cluste r  int o tw o groups : 
one wher e th e meanin g i s primaril y determine d b y th e typ e 

of  simpl e geometri c construct ,  a s propose d b y Herkovit s 
(1986) ,  an d th e othe r  wher e th e meanin g i s  primaril y 
determine d b y a  myria d o f  extra-geometri c factors ,  whic h 
migh t  includ e no t  onl y functiona l  relations ,  bu t  othe r 
contextua l  factor s a s well .  Futur e researc h shoul d examin e 
thi s ne w distinctio n further . 
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A p p e n d i x -  Material s Use d 

Setl: 
Umbrell a an d ma n (wit h o r  withou t  rain ) 
Shiel d an d Vikin g (wit h o r  withou t  spears ) 
Har d ha t  an d workma n (wit h o r  withou t  brick ) 
Viso r  an d gardene r  (wit h o r  withou t  insect ) 

Set 2: 
Glas s an d bottl e (wit h o r  withou t  wine ) 
Bucke t  an d ta p (wit h o r  withou t  water ) 
Pan an d ca n (wit h o r  withou t  beans ) 
Ski p an d rubbis h chut e (wit h o r  withou t  bricks ) 
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Abstrac t 

Emotions are a special class of Intentional states with structural 
component s an d propertie s simila r  t o thos e o f  th e traditiona l 
somati c appetite s o f  thirst ,  hunge r  an d sex .  Thes e wer e 
originall y par t  o f  a  hardwired ,  phylogeneticall y adapted , 
nonverba l  informatio n syste m fo r  implicitl y  conveyin g 
informatio n abou t  thes e state s bot h amon g an d withi n individua l 
members o f  th e species .  A  classificatio n syste m provide s tw o 
majo r  functiona l  classe s o f  emotions ,  (1 )  thos e servin g a s 
Appetitiv e Wishe s towar d objects ,  an d (2 )  thos e servin g a s 
Belief s abou t  th e statu s o f  fulfillmen t  o f  thos e an d othe r 
significan t  wishes .  Thus ,  emotion s suc h a s Ange r  an d Fea r 
indicat e a  wis h t o attac k o r  escap e fro m som e objec t  o r 
situation ,  whil e Lov e an d Surpris e indicat e wishe s t o car e 
about  o r  explor e a n objec t  o r  situation .  Emotiona l  wishes ,  lik e 
thei r  somati c brethren ,  requir e Consummator y Act s fo r  thei r 
fulfillment .  Th e resul t  o f  thes e act s ar e emotion s suc h Anxiet y 
and Depression ,  whic h indicat e Belief s tha t  th e relevan t  wishe s 
wil l  b e har d o r  impossibl e t o satisfy ,  o r  Contentmen t  an d 
Elation ,  whic h functio n a s Belief s tha t  th e wishe s hav e bee n o r 
ar e bein g fulfilled .  Together ,  emotiona l  wishe s an d belief s for m 
a comprehensiv e wish-belie f  informatio n feedbac k syste m wit h 
manifol d causa l  consequences . 

Emotions are Cognitive Processes 

I f  th e prim a faci e goa l  o f  cognitiv e scienc e i s t o understan d 
ho w w e kno w th e worl d aroun d u s an d ourselve s i n it ,  the n i t 
i s  essentia l  tha t  th e scienc e includ e a  theor y o f  emotions .  Ou r 
clai m i s tha t  a  vas t  amoun t  o f  ou r  knowledg e abou t  ourselves , 
our  goals ,  th e behavio r  o f  othe r  huma n beings ,  an d tha t  al l 
pervasiv e bu t  elusiv e thin g calle d c o m m o n sense ,  i s base d o n 
th e implici t  informatio n conten t  o f  emotions .  T o th e degre e 
tha t  thi s knowledg e i s implicit ,  w e nee d a  coherent ,  scientific , 
empiricall y testabl e theor y o f  emotions ,  suc h a s th e on e 
propose d here . 

The theor y w e outlin e i s quintessentiall y  cognitiv e i n th e 
sens e o f  perceivin g an d knowing .  I t  view s emotion s a s havin g 
evolve d a s a  (the? )  primar y mean s fo r  ou r  mammal ia n 
ancestor s t o communicat e wit h an d understan d fundamentall y 
importan t  intention s o f  othe r  member s o f  thei r  o w n species . 
I n thi s sens e emotion s constitut e a  basi c informatio n 
processing ,  i.e .  cognitive ,  capacity .  Moreover ,  emotion s ar e 
th e first  languag e o f  ever y huma n infan t  befor e symboli c 
languag e i s acquired. '  A n d th e commonsens e knowledg e tha t 
eac h o f  u s ha s o f  ou r  o w n an d others '  emotion s underlie s al l  o f 

our  h u m a n interactions .  W h a t  w e nee d i s a  theor y tha t 
account s fo r  th e cognitiv e functio n o f  emotions ,  a  theor y tha t 
explain s rathe r  tha n take s fo r  grante d ou r  knowledg e o f 
classe s o f  emotion s wit h radicall y differen t  functions . 

Thi s versio n o f  Dahl' s theory ^  i s base d upo n thre e basi c 
propositions :  (1 )  a  3-dimensiona l  classificatio n schem e o f 
emotions ,  (2 )  th e intentiona l  (cognitive )  concept s o f  wishe s 
an d beliefs, ^  an d (3 )  th e biologicall y roote d concep t  o f 
appetites .  Th e groun d covere d includes : 

1. A 3-dimensional classification scheme; 
2.  Basi c definition s o f  wish ,  pleasure ,  unpleasure ,  an d 

appetite ; 
3.  T w o majo r  functiona l  classe s o f  emotions ; 
4.  A  causa l  feedbac k mode l  o f  th e tw o classes ; 
5.  Th e relationshi p o f  th e mode l  t o commonsens e know -

ledg e o f  emotions . 

A 3-Dimensional Classification of Emotions 

We tak e fo r  grante d tha t  an y theor y o f  emotion s mus t 
includ e som e accoun t  o f  bot h thei r  similaritie s an d thei r 
diversity ;  suc h a n accoun t  implies ,  a t  a  m in imum ,  som e 
syste m o f  classification .  Thi s syste m i s a n adaptatio n o f  th e n -
dimensiona l  schem e tha t  d e River a (1962 )  use d i n hi s 
"decision "  theor y o f  emotions :  th e thre e polaritie s ar e th e sam e 
as thos e tha t  Freu d (1915 )  claime d ar e basi c t o menta l  life ,  i.e . 
Subject-Object ,  Pleasure-Unpleasure ,  an d Active-Passive . 

'Searl e (1983 )  wrote :  " .  .  .  i t  seem s t o m e obviou s tha t  infant s an d 
many animal s tha t  d o no t  i n an y ordinar y sens e hav e a  languag e o r 
perfor m speec h act s nonetheles s hav e Intentiona l  states .  Onl y 
someone i n th e gri p o f  a  philosophica l  theor y woul d den y tha t  smal l 
babie s ca n literall y b e sai d t o wan t  mil k an d tha t  dog s wan t  t o b e le t 
out  o r  believ e tha t  thei r  maste r  i s  a t  th e door .  .. .  th e causa l  basi s o f 
th e animal' s Intentionalit y  i s ver y muc h lik e ou r  own, .  .  .  [and ]  w e 
can' t  mak e sens e o f  hi s behavio r  otherwise. " 

^For the previous versions, and background and support for some of 
th e majo r  claim s se e Dah l  (1978 ,  1979 )  an d Dah l  an d Stenge l  (1978) . 

'These terms from our everyday common sense were first given a 
more forma l  statu s i n Heider' s (1958 )  "commonsense "  o r  "naive " 
psycholog y an d late r  i n "folk "  psycholog y (Stich ,  1983 )  an d 
intentiona l  syste m theories ,  e.g. ,  Dennet t  (1978 ,  1987 ,  1988) ,  Searl e 
(1983 )  an d man y others . 
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3 - D I M E N S I O N S [Examples ] 

/ < 

ATTRACTION 
< 

emotion / 

REPULSION 

POSITIV E 

NEGATIVE 

< 

ACTIVE [Love ] 

PASSIVE [Surprise] 

ACTIVE [Anger] 

PASSIVE [Fear] 

PASSIVE [Conlenlment] 

ACTIVE [Elation] 

PASSIVE [Depression] 

ACTIVE [Anxiety] 

Figur e 1 

Our adaptation employs the following three polarities:^ 

Orientation [IT-ME] 
Valenc e [ A T T R A C T I O N / R E P U L S I O N -

P O S I T I V E / N E G A T I V E ] 
Contro l  [ A C T I V E / P A S S I V E ] 

A classificatory tree showing the results of the intersections of 
thes e dimension s i s illustrate d i n Figur e 1  togethe r  wit h typica l 
example s o f  emotio n name s fo r  eac h o f  th e eigh t  resultin g 
categories . 

I f  suc h a  schem e ha s an y validit y i t  surel y implie s tha t 
ordinar y peopl e hav e som e kin d o f  interna l  representatio n o f 
thes e dimension s an d ough t  t o b e abl e t o us e the m t o classif y 
emotions .  I n fact ,  i n hi s dissertatio n d e River a showe d tha t  2 0 
judge s coul d reliabl y classif y 18 8 emotio n word s base d 
primaril y o n thei r  knowledg e o f  definition s o f  thes e abstrac t 
dimensions .  Dah l  an d Stenge l  (1978 )  replicate d an d extende d 
hi s empirica l  classificatio n usin g th e abov e thre e dimensions . 
TTie y gav e 5 8 judge s definition s o f  eac h dimensio n an d ha d 
the m classif y 40 0 emotio n word s t o se e i f  the y actuall y di d 
shar e bot h th e implici t  knowledg e o f  th e dimension s an d 
knowledg e o f  th e interna l  state s referre d t o b y eac h emotio n 
label .  Th e reliabilitie s (coefficien t  alphas )  o f  thes e judgment s 
by 5 8 judge s fo r  eac h o f  th e thre e dimension s wer e .95 ,  .99+ , 
and .97 ,  respectively ,  an d th e intercorrelation s amon g th e 
dimension s wer e nil ,  providin g importan t  evidenc e fo r  th e 
empirica l  independenc e o f  th e dimensions .  Approximatel y 

6 5 % o f  th e judge d word s wer e decide d a t  p  <.0 5 o n al l  thre e 
dimensions ;  fo r  15 3 word s th e split s wer e significan t  a t 
p <.00 1 o n al l  thre e dimension s ( a join t  chanc e probabilit y o f 
<1 i n 1  billion) .  Moreove r  th e judges '  age s an d se x wer e 
uncorrelate d wit h thei r  choices. ' 

Thus ,  despit e th e obviou s fac t  tha t  eac h perso n onl y ha s 
direc t  acces s t o hi s o w n particula r  emotiona l  state s an d i n 
principl e canno t  hav e suc h acces s t o another' s interna l  state , 
and despit e th e fac t  tha t  eac h perso n ha s hi s o w n uniqu e se t  o f 
memorie s derive d fro m hi s o w n developmenta l  interactions , 
i t  seem s necessar y t o assum e substantia l  share d experientia l 
referent s i n orde r  t o accoun t  fo r  th e judges '  share d varianc e 
and agreement . 

However  eve n i f  w e accep t  th e tid y simplicit y o f  thi s 
scheme ,  ther e i s a  certai n arbitrarines s t o al l  classification s o f 
emotions ,  a s Jame s (1890 )  note d whe n h e suggeste d tha t  "th e 
onl y questio n woul d be ,  doe s thi s groupin g o r  tha t  sui t  ou r 
purpose s best? "  Fo r  purpose s o f  outlinin g thi s theory ,  ther e 
wer e tw o result s o f  specia l  interest . 

Th e first  wa s tha t  thes e abstrac t  dimension s produce d 1 2 
majo r  categories ,  8  mai n categorie s (a s show n i n Figur e 1  an d 
Table s 1  an d 2 )  an d 4  intermediat e categorie s (no t  shown ) 
whic h togethe r  includ e mos t  o f  th e emotion s tha t  other s hav e 
regarde d a s fundamental ,  base d o n a  variet y o f  criteri a suc h a s 
behaviora l  expression s (Darwin ,  1872) ,  instinct s (McDougall , 
1923) ,  facia l  expression s (Tomkins ,  1970 ;  Izard ,  1971 ,  1977 ; 
Ekman,  1973 )  an d othe r  (Plutchik ,  1962 ;  Davitz ,  1969 ; 
Ortony ,  Clor e &  Foss ,  1987) . 

Th e secon d resul t  wa s tha t  th e classificatio n provide d a 
principle d distinctio n fo r  tw o majo r  functiona l  classe s o f 
emotions ,  her e calle d I T an d M E .  Schwart z an d Trabass o 
(1984 )  produce d evidenc e fo r  th e psychologica l  realit y  o f  th e 
I T - M E distinctio n i n a  stud y whic h showe d tha t  6-yea r  old s 
implicitl y  understan d th e classificator y dimension s a s wel l  a s 
th e implici t  wishe s an d belief s associate d wit h th e I T an d M E 
emotions .  Skeptic s w h o find  th e w-dimensiona l  classificatio n 
implausibl e o n othe r  ground s shoul d remin d themselve s tha t 
i n th e cours e o f  evolutio n jus t  suc h n-dimensiona l 
computation s wer e selecte d ver y early ,  allowin g mobil e 
animal s wit h multipl e sense s t o orien t  themselve s i n spac e an d 
tim e b y vision ,  smel l  an d sound .  I t  i s  conceivabl e tha t 
evolution ,  havin g onc e selecte d whateve r  powerfu l 
computationa l  method s underla y thes e capacities ,  migh t  als o 
us e /j-dimensiona l  computationa l  strategie s fo r  solvin g ne w 
problem s suc h a s th e apparen t  nee d fo r  conspecific s bot h t o 
expres s an d t o recogniz e eac h other' s intentions ,  i.e .  wishe s 
and beliefs . 

''Amon g thos e wh o hav e propose d n-dimensiona l  scheme s onl y d e 
River a amon g emotio n researchers ,  alon g wit h Descarte s (se e Stone , 
1980 )  an d Freud ,  ha s stresse d th e importanc e o f  th e Subject-Objec t 
(IT-ME )  dimensio n (c f  Wundt ,  1907 ;  Tolman ,  1923 ;  Schlosberg , 
1954 ;  Osgood ,  Suc i  an d Tannenbaum ,  1957 ;  an d Davitz ,  1969) .  N o 
theoretica l  (a s distinguishe d fro m commonsense )  rational e fo r  thi s 
distinctio n i s provide d b y an y othe r  majo r  theor y excep t  perhap s tha t 
of  Pribra m an d Melge s (1969) .  Th e term s "orientation, "  "valence, " 
and "control "  provid e abstrac t  term s intende d t o captur e th e essentia l 
propertie s o f  th e dimensions . 

Bas i c Definit ion s a n d Characterist ic s 

Wish ,  Pleasur e a n d Unpleasur e 

The theor y o f  emotion s a s wishe s an d belief s rest s firmly  o n 
a definitio n o f  a  wis h a s a n attemp t  t o achiev e perceptua l 
identit y and/o r  symboli c equivalenc e wit h a  previou s 

'Fo r  a  complet e lis t  o f  th e word s (wit h th e distributio n o f  th e judges ' 
choice s o n eac h dimension )  an d a  displa y o f  th e classification s se e 
Dahl  an d Stenge l  (1978) .  Se e als o Dahl ,  HOlze r  &  Berr y (1992) . 
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experienc e o f  satisfaction.' '  Pleasure ,  i n thi s model ,  i s  th e 
satisfactio n o f  a  wis h an d unpleasur e i s th e nonsatisfactio n o f 
a wish .  Thes e definition s hav e severa l  decisiv e implications , 
some obvious ,  som e no t  quit e so .  First ,  certai n basi c initia l 
experience s o f  satisfactio n ar e phylogeneticall y adapted ,  tha t 
is ,  the y ar e wire d i n b y evolution .  A s Deutsc h an d Deuisc h 
(1966 )  pu t  it : 

I t  i s  th e tast e o f  water ,  th e feelin g o f  satiety ,  th e 
sensation s fro m th e genitali a tha t  a n anima l  find s 
rewarding .  Th e connectio n o f  thes e sensation s wit h nee d 
reductio n i s no t  on e whic h i s  m a d e b y eac h individua l 
animal .  Suc h a  connectio n .. .  ha s bee n m a d e b y th e 
proces s o f  natura l  selection .  Onl y thos e animal s whic h 
hav e foun d certai n sensation s rewardin g hav e survived . 
Learnin g .. .  ha s ab-ead y occurre d i n th e species ;  th e 
individua l  nee d no t  recapitulat e it .  (pp .  143-144 ) 

Second ,  m e m o r y i s  require d t o recor d th e experiences . 
Third ,  memories ,  w h e n activate d b y an y means ,  serv e a s a 
goal ,  whic h i s t o repea t  th e sam e experienc e o f  satisfactio n 
(pleasure) ,  i.e .  t o achiev e perceptua l  identity .  Freu d (1900 ) 
eve n postulate d tha t  th e initia l  activatio n migh t  b e a n 
hallucinator y fulfillment ,  i.e .  activatio n o f  th e m e m o r y t o 
hallucinator y intensity .  Implausibl e a s thi s m a y appear ,  Hele n 
Kelle r  (se e Dahl ,  1965 )  vividl y describe d jus t  suc h 
hallucinator y memorie s o f  previou s experience s o f  satisfactio n 
(e.g .  th e tast e o f  ic e cream )  durin g th e perio d befor e sh e 
acquire d languag e a t  abou t  th e ag e o f  six .  Th e activatio n o f 
memorie s i s th e attemp t  t o achiev e perceptua l  identity ;  unti l 
the n th e wis h remain s latent ,  tha t  is ,  potentia l  o r  descriptivel y 
and/o r  dynamicall y unconscious. ^  Fourth ,  th e inclusio n o f 
symboli c equivalenc e provide s fo r  th e wel l  k n o w n h u m a n 
capacit y fo r  finding  an d satisfyin g alternat e wishe s a s 
substitute s fo r  primar y experience s o f  satisfaction . 

A nd last ,  les t  w e b e limite d t o highl y restricte d an d 
stereotype d behavior ,  i t  i s  necessar y t o assume ,  wit h goo d 
evidenc e t o suppor t  th e assumptio n (c f  Wolff ,  1966 ;  Srouf e 
and Waters ,  1976 ;  Nachman ,  Ste m an d Best ,  1986) ,  tha t  nove l 
experiences ,  fo r  al l  thei r  variety ,  ar e percepUiall y identica l  i n 
th e sens e o f  bein g classifie d o n th e propert y o f  thei r 
unexpectednes s an d th e arouse d emotio n o f  mil d surprise . 
Novelt y qu a novelt y  i s a n intrinsi c experienc e o f  satisfaction . 
Thi s attractio n t o novelt y assure s a  trul y interestin g creature . 

*Thi s definitio n i s  adapte d fro m Freud' s (1900 )  famou s Sevent h 
Chapte r  o f  th e Inteipretatio n o f  Dream s (c f  Dahl ,  1965 ,  1978 ,  1979 , 
1983) ,  i n whic h h e propose d tw o ver y differen t  model s o f 
motivation :  on e base d o n wishes ,  a  ver y modern-lookin g cognitiv e 
model ,  an d th e othe r  o n instinctua l  energy .  Th e instinctua l  energ y 
model  prevailed .  H o w differen t  psychologica l  histor y migh t  hav e 
been ha d th e cognitiv e mode l  survive d instead ! 

^Koob and Bloom (1988:720), as a result of their studies of "cellular 
and molecula r  mechanism s o f  dru g dependence, "  hav e i n a  sens e 
reinvente d th e whee l  (wis h i n thi s case )  i n thei r  attemp t  t o accoun t  fo r 
th e intens e cravin g experience d b y opiat e an d cocain e addict s 
undergoin g withdrawal .  The y wrote ,  "I f  cravin g i s  define d a s a 
memory fo r  th e pleasan t  aspect s o f  th e drug ,  the n .. .  variou s externa l 
and interna l  signal s ca n ac t  a s discriminativ e stimul i  fo r  elicitin g th e 
memory o f  dru g experience s an d thes e memorie s ma y serv e a s 
motivationa l  factor s i n dru g recidivism. " 

on e wit h built-i n opposin g tendencies :  o n th e on e han d t o 
repea t  th e sam e ol d experience s o f  satisfaction ,  bu t  o n th e 
othe r  t o enlarg e it s repertoire ,  t o satisf y it s curiosity ,  an d t o 
expan d it s  rang e o f  experiences .  Wherea s onc e w e wer e 
conten t  wit h th e tast e o f  mil k alone ,  w e ca n eventuall y acquir e 
an appetit e fo r  suc h od d taste s a s a  dr y martin i  wit h onion . 

Appetite 

Ther e ar e fou r  essentia l  structura l  component s t o a n 
appetite : 

(1) A perception of a specific internal (partly bodily) 
state ,  e.g .  thirs t  o r  genita l  sensations , 

(2 )  a n implici t  wis h t o reinstat e (achiev e perceptua l 
identit y with )  a  previou s experienc e o f  satisfaction , 
e.g .  th e tast e o f  wate r  o r  th e sensation s fro m 
copulation , 

(3 )  a  consummator y act ,  e.g .  drinkin g wate r  o r  copula -
tion , 

(4 )  a  reafferen t  perceptio n o f  th e feedbac k fro m th e 
consummator y act ,  e.g .  th e tast e o f  wate r  o r  th e 
genita l  sensation s an d thei r  moto r  accompaniments , 
whic h eventuall y terminat e th e act . 

Lorenz (1965) emphasized the learning that takes place in 
th e contex t  o f  appetitiv e behavio r  vi a th e teachin g functio n o f 
phylogeneticall y adapte d moto r  pattern s interactin g wit h "th e 
reafferenc e whic h th e organis m produce s fo r  itsel f  b y 
performin g th e consummator y ac t  i n th e adequat e 
consummator y situation. "  I n othe r  word s th e teachin g i s 
accomplishe d b y th e feedbac k tha t  terminate s a  consummator y 
act ,  i.e .  tha t  satisfie s th e wish .  A s Dah l  (1978 )  wrot e ,  "Usin g 
th e mode l  o f  infan t  feeding ,  w e ca n sa y tha t  th e infant' s 
consummator y ac t  o f  suckin g teache s i t  tha t  th e incomin g 
flui d satisfie s it s appetite s o f  hunge r  an d thirs t  becaus e tha t  i s 
th e w a y th e infan t  i s built. "  A n d ,  w e woul d n o w stress ,  buil t 
by natura l  selectio n i n th e cours e o f  evolution . 

Appetite s als o hav e a  numbe r  o f  conspicuou s properties : 

(1) Peremptoriness, i.e., they function as instructions. 
(2 )  Selectivit y o f  objects ,  i.e. ,  ther e ar e object s tha t  ar e 

specificall y necessar y fo r  thei r  satisfaction . 
(3 )  Displaceabilit y o f  objects ,  i.e. ,  i n th e absenc e o f  th e 

specifi c  object s substitute s m a y suffice . 
(4 )  A  tendenc y t o self-stimulatio n w h e n satisfactio n i s 

possible . 
(5 )  A  tendenc y t o expansio n o f  rang e an d refinemen t  o f 

discriminatio n o f  experience s tha t  wil l  satisfy—i n 
othe r  word s a  tendenc y t o acquir e ne w 'tastes. ' 

Two Major Functional Classes of Emotions 

Accordin g t o thi s theory ,  Emotion s ar e a  specia l  clas s o f 
appetites ,  exhibitin g th e sam e structur e a s somati c appetite s 
plu s al l  o f  th e abov e propertie s o f  appetites .  The y functio n a s 
wishe s an d belief s i n a n evolutionaril y  given ,  phylogeneticall y 
adapted ,  nonverba l  feedbac k informatio n system ,  a  syste m 
tha t  i s quintessentiall y  cognitiv e i n th e sens e o f  knowing .  Fo r 
th e anima l  withou t  symboli c languag e (whic h include s ou r 
evolutionar y ancestor s an d ever y huma n befor e acquirin g 
symboli c language )  emotion s ar e th e primar y intelligenc e 
syste m fo r  survivin g i n a  comple x worl d o f  man y danger s an d 
fo r  communicatin g an d recognizin g th e intention s o f  member s 
ofone s o w n species . 
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Th e essentia l  differenc e betwee n emotion s an d somati c 
appetite s lie s i n th e fac t  tha t  tw o majo r  classe s o f  emotions , 
th e I T an d th e M E emotions ,  ar e specialize d t o fulfil l  differen t 
structura l  component s o f  appetites .  Th e I T emotion s includ e 
th e function s o f  th e first  thre e structura l  components :  (1 )  th e 
perceptio n o f  a  specifi c  intentiona l  state ,  (2 )  a n implici t  wis h 
towar d a n object ,  an d (3 )  a  consummator y act .  Th e M E 
emotion s functio n a s th e fourt h structura l  componen t  o f  a n 
appetite ,  namel y (4 )  th e reafferen t  perceptio n o f  th e feedbac k 
informatio n abou t  satisfactio n o r  nonsatisfactio n accompany -
in g th e consummator y act .  Thu s w e hav e th e followin g 
defmition s an d examples : 

IT Emotions have objects, function as appetitive wishes 
abou t  thos e objects ,  an d ca n b e represente d as :  P  wishe s tha t 
X,  wher e x  i s on e o f  fou r  formall y definabl e classe s o f 
consummator y acts ,  define d b y th e intersectio n o f  tw o 
dimensions ,  valenc e (Attraction-Repulsion )  an d contro l 
(Active-Passive) .  Tabl e 1  show s th e fou r  generi c emotiona l 
appetite s fo r  objects ,  eac h wit h it s generi c wis h an d generi c 
consummatio n an d a n arbitrar y categor y number . 

Table 1 

E m o t i o n s a s a  F e e d b a c k Informat io n S y s t e m 

[Facilitat e Consumtnation ] 

r r 
ME 

I 
I 
I 
H 
I 

Emo t i on s 
wit h 

Object * 

Somati c 
Appetite s 

i n 

|/ « Consummatio n 
PonibM ) 

Yes 

Positiv e 
ME Emotion s 

[Pleasure ] 

No Negativ e 
ME Emotion s 

[Unpleasure ] 

T [Wishes ] 
\  \Bel̂ fs \  I 

[Inhibit/Defen d Against :  Wish ,  Consummatio n andio ? Belief ]  | 

Key: 
Q Psychologica l  STATES 

•  Emotioi u wit h a n Objec t  a  I T Emotion s 
•  M E emotion s •  Feedbac k abou t  SUtu s o f  Wis h Fulfillmen t 
•  Decisio n Processe s 

I  I  Psychologica l  FUNCTIONS 
.  Wishe i 
•  BelUf i 
•  DecUion :  Ca n Wuh b e FulfiUed t 
•  > -  m Facilitatio n o f  Wis h Fulfillmen t 
. - ->• -  Inhibitio n ofWiihlConaummationlNegativ e U E emotio n 

( ) QuaUty of Affective EXPERIENCE 

Generi c Wis h 

[1 ]  Activ e Attractio n (to )  I T 

[2 ]  Passiv e Attractio n (from )  I T 

[5 ]  Activ e Repulsio n (to )  I T 

[6 ]  Passiv e Repulsio n (from )  I T 

G O A L:  T o Perfor m Sampl e 
Consummator y Ac t  Emotio n 

Tak e Car e o f  I t  Lov e 

Explor e I t  Surpris e 

Get  Ri d o f  I t  Ange r 

Escap e Fro m I t  Fea r 

M E Emotion s d o no t  hav e objects ,  functio n a s beliefs ,  an d 
ca n b e represente d as :  P  believe s thaty ,  wher e > '  i s  informatio n 
abou t  th e statu s o {  satisfactio n o r  nonsatisfactio n o f  appetitiv e 
and othe r  significan t  wishes .  Th e satisfactio n o f  wishe s result s 
i n th e experienc e oipleasure ,  whil e nonsatisfactio n result s i n 
th e experienc e o i  unpleasure .  Fou r  generi c classe s ar e define d 
by th e intersectio n o f  th e tw o dimensions ,  valenc e (Positive -
Negative )  an d contro l  (Active-Passive) .  Tabl e 2  show s th e 
fou r  generi c M E emotions ,  eac h wit h it s generi c belief ,  uniqu e 
experience ,  goal ,  an d typica l  name . 

Tabl e 2 

Generi c Belie f 

[3 ]  Passiv e Positiv e M E 

Wishe s hav e bee n satisfie d 

[4 ]  Activ e Positiv e M E 

Wishe s goin g wel l 

[7 ]  Passiv e Negativ e M E 

Wishe s can' t  b e satisfie d 

[8 ]  Activ e Negativ e M E 

Wishe s no t  goin g wel l 

Experienc e 
(Goal ) 

PLEASURE 

(Repeat ) 

UNPLEASURE 

(Get  Ri d Of ) 

Sampl e 
Emotio n 

Contentmen t 

Elatio n 

Depressio n 

Anxiet y 

Figur e 2 . 

A Causal Feedback Model 

I n Figur e 2  th e question ,  "I s Consummatio n Possible? " 
involve s a  computatio n tha t  i s  assume d t o b e mad e 
automaticall y followin g th e activatio n o f  an y significan t 
wishe s includin g th e wishe s implici t  i n th e I T emotions .  Th e 
outcom e o f  thi s computation .  Ye s o r  No ,  determine s th e 
resultin g majo r  categor y o f  M E emotion .  M a n y factors , 
historica l  an d situational ,  influenc e th e computation . 
Similarly ,  th e consummator y ac t  m a y o r  m a y no t  actuall y b e 
carrie d ou t  dependin g o n m a n y o f  th e sam e factors .  Par t  o f  a 
comprehensiv e progra m o f  researc h o n emotion s woul d hav e 
t o includ e systemati c investigatio n o f  thes e determinants . 

Th e causa l  effec t  o f  th e positiv e M E emotion s i s tha t  o f 
facilitatio n i n th e sens e o f  helpin g t o stabiliz e th e memor y o f 
th e experienc e o f  satisfaction ,  promotin g bot h it s reactivatio n 
unde r  suitabl e condition s an d fantasie s abou t  th e object s 
involved . 

Similarly ,  th e causa l  effec t  o f  negativ e M E emotion s i s 
tha t  o f  inhibitio n i n th e sens e o f  a  signa l  t o invok e som e kin d 
of  defens e against :  (1 )  th e wis h itself ,  tha t  is ,  th e activatio n o f 
th e memor y o f  th e experienc e o f  satisfaction ,  (2 )  th e 
consummatio n o f  th e wish ,  and/o r  (3 )  th e negativ e M E 
emotio n itsel f  Needles s t o sa y ther e i s grea t  variatio n i n th e 
succes s o f  suc h defenses ,  particularl y agains t  th e negativ e 
emotio n itsel f  ofte n leadin g t o auxiliar y mean s suc h a s 
alcoho l  an d othe r  drug s t o ge t  ri d o f  th e aversiv e qualit y o f 
negativ e M E emotions . 

Emotion Model and Commonsense Knowledge 

An unassumin g littl e scenario ,  create d b y Trabass o (1982) , 
illustrate s a n everyda y commonsens e applicatio n o f  th e theory . 
I n Tabl e 3 ,  colum n 1  tell s  a  stor y abou t  John ,  colum n 2 
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Tabl e 3 

A Story about JOHN and MARY and FRED (adapted from Trabasso, 1982| 

NARRATIVE 

Joh n see s Mary ,  a n attractiv e 
1 classmate ,  a t  a  party . 

John feel s attracte d t o Mary . 

John imagine s wha t  h e an d Mar y 
wil l  do ;  h e walk s towar d her . 

Mary suddenl y turn s t o Fred , 
John' s friend. 

Fre d join s hand s wit h Mar y an d 
the y leav e together . 

John imagine s tha t  Fre d ha s a 
seriou s accident . 

JOHN'S EMOTIONS 

Interested ,  curiou s 

Affectionate ,  fascinated ,  friendly 

Eager ,  enthusiastic ,  bold ,  adven -
turous ,  optimisti c 

Anxious ,  distressed ,  upset ,  wor -
rie d 

Dejected ,  depressed ,  lonely ,  dis -
courage d 

Angry ,  jealous ,  enviou s 

JOHNS WISHES &  BELIEF S [ 

ACTIVE/PASSIV E A T T R A C T I O N I T 
Wish :  [Ca t  \-l\l o ge l  acquainte d wit h Mary . 

ACTIVE/PASSIV E A T T R A C T I O N I T 
Wish :  [Cat s \&2 ]  1 0 consummat e hi s severa l  appetites .  1 

ACTIVE POSITIV E M E 
Belief :  [Ca t  4 ]  hi s wishe s wil l  b e satisfied . 

ACTIVE NEGATIVE M E 
Belief :  [Ca t  8 ]  hi s wishe s ma y no t  b e satisfied . 

PASSIVE NEGATIVE M E 
Belief :  [Ca t  7 ]  hi s wishe s can' t  b e satisfied . 

A C T I V E R E P U L S I O N I T 
Wish :  [Ca t  5 ]  t o ge t  ri d o f  Fred . 

list s som e o f  John' s emotion s tha t  on e migh t  plausibl y infe r 
fro m eac h even t  i n th e story .  C o l u m n 3  translate s thes e 
emotio n name s int o th e forma l  term s o f  th e theor y includin g 
John' s correspondin g wishe s an d belief s an d th e emotio n 
categor y number s (fro m table s 1  an d 2 )  whic h the y represent . 
The relationshi p betwee n column s 1  an d 2  i s  base d o n 
everyda y commonsens e knowledg e an d tha t  betwee n column s 
2 an d 3  i s  base d o n bot h th e empiricall y establishe d 
relationship s betwee n emotio n word s an d th e classificatio n 
dimension s an d th e definition s o f  th e theory . 

O ne no t  necessaril y  self-eviden t  advantag e o f  thes e 
concept s lie s i n thei r  representatio n o f  th e cognitiv e conten t  o f 
emotion s a s wishe s an d beliefs. *  Sinc e emotion s ca n b e 
systematicall y represente d a s prepositiona l  attitudes ,  thei r 
prepositiona l  conten t  ca n b e incorporate d int o model s and/o r 
simulation s o f  h u m a n cognitiv e processes ,  i n particular , 
artificia l  intelligenc e model s o f  cognition .  Dye r  (1983) ,  fo r 
example ,  buil t  c o m m o n s e n s e knowledg e o f  emotion s int o 
B O R I S,  a  compute r  p rog ra m designe d t o understan d th e 

*Even ,  o r  perhap s especially ,  amon g emotio n researcher s ther e i s stil l 
remarkabl e disagreemen t  an d unclarit y ove r  th e cognition/emotio n 
distinction .  Ther e ar e thos e w h o believ e (e.g. ,  Lazarus ,  1984 , 
followin g Arnold ,  I960 )  tha t  "appraisal "  precede s emotiona l  state s 
and thos e wh o believ e (e.g. ,  Zajonc ,  1980 ,  1984 )  tha t  "preference s 
need n o inferences. "  Ou r  positio n i s tha t  emotion s ar e anothe r  given -
by-evolutio n for m o f  knowing ,  tha t  is ,  o f  cognizing .  Fo r  example , 
ange r  jus t  i s  a  computatio n b y th e nonverba l  syste m whos e generi c 
knowledg e (rea d cognitive )  conten t  is :  a  repulsio n towar d a n object , 
and anxiet y ius t  i s  a  computatio n whos e generi c cognitiv e conten t  is : 
ther e i s a  probabilit y  tha t  a  relevan t  wis h canno t  b e satisfied . 

emotion s implici t  i n storie s abou t  everyda y situation s suc h a s 
tw o peopl e gettin g divorce d 

Moreove r  on e ca n systematicall y incorporat e thi s mode l  o f 
th e fundamenta l  function s o f  emotion s int o intentiona l  syste m 
theorie s tha t  als o us e wishe s an d belief s t o predic t  an d explai n 
th e behavio r  o f  comple x bio-psycho-socia l  systems .  Bot h 
Dennet t  (1978 ,  1987 ,  1988 )  an d Searle '  (1983) ,  fo r  example , 
clai m tha t  emotion s ar e typica l  intentiona l  states ,  ye t  neithe r 
has propose d o r  borrowe d a  theor y o f  emotion s tha t  account s 
fo r  th e inclusio n o f  emotiona l  state s a s wishe s an d beliefs . 

Finally ,  w e agre e wit h Orton y an d Turne r  (1990 )  that : 

... the question "Which are the basic emotions?" is not 
onl y on e tha t  probabl y canno t  b e answered ,  i t  i s  a 
misdirecte d question ,  a s thoug h w e asked ,  "Wh ic h ar e th e 
basi c people "  an d hope d t o ge t  a  repl y tha t  woul d explai n 
h u m an diversity . 

T h e emotio n theor y outline d her e addresse s t w o differen t 
questions :  W h a t  ar e th e function s o f  th e differen t  emotion s 
tha t  w e ca n readil y identify ? A n d wha t  wishe s an d belief s d o 
the y entail ? 

^Among 4 8 state s tha t  Searl e (1983 )  liste d a s potentia l  intentiona l 
state s wer e 3 7 explici t  emotio n state s (italicize d here) ;  belief,/ear , 
hope ,  desire ,  love ,  hate ,  aversion ,  liking ,  disliking ,  doubting , 
wonderin g whether ,  yoy ,  elation ,  depression ,  anxiety ,  pride ,  remorse , 
sorrow ,  grief ,  guilt ,  rejoicing ,  irritation ,  puzzlement ,  acceptance , 
forgiveness ,  hostility ,  affection ,  expectation ,  anger ,  admiration , 
contempt ,  respect ,  indignation ,  intention ,  wishing ,  wanting , 
imagining ,  fantasy ,  shame ,  lust ,  disgust ,  animosity ,  terror ,  pleasure , 
abhorrence ,  aspiration ,  amusement ,  an d disappointment . 
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Abstrac t 

A previous experiment tested subjects' new/old judgments 
of  previously-studie d faces ,  distractors ,  an d morph s betwee n 
pair s o f  studie d parents .  W e examin e th e exten t  t o whic h mod -
el s base d o n principa l  componen t  analysi s (eigenfaces )  ca n 
predic t  huma n recognitio n o f  studie d face s an d fals e alarm s t o 
th e distractor s an d morphs .  W e als o compar e eigenfac e model s 
t o th e prediction s o f  previou s model s base d o n th e position s o f 
face s i n a  multidimensiona l  "fac e space "  derive d fro m a  mul -
tidimensiona l  scalin g ( M D S )  o f  huma n similarit y ratings .  W e 
find  tha t  th e erro r  i n reconstrucdn g a  tes t  fac e fro m it s posi -
tio n i n a n "eigenfac e space "  provide s a  goo d overal l  predictio n 
of  huma n familiarit y ratings .  However ,  th e mode l  ha s diffi -
cult y accountin g fo r  th e fac t  tha t  human s fals e alar m t o morph s 
wit h simila r  parent s mor e frequentl y tha n the y fals e alar m t o 
morph s wit h dissimila r  parents .  W e ascrib e thi s t o th e limita -
tion s o f  th e simpl e reconstructio n error-base d model .  W e the n 
outlin e preliminar y wor k t o improv e th e fine-grained  fit  withi n 
th e eigenface-base d modelin g framework ,  an d discus s th e re -
sults '  implicadon s fo r  exemplar -  an d fac e space-base d model s 
of  fac e processing . 

Introduction 
The error s tha t  subject s m a k e durin g fac e recognitio n task s 
may hol d th e ke y t o improvin g ou r  understandin g o f  th e rep -
resentation s an d mechanism s underlyin g fac e processin g an d 
visua l  perception .  O n e effectiv e wa y o f  evokin g suc h error s 
i s testin g subjects '  recognitio n o f  studie d face s tha t  hav e bee n 
combine d i n som e wa y (e.g .  Sols o an d McCarthy ,  1981 ; 
Reinitz ,  Lammers ,  an d Cochra n 1992) .  I n a  recen t  serie s 
of  behaviora l  an d modelin g experiments ,  Buse y an d Tunni -
clif f  (submitted )  hav e examine d th e effect s o f  facia l  blendin g 
and distinctivenes s o n subjects '  tendencie s t o m a k e recogni -
tio n errors . 

Thei r  experiment s use d facia l  image s o f  bal d male s an d 
morph s betwee n pair s o f  thes e image s (se e Figur e 1 )  a s stim -
uli .  I n a n earlie r  study ,  Buse y (i n press )  ha d subject s rat e th e 
similarit y o f  al l  pair s i n a  larg e se t  o f  face s an d morphs ,  the n 
performe d a  multidimensiona l  scalin g ( M D S )  o f  thes e simi -
larit y rating s t o creat e a  6-dimensiona l  "fac e space "  (Valen -
tin e an d Endo ,  1992) .  Buse y interprete d th e resultin g dimen -
sion s a s representin g 1 )  age ,  2 )  race ,  3 )  facia l  adiposity ,  4 )  ex -
ten t  o f  facia l  hair ,  5 )  hea d aspec t  ratio ,  an d 6 )  hai r  colo r  (shad -
ing) .  H e als o foun d tha t  i n general ,  a  carefully-create d morp h 
lie s nea r  th e averag e o f  it s  tw o "parents "  i n M D S space ,  wit h 
a systemati c bia s towar d yout h (dimensio n 1 )  an d adiposit y 
(dimensio n 3) . 

I n "Experimen t  3 "  (Buse y an d Tunnicliff ,  submitted) ,  17 9 
subject s studie d 3 6 targe t  faces ,  8  simila r  pair s o f  paren t  face s 
(1 6 images) ,  an d 8  dissimila r  pair s o f  paren t  face s (1 6 im -
ages) ,  fo r  a  tota l  o f  6 8 studie d images. '  Al l  facia l  image s 
wer e o f  bal d men ,  an d non e o f  th e parent s use d fo r  morphin g 
had facia l  hair .  T h e subject s wer e aske d t o stud y th e image s 
and remembe r  the m fo r  a  recognitio n test .  I n th e tes t  phas e 
of  th e experiment ,  th e 1 6 morph s betwee n paren t  pair s an d 2 0 
ne w distractor s wer e adde d t o th e poo l  o f  stimuli .  A t  tes t  time , 
eac h subjec t  wa s presente d wit h 8  o f  th e morphs ,  on e paren t 
of  eac h o f  th e unsee n morph s ( 8 parents) ,  th e 3 6 targets ,  an d 
th e 2 0 distractors .  The y wer e aske d t o m a k e old/ne w judg -
ment s o f  eac h o f  th e tes t  stimuli .  T h e result s o f  thi s exper -
imen t  wer e extremel y interesting .  Fo r  m a n y o f  th e morphs , 
subject s responde d "old "  t o th e unstudie d morp h mor e ofte n 
tha n t o it s studie d parents .  O n a  fine r  scale ,  subject s wer e 
mor e likel y t o respon d "old "  t o th e simila r  morph s tha n t o 
thos e morphs '  parents ,  an d les s likel y t o respon d "old "  t o th e 
dissimila r  morph s tha n t o thos e morphs '  parent s (se e "Exper -
imen t  3  Data "  i n Tabl e 1) .  O n e theoretica l  explanatio n i s tha t 
th e simila r  parent s ar e s o simila r  t o thei r  "child "  morp h tha t 
memorie s o f  bot h contribut e towar d a n "old "  (fals e alarm )  re -
spons e t o th e morph . 

Buse y an d Tunniclif f  (submitted )  use d th e 6-dimensiona l 
M DS score s fo r  eac h o f  th e stimul i  i n a  serie s o f  model s tune d 
t o predic t  th e probabilit y  o f  th e human s respondin g "old "  t o 
eac h imag e (hereafte r  referre d t o a s P(old)) .  The y applie d 
tw o alternativ e version s o f  G C M,  th e Generalize d Contex t 
Model  (Nosofsky ,  1986) ,  an d "SimSample, "  a  mode l  base d 
o n th e assumptio n tha t  a  tes t  fac e result s i n samplin g a  simi -
la r  fac e fro m m e m o r y an d a  respons e o f  "old "  i f  th e similar -
it y betwee n th e prob e an d sampl e ar e abov e s o m e threshold . 
Th e best-fittin g G C M model s ar e surprisingl y poo r  predic -
tor s o f  th e data ,  bu t  th e SimSampl e model s perfor m m u c h 
better .  T o achiev e a  stron g quantitativ e fit  t o th e m e a n h u m a n 
response s fo r  eac h o f  th e si x stimulu s categorie s (targets ,  dis -
tractors ,  simila r  parents ,  simila r  morphs ,  dissimila r  parents , 
and dissimila r  morphs) ,  however ,  Buse y an d Tunniclif f  ha d t o 
introduc e a  prototyp e mechanis m int o th e S imSampl e frame -
work .  Th e prototypes ,  situate d a t  th e location s o f  th e morph s 
i n M D S spac e an d weighte d b y th e similarit y o f  thei r  parents , 
ar e assume d t o b e th e resul t  o f  a  similarity-dependen t  blend -

'Th e similarit y o f  eac h paren t  pai r  wa s determine d b y huma n 
subject s i n a  pilo t  study . 
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Figur e 1 :  Thre e normalize d morph s fro m th e database . 

in g o r  abstractio n mechanism . 
I n thi s paper ,  w e appl y a n alternativ e flavo r  o f  mode l  t o th e 

Experimen t  3  data ,  base d o n th e qualit y wit h whic h a  tes t  im -
age ca n b e reconstructe d afte r  i t  i s  "compressed "  b y project -
in g i t  ont o a  subse t  o f  th e principa l  componen t  eigenvector s 
(eigenfaces )  o f  th e studie d fac e set .  Eigenfaces ,  whic h ar e th e 
orthogona l  axe s alon g whic h th e stud y dat a var y th e most ,  ca n 
be compute d wit h a  simpl e procedure ,  principa l  component s 
analysi s ( P C A ) .  Model s o f  thi s typ e assum e tha t  rathe r  tha n 
storin g th e studie d exemplar s explicitly ,  subject s construc t  a 
low-dimensiona l  manifol d contcunin g (wit h som e error )  th e 
representation s o f  th e studie d stimuli .  Th e probabilit y  a  sub -
jec t  respond s "new "  t o a  tes t  stimulus ,  then ,  i s a  monotoni c 
functio n o f  th e model' s reconstructio n erro r  (distanc e t o th e 
manifold) .  I n thi s view ,  reconstructio n erro r  model s th e "nov -
elty "  o f  a  tes t  stimulu s wit h respec t  t o th e stud y set ,  an d it s 
inverse ,  reconstructio n quality ,  model s th e "familiarity "  o f  a 
tes t  stimulu s wit h respec t  t o th e stud y se t  (Kohone n e t  al. , 
1977 ;  O'Toole ,  Millward ,  an d Anderson ,  1988) .  Metcalfe , 
Cottrell ,  an d Menc l  (1992 )  hav e show n tha t  a  nearl y identica l 
mechanis m (reconstructio n erro r  i n th e autoencodin g back -
propagatio n network ,  whic h essentiall y  perform s P C A o n th e 
stud y set )  i s  a  goo d candidat e mode l  fo r  th e explici t  memor y 
tas k o f  cue d wor d recall .  Pas t  successe s lik e thes e motivate d 
us t o determin e th e P C A reconstructio n erro r  model' s abil -
it y  t o accoun t  fo r  th e subjects '  new/ol d judgment s i n Experi -
ment  3 ? 

A n eigenface-base d familiarit y mode l  i s a n appealin g al -
ternativ e t o a  mode l  base d o n facia l  position s i n M D S fac e 
spac e fo r  severa l  reasons : 

• "Unsupervised" representations: Eigenface-based repre-
sentation s ar e no t  dependen t  o n huma n judgments .  Fo r 
M DS fac e spac e approaches ,  al l  th e stimul i  mus t  b e si -
multaneousl y subjecte d t o a n experimen t  wit h huma n ob -
server s t o determin e wher e th e ne w face s li e i n fac e space . 
Addin g n e w face s t o th e stud y se t  i n a  P C A mode l  simpl y 
require s a  n e w P C analysis ;  addin g ne w face s t o th e tes t  se t 
require s n o effort . 

• Underlying mechanisms: MDS face space exemplar tech-
nique s onl y mode l  th e mechanism s underlyin g fac e recog -
nitio n indirectly .  Bu t  P C A model s ar e processin g models ; 

^Sinc e th e ter m "recognition "  i s overloade d wit h easil y confuse d 
meanings ,  w e wil l  us e th e ter m "familiarity "  (wit h respec t  t o th e 
stud y set )  t o refe r  t o th e probabilit y  a  subjec t  respond s "old "  t o a  tes t 
stimulus .  W e d o no t  mak e an y assumption s a s t o whethe r  a  subjec t 
"recognizes "  o r  "identifies "  individual s a t  tes t  time . 

the y actuall y implemen t  th e proces s o f  obtainin g a  famil -
iarit y ratin g directl y fro m th e stimulus .  First ,  severa l  neura l 
networ k architecture s usin g Hebbia n learnin g ar e capabl e 
of  learnin g th e principa l  component s o f  a  trainin g se t  (Dia -
mantara s an d Kung ,  1996) .  Second ,  man y o f  th e cell s i n 
monkey tempora l  corte x ar e sensitiv e t o variou s aspect s o f 
fac e stimul i  (Perret t  e t  al. ,  1992) .  Thu s th e P C A mode l  i s 
a biologicall y plausibl e candidat e abstractio n o f  th e mech -
anism s involve d i n familiarit y judgments . 

• Free parameters: PCA models have few free parameters, 
and thes e parameter s ca n ofte n b e se t  i n a  principle d man -
ner  independen t  o f  th e specifi c  effect s bein g sought .  Fo r 
instance ,  w e ca n fit  th e rang e o f  eigenface s use d fo r  pro -
jectio n t o th e huma n response s fo r  th e studie d stimul i  only , 
and examin e h o w th e mode l  generalize s t o th e nove l  tes t 
dat a ( a one-paramete r  fit). 

We found that a simple model based on PCA reconstruc-
tio n erro r  provide s a  fairl y  goo d fit  t o th e overal l  P(old )  rat -
ing s fro m Experimen t  3 ,  effectivel y separatin g target s from 
distractors .  Th e mode l  ofte n exhibit s a  "morp h familiarit y in -
versio n effect, "  i n whic h a  morp h i s judge d a s mor e familia r 
tha n on e o r  bot h o f  it s parents .  However ,  i t  canno t  accoun t 
fo r  th e fine  structur e o f  th e huma n familiarit y ratings ;  i n par -
ticular ,  i t  predict s mor e frequen t  fals e alarm s t o th e morph s 
wit h dissimila r  parent s tha n t o th e morph s wit h simila r  par -
ents ,  jus t  th e opposit e o f  th e patter n i n th e huma n data .  I n 
th e discussio n section ,  w e outlin e th e simpl e reconstructio n 
erro r  model' s fundamenta l  limitation s i n accountin g fo r  th e 
similar/dissimila r  paren t  effec t  an d outlin e ou r  preliminar y 
attempt s t o improv e o n ou r  models '  fit  withi n th e eigenfac e 
modelin g framework .  W e the n discus s ou r  results '  implica -
tion s fo r  fac e space -  an d exemplar-base d model s o f  fac e pro -
cessing . 

Experimental Methods 

This section details the methods we applied to modeling the 
human dat a fro m Buse y an d Tunniclif f  (submitted )  Experi -
ment  3 .  W e normalize d th e fac e image s fro m th e experimen t 
t o mak e the m amenabl e t o computationa l  analysi s an d the n 
performe d a  principa l  component s analysi s o n th e se t  o f  im -
ages th e subject s studied .  W e the n interprete d th e abilit y  o f 
th e mode l  t o reconstruc t  a  studie d o r  nove l  imag e a s a  mea -
sur e o f  th e image' s familiarity . 
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Figur e 2 :  Firs t  five  eigenface s o f  th e studie d imag e set . 

Fac e Dat a 

Figur e 1  show s thre e o f  th e morph s betwee n "parent "  pair s 
i n th e databas e (th e origina l  image s ar e copyrighte d an d can -
not  b e published) .  Th e origina l  image s wer e 10 4 digitize d 
560x66 2 grayscal e image s o f  bal d men ,  wit h consisten t  light -
in g an d background ,  an d fairl y consisten t  position .  Th e sub -
ject s varie d i n rac e an d facia l  hair . 

Normalization 

We use d ey e template s t o automaticall y locat e th e lef t  an d 
righ t  eye s o f  eac h fac e imag e an d the n translated ,  rotated , 
scaled ,  an d croppe d al l  image s s o tha t  th e individuals '  ey e 
position s wer e i n th e sam e location .  W e di d not ,  however , 
normaliz e th e positio n o f  th e mout h i n eac h image .  Sinc e th e 
rati o o f  a  head' s widt h t o it s heigh t  wa s a  significan t  facto r 
i n ratin g th e similarit y betwee n tw o o f  thes e stimul i  (Busey , 
i n press) ,  w e instea d scale d th e image s b y th e sam e amoun t 
i n bot h th e horizonta l  an d vertica l  directions .  Th e image s 
wer e scale d t o 115x14 3 pixel s t o mak e th e principa l  compo -
nent  analysi s tractabl e o n a  workstation .  Th e morp h image s 
i n Figur e 1  ar e example s o f  th e resul t  o f  thi s process . 

Principal Components Analysis 

Principa l  component s analysi s (PCA )  i s a  techniqu e tha t  ex -
tract s th e orthogona l  axe s alon g whic h a  dat a se t  varie s th e 
most  b y computin g th e eigenvector s an d eigenvalue s o f  th e 
data' s covarianc e matrix .  WTie n applie d t o facia l  images , 
thes e eigenvector s ar e ofte n calle d "eigenfaces. "  Usin g Tur k 
and Pentland' s (1991 )  efficien t  technique ,  w e compute d th e 
eigenvector s o f  th e covarianc e matri x o f  th e 6 8 image s use d 
fo r  stud y i n Buse y an d Tunnicliff' s  Experimen t  3 .  Figur e 2 
shows th e five  mos t  significan t  eigenface s fo r  thi s dataset . 

PCA Reconstruction Error as Novelty 

To mode l  th e old/ne w judgment s i n th e testin g phas e o f  Ex -
perimen t  3 ,  w e projecte d th e 6 8 studie d images ,  th e 1 8 dis -
tractors ,  an d th e 1 6 morph s betwee n studie d face s fro m imag e 
spac e ont o th e subspac e define d b y th e first  k  eigenface s o f 
th e stud y imag e set : 

P,  =  A x j (1 ) 

wher e X j  i s  th e i-t h inpu t  imag e represente d a s a  16,445 -
elemen t  colum n vecto r  an d A  i s a  matri x forme d fro m th e 
k unit-lengt h ro w eigenvector s wit h th e highes t  eigenvalues . 
We the n compute d eac h image' s reconstructio n b y projectin g 

Pi  bac k t o imag e space : 

Xi = A^pi 

and then computed its reconstruction error: 

erri = ||x, - Xi|| 

We treated A; as a free parameter, and for each of its possi-
bl e value s fro m 1  t o 68 ,  w e compute d th e err i  measur e fo r  al l 
104 tes t  image s use d i n Experimen t  3 .  A s A;  approache s 68 , 
th e reconstructio n erro r  fo r  th e studie d image s approache s 0 . 
But  wit h intermediat e value s o f  k ,  w e ca n interpre t  th e re -
constructio n erro r  err ^  a s a  measur e o f  novelty ,  th e invers e 
of  familiarit y (Kohone n e t  al. ,  1977 ;  Metcalf e e t  al. ,  1992 ; 
Pomerleau ,  1993) . 

Generall y speaking ,  a n unstudie d imag e X j  tha t  i s no t  sim -
ila r  t o th e studie d image s wil l  hav e a  larg e erri .  O n th e othe r 
hand ,  a n unstudie d imag e tha t  i s simila r  t o stud y image s wil l 
hav e a  lowe r  reconstructio n error .  Thu s w e expec t  th e recon -
structio n qualit y t o provid e a  goo d mode l  o f  th e probabilit y 
a subjec t  wil l  respon d "old "  t o a  previously-studie d fac e o r 
fals e alar m t o a n unstudie d fac e tha t  i s simila r  t o som e o f  th e 
studie d faces .  B y th e sam e token ,  however ,  th e reconstructio n 
erro r  mode l  ma y no t  accoun t  a s wel l  fo r  hig h hi t  rate s fo r  th e 
most  distinctiv e studie d faces .  Th e nex t  sectio n show s ho w 
wel l  thi s simpl e k-P C mode l  ca n accoun t  fo r  th e Experimen t 
3 data . 

Results 

Reconstruction error 

As expected ,  averag e reconstructio n erro r  fo r  th e tes t  image s 
decrease s wit h th e numbe r  o f  eigenface s use d i n th e projec -
tion .  Fo r  th e studie d images ,  reconstructio n erro r  decrease s 
t o 0  whe n 6 8 eigenface s ar e used .  Fo r  th e unstudie d images , 
th e averag e reconstructio n erro r  decrease s muc h mor e slowly : 
wit h 6 8 eigenfaces ,  i t  i s  approximatel y 6 0 % o f  th e erro r  ob -
taine d usin g on e eigenface . 

We chos e th e valu e o f  fre e paramete r  k ,  th e numbe r  o f 
eigenvector s fo r  projection ,  a s th e valu e fo r  whic h th e P C A 
model' s ranking s o f  th e familiarit y o f  th e studie d image s (a s 
measure d b y th e rankin g induce d b y negativ e erri )  bes t  fit 
th e huma n subjects '  rankin g o f  th e familiarit y o f  th e studie d 
images .  Figur e 3  illustrate s ho w wel l  th e reconstructio n erro r 
rankin g correlate s wit h th e huma n subjects '  familiarit y rank -
in g o f  th e studie d images ,  usin g Kendall' s  r  (a )  (Kendal l  an d 
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Figur e 3 :  Stud y se t  ran k correlatio n betwee n model' s  pre -

dicte d familiarit y ranking s an d th e h u m a n familiarit y rank -

ings ,  a s a  functio n o f  th e numbe r  o f  eigenface s use d fo r  pro -

jection . 

Gibbons ,  1990 )  a s th e ran k correlatio n measure .  T h e bes t 
correlation ,  wit h r  (a )  =  0.177 ,  occurre d a t  A:  =  23 . 

We the n determine d h o w wel l  reconstructio n erro r  i n th e 
2 3 P C mode l  predict s th e probabilit y o f  a  h u m a n subjec t  re -
spondin g "old "  t o a  tes t  fac e i n Buse y an d Tunnicliff' s  Ex -
perimen t  3 .  T h e result s fo r  th e individua l  tes t  image s ar e 
presente d i n Figur e 4 .  W e transforme d th e reconstructio n er -
ro r  int o a  predictio n o f  th e h u m a n subjects '  probabilit y o f  re -
spondin g "old "  usin g a  functio n o f  th e for m 

with parameters Ci,C2, and cz fit to minimize the root mean 
square d erro r  ( R M S E )  ove r  al l  o f  th e tes t  images .  (Thi s func -
tio n simpl y provide d a  bette r  mappin g fro m reconstructio n 
erro r  t o familiarit y tha n di d a  linea r  function. )  T h e resultin g 
R M SE wa s 0.16 9 an d P  =  0.315 .  Thi s fit  i s  a  larg e improve -
ment  ove r  Buse y an d Tunnicliff' s  fit  o f  th e Generalize d Con -
tex t  Mode l  ( G C M ) ,  whic h ha d a  R M S E o f  0.271 .  However , 
th e reconstructio n erro r  mode l  doe s no t  outperfor m eithe r  o f 
thei r  SimSampl e models ,  whic h ha d R M S E 0.14 8 an d 0.141 . 
At  th e sam e time ,  though ,  i t  i s  a  surprisingl y goo d fit  consid -
erin g th e lo w numbe r  o f  fre e parameter s an d th e fac t  tha t  i t 
i s  base d directl y o n th e imag e pixe l  data ,  withou t  relyin g o n 
h u m an similarit y ratings . 

Althoug h w e di d find  tha t  th e mode l  ofte n predicte d a 
highe r  P(old )  fo r  a  morp h tha n on e o r  bot h o f  it s  parents ,  un -
fortunately ,  i t  doe s no t  captur e th e mos t  interestin g aspec t  o f 
th e h u m a n familiarit y ratings :  tha t  huma n subject s ten d t o 
fals e alarm  t o morph s wit h simila r  parents ,  bu t  no t  t o morph s 
wit h dissimila r  parents .  I n fact ,  o n average ,  th e mode l  pre -
dict s th e opposite .  Tabl e 1  compare s th e 23-P C mode l  wit h 
th e h u m a n rating s an d Buse y an d Tunnicliff' s  SimSampl e fits. 
Th e nex t  fe w subsection s describ e ou r  attempt s t o buil d bette r 
model s base d o n P C A techniques . 

H ighe r  dimensiona l  reconstructio n erro r 

We hav e mad e severa l  preliminar y attempt s t o improv e th e 
reconstruction-base d model' s fit,  wit h limite d success .  W e 
foun d tha t  projectio n an d reconstructio n usin g a n interme -
diat e rang e o f  principa l  component s (e.g .  projectio n an d re -
constructio n usin g PC s 3-23 )  ca n improv e th e model' s fit  t o 
th e morp h an d paren t  data .  O n e migh t  expec t  thi s base d o n 
O'Toole ,  Deffenbacher ,  Valentin ,  an d Abdi' s (1994 )  obser -
vatio n tha t  th e mos t  significan t  eigenface s typicall y encod e 
intergrou p difference s suc h a s rac e an d gende r  rathe r  tha n 
subtl e within-grou p difference s tha t  mak e face s distinctiv e o r 
typical .  However ,  a t  thes e paramete r  settings ,  th e mode l  stil l 
predict s th e mos t  fals e alarm s t o th e morph s wit h dissimila r 
parents ,  rathe r  tha n thos e wit h simila r  parents . 

Nonlinear autoencoder networks 

We hav e als o attempte d t o improv e ou r  mode l  fitting  b y ex -
perimentin g wit h nonlinea r  autoencodin g neura l  networks . 
I t  i s  well-know n tha t  i n a n autoencodin g backpropagafio n 
networ k wit h a  fc-node  linea r  "bottleneck "  hidde n layer ,  th e 
traine d network' s hidde n uni t  weigh t  vector s wil l  spa n th e 
A;-dimensiona l  principa l  componen t  subspac e correspondin g 
t o th e covarianc e matri x o f  it s  trainin g set ,  effectivel y imple -
mentin g P C A (Bald i  an d Hornik ,  1989 ;  Cottrel l  an d Munro , 
1988) .  However ,  a s Japkowicz ,  Hanson ,  an d Gluc k (submit -
ted )  hav e observed ,  autoencoder s wit h nonlinea r  hidde n lay -
er s ten d t o fit  mor e complicate d nonlinea r  reconstructio n er -
ro r  surface s t o thei r  trainin g data .  Thu s reconstructio n qual -
it y i n suc h network s ca n sometime s provid e bette r  model s o f 
novelt y an d familiarity ,  dependin g o n th e applicatio n domain . 
I n principle ,  then ,  a  nonlinea r  autoencode r  coul d possibl y ac -
coun t  fo r  th e lo w fals e alar m rat e fo r  th e dissimilar-paren t 
morph s an d th e hig h fals e alar m rat e fo r  th e similar-paren t 
morph s du e t o a  large r  reconstructio n erro r  fo r  th e dissimilar -
paren t  morphs .  T o tes t  thi s hypothesis ,  w e buil t  severa l  non -
linea r  autoencode r  reconstructio n erro r  model s o n th e stud y 
fac e set .  Althoug h thei r  fit  t o th e overal l  huma n familiar -
it y dat a ca n compar e favorabl y wit h th e P C A model s (e.g . 
Kendall' s  r  (a )  o f  0.2 8 fo r  a  20-hidde n nod e network ,  com -
pare d t o 0.3 1 fo r  th e 23-P C model) ,  thei r  familiarit y ranking s 
fo r  th e morph s an d parent s ar e typicall y uncorrelate d o r  eve n 
negativel y correlate d wit h th e humans .  Thu s th e nonlinea r  au -
toencoder s d o no t  meri t  furthe r  consideratio n i n thi s domain . 

A PCA projection exemplar model 

I n anothe r  attemp t  t o accoun t  fo r  th e hig h fals e alar m rat e fo r 
morph s wit h simila r  parents ,  w e fit  a  simpl e exempla r  mode l 
t o th e dat a usin g projection s o f  tes t  image s ont o th e spac e 
forme d b y a  rang e o f  principa l  componen t  eigenvectors .  Th e 
model  i s identica l  t o th e Generalize d Contex t  Mode l  (Nosof -
sky ,  1986) ,  excep t  w e d o no t  incorporat e variabl e attentiona l 
weights .  I t  assume s tha t  th e stud y faces '  projection s (th e P i 
i n Equatio n 1 )  ar e place d i n memory ,  an d tha t  th e familiarit y 
of  a  tes t  fac e i s th e su m o f  th e similarit y o f  tha t  fac e t o eac h 
of  th e store d exemplars .  Tha t  is ,  familiarit y i s  define d as : 

j^studyset 

wher e T]i j  i s  th e similarit y effac e i  t o fac e j : 
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Figur e 4 :  Fi t  o f  th e 23-P C reconstructio n erro r  mode l  t o huma n subjects '  probabilit y  o f  respondin g "old "  t o a  tes t  face . 

and di j  i s  th e Euclidea n distanc e from  imag e z' s  projectio n 
t o imag e j' s  projection .  B y hand-tunin g thi s model ,  w e foun d 
paramete r  setting s tha t  roughl y fit  th e humans '  hig h fals e 
alar m rat e t o th e morph s wit h simila r  parent s an d lo w fals e 
alar m rat e t o th e morph s wit h dissimila r  parents ,  bu t  th e ran k 
orde r  o f  th e respons e average s wa s incorrect ,  an d i t  faile d t o 
fit  th e overal l  familiarit y rating s a s wel l  a s th e reconstructio n 
erro r  model .  Thi s mode l  ha s a n R M SE o f  0.19 3 an d a n r ^  o f 
0.110 .  Fo r  compariso n wit h th e othe r  models ,  th e result s ar e 
reporte d i n th e las t  colum n o f  Tabl e 1 . 

Discussion 

The apparen t  failur e o f  PC A reconstructio n erro r  t o predic t 
th e hig h fals e alar m rat e t o similar-paren t  morph s an d th e lo w 
fals e alar m rat e t o dissimilar-paren t  morph s i s simpl e t o inter -
pre t  i n retrospect .  Whe n a  morp h i s projecte d int o P C space , 
it s projectio n wil l  b e nea r  th e averag e o f  th e projection s o f  it s 
parents .  When it s parent s ar e dissimilar ,  th e morph' s projec -
tio n wil l  ver y likel y b e close r  t o th e "center "  o f  th e P C spac e 
(mor e typical )  tha n eithe r  paren t  (o n averag e 3 7 % close r  fo r 
thi s dat a set) ,  s o th e dissimilar-paren t  morph s wil l  ofte n b e 
bette r  reconstructe d tha n thei r  parents .  When th e morph' s 
parent s ar e similar ,  however ,  th e morp h i s no t  muc h mor e 
typica l  tha n eithe r  paren t  (onl y 19 % close r  t o th e origin) ,  an d 
sinc e th e parent s wer e i n th e stud y set ,  th e mode l  wil l  mos t 
likel y reconstruc t  th e parent s bette r  tha n th e morph . 

Despit e thi s limitatio n o f  th e PC A reconstructio n erro r 
model ,  ou r  result s sho w tha t  i t  ca n provid e a  fairl y  goo d fit  t o 
th e overal l  huma n familiarit y ratings .  I n particular ,  i t  outper -
form s Nosofsky' s G C M applie d t o th e M D S fac e spac e b y a 
larg e margi n (thoug h i t  doe s no t  outperfor m th e Identificatio n 
varian t  o f  th e G C M ) .  Thi s i s surprisin g considerin g tha t  th e 

M DS representatio n wa s derive d directl y fro m huma n simi -
larit y  ratings ,  presumabl y exploitin g th e higher-leve l  percep -
tua l  mechanism s o f  th e human s makin g th e similarit y judg -
ments .  I t  i s  als o surprisin g tha t  th e PC A exemplar-similarit y 
model ,  whic h i s equivalen t  t o th e G C M withou t  variabl e at -
tentiona l  weights ,  performe d n o wors e tha n th e M D S G C M 
model .  Take n together ,  thes e tw o result s indicat e tha t  th e po -
sitio n o f  a  fac e i n M D S spac e ma y no t  b e th e bes t  represen -
tatio n fo r  modelin g familiarit y judgment s i n new/ol d experi -
ments .  A  possibl e explanatio n i s tha t  th e huma n subject s i n 
th e similarit y experiment s "pos t  process "  low-leve l  represen -
tation s o f  th e stimul i  t o th e poin t  tha t  th e similarit y rating s n o 
longe r  adequatel y reflec t  th e underlyin g dat a the y wer e de -
rive d from .  O f  course ,  i t  i s  difficul t  t o mak e thi s clai m give n 
tha t  Buse y an d Tunnicliff' s  SimSampl e model s mak e bette r 
familiarit y prediction s tha n eithe r  o f  th e PC A models .  W e 
wil l  examin e th e issu e mor e closel y i n futur e work . 

Future Work 

The modelin g result s w e hav e obtaine d thu s fa r  poin t  i n tw o 
mai n direction s fo r  furthe r  research .  First ,  sinc e i t  ha s a  his -
tor y o f  succes s i n modelin g old/ne w judgment s o f  faces ,  w e 
canno t  rejec t  PC A reconstructio n erro r  a s a  predicto r  o f  nov -
elt y prematurely .  On e potentia l  proble m i n th e curren t  mode l 
i s  tha t  th e eigenfac e decompositio n wa s onl y performe d o n 
th e studie d faces .  Thi s i s certainl y a  common approac h i n 
modelin g memor y tasks ,  bu t  i t  ignore s possibl e biase s du e 
t o th e subjects '  prio r  experience .  Perhap s th e tru e effec t  o f 
studyin g a  se t  o f  nove l  face s i s t o someho w bia s a  preex -
istin g se t  o f  memorie s towar d th e ne w face s rathe r  tha n t o 
stor e the m i n isolation .  W e ca n potentiall y  mode l  thi s proces s 
withi n th e PC A reconstructio n erro r  framewor k b y perform -
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Conditio n 

Dissimila r  Parent s 

Simila r  Morph s 

Target s 

Simila r  Parent s 

Dissimila r  Morph s 

Distractor s 

RMSE 

Experimen t 
3 Dat a 

0.66 5 

0.61 9 

0.61 1 

0.57 8 

0.46 2 

0.28 0 

SimSampi e 

Predicte d P(old ) 

0.62 8 

0.52 1 

0.62 3 

0.60 4 

0.41 3 

0.32 3 

0.14 8 

SimSampi e +  Prop . 

Prot .  Predicte d P(old ) 

0.62 5 

0.63 2 

0.60 4 

0.58 5 

0.47 0 

0.30 3 

0.14 1 

23-P C Recon .  Erro r 

Predicte d P(old ) 

0.58 1 

0.55 3 

0.58 9 

0.58 0 

0.60 1 

0.34 8 

0.16 9 

PC Projectio n 

Similarit y 

0.53 9 

0.55 2 

0.56 8 

0.54 3 

0.52 9 

0.48 6 

0.19 3 

Tabl e 1 :  Mode l  fits  t o huma n dat a fo r  eac h o f  th e si x stimulu s type s use d i n Buse y an d Tunnicliff' s  Experimen t  3 .  Thei r  bes t 

M DS exemplar-base d model ,  SimSampie ,  fits  th e overal l  huma n P(old )  fairl y  well ,  bu t  canno t  accoun t  fo r  hig h fals e alar m rat e 

t o morph s wit h simila r  parents .  Thei r  bes t  model ,  "SimSampi e +  Proportiona l  Prototypes, "  fits  th e categor y mean s an d overal l 

human P(old )  quit e well ,  bu t  require s th e additio n o f  prototype s a t  th e morphs '  position s i n M D S space ,  weighte d b y thei r 

parents '  similarity . 

in g th e eigenfac e decompositio n o n a  large r  se t  o f  face s tha t 
include s face s no t  use d i n Experimen t  3  a s wel l  a s th e studie d 
faces . 

The othe r  mai n thrus t  o f  ou r  curren t  an d futur e researc h i s 
t o develo p improve d exempla r  model s an d representation s fo r 
compariso n wit h th e reconstructio n erro r  mode l  an d Buse y 
and Tunnicliff' s  (submitted )  exempla r  models .  W e hav e con -
structe d a n exemplar-base d mode l  i n M D S spac e tha t  pro -
vide s a  muc h improve d fit  t o th e huma n dat a b y modulat -
in g th e exempla r  similarit y function' s widt h an d heigh t  b y 
a face' s distinctiveness .  W e ar e currentl y experimentin g wit h 
image-base d representation s i n th e contex t  o f  thi s ne w model . 
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Abs t rac t 

Analog y ha s traditionall y bee n define d i n term s o f  a 
contras t  definition :  analogie s represen t  connection s 
betwee n thing s whic h ar e distinc t  fro m th e 'normal ' 
connection s determine d b y ou r  'ordinary '  concept s an d 
categories .  I n thi s pape r  w e presen t  empirica l  evidenc e 
which ,  whe n adde d t o othe r  findings,  support s ou r  argumen t 
tha t  i n th e ligh t  o f  curren t  knowledge ,  th e distinctio n 
betwee n th e tw o i s base d mor e o n folk-psycholog y tha n o n 
empiricall y base d theory . 

Researc h int o analog y i s  however ,  distinc t  fro m 
researc h int o categorisatio n whe n i t  come s t o th e richnes s 
of  it s  proces s models .  A  numbe r  o f  detailed ,  plausibl e 
model s o f  th e analogica l  proces s exis t  (Forbus ,  Centne r 
and Law ,  1995 ;  Holyoa k an d Thagard .  1995) :  th e sam e 
canno t  b e sai d o f  categorisation .  O n th e othe r  hand ,  thes e 
analogica l  proces s model s mak e a  numbe r  o f  explici t  an d 
implici t  assumption s regardin g a n 'extemal '  categorica l 
process .  Whils t  treatin g thes e processe s a s separat e ha s 
been usefu l  i n constrainin g th e scop e o f  cognitiv e 
investigations ,  w e argu e tha t  i t  ultimatel y confuse s th e 
relationshi p betwee n analog y an d categorisatio n an d i s 
hamperin g th e progres s toward s furthe r  understandin g o f 
both . 

Introduction 

The belie f  tha t  analog y an d categorisatio n ar e distinc t  an d 
separabl e cognitiv e processe s ha s widesprea d appeal .  I n ou r 
ordinar y live s w e unquestioningl y accep t  a n ontolog y tha t 
distinguishe s betwee n literalit y sayin g wha t  somethin g 
'really '  i s -  an d analogie s an d metaphors ,  which ,  howeve r 
informativ e the y m a y be ,  ar e nevertheles s no t  considere d t o 
be rea l  statement s abou t  th e world .  W e migh t  tal k o f  "th e 

foundation s o f  a  theory" ;  w e migh t  wis h t o "buttres s a 
theor y wit h mor e facts" ;  "theorie s tha t  w e construc t  ca n als o 
collapse" ,  bu t  fro m ou r  everyda y viewpoints ,  a n iglo o an d a 
castl e an d a  skyscrape r  reall y ar e simila r  i n a  wa y tha t 
similaritie s betwee n building s an d theorie s ar e not ;  w e ca n 
tal k o f  someone' s fox y cunnin g withou t  reall y meanin g t o 
directl y equat e th e cognitio n o f  fo x an d huma n cunning . 
Frenc h (1995 )  describe s a n experienc e o f  suggestin g t o a n 
academi c audienc e tha t  a n upturne d orange-crate ,  whe n 
covere d wit h a  clot h an d lai d ou t  wit h a  picnic ,  migh t  reall y 
be describe d a s a  table .  Thi s me t  wit h th e swif t  response , 
"A n orang e crat e i s a n orang e crat e i s a n orang e crate. "  Th e 

'  Thi s orderin g i s  alphabetical :  th e author s al l  contribute d 
full y t o th e experimen t  an d th e compositio n o f  thi s paper . 

attachmen t  t o pre-theoretica l  intuition s i s a  stron g one ,  eve n 

amongs t  thos e w h o see k t o explor e them . 
Researc h int o categorisation ,  analog y an d metapho r  ha s 

accepte d thi s realism ,  a s indee d fo r  a  larg e par t  ha s cognitiv e 
scienc e i n general .  Holyoa k an d Thagar d (1995 )  describ e a 
worl d i n whic h "w e thin k w e se e thing s a s the y reall y are" , 
and analog y i s  use d i n orde r  t o recycl e ou r  existin g 
knowledg e o f  th e rea l  worl d t o formulat e n e w bit s o f  'real ' 
knowledge . 

Ramscar  an d Pai n (1996 )  questione d th e basi s o f  thes e 
everyda y distinction s i n theor y b y queryin g th e formulation s 
tha t  ar e offere d i n thei r  defence .  Analog y an d metapho r  ar e 
define d i n conti-as t  t o "categories '  -  Holyoa k an d Thagar d 
(1995 )  describ e analog y an d metapho r  a s somethin g tiiat 
"connect s tw o domain s i n a  w a y tha t  goe s beyon d ou r 
norma l  categor y structure "  (p p 217 )  -  a  definitio n tha t  doe s 
nothin g definit e b y w a y o f  definin g w h e n w e conside r  th e 
accoun t  tha t  ca n b e provide d o f  wha t  constitute s a  "norma l 
categor y structure '  (c.f .  Komatsu ,  1992) . 

Empirica l  evidenc e wa s introduce d t o suppor t  thi s disput e 
regardin g curren t  definitions :  Ramsca r  an d Pai n examine d 
whethe r  analog y coul d b e distinguishe d firo m categorisatio n 
by contrastin g th e tw o processes .  The y presente d 
participant s wit h Centner ,  Ratterma n an d Forbus '  (1993 ) 
classi c analog y material s (th e 'Karl a th e H a w k '  stories )  an d 
aske d the m t o categoris e them .  Give n tha t  Centne r  e t  a l 
defin e th e analogica l  mechanis m i n term s o f  structur e 
mappin g theor y (se e belo w fo r  a  ful l  account) ,  Ramsca r  an d 
Pai n hypothesise d tha t  assumin g tha t  th e "analogical ' 
proces s wa s no t  distinc t  fro m th e basi c categorisatio n 
process ,  structur e mappin g woul d determin e categorisation . 

Centne r  e t  a l  assume d tha t  matc h item s wit h onl y 
structura l  similaritie s (i.e .  analogues )  shoul d b e considere d 
as belongin g t o differen t  categories .  Ramsca r  an d Pai n 
predicte d tha t  the y woul d b e categorise d together .  The y foun d 
tha t  7 9 . 5 % o f  th e grouping s forme d b y participant s i n thei r 
stud y ha d onl y share d systemati c structur e (traditionall y 
define d a s analogy )  a s a  c o m m o n featur e amongs t  member s 
of  th e categorie s formed .  I n contrast ,  onl y 5 % o f  grouping s 
produce d ha d c o m m o n objec t  description s a s th e c o m m o n 
similarit y acros s categorie s (i.e .  th e attribut e matche s ofte n 
though t  t o b e determinat e o f  categorisation) .  T o th e 7 9 . 5 % 
of  structura l  congruit y grouping s coul d b e adde d a  furthe r  8 % 
of  classification s wher e structura l  addition s t o otherwis e 
structurall y congruen t  representation s cause d the m t o b e 
classe d singularly .  Ramsca r  an d Pai n conclude d tha t  tha t 
mechanism s normall y considere d t o b e analogica l 
specificall y th e preferenc e fo r  mappin g systematicall y 
simila r  structure s -  coul d als o i n fac t  suppor t  categorisatio n 
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tasks ,  an d tha t  i n thei r  stud y n o discernibl e differenc e coul d 

be foun d betwee n analogica l  an d categorica l  behaviour . 
Ramscar  an d Pain' s stud y ca n b e adde d t o othe r  theoretica l 

and empirica l  evidenc e whic h cast s doub t  o n a  two-proces s 
accoun t  o f  litera l  (categorical )  versu s non-litera l  (analogica l 
or  metaphorical )  reasoning ,  suc h a s Hoffma n an d Kemper' s 
(1987 )  revie w o f  a  numbe r  o f  reacdo n tim e studie s whic h 
als o convincingl y demonstrate s th e paucit y o f  th e evidenc e 
fo r  th e widel y hel d belie f  tha t  litera l  (intra-categorical ) 
meaning s ar e processe d faste r  tha n metaphorica l  (inter -
categorical )  meaning s (a s wel l  a s th e considerabl e evidenc e 
fo r  th e opposit e effect ;  se e als o Recanati ,  1995) . 

Despit e th e weigh t  o f  evidenc e contr a th e two-proces s 
accoun t  -  an d th e concomitan t  lac k o f  evidenc e fo r  i t 
suggestion s whic h violat e th e tw o processes-accoun t  stil l 
ten d t o mee t  wit h som e incredulit y (c.f .  French ,  1995 , 
above) .  Th e belie f  tha t  a n orang e crat e i s a n orang e crat e i s 
an orang e crat e hold s grea t  sway .  Indeed ,  suc h i s th e two -
proces s account' s entrenchmen t  i n ordinary ,  pre-theoretica l 
understanding s o f  th e worl d tha t  a  mor e tha n usua l  quantit y 
of  counter-evidenc e seem s t o b e require d simpl y fo r  th e two -
proces s accoun t  t o b e subjecte d t o th e usua l  standard s o f 
scientifi c  an d theoretica l  justification .  And ,  whils t  Ramsca r 
and Pain' s (1996 )  stud y migh t  appl y t o classifyin g storie s 
thei r  stud y provide s littl e evidenc e tha t  thi s classificatio n o f 
storie s ca n b e generalise d t o othe r  categorisado n behaviour . 

Structural systematicity and 'normal' categories 

Th e followin g experimen t  wa s designe d t o offe r  mor e 
evidenc e fo r  Ramsca r  an d Pain' s (1996 )  clai m tha t  a  sub -
proces s rathe r  tha n two-proces s vie w shoul d b e take n o f  th e 
relationshi p betwee n analog y an d categorisatio n (an d thu s 
add furthe r  suppor t  t o Medin ,  Goldston e an d Centner' s 
(1993 )  contentio n tha t  structure-mappin g m a y pla y a n 
importan t  par t  i n categorisation) .  Th e Ramsca r  an d Pai n 
stud y utilise d th e 'Karl a th e H a w k '  stor y set s (Centne r  a t  al , 
1993) .  Thes e wer e designe d a s material s fo r  studyin g 
analogy ,  an d comprise d a  numbe r  o f  scenarios ,  typicall y 
episodi c stories ,  wit h a  controlle d varianc e o f  relation s 
betwee n th e narrativ e feature s o f  eac h stor y se t  member .  I n 
orde r  t o demonstrat e th e generalisabilit y  o f  Ramsca r  an d 
Pain' s findings ,  w e designe d a  ne w se t  o f  materials ,  base d o n 
th e 'Karl a th e H a w k '  sets ,  bu t  whic h rathe r  tha n bein g 
stories ,  wer e set s o f  descripdon s o f  nove l  object s (again , 
wit h a  controlle d varianc e o f  relation s betwee n th e narrativ e 
feature s o f  eac h se t  m e m b e r ;  se e Figur e 1) . 

T h e principl e reasonin g behin d thi s i s su-aightforward : 
typica l  'natural '  categorie s -  th e kin d o f  categorie s foun d an d 
use d i n h u m a n societie s -  ten d t o concer n object s -  an d other , 
mor e regula r  'thing s i n th e world '  -  rathe r  tha n storie s 
(Rosch ,  1978) .  Classifyin g object s i s mor e aki n t o ordinar y 
categorisatio n tha n classifyin g storie s (thoug h a  se t  o f 
description s o f  "rituals '  wa s als o include d t o reflec t  th e fac t 
ordinar y categorie s reflec t  a  goo d dea l  mor e tha n jus t 
physica l  regularities) .  Thus ,  th e resultin g objec t  description s 
fel l  neatl y an d clearl y int o 'normal '  categorie s (Figur e 2) . 

Ramscar  an d Pai n showe d tha t  share d structura l 
systematicit y (Centner ,  1983 ;  se e below )  -  typicall y define d 
as analog y -  wa s th e ke y determinan t  i n participants ' 
categorisin g i n thei r  study .  I n th e ligh t  o f  thi s finding ,  w e 

hypothesise d tha t  becaus e structura l  commonalitie s i n th e 

objec t  descriptio n set s ra n acros s th e 'normal '  categorie s 
embodie d i n th e set' s objec t  descriptions ,  thes e "normal ' 

categor y boundarie s woul d b e ignore d a s participant s 
categorise d object s accordin g t o share d structure . 

B a s e 
A Karl a i s a  nove l  typ e o f  cookin g pot ,  use d b y th e 

Timun i  i n Alnata . 
Th e structur e o f  th e Karl a i s designe d i n orde r  t o reduc e th e 

heat  inside ,  an d therefor e prevent s th e foo d gettin g burne d i n 
th e scorchin g cookin g fires. 

Wate r  i s poure d int o a  laye r  o f  th e Karl a durin g cooking , 
whic h cool s th e food . 

Literal Similarity 
Th e Valkr i  i s  a  specia l  kin d o f  fryin g pan ,  use d b y th e 

Jalpen i  i n Frodon . 
Th e Valkr i  i s  create d i n suc h a  wa y a s t o b e abl e t o reduce 

heat ,  thereb y preventin g mea t  bein g gettin g burne d whe n 
usin g th e extrem e temperature s o f  th e cookin g fires. 

A liqui d i s poure d int o th e layer s o f  th e fryin g pa n whe n 
cooking ,  whic h cool s th e temperatur e o f  th e meat . 

Structural Similarity Only 
Th e V u b u i s a  specia l  wal l  buil t  b y th e Jaka r  tribesme n i n 

Frodon . 
Th e V u b u i s buil t  i n suc h a  wa y a s t o b e abl e t o reduc e 

th e hea t  withi n it ,  thereb y preventin g th e Jaka r  from 
sweatin g to o m u c h i n th e extrem e temperature s o f  th e 
midda y sun . 

A liqui d i s pumpe d throug h th e Vubu ,  whic h cool s th e 
ston e an d therefor e prevent s th e Jaka r  withi n th e wall s from 
gettin g to o hot . 

Mere Appearance 
Th e peopl e o f  Frodo n us e a  specia l  typ e o f  frying  pan , 

know n a s th e Valkri . 
Th e Valkr i  i s  designe d i n orde r  t o allo w i t  t o b e handle d 

by children ,  a s thi s ca n b e difficult . 
It s handl e i s designe d wit h a  specia l  U-shape ,  whic h 

enable s i t  t o b e hel d b y peopl e wit h smal l  hands . 

Structurally Similar to MA 
Th e Jaka r  tribesme n o f  Frodo n hav e buil t  a  specia l  wal l 

k n o w n a s th e Vubu . 
Th e Vubu' s ston e gate s ca n b e opene d b y elderl y people , 

despit e thei r  heav y weight . 
Handle s se t  i n th e wal l  incorporat e springs ,  whic h allo w 

weake r  peopl e t o ope n th e gates . 

Objects Only 
A ne w typ e o f  cookin g pot ,  calle d th e Karla ,  i s  use d b y 

th e peopl e o f  Alnata .  Karla s ca n b e purchase d i n a  rang e o f 
colours .  Foo d cooke d i n a  Karl a taste s great . 

Figur e 1  Exampl e o f  a n objec t  descriptio n se t  use d i n th e 
study . 
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1 Se t 
Objec t  Set s 

SET 1 

SET 2 

SET 3 

SET 4 

SET 5 

SET 6 

SET 7 

SET 8 

B 

plan t 

countr y rule r 

boar d gam e 

anima l 

cookin g utensi l 

anima l 

chan t 

foo d 

L S 

plan t 

countr y rule r 

boar d gam e 

anima l 

cookin g utensi l 

anima l 

chan t 

foo d 

M e m b er  Descr i 

SSO 
trib e 

leadin g anima l 

field  gam e 

trib e 

wal l 

pries t 

game 

drin k 

ptio n 1 

MA 

plan t 

countr y rule r 

boar d gam e 

anima l 

cookin g utensi l 

anima l 

chan t 

foo d 

SMAO 
trib e 

leadin g anima l 

field  gam e 

trib e 

wal l 

pries t 

game 

drin k 

OO 
plan t 

countr y rule r 

boar d gam e 

anima l 

cookin g utensi l 

anima l 

chan t 

foo d 

Centner' s structur e m a p p i n g theor y o f  similarit y 

Centner' s (1983 ;  Falkenhainer ,  Forbu s an d Centner ,  1989 ) 
Structur e Mappin g Theor y ( S M T )  i s  wel l  known ,  an d w e 
includ e onl y a  brie f  accoun t  o f  th e mos t  salien t  aspect s here . 

S MT propose s tha t  th e mappin g an d inferenc e betwee n 
tw o representation s ca n b e achieve d b y assignin g 
correspondence s betwee n object s an d attribute s an d the n 
mappin g predicate s wit h identica l  names .  I n orde r  t o d o this . 
Centne r  assume s a  predicate-lik e representatio n 
distinguishin g betwee n objects ,  object-attribute s an d 
relations .  Object-attribute s ar e thos e predicate s tha t  hav e on e 
argumen t  an d describ e objec t  properties .  Relation s ar e 
divide d int o a  hierarch y o f  orders ,  wit h thos e predicate s wit h 
tw o o r  mor e argument s whic h ar e use d t o describ e relation s 
betwee n object s formin g th e lowes t  order ,  an d thos e 
predicate s describin g differen t  level s o f  relationship s betwee n 
relation s formin g th e highe r  orders . 

The theor y itsel f  comprise s tw o parts :  mappin g rule s an d 
th e systematlcit y principle .  Mappin g rule s stat e tha t  (a ) 
attribute s o f  object s ar e no t  mappe d an d (b )  relation s 
betwee n object s ar e preserved .  Th e systematlcit y principl e 
require s tha t  highe r  orde r  relation s ar e mappe d preferentially , 
followe d b y th e relation s tha t  constitut e th e highe r  orde r 
arguments .  Ramsca r  an d Pai n (1996 )  showe d tha t 
participants '  classificatio n o f  storie s coul d b e predicte d an d 
explaine d accordin g t o S M T . 

The Experiment 

Participants 

20 volunteer s participate d i n thi s experiment .  Th e 
participant s wer e a  mixtur e o f  Artificia l  Intelligenc e an d 
Psycholog y student s fro m th e Universit y o f  Edinburgh . 

Materials 

The basi c material s use d fo r  thi s stud y wer e 8  set s o f  'Karl a 
th e Pot '  nove l  objec t  description s (se e Figur e 1  fo r 
examples) .  Thes e wer e description s o f  object s create d t o 
replicat e th e framework  use d b y Centner ,  Ratterma n an d 
Forbu s (1993 )  i n th e creatio n o f  th e "Karl a th e Hawk " 
stories . 

As wit h th e material s use d b y Centne r  e t  al ,  th e followin g 
taxonom y o f  similarit y relationship s betwee n th e objec t 
description s wa s defined : 

"Litera l  similarity "  matche s includ e bot h c o m m o n 
relationa l  structur e an d c o m m o n objec t  attributes ; 

-  "Surfac e matches "  ar e base d upo n c o m m o n objec t 
attributes ,  plu s som e first  orde r  relations ; 

"Structura l  similarity "  matche s ar e base d upo n a 
c o m m on syste m o f  interna l  relations ; 

-  "Firs t  order "  matche s onl y hav e first  orde r  relation s a s a 
c o m m on feature ; 

-  "Objec t  only "  matche s onl y hav e objec t  matche s i n 
c o m m on betwee n th e objec t  descriptions . 

Eac h o f  ou r  set s consist s o f  a  bas e (B) ,  a  literall y simila r 
objec t  descriptio n (LS) ,  a n objec t  descriptio n tha t  share d di e 
same structur e a s th e base ,  bu t  n o objec t  attribute s (SSO) ,  a 
mere-appearanc e objec t  description ,  wit h surfac e an d first 
orde r  commonalitie s wit h th e bas e ( M A ) ,  a n objec t 
descriptio n whic h share d structur e wit h th e M A ,  an d objec t 
attribute s wit h th e S S O ( S M A O ) ,  an d a n objec t  onl y matc h 
objec t  description ,  wit h onl y surfac e attribut e commonalitie s 
wit h th e bas e (00) .  Thi s allowe d fo r  a  numbe r  o f  potentia l 
grouping s t o b e formed ,  accordin g t o th e classificatio n 
strateg y participant s adopted . 

We predicte d tha t  despit e th e fac t  tha t  w e wer e usin g nove l 
objec t  description s whic h embodie d existin g categorie s rathe r 
tha n Centne r  e t  al' s  relativel y 'category-neutral '  stories , 
participant s woul d agai n us e structura l  similarit y a s thei r 
categorica l  similarit y determinant ,  puttin g analogue s an d 
base s int o th e sam e categorie s (i.e .  B ,  L S an d S S O 
together) ,  rathe r  tha n groupin g matc h item s a t  th e objec t 
leve l  (i.e .  groupin g B ,  LS ,  M A an d 0 0 together ;  whic h als o 
equate d t o existin g categor y membership ;  se e figure  2) . 

Procedure 

Each participan t  wa s presente d wit h eigh t  envelopes ,  eac h 
containin g a  differen t  se t  o f  si x  nove l  objec t  descriptions , 
and wa s aske d t o wor k throug h the m on e se t  a t  a  time .  Set s 
wer e presente d i n rando m order ,  a s wer e th e objec t 
description s withi n them . 

Participant s wer e instructe d t o rea d throug h th e objec t 
description s withi n a  se t  severa l  times ,  unti l  the y fel t 
familia r  wit h thei r  contents .  The y wer e the n aske d t o pu t  th e 
object s togethe r  int o groups ,  groupin g th e thing s tha t  fitted 
most  naturall y togethe r  i n thei r  judgement .  Crouping s coul d 
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rang e fro m puttin g al l  description s int o th e sam e grou p t o 
havin g the m al l  i n separat e group s a s wel l  a s al l  variation s 

i n between . 

W h en th e categorisatio n decision s ha d bee n decide d on ,  th e 
participan t  paste d the m ont o a  larg e shee t  o f  blan k pape r  an d 
the n circle d eac h groupin g usin g a  marke r  pen . 

Once al l  eigh t  set s ha d bee n divide d int o group s usin g thi s 

procedure ,  participant s wer e re-presente d wit h thei r 
grouping s a  se t  a t  a  time ,  an d wer e aske d t o giv e an y grou p 
containin g tw o o r  mor e member s a  simpl e descriptiv e name . 

(Participant s wer e als o aske d t o writ e a  fe w sentence s 
explainin g wha t  ha d le d the m t o classif y eac h name d grou p 
of  description s together ,  thoug h thi s dat a wil l  no t  b e 
analyse d here) . 

Th e experimen t  too k aroun d a n hou r  t o complete . 

Results 

For  ever y objec t  descriptio n set ,  th e group s forme d b y eac h 
participant' s classification s wer e analyse d (wit h th e result s 
displaye d i n Tabl e 1) .  Grouping s whic h emerge d fel l  int o a 
number  o f  broa d pattern s .  Thes e classificatio n type s ar c 
liste d i n Tabl e 2 ,  below .  Similaritie s acros s grouping s (i.e . 
similarit y share d b y ever y member  o f  a  tw o o r  mor e member 
grou p acros s a  categorise d objec t  descriptio n set )  whic h 
coul d b e identifie d accordin g t o Centne r  e t  al' s  taxonom y 
wer e foun d i n 8 0 % o f  grouping s (i n Type s 1 ,  3 ,  4 ,  5  an d 6) . 

The mos t  c o m m o n groupin g patter n use d wa s o f  Typ e 1 
(group s divide d into :  1 .  B-LS-SSO :  2 .  S M A O - M A:  3 .  0 0 , 
usin g a  networ k o f  systemati c causa l  relations) ,  whic h 
accounte d fo r  7 0 % o f  al l  classifie d objec t  descriptio n sets . 

The nex t  larges t  grouping ,  comprisin g 5 % o f  th e tota l 
was o f  Typ e 6 .  Thes e set s wer e groupe d usin g a  largel y 
strucmra l  criterio n whic h resulte d i n th e sam e groupin g 
patter n a s fo r  Typ e 1  wit h th e exceptio n o f  th e S S O objec t 
descriptio n whic h wa s groupe d o n it s own ,  eve n thoug h M A 
and S M A O wer e stil l  groupe d together . 

Grouping s whic h occurre d du e t o participant s usin g 
c o m m on firs t  orde r  relation s (thos e o f  Typ e 3 )  occurre d i n 
1.9 % o f  cases . 

Objec t  descriptio n set s wer e groupe d accordin g t o Type s 4 
and 5  i n 3.1 % o f  cases .  Th e onl y similarit y acros s 
grouping s o f  thes e type s i s tha t  th e objec t  description s i n 
eac h grou p ha d onl y object s i n common . 

Othe r  grouping s wort h mentionin g wer e Type s 7  an d 8 ,  i n 
whic h th e structure d objec t  description s wer e groupe d 
accordin g t o a  determinabl e pattern ,  (structur e fo r  Typ e 7 , 
4.4% )  an d objec t  attribute s (Typ e 8 ,  1.9%) .  bu t  th e O O 
description s wer e assigne d accordin g t o feamre s i n Typ e 7 
(wher e w e woul d expec t  a  separat e grouping) ,  an d groupe d 
separatel y i n Typ e 8  (groupe d wit h description s containin g 
simila r  objec t  attribute s expected) . 

Onl y 0.6 % (on e occurrence )  o f  grouping s wer e o f  Typ e 2 , 
wher e th e bas e wa s pu t  int o a  categor y o f  it s  own ,  wit h 
share d structur e bein g th e onl y similarit y acros s groupings . 

I n 11.2 % o f  grouping s i t  wa s impossibl e t o determin e a n 
overal l  criterio n fo r  determinin g th e patter n produced ;  eac h o f 
thes e grouping s ha d onl y a  singl e occurrence . 

Object Description Sets 

s 
u 
b 
J 
e 
c 
t 
s 

A 
B 
C 
D 
E 
F 
G 
H 
I 
J 
K 
L 
M 
N 
0 
P 
Q 
R 
S 
T 

1 2 

1 -
-  1 

1 6 
8 1 

1 6 

9 1 
1 4 

_3_ 

2 

3 

4 

5 

6 

6 
1 

5 

4 

6 

3 

_6_ 

7 
1 
3 
8 
-
1 
-
1 
-
-
1 
-
1 
1 
1 
7 
1 
-

7 8 

1 7 
1 1 
1 1 
-  1 
1 1 

7 
1 
1 1 
1 1 

1 
1 1 
I  1 
1 8 
4 1 
6 6 
1 7 
1 1 
6 7 
9 -
4 9 

Typ e 1  Tota l 

5 
8 
6 
5 
6 
6 
5 
7 
6 
5 
8 
7 
5 
6 
6 
5 
8 
3 
3 
2 

Tabl e 1 :  Result s fo r  groupin g patterns .  Eac h participan t 
was give n 8  set s o f  objec t  description s (eac h ro w represent s 
one participant ;  eac h colum n a n objec t  descriptio n set) :  th e 

typ e o f  groupin g i s indicate d b y th e typ e numbe r  i n th e 
objec t  descriptio n se t  colum n (se e als o Tabl e 2) . 

Discussio n 

Thi s stud y furthe r  examine d th e hypothesi s pu t  forwar d b y 
Ramscar  an d Pai n (1996 )  tha t  categorisatio n judgement s i n 
humans ca n b e determine d mor e b y share d structura l 
systematicit y tha n b y share d objec t  attribute s (surfac e 
features )  betwee n th e objects /  things /  ritual s t o b e classified . 
The result s sho w considerabl e evidenc e t o suppor t  thi s 
hypothesis :  7 0 % o f  th e grouping s wer e mad e i n thi s wa y 
(ha d participant s groupe d randomly ,  mathematica l 
combinatoric s yiel d 21 3 possibl e grouping s o f  th e 
materials) .  I n a  furthe r  1 0 % o f  grouping s (Type s 2 ,  6  an d 7) , 
share d structur e wa s clearl y th e criterio n determinin g th e 
participants '  overal l  groupings ,  althoug h a  singl e objec t 
descriptio n wa s classifie d unaccountabl y (usuall y  singly) . 

An interestin g effec t  fro m th e Ramsca r  an d Pai n stud y tha t 
intentionall y -  wa s no t  replicate d i n thi s experiment ,  wa s 

th e productio n o f  a  larg e numbe r  o f  Typ e 2  groupings .  I n 
thei r  experiment ,  Ramsca r  an d Pai n lef t  a n extr a structur e 
(inserte d b y Centne r  e t  a l  a s par t  o f  thei r  analog y study )  i n a 
subse t  o f  th e bas e storie s presente d t o participants .  Thes e 
bas e storie s wit h extr a structur e the n tende d t o b e groupe d 
singularl y (se e Typ e 2  i n Tabl e 2 ,  below) .  Sinc e th e 'Karl a 
th e Pot '  material s di d no t  contai n an y extr a structure s i n th e 
Base ,  w e di d no t  expec t  significan t  number s o f  Typ e 2 
storie s t o b e produced ,  an d i n th e event ,  onl y 0.6 % o f 
grouping s ( 1 ou t  o f  180 )  resulte d i n a  Typ e 2  pattern ,  wher e 
th e bas e wa s classifie d singularl y i n a n otherwis e 
structurall y determine d groupin g pattern . 
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Classificatio n Criterio n 

Systemati c networ k o f  relation s i n c o m m o n -  Typ e 1 

IBLSSS O 2 S M A 0 MA 3  0 0 

Number 

112 

Systemati c networ k o f  relation s i n c o m m o n -  Typ e 2  (Ramsca r  &  Pain ,  1996 ) 
(Bas e classifie d separately ) 

1 L S SSO 2  SMAO M A 3  B  4  O O 1 
Firs t  orde r  relation s i n c o m m o n -  Typ e 3 

1 B  L S SS O SMAO M A 2  0 0 
Onl y objec t  similaritie s i n c o m m o n Type s 4  &  5 

IMALSBOO 2  SS O SMAO 
I B 0 0 2LSM A 3  SS O SMAO 
Largel y systemati c networ k o f  relation s i n common Typ e 6 
1 B  L S 2  SS O 3  M A S M A O 4  0 0 

0 0 'Problems '  Structur e base d -  Typ e 7 
Objec t  attribut e base d -  Typ e 8 

1 B  L S SS O 0 0 2  M A SMAO 
1 B  L S M A 2  SS O SMAO 3  0 0 
Typ e 9  an d other s -  N o clea r  patter n 
I  B  L S 2  SS O 3  M A 4  SMAO 
Other s 

5 0 0 

3 

4 
1 

8 

7 
3 

3 
18 

% o f  Tota l 

70 % 

0.6 % 

1.9 % 

2.5 % 
0.6 % 

5 % 

4.4 % 
1.9 % 

1.9 % 
11,2 % 

Tabl e 2 :  Outpu t  pattern s from  th e categorisatio n task ,  showin g th e group s forme d an d criteri a established .  T h e objec t 
description s ar e labelle d accordin g t o Centner' s taxonom y o f  similarit y (define d above) :  B  =  Base ;  L S =  Litera l  Similarity ; 

S SO =  Structura l  Similarit y Only ;  S M A O =  Structura l  Similarit y wit h M A an d Objec t  Similarit y wit h S S O ;  M A =  M e r e 
Appearance ;  0 0 =  Objec t  Onl y match . 

Grouping s tha t  appeare d t o b e forme d o n th e basi s o f 
share d surfac e attribute s onl y amounte d t o 3 .1 % o f  th e tota l 
(Type s 4  &  5) .  T o thes e coul d b e adde d anothe r  1.9 % o f 
grouping s (Typ e 8 )  i n whic h share d feature s determine d th e 
overal l  groupings ,  althoug h th e 0 0 objec t  descriptio n -
distinctiv e du e t o it s  complet e lac k o f  an y systemati c 
structur e -  wa s classifie d separately . 

Of  thos e objec t  description s classifie d accordin g t o share d 
objec t  attributes ,  onl y 2 .5 % (Typ e 4  groupings )  reflec t  th e 
"normal '  categorie s show n i n Figur e 2 . 

Clearly ,  structur e appear s t o b e th e ke y determinan t  o f 
participants '  classification s i n thi s study .  Typically , 
categorisatio n model s hav e tende d t o concentrat e o n objec t 
descriptions ,  makin g us e o f  ver y representationally-simpl e 
attribute-valu e list s (se e Murph y an d Medin ,  1985 ; 
Komatsu ,  1992) ,  whereas ,  analog y researc h ha s examine d 
relationship s betwee n highl y structure d representation s 
(considerin g th e influenc e o f  attributes ,  relation s an d higher -
orde r  relation s i n judgement s o f  similarity .  Th e evidenc e o f 
thi s stud y woul d appea r  t o suppor t  th e clai m tha t  mor e 
notic e need s t o b e take n o f  th e kind s o f  representation s use d 
-  an d th e effect s representation s produc e i n categorisatio n 
studie s (Medin ,  Goldstone ,  an d Centner ,  1993 ;  Ramsca r  an d 
Pai n 1996) . 

The result s o f  th e presen t  stud y als o suppor t  th e broade r 
finding s o f  Ramsca r  an d Pai n (1996) ,  w h o conjecture d tha t 
th e processe s underlyin g analog y an d categorisatio n ar e no t 
as distinc t  a s i s usuall y proposed .  Bot h thei r  result s an d our s 
sho w share d structura l  systematicit y (Centner ,  1983 )  a s th e 
mai n proces s underlyin g categorisatio n judgement s i n th e 
particula r  experimenta l  conditions .  Ordinarily ,  structura l 

systematicit y ha s bee n considere d th e domai n o f  analogy , 
rathe r  tha n categorisation . 

I n thi s study ,  th e influenc e o f  share d structura l 
systematicit y ha s bee n remarkable .  Participant s hav e 
preferre d grouping s betwee n pot s an d walls ,  an d wall s an d 
pans ,  t o pot s an d pan s an d wall s alone .  Whils t  w e fee l  tha t 
thes e findings  hav e stron g implication s fo r  categorisatio n 
research ,  w e als o fee l  tha t  the y shoul d caus e s o m e foo d fo r 
though t  a s regard s th e wa y tha t  analog y i s typicall y viewed . 
As note d earlier ,  ther e i s a  widesprea d acceptanc e i n analog y 
researc h o f  th e two-proces s vie w o f  analogica l  /  metaphorica l 
and litera l  understandings ,  whereb y 'literal '  (withi n category ) 
understanding s ar e externa l  t o non-litera l  (analogica l  o r 
metaphorical )  understandings ,  an d ar e therefor e assume d t o 
be compute d b y separat e cognitiv e processes . 

Th e evidenc e o f  thi s stud y ca n joi n othe r  theoretica l  an d 
empirica l  evidenc e agains t  a  two-proces s accoun t  o f  litera l 
(categorical )  versu s non-litera l  (analogica l  o r  metaphorical ) 
reasoning :  w e mentione d earlie r  Hoffina n an d Kemper' s 
(1987 )  revie w o f  reactio n tim e studies ,  whic h convincingl y 
demonstrate s th e meagr e evidenc e fo r  th e widel y hel d belie f 
tha t  litera l  (intra-categorical )  meaning s ar e processe d faste r 
tha n metaphorica l  o r  analogica l  (inter-categorical )  meanings . 

I n spit e o f  this ,  w e d o no t  wan t  t o sa y tha t  analog y i s 
categorisation .  I t  i s difficul t  t o envisag e h o w suc h a  centra l 
cognitiv e proces s suc h a s categorisatio n coul d b e reduce d t o 
a singl e proces s (c. f  Coldstone ,  1994) .  Give n th e difficult y 
inheren t  i n characterisin g analogical ,  metaphorica l  an d 
categorica l  reasonin g (Wittgenstein ,  1953 ;  Ramscar ,  1997) , 
we ar e a s dubiou s o f  th e usefulnes s o f  th e kin d o f  identit y 
statement s mad e b y Clucksber g an d Keysar ,  (1990) ,  w h o 
argu e tha t  metaphorica l  statement s shoul d b e understoo d a s 
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class-inclusio n statements ,  a s w e ar e o f  th e contras t 

definition s wit h whic h w e starte d thi s account ;  w e conside r 
i t  plausibl e -  eve n likel y tha t  a  numbe r  o f  reasonin g 

processe s pla y a  par t  i n categorisation .  Rather ,  lik e Ramsca r 
and Pai n (1996 )  w e argu e tha t  -  i n th e ligh t  o f  th e evidenc e 
currentl y availabl e -  analog y i s bes t  viewe d a s a  sub-proces s 

of  categorisation ,  an d no t  a s a  separat e process .  Ultimately , 

we believ e tha t  th e adherenc e t o th e two-proces s accoun t 
confuse s th e relationshi p betwee n analog y an d categorisatio n 
and i s hamperin g progres s toward s furthe r  understandin g o f 
bot h (Ramscar ,  Pai n an d Cooper ,  1997) .  Unti l  ther e i s a 
bette r  empirica l  an d theoretica l  basi s t o d o so ,  w e argu e tha t 
i t  ma y b e usefu l  (an d mor e honest )  t o kee p a n ope n min d a s 
t o whethe r  a n orang e crat e i s a n orang e crat e ca n b e a  table ? 
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Abstrac t 

We present an unsupervised learning methodology derived 
fro m compac t  dat a encodin g an d demonstrat e ho w t o consUuc t 
model s o f  polysemy ,  priming ,  semanti c disambiguatio n an d 
learnin g usin g thi s theoretica l  basis .  Th e mode l  i s capabl e o f 
simulatin g human-lik e performanc e o n artificia l  gramma r 
learning . 

Introduction 

William of Occam suggested a mechanism for deselect-
in g model s give n nothin g bu t  example s o f  a  process . 
Occam' s suggestion ,  no w know n a s Occam' s Razor ,  posit s 
tha t  amon g th e model s tha t  explai n a  phenomena ,  th e sim -
ples t  o r  mos t  parsimoniou s shoul d b e chosen .  Kar l  Popf)e r 
rejecte d Occam' s Razo r  a s a  methodologica l  advanc e t o 
inductiv e inferenc e becaus e h e fel t  i t  wa s to o subjectiv e 
(Popper ,  1959) .  Solomonof f  (1964) ,  however ,  agai n investi -
gate d inductiv e inference ,  o r  learnin g classificator y rule s an d 
model s from  examples ,  a s a  forma l  topi c i n informatio n the -
or y an d statistics .  Th e solutio n t o Popper' s quandar y pro -
pose d b y Solomonoff ,  an d late r  develope d b y Rissane n 
(1978) ,  wa s t o conside r  th e concep t  o f  simplicit y a s derive d 
from  informationa l  code-length .  Unde r  thi s formulation ,  th e 
statistica l  propertie s o f  a n exampl e dat a strea m ar e use d t o 
estimat e th e propertie s o f  a  communicatio n mode l  tha t  ca n 
be use d t o transmi t  th e shortes t  possibl e message .  I n s o 
doing ,  th e communicato r  mus t  encod e a s muc h redundanc y 
i n th e dat a a s possibl e i n thei r  message .  Th e subjectivit y o f 
Popper  i s replace d b y a n objectiv e measur e o f  informatio n 
conten t  derive d fro m th e statistica l  propertie s o f  th e dat a an d 
propose d model .  Th e en d resul t  i s  tha t  th e min imu m encod -
in g o f  th e dat a strea m result s i n m a x i m u m accurac y o f  th e 
prediction s o f  th e model . 

I n thi s paper ,  th e consequence s o f  th e code-lengt h for -
mulatio n o f  inductiv e learnin g ar e investigated .  A  mode l  i s 
presente d tha t  effectivel y account s fo r  th e acquisitio n o f  th e 
relationship s betwee n term s wit h multiple ,  distinc t  meaning s 
(polysemy )  usin g thi s approac h t o compac t  dat a coding .  Fur -
ther ,  th e sam e techniqu e i s show n t o mode l  huma n perfor -
mance o n artificia l  gramma r  learnin g an d strin g recal l 
experiments ,  an d t o explai n th e wa y i n whic h meaning s ar e 
observe d t o b e activate d durin g readin g (lexica l  priming ) 
(eg. ,  McNamara ,  1992) . 

Bayes '  T h e o r e m a n d C o m p a c t  C o d i n g 

We ca n formulat e th e proble m o f  mode l  selectio n fo r 
dat a a s a n extensio n o f  Bayes '  Theorem .  I f  w e conside r 

Bayes '  Theore m operatin g o n dat a D  an d statistica l  model s 

M 

,(„,„, ,  n o M ^ (1 ) 

we ar e the n intereste d i n comparin g th e posterio r  probabilit y 
of  differen t  model s give n th e data .  I f  w e constrai n ou r  mod -
el s t o jus t  a  specifi c  clas s o f  models ,  the n w e ar e intereste d 
doin g th e sam e compariso n ove r  th e mode l  parameteriza -
tion s withi n tha t  class : 

argma x P (M\D )  =  argma x 
M M 

P (D \M)P {M ) 

PCD) 
(2 ) 

wher e M i s th e mode l  class .  Applyin g -lo g t o bot h sides ,  an d 

droppin g th e a  prior i  distributio n o f  th e dat a (th e prio r  dat a 
disfributio n i s constan t  ove r  models )  yield s 

aigmi n [-log/'(D|A/)-log/'(M) ] 
M 

(3 ) 

whic h say s tha t  w e ca n choos e th e bes t  mode l  fo r  a  give n se t 

of  dat a b y choosin g th e mos t  probabl e mode l  P(A/ )  tha t  als o 

encode s th e dat a i n th e mos t  probabl e manne r  P ( D \ M ) .  Not e 

tha t  thi s i s simpl y th e m a x i m u m a  posterior i  formul a i n th e 
spac e o f  model s an d data .  B y usin g th e base- 2 logarithm ,  thi s 
same formul a ca n als o b e interprete d a s meanin g tha t  a  dat a 

model  cost s \M \  bit s t o encod e (wher e \M \  i s th e bi t  lengt h 

of  th e model )  plu s additiona l  bit s t o specif y th e dat a usin g 
thi s encoding .  Th e tw o interpretation s ar e reall y onl y equiva -
len t  i f  th e a  prior i  mode l  distributio n i s th e universa l  prio r 
on th e mode l  length . 

P{M)  =  2 - m (4 ) 

but  th e relationshi p i s arguabl y justifiabl e (L i  an d Vitanyi , 
1997 ,  bu t  als o se e Baxte r  an d Oliver ,  1995) ,  o r  a t  leas t  defen -
sibl e a s a  heuristi c (d e Marcken ,  1996) .  Th e additiona l  cos t 

t o encod e th e dat a usin g tha t  mode l  i s  - \ogP(D\M) .  W e the n 

want  t o choos e th e mode l  tha t  minimize s th e combine d cod -
in g cost s o f  dat a an d model . 

Rissane n (1978 )  characterize d thi s approac h a s th e Min -
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i m u m Descriptio n Lengt h ( M D L )  principle .  M D L ha s bee n 
applie d i n prunin g decisio n tre e model s (Quinla n an d Rivest , 
1989) .  gramma r  inductio n (d e Marcken ,  1996 )  an d neura l 
networ k trainin g (Hinton ,  et .  ai ,  1995) ,  whil e th e subclas s o f 
m a x i m u m entrop y model s ha s foun d wid e applicatio n i n 
imag e reconstructio n an d dat a analysi s (Smit h an d Grandy , 
1982) . 

Parsimony Networks and Word Meaning 

A Parsimon y Networ k (PN )  i s a n applicatio n o f  compac t 
codin g tha t  ca n b e use d t o mode l  th e causativ e an d correla -
tiv e relationship s a m o n g data .  A  P N i s represente d a s a  hier -
archica l  networ k wit h th e hierarch y g row n usin g a 
concatenativ e model .  T h e specifi c  applicatio n tha t  w e wil l 
pu t  P N s t o i n thi s sectio n i s th e proble m o f  learnin g poiyse -
m o us ter m relationship s fro m a  collectio n o f  documents .  T h e 
P N i s self-organizing ,  startin g wit h onl y th e mos t  basi c syn -
tacti c element s an d growin g hierarchica l  structur e t o accoun t 
fo r  co-occurrenc e pattern s i n th e data . 

A s a  primar y exeunple ,  le t  u s imagin e tha t  w e hav e a  col -
lectio n o f  3 6 document s tha t  contai n varie d distribution s o f 
th e term s m o n e y ( M ) ,  ban k (B) ,  river  (R )  an d finance  (F )  a s 
give n b y th e followin g tabl e o f  ter m co-occurrence s (entr y 

m,j  i s  th e n u m b e r  o f  document s i n whic h term s w ,  an d w j 

bot h occur) . 

Table 1: Document co-occurrence counts for terms 

\ M 

•^  m " ^ 
B ^ 
F 

B 

25 

F 

10 

H ^ 

R 

1 

10 

s H ^ ^ ^ H 

Not e tha t  althoug h F  an d B  d o no t  explicitl y  co-occur , 
we woul d hop e tha t  th e P N procedur e woul d find  a  connec -
tio n betwee n the m becaus e o f  th e chai n o f  connection s fro m 
M / F an d M/B .  Further ,  th e procedur e shoul d automaticall y 
determin e tha t  th e M / R an d R/ F co-occurrence s ar e spurious . 

We ca n buil d a  parsimon y networ k b y considerin g th e 
codin g proble m a s follows .  Suppos e w e wan t  t o communi -
cat e th e document s t o someone .  Th e simples t  encodin g 
woul d b e t o transmi t  a  documen t  star t  symbo l  followe d b y 
codeword s fo r  eac h wor d i n th e document ,  the n th e nex t  doc -
ument  star t  symbol ,  an d s o forth .  I f  w e assum e w e d o no t 
car e abou t  wor d order ,  however ,  pair s an d group s o f  term s 
co-occu r  significantl y enoug h tha t  w e ma y wan t  t o grou p 
the m togethe r  i n ou r  codeboo k an d assig n the m a  uniqu e 
codeword .  Tha t  wa y th e entir e grou p o f  term s coul d b e com -
municate d b y a  singl e codeword .  W e onl y wan t  t o d o thi s 
grouping ,  however ,  whe n th e lengt h o f  th e ne w entr y i n ou r 
codeboo k i s mor e tha n offse t  b y th e saving s w e achiev e i n 
transmittin g th e dat a usin g thi s modifie d codebook . 

To buil d th e PN ,  w e mus t  us e a  heuristi c t o searc h th e 
spac e o f  concatenativ e model s tha t  operat e o n th e co-occur -
renc e matrix .  W e ca n gues s tha t  a  relativel y hig h frequenc y 
of  co-occurrenc e shoul d lea d t o a n improve d encoding , 
althoug h w e mus t  us e a  generate-and-tes t  styl e heuristi c t o 
examin e th e spac e o f  potentia l  codewor d merge s t o deter -

min e a  (locally )  optima l  model .  Firs t  conside r  th e incremen -
ta l  progressio n fro m a  codeboo k containin g onl y codeword s 
fo r  documents ,  followe d b y th e progressiv e additio n o f  ter m 
merges , 

U 

U+BM 

U+BM+BR 

U+BM+BR+FM 

U+BM+BR+FM+(BM)(FM) 

where U is the lexicon populated only by the single elements 
B,  M ,  R  an d F .  Th e cost s fo r  performin g thes e merge s ar e 
give n i n th e followin g table ,  wher e th e bi t  cos t  o f  lexica l 
entrie s an d dat a ar e inversel y proportiona l  t o th e (negative ) 
lo g probabilit y  o f  a  symbo l  i n th e complet e message : 

Table 2: Description lengths of lexicon, data, and 

combine d lexico n an d dat a fo r  merg e operations . 

u 
U + BM 

U + B M + BR 

U + B M + B R + FM 

U + B M + B R + F M+ 
(BM)(FM ) 

Lexico n 
(bits ) 

8.7 6 

13.1 6 

21.3 8 

34.7 4 

45.6 7 

Dat a 

(bits ) 

175.3 9 

163.5 6 

146.1 0 

130.4 3 

125.1 7 

Tota l 
(bits ) 

184.1 4 

176.7 2 

167.4 8 

165.1 6 

170.8 4 

T h e final  entr y include s a  merg e betwee n tw o merge d enti -
ties ,  an d i s no t  successfu l  becaus e th e merg e o f  th e B M an d 
F M entitie s doe s no t  resul t  i n a  decreas e i n th e overal l 
descriptio n lengt h o f  th e data . 

Give n th e se t  o f  merge s i n Tabl e 2 ,  th e P N ca n b e con -
structe d b y choosin g th e m i n i m u m tota l  descriptio n lengt h 
model  see n thu s fa r  ( U + B M + B R + F M)  an d constructin g node s 
fo r  eac h entit y i n th e lexicon ,  wit h connection s betwee n eac h 
nod e tha t  i s  subsume d b y tha t  entity .  T h e documen t  code -
words ,  althoug h considere d constant s fo r  th e previou s argu -
ment ,  m a y als o b e considere d a s par t  o f  th e lexicon .  Th e 
grap h i s constructe d i n a  bottom-u p fashion ,  wit h al l  o f  th e 
documen t  word s servin g a s lea f  node s a t  th e bottom .  T h e 
first-level  merge s ar e the n added ,  wit h connection s t o th e 
word s tha t  the y encode .  Thi s continue s unti l  th e pars e tre e o f 
th e lexico n i s  fiill y  represented .  A  documen t  laye r  ca n the n 
be adde d wit h connection s t o al l  o f  th e lexica l  entitie s 
neede d t o encod e th e data .  T h e complet e P N fo r  thi s dat a i s 
show n i n Figur e 1 . 

Further ,  w e ca n associat e a  weigh t  wit h eac h connectio n 
i n th e networ k b y estimatin g th e conditiona l  probabilitie s 
tha t  connecte d node s occu r  i n th e sam e document .  Fo r  exam -
ple ,  fo r  th e edg e connectin g B A N K t o R I V E R - B A N K ,  w e 
woul d calculat e a  weigh t  tha t  i s  equa l  t o 

P(RB\B )  = 
N, 

(S) 
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wher e N^ b i s th e numbe r  o f  document s tha t  contai n R I V E R 

and B A N K (10) ,  an d N g i s th e numbe r  o f  document s tha t 

contai n B A N K alon e (35) .  W e trea t  th e networ k a s a  Marko v 
Network ,  simila r  t o a  Bayesia n Networ k bu t  withou t  th e 
restrictio n tha t  th e representatio n b e a  D A G (directe d acycli c 
graph) .  Instead ,  w e wil l  b e satisfie d i f  w e ca n captur e corre -
lationa l  relationship s a s oppose d t o thos e tha t  ar e definitivel y 
causal .  Usin g th e Marko v Network ,  w e ca n calculat e th e 
margina l  probabilitie s o f  documents ,  merge-node s an d lea f 
term s give n evidenc e o f  on e o r  mor e lea f  terms .  Fo r  exam -

ple ,  th e activatio n o f  B A N K wit h P(B )  wil l  caus e update s 

throughou t  th e network ,  startin g wit h th e R B node : 

P ( F M)  =  (10/35)(l/2 )  =  0.142 8 (11 ) 

P{RB)  =  P{RB\B)P{B )  +  P(RB\R)P{R ) (6 ) 

and th e M B node : 

P i M B )  =  P{MB\B)P{B )  +  P ( M B \ M ) P { M )  (7 ) 

which, in turn activate documents with P{D,\RB) and 

P { D \ M B ) ,  respectively .  Further ,  w e ca n propagat e th e effec t 

of  a  B A N K activatio n throug h R B an d bac k t o R I V E R using : 

P{R) = P(R\RB)P(RB\B)P(B) (8) 

So, for our example, an activation of BANK with P(B) = 1 

woul d lea d t o PiRB )  =  10/3 5 =  0.285 7 an d R I V E R would , 

i n turn ,  b e activate d a t  tha t  sam e strengt h sinc e 

PiR\RB )  =  I  . 

Now,  i f  w e activate d M O N E Y,  P ( M )  = 1 / 2 ,  an d 

B A N K,  P(B )  =  1/2 ,  a t  th e sam e time ,  th e sprea d o f  activa -

tion s t o th e M B nod e woul d b e give n b y 

P (MB)  =  P{MB\B)P(B )  +  P {MB\M)P{M ) 

P{MB) 
2[ n 

MB '' A 
Nm 

, | . | . 0 . 7 « 4 
(9 ) 

We ca n als o se e tha t  th e R B an d F M node s wil l  b e activate d 
t o a  lesse r  degre e tha n th e M B node :  . 

The P N algorith m thu s show s th e primar y propertie s tha t  w e 
set  ou t  demonstrate ;  i t  provide s a n algorith m fo r  self-organi -
zatio n o f  correlationa l  dat a wit h a  built-i n criterio n fo r  deter -
minin g ho w th e self-organizatio n shoul d proceed .  Th e 
algorith m provide s a n automati c metho d for ,  i n effect , 
assignin g a  hierarch y o f  categorie s t o co-occurrin g event s 
base d onl y o n inU'insi c structur e o f  th e data .  Further ,  th e cor -
relationa l  data ,  a s expresse d i n th e parsimon y network , 
expresse s laten t  relationship s amon g variable s tha t  shar e sig -
nifican t  correlation s wit h a  give n event ,  bu t  whic h d o not , 
themselves ,  co-occur . 

Thi s las t  poin t  emphasize s th e similarit y o f  th e proce -
dur e t o Laten t  Semanti c Analysis ,  whic h ha s bee n use d t o 
model  synonym y an d huma n performanc e o n learnin g task s 
(e.g. ,  Landaue r  an d Dumais ,  1997 ;  Landauer ,  Laha m an d 
Foltz ,  1997) .  I n Laten t  Semanti c Analysis ,  a  factor-analyti c 
approac h t o dat a analysis ,  a  singula r  valu e deconstructio n 
(SVD )  i s  performe d o n a  matri x o f  featur e co-occurrenc e 
patterns—ofte n term-documen t  count s o r  a  relate d statistic . 
A direc t  compariso n ca n b e mad e betwee n th e reconstructe d 
versio n o f  th e S V D o f  th e preceedin g ter m b y ter m matrix , 
and th e matri x buil t  b y th e P N algorithm : 

M 

N̂  N. 
Nm 

1 

0 

0 

Nm 

N FhiN UB 
N„Ns 

1 

0 

Nrb 

NRgNfuNMB 
NmNbN, 

1 

(12 ) 

P(RB)  =  (10/35)(l/2 )  =  0.142 8 (10 ) 

Thi s matri x i s  highl y correlate d wit h th e matri x pro -
duce d b y Laten t  Semanti c Analysi s (firs t  singula r  value )  to r 

th e sam e data ,  r  =  0.897 .  Thi s clos e relationshi p t o facto r 

analysi s ha s bee n examine d before .  Wallac e an d Freema n 
(1992) ,  fo r  example ,  propos e a  proo f  tha t  M M L (thei r  for -
mulatio n o f  th e M D L principle )  ca n b e use d fo r  singl e facto r 
analysis . 

D2 D36 

ONEY 

BANK RIVER RNANCE MONEY 

Figur e 1 :  Parsimon y Networ k (PN )  constructe d 

fro m th e minimu m descriptio n lengt h merg e data . 

P a r s i m o n y a n d P r i m i n g 

While the analytic and empirical features of the PN pro-

cedur e appea r  useful ,  w e ca n als o se e i n th e network s a n iso -

morphis m t o connectionis t  architectures .  I f  w e assum e tha t 

th e spee d o f  propagatio n throug h th e P N i s isomorphi c t o th e 

spee d o f  cognitiv e acces s t o a  store d lexicon ,  activatio n o f  a 

ter m lik e B A N K will ,  i n on e step ,  sprea d t o bot h connecte d 

sense s o f  th e term ,  R I V E R - B A N K an d M O N E Y - B A N K, 

wit h activatio n level s conditione d o n th e bas e rate s o f  thei r 

co-occurrence s i n th e documen t  space .  I f  M O N EY the n 

occurs ,  th e M O N E Y - B A NK nod e wil l  receiv e additiona l 

activation ,  whil e th e R I V E R - B A N K nod e wil l  receiv e 

extremel y wea k activatio n throug h a  thre e ste p activatio n 

sequenc e late r  o n ( M - > M B - > B - > R B ) .  B y choosin g th e nod e 

tha t  ha s th e highes t  probabilit y  a t  eac h stag e th e P N networ k 

disambiguate s terminolog y i n a  manne r  tha t  fits  wit h th e lei -
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ica l  primin g results.  Specifically ,  th e networ k behavio r  i s 

consisten t  wit h th e findings  tha t  al l  sense s o f  a  ter m appea r 

t o b e activate d withi n a n initia l  300-50 0 m s windo w afte r 

exposur e t o a  prime ,  bu t  tha t  activatio n quickl y settle s o n th e 

correc t  sens e o f  a  ter m afte r  th e initia l  300-50 0 m s windo w 

{e.g. ,  McNamara ,  1992 ;  Kintsch ,  1988) .  Further ,  frequenc y 

effect s tha t  hav e bee n observe d i n primin g experiment s ar e 

explicitl y  handle d du e t o th e differentia l  weightin g o f  th e P N 

edge s b y thei r  margina l  frequencies . 

Learning Through Parsimonious Integration 

PNs provide a mechanism for the acquisition of struc-
tur e fro m a  complet e database ,  bu t  ther e i s n o reaso n t o sus -
pec t  tha t  th e sam e mechanis m translate s directl y int o a n on -
lin e procedur e fo r  learnin g fro m partia l  dat a i n a  wa y tha t 
correspond s t o observation s o f  huma n learning .  I n thi s sec -
tion ,  a n alternativ e versio n o f  th e P N algorith m i s develope d 
tha t  ca n b e use d fo r  on-lin e learning .  Th e algorith m ha s a  ret -
rospectiv e componen t  tha t  ma y reorganiz e th e P N a s ne w 
evidenc e present s itsel f  s o th e algorith m ca n b e considere d 
integrative .  Th e procedure ,  whic h w e cal l  Parsimoniou s Inte -
gratio n (PI) ,  i s  a s follows : 

1.  Maintai n a  lexico n tha t  contain s a  PN-lik e hierarch y o f 

merged ,  observe d events . 

2.  Observe—an d re-examin e i f  possible—al l  availabl e 

events ,  mergin g togethe r  an y event s an d encode d even t 

group s tha t  appea r  wit h frequenc y >1 . 

3.  Us e loca l  calculation s t o heuristicall y reorganiz e th e 

lexicon .  Attemp t  t o reorganiz e lexico n subtree s i f  a n 

observed  patter n i n th e lexico n span s multipl e elements . 

Do th e reorganizatio n base d o n th e comparativ e encod -

in g cost s o f  th e tw o alternativ e subtrees . 

The procedur e ca n b e see n a s simila r  t o Nevill-Man -
ning' s S E Q U I T U R algoridi m (Nevill-Manning ,  1996) ,  bu t 
wit h a  globa l  re-evaluatio n componen t  tha t  undoe s grammat -
ica l  change s base d o n globa l  observations ,  ye t  whic h i s sim -
ple r  tha n th e comple x globa l  observation s i n th e P N 
constructio n procedur e o f  th e previou s sections .  Th e Parsi -
moniou s Integratio n procedur e make s partia l  us e o f  down -
strea m calculation s t o attemp t  t o reorganiz e th e constructe d 
grammar  a s ne w informatio n become s available .  Th e follow -
in g exampl e i n artificia l  gramma r  inductio n illustrate s th e 
P N procedure . 

Artificial Grammar Learning 

As a n exampl e o f  ho w P N s ca n b e learned ,  w e wil l 
examin e dat a fro m a n artificia l  grammar .  Th e dat a string s 
wil l  b e generate d fro m a  stochasti c  finite-state  machin e tha t 
correspond s t o a  gramma r  use d b y Voke y an d Brook s (1992 ) 
i n artificia l  gramma r  implici t  learnin g studies .  Th e stat e 
machine ,  a s wel l  a s som e string s consisten t  wit h th e gram -
mar ,  ar e show n i n Figur e 2 . 

For  thi s experiment ,  rando m sequence s o f  consisten t 
string s wer e produce d b y a n algorith m tha t  initiall y  bega n a t 
nod e 1 ,  the n transite d t o stat e 2  o r  3  base d o n a  rando m coi n 

i 

V 

X 
\ 

v ^ 

F > 

k ^ 

"" " 

r ' ^ 

w 

r X , 

• ^ " 

^ 

x l 

i f 

Figur e 2 : 

1992) . 

Finite-stat e machin e (fro m Voke y an d Brook s 

flip,  an d s o forth ,  stochasticall y workin g throug h th e state s 
unti l  exitin g fro m state s 8 ,  9  o r  10 .  Th e first  1 0 suc h string s 
ar e show n below : 

MXRWM 

VXTX 

VXT 

VXVTX 

VXVTRX 

VXTR 

MVRM 

MVRM 

MVXT 

VMTX 

If we incrementally apply the Parsimonious Integration 
algorith m abov e t o thes e strings ,  w e first  recogniz e th e W 
i n th e first  string ,  s o ou r  lexico n contain s V V an d w e ca n 
represen t  th e encodin g o f  th e strin g wit h M X R ( V V ) M .  Wit h 
th e secon d an d thir d strings ,  w e discove r  th e commonalit y 
V X T an d ad d i t  t o ou r  lexicon .  Bu t  the n b y committin g t o th e 
V X T encoding ,  whe n w e encounte r  th e fourt h strin g 
V X V T X,  w e mus t  encod e i t  a s (V)(X)(V)(T)(X )  an d can' t 
tak e advantag e o f  th e share d V X patter n wit h th e previou s 
strings .  W e appl y a  heuristic-versio n o f  th e P N procedur e a t 
thi s point ,  countin g th e numbe r  o f  lexico n an d dat a element s 
produce d b y tw o alternat e formulations .  Thes e calculation s 
ar e conducte d locall y wit h respec t  t o th e string s V X T X , 
V X T,  V X V T X (i.e .  w e d o no t  modif y th e probabilitie s o f 
othe r  string s i n th e complet e lexico n base d o n thes e 
changes) .  So ,  th e encodin g (VXT)(X) ,  (VXT) , 
(V)(X)(V)(T)(X )  wit h th e lexico n ( V X T )  require s a  lexico n 
of  siz e 1  t o creat e dat a o f  siz e 8 .  A  reformulatio n woul d b e t o 
add V X an d V X T t o th e lexico n an d cod e th e dat a 
((VX)T)(X) ,  ((VX)T )  an d (VX)(V)(T)(X) ,  resultin g i n a  lex -
ico n o f  siz e 2 ,  dat a o f  siz e 7 .  A t  thi s poin t  th e valu e o f  creat -
in g th e additiona l  V X lexica l  elemen t  appear s t o b e 
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equivalen t  t o th e valu e o f  codin g thing s separatel y becaus e 
we don' t  hav e additiona l  example s o f  th e V X ? pattern , 
wher e th e ?  represent s an y characte r  excep t  T .  I f  w e di d hav e 
anothe r  example ,  i t  woul d til t  th e evidenc e i n favo r  o l  th e 
recodin g o f  th e lexico n t o includ e th e V X element . 

For  th e purpose s o f  th e Parsimoniou s Integratio n algo -
rithm ,  th e criterio n unde r  whic h w e decid e whethe r  t o evalu -
at e a  recodin g i s  base d o n observin g a  ne w patter n tha t 
contain s a  substrin g foun d i n a n existin g lexica l  element ,  o r 
tha t  span s tw o lexica l  elements ,  bu t  whic h i s no t  alread y i n 
th e lexicon .  Not e tha t  th e P I  algorith m bear s a  similarit y t o 
th e Competitiv e Chunkin g (CC )  mode l  suggeste d b y Servan -
Schreibe r  an d Anderso n (1990) ,  bu t  wit h th e us e o f  th e M D L 
heuristi c mechanis m fo r  incorporatin g th e observe d chunk s 
int o a  hierarchica l  model .  Th e C C mode l  use s a  concep t  o f 
suppor t  tha t  i s closel y related ,  bu t  no t  identica l  to ,  th e M D L 
heuristi c incorporate d int o th e P I  algorithm . 

Most  experiment s t o tes t  implici t  learnin g o f  artificia l 
grammar s involv e subject s w h o hav e studie d production s 
fro m th e grammar ,  the n mus t  decid e whethe r  ne w string s ar e 
fro m tha t  gramma r  o r  not .  Th e tes t  se t  mus t  b e carefull y  con -
structe d s o tha t  th e string s ar e balance d i n term s o f  th e fre -
quencie s o f  repeate d bigram s an d trigram s withi n th e string s 
of  th e tes t  versu s trainin g sets ,  otherwis e th e subject s ma y 
simpl y b e decidin g o n grammaticalit y base d o n short , 
repeate d sequence s (Higham ,  1997) .  A s a  model ,  th e PN s 
constructe d b y th e Parsimoniou s Integratio n procedur e ca n 
be use d t o decid e o n grammaticalit y b y parsin g observe d 
sequence s wit h th e constructe d P N lexicons ,  the n choosin g 
grammaticalit y base d o n th e coverag e o f  th e strin g afforde d 
by th e P N lexicon .  Fo r  example ,  give n th e lexico n buil t  fro m 
th e first  fou r  string s i n th e las t  example ,  i f  w e observe d th e 
strin g V X V R ,  w e coul d pars e i t  a s (VX)(V)(R) ,  resultin g i n 
a 5 0 % chanc e o f  choosin g thi s a s a  lega l  productio n fro m th e 
grammar  give n onl y th e informatio n o f  th e firs t  fou r  strings . 
Followin g Servan-Schreibe r  an d Anderson' s (1990 )  sugges -
tion ,  th e scorin g o f  a  strin g pars e shoul d b e inversel y propor -
tiona l  t o th e numbe r  o f  chunk s neede d t o represen t  th e string . 
The suggestio n i s tha t  th e subject' s degre e o f  confidenc e i n a 
give n strin g bein g grammatica l  increase s u p t o th e poin t  a t 
whic h i t  ca n b e encode d a s on e chunk .  On e wa y t o d o thi s i s 
t o assig n th e probabilitie s accordin g t o a  decreasin g functio n 
of  th e numbe r  o f  chunk s neede d t o cod e th e string : 

''(^>='- S 
(13 ) 

wher e N  i s th e numbe r  o f  chunk s neede d t o pars e th e string . 

Not e tha t  w e nee d t o conside r  th e unigram s i n thi s formula -
tion ,  s o (VX)(V)(R )  i s parse d int o 3  chunks ,  givin g a  2 5 % 
chanc e o f  grammaticality ,  (VXV)(R )  ha s a  5 0 % chanc e an d 
(V)(X)(V)(R )  ha s a  0 % chance . 

Artificia l  gramma r  inductio n experiment s typicall y 
involv e subject s w h o first  examin e set s o f  string s create d b y 
th e productio n system .  I n Higha m (1997) ,  fo r  example ,  1 6 
trainin g string s wer e first  presente d t o tes t  subject s i n ran -
do m orde r  fo r  3 s each .  Subject s wer e als o aske d t o reproduc e 
th e trainin g string s o n a  piec e o f  paper .  Afte r  observin g al l 
th e trainin g strings ,  th e participant s wer e tol d tha t  th e string s 
had bee n generate d accordin g t o a  rul e system ,  althoug h the y 

wer e no t  tol d th e natur e o f  th e rul e structure .  The y wer e the n 
teste d o n othe r  string s tha t  di d no t  occu r  i n th e trainin g se t 
and aske d t o decid e whethe r  th e string s wer e grammatica l 

accordin g t o th e rule s syste m use d i n creatin g th e trainin g 
strings .  Seve n sampl e trainin g strings ,  a s wel l  a s a  subse t  o f 
th e tes t  strings ,  use d i n Higha m (1997 )  ar e reprinte d i n 
Tabl e 3 . 

Table 3: Training and test strings from Higham (1997) 

Trainin g 
string s 

MXRVXT 
MXTRRR 

VXVRMXT 
VXVRVM 

MXRTMVR 
VMRMXTR 

MXR 

Test  string s 

Grammatica l 

MXRMXT 
VXTRRR 
VXVRVV 

MXRTMXR 
VMTRRRX 
MXRVM 

VMRVVVM 

Nongrammatica l 

MTR 
VXVRTXT 
VMRVVVR 
VMRTXTR 
VMRMTRV 
MMRMVRM 
MXRTRXT 

The P I  algorith m ca n b e applie d directl y t o th e trainin g 
string s show n i n Tabl e 3 .  Th e Pl-constructe d lexico n i s 
shown i n Tabl e 4 ,  below . 

Table 4: Pl-constructed lexicon for artificial grammar 

training . 

MX 
(MX) R 

MV 
(MV) R 

VM 
(VM) R 

XT 
M(XT) 

(M(XT)) R 
TR 

(TR)(RR ) 
VX 

RR 
(VX) T 

VR 
(VX)(VR ) 
(VR)(VM ) 

v v 

Usin g thi s grammar ,  w e ca n perfor m left-to-righ t  greed y 
parse s o f  th e tes t  string s an d calculat e th e codin g probabilit y 
usin g (13) .  Th e first  tw o parse s an d thei r  correspondin g 
probabilitie s ar e show n i n Tabl e 5 ,  below . 

Table 5: Parses and recognition probabilities for 

grammatica l  an d nongrammatica l  tes t  string s 

1 Grammatica l 

Pars e 

((MX)R)(M(XT) ) 

((VX)T)(RR) R 

P(S ) 

0.6 7 

0.5 0 

Nongrammatica l 

Pars e 

MTR 

((VX)(VR))T(XT ) 

P(S) 

0. 0 

0.5 7 

Overal l  th e mea n performanc e figures  wer e 0.5 8 

( a =  0.064 )  fo r  th e grammatica l  string s an d 0.3 9 

( a =  0.222 )  fo r  th e nongrammatical .  A  t-tes t  show s tha t  th e 

difference s ar e significan t  a t  p  =  0.0 5 .  H u m a n subject s als o 

sho w significan t  difference s fo r  thi s dat a set ,  wit h huma n 
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subject s als o abl e t o detec t  grammaticalit y eve n give n care -
full y balance d dat a set s (Higham ,  1997) . 

Conclusions 

The philosophica l  positio n o f  Willia m o f  Occa m sug -
gest s tha t  simpl e model s lea d t o bette r  models .  Ye t  th e appar -
ent  subjectivit y o f  th e notio n o f  simplicit y ha s unti l  fairl y 
recentl y lef t  Occam' s Razo r  withou t  mor e tha n a  dull ,  retro -
spectiv e edge .  Wit h carefu l  formulatio n o f  heuristic s base d 
on information-theoreti c grounds ,  however ,  w e hav e demon -
strate d ho w Occam' s suggestio n ca n becom e th e method -
ologica l  backbon e o f  a  theor y o f  inductiv e inferenc e wit h 
practical—an d testable—consequence s fo r  understandin g 
and modelin g huma n intelligence . 

The mode l  i s uniqu e amon g relate d psychologica l  theo -
rie s i n tha t  i t  present s a  fully-automate d inductio n metho d 
(wit h minima l  arbitrar y parameters )  fo r  learnin g predictiv e 
model s fro m dat a i n a  completel y unsupervise d fashion .  I n 
our  curren t  work ,  w e ar e intereste d bot h i n practica l  applica -
tions ,  lik e usin g th e heuristi c versio n o f  th e Parsimoniou s 
Integratio n mode l  fo r  informatio n retrieval ,  an d i n furthe r 
understandin g th e model' s capacit y fo r  simulatin g psycho -
logica l  processes .  Fo r  example ,  althoug h a  promisin g mode l 
fo r  artificia l  gramma r  learning ,  mor e wor k i s neede d t o 
understan d ho w implici t  versu s explici t  knowledg e ca n b e 
represente d i n hierarchica l  compac t  representations .  W e ar e 
currentl y modelin g huma n memor y dat a originall y obtaine d 
by Mille r  (1958 )  i n whic h subject s ar e aske d t o recal l  ran -
d o m an d redundan t  strings .  W e hav e discovere d tha t  th e 
probabilit y  o f  recallin g rando m string s i s significantl y lowe r 
tha n recallin g redundan t  one s usin g th e P N algorithm .  Over -
all ,  th e wid e rang e o f  problem s tha t  appea r  admissibl e t o 
compac t  dat a encodin g suggest s thi s metho d ha s significan t 
implication s fo r  understandin g cognition . 
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Nooplasis :  A  T h e o r y A b o u t  th e Format io n o f  M i n d 
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P.O.  B o x 537 ,  Nicosi a 1678 ,  Cypru s 

Abstrac t 

This article is about nooplasis. That is, the article outlines a 
genera l  mode l  abou t  th e dynami c organizatio n an d 
developmen t  o f  mind .  Thi s i s  don e i n term s o f  a  numbe r  o f 
postulate s concerne d wit h th e architectur e o f  mind ,  it s 
developmen t  an d dynamics ,  an d th e natur e o f  learning . 
Specifically ,  th e mode l  postulate s tha t  th e min d involve s 
system s oriente d t o th e understandin g o f  th e environmen t  an d 
of  itself ,  i n additio n t o genera l  processin g functions .  I t  i s  als o 
postulate d tha t  th e developmen t  o f  eac h o f  th e system s i s 
partiall y  autonomou s an d partiall y  constraine d b y th e 
developmen t  o f  th e c  le r  systems ,  an d tha t  i t  involve s bot h 
system-specifi c an d system-wid e mechanism s o f  developmen t 
and learning .  Finally ,  i t  i s  argue d tha t  thes e postulate s 
sugges t  a  mode l  o f  constraine d constructivis m whic h differ s 
considerabl y fi^om  wha t  i s  suggeste d b y th e Piagetia n o r  th e 
Vygotskia n conceptio n o f  constructivism . 

I n t r o d u c t i o n 

Thi s articl e outline s a  theor y o f  cognitiv e architectur e an d 

development .  Thi s i s  don e i n term s o f  a  numbe r  o f 

postulate s whic h summariz e ou r  researc h o n cognitiv e 

developmen t  bu t  als o th e researc h o f  othe r  scholars .  Thes e 

postulate s relat e t o (1 )  th e architectur e o f  th e mind ,  (2 )  it s 

basi c characteristic s durin g development ,  (3 )  th e dynamic s 

and mechanism s underlyin g it s  development ,  an d th e (4 ) 

th e natur e o f  learning .  T h e ter m nooplasi s i s  use d t o refe r 

t o al l  o f  thes e processes .  Thi s wor d i s  m a d e o f  tw o Gree k 

words ,  th e word s "nous" ,  whic h mean s "mind" ,  an d 

"plasis" ,  whic h mean s "construction "  o r  "formation "  bot h 

as a  stat e an d a s a  process .  Thus ,  thi s wor d i s abl e t o denot e 

at  on e an d th e sam e tim e th e architecture ,  th e developmen t 

and dynamics ,  an d th e educatio n o f  mind . 

The Architecture of Mind 

Postulate 1: The Mind is a Hierarchical, 

Multisystem ,  a n d Mult idimensiona l  Univers e 

Accordin g t o thi s theory ,  th e basi c architectur e o f  th e 

human min d i s biologicall y give n an d i t  remain s invarian t 

throughou t  life .  Specifically ,  th e theor y assume s tha t  th e 

human min d include s tw o basi c hierarchica l  level s o f 

knowing .  Th e firs t  o f  thes e involve s environment-oriente d 

systems ,  th e secon d involve s system-oriente d constructs .  A t 

th e intersectio n o f  thes e tw o level s ther e als o seem s t o b e a 

functiona l  syste m tha t  define s th e activatio n an d th e 

interactio n betwee n th e tw o knowin g levels .  I t  need s t o b e 

als o note d tha t  eac h o f  th e level s m a y itsel f  b e 

hierarchicall y organized .  Thi s architectur e wil l  b e analyze d 

belo w (Demetriou ,  1998 ;  Demetriou ,  Kazi .  &  Georgiou , 

submitte d a ;  Demetriou ,  Efklides ,  &  Platsidou ,  1993) . 

The first  o f  th e tw o knowin g level s involve s structure s 

addresse d t o th e environment .  Thus ,  th e inpu t  t o thi s leve l 

i s  informatio n comin g fro m th e environmen t  an d it s outpu t 

ar e actions ,  over t  o r  covert ,  directe d t o th e environment . 

Empirica l  researc h i n ou r  laborator y le d t o th e 

identificatio n o f  a  handfu l  o f  suc h structures :  categorical , 

quantitative ,  causal ,  spatial ,  propositional ,  an d socia l 

though t  (Demetrio u &  Efklides ,  1985 ;  Demetrio u e t  al , 

1993 ;  Demetriou ,  Efklides ,  Papadaki ,  Papantoniou ,  & 

Economou,  1993 ;  Demetriou ,  Kazi ,  Platsidou ,  Sirmali , 

Kiosseoglou ,  submitte d b;Demetriou,Pachaury ,  Metallidou , 

& Kazi ,  1996 ;  Demetriou ,  Platsidou ,  Efklides ,  Metallidou , 

& Shayer ,  1991 ;  Shayer ,  Demetriou ,  Prevez ,  1989) .  Musi c 

and drawing ,  whic h ar e n o w unde r  stud y i n ou r  laboratory , 

may als o b e adde d t o th e lis t  (Demetrio u e t  al. ,  submitte d 

b) . 
Each o f  thes e domain s constitute s ver y comple x 

specialize d capacit y sphere s (SCSs) ,  whic h ar e themselve s 

hierarchicall y organize d an d whic h involv e man y 

dimensions .  Tha t  is ,  eac h o f  thes e system s involve s thre e 

kind s o f  components :  ready-mad e kerne l  element s (whic h 

matc h relation s i n th e environmen t  whic h ar e typica l  o f  th e 

realit y domai n t o whic h thi s S C S i s affiliated) ,  operation s 

or  computationa l  function s (whic h refe r  t o system s o f 

action ,  over t  o r  covert ,  tha t  th e thinke r  bring s t o bea r  o n 

differen t  aspect s o f  th e domai n t o whic h eac h S C S i s 

affiliated) ,  an d knowledg e an d belief s (thes e ar e th e 

product s o f  th e functionin g o f  th e kerne l  element s an d th e 

operations) . 

The SCS s ar e domain-specific ,  computationally-specific , 

and symbolicall y biased .  Obviously ,  problem-solvin g 

creature s othe r  tha n humans ,  suc h a s animal s an d 

computers ,  ma y posses s SCS-lik e system s whic h ar e 
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governe d b y thes e thre e principles .  However ,  possessio n o f 

SCS-lik e system s i s no t  sufficien t  t o credi t  thes e creature s 

wit h mind .  T o hav e mind ,  a  cognitiv e syste m mus t  b e 

capabl e o f  self-mapping .  Tha t  is ,  th e min d i s possibl e onl y 

i f  cognitiv e experiences ,  whic h diffe r  betwee n eac h othe r  i n 

regar d t o domain-specificity ,  computationa l  specificity ,  an d 

symboli c bias ,  ar e fel t  o r  cognize d b y th e problem-solve r  a s 

distinc t  o f  eac h other .  Otherwise ,  the y hav e t o b e fel t  o r 

cognize d a s functionall y simila r  o r  equivalent . 

Thus ,  creature s capabl e o f  self-mappin g involv e a 

second-orde r  leve l  o f  knowing .  I n ou r  terms ,  thi s i s th e 

hypercognitiv e system .  Th e inpu t  t o thi s syste m i s 

informatio n comin g fro m th e firs t  leve l  (sensations , 

feelings ,  an d conception s cause d b y menta l  activity) .  Thi s 

informatio n i s organize d int o th e map s o r  model s o f  menta l 

fiinctions  an d th e sel f  t o b e describe d below .  Thes e ar e 

use d t o guid e th e contro l  o f  th e functionin g o f  th e first 

level .  Thus ,  th e hypercognitiv e syste m involve s self -

awarenes s an d self-regulatio n knowledg e an d strategie s an d 

i s conceive d a s th e interfac e betwee n (a )  min d an d reality , 

(b )  an y o f  th e SCS s o r  an y othe r  cognitiv e functions ,  an d 

(c )  th e processin g syste m t o b e describe d belo w an d th e 

SCSs. 

Thi s leve l  involve s thre e distinc t  bu t  interdependen t 

systems :  (1 )  th e person' s ow n mode l  o f  th e min d 

(awarenes s o f  differen t  cognitiv e function s suc h a s 

anention ,  memory ,  an d inference ,  an d awarenes s o f 

specialize d processe s suc h a s thos e involve d i n th e SCSs) ; 

(2 )  th e person' s ow n mode l  o f  intelligenc e (thi s mode l 

specifie s wha t  i s an d wha t  i s no t  intelligen t  i n a  give n 

environment) ;  an d (3 )  one' s ow n cognitiv e self-imag e (thi s 

specifie s th e person' s representation s abou t  he r  o w n 

intellectua l  strength s an d weaknesses ,  preferences ,  etc.) . 

The person' s cognitiv e self-imag e i s directl y connecte d t o 

dimension s o f  personality .  W e hav e shown ,  fo r  instance , 

tha t  th e mor e positiv e one' s self-imag e i s i n regar d t o 

processin g speed ,  workin g memory ,  an d reasonin g ability , 

th e mor e ope n t o experienc e on e i s (Demetrio u &  Eflclides , 

1987 ,  1989 ;  Demetrio u e t  al ,  1993 ;  Demetrio u e t  al. , 

submitte d a ,  submitte d b) . 

At  th e intersectio n o f  th e environment-oriente d an d th e 

self-oriente d leve l  ther e i s th e processin g system . 

Accordin g t o th e theory ,  th e processin g syste m i s a  three -

dimensiona l  construct .  I t  involve s spee d (th e m a x i m u m 

spee d a t  whic h a  give n menta l  ac t  ca n b e efficientl y 

executed) ,  contro l  (th e m a x i m u m efficienc y a t  whic h a 

decisio n ca n b e mad e abou t  th e righ t  menta l  ac t  t o b e 

execute d accordin g t o th e moment' s requirements ,  a s 

indicated ,  fo r  instance ,  b y respons e time s t o stimul i 

involvin g conflictin g information) ,  an d storag e (th e 

m a x i m u m numbe r  o f  informatio n unit s an d menta l  act s th e 

min d ca n efficientl y activat e simultaneously) .  I n a  sense , 

th e processin g syste m ma y b e see n a s a  dynami c field  tha t 

i s alway s occupie d b y element s comin g fro m bot h o f  th e 

othe r  hierarchica l  levels ,  i n proportion s whic h var y fro m 

moment  t o moment .  Specifically ,  th e inpu t  t o thi s syste m i s 

environment-relevan t  information ,  skills ,  an d processes , 

whic h pertai n t o a n SC S o r  somethin g equivalent ,  an d 

management  an d evaluatio n processes ,  whic h pertai n t o th e 

hypercognitiv e system .  Hypercognitiv e processe s ar e 

responsibl e fo r  effectin g th e orchestratio n o f  th e SCS -

specifi c  processe s an d th e evaluatio n o f  th e outcom e of 

processin g i n relatio n t o th e goa l  of  processing .  W e woul d 

argu e her e tha t  workin g hypercognitio n i s th e managemen t 

syste m whic h i s responsibl e fo r  th e managemen t  o f  th e 

processin g syste m (Demetrio u e t  al. ,  1993) . 

Postulate 2: The Levels and Modules of the Mind 

O b ey Differen t  F o r m a l  Rule s 

However, the architecture of mind as depicted by this 

theor y suggest s tha t  n o singl e logica l  syste m ca n suffic e t o 

model  th e differen t  system s o f  understandin g th e 

environmen t  o r  th e sel f  Alternatively ,  ther e i s a  nee d fo r 

differen t  logic s t o mode l  th e peculiaritie s o f  eac h differen t 

system .  Th e first  ste p i n thi s directio n woul d b e t o sho w 

tha t  th e variou s environment-oriente d domain s of  thought , 

tha t  i s  th e SCS s sketche d above ,  canno t  al l  b e modele d b y 

th e sam e logica l  system .  Indeed ,  w e hav e recentl y 

presente d a  serie s o f  logicall y base d proof s whic h sho w 

tha t  eac h o f  th e five  SCS s involve s a  uniqu e elemen t  tha t  i s 

characteristi c o f  th e domain ,  bu t  canno t  b e analyze d b y 

logi c (tha t  is ,  th e specificatio n o f  essentia l  characteristics , 

th e inclusio n o f  a n elemen t  t o a  broade r  quantitativ e 

construct ,  causa l  necessity ,  an d th e representatio n o f 

wholenes s an d th e analogu e namr e o f  representation ,  fo r 

th e qualitative-analytic ,  th e quantitative-relational ,  th e 

causal-experimental ,  an d th e spatial-imagina l  SSS , 

respectively) .  Moreover ,  w e hav e als o show n tha t  thi s 

uniqu e essentia l  elemen t  i s readil y handle d b y intuitio n an d 

carmo t  b e reduce d t o an y o f  th e other s (Kargopoulo s & . 

Demetriou ,  i n press) . 

A furthe r  ste p i n thi s directio n i s t o sho w tha t  th e 

computationa l  network s i n eac h o f  th e variou s SCS s 

require s differen t  logica l  system s t o b e sufficientl y 

modeled .  W e ar e no w workin g i n thi s direction . 

The Character and Process of Development 

Postulate 3: The Mind Develops Along Multiple 

R o a d s 

In other words, this postulate states that the mind evolves 

(1 )  fro m bein g perceptuall y drive n an d action-boun d t o 

self-guidance ,  reflectio n an d self-awareness ,  (2 )  fro m fewe r 

and reality-reference d t o mor e an d reciprocall y reference d 

representations ,  an d (3 )  fro m globa l  an d les s integrate d t o 

differentiate d bu t  bette r  integrate d menta l  operations . 
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I t  i s  accepte d tha t  pre-languag e infant s ar e abl e t o 

recogniz e an d abstrac t  meanin g fro m comple x pattern s o f 

configuration s an d relation s i n th e environmen t 

(Butterworth ,  1997) .  However ,  pre-languag e infant s ar e 

highl y attracte d b y variation s i n thei r  perceptua l 

environmen t  an d the y ar e primaril y oriente d t o doin g rathe r 

tha n t o thinkin g an d reflection .  Moreove r  the y d o no t  see m 

awar e o f  themselve s o r  o f  thei r  representationa l  natur e unti l 

lat e i n infancy . 

Preschooler s ar e abl e t o represen t  th e worl d an d th e min d 

and the y ca n operat e o n representations .  I n fact ,  the y 

posses s a  theor y o f  min d tha t  enable s the m t o understan d 

and explai n others '  behavio r  an d eve n manipulat e an d 

deceiv e the m (Chandler ,  Fritz ,  &  Hala ,  1989) .  However , 

the y ar e frequentl y clums y i n doin g so ,  the y ar e easil y 

deceive d b y appearance s (Flavell ,  Green ,  Flavell ,  1986) , 

and the y hav e difficultie s t o understan d th e representationa l 

function s o f  symbol s (DeLoache ,  Uttal ,  &  Pierroutsakos , 

1998) .  The y ar e m u c h mor e efficien t  whe n the y hav e t o 

wor k wit h fe w (on e o r  two )  rathe r  tha n man y dimension s o r 

representation s (Case ,  1992) .  Moreove r  the y ar e mor e a t 

eas e unde r  condition s whic h ar e overl y suggestiv e o f  th e 

meanin g an d th e intende d solutions ,  rathe r  tha n unde r 

condition s whic h requir e analysi s an d reorganizatio n t o b e 

understoo d an d efficientl y deal t  with .  Thus ,  the y ca n follo w 

comple x conversation s b y decipherin g (tha t  is ,  inferring ) 

th e meanin g conveye d i n them ,  bu t  the y ar e no t  ye t  abl e t o 

reaso n systematicall y o n th e basi s o f  logica l  relation s a s 

distinc t  fro m th e contex t  i n whic h the y ar e embedde d 

Pemetriou ,  1998) . 

Durin g primar y school ,  childre n becom e increasingl y 

abl e t o manipulat e multipl e representations ,  an d the y 

become increasingl y resistan t  t o deceptio n fro m 

appearances .  Thus ,  the y acquir e considerabl e conceptua l 

stability ,  an d thei r  knowledg e o f  th e worl d an d th e min d 

becomes fairl y differentiate d an d accurat e (fo r  instanc e 

the y ca n n o w differentiat e betwee n differen t  menta l 

function s suc h a s attention ,  memory ,  an d inference) .  A s a 

resul t  o f  thes e advancements ,  schoo l  childre n begi n t o 

reaso n o n th e basi s o f  logica l  relation s a s suc h rathe r  tha n 

automaticall y applyin g inferenc e schemat a (Moshman , 

1990) .  However ,  thei r  genera l  attitud e t o problem-solvin g 

i s descriptiv e (tha t  is ,  i t  reflect s h o w thing s ar e see n t o be ) 

rathe r  tha n inquisitive ,  an d the y thin k wit h representation s 

rathe r  tha n abou t  representation s (whic h reflect s a n interes t 

i n th e underiyin g propertie s o f  thing s an d situation s an d 

thei r  dynami c relationship s a s such )  (Flavell ,  1988) . 

Fro m adolescenc e onwards ,  individual s becom e abl e t o 

vie w representation s fro m th e perspectiv e o f  othe r 

representation s (Demetriou ,  1998) .  Thi s open s th e wa y fo r 

th e constructio n o f  abstrac t  o r  syntheti c concept s tha t  ca n 

represen t  th e mos t  comple x an d dynami c aspect s o f  reality . 

Thus ,  th e adolescent' s entir e approac h t o th e w o d d i s 

graduall y differentiate d fro m tha t  o f  th e child .  Tha t  is ,  th e 

balanc e graduall y shift s fro m th e descriptio n o f  realit y t o 

supposition s abou t  i t  an d t o inquir y abou t  suppositions .  I n 

othe r  words ,  ther e i s a  shif t  i n th e focu s o f  understandin g 

fro m realit y itsel f  t o it s representation .  A s a  result , 

knowledg e o f  th e min d an d o f  th e sel f  become s 

increasingl y differentiated ,  accurate ,  an d codified ,  an d th e 

adolescen t  ca n n o w buil d comple x menta l  map s o f  th e 

min d i n whic h differen t  menta l  operation s an d processes . 

suc h a s thos e involve d i n th e variou s SCSs .  ar e cleari y 

represente d (Demetrio u e t  al. ,  1993 ,  submitte d b) .  Code s 

of  min d rais e inferentia l  processe s t o th e leve l  o f 

metareasoning ,  whic h enable s th e individua l  t o thin k i n 

referenc e t o criteri a o f  logica l  validit y an d adequac y 

(Demetriou ,  1998 ;  M o s h m a n ,  1990) .  Th e endproduc t  o f 

thi s shif t  i s a  model-construction ,  a  model-testing ,  an d eve n 

a model-modelin g strategi c approach .  Thi s graduall y 

generate s model s o f  th e worl d whic h ar e recognize d a s 

such ,  skill s  fo r  testin g th e models ,  eithe r  empirica l  o r 

conceptual ,  an d eve n skill s  fo r  formalizin g an d 

communicatin g th e model s (Demetriou ,  1998) . 

Later ,  i n th e year s o f  maturity ,  alternativ e model s o f 

realit y an d actio n m a y b e simultaneousl y envisage d an d 

accepted .  A s a  result ,  relativis m prevail s an d wisdo m start s 

t o guid e actio n (Balte s &  Smith ,  1990) . 

Postulate 4: As it Occurs at Multiple Levels, 

D e v e l o p m e n t  H a s M a n y Face s 

The view of development and mental architecture outlined 

abov e suggest s tha t  ther e ar e differen t  kind s o f 

developmenta l  change .  Thei r  natur e an d for m depen d upo n 

th e syste m involve d an d th e leve l  o f  analysi s preferre d b y 

th e researcher . 

At  a  refine d leve l  o f  analysis ,  suc h a s day -  o r  week-lon g 

intervals ,  th e min d chang e constantl y du e t o variation s i n 

th e worl d o r  simpl y du e it s o w n functioning—whic h i s 

directe d eithe r  t o th e understandin g o f  th e worl d o r  o f  itsel f 

Thus ,  a t  thi s refine d level ,  developmen t  appear s t o b e a 

permanen t  stat e o f  th e syste m (Demetriou ,  1996) . 

However ,  whe n analyze d globally ,  developmen t  appear s 

t o occu r  i n spurt s an d t o resul t  i n th e acquisitio n o f  n e w 

form s o f  understanding -  a s oppose d t o addin g skill s  o f  th e 

ol d kind .  O n e exampl e ar e th e change s associate d wit h 

representationa l  shifts ,  suc h a s th e m o v e fro m sensorimoto r 

t o representationa l  intelligenc e o r  fro m a  descriptiv e t o a 

suppositiona l  attiuid e toward s th e world .  Thes e shift s 

frequentl y see m t o demarcat e th e en d o f  on e developmenta l 

cycl e an d th e beginnin g o f  another . 

I n conclusion ,  developmen t  seem s discontinuou s fo r 

certai n processe s a t  on e particula r  leve l  o f  analysi s an d 

continuou s fo r  othe r  processe s a t  anothe r  leve l  o f  analysis . 

Thi s i s a n importan t  concept ,  becaus e bot h face s o f 

developmen t  ar e equall y valid . 
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Postulat e 5 :  Deve lopmen t  a t  Differen t  Level s o r  i n 

Differen t  System s o f  M i n d Require s Differen t 

Developmenta l  M e c h a n i s m s 

The theory claims that different types of change take place 

throug h differen t  mechanisms .  Specifically ,  change s i n th e 

processin g syste m ar e concerne d wit h th e flo w an d 

representatio n o f  informatio n i n th e mind .  W h e n thes e 

change s occur ,  processin g become s faste r  an d bette r  abl e t o 

focu s o n goal-relevan t  informatio n an d operat e o n large r 

block s o f  information .  Therefore ,  i f  change s i n th e 

processin g syste m ar e t o b e transforme d int o functiona l 

capabilities ,  mechanism s suc h a s informatio n search , 

selectiv e attention ,  an d storin g an d retrieva l  processes , 

whic h ar e concerne d wit h informatio n processin g pe r  se , 

ar e required . 

Change s i n th e SCS s concer n th e refinemen t  o f  existin g 

operations ,  skill s  an d concept s s o tha t  the y becom e bette r 

tune d t o th e domai n concerned ,  o r  ca n b e integrate d int o 

large r  block s t o dea l  wit h mor e comple x aspect s o f  th e 

environment .  Thes e change s ma y b e confine d eithe r  withi n 

th e sam e S C S o r  the y ma y involv e mor e tha n on e SCS . 

The theor y assume s tha t  differen t  mechanism s ar e require d 

t o produc e change s withi n th e sam e S C S fro m thos e 

require d t o produc e change s i n th e relation s betwee n tw o o r 

mor e SCSs .  Fo r  instance ,  th e integratio n o f  tw o unit s fro m 

withi n th e sam e S C S (suc h a s th e integratio n o f  hypothesi s 

formatio n wit h experimentatio n int o a  mode l  constructio n 

abilit y  tha t  enable s on e t o systematicall y buil d theorie s 

abou t  th e world )  i s guide d b y element s c o m m o n t o bot h 

units ,  suc h a s a  genera l  conceptio n o f  causality .  Th e 

integratio n o f  tw o unit s comin g fro m tw o SCS s (suc h a s 

integratin g quantitativ e reasonin g an d spatia l  reasonin g int o 

a grap h readin g ability )  doe s no t  hav e thes e guidelines . 

Thu s thei r  integratio n mus t  b e constructe d a d ho c i n 

relatio n t o th e need s o f  th e particula r  task .  Therefore ,  i n 

eac h o f  thes e occasion s o f  chang e differen t  mechanism s ar e 

required .  Th e term s interweavin g an d bridging , 

respectively ,  wer e use d t o refe r  t o thes e tw o differen t 

mechanism s o f  S C S chang e (Demetriou ,  1998) . 

Change s i n th e hypercognitiv e syste m ar e concerne d wit h 

self-monitoring ,  self-mapping ,  self-awareness ,  an d self -

regulation .  I n othe r  words ,  thes e change s ar e concerne d 

wit h th e runnin g o f  th e min d pe r  s e rathe r  tha n wit h th e 

contex t  an d conten t  i n whic h th e runnin g take s place .  W h e n 

the y occur ,  change s i n th e hypercognitiv e syste m ma y hav e 

far-reachin g effect s i n th e functionin g o f  al l  othe r  system s 

becaus e the y ma y alte r  th e term s o f  cognitiv e functionin g 

i n general .  Thi s i s particularl y clea r  i n th e cas e o f 

metarepresentation ,  whic h i s th e primar y mechanis m o f 

chang e i n th e hypercognitiv e system .  Tha t  is , 

metarepresentatio n i s considere d a s a  proces s whic h look s 

for ,  codifies ,  an d typifie s similaritie s betwee n menta l 

experience s (pas t  o r  present )  t o enhanc e understandin g an d 

problem-solvin g efficiency .  I n a  sense ,  metarepresentatio n 

i s analogica l  reasonin g applie d t o menta l  experience s o r 

operations ,  rathe r  tha n t o representation s o f  environmenta l 

stimuli .  Fo r  example ,  whe n a  chil d realize s tha t  th e 

sequencin g o f  th e ; /  .. .  the n connective s i n languag e i s 

associate d wit h situation s i n whic h th e even t  o r  thin g 

precede d b y / /  alway s come s first  an d tha t  i t  produce s th e 

even t  o r  thin g introduce d b y then ,  thi s chil d formulate s a n 

inferenc e schem a tha t  lead s t o prediction s an d 

interpretation s specifi c  t o thi s schema .  W h e n abstracte d 

ove r  man y differen t  occasions ,  an d someho w symbolize d 

i n th e min d i t  become s a  fram e whic h guide s reasonin g b y 

implicatio n (Demetriou ,  1996 ,  1998) . 

Postulate 6: Intra- and Inter-Individual 

Variabilit y  i s  th e Rul e i n Deve lopmen t 

Postulate 3 suggests that there are changes which affect all 

system s an d level s o f  min d a t  mor e o r  les s th e sam e age . 

However ,  th e variabilit y  i n th e level s an d system s o f  min d 

and i n th e form s an d mechanism s o f  thei r  developmen t  a s 

suggeste d b y th e othe r  postulate s provide s fo r  variation s i n 

th e developmen t  o f  th e variou s system s involve d i n th e 

differen t  level s o f  min d bot h withi n an d acros s individuals . 

For  instance ,  al l  SCS s d o no t  develo p a t  th e sam e rat e i n a n 

individua l  no r  i s th e sam e mechanis m o f  chang e applie d i n 

th e sam e wa y acros s differen t  SCSs .  Thes e difference s ar e 

due t o man y reasons .  On e reaso n i s relate d t o th e fac t  tha t 

th e dynamic s o f  organizatio n diffe r  amon g SCSs ,  du e t o 

factor s suc h a s th e statu s o f  kerne l  element s an d th e interna l 

and uniqu e constraint s tha t  defin e processin g withi n eac h 

SCS.  Moreover ,  subjectiv e factor s suc h a s familiarit y an d 

individua l  preference s o r  tendencie s wil l  affec t  ho w a 

proble m i s represente d an d tackle d (Demetrio u e t  al. ,  1993 ; 

submitte d b) . 

Postulate 7: Learning Varies Across Hierarchical 

Level s o r  System s 

The assumptions about a hierarchical and multisystem 

min d whic h involve s structure s tha t  dea l  wit h differen t 

type s o f  problem s i n th e environmen t  bea r  importan t 

implication s fo r  learning .  Specifically ,  thes e assumption s 

sugges t  tha t  eac h o f  th e variou s hierarchica l  level s an d 

system s o f  min d ma y lear n i n way s whic h wil l  mak e the m 

as efficien t  a s possibl e i n dealin g wit h thei r  o w n type s o f 

problems .  Thus ,  ther e ma y b e differen t  type s o f  learning , 

eac h dependen t  o n th e leve l  o r  syste m o f  min d involved . 

Topographicall y speaking ,  learnin g m a y b e eithe r  domain -

specifi c  o r  domain-free .  Domain-specifi c  o r  modula r 

learnin g spring s fro m particula r  domain s i n th e 

environmen t  an d i t  affect s th e fiinctionin g o f  th e 

correspondin g domain-specifi c  modules .  Thi s typ e o f 

learnin g doe s no t  generalize . 
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Domain-genera l  learning ,  o r  hyperleaming ,  refer s t o 

change s i n th e knowledg e structures ,  processes ,  an d skill s 

whic h ar e concerne d wit h knowin g an d handlin g th e 

functionin g o f  th e min d itsel f  Thi s kin d o f  learnin g alway s 

involve s th e hypercognitiv e syste m i n som e way .  Logica l 

reasonin g i s on e o f  th e mos t  imponan t  product s o f 

hyperleaming .  B y definition ,  therefore ,  hyperleamin g i s 

transferrabl e ove r  differen t  domain s and ,  whe n i t  occurs , 

has immediat e o r  delaye d implication s fo r  th e fiinctionin g 

of  th e othe r  system s (Demetrio u &  Valanides ,  i n press) . 

Conclusion: Constrained Constructivism? 

Postulate 8: Learning and Development are 

Constructiv e bu t  Constructiv e Possibilitie s i n A n y 

Syste m o r  Leve l  i n th e M i n d ar e Constraine d b y 

th e Conditio n o f  O the r  System s o r  Level s 

The theor y presente d her e i s relate d t o a  numbe r  o f  othe r 

theorie s o f  intelligenc e an d cognitiv e development ,  suc h a s 

th e s o calle d neo-Piagetia n theorie s o f  Cas e an d Pascual -

Leon e o r  Gardner' s theor y o f  multipl e intelligences .  Thes e 

relation s ar e discusse d i n a  numbe r  o f  place s (e.g . 

Demetriou ,  1996 ,  1998 ;  Demetrio u e t  al ,  1993 ,  submitte d 

b) .  Moreover ,  i t  i s t o b e note d tha t  researc h i n suc h divers e 

field s a s evolutionar y psycholog y (Cosmide s &  Tooby , 

1994 ;  Donald ,  1991) ,  neuroscienc e (Thatcher ,  1994) ,  an d 

th e psycholog y o f  individua l  difference s (Gustafsson , 

1994 )  strongl y suggest s tha t  th e pictur e o f  min d depicte d 

abov e i s generall y accurate .  Tha t  is ,  evolutionar y theorist s 

argu e tha t  evolutio n ha s sculpte d specia l  purpos e circuit s 

whic h hav e graduall y com e unde r  th e contro l  o f  highe r 

orde r  self-mappin g skills .  Thi s evolutionar y sculptur e ca n 

be see n directl y i n th e architectur e o f  th e brain ,  whic h 

involve s set s o f  superimpose d structures ,  som e o f  whic h 

ar e impressivel y specialize d vis-a-vi s th e environmen t 

(suc h a s th e visua l  o r  th e verba l  cortex )  an d other s (suc h a s 

th e fronta l  lobe) ,  whic h functio n a s genera l  purpos e 

system s fo r  plannin g an d control .  Moreover ,  th e conceptio n 

of  developmen t  a s bein g bot h continuou s an d 

discontinuou s i s consisten t  wit h m o d e m dynami c system s 

conception s o f  developmen t  whic h sugges t  tha t  som e 

aspect s o f  min d chang e smoothl y wherea s other s chang e 

abruptl y an d the y lea d t o majo r  reorganization s i n 

understandin g (va n Geert ,  1994) .  Finally ,  i t  i s  recognize d 

by man y tha t  n o singl e mechanis m o f  chang e woul d suffic e 

t o explai n th e developmen t  o f  al l  system s o f  min d an d als o 

tha t  differen t  system s m a y involv e differen t  type s o f 

learnin g (Siegler ,  1996) . 

What  the n i s th e mai n messag e o f  thi s article ? I  wan t  t o 

focu s attentio n o n th e implication s tha t  thi s mode l  ha s fo r 

our  conceptio n o f  th e natur e o f  developmen t  an d leaming . 

A whol e mytholog y surround s thes e tw o basi c dimension s 

of  th e formatio n o f  th e min d tha t  w e unquestionabl y tak e 

fo r  granted-Iegacie s o f  Piage t  an d Vygotsky .  Accordin g t o 

th e myth ,  thes e processe s ar e constructive ;  ou r  postulate s 

abov e strongl y sugges t  tha t  th e myt h i s onl y partiall y  true . 

We hav e postulate d tha t  th e min d involve s multipl e level s 

and system s whic h ar e bot h distinc t  an d synergisticall y 

fiinctionin g s o tha t  developmen t  an d leamin g i n an y on e o f 

the m i s constraine d b y th e conditio n o f  th e others .  Thus , 

whil e developmen t  an d leamin g i n an y syste m ma y b e 

constructiv e t o a  certai n extend ,  wha t  ca n b e constructe d 

and ho w thi s i s don e ar e constraine d b y th e conditio n o f 

many othe r  systems .  Thus ,  i t  i s  tim e t o abando n th e 

Piagetia n an d Vygotskia n myt h o f  wil d constmctivis m an d 

conside r  seriousl y a  mode l  o f  constraine d constructivism . 

I n fact ,  i f  w e ar e t o understan d h o w th e min d i s forme d 

durin g developmen t  an d leamin g w e mus t  pinpoin t  h o w 

developmen t  an d leamin g i n eac h o f  th e syste m constrain s 

and i s constraine d b y developmen t  an d leamin g i n ever y 

othe r  syste m wit h whic h i t  synergisticall y interact s an d find 

out  ho w w e ca n remov e o r  ameliorat e thes e constraints , 

when necessary ,  an d buil d ont o them ,  whe n possible . 
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Abstrac t 

The Process Dissociation Procedure as applied to episodic 
recognitio n require s subject s t o stud y tw o list s an d the n 
determin e whic h o f  th e word s i n a  tes t  lis t  appeare d i n th e 
secon d lis t  (Exclusio n condition )  o r  o n eithe r  lis t  (Inclusio n 
condition) .  W e demonstrat e tha t  th e dua l  processin g accoun t 
of  episodi c recognitio n (Jacob y 1991 )  doe s no t  accoun t  fo r 
th e effect s o f  manipulatin g th e amoun t  o f  tim e betwee n th e 
stud y lists .  I n contrast ,  th e Bin d Cu e Decid e Mode l  o f 
Episodi c Memor y ( B C D M E M)  i s fit  t o th e lis t  separatio n 
data . 

Introduction 

Episodi c recognitio n refer s t o th e tas k o f  identifyin g a 
stimulu s a s havin g occurre d withi n a  particula r  episod e o r 
context .  I n a  typica l  recognitio n experiment ,  subject s 

proces s a  stud y lis t  o f  item s an d ar e the n presente d wit h a 
tes t  lis t  containin g som e ol d item s fi-om  th e stud y lis t  an d 

some ne w item s whic h di d no t  appea r  i n th e stud y list .  Th e 
subject' s tas k i s t o determin e whic h o f  th e tes t  item s 
appeare d i n th e stud y list .  Thi s basi c desig n ca n b e 

elaborate d i n a  numbe r  o f  way s b y addin g additiona l  stud y 
list s an d requirin g subject s t o recogniz e item s fro m 
individua l  list s o r  fro m al l  o f  th e lists . 

I n thi s paper ,  w e contras t  tw o model s o f  episodi c 
memory:  th e dua l  processin g mode l  (Jacob y 1991 , 
Yonelina s 1994 )  an d th e Bin d Cu e Decid e Mode l  o f 
Episodi c M e m o r y ( B C D M E M,  Denni s &  Humphrey s i n 
press ,  Denni s &  Humphrey s submitted) .  Firstly ,  w e outlin e 
th e dual-processin g mode l  an d describ e th e proces s 
dissociatio n procedure .  The n w e outlin e B C D M E M. 
Finally ,  w e demonstrat e tha t  dat a o n th e effec t  o f 

manipulatin g stud y lis t  separatio n i n th e P D P ar e 
problemati c fo r  th e dual-processin g model ,  bu t  ar e wel l 
capture d b y B C D M E M. 

The Dual Processing Model and the Process 

Dissociat io n P r o c e d u r e 

The Dua l  Processin g mode l  o f  episodi c recognitio n hinge s 
on th e distinctio n betwee n automati c an d controlle d 
processe s (sometime s denote d consciou s an d unconsciou s 
processes ,  intentiona l  an d unintentiona l  processe s o r  awar e 

and unawar e processes) .  Automati c processe s produc e a 

feelin g o f  familiarit y which ,  i n th e contex t  o f  episodi c 

recognition ,  tend s t o evok e a n ol d respons e independen t  o f 
subjec t  control .  Thi s familiarit y i s  no t  specifi c t o a n 
individua l  lis t  contex t  an d i s  though t  t o b e th e sam e 
informatio n o n whic h subject s bas e decision s i n implici t 

task s suc h a s lexica l  decisio n an d perceptua l  identification . 

I n contrast ,  controlle d processe s ar e base d o n recollectio n 
retrievin g som e aspec t  o f  th e stud y opportunit y tha t  ca n b e 
use d t o infe r  tha t  th e ite m appeare d i n th e lis t  (i.e .  " I 

rememberin g solvin g a n anagra m fo r  thi s ite m s o thi s ite m 

must  hav e bee n i n th e stud y list") .  Thi s sourc e o f 
informatio n i s  subjec t  t o contro l  b y th e participan t  an d i s 
though t  t o b e vulnerabl e t o disruptio n a t  bot h storag e an d 

retrieval . 
T o separat e th e influence s o f  familiarit y an d recollectio n 

i n episodi c recognition ,  Jacob y (1991 )  ha s use d a  numbe r  o f 
procedures .  I n thi s paper ,  w e focu s o n th e Proces s 
Dissociatio n Procedur e (PDP) ,  whic h wa s introduce d i n th e 
thir d experiment .  I n a  typica l  applicatio n o f  th e P D P ,  a 

subjec t  studie s tw o list s an d i s  aske d t o m a k e on e o f  tw o 
recognitio n decision s a t  test .  I n th e inclusio n condition ,  the y 
ar e require d t o respon d "old "  i f  th e ite m wa s i n eithe r  o f  th e 
tw o lists .  I n th e exclusio n condition ,  the y ar e require d t o 

respon d "old "  onl y i f  th e ite m appea r  i n th e targe t  lis t  (eithe r 
lis t  1  o r  lis t  2) .  I n Jacoby' s thir d experiment ,  lis t  on e 
containe d rea d an d anagra m word s an d lis t  tw o containe d 
hear d words .  Subject s wer e aske d eithe r  t o recogniz e word s 
fro m bot h list s (inclusion )  o r  fro m lis t  tw o onl y (exclusion) . 

T o estimat e th e independen t  contribution s o f  familiarit y 

and recollection ,  Jacob y assume s tha t  i n th e inclusio n 
conditio n th e subjec t  wil l  respon d ol d i f  th e ite m i s familia r 
or  i f  th e ite m i s unfamilia r  bu t  i s  recollected : 

P (Inclusion) = F + (1-F)R 

In the exclusion condition, when the subject should be 
respondin g new ,  i t  i s  assume d tha t  the y wil l  mistakenl y 

respon d ol d i f  th e ite m i s familia r  bu t  the y fai l  t o recollec t 
whic h lis t  i t  occurre d in : 

P (Exclusion) = F(1-R) 
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Thes e equation s ca n b e solve d fo r  R  an d F  giving : 

R = P (Inclusion) - P (Exclusion) 

F = P (Exclusion) / (1 P (Inclusion) + P (Exclusion)) 

The estimates of familiarity generated using the equations 

outline d abov e hav e bee n show n no t  t o var y i n a  numbe r  o f 

manipulation s tha t  hav e a n effec t  o n recollectio n estimate s 

(Jacob y 1991 ,  Yonelina s 1994 )  suggestin g tha t  th e 

procedur e wa s providin g estimate s o f  independen t 

familiarit y an d recollectio n processes . 

Th e dual-processin g framewor k ha s generate d a  numbe r 

of  innportan t  insights .  FirsUy ,  i t  suggest s tha t  episodi c 
recognitio n involve s mor e tha n on e proces s an d tha t  th e 

applicatio n o f  thes e processe s ca n var y dependin g o n th e 

conditions ,  i n particular ,  whethe r  attentio n i s divided . 

Secondly ,  th e dual-processin g framewor k ha s focuse d 

attentio n o n multi-lis t  paradigms .  Becaus e previou s 

approache s t o episodi c memor y wer e primaril y sensitiv e t o 

manipulation s o f  th e othe r  item s i n th e targe t  list ,  effort s t o 

tes t  thes e model s hav e focuse d o n singl e lis t  paradigms . 

However ,  i t  i s  onl y possibl e t o b e certai n yo u ar e dealin g 
wit h th e episodi c memor y syste m whe n multi-lis t  paradigm s 

ar e employe d an d s o th e proces s dissociatio n procedur e ca n 
provid e usefu l  dat a fo r  testin g h o w model s approac h th e us e 
of  contextua l  information . 

I n th e nex t  section ,  w e outlin e th e Bin d Cu e Decid e 

Model  o f  Episodi c Memory . 

The Bind Cue Decide Model of Episodic 

M e m o ry 
As th e nam e suggest s ther e ar e thre e critica l  component s t o 
B C D M EM -  th e bindin g mechanism ,  th e cue s employe d an d 

th e decisio n rule .  Th e bindin g mechanis m specifie s h o w 

element s o f  a n episod e includin g items ,  context s an d othe r 
informatio n ar e associate d i n episodi c memory .  Th e cue s ar e 

th e element s tha t  ar e use d t o initiat e retrieval .  No t  al l  o f  th e 

informatio n availabl e t o a  subjec t  nee d b e use d a s a  cue ,  s o 
par t  o f  th e theor y involve s specifyin g whic h component s ar e 

use d a s cue s i n a  give n experimenta l  paradigm .  Finally ,  th e 

decisio n rul e take s th e result s o f  retrieva l  an d output s th e 

require d informatio n i n th e for m o f  a n ite m i n recal l 
paradigm s o r  a  yes/n o decisio n i n recognitio n paradigms .  A 

complet e theor y o f  episodi c memor y mus t  addres s thes e 

component s an d i n th e followin g sections ,  th e eac h wil l  b e 
considere d i n turn . 

The Binding Mechanism 

Figur e 3  depict s th e B C D M EM architecture ,  whic h consist s 
of  thre e layer s o f  units .  Item s an d context s (e.g. ,  "th e lis t  o f 
word s 1  sa w today "  o r  "th e lis t  i n whic h I  wa s formin g 

anagrams" )  ar e represente d a s spars e binar y distribute d 

vectors . 

Th e component s presen t  a t  a  give n moment  ar e adde d t o 
for m a n inpu t  vecto r  ( a composit e encoding) .  Fo r  instance , 

i f  a  subjec t  wer e studyin g th e pai r  "penci l  grass "  i n th e list l 

contex t  (i.e .  th e stud y list )  th e inpu t  vecto r  woul d b e 

P E N C I L + G R A S S + L I S Tl  wher e P E N C I L an d G R A S S ar e 

spars e vector s representin g th e item s an d LIST l  i s a  spars e 

vecto r  representin g th e contex t  (se e Figur e 1) . 

Lil t  1  *  Penci l  t  Orti t 
EntorhlnilCoit u 

Ult l  &Pcn ( tc?cnd l 
CAl 

CA3/EntortilnalC«t a 
Lis t  1  * •  Penci l  f  Orai i 

Figur e 1 :  Th e B C D M EM architecture .  Th e laye r  name s 

ar e intende d t o giv e a n indicatio n o f  th e hippocampa l 

structure s tha t  migh t  b e involved . 

Bindings are formed in the middle layer (the binding or 

C Al  layer) ,  whic h i s assume d t o b e a  se t  o f  pool s o f 
competitiv e units .  Eac h poo l  wil l  contai n a  uni t  representin g 

eithe r  a  singl e ite m o r  a  combinatio n o f  th e inpu t  item s ( a 
conjunctiv e encodin g -  se e Figur e 1 )  tha t  wil l  b e reactivate d 

i f  an y o f  thos e component s ar e presente d a t  a  late r  time .  I t  i s 
assume d tha t  a  nod e wil l  onl y b e reactivate d i f  th e curren t 

inpu t  patter n i s ver y simila r  t o th e inpu t  patter n t o whic h i t 
responds .  So ,  fo r  instance ,  th e plura l  for m o f  a  wor d ma y 

reactivat e th e sam e nod e a s it s singula r  form ,  bu t 

semanticall y simila r  item s woul d reactivat e differen t  units . 
I n th e "penci l  grass "  example ,  binding s woul d b e forme d 

representin g L IST !  &  P E N C I L &  G R A S S,  LIST l  & 
P E N C I L ,  LIST l  &  G R A S S,  P E N C I L &  G R A S S,  LISTl , 

P E N C IL an d G R A S S.  Th e relativ e proportion s o f  thes e 

binding s wil l  depen d o n factor s suc h a s th e sparsit y o f 
connectivit y betwee n CA3/Entorhina l  corte x an d C A l  a s 

wel l  a s th e sparsit y o f  th e ite m an d contex t  representations . 
Finally ,  th e syste m i s assume d auto-associative ,  s o tha t 

th e inpu t  laye r  i s als o th e outpu t  layer .  Associativ e weight s 

connec t  th e bindin g laye r  t o th e outpu t  laye r  formin g th e 

memory o f  th e system .  Fo r  modelin g purpose s thes e 
weight s ar e considere d t o b e binar y (eithe r  the y for m o r  not ) 

and wil l  b e presen t  wit h a  probabilit y  tha t  depend s o n th e 

amount  o f  tim e an d attentio n employed . 
I n constructin g th e bindin g mechanis m w e hav e attempte d 

t o produc e th e simples t  architectur e tha t  capture s thre e ke y 

behavioura l  constraints .  Th e conjunctiv e pool s allo w th e 
syste m t o bin d three-wa y information .  Th e binding s ar e 

symmetri c s o tha t  learnin g th e pai r  A B wil l  allo w A  t o b e 
use d t o retriev e B  an d B  t o b e use d t o retriev e A  t o 

approximatel y th e sam e extent .  And ,  th e binding s ar e 
forme d rapidl y rathe r  tha n a s th e resul t  o f  a  larg e numbe r  o f 

repetitions .  I t  woul d b e possibl e t o produc e a  mor e 
complicate d mode l  tha t  describe d th e sparsit y o f  th e 

connection s an d provide d a  mor e realisti c accoun t  o f 
learning .  Suc h a  mode l  wil l  b e necessar y t o captur e th e 

affec t  o n bindin g formatio n o f  trainin g (c.f .  Chalmer s & 
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Humphrey s i n press) .  However ,  a t  thi s stage ,  ther e i s 

insufficien t  dat a t o constrai n th e neura l  mechanis m an d s o 

we hav e chose n a  simpl e optio n tha t  embodie s th e existin g 

behavioura l  constraints . 

The Cues 

The cue s presente d t o th e memor y syste m a t  tes t  pla y a n 

importan t  rol e i n determinin g th e source s fro m whic h 

interferenc e wil l  arise .  I n B C D M E M,  i t  i s  assume d tha t 

recognitio n paradigm s primaril y involv e cuein g wit h a n 

ite m o r  item s (Anderso n &  Bowe r  1972 ,  Denni s & 
Humphreys ,  i n press) ,  whil e recal l  paradigm s primaril y 

involv e cuein g wit h a  context .  I n recognition ,  interferenc e i s 

generate d mainl y fro m th e othe r  context s i n whic h th e ite m 

has bee n seen .  I n recall ,  interferenc e i s  generate d mainl y 

fro m th e othe r  item s fro m th e sam e contex t  (i.e. ,  i n th e sam e 

list) .  O f  course ,  circumstance s ma y predispos e a  subjec t  t o 
use a  differen t  cuein g strateg y (fo r  instance ,  i n som e 

associativ e recognitio n experiment s subject s ma y emplo y 
recall ,  Clark e &  Gronlun d 1996) .  Makin g thi s genera l 

distinction ,  however ,  provide s insigh t  int o a  numbe r  o f 
dissociation s betwee n recal l  an d recognitio n includin g wor d 

frequenc y effect s an d th e nul l  list-strengt h effec t  (Denni s & 
Humphrey s i n press ,  Denni s &  Humphrey s submitted) . 

Cuein g wit h th e ite m fo r  context s i n recognitio n i s a 

majo r  departur e fro m previou s approaches ,  wher e i t  i s 

uniforml y assume d tha t  th e primar y sourc e o f  interferenc e i s 
th e othe r  lis t  items .  However ,  w e believ e tha t  cuein g wit h 
th e ite m i s  mor e consisten t  wit h th e intuition s behin d th e 

dual  processin g approach .  Recollectio n involve s th e 
retrieva l  o f  contextua l  element s associate d wit h th e item ,  a s 
i f  th e ite m wer e bein g use d a s a  cue .  Furthermore , 

familiarit y i s a  propert y o f  a n item ,  a s i f  retrieva l  i s  startin g 
wit h th e item .  S o fo r  bot h familiarit y an d recollection ,  th e 
assumptio n i s tha t  subject s focu s first  o n th e item ,  a s i s th e 
cas e i n B C D M E M. 

Figur e 2  outline s th e component s o f  th e architectur e o f 

B C D M EM relevan t  t o recognition .  A t  study ,  a n ite m i s 

represente d a s a  singl e nod e (i.e .  a  loca l  code )  i n th e bindin g 

layer .  Eac h nod e a t  th e bindin g laye r  i s  connecte d vi a 

associativ e weight s t o th e m e m o r y laye r  whic h contain s a 

distribute d representatio n o f  th e contex t  (wit h sparsit y s  an d 

lengt h 1 )  i n whic h th e ite m i s bein g studied .  Thes e weight s 

ar e originall y zero ,  bu t  ar e se t  t o on e wit h probabilit y r 
(amoun t  o f  learning )  i f  th e correspondin g componen t  o f  th e 

contex t  vecto r  i s one .  Th e ite m m a y als o hav e appeare d i n 

non-stud y context s s o tha t  ther e wil l  als o b e weight s tha t 

hav e bee n learne d durin g thes e episodes .  T h e probabilit y 

tha t  a  weigh t  i s on e a s a  resul t  o f  previou s learnin g i s calle d 
memory nois e (p) . 

I n a  singl e ite m recognitio n test ,  th e ite m nod e i s 

reactivate d whic h i n tur n reinstate s a t  th e m e m o r y laye r  a 

binar y additio n (th e bit-wis e O R operation )  o f  th e context s 
i n whic h thi s ite m ha s bee n see n weighte d b y th e amoun t  o f 

learnin g i n thos e context s (se e Figur e 2) .  I n addition ,  th e 

contex t  vecto r  tha t  wa s presen t  a t  stud y i s reconstructed .  Fo r 
a targe t  item ,  th e binar y additio n wil l  contai n th e stud y 

contex t  wherea s fo r  a  distracte r  i t  wil l  not .  Ther e may , 
however ,  b e component s o f  th e stud y contex t  tha t  ar e 
activate d eve n whe n a  distracte r  i s  presente d a s a 
consequenc e o f  th e overla p betwee n th e stud y contex t  an d 
th e context s i n whic h th e distracte r  ha s bee n seen .  Likewise , 
th e targe t  patter n m a y b e missin g component s o f  th e stud y 

contex t  becaus e the y wer e no t  learned . 

Targe t 

(• : 

EntorhinalCone x 

CAl 

J c-C l 

J m-Cl + C2 + C3 + C4 

T h e Decisio n R u l e 
The final  essentia l  componen t  o f  th e memor y mechanis m i s 
th e decisio n rule ,  whic h select s th e respons e o f  th e mode l 
(Humphreys ,  Wile s &  Denni s 1994) .  I n recal l  paradigms , 
th e decisio n rul e select s a n ite m fo r  output .  I n yes/n o 
recognitio n paradigms ,  th e decisio n rul e select s a n ol d o r 
ne w response .  I n B C D M E M,  w e assum e tha t  th e neura l 
mechanism s underpinnin g thes e decision s wil l  approximat e 
th e optima l  decisio n rul e i n a  Bayesia n sens e (c.f .  Anderso n 
& Milso n 1989 ,  Glanze r  &  A d a m s 1990 ,  Shiffri n & 
Steyver s 1997 ,  McClellan d &  Chappel l  i n press) .  I n 

recognition ,  th e decisio n ca n b e characterize d a s th e odd s 
ratio : 

piol d I  data ) 

p{new\data ) 

where  the data is the evidence retrieved from the memory 
system . 

Distracto r 

Entorhina l  Corte x 

CAl 

(* : •  • 

Distracto r 

3 c-C l 

J m - CZ + 05 t ce 4- 09 

Figur e 2 :  T h e B C D M E M architectur e fo r  recognition . 

The decision rule must discriminate outputs that contain 
th e targe t  patter n fro m thos e tha t  d o not .  I t  i s  i n m a k i n g th e 
discriminatio n tha t  th e majorit y o f  th e nois e i s  adde d t o th e 

system .  Followin g wo r k b y Glanze r  &  A d a m s (1990) , 

Shiffri n an d Steyver s (1997 )  an d McClel lan d an d Chappel l 
(i n press )  o n th e natur e o f  retrieva l  i n recognition ,  w e hav e 
specifie d th e discriminatio n proble m a s a  Bayesia n 
procedur e an d hav e derive d th e expression s fo r  th e 
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likelihoo d o f  a  ye s o r  n o respons e give n th e histor y o f  th e 

item . 

T h e o d d s ratio ,  P  (oldldata)/ P (newldata) ,  ca n b e rewritte n 

as follows : 

p{old\data )  _  pjold )  pidatalold ) 

p{ne w I  data )  p{new )  p{dat a I  new ) 

The data referred to in the likelihood expression are the 

vecto r  retrieve d fro m m e m o r y (m )  an d th e reinstate d contex t 

vecto r  (c) .  T h e probabilitie s depen d o n h o w wel l  thes e 

vector s match .  T h e ite m wil l  b e considere d ol d i f  th e 

probabilit y  tha t  i t  i s  ol d give n th e dat a i s  greate r  tha n th e 

probabilit y  tha t  i t  i s n e w give n th e dat a (i.e .  i f  th e odd s rati o 

exceed s one) . 

I n m a n y experiment s subject s se e equa l  number s o f 

target s an d distracters ,  s o tha t  i t  coul d b e assume d tha t  i n th e 
absenc e o f  specifi c  manipulation s o f  criterion ,  P  (old )  =  P 

(new )  =  0.5 ,  an d th e prio r  probabilitie s cancel .  I n thi s case , 

th e odd s rati o i s  equa l  t o th e likelihoo d rati o (i.e .  P 

(datalold)/ P (datalnew)) . 
Sinc e bot h th e contex t  vecto r  an d th e m e m o r y vecto r  ar e 

binar y ther e ar e fou r  type s o f  matc h (i.e .  Ci= l  &  mi=l ,  Ci= l 

& mi=0 ,  Ci= 0 &  mi=l ,  Ci= 0 &  m,=0) .  Th e probabilit y o f  a 
give n sor t  o f  matc h i s  independen t  o f  th e componen t  i n 

whic h tha t  matc h occurs ,  s o th e dat a ca n b e summarize d b y 
n̂ k .  th e numbe r  o f  component s i n whic h C |  =  j  &  m ;  =  k . 

Now, 
P (datalold )  =  Oj  P(C i  &  m; I  old ) 

=P(c ,  =  1  &  mi = 1  I  old)"' '  P(Ci= 0 &  mi= 0 I  old ) 

P(c,= 0 &  mi= l  I  old )  •* '  P(c, = l  &  m,= 0 I  old ) 

=I P (cf I  I  old )  P  ( m p l  I  Ci= l  &  old) ]  " 
[ P (Ci= 0 I  old )  P  ( m p O I  c f O &  old) ] 

[ P (c,= 0 I  old )  P  (m, = l  I  c,= 0 &  old) ] 

[ P (Ci= l  I  old )  P  (mi= 0 I  c f I  «f e old) ] 

.  nOO 
nlO 

ni l 
nOO 

nOI 
nI O 

Similarl y fo r  P  (dat a I  n e w ) . 

W e ca n n o w restat e th e likelihoo d rati o i n term s o f  th e 

parameter s o f  th e m o d e l  tha t  hav e bee n introduced .  I n 
summary the y are : 

Sparsit y  (s) :  th e probabilit y a  componen t  c f  a  contex t  vecto r 
i s a  one . 
Learnin g (r) :  th e probabilit y  tha t  th e lin k betwee n a n ite m 

nod e an d a  contex t  componen t  o f  on e i s  learne d durin g 

study . 

M e m o ry Nois e (p) :  th e probabilit y  tha t  a  componen t  o f  th e 
m e m o ry vecto r  i s a  on e becaus e o f  othe r  context s i n whic h 

thi s ite m ha s bee n seen .  M e m o r y nois e incorporate s bot h th e 

number  o f  othe r  context s i n whic h th e ite m ha s bee n see n 

and th e amoun t  o f  learnin g i n thos e contexts .  However , 

addin g additiona l  context s i s  likel y t o affec t  th e memor y 

nois e mor e tha n repeatin g a n ite m withi n th e sam e contex t 
(becaus e th e contex t  representation s ar e spars e an d chose n 

independently) .  Therefore ,  th e numbe r  o f  differen t  context s 

i n whic h a n ite m appear s shoul d b e a  sensitiv e measur e o f 

m e m o ry noise .  However ,  sinc e th e correlatio n betwee n th e 

number  o f  context s a n ite m ha s appeare d i n an d it s wor d 

frequenc y i s ver y hig h (Denni s 1996) ,  w e wil l  assum e wor d 

frequenc y reflect s m e m o r y nois e unde r  mos t  conditions . 

Vecto r  Dimensionalit y  (1) :  th e lengt h o f  th e contex t  an d 

m e m o ry vectors .  Not e I  =  no o +  no i  +  ni o +  nn . 

Substituting into the previous equations, we get: 

P (datalold) = [s(r+p-rp)]"" [(1-s) (l-p)]"°° 

[s(l-r)(l-p)|"'°[(I-s)p]"° ' 

P (datalnew) = [s p]"" [(I -s)( 1 -p)] "^ 

[s(l-p)]"'°l(l-s)p]"° ' 

So, 

P(datalold)/P(datalnew )  =  [(r+p-rp)/p]" "  [l-r]"' " 

Note that the 01 and 00 matches have no impact on the 

likelihoo d ratio .  The y affec t  th e P(datalold )  i n th e sam e wa y 

as the y affec t  th e P(datalnew) . 

As mentione d previously ,  whe n ther e i s n o specifi c 

manipulatio n o f  criterio n i t  i s  assume d tha t  a n ite m wil l  b e 

calle d ol d i f  th e probabilit y  tha t  i t  i s ol d give n th e dat a i s 

greate r  tha n th e probabilit y  tha t  i t  i s  n e w give n th e data , 

whic h i s tru e whe n th e likelihoo d rati o i s greate r  tha n one . 

I n general ,  then ,  a s th e mea n likelihoo d rati o approache s 
one ,  fro m abov e i n th e cas e o f  target s an d fro m belo w i n th e 
cas e o f  distracters ,  w e expec t  performanc e t o degrade .  W e 

ca n begi n t o understan d h o w th e abov e likelihoo d functio n 
simulate s performanc e b y lookin g a t  h o w it s expecte d valu e 

varie s a s a  functio n o f  th e parameter s (not e a  ful l  expositio n 

woul d conside r  th e complet e likelihoo d distribution) . 

Firstly ,  a s m e m o r y nois e (p) ,  whic h represent s wor d 
frequency ,  approache s one ,  (r+p-rp)/ p approache s on e an d 

th e expecte d valu e o f  ni o approache s zero ,  s o th e expecte d 
valu e o f  P(datalold)/P(datalnew )  approache s one .  I n othe r 

word s performanc e decrease s a s wor d frequenc y increases . 
Secondly ,  a s learnin g (r) ,  approache s zero ,  (r+p-rp)/ p 
approache s on e an d 1- r  approache s one ,  s o th e expecte d 
valu e o f  P  (datalold)/P(datalnew )  approache s one .  S o a s 

stud y tim e o r  numbe r  o f  repetition s decrease s s o doe s 
performance . 

Adding the Contextual Reinstatement Parameter In the 

derivation s outline d above ,  i t  i s  assume d tha t  th e abilit y t o 

retriev e o r  otherwis e reconstruc t  th e stud y contex t  a t  tes t 
(contextua l  reinstatement )  i s  perfect .  Th e contex t  employe d 

at  tes t  i s identica l  t o tha t  use d a t  study .  I t  seem s mor e likely , 

however ,  tha t  feature s o f  th e origina l  contex t  vector s wil l  b e 
lost .  Th e abilit y t o reinstat e contex t  i s  likel y t o b e 
compromise d b y factor s suc h a s th e lengt h o f  th e lis t  an d 

somewhat  b y delay . 
The contextua l  reinstatemen t  paramete r  (d )  i s  th e 

probabilit y  tha t  a  uni t  tha t  wa s a  on e i n th e stud y contex t  i s 

a zer o i n th e reconstructe d context .  Th e likelihoo d rati o ca n 
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be re-derive d takin g int o accoun t  contextua l  reinstatemen t 
(se e Denni s &  Humphrey s i n press )  t o give : 

P (dat a I  old) /  P  (dat a I  new ) 

= [(l-s+d(l-r)s)/(l-s+ds)]"°° [1-r ] nIO 
nOl I  ni l [( p ( l -s )+d( r+p- rp )  s)/( p ( I - s )+dps ) ] " " '  ((r+p-rp)/p ] 

If d is set to zero, indicating that reinstatement is perfect, 

th e likelihoo d rati o r e d u c e s t o tha t  prev ious l y de r i ve d a n d 

th e 0 0 an d 0 1 matche s hav e n o impact . 
Anothe r  wa y i n whic h w e migh t  expec t  th e reinstate d 

contex t  t o diffe r  fro m tha t  a t  stud y woul d occu r  whe n th e 

tes t  contex t  mus t  encompas s mor e tha n th e stud y context . 

For  instance ,  i n a  dua l  lis t  desig n w e migh t  expec t  tha t  th e 

subjec t  woul d for m a  reinstate d contex t  tha t  incorporate s th e 
contex t  vector s fro m bot h lists ,  particularl y i n th e inclusio n 
condition .  I n B C D M E M,  w e mode l  th e experimen t  wid e 

contex t  b y takin g th e bitwis e O R o f  th e context s fo r  eac h 

stud y list .  Th e resultin g reinstate d contex t  wil l  contai n mor e 
ones (i.e .  b e les s sparse )  tha n eithe r  o f  th e stud y lis t  context s 
and th e sparsit y wil l  decreas e i f  th e list s ar e separate d i n 

tim e (s o tha t  th e amoun t  o f  overla p decreases) .  Likewise ,  w e 
migh t  expec t  stud y lis t  context s tha t  incorporat e differen t 
task s (suc h a s th e anagram/rea d lis t  i n th e Jacoby ,  1991 , 
design )  woul d b e les s spars e tha n i f  onl y on e tas k wa s 
performed . 

The Effect of List Separation 

One o f  th e importan t  distinction s betwee n B C D M EM an d 

th e dua l  processin g approac h i s th e us e o f  a  grade d tempora l 
context .  I n B C D M E M,  tempora l  contex t  i s  represente d b y a 
vecto r  an d differen t  contex t  vector s ca n overla p t o differen t 
degrees .  List s tha t  appea r  i n clos e tempora l  proximit y wil l 
hav e a  greate r  degre e o f  overla p makin g i t  mor e difficul t  t o 
determin e whic h lis t  a n ite m appeare d in .  Unde r  th e dua l 
processin g assumptions ,  however ,  on e woul d no t  expec t  th e 
tempora l  separatio n o f  th e list s t o influenc e performance . 
The familiarit y o f  a  wor d i s insensitiv e t o whethe r  i t 
appeare d i n th e targe t  o r  non-targe t  list ,  s o on e woul d no t 

expec t  th e separatio n o f  th e list s t o affec t  performanc e whe n 
recenc y i s controlled .  Recollectio n i s relate d t o th e 
prevailin g condition s whe n a  wor d i s bein g studied .  Whil e 
one migh t  anticipat e tha t  decreasin g th e separatio n betwee n 
list s woul d increas e th e probabilit y  o f  misidentifyin g th e lis t 
i n whic h a n ite m appeared ,  t o allo w th e solutio n o f  th e P D P 
equation s i t  i s  assume d tha t  recollectio n i s neve r  i n erro r  i n 
thi s wa y (Dodso n &  Johnso n 1995) .  S o on e woul d no t 
anticipat e tha t  th e separatio n o f  th e list s woul d affec t  it . 
Consequenti> ,  th e tempora l  separatio n o f  th e list s i n th e 
proces s dissociatio n procedur e i s a n importan t  variabl e t o 

manipulat e whe n distinguishin g th e tw o approaches , 
particularl y i f  thi s i s don e i n th e absenc e o f  a  stud y tas k 
distinction . 

Hal l  (1996 )  varie d th e tempora l  separatio n betwee n th e 
list s i n a  P D P desig n b y includin g a n eight-minut e filled 
interval .  I n th e afte r  list s condition ,  subject s studie d lis t  1 , 

the n lis t  2 ,  the n spen t  eigh t  minute s solvin g a  pu/zi e tas k 

befor e bein g tested .  I n th e betwee n list s condition ,  th e 

.sequenc e wa s lis t  1  -  filled  interva l  -  lis t  2  -  test .  Th e 

Jacob y (1991 )  versio n o f  th e proces s dissociatio n procedur e 

was use d wit h inclusio n instruction s tha t  covere d bot h list s 

and exclusio n instruction s tha t  targete d lis t  two .  T h e critica l 

item s wer e thos e fro m lis t  on e an d th e desig n control s fo r 

th e recenc y o f  thes e items .  I n bot h stud y lists ,  subject s wer e 

aske d t o mak e pleasantnes s ratings .  So ,  unlik e th e Jacob y 

(1991 )  design ,  th e stud y tas k wa s constan t  acros s lists . 

Figure s 3  an d 4  sho w th e results .  Whil e th e inclusio n 

result s fo r  th e lis t  on e word s differe d ver y littl e a s a  functio n 
of  lis t  tw o placemen t  (0.82 5 verse s 0.865) ,  th e exclusio n 

probabilit y  o f  th e lis t  on e word s i s m u c h lowe r  whe n th e 
list s ar e separate d b y th e filled  interva l  tha n whe n the y 

follo w eac h othe r  (0.36 5 verse s 0.590) .  B y varyin g th e 

placemen t  o f  lis t  two .  Hal l  (1996 )  wa s abl e t o alte r  bot h th e 
familiarit y an d recollectio n o f  th e lis t  on e item s (familiarit y 

was 0.6 8 i n th e betwee n list s conditio n an d 0.82  i n th e afte r 

list s condition ,  whil e recollectio n wa s 0.4 6 i n th e betwee n 
list s conditio n an d 0.2 8 i n th e afte r  list s condition) .  Thi s 
resul t  i s  inconsisten t  wit h th e dua l  processin g framewor k 
and underline s th e importanc e o f  tempora l  context . 

T o mode l  th e manipulatio n o f  inter-lis t  interva l  i n 
B C D M EM w e allowe d th e overla p betwee n th e lis t  on e an d 
lis t  tw o contex t  vector s t o change .  Th e overla p paramete r 
was define d a s th e probabilit y  tha t  a  componen t  i s a  on e i n 
th e contex t  vector s o f  bot h list s i n th e P D P paradigm . 
Placin g th e filled  eight-minut e interva l  betwee n th e list s 

shoul d lea d t o a  lowe r  valu e o f  thi s paramete r  (i.e .  a 
decreas e i n th e similarit y o f  th e lis t  on e an d lis t  tw o contex t 
vectors) . 

Bia s m a y als o pla y a  rol e i n th e Hal l  (1996 )  results .  Al l  o f 
th e exclusio n probabilitie s ar e belo w th e correspondin g 
inclusio n probabilitie s suggestin g th e us e o f  a  mor e 
stringen t  bia s i n exclusion .  I n th e expositio n o f  th e 
B C D M EM likelihoo d rati o w e argue d tha t  prio r  odd s coul d 
be eliminate d o n th e basi s tha t  i n mos t  experiment s th e 

probabilit y  o f  a n ol d wor d i s equa l  t o th e probabilit y  o f  a 
ne w word .  W h e n inclusio n instruction s includ e bot h lists , 
th e probabilit y  tha t  a  wor d shoul d b e calle d "old "  i s highe r 
tha n i n exclusion ,  whic h onl y include s on e list .  I n Hall' s 
(1996 )  experiment ,  th e actua l  probabilitie s o f  a n ol d wor d 

wer e 0.6 6 i n th e inclusio n cas e an d 0.3 3 i n th e exclusio n 
case .  Whil e i t  i s  unclea r  h o w accurat e subject s migh t  b e a t 
estimatin g prio r  odds ,  th e result s sugges t  the y ar e playin g a 

role .  Rathe r  tha n ad d tw o n e w fre e parameter s t o mode l  th e 
prio r  odds ,  w e chos e t o se t  th e exclusio n probabilit y  t o 0.3 3 
and allo w th e inclusio n probabilit y  t o b e optimized .  A  leas t 
square s optimizatio n procedur e wa s use d t o find  paramete r 
value s an d Figure s 3  an d 4  sho w th e fits  t o th e dat a fo r  th e 
betwee n list s interva l  an d afte r  list s interva l  respectively . 

Th e parameter s o f  th e fit  wer e Inclusio n Prio r  =  0.9093 , 
Exclusio n Prio r  =  0.33 ,  learnin g rate :  r  =  0.3540 ,  m e m o r y 
noise :  p  =  0.1604 ,  sparsity :  s  =  0.02 ,  vecto r  length :  1  =  1000 , 
contex t  overlap ;  o(Between )  =  0.0099 ,  o(After )  =  0.0152 , 
contextua l  reinstatement :  d  =  0.3368 .  Th e m a x i m u m 
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absolut e differenc e wa s 0.05 6 an d th e correlatio n betwee n 

th e mode l  an d th e dat a wa s 0.993 .  So ,  B C D M EM seem s t o 

hav e capture d th e effec t  o f  tempora l  separation . 

Betwee n List s Interva l 

- ^  L I  (Data ) 
» L2(Dala ) 
*  Ne w (Data ) 

-•-L I  (Model ) 
-•-L 2 (Model ) 
-*-Ne w (Model ) 

Inclusio n Exclusio n 

Tes t  Instruction s 

Figur e 3 :  Fi t  o f  B C D M EM t o Hal l  (1996 )  dat a experimen t 
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Conclusion 

We hav e demonstrate d tha t  th e dua l  processin g approac h t o 
episodi c recognitio n i s  unabl e t o accoun t  fo r  th e effect s o f 
manipulatin g th e tempora l  separatio n o f  list s i n th e proces s 

dissociatio n procedure .  B C D M EM i s abl e t o mode l  thes e 
effect s primaril y becaus e i t  propose s tha t  context s b e 

modele d a s vector s an d allow s thes e vector s t o overla p t o 
varyin g degrees .  Som e construc t  o f  thi s natur e woul d see m 

necessar y i n orde r  t o provid e a n accoun t  o f  th e effect s o f 
contex t  i n episodi c recognition . 
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Abstrac t 

The Operator Model Architecture (OMAR) provides a 
computationa l  framewor k i n whic h t o develo p huma n 
performanc e model s tha t  generat e reasonabl e multiple-tas k 
behaviors .  A n interdisciplinar y foundatio n tha t  reache d 
beyon d th e experimenta l  psycholog y an d artificia l 
intelligenc e literature s wa s considere d essentia l  t o th e 
constructio n o f  successfu l  models .  Brai n imagin g an d 
clinica l  studie s sugges t  tha t  task s ar e accomplishe d 
throug h th e coordinate d executio n o f  function-specifi c 
perceptual ,  cognitiv e an d moto r  capabilities .  Thes e studie s 
togethe r  wit h philosophicall y grounde d cautions ,  furthe r 
sugges t  tha t  th e mediatio n o f  tas k contentio n b e 
accomplishe d i n a  framewor k tha t  doe s no t  requir e a n 
executiv e tha t  manage s tas k execution .  Th e computationa l 
framewor k fo r  buildin g model s sensitiv e t o thes e 
consideration s i s described .  Example s fro m a  commercia l 
ai r  traffi c  contro l  domai n ar e use d t o illustrat e O M AR 
modelin g capabilities . 

1. Introduction 

The Operato r  Mode l  Architectur e ( O M A R )  provide s a 
simulatio n environmen t  i n whic h t o mode l  huma n 
operators ,  th e workplace s a t  whic h the y operat e an d th e 
entitie s o f  th e large r  worl d tha t  ar e reflecte d i n thei r 
workplaces .  A n importan t  goa l  ha s bee n t o provid e huma n 
performanc e model s wit h sufficien t  fidelit y t o useftill y 
explor e an d develo p operatin g procedure s fo r  comple x 
environments .  M u c h o f  th e researc h ha s focuse d o n th e 
commercia l  ai r  traffi c  contro l  environmen t  wit h aircrew s an d 
ai r  traffi c  controller s a s th e principa l  players .  Eac h o f  th e 
player s typicall y ha s severa l  task s i n proces s an d 
interruption s ar e commonplace .  T o addres s th e fidelit y 
requirement ,  th e O M A R operato r  model s mus t  exhibi t 
reasonabl e multiple-tas k behaviors . 

The modelin g o f  multiple-tas k behavior s ha s bee n 
explore d extensivel y i n E P I C (Meye r  &  Kieras ,  1997) ,  an d 
S O AR (Newell ,  1990 ;  Laird ,  Newell ,  &  Rosenbloom , 
1987 )  ha s als o bee n adapte d t o mode l  multiple-tas k 
behaviors .  I n particular ,  Meye r  an d Kiera s (1997 )  repor t 
considerabl e succes s i n developin g a  productio n rule-base d 
model  o f  th e psychologica l  refractor y perio d (PRP ) 
procedure .  Th e basi c component s o f  thei r  mode l  ar e a 
cognitiv e processo r  comprise d a  productio n rul e interprete r 
wit h input s from  long-ter m an d productio n memory ,  an d a 
workin g memory ,  wit h auditor y an d visua l  processo r  input s 
tha t  interac t  wit h th e productio n rul e interpreter .  Th e mode l 
relie s heavil y o n a  centralized ,  synchronou s productio n rul e 
framework.  A  productio n rule-base d executiv e proces s 
administer s th e tas k schedulin g sfrateg y fo r  regulatin g th e 

executio n o f  competin g tasks .  Th e implementatio n i s  jus t 
on e o f  a  theoreticall y infinit e numbe r  o f  computationa l 
frameworks  tha t  migh t  giv e ris e t o human-lik e multiple-tas k 
behaviors .  I n buildin g th e O M A R framework,  particula r 
attentio n ha s bee n pai d t o developin g multiple-tas k 
behavior s from  a n assembl y o f  concurrentl y operatin g 
fiinctional  center s absen t  a n executiv e o r  cenfra l  controller . 

Th e motivatio n fo r  thi s approac h t o h u m a n performanc e 
modeling ,  derive d from  a  selectiv e a  readin g i n severa l 
disciplines ,  i s  outline d i n th e Sectio n 2 .  Sectio n 3  provide s 
backgroun d o n th e aircrew/AT C domai n an d describe s 
implementatio n o f  th e model s o f  aircre w in-perso n 
conversation s an d thei r  interruption s b y A T C directives . 
Sectio n 4  provide s a  descriptio n o f  th e computationa l 
element s fo r  constructin g O M A R h u m a n paformanc e 
models . 

2. Interdisciplinary Foundations for Modeling 
Mu l t i p l e - t as k B e h a v i o r s i n O M A R 

Th e proces s o f  buildin g a  huma n performanc e mode l  capabl e 
of  emulatin g th e operator s o f  a  comple x syste m i s a 
somewhat  speculativ e endeavo r  a t  best .  Drawin g o n th e 
researc h from  a  numbe r  o f  disciplines ,  a  modes t  goa l  o f  thi s 
undertakin g ha s bee n t o pu t  i n plac e a  neuropsychologicall y 
motivate d distribute d processin g framework from  whic h t o 
explor e som e o f  th e huma n performanc e issues ,  relate d 
principall y t o multiple-tas k behaviors ,  tha t  impac t  th e 
operatio n o f  comple x systems .  Th e modelin g environmen t 
develope d i s symbolic ,  bu t  doe s no t  preclud e th e inclusio n 
of  connectionis t  components . 

Over  th e years ,  experimenta l  psychologist s hav e 
conducte d extensiv e experiment s providin g a  wealt h o f 
interprete d data ,  philosophica l  discussio n date s bac k 
throug h th e millermia ,  an d mor e recently ,  cognitiv e 
neuroscienc e an d clinica l  studie s hav e provide d 
electroencephalograph y ( E E C ) ,  magnetoencephalograph y 
( M E G ) ,  positro n emissio n tomograph y (PET )  an d 
functiona l  magneti c resonanc e imagin g (fMRl )  o f  th e brai n 
at  wor k (Posner ,  1993 ;  Raichle ,  1994 )  tha t  identif y th e 
locu s o f  specifi c  perceptual ,  cognitiv e an d moto r 
functionalities .  M a n y reading s o f  thi s literatur e ar e possibl e 
and i t  shoul d no t  b e surprisin g tha t  th e computationa l 
architectur e fo r  model s develope d i n th e O M A R framework 
differ s from  tha t  o f  EP I C an d S O A R i n fimdamenta l  ways : 
(1 )  stimul i  imping e directl y on ,  activate ,  an d propagat e 
throug h lon g ter m procedura l  m e m o r y — t h e knowledg e o f 
h o w t o d o thing s (se e Figur e 1) ;  (2 )  tasks ,  skille d 
cognitively-drive n behaviors ,  ar e accomplishe d throug h th e 
coordinate d action s o f  function-specifi c  procedure s 
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representin g th e contribution s o f  specifi c  brai n areas ;  (3 )  t o 
th e exten t  tha t  th e resultin g behavior s m a y b e considere d 
intelligent ,  tha t  intelligenc e i s th e produc t  o f  th e patter n 
matchin g implici t  i n th e changin g sensitivitie s o f  th e 
networ k o f  procedure s a s stimul i  evok e response s a t  networ k 
nodes ;  (4 )  tas k contentio n outcome ,  rathe r  tha n bein g 
determine d b y a  centra l  executive ,  i s  mediate d o n a  pair -
wis e basi s a m o n g contendin g tasks .  Th e foundation s fo r 
thes e choice s ar e discusse d i n thi s section . 

Goal s 

Plan s 

Hands 

Mout h 

Memory /  Proces s Perceptor s Effector s 

Figur e 1 :  Th e O M A R H u m a n Performanc e Mode l 

The now routine accounts of the early PET studies and 
th e mor e recen t  f M R I  studie s portra y th e executio n o f  eac h 
experimen t  a s bein g th e produc t  o f  a  smal l  numbe r  o f  brai n 
centers—smal l  area s o f  activit y a t  widel y disperse d majo r 
brai n centers .  Posner ,  Peterson ,  Fox ,  an d Raichl e (1988 ) 
dra w o n th e evidenc e o f  a  serie s o f  thei r  P E T experiment s t o 
sugges t  tha t  "th e menta l  operation s tha t  for m th e basi s o f 
cognitiv e analysi s ar e localize d i n th e huma n brain. "  T o 
fiirther  suppor t  thei r  assertio n o f  th e localizatio n o f 
cognitiv e fiinction,  the y cit e studie s o f  patient s wit h lesion s 
an d thei r  relate d deficits .  Base d o n thes e studies ,  th e basi c 
architectura l  framework  seem s reasonabl e wel l  established . 
Tasks ,  m a d e u p o f  perceptual ,  cognitiv e an d moto r 
components ,  appea r  t o b e accomplishe d throug h th e 
collectiv e action s o f  smal l  specialize d area s o f  activit y tha t 
tak e plac e i n eac h o f  severa l  widel y disperse d brai n centers . 

On a  closel y relate d bu t  mor e conjectura l  plane ,  Edebna n 
(1987 )  discusse s th e psychologica l  function s o f 
"development ,  perceptio n (i n particular ,  perceptua l 
categorization) ,  memory ,  an d learning "  an d h o w the y relat e 
t o th e brain .  Edelma n (1989 )  extend s hi s analysi s t o 
conside r  "perceptua l  experience—th e interactio n o f  memor y 
wit h th e presen t  awarenes s o f  th e individua l  animal, "  tha t 
is ,  perceptua l  awarenes s an d consciou s experience .  H e 
describe s neura l  map s a s th e ordere d arrangemen t  an d 
activit y o f  larg e group s o f  neuron s a s distinc t  from  single -
neuro n connections .  The y ar e highl y an d individuall y 
varian t  i n thei r  intrinsi c connectivity .  Change s i n th e 
behavio r  o f  th e networ k ar e th e resul t  o f  change s withi n 
particula r  population s o f  synapses .  "Thes e structure s 
provid e th e basi s fo r  th e formatio n o f  larg e number s o f 

degenerat e neurona l  group s i n differen t  repertoire s linke d i n 
ways tha t  permi t  reentran t  signaling "  (Edelman ,  1987 ,  p . 
240 )  where ,  i n degenerat e systems ,  frinctional  element s i n a 
repertoir e m a y perfor m mor e tha n on e ftinction  an d a 
ftinction  m a y b e performe d b y mor e tha n on e elemen t 
(Edelman ,  1987 ,  p .  57) .  Reentr y i s a  basi c mechanis m 
suitabl e fo r  synchronizin g th e neurona l  activit y acros s th e 
mapping s a t  divers e hierarchica l  levels .  Globa l  mapping s 
hav e a  dynami c structur e tha t  reache s acros s reentran t  loca l 
maps an d unmappe d region s o f  th e brai n t o accoun t  fo r  th e 
flow  from  perceptio n t o action .  Moto r  activity ,  a n essentia l 
inpu t  t o perceptua l  categorization ,  close s th e loop . 

Moscovitc h (1994) ,  whil e ascribin g central-system s 
function s t o th e prefronta l  cortex ,  describe s i t  a s " a large , 
heterogeneou s structur e consistin g o f  a  numbe r  o f  distinc t 
areas ,  eac h wit h it s o w n projection s t o an d from  othe r  brai n 
region s an d eac h havin g presumabl y differen t  function s 
(Pandy a « & Barnes ,  1987). "  H e goe s o n t o stat e tha t  ".. .  th e 
function s ofothe r  smalle r  region s ca n als o b e distinguishe d 
on e from  anothe r  (Goldman-Rakic ,  1987 ;  Pefrides ,  1989). " 

Take n together ,  Moscovitch ,  Posne r  e t  al .  an d Edelma n 
presen t  a  pictur e o f  th e executio n o f  a  tas k a s th e 
coordinate d activitie s o f  small ,  specialize d loca l  site s 
operatin g a t  severa l  remotel y locate d brai n centers .  I n 
Edelman' s terms ,  reentran t  signal s lin k th e component s 
withi n th e loca l  sites ,  whil e globa l  mapping s connec t  th e 
activitie s o f  th e broadl y disperse d majo r  centers .  Th e 
O M AR model s attemp t  t o emulat e thi s basi c computationa l 
framework.  Tha t  th e smalles t  operatin g unit s ar e larg e 
group s o f  neuron s i s take n a s licens e t o buil d th e model s a t 
a symboli c level . 

Edelman ,  referencin g Bartlet t  (1932) ,  goe s o n t o presen t  a 
vie w o f  m e m o r y a s process .  Fo r  him ,  m e m o r y i s th e 
"abilit y  t o categoriz e o r  generaliz e associatively "  (Edelman' s 
italics ,  1987 ,  p .  241) .  Categorizatio n occur s a t  th e leve l  o f  a 
globa l  m a p an d i s degenerate .  Edelma n i s wel l  awar e o f  th e 
distinction s betwee n declarativ e an d procedura l  memory ,  bu t 
he i s als o quic k t o poin t  ou t  tha t  thes e distinction s ma y b e 
les s tha n generall y assumed .  H e suggest s tha t  ther e m a y b e 
a procedura l  bas e supportin g declarativ e memory . 

I n Edelman' s vie w o f  m e m o r y a s process ,  perception , 
categorization ,  generalization ,  an d m e m o r y ar e closel y 
linked .  " M e m o r y i s a  for m o f  recategorizatio n base d upo n 
curren t  input ;  a s such ,  i t  i s  fransformational  rathe r  tha n 
replicative "  (Edelman ,  1987 ,  p .  265) .  M e m o r y i s a n activ e 
proces s o f  classificatio n leadin g t o recategorizatio n and , 
thus ,  a  partitionin g o f  th e worl d tha t  i s  presente d a s on e 
"withou t  labels. "  Storage ,  t o th e exten t  tha t  i t  exists ,  i s  on e 
of  procedure s fo r  mappin g input s t o responses ;  hence ,  ful l 
representation s o f  object s ar e neithe r  store d no r  required :  "I t 
i s  th e comple x o f  capacitie s t o carr y ou t  a  particula r  se t  o f 
procedure s (o r  acts )  leadin g t o recategorizatio n tha t  i s 
recollected "  (Edelman' s italic s 1987 ,  p .  267) .  Thi s vie w 
contrast s sharpl y wit h tha t  o f  m e m o r y cas t  a s dat a residin g 
i n a  dat a bas e wher e th e conten t  i s  passive .  I n suc h schemes , 
somethin g operate s o n m e m o r y a s data ,  reinforcin g som e o f 
i t  an d degradin g othe r  part s o f  it .  I n th e model s develope d 
here ,  m e m o r y i s a n integra l  par t  o f  th e processe s tha t 
emplo y it . 
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The scop e o r  ver y presenc e o f  executiv e controller s i s a n 
importan t  issue .  Dennet t  (1991 )  expresse s considerabl e 
concer n ove r  suc h homunculi-base d theories .  Centerin g hi s 
discussio n aroun d th e metapho r  o f  th e Cartesia n Tlieate r 
wher e "everything "  come s together ,  h e suggest s tha t  th e 
theate r  provide s catchal l  fo r  awkwar d element s leadin g t o 
th e failur e t o addres s difficul t  underlyin g questions .  Dennet t 
offer s a  Multipl e Draft s mode l  o f  consciousnes s i n whic h 
"al l  varietie s o f  perception—indee d al l  varietie s o f  though t 
or  menta l  activity—ar e accomplishe d i n th e brai n b y 
parallel ,  multiple-trac k processe s o f  interpretatio n an d 
elaboratio n o f  sensor y inputs. "  H e speak s i n term s o f  a n on -
goin g proces s o f  "editoria l  revision. "  Dennet t  reinforce s 
paralle l  processin g a s essentia l  t o modelin g tas k executio n 
and remind s u s t o b e firm  i n ou r  disavowa l  o f  homuncula r 
concepts . 

Cognitiv e modelin g system s base d o n productio n rule s 
(e.g. ,  EPI C an d S O A R)  tak e a  differen t  stan d o n th e issu e 
of  control .  Productio n rul e interpreter s operat e a s executive s 
wit h broa d administrativ e responsibilities .  Rul e condition s 
may hav e oversigh t  o f  on e o r  mor e activ e task s an d memor y 
stores ,  whil e rul e action s m a y initiate ,  interrup t  o r  terminat e 
task s an d execut e operation s o n memor y o r  othe r 
capabilitie s centra l  t o th e functionin g o f  a  model . 

Followin g Dennett' s  admonition ,  th e model s develope d 
i n O M A R d o no t  emplo y a n executiv e o r  controllin g 
process .  Th e positio n explore d her e interpret s th e brai n a s 
home t o a  broa d rang e o f  specifi c  an d spatiall y  separate d 
perceptual ,  cognitiv e an d moto r  functiona l  capabilitie s an d 
attempt s t o mode l  selecte d componen t  part s a s a 
dynamicall y configure d networ k o f  computationa l  element s 
operatin g i n paralle l  an d a t  time s contendin g wit h on e 
anothe r  i n producin g huma n multiple-tas k behaviors . 

3. An Aircrew/Air-Traffic-Control Scenario 

Whil e scenario s i n th e commercia l  ai r  traffi c  contro l  domai n 
can b e develope d t o a n arbitrar y leve l  o f  complexity ,  eve n 
th e simples t  scenario s ca n mak e multiple-tas k demand s o n 
aircrew s an d ai r  traffi c  controller s (ATC) . 

3.1 Aircrew/Air-Traffic-Control 
C o m m u n i c a t i o n 

Verba l  communication ,  frequently  th e poin t  o f  convergenc e 
fo r  tas k contentio n i n th e ai r  traffi c  contro l  environment , 
take s plac e i n thre e modes :  in-perso n conversatio n betwee n 
aircre w members ,  party-lin e radi o communicatio n betwee n 
aircrew s an d th e A T C managin g thei r  airspace ,  an d 
telephon e communicatio n betwee n A T C s i n adjacen t 
sectors .  A t  th e discretio n o f  th e aircraft' s  captain ,  eithe r  th e 
captai n o r  th e first  office r  m a y undertak e th e tas k o f 
handlin g A T C communicat ion .  T h e aircre w m e m b e r  no t 
handlin g th e A T C communicat io n wil l  monito r  al l  A T C 
communication s expec t  fo r  occasiona l  period s w h e n 
communicatio n with ,  fo r  example ,  a  c o m p a n y dispatche r  i s 
required .  T h e party-lin e natur e o f  radi o communicat io n 
means tha t  A T C communicat io n wit h eac h aircraf t  i s  hear d 
by th e aircrew s o f  al l  aircraf t  unde r  contro l  o f  tha t  A T C . 
Hence ,  a n A T C wil l  identif y th e designate d aircraf t  cal l  sig n 
as th e firs t  segmen t  o f  a n utterance . 

Conversatio n o n th e flight  dec k betwee n th e captai n an d 
first  office r  i s  th e m o r e typica l  person-to-perso n 
conversatio n o f  everyda y life ,  bu t  i t  i s  subjec t  t o 
interruptio n b y A T C communicat ion .  T h e interruption s m a y 
tak e th e for m o f  directive s addresse d t o thei r  aircraf t  o r  t o 
anothe r  aircraf t  unde r  contro l  o f  th e A T C .  I n th e interest s o f 
clarit y an d efficiency ,  mos t  o f  th e aircrew/AT C 
communicat ion s ar e highl y stylize d exchange s initiate d wit h 
a directiv e o r  a  questio n an d complete d b y a n 
acknowledgmen t  o f  th e directiv e o r  a  respons e t o th e 
question .  Establishe d polic y play s a n importan t  rol e i n 
thes e exchanges .  Verba l  transaction s betwee n aircre w 
m e m b e rs mus t  b e suspende d fo r  ATC-initiate d 
communicat ion ,  eve n w h e n th e communicat io n i s  directe d 
t o anothe r  aircraft .  A n aircre w m e m b e r  wishin g t o initiat e a 
communicat io n wit h a n A T C mus t  wai t  fo r  th e completio n 
o f  a n on-goin g transactio n befor e initiatin g th e 
communicat ion .  Typica l  directive s t o a n aircraf t  m igh t 
involv e change s i n heading ,  altitud e an d airspeed .  T h e cre w 
m e m b er  handlin g th e communicat io n wil l  acknowledg e th e 
communicat io n an d monito r  th e executio n o f  th e directiv e 
b y th e othe r  cre w m e m b e r .  Polic y dictate s cros s c h e c k i n g — 
eac h cre w member ' s expectation s o f  exactl y w h a t  th e othe r 
cre w m e m b e r  wil l  d o mus t  b e confirme d o r  th e exceptio n 
addressed .  T h e cre w mus t  r emembe r  t o resum e thei r  intra -
cre w transactio n o n completio n o f  th e A T C interruption . 
T h e doma i n i s a  fertil e on e i n wh ic h t o examin e multiple -
tas k behaviors . 
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Figur e 2 :  Aircre w Conversatio n Timelin e 

Figure 2 provides a timeline of a aircrew conversation 
interrupte d onc e b y A T C directiv e tha t  the y m u s t  atten d t o 
an d the n b y a n A T C directiv e fo r  anothe r  aircraf t  causin g 
the m t o fiirthe r  dela y thei r  conversation .  Jim ,  th e captai n o f 
flight  D A L 100 ,  ha s jus t  initiate d a  conversatio n wit h hi s 
first  office r  Jo e w h e n the y ar e interrupte d b y a 
communicat io n from  th e A T C .  Ji m acknowledge s th e A T C 
directiv e an d Joe ,  havin g initiate d th e flight  leve l  chang e 
(no t  s h o w n i n th e figure),  resume s th e in-perso n 
conversation ,  bu t  i t  i s  immediatel y interrupte d b y anothe r 
A T C communicat ion ,  thi s tim e directe d t o Jan e an d Bill' s 
flight,  U A L 10 .  J i m mus t  paus e onc e m o r e befor e h e onc e 
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agai n resume s th e interrupte d communicatio n wit h hi s first 
officer . 

3.2 Modeling Task Contention and its 
R e s o l u t i o n 

Establishe d polic y play s a n importan t  rol e i n determinin g 
aircre w respons e t o communicativ e acts :  in-perso n 
communicatio n i s deferre d i n respons e t o th e onse t  o f  A T C 
radi o communication ;  cross-checkin g dictate s overlappin g 
responsibilitie s wit h A T C communicatio n manage d b y on e 
cre w member ,  whil e A T C directive s ar e acte d o n b y th e 
othe r  cre w member ;  expectation s mus t  b e satisfie d an d thos e 
tha t  ar e no t  mee t  mus t  b e calle d ou t  t o secur e saf e aircraf t 
operation ;  initiatio n o f  a  party-lin e communicatio n mus t 
awai t  th e completio n o f  ongoin g transactions .  I n S O A R o r 
EPIC ,  eac h o f  thes e "decision "  event s migh t  b e viewe d a s 
th e appropriat e subjec t  o f  a n executiv e proces s an d 
implemente d a s a  rul e set .  I n thes e tick-base d simulatio n 
environments ,  eac h decisio n migh t  b e revisite d numerou s 
time s befor e i t  i s  resolve d an d th e concurren t  natur e o f  th e 
ongoin g task s migh t  dictat e tha t  severa l  separat e rul e set s b e 
evaluate d a t  eac h tick . 

Th e O M A R simulato r  i s a n event-base d simulato r  t o 
accommodat e th e particula r  an d varie d tim e step s a t  whic h 
eac h o f  severa l  concurren t  processe s ca n b e expecte d t o 
operate .  A n aircre w m e m b er  m a y initiat e th e actio n require d 
by th e change-altitud e portio n o f  a n A T C directiv e (perhap s 
by settin g th e n e w altitud e o n th e m o d e contro l  pane l 
(MCP) ) ,  whil e continuin g t o atten d t o subsequen t  spee d an d 
headin g directives .  Thes e activitie s g o o n concurrently ,  eac h 
implemente d a s task s wit h appropriat e tim e frames. 
Establishe d polic y dictate s tha t  a n in-perso n aircre w 
conversatio n b e deferre d a t  th e onse t  o f  a n A T C 
communication .  I n O M A R,  rathe r  tha n bein g th e subjec t  o f 
a rule-base d decision ,  establishe d policy-drive n behavior s 
ar e viewe d a s a  cognitiv e for m o f  automaticit y (Logan , 
1988) .  Th e priorit y o f  th e aircre w "liste n t o th e A T C "  tas k 
i s highe r  tha n th e aircre w "in-perso n conversation "  task .  Th e 
onse t  o f  "liste n t o th e A T C "  tas k interrupt s th e "in-perso n 
conversation "  tas k base d o n it s priority .  I n lik e manner ,  th e 
aircre w "liste n t o othe r  A T C transaction "  ha s highe r  priorit y 
tha n "initiat e A T C communication. "  A n aircre w member 
wil l  wai t  fo r  th e completio n o f  a n on-goin g party-lin e 
transactio n t o complet e befor e initiatin g a  n e w transaction . 

Policy-base d decision s ar e viewed ,  no t  a s th e produc t  o f  a 
centralize d executiv e process ,  bu t  rathe r  a s th e outcom e o f 
contentio n amon g th e particula r  subse t  o f  task s activate d 
and competin g t o execut e i n respons e t o event s initiate d 
externall y o r  internally .  Events ,  b e the y externall y o r 
internall y initiated ,  impinge ,  no t  o n short-ter m memory , 
but  o n activate d lon g ter m memorie s i n th e for m o f 
schemat a wit h establishe d policy-base d priorities .  I n actin g 
on a n th e initia l  directiv e o f  a n A T C directiv e whil e 
attendin g t o subsequen t  directive s ther e m a y b e n o 
contention ,  bu t  whe n contentio n i s present ,  a s i n initiatin g a 
party-lin e communication ,  policy-base d prioritie s mediat e 
action .  Give n tha t  severa l  disperse d functiona l  component s 
m ay contribut e t o eac h o f  th e contendin g tasks ,  whe n th e 
contentio n i s resolved ,  th e componen t  function s mus t  ac t  i n 
accordanc e wit h th e resolution . 

3. 3 M o d e l i n g T h r e e Funct iona l  C o m p o n e n t s 
o f  Listenin g 

The implementatio n o f  th e listenin g task s i s representativ e 
of  tas k modelin g i n O M A R.  T o elaborat e o n th e 
implementation ,  i t  i s  necessar y t o examin e h o w task s ar e 
constructe d from  goals ,  an d thei r  plan s an d procedure s (se e 
Figur e 1) ,  an d h o w competitio n betwee n task s i s mediated . 
The aircre w member s eac h hav e goal s t o manag e in-perso n 
(handle-voice-communication )  an d radi o communicatio n 
{handle-atc-communicatio n o r  manage-atc-communicatio n 
dependin g o n whethe r  th e cre w member  i s responsibl e fo r 
managin g o r  simpl y monitorin g A T C communication) . 
Each o f  thes e goal s i s implemente d a s a  pla n mad e u p o f 
subgoal s an d procedures .  Th e goal s an d subgoal s expres s 
th e proactiv e agend a o f  th e agen t  i n addressin g anticipate d 
contingencies ,  whil e th e procedure s expres s th e action s t o b e 
take n t o accomplis h eac h goal .  Thes e particula r  goal s ar e 
distinc t  t o th e exten t  tha t  th e protocol s fo r  conductin g in -
perso n an d radi o communicatio n ar e distinct .  Th e 
communicatio n goal s ar e activate d wit h th e procedure s 
listen-for-voice-messag e an d listen-for-radio-messag e i n a 
wait-state .  Th e goal s an d thei r  plan s instantiat e th e 
cognitiv e capabilit y  t o conduc t  a n in-perso n o r  radi o 
conversatio n usin g th e appropriat e protoco l  fo r  eac h 
communicatio n media .  Thei r  procedure s ar e i n a  wait-stat e 
pendin g th e onse t  o f  a  communicatio n i n thei r  particula r 
media .  Thes e goals ,  subgoal s an d procedure s for m th e 
attende d cognitiv e componen t  o f  th e "listening "  comple x o f 
tasks .  Additiona l  goal s an d procedure s stan d read y t o asses s 
and ac t  o n th e conten t  o f  th e communication ,  fo r  example , 
settin g a  ne w targe t  altitud e usin g th e M C P . 

As currentl y implemented ,  th e listenin g task s hav e tw o 
additiona l  components .  Th e listenin g tas k comple x i s 
activate d b y a  verba l  communication .  A  separat e procedur e 
fo r  processin g th e auditor y input ,  initiate d throug h a 
separat e goal ,  await s th e onse t  o f  a n auditoi y 
communication .  Shortl y afte r  th e auditor y procedur e i s 
activated ,  i t  i n tur n activate s a  speec h understandin g 
procedur e t o develo p th e propositiona l  for m o f  th e 
communicatio n tha t  th e attende d cognitiv e tas k wil l  respon d 
to .  I n th e simulation ,  th e communicatio n conten t  i s 
conveye d a s a n objec t  an d th e auditor y an d speec h 
understandin g processe s ar e time-consumin g proces s stubs . 

The developmen t  o f  th e listenin g tas k posit s thre e distinc t 
functiona l  area s o f  processing .  Separat e goa l  an d subgoa l 
tree s se t  u p eac h o f  di e functiona l  capabilities .  Th e onse t  o f 
th e auditor y communicatio n initiate s th e processin g wit h 
th e activitie s o f  th e thre e functiona l  area s coordinate d 
throug h a  serie s o f  messages ,  o r  signals ,  a s the y ar e define d 
i n O M A R.  Th e functiona l  area s an d signal s ar e a  symboli c 
analogu e o f  Edelman' s (1987 )  reenfran t  nets .  Th e procedura l 
bia s i n th e modelin g approac h i s take n a  ste p further . 
Motivate d b y Edehnan' s (1987 )  proces s vie w o f  memor y 
and reinforce d b y hi s reference s t o Bartlet t  (1932) ,  short -
ter m memory ,  rathe r  tha n bein g treate d a s a  facult y i n it s 
o wn right ,  i s  modele d a s a  se t  o f  distinc t  capabilitie s 
(Martin ,  1993 ;  Schneide r  &  Detweiler ,  1987 )  distribute d 
among a  famil y o f  modality-specifi c  functiona l  procedures . 
Auditor y memor y fo r  a  verba l  communicatio n i s a 
componen t  o f  th e auditor y process ,  whil e th e propositiona l 

306 



memory i s a  componen t  o f  th e languag e understandin g 
process .  Thei r  persistence ,  differen t  fo r  eac h modality ,  i s 
envisione d as ,  bu t  no t  ye t  implemente d as ,  a  produc t  o f  th e 
persistenc e o f  thei r  enclosin g procedures . 

The mode l  make s explici t  a  proposa l  fo r  h o w componen t 
functionalitie s migh t  b e coordinate d durin g tas k executio n 
and ho w tas k contentio n migh t  b e mediated .  Give n a  task , 
postulate d t o b e th e produc t  o f  contribution s from  severa l 
disperse d functiona l  capabilities ,  th e even t  o f  th e executio n 
and interruptio n o f  tha t  tas k ha s bee n explore d i n a  manne r 
tha t  doe s no t  requir e a n executiv e controller .  Th e 
implementatio n suggest s h o w a n attende d listenin g tas k 
migh t  interac t  wit h auditor y an d languag e understandin g 
component s o f  th e tas k an d h o w action s base d o n th e 
communication' s conten t  migh t  b e coordinated . 

4. OMAR Support for Multiple-task Human 
Performanc e Model in g 

OMAR'S strength s a s a  huma n performanc e modelin g 
environmen t  li e i n it s representatio n language s an d thei r 
graphica l  editor s an d browsers ,  it s  simulato r  an d it s  post -
ru n analysi s tools .  Th e principa l  representatio n language s 
ar e th e Simpl e Fram e Languag e (SFL )  an d th e Simulatio n 
Cor e ( S C O R E )  language ,  a  languag e fo r  specifyin g th e 
concurren t  executio n o f  goal s an d procedures .  S F L i s a 
direc t  descenden t  o f  th e K L - O N E (Brachma n &  Schmolze , 
1985 )  famil y o f  frame  languages ,  whil e S C O RE i s a 
descenden t  o f  A C T O RS (Agha ,  1986) ,  a  mode l  o f 
concurren t  computatio n i n distribute d systems .  A  rul e base d 
languag e provide s th e capabilit y t o develo p rul e packet s a s 
model s o f  decisio n making .  Thi s sectio n focuse s o n th e 
aspect s o f  th e language s tha t  suppor t  th e developmen t  th e 
model s o f  huma n muhiple-tas k behaviors . 

4.1 Concurrent Task Execution and Mediating 
T a s k Con ten t i o n 

Languag e construct s i n S C O RE provid e th e buildin g block s 
fo r  modelin g tas k execution .  Task s ar e expresse d a s goal s t o 
be accomplishe d b y mean s o f  plan s tha t  ar e mad e u p o f 
subgoal s an d procedures .  Concurren t  executio n essentia l  t o 
th e multiple-tas k capabilit y  i n th e model s i s specifie d usin g 
rac e an d joi n form s i n th e language .  A  rac e for m complete s 
when th e firs t  o f  it s  enclose d form s completes .  A  joi n for m 
complete s whe n al l  o f  it s  enclose d form s complete .  A 
spawn for m i s availabl e t o initiat e a n independen t  executio n 
thread . 

The contentio n betwee n task s i s a  mor e comple x concern . 
At  leas t  thre e level s o f  contentio n ca n b e envisioned . 
Attende d thoughtfu l  deliberatio n ca n lea d t o th e selectio n o f 
one cours e o f  actio n ove r  another .  Thi s clas s o f  deliberatio n 
processe s tha t  migh t  b e explicitl y  modele d o n a  cas e b y cas e 
basi s i s no t  addresse d here .  Th e concer n i n th e curren t  effor t 
has bee n wit h th e simple r  case s o f  policy-drive n decision s 
as describe d i n th e aircre w scenario s abov e an d th e stil l 
simple r  contentio n base d o n acces s t o particular ,  identifiabl e 
resources .  Th e contentio n betwee n task s ca n occu r  hig h i n 
th e goa l  tre e a s i n th e contentio n betwee n "liste n t o A T C " 
and "in-perso n conversation "  procedure s o r  nea r  th e leave s o f 

th e tree ,  a s i n contentio n betwee n task s fo r  acces s t o th e 
dominan t  han d fo r  a  skille d manua l  operation . 

Al l  S C O RE procedure s ar e S F L concept s an d eac h m a y 
be classifie d a s a  procedur e tha t  contend s wit h anothe r 
particula r  procedur e (a s i n th e cas e o f  "liste n t o A T C "  an d 
"in-perso n conversation" )  o r  wit h othe r  instance s o f  thei r 
o wn clas s (a s i n th e cas e o f  th e dominan t  han d requirement) . 
A ne w procedur e abou t  t o ru n mus t  eithe r  establis h tha t  i t 
doe s no t  conten d wit h a  runnin g procedur e o r  tha t  i t  ha s 
sufficien t  priorit y t o bloc k th e executio n o f  th e runnin g 
procedure .  I f  a  ne w procedur e ha s sufficien t  priority ,  i t 
begin s executio n an d executio n o f  th e contendin g procedur e 
i s halte d unti l  executio n o f  th e ne w procedur e ha s 
completed .  A t  thi s point ,  barrin g intervenin g event s 
affectin g th e contendin g procedures ,  th e origina l  procedure s 
resume s execution .  I f  th e priorit y o f  th e ne w procedur e i s 
not  sufficien t  t o bloc k th e runnin g procedure ,  i t  mus t  wai t 
fo r  th e runnin g procedur e t o terminate .  Procedur e prioritie s 
ar e compute d dynamicall y an d procedur e contentio n i s 
revisite d a s prioritie s change .  Contentio n i s  mediate d o n a 
pair-wis e basi s tha t  doe s no t  requir e managemen t  b y a  third -
part y controller . 

4.2 Pattern Matching in Coordinated 
Funct iona l  C o m p o n e n t  E x e c u t i o n 

As w e hav e see n i n th e aircre w scenario ,  goal s ar e employe d 
t o establis h a  networ k o f  procedures ,  eac h o f  whic h assume s 
a wait-stat e sensitiv e t o particula r  externall y o r  internall y 
generate d events .  Th e event s tak e th e for m o f  signal s i n 
S C O R E.  Th e signal s ar e implemente d a s list s wit h th e firs t 
elemen t  o f  th e lis t  definin g th e signa l  typ e an d additiona l 
element s o f  th e lis t  provid e th e dat a require d fo r  th e signa l 
type .  Th e S C O RE form ,  signal-event ,  take s a  lis t  a s a n 
argumen t  an d generate s th e signal .  A  procedur e m a y 
enqueu e o n a  signa l  b y usin g th e with-signa l  form . 
Executio n o f  th e procedur e invokin g th e with-signa l  for m 
enter s a  wait-stat e pendin g th e occurrenc e o f  a  signa l  o f  th e 
designate d type .  Th e with-signa l  for m m a y includ e a  tes t  o n 
any o f  th e dat a element s o f  th e signa l  tha t  mus t  b e satisfie d 
befor e th e signa l  i s accepte d fo r  processing .  Onc e a  signa l  i s 
accepted ,  processin g o f  th e enclosin g procedur e continues .  I f 
th e signa l  typ e i s o f  furthe r  interest ,  th e with-signa l  for m 
must  b e employe d again . 

A procedur e issuin g a  signa l  continue s operation—i t  doe s 
not  wai t  upo n o r  receiv e an y returne d values .  Th e issuin g 
procedur e ha s n o knowledg e o f  th e othe r  procedure s tha t 
hav e enqueue d o n th e signal .  Ther e m a y an y numbe r  o f 
procedure s enqueue d o n i t  o r  non e a t  all .  A  give n procedur e 
m ay enqueu e o n a  signa l  onc e o r  i n eac h o f  tw o o r  mor e 
paralle l  thread s employe d t o explor e differen t  pattern s o f 
event s tha t  eac h includ e thi s particula r  event .  Signal-base d 
coordinatio n o f  procedur e executio n bear s som e resemblanc e 
t o a  dataflo w architectur e (Arvin d &  Culler ,  1983) .  A 
procedur e i n a  wait-stat e resume s executio n whe n dat a 
meetin g it s patter n matchin g requirement s arrives . 

The capabilit y t o enqueu e o n signal s form s th e basi s fo r 
th e coordinatio n o f  th e functiona l  capabilitie s tha t  m a k e u p 
th e multiple-tas k mode l  o f  huma n performance .  Signal s ar e 
use d bot h a s th e representatio n o f  externa l  event s tha t  trigge r 
th e model' s h u m a n receptor s (eye s an d ear s i n th e curren t 
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implementation )  an d a s th e representatio n o f  th e element s o f 
th e subsequen t  interna l  cascad e o f  event s tha t  i s  produce d i n 
developin g th e coordinate d multiple-leve l  respons e t o 
externa l  events .  Th e networ k o f  activatio n o f  with-signa l 
form s ca n chang e rapidl y ove r  tim e t o reflec t  th e occurrenc e 
of  externa l  event s an d th e evolvin g reconfiguratio n o f 
procedure s tha t  represen t  th e functiona l  capabilitie s tha t 
combin e t o for m task s governin g th e respons e t o thos e 
events .  Th e changin g networ k o f  activ e procedures ,  eac h 
sensitiv e t o particula r  externa l  o r  interna l  events ,  form s a 
patter n matche r  tha t  incorporate s a  tempora l  dimensio n an d 
determine s th e behavior s o f  th e model .  Th e proactiv e 
component  o f  th e behavior s i s provide d b y th e goal s an d 
subgoal s tha t  gover n th e initia l  networ k configuratio n an d 
activatio n o f  event-sensitiv e procedures .  Eac h o f  th e 
behavior s i n th e performanc e o f  a  tas k i s th e resul t  o f  th e 
activatio n o f  a  mi x o f  th e proactiv e an d reactiv e component s 
of  th e task .  Th e signal-drive n activatio n o f  networ k node s 
tha t  represen t  functiona l  capabilitie s provide s a n emulatio n 
of  Edelman' s reentran t  an d globa l  maps . 

5. Future Work 

Simulatio n studie s i n th e commercia l  ai r  traffi c  contro l 
domai n employin g professiona l  aircrew s an d ai r  traffi c 
controller s hav e bee n conducte d o n a  regula r  basi s ove r  th e 
past  severa l  years .  Acces s t o th e dat a fro m thes e studie s 
woul d provid e th e basi s fo r  a n assessmen t  an d furthe r 
refinemen t  o f  th e modelin g describe d here .  I n refmin g th e 
human performanc e model ,  severa l  area s ar e o f  particula r 
interest .  Th e firs t  i s  t o fiirthe r  explor e th e lin k betwee n 
proces s an d memory ,  an d i n particular ,  t o mode l  th e 
persistenc e o f  memor y instance s a s th e residual s o f 
procedur e execution .  A  secon d are a o f  interes t  i s  th e 
increase d temp o i n performanc e tha t  peopl e exhibi t  a s 
workloa d increases .  I n part ,  thi s wil l  lea d t o a  reexaminatio n 
and furthe r  elaboratio n o f  th e priority-base d mediatio n o f 
tas k contention . 
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Abstrac t 

This study analyzed how a working group used an analogy of 
•'educatio n a s a  pathway "  a s a  too l  fo r  conceptua l 
understandin g an d teamwork .  Th e team' s definitio n o f  th e 
analogica l  structur e remaine d consisten t  ove r  th e cours e o f 
tea m work ,  bu t  the y applie d th e analog y t o differen t  targets . 
Ambiguitie s i n th e analog y contribute d t o it s  limite d 
applicatio n a s a  too l  i n detaile d analysis .  Implication s ar e 
note d wit h respec t  t o ho w analogie s ar e evaluate d i n tea m 
work ,  ho w th e natur e o f  a  metapho r  influence s it s 
applicabilit y  i n analytica l  work ,  an d ho w grou p proces s ma y 
affec t  analog y us e i n tea m work . 

Introduction 

Thi s stud y explore d ho w analogica l  reasonin g wa s use d b y 
an interdisciplinar y workin g grou p t o understan d a  comple x 
phenomeno n an d desig n a n analysis .  Analogica l  reasonin g i s 
th e proces s throug h whic h learner s us e knowledg e o f  on e 
domai n t o addres s a  simila r  proble m i n a  ne w domain .  Th e 
detail s o f  particula r  step s hav e bee n outline d i n severa l 
differen t  model s (e.g. ,  Centner ,  1983 ;  Holyoa k &  Thagard , 
1989) ,  bu t  th e broa d patter n o f  applyin g analogie s involve s 
th e followin g steps :  identifyin g a n appropriat e analogy , 
mappin g component s o f  th e sourc e domai n t o th e targe t 
domain ,  an d evaluatin g th e mapping .  Throug h thi s process , 
informatio n abou t  relationship s i n th e sourc e domai n i s 
applie d t o relationship s i n th e targe t  domain ,  allowin g fo r 
new insigh t  an d understandin g abou t  th e target . 

Researc h ha s show n tha t  analogie s ca n enhanc e man y 
area s o f  discours e an d proble m solving ,  includin g 
explanatio n (Centner ,  1983) ,  theor y formatio n (Nersessian , 
1992) ,  probabilit y  reasonin g (Ross ,  1984) ,  argumentatio n 
(Schon ,  1979) ,  scientifi c  insigh t  (Langle y &  Jones ,  1988) , 
and proble m solvin g i n academi c domain s (Chi ,  e t  al. , 
1989) .  Studie s i n busines s an d socia l  scienc e (e.g. ,  Schon , 
1979 )  indicat e tha t  th e selectio n an d us e o f  a n analog y ca n 
hav e a  stron g effec t  o n people' s understandin g o f  a  problem . 
Analogie s affec t  cognitiv e processe s b y constrainin g th e 
thinkin g tha t  occurs .  I f  a n individua l  o r  grou p accept s th e 
validit y o f  a n analogy ,  th e object s an d relationship s i n tha t 
analog y ar e activ e i n participants '  memories .  Fo r  instance , 
viewin g colleg e educatio n a s a  pathwa y migh t  impl y tha t  th e 
educationa l  proces s ha s a  startin g point ,  a n endin g point ,  an d 
a direction .  Peopl e usin g th e metapho r  migh t  no t  explicat e 
thes e implications ,  ye t  th e implication s nevertheles s migh t 

shap e thei r  view s o f  colleg e education .  Th e analog y als o 
may influenc e people' s choic e o f  proble m solutions .  Fro m a 
proble m solvin g perspective ,  th e mos t  helpfu l  analogie s 
highligh t  element s o f  th e issu e tha t  ar e salien t  fo r  solvin g th e 
problem .  Scho n (1979 )  calle d metaphor s tha t  facilitat e 
proble m solutio n "generative "  becaus e the y provid e a  ne w 
perspectiv e o r  solutio n t o a  problem .  Th e utilit y o f  a n 
analog y ma y depen d o n th e it s  structure ,  wit h highl y 
systemati c explanator y analogie s (o r  scientifi c  analogies ) 
bein g usefu l  i n scientifi c  mode l  buildin g an d expressiv e 
analogie s (metaphors )  bein g mor e successfu l  a t  promptin g 
ric h description s o r  ide a generatio n (Centner ,  1982) . 

Thi s stud y analyze d ho w on e natura l  workin g grou p use d 
an analog y betwee n educatio n an d a  pathwa y a s a  basi s fo r 
buildin g a n analytica l  model .  First ,  w e identifie d ho w th e 
tea m define d an d applie d thi s potentiall y  ambiguou s 
metaphor .  Lik e man y c o m m o n analogie s (e.g. ,  a n 
electricity/wate r  analogy .  Centne r  &  Centner ,  1983) ,  bot h 
th e targe t  an d sourc e domain s wer e familia r  t o participants . 
I n addition ,  jus t  a s instructiona l  analogie s ar e provide d t o 
student s b y a  teache r  o r  textbook ,  th e pathwa y analog y wa s 
supplie d t o th e tea m b y th e tea m leade r  prio r  t o th e 
beginnin g o f  tea m work .  A s such ,  selectio n o f  th e analog y 
(th e firs t  ste p i n analogica l  reasoning )  wa s no t  a n issu e fo r 
th e team .  However ,  unlik e typica l  instructiona l  analogie s th e 
pathwa y analogy' s detaile d structur e wa s no t  explicitl y 
presente d t o participants ,  s o tea m member s neede d t o 
generat e an d explai n th e structur e o n thei r  ow n i n orde r  fo r  i t 
t o b e use d i n th e tea m work .  Ou r  goa l  wa s t o identif y th e 
characteristic s o f  th e analog y tha t  facilitate d o r  hindere d th e 
team' s analogica l  reasoning . 

Subject and Methods 

Subject of Study 

The subjec t  o f  stud y wa s a n interdisciplinar y workin g grou p 
(Tea m A )  withi n a n institutio n tha t  ha d a n overal l  missio n o f 
developin g strategie s t o improv e educatio n i n science ,  math , 
engineering ,  an d technolog y ( S M E T )  a t  a  nationa l  level .  A s 
par t  o f  it s task .  Tea m A  intende d t o investigat e question s 
abou t  colleg e S M E T educatio n b y drawin g a n analog y 
betwee n colleg e educatio n an d a  pathway .  Th e goal s fo r  th e 
pathwa y projec t  include d (1 )  characterizin g an d comparin g 
studen t  pathway s i n selecte d S M E T an d non -SME T majors, 
(2 )  identifyin g th e impac t  tha t  reforme d course s ha d o n 
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students '  paths ,  an d (3 )  developin g a  mode l  tha t  coul d b e 

use d t o analyz e pathway s i n othe r  situations . 
At  th e tim e observatio n began ,  th e tea m comprise d 6 

members ( 3 professor s o f  variou s level s an d disciplines ,  2 
graduat e students ,  an d 1  academi c staft") .  B y th e en d o f  th e 
one-yea r  observatio n period ,  on e graduat e studen t  an d th e 
staf f  m e m b e r  ha d lef t  th e group ,  an d a  ne w graduat e studen t 
had joine d th e team .  Eac h tea m m e m b er  misse d a t  leas t  on e 
meeting . 

Data Collection and Analysis 

Th e dat a se t  analyze d her e include d videotape ,  audiotape , 
and observers '  note s fro m 2 1 meeting s an d 1 6 interview s 
tha t  spanne d a  one-yea r  period .  Observation s bega n shortl y 
afte r  T e a m A  bega n it s wor k an d ende d wit h interview s 
conducte d afte r  th e las t  meetin g o f  th e team .  I n th e firs t 
phas e o f  wor k (Meeting s 1-10) ,  T e a m A' s primar y pathway -
relate d tas k wa s t o begi n a n analysi s o f  studen t  cours e 
transcrip t  data .  Thes e meeting s include d discussion s o f  th e 
team' s approac h t o pathwa y analysi s an d review s o f  initia l 
dat a analyses .  Th e en d o f  thi s phas e wa s signifie d b y a  laps e 
i n tea m meeting s an d a  shif t  o f  focu s awa y fro m th e cours e 
transcrip t  analysis .  Durin g th e secon d phas e o f  researc h 
(Meeting s 11-21 )  conversation s focuse d o n theoretica l  issue s 
wit h littl e grou p discussio n o f  th e specifi c  transcrip t 
analysis .  Th e transcrip t  analysi s wa s eventuall y 
discontinued ,  an d a t  th e en d o f  th e perio d o f  observatio n th e 
grou p stoppe d meetin g a s a  team .  Individua l  interview s wer e 
conducte d periodicall y throughou t  thi s tim e period . 

Th e qualitativ e analysi s tha t  follow s i s th e produc t  o f  a n 
extensiv e inductiv e identificatio n o f  idea s an d pattern s 
eviden t  i n conversationa l  an d intervie w data .  First ,  relevan t 
meetin g segment s (involvin g a  referenc e t o a  pathwa y 
metapho r  o r  relate d task )  wer e targete d fo r  detaile d analysi s 
as describe d i n Ch i  (1997) .  A n "ope n coding "  (se e Straus s & 
Corbin ,  1990 )  wa s don e o n th e reduce d protocol s t o identif y 
salien t  dat a categories .  Th e resultin g emergen t  codin g 
categorie s include d analog y component s an d characteristics , 
targets ,  evaluations ,  an d applications . 

Deflnitions of the Pathways Analogy 

Our  inductiv e analysi s reveale d tha t  whil e th e basi c structur e 

of  th e analog y di d no t  shif t  significantl y ove r  th e cours e o f 

tea m meetings ,  th e targe t  o f  th e analog y applicatio n 
changed . 

Analogy Definition 

Analogy source. Participants' explicit definitions of a 
pathwa y describe d a  basi c pictur e o f  a  pathwa y a s 

comprisin g movemen t  betwee n tw o points .  Fo r  example , 
Protoco l  1  present s excerpt s o f  thre e participants ' 
description s o f  pathways . 

Protoco l  1 
"th e rout e tha t  student s tak e fro m startin g colleg e t o 
when the y ge t  thei r  major " 
"wher e the y star t  an d wher e the y end " 

" a wa y t o ge t  fro m her e t o there ,  .. .  th e sequenc e o f 
course s tha t  ar e taken. " 

Thi s generi c vie w represente d a  pat h a s a  serie s o f  point s 
alon g a  singl e direction .  I n thi s definition ,  a  pathwa y (th e 
sourc e domain )  ha d thre e majo r  components :  starting/entr y 
point ,  gateway s o r  milestones ,  an d en d point .  I n addition , 
differen t  type s o f  pathway s wer e characterize d i n differen t 
ways .  Fo r  example ,  al l  path s wer e presume d t o hav e a 
genera l  direction ,  bu t  th e degre e o f  flexibilit y  o r  rigidit y o f 
th e pat h varied ,  wit h "tru e paths "  bein g rigi d i n natur e whil e 
othe r  type s o f  path s wer e mor e flexible .  Figur e 1  illustrate s 
conceptua l  representation s o f  "tru e paths "  versu s othe r  type s 
of  paths . 

As show n i n Figur e 1 ,  "true "  path s requir e a  sequentia l 
progressio n alon g a  singl e route .  Thi s vie w o f  a  pathwa y 
corresponde d t o th e stereotypica l  vie w o f  som e S M E T 
discipline s (e.g. ,  engineering )  a s strict ,  "unforgiving " 
pipelines .  Other ,  mor e flexible ,  path s hav e multipl e startin g 
points ,  a  chanc e fo r  re-entry ,  an d optiona l  gateway s tha t  ar e 
not  sequentiall y  organized .  S o m e major s (e.g. ,  biology ) 
migh t  allo w student s t o follo w thi s typ e o f  les s sequentia l 
pat h throug h school . 

Analogy target domain. Conversations included references 
t o tw o targe t  domains :  a  targe t  relate d t o studen t  cours e 
work ,  an d a  targe t  relate d t o non-course-reiate d events .  A 

Limite d Exampleoi ,  (Rando m 
Exampl e o t  ̂ 

Othe r  Path s K £ ^ "̂"•"" ' 

ExamMtor 
Tru e Path s 

oundles s 
field 

Pan M P' i 
Pipelin e Pan ) i 

„  .  .Lead s 10 ^ / •  ̂  ,  X  Lead s u 
S tar t ing)——-^ f  Ga teway s ) — — ^ WK Exit s '̂ ' ^  • (  Ga teway s ̂'-"''̂ " 

charaJtehzc s char;̂ cri/c s chai%Men/c s charĴ cn/c s 

non- ^^ ^optionaf^ /^possible 
equenti a 

tcn/r s charaWeriJK S 

re-en t 
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Figur e 1 :  Representatio n o f  knowledg e abou t  "true "  path s an d othe r  path s 
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mappin g ha d a  cours e wor k targe t  i f  i t  connecte d pathwa y 
component s (start ,  finish,  milestones )  t o specifi c  course s o r 
educationa l  milestone s suc h a s graduation .  I n thi s vie w a 
pathwa y wa s a  progressio n fro m cours e t o course ,  wit h 
course s an d grade s bein g th e primar y marker s ideiitifym g 
part s o f  a  path .  I n contrast ,  a  mappin g targete d a  lif e pat h i f 

i t  referre d t o non-course-relate d event s suc h a s enterin g 
schoo l  wit h a  certai n typ e o f  motivation ,  finding  th e correc t 
advisors ,  o r  pursuin g a  caree r  i n a  certai n field. 

I n initia l  conversation s (Meeting s I-II) ,  al l  reference s t o 
pathway s implie d course-relate d targets ,  an d course-relate d 
reference s continue d throug h Meetin g 21 .  I n Meeting s 12 , 
15,  an d 16 ,  tea m member s extende d th e targe t  o f  th e 
pathwa y analog y t o includ e "lif e paths. "  Althoug h tea m 
members realize d tha t  th e analog y coul d b e applie d t o a  life -
relate d target ,  the y recognize d tha t  the y di d no t  hav e acces s 
t o data—suc h a s socia l  network s o r  studen t  friendships — 
necessar y t o analyz e a  lif e pat h an d thu s di d no t  se e lif e 
target s a s appropriat e fo r  thei r  task . 

Thi s shif t  i n targe t  o f  th e pathwa y analog y reflecte d a n 
implici t  evaluatio n o f  th e metaphor .  Participant s wer e awar e 
of  th e pathwa y analog y a s a  potentia l  too l  wit h limitation s 
and benefits ,  an d the y viewe d th e origina l  targe t  a s a t  leas t 
partiall y  inadequate .  I t  i s  interestin g tha t  the y di d no t  alte r 
th e structur e o f  th e metapho r  (i.e. ,  th e component s o f  a 
pathway )  bu t  merel y shifte d th e targe t  o f  analogica l 
reasoning .  Thi s migh t  indicat e tha t  the y viewe d th e structur e 
as correc t  bu t  limite d i n it s application . 

Analogy target level of speciricity. The target's level of 
specificit y indicate d whethe r  th e sourc e domai n wa s mappe d 
t o individua l  pathway s (a n individua l  student' s experience ) 
or  t o non-individual ,  o r  aggregate ,  pathways .  A  commen t 
referre d t o a n individua l  pathwa y / /  i t  indicate d tha t  a 
pathwa y wa s uniqu e t o a n individua l  o r  determine d b y a n 
individual' s  choices .  A n aggregat e pathwa y wa s define d a s a 
path-relate d referenc e tha t  implie d tha t  th e pat h wa s no t 
base d o n experience s o f  a  singl e individual .  Thi s include d 
reference s t o grou p pathway s ( c o m m o n path s take n b y a 
grou p o f  students )  an d institutiona l  pathway s (expecte d 
pathway s define d b y a  majo r  departmen t  o r  university) . 

Bot h level s o f  specificit y wer e referre d t o throughou t  th e 
tea m meeting s an d interviews .  Fo r  example ,  i n Meetin g 1 , 
18 turn s containe d pathwa y references .  O f  thes e turns ,  3 0 % 
referre d t o individua l  path s an d 1 1 % implie d aggregat e 
pathways .  Protoco l  2  (fro m Meetin g 1 )  illustrate s reference s 
t o aggregat e an d individua l  target s i n th e sam e conversation . 

Protoco l  2 
D L:  I  wonde r  i f  w e ca n characteriz e a  har d scienc e 

pathwa y versu s a  .. .  biologica l  scienc e pathway . 
/ / 
D L:  [Th e analyst ]  i s  lookin g a t  percentages .  He' s no t 

trackin g th e perso n throughout . 
H C:  Right ,  it' s  no t  reall y path-oriented . 
// 
D L:  I f  w e coul d ge t  hi m t o .  .  .  plo t  dat a set s pe r 

person ,  .. .  w e ca n se e wher e th e dropout s occu r 
alon g th e path . 

DL' s first  statemen t  implie s th e existenc e o f  grou p pathway s 

("har d scienc e path "  versu s "biologica l  scienc e path" )  an d 
thu s use s a n aggregat e pathwa y target .  Th e subsequen t 
exchange ,  i n contrast ,  explicitl y  indicate s tha t  a  "pat h 
oriented "  approac h require s trackin g individuals ,  thu s 
specifyin g tha t  th e desire d targe t  i s individua l  rathe r  tha n 
aggregate . 

Whil e participant s acknowledge d i n interview s tha t  a 
"path "  coul d refe r  t o bot h individua l  an d aggregat e paths , 
thi s ambiguit y wa s neve r  explicitl y  addresse d i n tea m 
meetings .  A s wil l  b e discussed ,  thi s ambiguit y wa s a  sourc e 
of  communicatio n difficulties . 

Analogy Mappings 

Ther e wa s onl y on e explici t  mappin g m a d e betwee n a 
componen t  o f  a  pathwa y an d educationa l  experienc e (i.e. ,  a 
lin k betwee n a  particula r  cours e an d th e star t  o f  a  path) ,  bu t 
participant s frequentl y linke d characteristic s o f  pathway s 
and variou s educationa l  experiences .  Fo r  example , 
participant s frequentl y describe d educationa l  pathway s a s 
havin g differen t  degree s o f  flexibility  an d rigidity ,  jus t  a s 
rea l  path s diffe r  i n thei r  eas e o f  access . 

Thi s indicate d tha t  tea m members '  analogica l  reasonin g 
was base d o n specifi c  path s rathe r  tha n o n representation s o f 
a generi c pathway .  A s Figur e 1  indicated ,  a t  a  generi c leve l 
al l  type s o f  path s share d basi c component s (start ,  gateway , 
exit) ,  whil e specifi c  pathway s ha d differen t  characteristic s 
(e.g. ,  tru e path s wer e rigi d an d sequentia l  whil e other s wer e 
flexible).  Mos t  mappings ,  however ,  involve d characteristic s 
(whic h differe d onl y fo r  specifi c  paths )  rathe r  tha n 
component s ( c o m m o n t o a  generi c pathway) ,  indicatin g tha t 
specifi c  path s (identifie d b y specifi c  characteristics )  wer e 
th e basi s fo r  analogica l  reasoning . 

I n addition ,  participant s mentione d pathway s whe n 
describin g th e goal s o f  th e group .  Fo r  instance .  Protoco l  3 
shows excerpt s fro m tw o participants '  interview s i n whic h 
the y commen t  o n th e tea m goals . 

Protoco l  3 
D L:  I  thin k tha t  [w e ar e trying ]  t o empiricall y show ,  .  . 

.  "I s i t  [scienc e education ]  a  tru e path? " 
/ / 
S Y:  W e go t  a  larg e dat a se t  o f  peopl e i n th e differen t 

science s an d .  .  .  [wan t  to ]  se e i f  w e ca n plo t  ou t 
what  thei r  pathway s loo k like .  S o tha t  w e ca n sa y 
tha t  ther e ar e pathways ,  an d thes e ar e variation s 
acros s disciplines . 

I n bot h statements ,  th e ter m pathwa y wa s use d i n referrin g 
t o educationa l  experiences ,  thu s implyin g th e validit y o f 
viewin g educatio n a s a  pathway .  However ,  detail s o f  h o w 
educatio n wa s a  lik e a  pathwa y wer e neve r  discussed .  Thi s 
constitute d a  high-leve l  mappin g whic h linke d th e tw o 
domain s bu t  whic h di d no t  provid e an y detaile d descriptio n 
of  h o w relationship s withi n th e domain s wer e linke d t o eac h 
other . 
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Alternat e M e t a p h o r s 

I n meeting s an d interview s participant s use d alternat e 

metaphors—som e closel y resemblin g th e pathwa y 
analogy—t o clarif y thei r  vie w o f  ho w student s travers e 

educationa l  institutions .  Example s o f  alternat e metaphor s 
include d pipelines ,  rivers ,  expressways ,  footpaths ,  an d 
trains .  S o m e reference s constitute d a  simpl e mentio n o f  a 

metaphor ,  whil e other s involve d elaborat e descriptions .  Fo r 
example ,  on e participan t  describe d h o w schoo l  wa s lik e a 
turbulen t  channe l  o f  wate r  constraine d b y stee p 
embankments .  Student s caugh t  i n th e strea m wer e throw n 
abou t  b y institutiona l  forces .  I n thi s view ,  educationa l 
refor m represente d a  "softenin g o f  th e banks "  tha t  woul d 
decreas e th e turbulenc e o f  th e wate r  an d thu s eas e students ' 
experiences .  Thi s illustrate d h o w a n alternativ e metapho r 
coul d vividl y emphasiz e situationa l  element s tha t  wer e no t 
highlighte d wit h a  simpl e pathwa y metaphor . 

Althoug h thes e alternat e metaphor s coul d b e viewe d a s 
challenge s t o a  pathwa y metapho r  (i.e. ,  tha t  th e pathwa y 
metapho r  wa s inadequat e i n explainin g a  concept) ,  tea m 
members indicate d tha t  the y fel t  metaphor s suc h a s roads , 
rivers ,  an d pipeline s exemplifie d specifi c  type s o f  paths . 
Thi s vie w i s represente d i n Figur e 1  through  inclusio n o f 
alternativ e metaphor s a s example s o f  variou s paths . 

Notwithstandin g thi s definitio n o f  th e ter m pathwa y a s 
denotin g a  generi c path ,  participants '  us e o f  th e ter m 
pathwa y periodicall y wa s ambiguous .  Fo r  example ,  on e 
participan t  indicate d tha t  a  "rando m walk "  wa s no t  a  "rea l 
path. "  Anothe r  indicate d tha t  a  "tru e path "  wa s simila r  t o a n 
inflexibl e pipeline .  Thi s dua l  connotatio n o f  th e ter m 
pathwa y introduce d ambiguit y int o th e us e o f  th e metaphor . 
Whil e th e ter m wa s periodicall y use d t o impl y a  broa d 
categor y encompassin g severa l  variants ,  i t  als o occasionall y 
had connotation s o f  rigidity . 

Uses of the Pathways Analogy 

T wo meeting s (Meeting s 1  an d 16 )  stoo d ou t  a s example s o f 
in-dept h pathway-relate d discussions .  Thes e meeting s 
include d th e highes t  percentag e o f  turn s containin g explici t 
pathway-relate d proposition s (wit h 7. 7 an d 9.5 % o f  turn s 
bein g path-related ,  compare d t o a n averag e o f  1.7%) .  I n 
addition ,  bot h meeting s containe d pathway-relate d 
exchange s tha t  wer e comple x (e.g. ,  multipl e proposition s 
abou t  pathway s raise d i n a  singl e turn )  an d generativ e (e.g. , 
participant s buildin g o n eac h other' s  ideas) .  Thes e tw o 
meeting s illustrate d th e dua l  purpos e o f  th e pathwa y analog y 
i n T e a m A' s work . 

I n Meetin g 1 ,  th e pathway s metapho r  wa s invoke d a s a 
plannin g tool ,  wit h th e inten t  o f  designin g th e analysi s t o 
confor m t o designate d characteristic s o f  a  pathway .  I n 
particular ,  participant s indicate d tha t  the y expecte d th e 
analysi s woul d b e "pat h related "  i f  i t  tracke d individuals ,  a s 
show n i n Protoco l  2 .  Subsequen t  meeting s (a t  whic h dat a 
wer e reviewe d bu t  n o plannin g too k place )  containe d les s 
frequen t  mention s o f  th e analogy .  W h e n th e metapho r  wa s 
mentione d i n thes e meetings ,  i t  wa s no t  discusse d in-depth , 
and it s characteristic s o r  component s wer e rarel y invoked . 
Thi s indicate d tha t  whil e th e metapho r  wa s usefu l  i n 
plannin g th e analysi s (an d i n providin g a  framewor k fo r 

designin g th e analysis) ,  i t  wa s no t  invoke d i n detaile d 

discussion s o f  data .  Thi s reflecte d a  limite d applicatio n o f 
th e analog y i n th e analysis . 

Meetin g 16 ,  i n contrast ,  comprise d a  broa d conceptua l 
discussio n i n whic h th e natur e o f  th e underlyin g metapho r 
was explored .  I n thi s meeting ,  th e discussio n focuse d o n th e 
natur e o f  th e metapho r  itself ,  wit h littl e discussio n o f  th e 
transcrip t  analysis .  Meetin g 1 6 illustrate d ho w th e analog y 

coul d promp t  highe r  leve l  conceptua l  discussions ;  thi s 
represente d a  us e o f  th e analog y a s a  framewor k fo r 

meaning-makin g rathe r  tha n a s a  too l  i n detaile d analysis . 

Factors Influencing Analogy Use 

Whil e th e pathwa y analog y wa s t o b e use d a s th e basi s fo r 
buildin g a  mode l  o f  studen t  educationa l  experiences ,  specifi c 
analogica l  mapping s wer e discusse d infrequently .  A s a 
result ,  whil e high-leve l  mapping s betwee n th e approac h t o 
th e wor k an d th e natur e o f  a  pathwa y (suc h a s thos e foun d i n 
discussion s o f  plannin g activities )  ma y hav e helpe d tea m 
members generat e interestin g idea s abou t  education ,  the y di d 
not  hel p participant s i n th e detaile d analysi s o f  studen t 
transcrip t  data .  Base d o n th e result s discusse d above ,  w e 
believe d tha t  th e lac k o f  succes s o f  analogica l  reasonin g wa s 
exacerbate d b y failur e t o buil d a n explici t  componentia l 
model  o f  th e bas e analog y an d failur e t o clarif y ambiguitie s 
i n mapping s betwee n th e bas e an d targe t  domains . 

Lack of Discussion about Model Components 

I n orde r  t o determin e h o w t o identif y studen t  "paths "  i n 
transcripts ,  participant s neede d t o determin e wha t  dat a 
corresponde d t o particula r  part s o f  a  pathway .  However , 
onl y on e explici t  mappin g wa s identifie d i n tea m meetings , 
indicatin g tha t  th e tea m a s a  whol e di d no t  discus s ho w 
mapping s shoul d b e made .  I n addition ,  onl y i n on e meetin g 
(a t  whic h n o analyst s wer e present )  di d a  participan t 
acknowledg e th e complexit y o f  identifyin g h o w variou s 
course s corresponde d t o component s o f  a  pathway . 

Th e lac k o f  explicatio n o f  specifi c  mapping s hindere d 
tea m progres s o n th e tas k b y makin g i t  difficul t  fo r  th e 
analyst s t o kno w h o w t o us e th e analog y a s a  basi s fo r  mode l 
building .  Explici t  discussion s about  possibl e component s o f 
pathway s an d mapping s betwee n th e pathwa y mode l  an d 
studen t  coursewor k likel y woul d hav e facilitate d th e 
analysts '  abilit y  t o procee d o n th e task . 

I t  i s  possibl e tha t  th e lac k o f  explici t  discussio n abou t  th e 
pathwa y mode l  an d it s applicatio n resulte d fro m 
participants '  acceptanc e o f  th e metapho r  a s a  "commo n 
sense "  ide a tha t  di d no t  nee d furthe r  explanation .  Becaus e 
participant s presume d a  c o m m o n understandin g o f  th e 
metaphor ,  furthe r  explicatio n o r  discussio n o f  th e mode l 
component s appeare d unnecessary . 

Ambiguous Mappings: Aggregate Goals Versus 
Individua l  Ana lyse s 

Applicatio n o f  th e pathwa y analog y als o wa s difficul t 
becaus e th e researc h goal s an d th e expecte d analytica l 
approac h comprise d tw o differen t  level s o f  analysis . 

As mentione d above ,  th e pathwa y analog y wa s mappe d t o 
target s a t  tw o level s o f  specificity :  individua l  studen t 
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pathway s an d aggregat e pathways .  Th e team' s primar y 
researc h question s involve d analyzin g aggregat e pathways . 
For  example ,  participant s wante d t o compar e path s throug h 
variou s major s an d t o examin e th e impac t  tha t  a  majo r 
path' s flexibilit y  o r  rigidit y ha d o n retentio n o f  student s fro m 
differen t  backgrounds .  A s a  result ,  th e researc h question s 
mapped th e bas e domai n o f  a  pathwa y ont o a n aggregat e 
targe t  comprisin g experience s o f  group s o f  students . 

However ,  i n plannin g th e analysi s mos t  tea m member s 
indicate d tha t  a n "individuall y based "  approac h shoul d b e 
used .  A t  earl y meeting s grou p member s criticize d th e initia l 
analyst' s report s fo r  providin g summar y statistic s 
(aggregates )  instea d o f  trackin g individual s an d thu s no t 
bein g "pat h oriented. "  Thes e statement s reflecte d mapping s 
betwee n a  pathwa y an d a n individual-leve l  target .  Becaus e 
thes e tea m members '  expectation s wer e base d o n a  vie w o f 
individua l  pathways ,  th e initia l  analyst' s wor k (whic h 
implie d a n aggregat e target )  di d no t  mee t  thei r  expectations . 
An in-dept h analysi s o f  thi s situatio n (se e DuRusse l  & 
Derry ,  i n preparation )  indicate d tha t  th e ambiguit y 
contribute d t o a  socia l  conflic t  tha t  hindere d th e team' s 
effectiveness . 

The issu e o f  h o w t o us e individua l  transcript s t o obtai n 
conclusion s abou t  aggregat e path s wa s neve r  clarifie d b y 
any grou p member .  Similarly ,  whil e i n fina l  interview s 
participant s recognize d th e existenc e o f  bot h individual -  an d 
aggregate-leve l  targets ,  thi s issu e wa s neve r  discusse d i n 
tea m meetings .  Possibl y becaus e o f  thi s lac k o f  clarification , 
analyst s expresse d confusio n abou t  h o w t o approac h th e 
detaile d analysis .  Th e individual/aggregat e ambiguit y i n 
analogica l  mapping s complicate d th e tas k an d thu s 
contribute d t o th e lac k o f  progress . 

The fac t  tha t  th e individual/aggregat e mismatc h fo r  th e 
transcrip t  analysi s wa s problemati c wa s underscore d b y th e 
fac t  tha t  a  differen t  tas k involvin g pathway s di d no t  see m t o 
pos e a  proble m fo r  th e team .  A s a  relate d endeavor ,  on e 
tea m member  create d flow  chart s o f  institutiona l  pathway s 
as define d i n cours e catalogs .  I n thi s project ,  th e researc h 
goal  an d th e dat a wer e a t  a  paralle l  aggregat e level .  Becaus e 
th e leve l  o f  dat a (cours e catalo g information )  an d th e 
expecte d resul t  ( a m a p o f  th e pat h reflecte d i n th e cours e 
catalog )  wer e aligned ,  th e applicatio n o f  th e analog y wa s 
unambiguou s an d thu s les s complex .  This ,  i n combinatio n 
wit h th e fac t  tha t  th e dat a wer e cleare r  an d mor e easil y 
available ,  mad e thi s tas k easie r  tha n th e transcrip t  analysi s 
task . 

Participants' Evaluations of the Analogy 

Tea m members '  action s an d comment s indicate d tha t  the y 
recognize d th e analogica l  mapping s wer e no t  clearl y 
defined .  First ,  i n meeting s an d interview s participant s 
indicate d tha t  identifyin g h o w th e "pathway "  mode l  shoul d 
be applie d wa s mor e comple x tha n i t  initiall y  seemed . 
Severa l  participant s (i n particula r  th e analysts )  describe d th e 
pathwa y ide a a s no t  ver y importan t  o r  interesting . 

I n addition ,  participants '  action s reveale d thei r  awarenes s 
of  th e limitation s o f  th e analog y i n it s curren t  form .  A t 
Meetin g 1 1 th e tea m initiate d a  literatur e searc h o f  researc h 
tha t  woul d lak e th e pathwa y analog y "fro m metapho r  t o 

model "  b y identifyin g h o w th e pathwa y analog y ha d bee n 
use d i n othe r  line s o f  research .  Th e literatur e revie w wa s no t 
completed ,  s o i t  i s  uncertai n h o w suc h a  product—on e tha t 
provide d mor e specifi c  informatio n abou t  applyin g th e 
analog y a s a n analytica l  tool—migh t  hav e influence d a 
subsequen t  analysis . 

T e a m members '  negativ e reaction s t o th e metapho r  m a y 
hav e reflecte d th e difficult y o f  usin g a  simpl e abstrac t 
structur e (suc h a s a  pathway )  t o analyz e a  comple x dat a set . 
Althoug h th e metapho r  provide d a  framewor k fo r 
participant s t o understan d th e genera l  goa l  o f  thei r  task ,  i t 
was no t  specifi c  enoug h t o b e a n easil y accessibl e analogica l 
too l  fo r  a  detaile d analysi s o f  studen t  courses .  Ther e thu s 
was a  ga p betwee n th e abstrac t  metapho r  an d th e specifi c 
analog y (includin g mappings )  neede d i n th e dat a analysis . 

Alternatively ,  th e lac k o f  progres s m a y hav e reflecte d a 
lac k o f  metacognitiv e knowledg e an d reflectio n abou t  th e 
analogica l  reasonin g process .  Participant s seeme d t o accep t 
th e appropriatenes s o f  th e metapho r  (includin g th e existenc e 
of  educationa l  pathways )  withou t  discussin g explici t 
mapping s an d thei r  implications .  Thi s indicate d tha t  whil e 
participant s acknowledge d th e analog y a s a  too l  i n thei r 
work ,  the y di d no t  k n o w h o w t o appl y i t  successfull y i n a 
proces s o f  analogica l  reasoning . 

I n eithe r  case ,  however ,  participants '  discussion s an d 
reaction s t o th e metapho r  indicate d tha t  eve n i f  tea m 
members di d no t  explicat e al l  th e implication s o f  th e 
pathwa y metaphor ,  the y wer e activ e user s o f  th e analogy , 
not  passiv e recipient s o f  it . 

Conclusion 

Thi s cas e stud y illustrate d h o w a n analog y wa s use d b y a 
natura l  grou p t o addres s a  comple x problem .  Th e pathwa y 
metapho r  ha d limite d applicatio n a s a  basi s fo r  detaile d 
analogica l  reasoning .  Thi s analysi s raise d severa l  issue s 
relevan t  t o analog y us e i n grou p work ,  includin g th e valu e o f 
explicitl y  discussin g th e analogica l  reasonin g process ,  th e 
impac t  tha t  domai n clarit y m a y hav e o n a n analogy' s utility , 
and possibl e subtletie s i n analogica l  evaluation . 

First ,  effectiv e tea m us e o f  th e analog y relie s o n c o m m o n 
understandin g an d applicatio n o f  th e metaphor .  However , 
participant s m a y interpre t  th e analog y differentl y an d us e i t 
i n differen t  way s i n thei r  work .  Thi s m a y resul t  i n 
misunderstanding s amon g tea m members ,  an d m a y 
contribut e t o tea m product s bein g create d an d evaluate d 
base d o n differen t  criteria .  I f  a  metapho r  i s common l y use d 
i n norma l  speech ,  the n a n assumptio n o f  c o m m o n 
understandin g m a y preclud e explici t  discussion s abou t  th e 
assumption s an d ambiguitie s i n th e metaphor .  Thi s lac k o f 
discussio n migh t  resul t  i n a n inefficien t  o r  inconsisten t 
applicatio n o f  th e metapho r  bot h i n analogica l  task s an d i n 
conceptualization .  I t  als o i s possibl e tha t  participants ' 
familiarit y wit h th e ter m an d th e concep t  m a y blin d the m t o 
th e fac t  tha t  i t  ca n b e broke n int o component s tha t  coul d b e 
compare d separatel y a s a  par t  o f  a n analogy . 

Adequat e communicatio n als o m a y enhanc e 
metacognitiv e monitorin g o f  th e reasonin g process ,  whic h i n 
tur n woul d facilitat e analog y application .  I f  tea m member s 
d o no t  atten d t o th e way s i n whic h th e analog y coul d b e 
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used—and t o th e implication s o f  variou s mappings—the n 

th e analogica l  reasonin g proces s ma y no t  resul t  i n a 
productiv e understandin g o f  th e targe t  domain .  Eve n i f  th e 
analog y i s implicitl y  evaluate d (a s wa s th e cas e fo r  Tea m 
A ) ,  th e evaluatio n ma y no t  resul t  i n improve d applicatio n o f 

th e analogy .  A  highe r  leve l  o f  metacognitiv e awarenes s o f 
th e reasonin g proces s i s probabl y require d t o appl y a 
comple x analog y successfull y i n teamwork . 

Second ,  ambiguitie s i n th e sourc e an d targe t  domain s 

appear e t o influenc e participants '  abilit y  t o generat e 
analogica l  mappings .  A n analog y tha t  require s fa r  transfe r 
acros s domain s ma y no t  provid e enoug h clue s abou t  ho w t o 
appl y th e analog y i n detaile d work .  Becaus e thi s typ e o f 
analog y involve s a  sourc e an d targe t  o f  radicall y differen t 
domains ,  man y detail s ma y nee d t o b e supplie d b y th e 
grou p befor e generatin g mappings ,  makin g analogica l 
reasonin g complex .  I n orde r  t o avoi d miscommunication s 
among tea m members ,  i t  i s  importan t  tha t  tea m member s 
clarif y bot h th e bas e an d th e intende d targe t  o f  th e analog y 
and explicat e th e typ e o f  mapping s tha t  ar e t o b e made . 

Thi s cas e stud y als o provide d informatio n abou t 
analogica l  evaluatio n i n a  natura l  group .  Whil e littl e explici t 
evaluatio n o f  th e metapho r  wa s eviden t  i n tea m 
conversation ,  participants '  actions—includin g thei r 
expansio n o f  th e analog y targe t  an d thei r  searc h fo r 
example s o f  it s  applicatio n i n othe r  fields—indicate d subtl e 
evaluatio n o f  th e metaphor' s utility .  Th e us e o f  alternat e 
metaphor s t o exten d an d clarif y th e pathwa y metapho r  als o 
reveale d tha t  participant s wer e constantl y evaluatin g th e 
validit y o f  th e pathwa y metaphor .  However ,  thes e 
evaluation s apparentl y di d no t  improv e th e applicatio n o f  th e 
analogy . 

Thi s analysi s highlight s tha t  whil e analog y ca n b e a  usefu l 
too l  i n tea m work ,  th e natur e o f  th e analog y an d th e skil l  o f 
th e grou p i n analogica l  reasonin g constrai n it s utilit y  fo r 
certai n functions .  I n thi s case ,  th e pathwa y analog y wa s 
unsuccessfu l  a s a n explanator y analog y (se e Centner ,  1982 ) 
designe d t o facilitat e detaile d understandin g o f  pattern s i n 
studen t  educationa l  data ,  bu t  i t  wa s mor e successfu l  a s a n 
expressiv e metapho r  tha t  highlighte d interestin g question s 
fo r  study .  Th e analogy' s lac k o f  succes s a s a n explanator y 
analog y likel y wa s relate d t o it s  statu s a s a  "commo n sense " 
idea .  Whil e instructiona l  analogie s ma y b e selecte d eithe r 
fo r  thei r  eas e o f  applicatio n o r  thei r  emphasi s o f  particula r 
aspect s o f  th e targe t  domai n (thu s ensurin g thei r  succes s a s 
explanator y devices) ,  a  "commo n sense "  analog y i s no t 
necessaril y  a s carefull y selected .  I f  th e analogy' s 
ambiguitie s an d limitation s ar e no t  identifie d an d resolve d 
by tea m members ,  th e analog y applicatio n ma y b e limite d o r 
misapplied ,  resultin g i n a  lac k o f  progres s o n th e tea m task . 
T e a m manager s an d member s nee d t o b e awar e o f  thes e 
issue s i n orde r  t o facilitat e th e applicatio n o f  a n analog y i n 
teamwork . 

fundin g fro m th e Nationa l  Scienc e Foundatio n (Cooperativ e 
Agreemen t  No .  RED-9452971) .  However ,  th e idea s 
expresse d herei n ar c no t  endorse d b y an d ma y no t  b e 
representativ e o f  position s endorse d b y th e sponsorin g 
agencies . 

We ar e gratefu l  t o member s o f  th e workin g grou p fo r  thei r 
cooperatio n i n ou r  research . 
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Abst rac t 

This study discusses belief-change as the problem of 
decidin g whic h previously-accepte d belief ,  o r  premise ,  t o 
abandon ,  whe n a n inferenc e fro m a n initia l  belie f  se t  i s 
subsequentl y contradicted .  Th e dat a concer n ho w 
"disbelieving "  a  previously-accepte d conditiona l  premis e 
i s realize d a s a  particula r  modificatio n t o tha t  premise . 
The type s o f  revision s tha t  ar e mad e ar e influence d b y th e 
kin d o f  knowledg e expresse d i n th e conditional .  Th e 
result s an d th e broade r  issue s o f  belief-revisio n ar e relate d 
t o othe r  concern s tha t  hav e emerge d i n th e literatur e o n 
propositiona !  inference ,  suc h a s th e reporte d reluctanc e o f 
peopl e t o mak e simpl e vali d modu s ponen s inference s i n 
some circumstance s an d th e genera l  interes t  i n 
incorporatin g subjectiv e belie f  int o account s o f  deductiv e 
inference . 

Introduction 

Conside r  th e followin g occasio n o f  common-sens e belief -
change .  Suppos e yo u believ e (a )  you r  colleagu e i s 
plannin g o n attendin g a  semina r  an d (b )  I f  h e i s attendin g 
th e seminar ,  h e wil l  b e leavin g th e offic e a t  3:45 .  A 
conflic t  woul d becom e apparen t  whe n yo u fai l  t o observ e 
hi m leavin g a t  3:45 .  Y o u migh t  inquir e "Aren' t  yo u goin g 
t o th e seminar? "  an d lear n tha t  h e ha d change d hi s  mind . 
Once yo u chang e th e belie f  abou t  hi s  attendance ,  you r 
resultin g belie f  se t  i s a  consisten t  an d accurat e mode l  o f 
thi s particula r  situation .  Alternatively ,  yo u migh t  hav e 
questione d th e belie f  I f  m y colleagu e i s  attendin g th e 
seminar ,  the n h e wil l  b e leavin g a t  3:45 .  Denyin g thi s 
conditiona l  belie f  woul d als o hav e serve d t o eliminat e th e 
conflic t  wit h th e ne w informatio n (colleagu e i s no t  leavin g 
at  3:45) . 

Give n tha t  ther e ar e thes e sort s o f  alternatives ,  h o w i s i t 
tha t  a  reasone r  choose s a m o n g them ,  s o a s t o identif y a 
plausibl e ne w belie f  stat e a s a  mode l  o f  a  particula r 
situation ? Tha t  is ,  give n tha t  a  reasone r  i s  cognizan t  o f 
some conflict ,  wha t  ar e th e principle s guidin g th e belief -
chang e decision ,  a s characterize d above ,  i.e. ,  th e principle s 
by whic h a  reasone r  decide s i t  i s  mor e plausibl e t o abando n 
belief /  rathe r  tha n belie f  y ,  i n orde r  t o arriv e a t  a  consisten t 
model  o f  som e situation ? 

The real-lif e exampl e outline d abov e ha s th e featur e tha t 
th e reasone r  coul d establis h on-the-spo t  whic h belief s wer e 
faulty ,  b y askin g a  fe w questions .  However ,  i t  i s  no t  t o 
har d l o imagin e a  varian t  i n whic h th e reasone r  canno t 
iininediatcl y validat e a  ne w candidat e bclicl-sc l  (perhap s 
yo u observ e you r  colleagu e throug h a n offic e windo w 
acros s a  courtyar d an d mus t  nonetheles s instea d mak e a 

transitio n t o a  n e w belief-stat e withou t  suc h validation) .  I n 
any case ,  th e issu e stil l  remains :  wha t  ar e th e principle s 
underlyin g h o w th e reasone r  choose s a m o n g severa l 
possibl e belief-revisions ,  thereb y mov in g t o s o m e othe r 
belief-state ? 

Anothe r  w a y t o loo k a t  th e exampl e abov e i s tha t  ther e 
i s a  nee d t o resolv e a  contradictio n arisin g betwee n a  vali d 
inferenc e derive d fro m a  se t  o f  accepte d premise s an d som e 
newly-arrivin g information .  A  reasone r  ca n alway s refus e 
t o accep t  th e ne w informatio n an d no t  b e s o quic k t o 
assum e tha t  th e premise s wer e fault y Indeed ,  ther e i s a 
larg e literatur e tha t  indicate s tha t  belief s persever e eve n 
w h en the y ough t  not .  M y interes t  i n belief-chang e start s a t 
th e poin t  wher e an y inerti a t o accep t  th e ne w informatio n 
has bee n overcome ,  leavin g th e reasone r  wit h th e proble m 
of  decidin g whic h accepte d premis e (belie O t o n o longe r 
accept ,  i n orde r  t o resolv e th e conflict . 

Belief-change ,  prompte d b y th e recognitio n o f 
contradiction ,  ha s bee n studie d a s a n elemen t  o f  scientifi c 
theor y revisio n o r  formulation .  Bu t  i n additio n t o occurrin g 
i n thes e grand-scal e case s o f  constructin g a  theor y o f  som e 
domain ,  belief-chang e occur s o n a  m u c h smalle r  scale ,  I 
believe ,  a s a  prevalen t  par t  o f  everyda y reasonin g b y whic h 
we formulat e an d revis e situationa l  model s o f  ou r  world . 

Th e wor k reporte d her e i s par t  o f  a  large r  researc h effor t 
i n understandin g th e principle s tha t  underli e h o w a 
reasoner ,  whe n face d wit h a  contradiction ,  choose s t o 
abando n on e sor t  o f  belie f  (previously-accepte d premise ) 
ove r  anothe r  (Elio ,  1997 ;  Eli o &  Pelletier ,  1997) .  T h e dat a 
describe d i n th e presen t  pape r  provid e s o m e insigh t  int o 
h o w "denying "  a  previously-accepte d premis e i s realize d a s 
a particula r  modificatio n t o tha t  premise ,  s o tha t  a 
contradiction-fre e belie f  se t  results .  I n particular ,  the y 
provid e som e indicatio n o f  a  taxonom y o f  belief-revisio n 
operators ,  whic h ar e calle d upo n t o resolv e contradiction s 
i n simpl e scenarios .  Th e result s an d broade r  issue s o f 
belief-revisio n ar e relate d t o othe r  concern s tha t  hav e 
emerge d i n th e literatur e o n propositiona l  inference , 
namel y th e unwillingnes s o f  subject s t o m a k e simpl e vali d 
m o d us ponen s inference s i n s o m e circumstance s (e.g. , 
Byrne ,  1989 )  an d th e interes t  i n extendin g account s o f 
deductiv e inferenc e wit h subjectiv e inferenc e (George , 
1995 ;  Johnson-Laird ,  1994 ;  Stevenso n &  Over ,  1995) . 

Previous work on belief-change 

I  hav e studie d belief-change ,  a s charactcnzc d above ,  b y 
usin g a  proble m forma t  tha t  ca n b e schematicall y describe d 
as follows :  Suppos e yo u initiall y  believ e tha t  p — > q i s 
true ,  tha t  p  i s  true ,  an d therefore ,  als o tha t  q  i s  true . 
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Suppos e yo u late r  discove r  tha t  q  i s  false .  Give n tha t  th e 

informatio n abou t  q  bein g fals e i s guarantee d t o b e 
accurate ,  indicat e whic h o f  th e followin g yo u regar d t o b e 

th e mos t  plausibl e se t  o f  belief s t o have :  {a )  p—>q i s true , 
p i s  false ,  q  i s fals e o r  (b )  p — >q i s false ,  p  i s true ,  q  i s 
false . 

I n som e experiments ,  subject s ar e give n th e optio n t o 

clai m bot h th e initia l  premise s ar e "uncertain "  i n thei r 
belie f  status ;  i n othe r  experiments ,  subject s ar c no t  force d 
t o mak e thi s hard-and-fas t  decisio n abou t  whic h premis e t o 

believ e o r  disbelieve ,  an d instea d rat e thei r  degre e o f  belie f 
i n th e initia l  premise s p — >q an d p ,  give n tha t  ne w 
informatio n assert s ~q .  I n brief ,  thos e studie s foun d tha t  (a ) 
on problem s wher e th e anteceden t  an d consequen t  ar e 
instantiate d b y nonsens e phrases ,  subject s showe d n o 
preferenc e i n whic h initia l  premis e the y disbelieved ,  i n 
resolvin g th e contradiction ;  (b )  whe n th e problem s 
involve d natural-languag e cove r  storie s abou t  unfamilia r 
domain ,  subject s preferre d t o disbeliev e th e conditional ;  (c ) 
when th e problem s use d familiar ,  real-worl d content , 
subjects '  preferenc e fo r  disbelievin g p—>q v .  disbelievin g 
p depende d upo n th e kin d o f  knowledg e expresse d i n th e 
conditiona l  (Eli o &  Pelletier ,  1997 ;  Elio ,  1997) .  I n th e 
case o f  th e las t  result ,  th e conditional s expresse d eithe r 
causa l  relationships ,  promises ,  familia r  defmitions ,  an d 
unfamilia r  definitions .  Followin g a  manipulatio n use d b y 
Cummins an d he r  colleague s (Cummins ,  Lubart ,  Alksnis , 
& Rist ,  1991 ;  Cummins ,  1995) ,  fou r  type s o f  causa l 
conditional s wer e used ,  define d b y whethe r  ther e wer e man y 
or  fe w alternativ e cause s fo r  th e consequent ,  an d man y o r 
fe w 'disablin g factors'—factor s tha t  woul d lea d t o th e 
denia l  o f  th e consequen t  eve n i n th e presenc e o f  th e 
antecedent .  Th e ke y resul t  fo r  belief -  revisio n wa s th e 
finding  tha t  causa l  conditional s wit h man y associate d 
disablin g factor s wer e mor e likel y t o b e disbelieved ,  a s a 
way t o eliminat e contradiction ,  tha n conditional s wit h fe w 
disablin g factors .  I n th e latte r  case ,  mor e subject s preferre d 
t o say ,  essentially ,  "It' s  mor e plausibl e t o disbeliev e th e 
premis e p "  whe n ~ q arrive d a s th e ne w information .  A n 
accoun t  o f  thes e findings  wa s base d o n th e ide a tha t  th e 
reasone r  consider s alternativ e candidat e belie f  sets ,  eac h 
correspondin g t o assumin g tha t  som e disable r  migh t  b e i n 
effect .  I t  wa s suppose d that ,  whe n a  reasone r  ca n identif y 
many disablin g factor s tha t  woul d preven t  a  conditional' s 
consequen t  fro m occurrin g i n th e presen t  o f  a  conditional' s 
antecedent ,  thi s i s tantamoun t  t o identifyin g man y belie f 
set s i n whic h th e conditiona l  i s  denied .  When ther e ar c fe w 
suc h factors ,  th e reasone r  ma y regar d i t  mor e likel y tha t  i t 
i s  th e non-conditiona l  premis e tha t  i s mor e worth y o f 
disbelief ,  t o eliminat e a  contradictio n Thi s accoun t  di d no t 
conside r  th e plausibilit y  o f  candidat e belie f  sets .  I  retur n t o 
thi s matte r  i n th e Discussio n section . 

The kin d o f  conditional s use d i n th e belief-chang e 
experiment s includ e one s suc h as :  / /  th e ignitio n ke y i s 
turned ,  the n th e ca r  starts ;  I f  Larr y graspe d th e glas s wit h 
hi s bar e hands ,  the n hi s fingerprints  wil l  h e o n it ;  I f  Susa n 
complete s th e repor t  b y Friday ,  he r  bos s wil l  giv e he r  a 
day of f  nex t  week ;  I f  a  minera l  i s  a  diamond ,  the n i t  i s 
made o f  compres.se d carbon .  When subjccl s indicat e that ,  t o 
resolv e contradiction ,  a  plausibl e belie f  se t  woul d b e on e i n 

whic h on e o f  thos e conditional s i s "disbelieved" ,  wha t 
migh t  thi s mean ? I n wha t  sens e i s a  conditiona l  "denied" ? 

To obtai n som e insigh t  o n "disbelie f  o r  "denial "  i n th e 
contex t  o f  belie f  revision ,  subject s wer e give n th e belief -
chang e scenario s use d i n previou s belie f  revisio n studie s 
(Figur e la) .  Th e presen t  experimen t  aske d the m t o provid e 
open-ende d information ,  specificall y t o indicat e wha t 

change s the y woul d mak e t o on e o r  th e othe r  o f  th e initia l 
beliefs ,  i n orde r  t o resolv e th e contradiction . 

Suppos e yo u initiall y  belie f  th e following : 
I f  Jo e cu t  hi s finger,  the n i t  ble d 
Joe cu t  hi s finger . 
Therefore ,  yo u believ e hi s finger  bled . 

You d o som e additiona l  stud y an d discove r  thi s i s true : 
Joe' s finger  di d no t  bleed . 

(a ) 
Causal-fe w disabler : 

I f  Mar y jump s i n th e pool ,  the n sh e get s wet . 
Causal-man y disable r 

I f  Joh n studie s hard ,  the n h e doe s wel l  o n th e test . 
Promis e 

I f  Susa n complete s th e repor t  b y th e weekend , 
the n he r  bos s wil l  giv e he r  a  da y of f  nex t  week . 

Familia r  Definitio n 
I f  a  minera l  i s  a  diamond ,  the n i t  i s  mad e o f 
compresse d carbon . 

Unfamilia r  Definitio n 
I f  a  plan t  i s  a n equisetium ,  the n i t  spread s b y creepin g 
horizonta l  roo t  stems . 

(b ) 

Figur e 1 :  Sampl e belief-revisio n proble m (a ) 
and illustrativ e example s o f  eac h conditiona l  typ e (b ) 

Experiment 

Stimuli and Design 

Twenty-eigh t  belief-revisio n problems ,  use d i n previou s 
belief-revisio n studies ,  wer e adapte d fo r  thi s task .  Thi s se t 
consiste d o f  (a )  1 6 causa l  conditional s ( 8 man y disabler ,  8 
fe w disabler) ,  (b )  fou r  promis e conditionals ,  (d )  fou r 
familia r  definitio n conditionals ,  an d (e )  fou r  unfamilia r 
definitions .  Th e dat a reporte d her e concern s modu s ponen s 
belief-chang e problems ,  lik e th e on e illustrate d i n Figur e 
1,  i n whic h th e initia l  belie f  se t  present s a  modus-ponen s 
inferenc e tha t  i s conU"adicte d b y th e ne w information . 
Figur e 1  als o give s example s o f  eac h typ e o f  conditional . 
Cummins c t  al .  (1991 )  an d Eli o (1997 )  identifie d item s a s 
exemplar s fo r  thes e conditiona l  type s throug h normin g 
studies . 

Subjects and Method. 

To ensur e th e tas k wa s complete d i n a  reasonabl e amoun t 
of  time ,  th e proble m se t  wa s divide d int o tw o sets ,  on e 
comprise d o f  belief-revisio n problem s usin g onl y th e 
causa l  conditional s an d anothe r  usin g onl y th e promise s 
and definitions .  Tw o group s o f  2 1 subjccl s eac h received 
one o r  th e othe r  o f  th e sets .  Problem s wer e presente d i n 
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rando m order s t o subject s i n bookle t  form .  Fo r  eac h 
problem ,  subject s wer e firs t  aske d whic h o f  th e tw o initia l 
belief s the y believe d i t  wa s mor e plausibl e t o disbelieve , 
give n tha t  th e ne w informatio n wa s accurate .  The y wer e 
the n aske d t o indicat e th e revision s the y woul d mak e t o th e 
belie f  the y targette d fo r  denia l  (eithe r  p  or />—>^ )  s o tha t  i t 
became consisten t  wit h th e ne w information ,  ~q .  Subject s 
wer e draw n fro m th e Universit y o f  Albert a Departmen t  o f 
Psycholog y subjec t  pool . 

Results 

The majo r  interes t  i s  i n th e kind s o f  modification s subject s 
propose d t o th e initia l  belie f  set ,  s o tha t  contradictio n 
create d b y th e ne w informatio n i s eliminated .  S o m e 
descriptiv e dat a o n whic h belie f  the y targete d fo r  revisio n i s 
useful ,  however ,  t o sho w consistenc y wit h previou s 
findings .  Tabl e 1  present s thes e dat a a s th e frequencie s wit h 

Table 1: Percentage of choices disbelieving/?—>q v. p to 
resolv e contradictio n wit h ~ q 

Causal s 
Fe w Disabler s 
M a ny Disabler s 

Promise s 
Familia r  Defs . 
Unfamilia r  Def s 

Disbeliev e p — > q 

57 % 
74 % 
84 % 
39 % 
45 % 

Disbeliev e p 

43 % 
26 % 
16% 
61 % 
55 % 

whic h subject s modifie d th e conditiona l  o r  th e non -
conditiona l  premise ,  a s a  functio n o f  th e typ e o f  knowledg e 
expresse d i n th e conditiona l  form .  Consisten t  wit h 
previou s studies ,  th e ke y facto r  i s th e rol e o f  disablin g 
factor s fo r  causa l  conditionals .  Mo r e subject s marke d th e 
p — >q premis e fo r  disbelie f  whe n th e causa l  conditiona l 
had man y disabler s tha n whe n i t  ha d fe w ( 7 4 % v .  5 7 % ) . 
The trend s fo r  promise s an d definition s ar e als o consisten t 
wit h previou s studies :  Fo r  conU-adicte d promises ,  th e 
preferenc e i s t o disbeliev e th e conditiona l  premise ;  fo r 
familia r  definitions ,  subject s prefe r  t o disbeliev e th e non -
conditiona l  premis e p .  Thi s preferenc e occurre d t o a  lesse r 
degre e i n th e unfamilia r  definitions . 

The primar y focu s o f  thi s stud y wa s a  descriptiv e 
characterizatio n o f  wha t  migh t  b e mean t  whe n a  belie f  i s 

labelle d fo r  "disbelie f  o r  "denial" ,  i n th e contex t  o f 
identifyin g a  plausibl e consisten t  belie f  set .  Seve n 
categorie s wer e use d t o describ e th e modification s tha t 
subject s propose d t o th e conditiona l  belief ,  w h e n i t  wa s th e 
conditiona l  belie f  tha t  the y indicate d ough t  t o b e 
"disbelieved "  t o resolv e contradiction .  Thes e categorie s an d 
th e percentag e o f  response s fallin g int o eac h o f  them ,  fo r 

eac h typ e o f  conditiona l  belief ,  ar e give n i n Tabl e 2 . 
Th e demote-to-defaul t  categor y covere d response s o f  th e 

sor t  "Usuall y p — > q "  o r  " p onl y increase s th e likelihoo d 
of  q, "  o r  " p — > q ,  bu t  ther e ar e exceptions" .  O f  course , 
subject s expresse d thes e notion s i n th e contex t  o f  a 
particula r  problem ,  suc h a s 'I f  th e apple s ar e ripe ,  the n 
the y ofte n the y fal l  fro m th e tree "  (few-disable r  causal )  o r 
"I f  th e ignitio n i s turned ,  the n th e ca r  shoul d start "  (many -
disable r  causal) .  Categor y 2—missin g enabler—cover s 
response s suc h a s "I f  Susa n finishe d th e repor t  b y th e 
weeken d an d th e repor t  wa s goo d enough ,  the n he r  bos s 
woul d giv e he r  a  da y of f  nex t  week "  (promise) ;  "I f  Jo e cu t 
hi s finge r  an d th e cu t  wa s dee p enough ,  the n i t  woul d 
bleed "  (few-disable r  causal) .  Thes e ar e case s i n whic h 
subject s expresse d a  necessit y conditio n an d ofte n 
(althoug h no t  always )  indicate d tha t  th e conditio n wa s no t 
holding ,  an d henc e th e inferenc e q  coul d no t  b e made ,  thu s 
eliminatin g th e contradictio n wit h ~q . 

Th e thir d categor y i n Tabl e 6 — presen t  disablin g facto r 
— cover s response s i n whic h subject s expresse d th e 
presenc e o f  a n additiona l  anteceden t  propositio n tha t  make s 
~q a  consisten t  inference .  Example s includ e "I f  th e trigge r 
was pulle d an d th e gu n ha d n o bullets ,  the n th e gu n woul d 
not  fire "  (causal :  m a n y disablers )  an d "I f  Chri s sign s u p 
additiona l  student s fo r  th e ar t  cours e an d th e student s ar e 
not  o f  th e righ t  type ,  the n Chris' s instructo r  wil l  no t  giv e 
her  a  discoun t  o n ar t  supplies"(promise) .  I t  m a y b e 
temptin g t o collaps e categorie s 2  an d 3 ,  sinc e necessar y 
and disablin g factor s ar e related :  a n absen t  necessar y 
conditio n ca n b e viewe d a s disablin g th e relationship .  Bu t 
fro m a n inferenc e viewpoint ,  the y ar e no t  quit e th e same :  a 
presen t  disable r  allow s on e t o conclud e ~ q an d a n absen t 
necessar y conditio n jus t  block s q  fro m bein g inferred .  Th e 
subsequen t  belie f  stat e i s differen t  i n thes e tw o cases . 

Categor y 4  —"generaliz e q "  — occurre d onl y i n a  fe w 
particula r  item s whic h seeme d t o invit e thi s sor t  o f 
revision .  Fo r  definitions ,  almos t  al l  occurrence s involve d 
th e ite m "I f  A m a n d a i s a  cardiologist ,  the n sh e specialize s 

when p -
Tabl e 2 :  Categorie s o f  modification s propose d t o p — > q , 

-> q wa s disbelieve d t o resolv e contradiction ,  an d percentage s o f  eac h typ e 

I .  demot e p-^ q t o defaul t 
2.  p  &  enable r  —>q 
3.  p  &  disable r  - > ~ q 
4.  generaliz e q 
5.  p-^ q invalid/incorrec t 
6.  exceptiona l  instanc e 
7.lime ,  intervenin g event s 

(lola l  N ) 

Causal s 
F e w Disabler s M a n y Disabler s 

Promise s Definition s 
Familia r  Unfamilia r 

3 0 % 
3 9 % 
2 1 % 
0 
1 % 
5% 
4% 
(114 ) 

2 7 % 
4 3 % 
2 3 % 
0 
1% 
6% 
0% 
(142 ) 

4 1 % 
2 3 % 
8% 
13% 
0 
12% 
3% 

_(75l _ 

63 % 
0 
3% 
25 % 
6% 
3% 
0 
(33 ) 

8 1 % 
7 % 
0 
0 
10% 
2 % 
0 
(42 ) 
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i n disease s o f  th e heart. "  Here ,  th e revision s o f  thi s typ e 
include d "Cardiologist s d o mor e thing s tha n specializ e i n 
disease s o f  th e heart....I f  she' s a  cardiologist ,  the n sh e i s 
concerne d wit h genera l  aspect s o f  th e heart. "  Th e promis e 
conditiona l  tha t  invite d thi s sor t  o f  revisio n wa s "I f  Jerem y 
m o ws thei r  lawn ,  th e Robinson s wil l  giv e hi m $15" .  Th e 
amount  o f  paymen t  wa s droppe d o r  specifie d mor e 
generall y ("...the n the y wil l  pa y hi m something") . 
Similarly ,  th e cas e o f  Susa n completin g a  repor t 
(mentione d above )  invite d a  generalizatio n o f  th e 

consequen t  t o ".. .  the n he r  bos s wil l  giv e he r  a  da y of f 
sometime. "  Despit e th e infrequen t  us e o f  thi s belief -
revisio n option ,  whic h I  attribut e t o th e natur e o f  a  fe w o f 
th e item s use d here ,  i t  i s  a n interestin g revisio n operato r 
becaus e i t  i s  a  smal l  semanti c fix  t o th e sens e o f  th e 
conditiona l  belief :  th e notio n i s domai n independent ,  bu t 

require s a  domain-dependen t  understandin g o f  h o w a 
variabl e ca n b e generalized . 

Categor y 5—th e conditiona l  a s a  whol e i s deeme d 
incorrec t  o r  generall y invali d — subsume s case s suc h as , 
fo r  th e Susa n promise ,  "Susan' s bos s lied "  o r  fo r  th e Harr y 
promis e "I t  wa s a  misunderstanding  that ,  i f  Harr y foun d 
someon e t o job-shar e wit h him ,  hi s bos s woul d approv e 
it. "  Thi s revisio n seem s motivate d b y som e notio n o f 
epistemi c uncertaint y o f  th e information .  Categor y 6 — 
exceptiona l  instance—covere d case s suc h a s "Jo e wa s no t 
h u m a n"  (fo r  I f  Jo e cu t  hi s finger,  the n i t  ble d )  an d "Th e 
matc h wa s wet "  (fo r  / /  th e matc h i s struck ,  the n i t  lit) . 
Thes e responses  ca n b e viewe d a s alternativ e expression s o f 
demotin g p—>q t o a  defaul t  rul e whic h ha s exceptions . 
whic h i n tur n i s a  less-specifie d accoun t  o f  missin g 
necessar y o r  presen t  disablin g condition s (e.g. ,  "I f  th e 
matc h i s struc k an d th e matc h i s no t  wet...." ) 

Categor y 7—intervenin g event s o r  a n appea l  t o th e 
passag e o f  lime—corresponde d onl y t o a  fe w case s tha t  ar e 
nonetheles s interestin g fo r  belie f  revisio n an d fo r 
endorsemen t  o f  a  conditiona l  t o m a k e a n inferenc e i n th e 
first  place .  Example s o f  responses  tha t  initiate d thi s 
categor y includ e "Larr̂ '  wipe d hi s fingerprints  of f  th e 
glass' '  fo r  "I f  Larr y pick s u p a  glas s wit h hi s bar e hands , 
the n hi s fingerprints  ar e o n it. "  (causal :  fe w disablers) ; 
"Th e apple s wil l  eventuall y fal l  of f  th e tree "  (i.e. .  jus t  no t 
n o w)  fo r  "I f  apple s ar e rip e the n the y fal l  of f  th e 
Iree"^"Alvi n go t  a  headach e an d the n i t  wen t  away "  fo r  "I f 
Alvi n read s th e newspape r  withou t  hi s glasses ,  the n h e ha s 
a headache. " 

Havin g gon e throug h th e meanin g o f  thes e categories , 
what  ar c w e n o w i n a  positio n t o observe ? Firstly ,  thes e 
dat a offe r  som e insigh t  int o a  taxonom y o f  belief-revisio n 
operator s tha t  peopl e hav e i n thei r  repertoire ,  an d dra w 
upon ,  t o resolv e contradiction .  Ther e i s a  clea r  connectio n 
t o account s o f  w h y subject s m a y no t  dra w o r  fully-believ e 
m o d us ponen s inference s tha t  appea l  t o notion s o f 
entailmen t  (e.g. ,  George ,  1995) .  Thes e data ,  fro m belief -
revisio n perspective ,  underscor e rol e o f  abductio n i n bot h 
th e explainin g aspec t  (wh y didn' t  .somethin g occur—th e 
revisio n case )  an d th e predictiv e aspec t  (wha t  d o I  expec t  t o 
be true—th e inferenc e case )  o f  plausibl e inference . 
Secondly ,  thes e dat a indicat e that ,  eve n whe n th e choic e i s 
t o den y p—></ ,  th e typ e o f  revisio n propose d i s relate d t o 

th e typ e o f  knowledg e expresse d i n th e conditional ;  o r 

perhap s mor e precisely ,  t o th e typ e o f  knowledg e th e 
reasone r  ca n brin g t o bea r  t o plausibl y den y th e conditiona l 

so a s t o resolv e th e contradiction .  S o i t  i s  no t  surprisin g 
tha t  th e mos t  frequen t  denia l  o f  unfamilia r  definition s take s 

th e for m o f  demotin g the m t o a  default—th e reasone r  ha s 
no othe r  knowledg e (presumably )  fo r  generatin g specifi c 
possibl e necessit y o r  disablin g factor s tha t  migh t  b e a t 
play .  I t  i s  als o a  "quick-and-dirty "  wa y t o ge t  ri d o f 

contradiction ,  whe n th e reasone r  doe s no t  find  i t  eas y o r 
necessar y t o identif y mor e specifi c  account s o f  a 
contradiction .  Unlik e definitions ,  causa l  conditional s ar c 
"disbelieved "  throug h th e appea l  t o necessar y an d disablin g 
conditions ,  a s wel l  a s t o th e simpl e demotin g t o defaul t 
status . 

Th e remainin g insight s abou t  h o w a  previously-accepte d 
belie f  i s  "disbelieved "  t o resolv e contradictio n c o m e fro m 
th e considerin g th e othe r  typ e o f  revision ,  namel y 
"disbelieving "  th e non-conditiona l  premis e p  i n orde r  t o 
obtai n a  consisten t  belie f  se t  w i th /?—> ^  an d ~ q (se e agai n 
Tabl e 1) .  I n mos t  cases ,  subject s w h o targete d thi s premis e 
fo r  disbeliev e merel y indicate d tha t  ~ p wa s holding ,  e.g. , 
"Larr y di d no t  pic k u p th e glas s wit h hi s bar e hands. "  o r 
"Jo e di d no t  cu t  hi s finger."  Thi s kin d o f  flat  denia l  wa s 
most  prevalen t  i n th e causal/fe w disable r  case .  I n contrast , 
revisio n t o th e premis e p  ha d a  differen t  flavor  fo r 
definitions .  Here ,  th e disbelie f  i n p  wa s ofte n expresse d a s 
doub t  abou t  th e validit y o f  p  a s a n observation .  Tha t  is , 
ther e wer e frequen t  appeal s suc h a s "I t  onl y appeare d tha t 
th e minera l  wa s a  diamond "  o r  "I t  wa s no t  ye t  firml y 
establishe d th e plan t  unde r  investigatio n wa s eugenolic " 
(offere d fo r  a  contradicted ,  unfamilia r  definition) .  Wha t 
seems interestin g i s tha t  ther e wa s n o appea l  t o suc h 
misleadin g appearance s wit h th e premis e p  fo r  th e causa l 
belief-revisio n problems .  W h e n subject s opte d t o 
disbeliev e th e non-conditiona l  belie f  paire d wit h a  causa l 
conditional ,  thei r  disbelie f  alway s too k th e flat-denial  for m 
and neve r  "I t  onl y appeare d tha t  Jo e cu t  hi s finger." 
Whethe r  ther e i s somethin g more ,  o r  less ,  t o thi s readin g 
of  th e dat a i s a  questio n fo r  close r  study . 

Discussion 

This goal of this investigation was to obtain some 
insigh t  int o h o w "disbelie f  migh t  b e operationalized , 
when subject s resolv e a  contradictio n b y targetin g eithe r  a 
conditiona l  o r  non-conditiona l  premis e fro m a n initia l 
belie f  se t  a s th e mos t  plausibl e on e t o deny .  Th e broade r 
significanc e o f  th e result s reporte d her e i s a s follows .  First , 
thes e dat a giv e som e insigh t  int o th e rang e o f  belief -
revisio n operator s tha t  peopl e hav e i n thei r  repertoir e fo r 
resolvin g contradiction s involvin g simple ,  everyda y 
knowledge .  Secondly ,  i t  underscore s th e abductiv e 
componen t  t o th e resolutio n o f  contradiction .  Thirdly . 
thes e belief-revisio n issue s arc ,  I  contend ,  intimatel y tie d 
t o view s o n "belief-ba.sed "  inferenc e an d th e curren t  interes t 
i n probabilisti c  extension s t o model s o f  deductiv e 
inference . 

Th e unwillingnes s o f  subject s t o mak e modu s ponen s 
inference s i n certai n circumstance s ha s contribute d t o th e 
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interes t  i n considerin g probabilisti c  account s o f  h u m a n 
deductiv e inference .  S o m e researcher s appea l  t o th e notio n 
tha t  a  conditiona l  m a y no t  b e full y "endorsed" ,  an d s o eve n 
a simpl e modu s ponen s inferenc e base d o n i t  m a y no t  b e 
forthcomin g (George ,  1995 ;  Politze r  &  Braine ,  1991) .  I t 
seems tha t  "endorsement "  an d "entrenchment "  o f  a 
conditiona l  ar e opposit e side s o f  th e sam e coin :  th e "coin " 
of  defaul t  reasoning .  W h e n w e star t  imaginin g case s wher e 
an anteceden t  m a y no t  b e sufficien t  fo r  a  consequent ,  the n 

we hav e entere d th e real m o f  defaul t  reasoning .  Defaul t 
reasonin g i s als o calle d non-monotoni c reasoning ,  becaus e 
th e se t  o f  accepte d belief s doe s no t  gro w monotonically . 
Initially ,  ou r  backgroun d knowledg e plu s a  se t  o f  premise s 
may entai l  conclusio n s .  U p o n late r  learnin g statemen t  r  i s 
true ,  ou r  backgroun d knowledg e an d premise s combine d 
wit h r  m a y n o longe r  entai l  statemen t  j .  Unlik e th e 
operator s o f  standar d logic ,  defaul t  reasonin g require s a 
"retraction "  operato r  t o remov e s  fro m th e se t  o f  accepte d 
beliefs . 

The "suppressio n o f  vali d inferences "  reporte d b y Byrn e 
(1989 )  ca n b e viewe d i n thi s manner .  Politze r  an d Brain e 
(1991 )  argu e tha t  "suppression "  o f  th e modu s ponen s 
inferenc e p  give n th e premis e se t  { p ^ ,  r—>q ,  p ]  occur s 
when th e r  propositio n prime s a  consideratio n o f  whethe r  p 
i s sufficien t  t o conclud e q  (e.g. ,  "I f  M a r y meet s he r  friend , 
she wil l  g o t o th e play .  I f  sh e ha s enoug h money ,  sh e wil l 
go t o th e play .  Sh e meet s he r  friend) .  Thi s suppressio n 
does no t  occu r  whe n th e r  propositio n doe s no t  cas t 
suspicio n o n th e sufficienc y o f  p  fo r  q ,  e.g. ,  whe n r  i s 
instantiate d a s I f  sh e meet s he r  family .  Bryne' s 
interpretatio n o f  thes e result s i s that ,  i n th e forme r  case , 
th e conditiona l  i s  re-interprete d a s p  &  r  - ^  an d i n th e 
latte r  case ,  a s p  v  r—>q .  Whethe r  subject s mak e a 
conjunctio n o f  p  an d r  i n th e anteceden t  o f  th e conditional , 
and tha t  i s w h y the y d o no t  mak e th e inference ,  o r  whethe r 
the y n o longe r  thin k p  i s sufficien t  t o conclud e q ,  reduces , 
i n m y view ,  t o th e sam e matter :  p—H]  i s interprete d a s a 
defaul t  rule .  Th e anteceden t  migh t  b e a  goo d predicto r  o f 
th e consequent ,  bu t  i t  i s  no t  logicall y sufficient ,  fo r  th e 
consequen t  m a y b e retracte d upo n learnin g somethin g els e 
(e.g. ,  Mar y doe s no t  hav e enoug h mone y fo r  th e movies) . 

Once w e ente r  th e real m o f  defaul t  o r  probabilisti c 
reasoning ,  i t  i s  unclea r  tha t  ou r  prepositiona l  model s wil l 
be appropriate .  Makin g thi s ste p move s u s towar d 
quantification ,  fo r  h o w ca n eve n level s o f  belie f  o r 
acceptabilit y  i n a  statemen t  b e derive d withou t  th e notio n 
tha t  som e variabl e i s instantiate d wit h som e probabilit y 
distribution ? I n Stevenso n an d Over' s (1995 )  task .  I f  Joh n 
goe s fishing ,  h e wil l  hav e a  fish  dinner .  Joh n i s (always , 
often ,  sometimes ,  rarely )  luck y whe n h e goe s fishing . 
Joh n goe s fishing,  subjects '  likelihoo d o f  concludin g Joh n 
wil l  hav e a  fis h dinne r  wa s a  functio n o f  th e conten t  o f  th e 
frequenc y leve l  mentione d i n th e second ,  syntacticall y 
unrelate d premise .  Stevenso n an d Ove r  propos e tha t  th e 
frcqucncy-of-luc k manipulatio n tell s subject s somethin g 
abou t  th e proportio n o f  world s i n whic h anteceden t  an d 
consequen t  co-occu r  vs .  thos e i n whic h the y d o not . 
John.son-Lair d (1994 )  ha s mad e simila r  suggestions ,  wit h a 
notio n o f  extendin g a  menta l  model s framewor k t o hav e 
probabilitie s attache d alternativ e models .  W e shoul d not e 

thre e point s tha t  ar e relevan t  t o thes e views .  First ,  thes e 
proposal s ar e consisten t  wit h renderin g p ^ q a s a  defaul t 
rule ,  on e tha t  (a t  best )  i s  tru e onl y mos t  o f  th e time . 
Second ,  anothe r  w a y o f  understandin g th e effec t  o f  th e 

frequency-of-luc k manipulatio n i s t o sa y tha t  i t  i s  a  clu e 
abou t  th e frequenc y wit h whic h disablin g event s an d 
condition s migh t  b e present ,  o r  necessar y event s an d 
condition s migh t  b e absent ,  suc h tha t  p  i s no t  sufficien t  t o 
conclud e q .  Bot h thes e point s ar e relate d t o a  las t  one , 
namel y tha t  t o appl y thi s perspectiv e w e mus t  interpre t 
thes e conditional s a s quantifyin g ove r  s o m e variable ,  a s i n 
Fo r  al l  event s i n whic h Joh n goe s fishing,  ther e i s anothe r 
even t  i n whic h Joh n ha s a  fis h dinner .  Thi s i s on e o f  thos e 

kin d o f  conditional s tha t  seem s t o hav e hidde n variable s i n 
it ,  an d th e frequency-of-luc k manipulatio n say s somethin g 
abou t  th e probabilit y  distribution s o f  thos e variables . 
Item s use d her e ca n b e interprete d similarly .  Intuitively ,  i t 
seems ou r  understandin g (indeed ,  ou r  endorsement )  o f  th e 
conditiona l  I f  Larr y pick s u p a  glas s wit h bar e hands ,  the n 
hi s fingerprints  ar e o n i t  stem s fro m ou r  belie f  i n 
somethin g lik e Fo r  al l  event s e  an d fo r  al l  person s p ,  i f 
ther e i s a  glass-picking-u p even t  (e )  don e b y perso n (p ) 
wit h bar e hands ,  the n person(p)' s fingerprint s wil l  b e o n 
th e glass .  O n e migh t  stil l  wis h t o argu e tha t  w e reaso n 
abou t  th e worl d "propositionally"—b y constructin g 
concret e model s o f  atomi c sentence s wit h assigne d trut h 
values .  However ,  i t  doe s no t  see m w e ca n identif y a  leve l 
of  belie f  o r  acceptabilit y  i n m a n y sort s o f  conditiona l 
statement s relevan t  t o real-worl d situation s withou t  ther e 
bein g a  representatio n o f  correspondin g universally -
quantifie d forms .  A n d thes e universally-quantifie d 
statements ,  i n turn ,  m a y b e defeasible .  T h e suppressio n o f 
logicall y vali d inference s m a y b e bes t  understoo d a s a n 
expressio n o f  defeasibl e reasoning ;  th e differen t 
experimenta l  manipulation s tha t  obtai n thi s suppression 
effec t  may ,  i n turn ,  b e understoo d a s indicatin g tha t  th e 
statemen t  bein g reasone d abou t  i s defeasible .  Differen t 
population s o f  reasoner s m a y no t  al l  demonsU-at e th e sam e 
pattern s o f  suppressio n effect s o n th e real-worl d conditiona l 
statements ,  becaus e thei r  differen t  backgroun d knowledg e 
inform s the m differentl y a s t o whethe r  o r  not  suc h 
statement s ar e defeasibl e (se e Cha n &  Chua ,  1994) . 

Sinc e i t  seem s tha t  ther e ar e ver y fe w simpl e 
conditional s tha t  accuratel y describ e th e rea l  worl d withou t 
th e additio n o f  comple x qualifications ,  aspect s o f  bot h 
endorsemen t  an d entrenchmen t  m a y b e bette r  viewe d a s 
assessin g h o w plausibl e i t  i s  tha t  thes e qualification s c o m e 
int o play :  "I f  p  an d unstate d assumption s ar e holding ,  the n 
q,  otherwis e ~q. "  Thi s perspective ,  however ,  present s a t 
leas t  tw o problem s a s w e conside r  a  proces s mode l  fo r  th e 
sor t  o f  reasonin g require d here .  O n e proble m i s wha t  I'l l 
cal l  th e Proble m o f  Infinit e Regress :  th e proces s tha t 
gather s evidenc e fo r  assessin g whethe r  p  i s sufficien t  fo r  q 
i n a  particula r  situatio n need s a  "stoppin g rule. "  A  secon d 
proble m i s specifyin g a n evaluatio n functio n tha t  return s 
on e o f  severa l  candidat e epislemi c state s a s th e mos t 
plausibl e on e t o mak e a  transitio n to .  I  hav e develope d 
thes e idea s mor e full y i n Eli o (1998 )  an d her e I  wil l  mak e 
remark s onl y abou t  th e secon d issu e here .  Suppos e tha t  I 
hav e generate d a  se t  o f  example s an d counterexample s tha t 
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ar e relevant  decidin g whethe r  p  i s  sufficien t  t o conclud e q 
i n th e curren t  situatio n (i.e. ,  den y p — > ^ ) ,  an d anothe r  se t 
of  example s relevan t  t o whethe r  I  ough t  jus t  t o chang e m y 
min d abou t  believin g p  i s  holdin g i n th e curren t  situatio n 

(den y p) .  Thes e imagine d situation s ar e onl y inpu t  fo r 
some evaluatio n functio n tha t  mus t  stil l  assig n a  metri c t o 

eac h candidat e epistemi c state ,  b y whic h on e emerge s a s 
th e "mos t  plausible. "  On e approac h i s t o assig n a  degree -

of-belie f  t o eac h possibl e contender ,  an d th e forma l 
semantic s fo r  derivin g degrees-of-belie f  fro m probabilitie s 
develope d b y Bacchu s e t  al .  (1992 )  ar e relevan t  here .  The y 
conside r  th e proble m o f  wha t  prio r  probabilit y  distributio n 
migh t  characteriz e thi s se t  o f  imagine d situations ,  an d the y 
not e tha t  a s lon g a s ther e i s  som e probabilit y  distribution , 
degrees-of-belie f  ca n b e generate d fro m statistica l 
informatio n usin g Bayesia n conditioning .  Thei r  simples t 
case—assumin g a  unifor m distribution—correspond s t o th e 
intuition s offere d b y Johnson-Lair d (1994 )  an d Stevenso n 
and Ove r  (1995) ,  w h o sugges t  tha t  a  degree-of-belie f  fo r 
p - ^  ca n b e compute d fro m th e proportio n o f  th e imagine d 
situation s i n which; ? an d q  ar e bot h tru e v .  thos e i n whic h 
p an d ~ q ar e true . 

However ,  w e shoul d no t  los e sigh t  o f  th e fac t  tha t  thes e 
imagine d situation s includ e othe r  man y predicate s beside s p 
and q ,  namel y th e predicate s whos e trut h valu e w e 
conjecture d i n orde r  t o conside r  whethe r  t o chang e ou r 
mind s abou t  acceptin g p  i s  sufficien t  fo r  q  \ .  p  i s  true . 
Thus ,  w e hav e t o wonde r  abou t  holisticall y assessin g th e 
plausibilit y o f  eac h entir e mode l  tha t  w e generat e a s a n 
exampl e o r  counterexampl e situation ,  becaus e eac h on e 
was generate d usin g abductiv e inference .  Ther e ar e alway s 
ver y m a n y suc h imaginar y situation s tha t  ca n serv e a s 
example s an d counterexample s t o a  se t  o f  formulas .  No t  al l 
ar e equall y plausible .  Ultimately ,  th e reasone r  mus t  settl e 
on som e particula r  mode l  o f  a  situation ,  s o tha t  furthe r 
inference s ca n b e draw n o r  action s ca n b e justified . 

Thi s underscore s th e nee d fo r  som e kin d o f  evaluatio n 
functio n o n th e candidat e model s bein g considered .  Her e 
to o a  fe w possibilitie s hav e bee n proposed .  Bot h Thagar d 
(1989 )  an d N g an d M o o n c y (1990 )  offe r  coherenc e metric s 
tha t  m a y serv e thi s function .  Anothe r  implicatio n o f  thes e 
consideration s i s  tha t  epistemi c entrenchmen t  an d 
endorsemen t  migh t  no t  b e bes t  conceptualize d a s a  featur e 
of  individua l  sentences ,  premises ,  o r  beliefs .  Instead ,  th e 
consideratio n o f  entailmen t  i n thes e realm s seem s mor e 
consisten t  wit h a  holisti c orderin g o i  hzWc i  set s rathe r  tha n 
sentences .  Thi s i s  becaus e a n agen t  mus t  generat e 
somethin g lik e "disablers "  o r  "cnablcrs '  a s trut h condition s 
tha t  coul d co-exis t  wit h th e anteceden t  unde r  consideration , 
i f  the y ar e t o hav e a n influenc e o n th e plausibilit y  assigne d 
t o continue d belie f  i n som e conclusion .  Eve n i f  w e asser t 
tha t  th e se t  o f  possibl e situationa l  model s a  reasone r 
generate s ha s a  unifor m probabilit y  distribution ,  eac h o f 
thos e entir e models—an d no t  jus t  a  singl e sentenc e unde r 
consideration—mus t  satisf y th e rcasoncr' s backgroun d 
knowledge .  Thu s w e m a y wis h t o thin k o f  bot h 
endorsemen t  a s wel l  a s entrenchmen t  a s a  holisti c propert y 
assigne d t o hcWcisets ,  an d no t  t o individua l  sentences . 

I t  i s  usefu l  t o remin d ourselve s tha t  notion s lik e 
entailmen t  an d dcrivabilit y ar c monotoni c an d an ; 

propertie s o f  logic .  Everyda y reasonin g i s likel y t o b e non -
monotonic .  W e nee d retractio n operator s o r  processe s fo r 
withdrawin g o r  modifyin g previousl y accepte d belief s a s 
par t  o f  a  broa d theor y o f  everyda y huma n inference . 
Explorin g belie f  revisio n i s a n importan t  avenu e fo r 
specifyin g th e scop e an d conten t  o f  suc h a  theory . 
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Abstrac t 
Thi s pape r  provide s empirica l  evidenc e tha t  multimoda l 
signal s ar e produce d an d understoo d a s integrate d unit s o f 
communicatio n calle d composit e signals ,  rathe r  tha n bein g 
independentl y interpretabl e "channels "  o f  communication .  I 
propos e tha t  usin g composit e signal s relie s o n tw o 
communicativ e norms ,  co-expressivit y an d consistency : 
-  co-expressivity :  eac h elemen t  o f  a  composit e signa l  refer s 

t o th e sam e underlyin g referen t 
•  consistency :  element s o f  th e sam e composit e d o no t 

contradic t  eac h other . 
Thi s pape r  wil l  sho w tha t  thes e norm s ar e consisten t  wit h 
dat a comprisin g a  se t  o f  explanation s o f  ho w lock s wor k i n 
whic h participant s spok e whil e gesturing ,  drawin g diagrams , 
and manipulatin g a  sampl e lock .  Co-expressivit y i s 
supporte d b y th e fac t  tha t  co-expressiv e speec h segment s ca n 
be foun d i n nearb y speec h fo r  communicativ e nonverba l 
behavior s bu t  no t  fo r  non-communicativ e nonverba l 
behaviors .  Consistenc y i s  evidence d i n inference s tha t 
maintai n numbe r  an d modalit y consistenc y i n case s o f 
apparen t  contradiction . 

Introduction 

Thi s pape r  i s par t  o f  a n effor t  t o develo p a  genera l  theor y o f 
multimoda l  communication .  Recentl y ther e ha s bee n 
significan t  researc h o n ho w gestur e an d speec h ar e 
coordinate d i n face-to-fac e communicatio n (e.g .  Bavelas , 
1994 ;  Kendon ,  1980 ;  McNeill ,  1992) .  I  a m extendin g thi s 
wor k o n speec h an d gestur e t o a  wide r  rang e o f  multimoda l 
communication :  case s wher e speec h i s  als o use d i n 
coordinatio n wit h diagra m drawing ,  objec t  manipulations , 
and gesture s tha t  ar e superimpose d ove r  diagram s an d 
objects .  Fo r  example ,  I  hav e foun d tha t  synchronizatio n 
pattern s see n fo r  gestur e wit h speec h generall y appl y t o thi s 
wide r  rang e o f  multimoda l  signal s (Engle ,  1998) . 

Thi s pape r  wil l  develo p th e hypothesi s tha t  multimoda l 
communicatio n i s achieve d vi a integrate d communicativ e 
unit s whic h Herber t  Clar k an d I  cal l  composit e signal s 
(Clark ,  1996 ;  Engl e &  Clark ,  1995) .  Thi s hypothesi s argue s 
agains t  th e c o m m o n assumptio n (a s discusse d i n Sanders , 
1987 )  tha t  communicativ e modalitie s lik e speech ,  gesture , 
and diagram s ar e independentl y interpretabl e communicativ e 
"channels". '  Th e composit e signa l  hypothesi s i s  a n 

'  Thi s alternativ e clai m i s usuall y assume d a s self-eviden t  rathe r 
tha n explicitl y  argue d for .  Fo r  example ,  i n testin g whethe r 
iconi c gesture s ar e communicative ,  Feyereisen ,  va n d e Weil e & 

extensio n t o multimoda l  communicatio n o f  claim s b y 
Bavela s (1994) ,  McNeil l  (1992) ,  Sander s (1987) ,  an d other s 
tha t  gesture s ar e "integrated "  wit h speech .  I f  composit e 
signal s tha t  combin e languag e wit h nonverba l  signal s d o 
exist ,  understandin g ho w composit e signal s ar e create d an d 
interprete d wil l  b e a  ke y elemen t  i n a  mor e complet e 
understandin g o f  bot h languag e an d communication . 

Theory 

I  argu e tha t  composit e signal s ar e integrate d i n tha t 
communicator s an d thei r  addressee s jointl y assum e tha t  al l 
signal s i n a  particula r  composit e signa l  ar e intende d t o b e 
treate d fro m th e star t  a s contributin g t o a  single ,  unifie d 
interpretation .  Thi s i s a  fundamenta l  communicativ e nor m 
tha t  i s i n effec t  wheneve r  mor e tha n on e metho d o r  modalit y 
i s use d t o communicat e abou t  som e topic .  I t  i s a  clai m of 
th e sam e sor t  a s Grice' s (1967/1989 )  cooperativ e principle . 
I n mos t  situations ,  w e shoul d expec t  peopl e t o tr y t o b e 
cooperativ e an d t o presen t  multimoda l  signal s tha t  ar e easil y 
integrated .  However ,  i n an y particula r  case ,  a  communicato r 
may no t  b e sufficientl y skillfu l  t o produc e a  composit e tha t 
can b e integrate d int o a  singl e interpretation .  I n suc h case s 
we shoul d expec t  evidenc e tha t  th e composit e di d no t 
successfull y communicat e (e.g. ,  th e communicato r  repair s 
his/he r  origina l  version ,  a n addresse e ask s fo r  clarification , 
or  addressee s ar e show n t o hav e misunderstoo d later) .  I n 
addition ,  a  communicativ e nor m ca n b e obtrusivel y no t 
followe d i n orde r  t o lea d addressee s t o infe r  somethin g els e 
(e.g. ,  tha t  simultaneousl y mor e tha n on e conversatio n i s 
occurring—on e carrie d b y conventiona l  han d signals ,  th e 
othe r  b y talk )  (Grice ,  1967/1989) . 

I  wil l  mak e tw o specifi c  claim s abou t  composit e signals : 

1. Elements of Composite Signals Are Co-expressive 

First ,  th e element s of  eac h composit e ar e i n McNeill' s 
(1997 )  term s "co-expressive" .  Eac h elemen t  o f  a  composit e 

Dubois (1988) had raters watch videotaped gestures with the 
soun d turne d off ,  questionin g whethe r  the y wer e communicativ e 
becaus e rater s wer e no t  consisten t  a t  attributin g meaning s t o 
them.  B y a n integrate d view ,  i t  i s  assume d tha t  whe n iconi c 
gesture s communicat e the y d o s o i n coordinatio n wit h 
accompanyin g speech .  Sinc e iconi c gesture s d o no t  hav e 
conventiona l  meanings ,  i t  i s  no t  surprisin g tha t  the y d o no t 
hav e independent ,  reliabl e interpretation s separat e fro m 
integratio n wit h conventiona l  symbol s provide d i n speech . 
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(whethe r  i t  b e a  singl e gesture ,  a n additio n t o a  diagram ,  o r  a 
segment  o f  speech )  i s assume d t o refe r  t o th e sam e 

underlyin g referen t  (i.e. ,  th e sam e object ,  event ,  relation , 

etc.) -  Th e element s o f  a  composit e ma y d o thi s b y bein g 
completel y redundan t  wit h eac h other ,  o r  the y ma y provid e 
complementar y an d onl y slightl y redundan t  informatio n 
abou t  a  large r  referen t  tha t  neithe r  coul d establis h alon e . 

I n addition ,  th e "integrate d meaning "  supporte d b y a 
composit e signa l  ca n vary .  I n m y data ,  whic h ar e 
explanation s o f  h o w lock s work ,  mos t  composite s helpe d t o 
updat e th e constructio n o f  analogica l  models .  Th e analogica l 
model s wer e spatiall y  anchore d nonverball y b y diagrams , 
gesture s o r  a  sampl e lock ,  wit h speec h primaril y providin g 
conceptua l  perspective s o n th e resultin g models .  A  fe w 
composit e signal s i n th e beginnin g o f  th e explanation s 
seemed designe d t o hel p learner s kno w wha t  categor y o f 
prio r  knowledg e t o acces s fo r  understandin g th e explanation , 
wit h nonverba l  signal s use d t o exemplif y th e category' .  I n 
othe r  work ,  gesture-speec h pair s hav e bee n show n t o 
combin e t o for m indirec t  request s (Bar r  &  Kelly ,  1997) . 

2. Elements Are Assumed to be Consistent 

Second ,  eac h elemen t  o f  a  composit e i s assume d t o provid e 
consisten t  informatio n abou t  th e underlyin g referent .  Fo r 
example ,  wha t  i s communicate d i n a  diagra m shoul d no t 
contradic t  wha t  i s sai d abou t  th e diagram .  An d generall y i t 
doe s not .  However ,  i f  on e interpret s eac h elemen t  separately , 
i t  i s  sometime s possibl e t o identif y apparen t  contradiction s 
betwee n wha t  wa s conveye d verball y an d nonverbally .  I n 
most  cases ,  thes e apparen t  contradiction s woul d no t  aris e i f 
on e assume d fro m th e star t  tha t  th e element s ar e co -
expressiv e an d consistent ,  an d guide d interpretiv e inference s 
accordingly'* .  W h e n contradiction s remai n despit e assumin g 
co-expressivit y an d consistency ,  w e shoul d expec t 
communicatio n failures .  W h e n a  videotape d narrativ e wa s 
designe d t o artificiall y  hav e gestura l  conten t  no t  matc h 
coincidin g speech ,  listener' s retelling s include d bot h 
inference s maintainin g consistenc y an d error s (McNeill , 
Cassel l  &  M c C u U o u g h ,  1994) . 

Method 

Si x undergraduate s examine d a  sampl e loc k an d studie d a 
writte n explanatio n o f  h o w lock s work .  Eac h undergraduat e 

"  A n exampl e o f  complementarit y fro m m y data :  i n explainin g 
ho w a  loc k works ,  a n explaine r  wante d t o establis h wher e th e 
cotte r  pin s wer e locate d insid e th e cylinder .  I n speech ,  th e 
explaine r  fixed 2  dimension s o f  thei r  locatio n (thei r  locatio n i n 
a horizontal/vertica l  plane )  whil e representin g th e 3r d 
dimensio n an d on e o f  th e previou s dimension s wit h a  gestur e 
ove r  th e loc k (thei r  locatio n i n th e vertical/horizonta l  plane) . 
I n thi s case ,  thoug h eac h elemen t  alon e onl y represente d tw o 
dimension s o f  th e pins '  positions ,  th e composit e a s a  whol e 
represente d thei r  ful l  3 D locatio n wit h respec t  t o th e cylinder , 
^  Fo r  example ,  on e explaine r  bega n hi s explanatio n b y sayin g 
"it' s  a  lock "  whil e demonstratin g himsel f  puttin g a n imaginar y 
key int o a  doo r  lock .  Thi s mad e clea r  wha t  kin d o f  loc k woul d b e 
explained ,  allowin g th e learne r  t o acces s relevan t  knowledge . 
"Example s o f  thi s wil l  b e discusse d i n th e results . 

the n individuall y explaine d lock s t o a  serie s o f  thre e 
undergraduate s w h o di d no t  kno w ho w the y work .  Fo r  on e 

explanation ,  th e sampl e loc k wa s available ;  fo r  another , 
pape r  an d pe n were ;  fo r  a  third ,  n o additiona l  materia l 
resource s wer e available .  Thus ,  th e dat a include s no t  onl y 
gesture s wit h speech ,  bu t  als o th e kind s o f  multimoda l 
signal s mentione d previously :  diagram-drawing , 
manipulation s o f  a  sampl e loc k an d key ,  an d gesture s 
superimpose d ove r  diagram s o r  th e loc k system . 

Orde r  o f  materia l  resourc e availabilit y  wa s 
counterbalanced .  Eac h explainer-learne r  pai r  wa s tol d t o sto p 
onl y onc e bot h participant s fel t  tha t  th e learne r  understoo d 
h o w lock s wor k wel l  enoug h t o explai n the m t o someon e 
else .  Al l  1 8 explanation s wer e videotaped .  On e camer a 
focuse d o n th e explainer ,  anothe r  o n th e learner ;  an d a  thir d 
was focuse d dow n o n th e tabl e wher e participant s gestured , 
dre w diagrams ,  an d manipulate d th e lock . 

Analysis 

Transcription 

Explainers '  an d learners '  speec h wa s code d fo r  pauses ,  fals e 
starts ,  emphati c stress ,  an d intonationa l  contours .  Al l 
observabl e han d an d othe r  bod y movements-whic h include d 
al l  gesture s a s wel l  a s an y manipulation s o f  pen ,  paper ,  o r 
lock-wer e described . 

Sampling 

One episod e fro m eac h explanatio n wa s selecte d fo r  intensiv e 
analysis .  Eac h episod e wa s a  coheren t  piec e o f  th e 
explanatio n tha t  ha d bee n collaborativel y grounde d a s a 
"conversationa l  contribution "  (Clar k &  Schaefer ,  1989 )  an d 
fo r  whic h ther e wa s evidenc e late r  i n th e interactio n abou t 
ho w wel l  th e learne r  understoo d th e informatio n presented . 
Beyon d fulfillin g thes e criteria ,  episode s wer e selecte d t o 
maximiz e variatio n i n communicativ e method s an d 
informatio n presente d i n orde r  t o captur e a s muc h o f  th e 
variabilit y  i n th e large r  datase t  a s possible .  O n average ,  eac h 
episod e containe d 7. 1 spoke n intonatio n unit s an d 8. 1 
complete d nonverba l  behaviors ,  resultin g i n a  tota l  sampl e 
of  12 7 speec h unit s an d 14 6 nonverba l  behaviors . 

Ratings of Content Communicated 

Pair s o f  independen t  rater s watche d th e videotap e u p t o th e 
star t  an d the n u p t o th e en d o f  eac h selecte d episode .  Eac h 
rate r  constructe d representation s o f  wha t  ha d bee n 
communicate d abou t  th e loc k befor e th e episod e starte d an d 
onc e i t  ha d finished.  B y comparin g thes e star t  an d en d 
representation s i t  wa s possibl e t o measur e wha t  ne w 
informatio n ha d bee n communicate d i n eac h episode . 

One representatio n rater s constructe d wa s a  diagra m o f  th e 
loc k system .  Th e secon d wa s a  propositiona l  styl e 
representatio n i n whic h th e rate r  specifie d wha t  component s 
of  th e loc k syste m ha d bee n explaine d an d wha t  eac h o f  thei r 
so-fa r  specifie d stati c propertie s (e.g. ,  shape ,  location ,  etc.) , 
kinemati c propertie s (e.g. ,  direction ,  trajectory ,  etc .  o f  an y 
par t  tha t  moves ,  i s abl e t o mov e o r  i s no t  abl e t o move )  an d 
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causa l  relation s (stati c o r  kinemati c propertie s o f  object s i n 
th e loc k syste m tha t  caus e othe r  part s t o move ,  b e abl e t o 
move o r  no t  b e abl e t o mov e i n som e way )  were .  Rater s 
the n constructe d jointl y agree d upo n star t  an d en d diagram s 
and prepositiona l  description s o f  th e loc k syste m b y 
comparin g thei r  individua l  diagram s an d descriptions ,  an d 
ofte n watchin g th e videotap e again . 

Communicative Status & Interpretability Codings 

The investigato r  an d on e o f  th e independen t  rater s code d th e 
nonverba l  behavior s eithe r  a s communicativ e abou t  lock s o r 
not  (i.e. ,  meta-communicative ,  preparatory ,  o r  irrelevant) . 
T o b e communicative ,  a  behavio r  ha d t o b e mor e tha n 
simpl y informativ e abou t  locks ;  it s  performanc e als o ha d t o 
be treate d i n th e interactio n a t  tha t  moment  a s par t  o f  th e 
explainer' s intende d presentatio n (se e Grice ,  1957) .  O f  th e 
147 nonverba l  behaviors ,  10 8 wer e code d a s communicatin g 
somethin g abou t  locks ,  3 5 wer e code d a s no t 
communicatin g anythin g abou t  lock s an d 3  wer e code d a s 
unclea r  ( 8 9 % agreement ,  wit h a  thir d rate r  use d t o resolv e 
difficul t  cases) .  O f  th e 10 8 nonverba l  signal s abou t  th e lock , 
43 wer e han d gesture s performe d alon e ) .  Th e remainin g 6 5 
involve d th e loc k o r  diagra m i n som e way : 
•  7  involve d drawin g o r  writin g somethin g o n paper ; 
•  1 0 wer e manipulation s o f  th e loc k o r  key ; 
•  2 7 involve d a  diagra m wit h a  gestur e superimpose d ove r  it ; 
•  2 0 involve d th e loc k wit h a  gestur e superimpose d ove r  it ; 
•  1  combine d drawin g wit h gesturin g ove r  th e diagram . 

For  eac h nonverba l  behavio r  code d a s communicative ,  a n 
independen t  rate r  w h o ha d participate d i n th e conten t  rating s 
codo d it s meanin g a s eithe r  clea r  o r  unclea r  give n it s context . 

Timing 

Beginning s an d ending s o f  nonverba l  behavior s wer e time d 
wit h respec t  t o speech ,  t o th e neares t  syllable .  Behavior s 
wer e considere d t o begi n a s soo n a s a  han d move d int o 
diagram ,  loc k o r  gestur e space *  an d t o en d a s soo n a s i t 
bega n leavin g diagram/lock/gestur e spac e o r  initiate d a  ne w 
movement .  Fo r  communicativ e acts ,  thi s criterio n single s 
out  whe n meaningfu l  conten t  i s bein g conveye d b y 
excludin g preparator y movements .  Fo r  gesture ,  thi s criterio n 
has th e "gestur e proper "  consis t  o f  th e strok e an d post-strok e 
hol d phases ,  th e tw o phase s foun d t o ofte n coincid e wit h co -
expressiv e speec h (Kendon ,  1980 ;  McNeill ,  1992 ,  1997) . 

Results 

Evidence for tiie Norm of Co-expressivity 

1.  Co-expressiv e Speec h I s Identifiabl e fo r 

C o m m u n i c a t i v e N o n v e r b a l  Behav io r s .  T h e 
intonatio n unit s jus t  befor e an d durin g eac h nonverba l  signa l 
rate d a s communicativ e abou t  th e loc k wer e examine d t o se e 
i f  the y containe d a  speec h segmen t  co-expressiv e wit h th e 
nonverba l  signal .  T o coun t  a s co-expressive ,  bot h th e speec h 
segment  an d th e nonverba l  signa l  wer e interpretabl e a s bot h 
referrin g t o th e sam e underlyin g referent .  Fo r  al l  bu t  on e o f 
th e 10 8 nonverba l  signals ,  a  co-expressiv e speec h segmen t 
coul d b e foun d withi n thi s tw o intonatio n uni t  tim e 
window' . 

Synchronizatio n o f  th e nonverba l  an d verba l  element s o f 
composit e signal s wa s usuall y eve n mor e precis e tha n tha t 
(se e als o Engle ,  1998) .  Seventy-fiv e percen t  o f  nonverba l 
signals '  exactl y coincide d wit h a  segmen t  o f  co-expressiv e 
speec h whil e anothe r  si x percent '  followe d immediatel y afte r 
a co-expressiv e speec h segment ,  result s consisten t  wit h (an d 
diu s extending )  th e gesture-speec h synchronizatio n literatur e 
(Kendon ,  1980 ,  1988 ;  McNeill ,  1992 ,  1997) .  I n sum , 
communicativ e nonverba l  behavior s ar e generall y performe d 
near  a  segmen t  o f  co-expressiv e speec h tha t  the y coul d b e i n 
th e sam e composit e signa l  with . 

2. Co-expressive Speech Is Often Not 
Identifiabl e fo r  Nonve rba l  Behavior s Rate d a s 
N ot  C o m m u n i c a t i v e A b o u t  L o c k s .  O f  th e 3 5 
nonverba l  behavior s rate d a s no t  communicative ,  1 7 wer e 
considere d b y th e investigato r  t o b e behavior s tha t  coul d 
hav e potentiall y  communicate d somethin g abou t  th e loc k i n 
othe r  communicativ e situations .  Fo r  example ,  conside r  th e 
actio n o f  puttin g a  ke y int o a  lock .  I n som e situations , 
explainer s use d thi s t o demonstrat e wha t  happen s whe n th e 
ke y i s pu t  int o th e loc k (e.g. ,  th e key' s wedge s ca n b e hear d 
pushin g th e cotte r  pin s up) .  Bu t  i n othe r  situations ,  puttin g 
th e ke y i n th e loc k wa s use d simpl y t o ge t  th e loc k int o th e 
right  stat e fo r  demonstratin g somethin g els e (e.g. ,  t o prepar e 
fo r  demonstratin g wha t  happen s whe n th e ke y i s  turned) .  I n 
suc h situations ,  puttin g a  ke y i n th e loc k coul d hav e playe d 
a communicativ e role ,  bu t  i n fac t  i t  di d not . 

H o w d o peopl e distinguis h whe n nonverba l  behavior s ar e 
playin g a  communicativ e rol e versu s whe n the y ar e onl y 
preparator y action s cha t  suppor t  late r  communication ? O n e 
facto r  appear s t o b e whethe r  o r  no t  a  co-expressiv e speec h 
segment  ca n b e found .  I f  an y o f  th e 1 7 potentiall y 
communicativ e behavior s ha d i n fac t  bee n communicative ,  i t 
shoul d hav e bee n possibl e t o find a  segmen t  o f  speec h co -
expressiv e wit h it s likel y interpretation .  So ,  fo r  th e exampl e 
of  a  ke y bein g pu t  i n th e lock ,  on e coul d loo k fo r  co -
expressiv e speec h tha t  mad e som e referenc e t o somethin g 
tha t  happen s whe n th e ke y i s pu t  i n th e lock .  Usin g thi s 
likel y interpretatio n fo r  eac h o f  th e 1 7 potentiall y 

'3 1 o f  thes e 4 3 gesture s wer e mad e i n th e n o materia l  resource s 
conditio n whe n neithe r  pape r  no r  th e loc k wer e availabl e t o use . 
*  A  han d i s i n diagra m spac e onc e i t  o r  th e pe n i s touchin g th e 
portio n o f  th e paper' s surfac e o n whic h th e diagra m i s bein g 
drawn .  A  han d i s i n loc k spac e onc e i t  i s  touchin g th e loc k o r 
key .  A  han d i s i n gestur e spac e onc e i t  i s  i n a  locatio n 
observabl e b y bot h th e gesture r  an d th e addresse e an d fro m 
wher e th e gestur e prope r  ca n the n b e initiated . 

'  Th e on e exceptio n wa s drawin g a  lin e t o represen t  a  pi n i n a 
diagra m afte r  havin g twic e earlie r  indicate d tha t  th e "pin "  wa s 
locate d alon g tha t  line .  T o se e th e lin e a s a  "pin "  wa s als o 
confirme d i n th e nex t  intonatio n uni t  whe n th e lin e wa s trace d 
ove r  an d extende d slightly . 
'  7 8 % o f  nonverba l  signal s involvin g th e loc k o r  diagra m whil e 
7 0 % o f  gesture s no t  involvin g th e loc k o r  diagram . 
'  Al l  o f  thes e involve d th e loc k o r  diagra m i n som e way . 
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communicativ e nonverba l  behaviors ,  th e curren t  an d 
immediatel y precedin g intonatio n unit s wer e agai n examine d 
fo r  co-expressiv e speech .  I n star k contras t  t o communicativ e 

nonverba l  signals ,  i n 1 4 o f  thes e 1 7 non-communicativ e 
cases ,  n o co-expressiv e speec h wa s present'" . 

Puttin g th e las t  tw o set s o f  result s together ,  w e se e tha t 
w h en a  nonverba l  behavio r  i s likel y t o b e par t  o f  a 
composit e signa l  wit h speec h (i.e. ,  whe n th e behavio r  i s 
communicativ e abou t  th e topi c o f  speech) ,  i t  i s  eas y t o fin d 
a speec h segmen t  tha t  ca n b e interprete d a s referrin g t o th e 
same referent .  I n contrast ,  whe n a  nonverba l  behavio r  canno t 
be par t  o f  a  composit e (i.e. ,  whe n i t  i s  no t  communicative ) 
a co-expressiv e speec h segmen t  i s les s likel y t o b e available . 

3. Noncommunicative Behaviots Are 
D e s y n c h r o n i z e d Speec h coincidin g wit h eac h nonverba l 
behavio r  wa s code d a s independentl y referrin g t o somethin g 
abou t  th e loc k o r  a s no t  doin g so ,  eithe r  becaus e n o speec h 
coincide d o r  th e speec h segmen t  wa s to o incomplet e t o fi x 
reference .  T h e 3 5 nonverba l  behavior s rate d a s no t 
communicativ e abou t  th e loc k wer e significantl y mor e 
likel y t o occu r  withou t  speec h o r  b e synchronize d wit h suc h 
incomplet e segment s (overall :  X^=61 ,  df=l ,  p  <.001 ;  fo r 

han d movement s only :  X^=30 .  df=l ,  p  <.001 ;  fo r  behavior s 

wit h diagra m o r  lock :  y}='i2 ,  df=l ,  p  <.001) . 

Evidence for the Norm of Consistency 

1. Potential Contradictions Are Infrequent. 
Interpretin g speec h an d nonverba l  element s relativel y 
independently ,  I  looke d fo r  tw o kind s o f  potentia l 
contradiction s betwee n th e 10 8 nonverba l  signal s an d 
associate d co-expressiv e speec h segment s i n m y data : 
number  an d modalit y contradictions .  A  numbe r  contradictio n 
was code d i f  th e sam e entit y (object ,  event,  etc. )  wa s 
represente d i n bot h nonverba l  signal s an d co-expressiv e 
speec h an d either :  speec h use d a  plura l  for m whil e onl y on e 
entit y wa s show n nonverbally ;  o r  speec h use d a  singula r 
for m bu t  mor e tha n on e entit y wa s show n nonverbally . 
Modalit y contradiction s wer e code d whe n a  motio n even t 
was represente d a s bein g impossibl e (e.g .  "can' t  move") , 
currentl y occurring  (e.g. ,  "moves") ,  o r  possibl e bu t  no t 
currentl y occurrin g (e.g. ,  "ca n move" )  i n speec h bu t 
represente d i n a  differen t  modalit y nonverbally .  O f  th e 10 8 
nonverba l  signa l  an d co-expressiv e speec h pair s i n th e 
sample ,  ther e wer e onl y 1 5 potentia l  numbe r  inconsistencie s 
and 2  potentia l  modalit y inconsistencies . 

2. Many Potential Contradictions Never Arise 
Becaus e o f  Implicature-Styl e Inferences .  I n al l  bu t 
on e o f  th e 1 7 case s o f  apparen t  contradiction ,  i t  i s  eas y t o 
m a ke a n inferenc e tha t  re-interpret s eithe r  th e spoke n o r 
nonverba l  elemen t  (o r  both )  s o tha t  a  consisten t 

interpretatio n ca n b e arrive d a s fro m th e start . 
Thoug h no t  crucia l  fo r  m y argument ,  thes e inference s ca n 

be though t  o f  a s Gricean-styl e (1967/1989 )  implicature s b y 
extendin g a  subse t  o f  Grice' s max i m o f  qualit y "d o no t  sa y 
what  yo u mea n t o b e false "  fro m purel y linguisti c 
contradiction s lik e "th e ke y i s movin g bu t  it' s  not "  t o case s 
i n whic h a  propositio n an d it s negatio n ar e distribute d acros s 
modalities .  Rathe r  tha n bein g case s wher e a  max i m i s 
flouted ,  mos t  o f  m y case s ar e wha t  Levinso n (1983 )  call s 

"standar d implicatures" ,  case s wher e th e communicato r 
"implicate s tha t  whic h h e mus t  b e assume d t o believ e i n 
orde r  t o preserv e th e assumptio n tha t  h e i s observin g th e 
max im "  (Grice ,  1967/1989) . 

Prototyp e implicatures .  O f  th e 1 5 apparen t  numbe r 
inconsistencie s betwee n spoke n an d nonverba l  elements ,  1 3 
do no t  aris e i f  on e assume s tha t  th e nonverba l  signa l  wa s 
depictin g a  prototyp e tha t  represent s th e characteristi c 
feature s c o m m o n t o som e se t  o f  entitie s describe d i n speech . 

Tabl e 1  belo w i s a n exampl e i n whic h mor e tha n on e pi n 
i s referre d t o i n speec h bu t  onl y on e pi n i s depicte d 
nonverbally ,  resultin g i n a  prototyp e implicature : 

Table 1: Transcript of Paper-2B #11.2." 

nonverba l  behavior s 

i n on e motion ,  explaine r  trace s pe n ove r  a n 
alread y draw n vertica l  lin e o n th e keyfac e 
diagra m &  draw s i n a  ne w segmen t  o f  th e 
lin e s o tha t  i t  extend s d o w n int o th e cylinde r 

speec h 

11. 2 
thes e 
pins . 

I n thi s example ,  a  diagra m no w include s a  singl e vertica l 
lin e tha t  represent s a  pi n an d it s locatio n wit h respec t  t o th e 
res t  o f  th e object s visibl e o n th e keyfac e o f  th e lock :  a n 
inne r  cylinder ,  a  keyhol e cu t  int o i t  an d a n oute r  cylinde r 
tha t  encase s th e inne r  cylinder .  Thoug h onl y on e pi n i s 
drawn ,  speec h make s referenc e t o mor e tha n on e ("thes e 
pins") .  Thi s appear s t o b e a  contradiction ,  bu t  i s no t  i f  th e 
singl e draw n pi n i s assume d t o b e depictin g a  prototypica l 
pin .  I n tha t  case ,  th e singl e pi n show n represent s par t  o f 
what  th e explaine r  mean s t o b e th e cas e fo r  al l  o f  th e pins . 
Interpretatio n o f  th e speec h m a y als o b e affected .  "Thes e 
pins "  ma y b e assume d t o refe r  t o thi s typ e o f  pi n rathe r  tha n 
th e mor e standar d interpretatio n thes e particula r  pins ,  als o 
helpin g t o maintai n consistency' ^  Base d o n thes e inferences , 
a mode l  o f  th e loc k ca n b e generate d tha t  ha s al l  o f  th e pin s 
includ e th e c o m m o n feature s depicte d i n th e prototyp e (esp . 
thei r  orientatio n &  2 D locatio n wit h respec t  t o th e keyface) . 

Prototyp e implicature s ar e no t  limite d t o drawin g whil e 
speaking .  Th e nex t  pag e present s a n exampl e o f  a  gestur e 
superimpose d ove r  th e loc k tha t  als o support s a  prototyp e 
implicatur e (Tabl e 2) : 

' "  I n th e thre e case s wher e a  co-expressiv e speec h segmen t 
coul d b e found ,  eac h speec h segmen t  appeare d t o b e alread y 
linke d int o a  composit e wit h a  nonverba l  signa l  tha t  coincide d 
wit h it . 

"  Legen d fo r  transcrip t  tables : 
•  action s i n th e sam e ro w occurre d simultaneousl y 
•  action s performe d late r  appea r  belo w earlie r  action s 
•  nonverba l  behavior s rate d a s communicativ e abou t  lock s i n 
plai n text ,  thos e no t  communicativ e abou t  lock s i n italic s 
•  bol d indicate s emphati c stress ;  hyphe n a  self-cutof f 
' ^  Thank s t o a n anonymou s reviewe r  fo r  pointin g thi s out . 
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Tabl e 2 :  Transcrip t  o f  Lock-3 C #20 . 

nonverba l  behavior s 

(none ) 

explaine r  pick s u p loc k &  tilt s  th e 
keyfac e u p toward s th e learne r 

trace s righ t  inde x finge r  dow n keyfac e 
of  lock ,  fro m to p o f  stato r  t o keyhol e 

speec h 

20 an d 

th e pin s 
ar e 

goin g dow n 
lik e that . 

I  a m claimin g tha t  i n thes e an d eleve n simila r  cases ,  i t  i s 
reasonabl e t o assum e tha t  th e composit e signa l  i s  referrin g 
t o a  prototype .  Beside s maintainin g consistenc y o f  numbe r 
and allowin g participant s t o construc t  models ,  th e existenc e 
of  thes e prototyp e implicature s show s tha t  whe n nonverba l 
representation s lik e diagram s an d gesture s ar e use d wit h 
language ,  the y ar e no t  limite d t o depictin g specifi c 
situation s a s i s sometime s assumed .  W h e n use d i n 
composit e signal s wit h language ,  nonverba l  signal s ca n b e 
use d t o depic t  type s o f  situations ,  lik e prototypes . 

Exempla r  implicature .  I n on e o f  th e tw o remainin g 
number  inconsistencies ,  i t  i s  reasonabl e t o suppos e tha t  th e 
singl e entit y tha t  ha s bee n indicate d nonverball y i s a n 
exempla r  o f  th e se t  o f  item s describe d i n speec h (Tabl e 3) : 

Table 3: Transcript of Lock-6A #64. 

nonverba l  behavior s 

wit h nai l  o f  lef t  inde x finger .  Explaine r 
point s t o th e to p o f  th e wedg e o f  th e ke y 

(none ) 

speec h 

64 thes e 
things . 

ar e jus t  t o 
pus h i t  int o 
th e groove . 

I n thi s case ,  th e to p o f  th e frontmos t  wedg e i s suppose d t o 
be a n exampl e o f  on e o f  th e kind s o f  thing s tha t  pus h eac h 
pi n int o eac h groov e o f  th e key .  Give n tha t  th e res t  o f  th e 
key' s wedge s ar e visible ,  th e learne r  ca n us e thi s singl e 
poin t  t o on e wedge-to p t o find  th e res t  o f  th e wedge-top s 
bein g referre d t o linguistically . 

Notic e tha t  i n bot h prototyp e implicature s an d exempla r 
implicatures ,  speec h use s a  plura l  whil e th e nonverba l  signa l 
onl y depict s o r  indicate s a  singl e entity .  A n importan t 
questio n i s h o w i t  become s clea r  whic h inferenc e t o dra w i n 
a specifi c  situation .  O n e hypothesi s consisten t  wit h m y dat a 
i s tha t  exempla r  implicature s wil l  b e draw n whe n th e 
nonverba l  signa l  draw s attentio n t o th e actua l  entit y bein g 
referre d t o (i n thi s case ,  pointin g t o th e actua l  key )  whil e 
prototyp e inference s wil l  b e draw n whe n th e actua l  referen t 
i s no t  present ,  forcin g th e nonverba l  signa l  t o onl y 
selectivel y represen t  th e entit y (a s i n iconi c gesture s an d 
pictoria l  diagrams)" .  Becaus e o f  thei r  potentiall y  wid e rang e 

For  thos e familia r  wit h Peirce' s (1940 )  distinctio n betwee n 
icon s an d indexes ,  exempla r  inference s ar e draw n whe n a n ico n 
represent s th e referen t  whil e protoyp e inference s ar e draw n 
when there' s a n inde x tha t  goe s directl y t o th e referent .  Se e 
Clar k (1996 ;  Clar k &  Gerrig ,  1990 )  fo r  furthe r  discussio n o f 
how th e icon/inde x distinctio n i s bein g use d here . 

of  usefulness ,  i t  m a y als o b e tru e tha t  bot h kind s o f 
implicature s ar e a t  leas t  partiall y  conventionalized . 

Implicature s resolvin g apparen t  modalit y contradictions . 
I n on e o f  th e potentia l  modalit y contradictions ,  th e explaine r 
sai d a n objec t  "can' t  m o v e "  whil e showin g th e objec t 
movin g nonverbally .  Sinc e th e non-existenc e o f  a  motio n 
canno t  b e show n nonverbally ,  th e implicatur e i s tha t  th e 
explaine r  i s showin g h o w th e objec t  woul d m o v e i f  i t  ha d 
not  bee n prevente d fro m moving . 

I n th e othe r  apparen t  modalit y contradiction ,  th e explaine r 
talke d abou t  th e ke y turnin g "t o th e left "  whil e holdin g hi s 
fis t  stationary .  Give n tha t  th e fist' s  positio n i s alread y 
twiste d t o th e left ,  th e implicatur e i s tha t  th e gestur e i s 
showin g th e en d stat e o f  th e motio n o f  turnin g th e ke y t o 
th e left .  I n a  large r  sample ,  othe r  kind s o f  implicature s 
woul d probabl y arise . 

I  hypothesize ,  consisten t  wit h othe r  wor k o n implicature s 
(se e Gibbs ,  1989) ,  tha t  participant s assume d fro m th e 
beginnin g tha t  informatio n represente d i n bot h modalitie s 
woul d b e consisten t  an d m a d e an y additiona l  assumption s 
necessar y t o preserv e consistency ,  instea d o f  havin g t o detec t 
inconsistencie s an d the n resolvin g the m afterwards .  I n fact , 
i n non e o f  th e case s o f  implicatur e posite d abov e wa s ther e 
an y evidence—fro m late r  i n th e interaction s o r  fro m th e 
rating s o f  wha t  ha d bee n communicated—tha t  a  contradictio n 
had bee n detected .  Rating s wer e consisten t  wit h th e 
hypothesize d inferences ,  ther e wer e n o repair s o f 
understandin g initiate d b y eithe r  explainer s o r  learners ,  an d 
ther e wa s n o evidenc e fro m thei r  writte n an d ora l  re -
explanation s tha t  learner s misunderstoo d thes e composites . 

3. An Example of an Unsuccessful Composite. 
I n contras t  t o al l  othe r  cases ,  i n th e on e remainin g 
contradictio n (i n number) ,  th e contradictio n m a y hav e bee n 
detecte d a s th e speake r  repaire d it .  A s see n i n Tabl e 4  below , 
th e origina l  co-expressiv e speec h segmen t  (#8 )  referre d t o a 
singl e thin g tha t  woul d b e hear d i n th e loc k demonstration , 
when i n fac t  3- 4 separat e sound s wer e easil y distinguishable : 

Table 4: Transcript of Lock-2A #8-9. 

nonverba l  behavior s 

(none ) 

explaine r  slowl y move s th e 
ke y int o th e keyhole :  first  3 
separat e click s ca n b e hear d 

as ke y finishes  slidin g in , 
a 4t h clic k ca n b e hear d 

(none ) 

(none ) 

speec h 

8 yo u ca n probabl y hea r  it . 

(lon g pause ) 

9 
yo u ca n 

hear  eac h pi n g o up ? 

Learner :  m h m 

The explaine r  repaire d th e origina l  co-expressiv e speec h 
segmen t  (#8 )  b y cuttin g int o th e middl e o f  th e 
demonstratio n t o ad d speec h segmen t  # 9 whic h modifie d th e 
singula r  "it "  t o "eac h pi n g o up" .  Usin g th e expressio n 
"eac h pin "  resolve s al l  potentia l  numbe r  contradiction s 
becaus e thi s i s a  wa y o f  referrin g t o a  grou p o f  thing s whil e 
considerin g the m individually .  Becaus e th e explaine r  m a d e 
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thi s an d othe r  clarification s i n segmen t  9''* ,  apparentl y th e 
explaine r  decided' ^  tha t  segmen t  8  wa s no t  sufficientl y 
consisten t  wit h th e loc k demonstratio n t o b e a  composit e 
signa l  tha t  th e learne r  woul d understan d an d acknowledg e (a s 
th e learne r  di d soo n afte r  segmen t  9) . 

Discussion 

The dat a pattern s presente d abov e d o no t  suppor t  th e 
c o m m on assumptio n tha t  nonverba l  communicativ e 
modalitie s alway s functio n a s separat e channel s tha t  conve y 
meanin g independentl y fro m speech .  Th e existenc e o f  co -
expressiv e speec h nea r  ever y nonverba l  signa l  i n th e loc k 
explanation s i s consisten t  wit h th e ide a tha t  speec h an d 
nonverba l  signal s ar e t o b e integrated ,  thoug h i t  coul d b e 
argue d fro m th e separat e channel s vie w tha t  th e similarit y i n 
conten t  onl y arise s becaus e explainer s wer e thinkin g abou t  a 
singl e topi c whic h happene d t o b e expresse d i n bot h verba l 
and nonverba l  channels .  Wha t  a  separat e channel s vie w 
woul d find  difficul t  t o explai n ar e th e desynchronizatio n an d 
implicatur e results .  I f  whethe r  an d wha t  nonverba l  behavior s 
wil l  communicat e i s alway s independen t  o f  wha t  i s 
happenin g i n speech ,  wh y di d explainer s desynchroniz e 
noncommunicativ e behavior s fro m speec h segment s 
referrin g t o th e lock ? An d i f  nonverba l  signal s ar e interprete d 
independentl y fro m speech ,  wh y woul d th e nonverba l  signa l 
conve y thing s o n th e sam e topi c tha t  o n th e surfac e appea r 
t o b e contradicte d b y speech ? Finally ,  ho w woul d prototyp e 
and exempla r  implicature s b e draw n i f  nonverba l  signal s 
wer e no t  t o b e integrate d wit h speech ? Unti l  thes e question s 
ar e answered ,  i t  canno t  b e claime d tha t  communicatio n ca n 
alway s b e divide d int o th e linguisti c an d th e nonlinguistic , 
whic h ca n eac h b e studie d an d understoo d separately'* . 
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Abstrac t 

The effect s o f  repeatin g a  task-irrelevan t  elemen t  an d insert -
in g intervenin g trial s betwee n th e las t  prim e an d th e prob e 
tria l  i n a  negativ e primin g stud y wer e compare d wit h a  stand -
ar d prime/prob e pai r  A n associativ e mode l  base d o n SA C 
(e.g .  Rede r  &  Schunn ,  1996 ;  Schunn ,  Reder ,  Nhouyvanisvong , 
Richards ,  &  Stroffolino ,  1997 )  wa s abl e t o accoun t  fo r  bot h th e 
decreas e i n respons e time s acros s th e repeate d prime s an d th e 
increas e i n respons e time s whe n th e task-irrelevan t  elemen t  be -
came relevant . 

I n t r o d u c t i o n 

Unti l  recently ,  theorie s o f  attentio n hav e focuse d o n th e ob -

jec t  o f  attention .  Thes e theorie s emphasize d th e facilitator y 

"spotlight "  a t  th e cente r  o f  attention ,  an d th e remainin g area s 

of  visua l  spac e wer e largel y ignore d (e.g. ,  Broadbent ,  1958 ; 

Shiffri n &  Schneider ,  1977) .  Ove r  th e pas t  severa l  years , 

however ,  researcher s hav e develope d evidenc e o f  a n inhibit -

or y effec t  o f  attentio n o n object s tha t  fal l  outsid e th e spotlight . 

I n particular ,  i f  som e par t  o f  a  visua l  displa y (eithe r  a n objec t 

or  a  location )  i s t o b e ignore d a t  som e poin t  i n time ,  response s 

t o tha t  sam e ite m (o r  t o on e tha t  i s sufficientl y similar )  wil l 

be inhibite d (i.e. ,  slowe r  o r  les s accurate )  a t  subsequen t  point s 

i n time .  Thi s inhibitor y effec t  o f  ignorin g a n objec t  ha s bee n 

terme d negativ e primin g (Tipper ,  1985) . 

A typica l  negativ e primin g experimen t  consist s o f  pair s o f 

visua l  displays .  Befor e an y stimul i  ar e displayed ,  participant s 

ar e tol d t o respon d t o a  certai n aspec t  o f  eac h visua l  display . 

For  example ,  participant s migh t  b e tol d t o n a m e th e objec t 

show n i n th e cente r  o f  th e displa y an d t o ignor e an y othe r  ob -

jects .  I n th e first  (o r  prime )  displa y o f  eac h negative-primin g 

pair ,  th e importan t  objec t  i s  th e on e tha t  i s t o b e ignored ,  th e 

one that ,  i n thi s example ,  i s  no t  centrall y located .  A s state d 

above ,  whe n thi s objec t  i s presente d i n th e secon d (o r  probe ) 

display ,  i n th e central ,  to-be-attende d location ,  participant s 

ar e slowe r  t o respon d (o r  les s accurate )  relativ e t o a  contro l 

condition . 

Sinc e thi s phenomeno n wa s first  described ,  tw o principa l 

explanation s hav e bee n propose d t o accoun t  fo r  it .  Th e first 

posit s tha t  th e rol e o f  attentio n i n negativ e primin g i s on e o f 

inhibitio n o r  activ e suppression .  O n e varian t  o f  thi s explana -

tio n i s tha t  whe n a n objec t  o r  locatio n i s ignored ,  th e activa -

tio n o f  it s  cognitiv e representatio n i s suppresse d (Neill ,  1979) . 

A secon d varian t  is ,  instead ,  tha t  althoug h th e representatio n 

of  th e ignore d informatio n ca n remai n active ,  tha t  activatio n 

i s kep t  fro m influencin g one' s respons e (Tippe r  &  Cranston , 

1985) .  Thus ,  accordin g t o thes e theories ,  negativ e primin g oc -

cur s becaus e thi s inhibitio n remain s i n forc e fo r  s o m e perio d 

of  tim e afte r  i t  i s invoked .  Herein ,  thi s wil l  b e referre d t o a s 

th e inhibitor y accoun t  o f  negativ e priming . 

Th e secon d candidat e explanatio n i s tha t  negativ e prim -

in g occur s becaus e o f  association s tha t  for m betwee n in -

stance s o f  a  stimulu s an d thei r  subsequen t  response s a s i n Lo -

gan' s (1988 )  instanc e theor y o f  automaticit y (Neil l  &  Valdes , 

1992 ;  Neill ,  Valdes ,  Terry ,  &  Gorfein ,  1992) .  I n thi s case , 

however ,  th e response s i n question  ar e no t  th e over t  response s 

measure d b y th e experimenter ;  the y ar e internal ,  attentiona l 

responses .  A s par t  o f  th e proces s o f  makin g over t  responses , 

however ,  participants '  ar e hypothesize d t o b e makin g interna l 

response s t o focu s attentio n o n th e stimulu s t o whic h the y ar e 

t o respon d an d consequentl y t o ignor e th e irrelevan t  stimulus . 

Accordin g t o th e instanc e theor y o f  automaticity ,  association s 

ar e the n forme d betwee n eac h o f  th e stimul i  an d th e interna l 

response s the y evoked .  O n th e prob e display ,  w h e n th e previ -

ousl y irrelevan t  stimulu s become s relevant ,  i t  trigger s it s asso -

ciated ,  interna l  ignore-response ,  whic h slow s th e over t  nam -

in g response .  Thi s explanatio n wil l  b e referre d t o a s th e atten -

tiona l  associatio n accoun t  o f  negativ e priming . 

If ,  a s i s asserte d i n th e attentiona l  associatio n hypothesis , 

negativ e primin g i s cause d b y association s forme d betwee n 

ignore d stimul i  an d a n interna l  ignore-response ,  the n re -

peate d presentation s o f  a n ignore d stimulu s ove r  tim e shoul d 

strengthe n thes e associations .  Whil e th e ignore-respons e i s 

th e correc t  interna l  response ,  performanc e shoul d improv e 

(i.e. ,  becom e faste r  an d mor e accurate) .  If ,  afte r  repeatedl y 

bein g presente d a s a n irrelevant ,  an d hence ,  to-be-ignore d ele -

ment  o f  th e display ,  a n ite m become s relevant ,  ther e shoul d b e 

substantia l  evidenc e o f  negativ e priming . 

Moreover ,  sinc e long-ter m associativ e m e m o r y deca y ha s 

bee n show n t o b e wel l  describe d b y a  powe r  functio n (e.g. , 

Anderso n &  Schooler ,  1991), ^  whic h predict s considerabl e 

retentio n eve n afte r  fairl y  lon g period s o f  time ,  thes e repeated , 

ignore d item s shoul d provid e evidenc e o f  negativ e primin g 

^Th e functiona l  for m o f  a  powe r  functio n i s  ct~'' ,  wher e c  i s 
th e initia l  leve l  o f  encoding ,  t  i s  th e amoun t  o f  tim e sinc e th e las t 
presentation ,  an d d  i s th e rat e o f  decay .  Powe r  function s sho w a  rel -
ativel y rapi d initia l  declin e followe d b y a  lon g perio d o f  onl y gradua l 
decline . 

327 

mailto:erickson@cmu.edu
mailto:reder@cmu.edu


at  substantia l  delays .  Also ,  i f  th e se t  o f  item s show n ove r 

th e cours e o f  th e experimen t  ar e sufficientl y distinguishable , 

th e inclusio n o f  eve n a  fairl y larg e numbe r  o f  intervenin g tri -

al s betwee n th e las t  prim e tria l  an d th e subsequen t  prob e tria l 

shoul d hav e a  minima l  effect . 

I t  shoul d b e noted ,  however ,  tha t  thes e prediction s depen d 

upo n a  specifi c  associativ e mode l  tha t  wil l  b e describe d below . 

Whil e discussin g thes e sam e issues ,  M a y ,  Kane ,  an d Hashe r 

(1995 )  mad e substantiall y  differen t  predictions ,  bu t  propose d 

no forma l  mode l  o f  associativ e m e m o r y b y whic h thei r  pre -

diction s coul d b e tested . 

I n thi s pape r  w e tes t  thes e prediction s o f  th e associativ e ac -

coun t  o f  negativ e primin g empirically .  Thi s i s th e first  experi -

ment ,  t o ou r  knowledge ,  t o attemp t  t o buil d u p long-ter m asso -

ciation s b y repeate d presentation s o f  a  task-irrelevan t  stimu -

lu s an d tes t  negativ e primin g wit h larg e number s o f  interven -

in g trials .  W e the n propos e a  forma l  candidat e mode l  o f  th e 

theor y an d determin e whethe r  th e mode l  provide s a n adequat e 

accoun t  o f  th e empirica l  data . 

Negative Priming Experiment 

I n thi s experiment ,  participant s wer e presente d wit h 52 0 

visua l  display s (on e pe r  trial) ,  eac h compose d o f  two ,  two -

digi t  number s situate d on e abov e th e other .  I n eac h display , 

one o f  th e number s wa s presente d i n boldfac e an d th e othe r 

i n a n outlin e font .  Th e participants '  tas k wa s t o report ,  a s 

quickl y an d accuratel y a s possible ,  th e fon t  o f  th e numbe r  wit h 

th e smalle r  magnitude .  Participant s m a d e thei r  response s b y 

pressin g on e o f  tw o button s labele d "Bold "  an d "Outline. " 

Th e first  4 0 trials ,  whic h wer e no t  distinguishe d fro m th e re -

mainin g trials ,  wer e practic e trials .  Th e remainin g trial s wer e 

eac h par t  o f  on e o f  thre e differen t  kind s o f  trials :  immediat e 

negativ e prim e sequences ,  delaye d negativ e prim e sequences , 

and contro l  trials . 

Immediat e negativ e prim e (INP )  sequence s consiste d o f  a 

pai r  o f  contiguou s trials ,  th e prim e tria l  an d th e prob e trial .  I n 

thes e trials ,  a  numbe r  selecte d t o b e th e critica l  numbe r  wa s 

presente d a s th e distracto r  (th e greate r  o f  th e tw o numbers )  i n 

th e th e prim e tria l  an d a s th e targe t  (th e lesse r  o f  th e two )  i n th e 

prob e trial .  Eac h participan t  sa w 3 0 IN P sequence s randoml y 

distribute d acros s th e 48 0 non-practic e trials . 

Delaye d negativ e prim e ( D N P )  sequence s consiste d o f  1 7 

non-contiguou s trials .  Fo r  eac h D N P sequence ,  a  numbe r  wa s 

chose n a s th e critica l  numbe r  fo r  tha t  sequence .  Ove r  th e 

cours e o f  first  1 6 trial s i n th e sequence ,  th e critica l  numbe r  wa s 

presente d a s th e distractor .  Althoug h eac h o f  thes e 1 6 prim e 

trial s wa s separate d fro m th e other s b y a t  leas t  on e trial ,  th e 

media n numbe r  o f  intervenin g trial s wa s 10 .  Thes e interven -

in g trial s wer e no t  specia l  i n an y way .  The y containe d ele -

ment s o f  IN P sequences ,  othe r  D N P sequences ,  an d contro l 

trials .  Th e las t  tria l  i n th e sequence ,  th e prob e trial ,  wa s sep -

arate d fro m th e las t  prim e tria l  b y a t  leas t  fou r  intervenin g tri -

als .  Again ,  th e media n numbe r  o f  intervenin g trial s wa s 10 , 

and thes e trial s were ,  again ,  no t  specia l  i n an y way .  Eac h par -

ticipan t  sa w 2 0 D N P sequences .  S o tha t  th e D N P prob e trial s 

woul d no t  al l  b e presente d nea r  th e en d o f  th e experiment ,  1 0 

D NP sequence s conclude d i n th e first  hal f  o f  th e non-practic e 

trials ,  an d 1 0 D N P sequence s conclude d i n th e secon d half . 

I n contro l  trials ,  tw o number s wer e presente d tha t  wer e 

neve r  use d a s critica l  number s i n eithe r  th e IN P o r  D N P se -

quences .  Participant s sa w 8 0 contro l  trial s throughou t  th e 

non-practic e trials . 

Th e position s o f  th e number s an d th e font s i n whic h the y 

wer e displaye d wa s chose n randoml y o n al l  trials ,  so  tha t  eac h 

number  i n eac h pai r  wa s equall y likel y t o b e displaye d i n 

eithe r  fon t  an d i n eithe r  position . 

Eac h tria l  bega n wit h a  fixation  cros s appearin g o n th e 

scree n fo r  50 0 ms .  The n th e fixation  cros s disappeared ,  an d 

th e stimul i  wer e displaye d unti l  a  respons e ke y wa s depressed . 

Immediatel y followin g th e butto n press ,  th e fixation  cros s 

reappeare d t o begi n th e nex t  trial .  Thus ,  th e response-to -

stimulu s interva l  (RSI )  i s  50 0 m s fo r  th e IN P sequences .  Fo r 

th e D N P sequences ,  w e di d no t  measur e th e RSI s directly ,  bu t 

the y ca n b e estimate d t o b e a t  leas t  6  s  an d hav e a  media n o f 

abou t  1 5 s . 

Results and Discussion 

We exclude d th e dat a fro m on e o f  th e 2 9 participant s fro m ou r 

analyses ,  becaus e h e o r  sh e appeare d t o b e reportin g th e fon t 

of  th e greate r  number .  Th e result s ar e summarize d i n Figur e 1 . 

Immediat e Negativ e Primin g Participant s wer e no t  signi -

ficantly  les s accurat e i n thei r  response s t o immediat e negat -

iv e prob e trial s ( M =  .95 )  tha n t o contro l  trial s ( M =  .96) , 

t{27 )  <  l , p > .10 .  The y did ,  however ,  respon d mor e slowl y 

t o immediat e negativ e prob e trial s ( M =  1104) ^  tha n t o con -

tro l  trial s ( M =  1015) ,  t{27 )  =  4.23 ,  p  <  .001 . 

Delaye d Negativ e Primin g Participants '  response s t o 

delaye d negativ e prob e tfials  wer e als o no t  significantl y les s 

accurat e ( M =  .95 )  tha n thei r  response s t o contro l  trial s 

( M =  .96) ,  «(27 )  =  1.06 ,  p  >  .10 .  Onc e again ,  however , 

the y di d respon d mor e slowl y t o delaye d negativ e prob e 

trial s ( M =  1074.61 )  tha n t o contro l  trial s ( M =  1015.18) , 

«(27 )  =  2.38,p<.05 . 

Figur e 1  show s th e effec t  o f  repeate d primin g i n th e delaye d 

negativ e primin g sequences .  I n tha t  figure,  an d fo r  th e ana -

lyse s tha t  follow ,  th e prime s i n th e D N P sequenc e ar e com -

bine d int o group s o f  two .  Fo r  example ,  i n Figur e 1 ,  th e mea n 

of  participants '  media n respons e time s fo r  th e first  an d secon d 

trial s i n th e D N P sequenc e ar e labele d D l .  Thus ,  th e respons e 

time s fo r  th e 1 6 delaye d negativ e prim e trial s ar e represente d 

by 8  group s o f  tw o trial s each . 

A repeate d measures ,  one-wa y a n o v a o f  thes e eigh t 

delaye d negativ e prim e group s indicate d tha t  th e repetitio n o f 

distractor s i n th e D N P sequence s cause d participant s t o re -

spon d mor e rapidl y a s indicate d b y th e first  degre e polynomia l 

^Onl y trial s i n whic h participant s responde d correctl y wer e in -
clude d i n thes e respons e tim e statistics .  Also ,  respons e tim e mean s 
wer e compute d a s th e mea n o f  participan t  median s t o minimiz e th e 
influenc e o f  respons e tim e outliers .  Th e sam e statistica l  result s wer e 
obtaine d usin g a  variet y o f  transformation s an d trimmin g procedures . 
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Figur e 1 :  Th e bes t  fit  o f  th e associativ e mode l  t o th e empirica l 

data .  Th e stimulu s type s D n an d /  denot e delaye d an d i m m e -

diat e negative/?n'/n e trials ,  respectively ,  th e stimulu s type s D P 

and I P denot e delaye d an d immediat e negativ e prob e trials , 

and stimulu s typ e Ctr l  denote s th e contro l  trials .  Erro r  bar s 

indicat e 9 5 % confidenc e interval s aroun d th e m e a n (Loftu s & 

Masson ,  1994) . 

contras t  F ( l ,  27 )  =  40.65 ,  p  <  .001 .  N o othe r  polynomia l 

contras t  wa s significant . 

I n summary ,  th e participant s exhibite d significan t  negativ e 

primin g i n bot h th e I N P an d D N P condition s a s predicted . 

Further ,  repetitio n o f  th e distracto r  i n th e D N P sequence s 

cause d improve d performance . 

An Associative Model of Negative Priming 

The model we propose to account for these data is an instan-

tiatio n o f  th e SA C mode l  o f  memor y (e.g .  Rede r  &  Schunn , 

1996 ;  Schun n e t  al. ,  1997), ^  whic h ma y b e though t  o f  a s a 

generi c semanti c networ k mode l  o f  memor y mos t  closel y re -

semblin g th e declarativ e memor y structur e i n A C T (Ander -

son ,  1983) .  S a c represent s memorie s bot h a s node s wit h 

short -  an d long-ter m strength s an d a s connection s betwee n 

thes e node s wit h short -  an d long-ter m strengths . 

Althoug h w e ar e usin g a n associativ e mode l  t o accoun t  fo r 

thes e data ,  w e d o no t  wis h t o argu e tha t  al l  instance s o f  negat -

iv e primin g ar e du e t o associativ e processe s (Rede r  &  Weber , 

1998) ,  no r  d o w e wis h t o argu e tha t  th e negativ e primin g i n 

thi s experimen t  i s du e solel y t o associativ e processes .  Rather , 

our  goa l  i s t o sho w tha t  a n associativ e mode l  tha t  incorporate s 

principle s tha t  hav e successfull y accounte d fo r  a  substantia l 

number  o f  memor y phenomen a ca n accoun t  fo r  th e dat a fro m 

thi s experiment .  Thus ,  w e ar e providin g convergin g evidenc e 

tha t  associativ e processe s ca n pla y a n importan t  rol e i n negat -

iv e priming . 

At  th e beginnin g o f  eac h simulatio n o f  th e experiment , 

node s representin g al l  th e two-digi t  number s tha t  ar e t o b e 

shown ar e presume d t o exis t  an d t o b e hav e identical ,  long -

ter m (o r  base-level )  activations ,  whic h w e se t  t o 1.0 . 

A node' s base-leve l  activation ,  B^r ,  ma y increas e o r  de -

creas e accordin g t o th e powe r  functio n 

•Bat  =  Ca t  2 J  ̂ ^ 
-d N (1 ) 

wher e c ^  an d d ^  ar e th e growt h an d deca y constant s fo r 

node s an d t j  i s th e tim e sinc e th e I't h presentation .  Thi s func -

tio n describe s bot h power-la w learnin g o f  practice d memor -

ie s an d power-la w deca y o f  memorie s ove r  tim e (Anderso n & 

Schooler ,  1991) . 

I n additio n t o it s long-term ,  base-leve l  activation ,  eac h nod e 

has a  short-ter m activation ,  a^ ,  tha t  decay s exponentially . 

Thi s deca y ma y b e expresse d a s a  proportiona l  decreas e i n 

short-ter m activatio n a t  eac h tim e ste p 

AaN =  -pNdN , (2 ) 

wher e 0  <  P n ^  1  i s th e short-ter m deca y constan t  fo r  nodes . 

T h e curren t  activation .  A ,  o f  eac h nod e i s merel y th e s u m o f 

th e short-ter m an d base-leve l  activation s 

A =  B n -\-aN . (3 ) 

Activatio n spread s betwee n node s vi a links .  Althoug h eac h 

number  nod e migh t  b e expecte d t o hav e m a n y links ,  fo r  th e 

purpose s o f  thi s simulation ,  w e use d jus t  tw o link s pe r  n u m -

ber  node :  on e t o a n atten d respons e an d th e othe r  t o a n ignor e 

response .  Becaus e othe r  aspect s o f  th e experimenta l  tas k wer e 

randomized ,  link s t o aspect s o f  th e task s suc h a s fon t  o r  posi -

tio n woul d no t  hav e m a d e an y differenc e i n th e mola r  predic -

tion s o f  th e model .  Link s t o node s representin g informatio n 

externa l  t o th e task ,  likewise ,  woul d no t  influenc e th e mola r 

prediction s inasmuc h a s th e number s wer e randoml y assigne d 

t o eac h conditio n fo r  eac h participant . 

Th e lin k betwee n a  numbe r  nod e an d a  respons e nod e i s 

strengthene d whe n tha t  respons e i s  evoke d b y th e presenta -

tio n o f  th e number .  Th e lin k wil l  deca y a s tim e passe s afte r 

th e co-activatio n o f  th e tw o nodes .  Lik e nod e activation ,  lin k 

strengt h i s  compose d o f  tw o parts ,  a  long-term ,  base-leve l 

strengt h an d a  short-ter m strength .  T h e long-ter m componen t 

fo r  th e lin k connectin g nod e s  t o nod e r ,  Bi(a,r) ^  change s ac -

cordin g t o th e powe r  functio n 

Bz,(.,̂ )  =  c ^ E ^ ^ ' ^ (4 ) 

wher e c i  an d d t  ar e th e growt h an d deca y constant s fo r  link s 

and t i  i s th e tim e sinc e th e it h co-occurrence . 

Lik e th e short-ter m activatio n o f  a  node ,  th e short-ter m 

strengt h o f  th e lin k connectin g nod e s  t o nod e r ,  a^g, . ) , 

grow s b y bein g incremente d b y a  constan t  amount ,  whic h w e 

chos e t o se t  t o 100 ,  an d decay s exponentially .  I t  i s  incremen -

te d w h e n a  respons e r  i s m a d e t o th e numbe r  represente d b y 

nod e s .  I t  decay s i n proportio n t o it s activatio n a t  eac h tim e 

ste p accordin g t o th e differenc e equatio n 

^Sa c stand s fo r  Sourc e o f  Activatio n Confusion . ^0,L{s,r )  =  -PLO.L(s,r)- , (5 ) 
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w h e r e 0  <  P i  <  1  i s th e short-ter m deca y constan t  fo r  Hnks . 

T h e curren t  strength ,  S^s,r) .  o f  eac h H n k i s th e s u m o f  th e long -

an d short-ter m strength s 

S(s,t )  -  •BL(»,r )  +(̂ L(i,r) - (6 ) 

Increase s i n th e short-ter m activatio n o f  node s occu r  b y tw o 

means.  First ,  whe n a  numbe r  i s presente d o n a  trial ,  tha t 

number' s short-ter m activatio n i s incremente d b y a  constan t 

amount  (whic h w e chos e t o b e 100) ,  presumably ,  b y som e 

perceptua l  proces s outsid e th e model .  Second ,  eac h numbe r 

node' s tota l  activatio n spread s vi a link s t o it s associate d re -

spons e nodes .  Th e amoun t  o f  activatio n tha t  spread s t o eac h 

respons e nod e depend s o n th e tota l  activatio n o f  th e send -

in g nod e an d o n th e relativ e strength s o f  eac h o f  th e sendin g 

node' s links .  Althoug h i n thi s model ,  eac h respons e nod e onl y 

receive d activatio n fro m a  singl e numbe r  node ,  i n general ,  th e 

chang e i n a  respons e nod e r' s short-ter m activation ,  A o r ,  i s 

compute d b y summin g acros s al l  th e node s tha t  sen d activa -

tio n t o i t  accordin g t o th e equatio n 

a -  =  E a , % l . 
T, iS{s^ ) 

(7 ) 

wher e A g i s th e activatio n o f  eac h sendin g nod e a s define d i n 

Equatio n 3 ,  5(,,r )  i s  th e strengt h o f  th e lin k betwee n nod e s 

an d nod e r ,  an d ̂ ,  •S'(s,t )  i s  th e su m o f  th e strength s o f  th e 

link s fro m nod e s  t o an y nod e i ,  bot h a s define d i n Equatio n 6 . 

Becaus e ther e wa s n o effor t  t o systematicall y manipulat e th e 

number  o f  response s associate d wit h eac h numbe r  nod e i n thi s 

experiment ,  thi s normalizatio n o f  lin k strength s i n Equatio n 7 

i s no t  essentia l  t o accoun t  fo r  th e negativ e primin g dat a w e 

obtained .  Nevertheless ,  i t  i s a  ke y elemen t  i n th e mechanis m 

employe d b y Anderso n (1993 )  t o accoun t  fo r  th e phenomeno n 

k n o w n a s th e fa n effec t  (e.g. ,  Anderson ,  1974) .  Hence ,  i t  i s 

importan t  i n othe r  negativ e primin g experiment s tha t  us e stim -

ul i  wit h variabl e number s o f  association s (Erickso n &  Reder , 

1998) . 

Once activatio n ha s sprea d fro m th e numbe r  node s t o th e 

attentional-respons e nodes ,  a  measur e o f  facilitatio n i s com -

pute d b y examinin g th e activatio n o f  th e fou r  respons e node s 

associate d wit h th e tw o number s tha t  wer e presente d o n th e 

curren t  trial .  Recal l  tha t  th e participants '  tas k i s t o repor t  th e 

fon t  o f  th e lesse r  number .  Thei r  performanc e shoul d b e fa -

cilitate d b y th e associativ e system ,  then ,  i f  i t  biase s th e atten -

tiona l  syste m t o atten d t o th e lesse r  numbe r  an d t o ignor e th e 

greate r  number .  Th e associativ e syste m wil l  produc e a  facil -

itator y bia s t o atten d t o th e lesse r  numbe r  t o th e degre e tha t 

th e atten d respons e associate d wit h tha t  numbe r  i s active ;  con -

versely ,  i t  wil l  produc e a n inhibitor y bia s t o th e exten t  tha t  th e 

associate d ignor e respons e i s active .  Thi s m a y b e expresse d 

as 

•fsmal l  =  -i4small,att .  " "  -̂ small.ign. ,  (o ) 

wher e Fsmai i  i s  th e degre e o f  facilitator y bia s fo r  th e lesse r 

number ,  an d Asmaii,att .  an d Asmaii.ign .  ar e th e respectiv e ac -

tivation s o f  th e atten d an d ignor e node s associate d wit h th e 

lesse r  number .  Likewise ,  th e associativ e syste m wil l  produc e 

a facilitator y bia s t o ignor e th e greate r  numbe r  t o th e degre e 

tha t  th e ignor e respons e associate d wit h tha t  numbe r  i s activ e 

and inhibite d t o th e exten t  tha t  th e associate d atten d respons e 

i s active .  Thi s m a y b e expres.se d 

Fiarg e =  ^ 1 arge.ig n - A large,att .  i (9 ) 

wher e Fiarg e i s th e degre e o f  facilitator y bia s fo r  th e greate r 

n u m b e r ,  an d ̂ large.ign .  an d .4|arge,at t  ar e th e respectiv e ac -

tivation s o f  th e ignor e an d atten d node s associate d wit h th e 

greate r  number .  N o t e tha t  thes e "facilitator y biases, "  Fsize , 

whe r e siz e i s eithe r  larg e o r  small ,  m a y tak e o n bot h positiv e 

an d negativ e values .  W h e n Fsiz e <  0 ,  i t  m a y ,  o f  course ,  b e 

though t  o f  a s eithe r  a  "negativ e facilitation "  o r  a n inhibition . 

T h e tota l  a m o u n t  o f  facilitatio n provide d b y th e associativ e 

system ,  Ftotai .  i s th e s u m o f  th e facilitatio n provide d b y th e 

association s wit h eac h n u m b e r ,  Ftota i  =  Fsmai i  +  Farge -  T o 

conver t  tha t  t o th e influenc e o f  th e associativ e syste m o n par -

ticipants '  respons e times ,  Ftota i  w a s simpl y multiplie d b y a 
constant ,  a . 

At  thi s point ,  howeve r ,  th e m o d e l  onl y predict s deviation s 

f ro m s o m e base-lin e respons e time .  W e assum e tha t  ther e ex -

is t  othe r  system s tha t  proces s th e sensor y input ,  compar e th e 

t w o n u m b e r s ,  direc t  attentio n towar d th e lesse r  number ,  accu -

mulat e e n o u g h informatio n t o decid e i n wh ic h fon t  th e lesse r 

n u m b er  i s displayed ,  an d m a k e th e appropriat e response .  Al -

thoug h m o r e detaile d mode l in g o f  thes e system s migh t  be -

c o m e necessar y i f  w e w e r e t o attemp t  t o accoun t  fo r  thes e dat a 

at  a  trial-by-tria l  o r  a  distributiona l  level ,  a t  th e leve l  o f  rep -

resentatio n s h o w n i n Figur e 1 ,  w e ca n m a k e substantia l  sim -

plifyin g assumptions . 

Becaus e ou r  associativ e syste m onl y predict s facilitatio n 

an d inhibitio n aroun d a  base-lin e respons e time ,  w e assume d 

tha t  thes e othe r  system s w e r e responsibl e fo r  generatin g th e 

base-lin e respons e time .  Moreove r ,  becaus e th e dat a w e wer e 

tryin g t o fit  we r e distribute d acros s m a n y trials ,  w e allowe d 

fo r  s o m e systemati c variatio n i n th e base-lin e respons e time s 

ove r  th e cours e o f  th e experiment .  I n particular ,  w e assume d 

tha t  th e base-lin e respons e time s w o u l d decreas e accordin g t o 

th e powe r  la w o f  practic e (e.g .  Newel l  &  Rosenbloom ,  1981) , 

whic h predict s tha t  respons e time s shoul d decreas e ove r  th e 

cours e o f  th e experimen t  accordin g t o th e (now-familiar )  for -

mul a 

Tp =  T o N - \  (10 ) 

wher e T p i s th e respons e tim e fo r  a  give n trial ,  T o i s th e initia l 

respons e time ,  N  i s th e tria l  number ,  an d 7  i s th e rat e a t  whic h 

performanc e time s change . 

We fi t  thi s functio n t o th e mea n o f  participants '  media n re -

spons e time s fro m practic e an d contro l  trial s groupe d int o 1 3 

block s o f  4 0 trials' *  allowin g T q an d 7  t o var y freely .  Th e bes t 

fitting  value s o f  T o =  1486.4 5 an d 7  =  0.0590 ,  yielde d 

r 2 =  .4194 . 

''Althoug h eac h bloc k range d ove r  4 0 trial s total ,  recal l  tha t  onl y 
80/48 0 =  1/ 6 o f  th e non-practic e trial s wer e contro l  trials .  Thus , 
th e expecte d numbe r  o f  trial s pe r  participan t  pe r  bloc k wa s onl y 6.6 . 
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Tabl e 1 :  Paramete r  value s use d t o fit  sa c t o th e negativ e prim -

in g data . 

Paramete r 

a 

cn 
dN 
PN 
cl 
di 
PL 
SSE 
r^ 

Mo 
0.0000 * 

38,884.4 2 

.121 7 

Ml 
0.179 5 

7.5242 * 

0.175 * 

0.1442 * 

1.3235 * 

0.12 * 

0.1442 * 

2,347.0 5 

.899 1 

Eqn. 

11 
1 
1 
2 
4 
4 
5 

Note :  Value s marke d wit h a  *  wer e hel d constant . 

S S E indicate s th e su m square d erro r  betwee n th e 

model  prediction s an d th e empirica l  dat a ove r  1 2 differ -

ent  conditions ,  r ^  indicate s th e square d Pearso n correl -

atio n coefficien t  compute d betwee n mode l  prediction s 
and th e empirica l  data . 

By combinin g thi s fit  o f  th e powe r  la w o f  practic e t o th e 

contro l  tria l  dat a wit h th e predicte d facilitatio n provide d b y 

th e associativ e system ,  th e model' s final  respons e tim e predic -
tio n i s 

R T =  1486.4 5 AT-oosg o ̂  ̂ ^̂ ^̂ ^̂ ^  ^jj ^ 

where RT is the predicted response time, N is the trial num-

ber ,  a  i s th e associativ e syste m scalin g constant ,  an d Ftota i 

i s th e tota l  amoun t  o f  facilitatio n provide d b y th e associativ e 
system . 

Simulations 

Rather than estimate all the parameters in the model freely, 

we converte d one s tha t  ha d appeare d i n th e implementatio n 

of  SA C b y Schun n e t  al .  (1997 )  t o value s appropriat e fo r  th e 

time-scal e i n thi s experiment .  Thi s conversio n wa s neces -

sar y becaus e th e averag e duratio n o f  eac h tria l  i n thei r  exper -

imen t  wa s abou t  15. 5 s  wherea s th e averag e duratio n o f  eac h 

tria l  i n ou r  negativ e primin g experimen t  wa s abou t  1. 5 s .  W e 

set  th e ne w exponentia l  deca y paramete r  fo r  short-ter m lin k 

strengths ,  pi ,  t o b e th e sam e a s th e exponentia l  deca y para -

mete r  fo r  short-ter m nod e activation ,  p ^ ,  fo r  th e sak e o f  parsi -

mony.  Thus ,  althoug h sac' s behavio r  i s governe d b y severa l 

differen t  parameters ,  onl y on e parameter ,  a ,  wa s allowe d t o 

var y i n fitting  th e data .  A s stated ,  th e othe r  parameter s wer e 

previousl y determine d i n a n entirel y differen t  paradigm .  Th e 

paramete r  value s alon g wit h th e equatio n numbe r  wher e the y 

ar e defined ,  an d fit  statistic s ar e show n i n Tabl e 1 . 

We simulate d th e experimen t  b y presentin g th e exac t  sam e 

sequenc e o f  trial s see n b y experimenta l  participant s t o th e 

model .  Thi s i s importan t  bot h becaus e th e interva l  betwee n 

presentation s o f  a  stimulu s influence s th e model' s prediction s 

and becaus e th e predicte d response s time s i n eac h conditio n 

depende d o n th e exac t  positio n o f  eac h tria l  du e t o th e powe r 

la w o f  practice . 

To sho w tha t  th e propose d associativ e syste m base d o n S A C 

was importan t  t o accoun t  fo r  th e data ,  w e fixed  a  =  0. 0 

and ra n th e simulatio n t o evaluat e h o w wel l  th e dat a coul d 

be accounte d fo r  b y th e powe r  la w o f  practic e alone .  Th e 

fit  wa s quit e poor ,  onl y accountin g fo r  1 2 % o f  th e variance . 

Moreover ,  thi s fit  predicte d value s tha t  wer e to o slow ,  o n av -

erag e 40. 3 m s to o slow . 

We the n fit  th e complet e mode l  t o th e dat a b y allowin g q  t o 

var y freel y an d minimizin g th e su m o f  square d erro r  ( S S E ) . 

Th e predicte d respons e time s ar e show n togethe r  wit h th e dat a 

i n Figur e 1 .  Considerin g tha t  thi s fit  onl y adde d a  singl e fre e 

parameter ,  th e improvemen t  i s remarkable .  Th e mode l  ac -

counte d fo r  9 0 % o f  th e varianc e i n th e dat a an d showe d clear , 

qualitativ e negativ e primin g effects . 

General Discussion 

Thi s researc h make s tw o contribution s t o th e negativ e primin g 

literature .  First ,  t o ou r  knowledge ,  thi s  i s th e first  researc h tha t 

has systematicall y manipulate d th e repetitio n o f  a n ignore d 

ite m i n a  negativ e primin g experimen t  an d ha s show n negat -

iv e primin g o f  familia r  stimul i  afte r  th e completio n o f  larg e 

number s o f  intervenin g trial s (u p t o 90) .  Second ,  t o ou r  know -

ledge ,  thi s  i s th e first  attemp t  t o flesh  ou t  a  specific ,  forma l  as -

sociativ e mode l  o f  attentio n tha t  account s fo r  R T pattern s i n 

a negativ e primin g paradig m (cf .  Houghto n &  Tipper ,  1994 ; 

Houghton ,  Tipper ,  Weaver ,  &  Shore ,  1996) . 

Althoug h th e bul k o f  thi s pape r  ha s bee n spen t  describin g 

h o w attentiona l  associatio n ca n accoun t  fo r  negativ e primin g 

data ,  w e reiterat e tha t  w e d o no t  wis h t o clai m tha t  thi s  i s th e 

exclusiv e sourc e o f  negativ e primin g effects .  M u c h a s othe r 

author s hav e describe d (Houghto n e t  al. ,  1996 ;  M a y e t  al. , 

1995 ;  Tippe r  &  Milliken ,  1996) ,  i t  seem s likel y tha t  atten -

tiona l  associatio n an d inhibitio n bot h contribut e t o negativ e 

priming . 

Nevertheless ,  b y combinin g th e result s fro m ou r  empirica l 

stud y wit h a  successfu l  forma l  mode l  o f  th e data ,  w e hav e 

provide d substantia l  evidenc e tha t  associativ e processe s pla y 

an importan t  rol e i n negativ e primin g a s propose d b y Neil l  an d 

hi s colleague s (Neill ,  1979 ;  Neil l  &  Valdes ,  1992 ;  Neil l  e t  al. , 

1992) . 

I n summary ,  w e foun d comparabl e negativ e primin g effect s 

fo r  sequence s o f  bot h immediat e an d delaye d prim e an d prob e 

trials .  Thes e result s wer e compatibl e wit h a n associativ e vie w 

of  negativ e priming .  W e showe d tha t  a n associativ e model ,  a 

varian t  o f  SAC ,  coul d accoun t  fo r  thes e data .  Althoug h w e d o 

not  clai m tha t  thi s mode l  provide s a  complet e accoun t  o f  neg -

ativ e priming ,  w e sugges t  tha t  i t  provide s a n importan t  ste p i n 

th e proces s o f  generatin g forma l  model s o f  thi s phenomenon . 
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Abstrac t 

We examine how context affects the accessibility of features 
of  combine d concepts .  A  'contras t  hypothesis '  suggest s tha t 
contrastin g a  to-be-verifie d featur e i n th e contex t  hinder s it s 
late r  verification .  Result s o f  Experimen t  1  instea d suppor t  a 
primin g hypothesi s whereb y feature s ar e differentiall y  acti -
vate d b y contexts .  Experimen t  2  demonstrate s tha t  thi s prim -
in g effec t  i s positiv e rathe r  tha n negative ,  eve n whe n featur e 
verificatio n follow s a  contextua l  combine d concep t  tha t  i s in -
consisten t  wit h th e to-be-verifie d feature .  W e conclud e tha t 
contex t  ca n differentiall y  activat e feature s o f  combine d con -
cepts ,  an d tha t  i t  ma y d o s o b y wa y o f  semanti c priming . 

Introduction 

The questio n o f  h o w concept s combin e ha s receive d consid -

erabl e attentio n recentl y i n th e cognitiv e sciences .  Thi s at -

tentio n ma y b e attributabl e t o th e question' s broa d implica -

tions .  Concep t  combinatio n ha s implication s fo r  th e struc -

tur e o f  concept s (e.g. ,  Franks ,  1995 ;  Hampton ,  1988 ; 
Markman &  Wisniewski ,  1997 ;  Rips ,  1995) ,  th e composi -

tionalit y o f  semantic s (e.g. ,  K a m p &  Partee ,  1995 ;  Osherso n 

& Smith ,  1981) ,  an d th e comprehensio n o f  languag e (e.g. , 

Gagne &  Shoben ,  1997 ;  Wisniewski ,  1997) ,  amon g othe r 

things .  Bu t  despit e thi s varie d research ,  littl e i s know n o f  th e 

rol e tha t  contex t  play s i n th e comprehensio n o f  combine d 

concepts .  Doe s contex t  influenc e th e eas e o f  comprehen -
sion ? An d i f  so ,  how ? I n tw o experiments ,  w e examin e h o w 

contex t  affect s th e accessibilit y o f  feature s o f  combine d 
concepts . 

Combine d concept s (e.g. ,  'peele d apples' )  ma y b e though t 

of  a s consistin g o f  tw o type s o f  features .  Nou n feature s ar e 

feature s tha t  ar e tru e o f  bot h th e combine d concep t  an d th e 
head nou n i n isolation .  Fo r  instance ,  bot h 'peele d apples '  an d 

'apples '  ar e 'round" .  However ,  othe r  feature s o f  combine d 

concept s ar e no t  tru e o f  eithe r  o f  it s constituen t  concept s i n 

isolation .  A n exampl e o f  on e suc h phras e featur e i s th e fea -

tur e "white "  o f  'peele d apples' ;  neithe r  apple s no r  peele d 

thing s i n genera l  ar e white ,  thoug h 'peele d apples '  ar e white . 

Springe r  an d Murph y (1992 )  investigate d th e activatio n o f 

thes e differen t  type s o f  feature s o f  combine d concepts .  Par -

ticipant s indicate d whethe r  sentence s suc h a s 'Peele d apple s 

ar e round '  an d 'Peele d apple s ar e white '  wer e tru e o r  false . 

Springe r  an d Murph y foun d a  phras e featur e priority : 

phras e feature s (e.g. ,  "white" )  wer e verifie d faste r  tha n wer e 

nou n feature s (e.g. ,  "round") . 

The Role of Context in Comprehension 

Relevan t  context s facilitat e th e comprehensio n o f  combine d 

concepts .  Murph y (1990 )  foun d tha t  comprehensio n o f  ad -

jective-nou n phrase s i s faste r  tha n comprehensio n o f  noun -

nou n phrase s afte r  neutra l  contexts .  However ,  give n a  rele -

van t  context ,  th e differenc e betwee n adjective -  an d noun -

nou n phrase s disappears .  Gerri g an d Murph y (1992 )  demon -

strate d tha t  comprehensio n o f  a n ambiguou s combine d con -

cep t  i s  facilitate d b y a  contex t  suggestin g a n appropriat e 

interpretation .  Fo r  example ,  comprehensio n o f  'snak e frown ' 

i s facilitate d b y a  precedin g contex t  tha t  indicate s tha t  a  'do g 

smile '  i s a  smil e i n respons e t o a  dog . 
Gagne an d Murph y (1996 )  examine d th e effec t  o f  contex t 

on th e availabilit y  o f  nou n an d phras e feature s o f  combine d 

concepts .  Specifically ,  the y sough t  t o determin e i f  th e given -

ne w contrac t  coul d accoun t  fo r  Springe r  an d Murphy' s 

(1992 )  finding  tha t  phras e feature s ar e availabl e prio r  t o 

nou n features .  Th e given-ne w contrac t  posit s tha t  compre -

hensio n i s influence d b y whethe r  informatio n i s give n (i.e. , 
previousl y state d o r  presupposed )  o r  ne w (Havilan d & 

Clark ,  1974) ,  wit h ne w informatio n bein g processe d mor e 

quickl y tha n give n information .  Gagn e an d Murphy' s argu -

ment  i s tha t  hea d noun s o f  combine d concept s ar e consid -

ere d give n information ,  wherea s th e modifie r  concep t  i s ne w 
information .  Intuitivel y stated ,  th e modificatio n o f  a  nou n 

signal s tha t  th e combine d concep t  someho w differ s fro m th e 

nou n i n isolation ,  accordin g t o Gricea n principles .  I f  a 

speake r  intend s t o emphasiz e th e roun d shap e o f  a n apple , 
ther e i s n o nee d t o refe r  t o i t  a s a  peele d apple '  becaus e 

apple s i n genera l  ar e round .  An d furthermore ,  becaus e ap -

ple s ar e round ,  modifyin g 'apples '  wit h 'peeled '  ma y serv e 

t o shif t  th e focu s awa y from  thi s nou n featur e an d towar d 

feature s tha t  emerg e from  th e modificatio n instead . 
Gagne an d Murph y (1996 )  varie d th e given-ne w structur e 

of  combine d concepts .  T o accomplis h this ,  the y constructe d 

context s tha t  repeate d eithe r  th e modifie r  o r  th e hea d con -

cep t  i n on e experiment .  Fo r  instance ,  a  contex t  migh t  in -
clud e "peele d carrots '  an d "peele d apples' .  B y repeatin g th e 
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modifier ,  i t  migh t  c o m e t o b e considere d th e give n informa -

tion ,  an d th e hea d nou n migh t  the n becom e th e ne w infor -

mation .  I f  n e w informatio n i s indee d preferentiall y  proc -

essed ,  an d thi s preferentia l  processin g ca n accoun t  fo r  th e 

phras e featur e priority ,  the n th e abov e manipulatio n shoul d 

caus e nou n feature s t o b e verifie d faster .  Bu t  a  contex t  in -

cludin g 'peele d apples '  an d 'choppe d apples '  shoul d yiel d 

th e usua l  phras e featur e priority ,  becaus e repeatin g th e hea d 

nou n serve s t o establis h i t  a s give n an d th e modifie r  a s n e w 

information .  Result s di d no t  suppor t  th e given-ne w hypothe -

sis :  Phras e feature s wer e verifie d mor e accuratel y (thoug h 

not  mor e quickly )  tha n nou n feature s afte r  eithe r  context . 

Gagne an d Murphy' s Experimen t  3  employe d context s 

tha t  eithe r  repeate d th e critica l  combine d concep t  (e.g. ,  in -

clude d 'peele d apples '  twice) ,  o r  repeate d onl y th e hea d 

nou n (e.g. ,  include d 'organi c apples '  an d 'fres h apples') . 

Th e given-ne w hypothesi s agai n faile d t o receiv e support ; 

accurac y fo r  phras e feature s wa s highe r  tha n tha t  fo r  nou n 

features ,  regardles s o f  th e context .  Gagn e an d Murph y did , 

however ,  find  tha t  contex t  ca n influenc e featur e accessibilit y 

i n combine d concepts :  Featur e verificatio n i s faste r  afte r  a 

contex t  tha t  contain s th e critica l  combine d concep t  twic e 

tha n afte r  a  contex t  tha t  doe s no t  includ e th e critica l  com -

bine d concep t  a t  all . 

Gagne an d Murph y nex t  constructe d context s t o empha -

siz e th e particula r  featur e t o b e verified ,  rathe r  tha n th e con -

cep t  a s a  whole .  B y contrastin g th e critica l  featur e i n th e 

context ,  the y reasoned ,  emphasi s woul d b e o n tha t  feature , 

and th e phras e featur e priorit y migh t  b e upended .  T o illus -

trate ,  a  contex t  tha t  include s 'peele d apples '  an d 'dice d ap -

ples '  contrast s an d shoul d emphasiz e th e nou n featur e 

"round" ,  whil e a  contex t  embeddin g 'peele d apples '  an d 

'whol e apples '  contrast s an d emphasize s th e phras e featur e 

"white" ,  the y argued .  Thi s emphasi s shoul d lea d th e nou n 

featur e t o b e verifie d mor e quickl y and/o r  accuratel y fol -

lowin g th e forme r  context ,  wherea s th e phras e featur e 

shoul d b e verifie d mor e easil y followin g th e latte r  contex t  i n 

whic h i t  i s  contrasted .  Bu t  contrar y t o thi s prediction ,  the y 

foun d a  significan t  context-typ e b y feature-typ e interactio n 

(se e Tabl e 1) .  Gagn e an d Murph y conclud e tha t  "feature s 

tha t  hav e bee n previousl y contraste d ar e harde r  t o verif y 

tha n feature s tha t  wer e no t  contraste d i n th e precedin g para -

graph. "  W e wil l  refe r  t o Gagn e an d Murphy' s conclusio n a s 

th e contras t  hypothesis . 

Table 1: Mean response times in milliseconds (and accuracy 

rate s i n parentheses )  fo r  Gagn e &  Murph y (1996 ,  Exp .  4) . 

Context-typ e 

Noun-emphasi s 

ex :  peeled ,  dice d apple s 

Phrase-emphasi s 

ex :  peeled ,  whol e apple s 

Featur e 

N o un featur e 

260 3 (.70 ) 

^  roun d 

240 8 (.83 ) 

;  ̂  roun d 

-typ e 

Phras e featur e 

233 4 (.81 ) 

whit e 

253 5 (.82 ) 

whit e 

A S e m a n t i c P r i m i n g A c c o u n t 

A n alternativ e hypothesi s o f  th e contex t  effec t  o n th e acces -

sibilit y  o f  feature s o f  combine d concept s become s apparen t 

when w e recas t  th e dat a according  t o th e contextua l  consis -

tenc y o f  th e critica l  features .  Rathe r  tha n viewin g a  contex t 

includin g 'peele d apples '  an d 'dice d apples '  a s emphasizin g 

th e nou n featur e "round "  b y virtu e o f  it s  bein g contrasted , 

we sugges t  viewin g thi s contex t  a s consisten t  wit h verifica -

tio n o f  "white "  becaus e thi s featur e i s tru e o f  bot h peele d 

and dice d apples .  Conversely ,  becaus e "round "  i s tru e o f 

'peele d apples '  bu t  fals e o f  'dice d apples' ,  thi s contex t  i s 

inconsisten t  wit h verificatio n o f  th e nou n feature .  Similarly , 

a contex t  wit h 'peele d apples '  an d 'whol e apples '  ma y no t 

emphasiz e th e phras e featur e "white "  b y contrastin g it ,  bu t  i s 

instea d consisten t  wit h th e nou n featur e "round "  an d incon -

sisten t  wit h th e phras e featur e "white" .  Thus ,  Tabl e 1  ca n b e 

recas t  a s Tabl e 2 . 

Table 2: Recasting of Gagne & Murphy (1996, Exp. 4). 

Context-typ e 

Feature-typ e 

N o un featur e Phras e featur e 

Consisten t 

Inconsisten t 

240 8 (.83 ) 

260 3 (.70 ) 

233 4 (.81 ) 

253 5 (.82 ) 

Tabl e 2  reveal s tha t  consisten t  context s (e.g. ,  'peele d ap -

ples '  an d 'whol e apples '  fo r  verificatio n o f  "round" ;  'peele d 

apples '  an d 'dice d apples '  fo r  verificatio n o f  "white" )  le d t o 

faste r  verificatio n tha n di d inconsisten t  context s (e.g. , 

'peele d apples '  an d 'dice d apples '  fo r  verificatio n o f 

"round" ;  'peele d apples '  an d 'whol e apples '  fo r  verificatio n 

of  "white") .  A n d th e phras e featur e priorit y wa s present ,  bu t 

small .  I n th e accurac y data ,  onl y th e verificatio n o f  nou n 

feature s afte r  a n inconsisten t  contex t  resulte d i n a n appre -

ciabl e differenc e fro m th e othe r  conditions . 

Primin g m a y b e a  bette r  explanatio n o f  th e result s o f 

Gagne an d Murphy' s Experimen t  4  tha n th e given-ne w hy -

pothesi s o r  th e contras t  hypothesis .  Consisten t  context s 

likel y activ e th e critica l  featur e twice ,  wherea s inconsisten t 

context s activat e i t  onl y once .  Thi s differentia l  activatio n 

m ay accoun t  fo r  thei r  results .  W e conducte d 2  experiment s 

t o tes t  thi s semanti c primin g hypothesis . 

Experiment 1 

Can th e differentia l  accessibilit y  o f  nou n an d phras e feature s 

be affecte d b y th e activatio n o f  particula r  feature s i n a  pre -

cedin g context ? Th e purpos e o f  Experimen t  1  wa s t o deter -

min e i f  th e finding  o f  Gagn e an d Murphy' s Experimen t  4 

coul d b e attribute d t o primin g o f  critica l  features .  W e teste d 

thi s b y includin g onl y on e relevan t  combine d concep t  i n th e 

context ,  a s oppose d t o th e tw o relevan t  combine d concept s 

use d b y Gagn e an d Murphy .  Thus ,  ou r  context s include d 

eithe r  'dice d apples '  o r  'whol e apples' ,  bu t  di d no t  includ e 

'peele d apples' . 
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The semanti c primin g hypothesi s predict s mai n effect s o f 

bot h feature-type ,  suc h tha t  phras e feature s ar e verifie d 

faste r  and/o r  mor e accuratel y tha n nou n feature s (cf . 

Springe r  &  Murphy ,  1992) ,  an d context-type ,  suc h tha t  con -

sisten t  context s wil l  lea d t o easie r  verificatio n tha n wil l  in -

consisten t  contexts .  Th e contras t  hypothesis—tha t  contex -

tua l  conu-as t  o f  th e critica l  featur e i s responsibl e fo r  th e re -

sult—predict s onl y th e phras e featur e priorit y an d doe s no t 

predic t  an y consistenc y effec t  becaus e th e contex t  include s 

onl y on e combine d concept .  I f  a  mai n effec t  o f  consistenc y 

i s obtained ,  th e resul t  woul d no t  b e attributabl e t o a  contex -

tua l  contrast . 

Materials and Design 

The experimen t  employe d a  2  (consistency )  X  2  (feature -

type )  within-subject s design ,  wit h respons e tim e an d accu -

rac y a s dependen t  measures .  Feature-type s wer e nou n an d 

phras e features ,  a s describe d above .  Context s wer e brief , 

and include d on e combine d concep t  tha t  share d onl y it s  hea d 

nou n wit h th e critica l  combine d concept .  Mos t  context s an d 

featur e verificatio n sentence s wer e take n from  Gagn e an d 

Murph y (1996 ,  Exp .  4) ,  thoug h th e context s wer e slightl y 

shortene d an d altere d t o accommodat e th e remova l  o f  on e o f 

th e combine d concepts .  Ther e wer e 2 0 experimenta l  con -

texts ,  eac h havin g tw o variation s (e.g. ,  containin g eithe r  a 

consisten t  o r  a n inconsisten t  combine d concept) .  Ther e wer e 
als o 2 0 fille r  context s wit h correspondin g fals e sentence s 

(e.g. ,  'Pepperon i  pizz a i s vegetarian') ,  als o take n from 
Gagne an d Murph y (se e Tabl e 3  fo r  example s o f  stimuli) . 

Table 3: Examples of stimuli used in Experiment I. 

Contexts 
Ala n wa s a  famou s Frenc h che f  w h o use d fresh fruit  t o 

garnis h hi s meals .  Eac h night ,  h e spen t  hal f  a n hou r  selectin g 

th e perfec t  frui t  fo r  th e centerpiece .  Las t  night ,  Ala n decide d 

t o us e D I C E D A P P L E S A V H O LE A P P L E S i n hi s creation . 

Verification sentences 

Noun feature :  Peele d apple s ar e round . 

Phras e feature :  Peele d apple s ar e white . 

Noun and phrase features were matched for number of 

syllables .  Combine d concept s embedde d i n context s wer e i n 

lower-cas e font .  Eac h contex t  containe d onl y on e o f  th e 
combine d concepts ,  an d th e contextua l  combine d concep t 

and to-be-verifie d featur e determine d th e consistenc y o f  an y 
give n item .  Fo r  instance ,  i f  th e contex t  contain s 'dice d ap -

ples' ,  th e nou n featur e "round "  i s inconsisten t  an d th e phras e 

featur e "white "  i s consistent .  I f  th e contex t  include s 'whol e 
apples' ,  "round "  i s consisten t  an d "white "  i s inconsistent .  I n 
addition ,  a  comprehensio n questio n wa s constructe d (or , 

again ,  take n fro m Gagn e an d Murphy ,  1996 )  fo r  eac h con -

text .  Fo r  instance ,  th e 'peele d apples '  sequenc e ende d wit h 

'Di d Ala n hav e hi s assistan t  prepar e th e centerpiece? '  Hal f 

of  thes e question s wer e true ,  an d th e truth/falsit y o f  th e 

question s wa s full y counterbalance d acros s conditions . 

Four  list s wer e constructe d suc h tha t  eac h consiste d o f  5 

item s i n eac h o f  th e 4  experimenta l  cells .  Eac h experimenta l 

contex t  appeare d i n onl y on e o f  th e fou r  cell s i n eac h o f  th e 

lists ,  wit h eac h contex t  rotate d throug h ever y cell .  Ite m orde r 

was randomize d withi n lis t  fo r  eac h participant . 

Participants and Procedure 

Fort y Princeto n Universit y undergraduate s participate d fo r 

partia l  cours e credit .  Al l  wer e nativ e speaker s o f  America n 

English ,  an d non e participate d i n bot h experiments .  T h e 

procedur e followe d tha t  o f  Gagn e an d Murph y (1996 ,  Exp . 

4) .  Participant s rea d a  contex t  paragrap h o n a  compute r 

monito r  an d presse d th e spac e ba r  upo n completion .  I m m e -

diatel y thereafte r  a  prob e sentenc e wa s presente d i n th e 

cente r  o f  th e screen .  Participant s presse d on e o f  tw o labele d 

key s t o indicat e whethe r  th e sentenc e wa s tru e o r  false .  Afte r 

thi s response ,  a  comprehensio n questio n wa s presente d o n 

th e screen ,  an d agai n participant s indicate d thei r  respons e b y 

pressin g th e appropriat e key .  Thi s sequenc e wa s repeate d fo r 

al l  4 0 items .  Participant s wer e instructe d t o rea d th e para -

graph s a t  thei r  o w n pace ,  bu t  t o respon d t o th e sentence s a s 

quickl y a s possibl e withou t  makin g errors .  T h e tas k laste d 

approximatel y 2 5 minutes . 

Results and Discussion 
Accurac y o f  response s t o th e comprehensio n question s di d 

not  diffe r  acros s conditions ,  p  >  .15 ,  wit h a  mea n accurac y 

of  9 5 % .  Hence ,  th e context s wer e indee d comprehende d 

equall y i n eac h o f  th e conditions .  Ther e wa s n o effec t  o f  list , 

F <  1 ,  an d thu s reporte d analyse s collaps e acros s lists .  T w o 

repeate d measure s A N O V As wer e conducted :  on e use d par -
ticipant s a s a  rando m variabl e (Fs )  an d on e use d item s a s a 
rando m variabl e (F|) .  Incorrec t  response s (15% )  ar e no t  in -

clude d i n analyse s o f  respons e times ,  no r  ar e respons e time s 
greate r  tha n 10,00 0 o r  les s tha n 500m s ( 1 % ) .  Se e Tabl e 4 . 

Table 4: Mean response times in milliseconds (and accu-

racy )  b y conditio n i n Experimen t  1 . 

Context-typ e 
Feature-typ e 

N o un featur e Phras e featur e 

Consisten t 

Inconsisten t 

275 9 (.81 ) 
306 8 (.84 ) 

270 0 (.88 ) 

284 6 (.86 ) 

Consistenc y ha d a  reliabl e mai n effec t  o n respons e time , 

Fs (1,39 )  =  5.51 ,  p  <  .0 5 an d F ,  (1,18 )  =  5.34 ,  p  <  .05 ,  suc h 

tha t  consisten t  context s le d t o faste r  featur e verification .  Th e 
mai n effec t  o f  feature-typ e o n respons e tim e wa s significan t 

by participan t  analysis ,  F s (1,39 )  =  4.53 ,  p  <  .05 ,  an d mar -

gina l  b y ite m analysis ,  F ,  (1,18 )  =  3.07 ,  p  <  .10 ,  thu s repli -

catin g th e phras e featur e priority .  Ther e wa s als o a  margina l 
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effec t  o f  feature-typ e o n accuracy ,  ¥ $ (1,39 )  =  2.99 ,  p  <  .10 . 

No othe r  difference s i n accurac y wer e found,  an d th e con -

sistenc y b y feature-typ e interactio n als o faile d t o reac h sig -

nificanc e i n eithe r  analysi s fo r  eithe r  dependen t  measure . 

Thes e result s demonstrat e tha t  th e semanti c primin g hy -

pothesi s ca n accoun t  fo r  th e effec t  o f  contex t  o n th e differ -

entia l  accessibilit y  o f  feature s o f  combine d concepts .  Con -

textua l  combine d concept s tha t  activat e a  to-be-verifie d 

featur e facilitat e late r  verificatio n o f  tha t  featur e i n a  targe t 

combine d concep t  wit h th e sam e hea d noun .  Fo r  instance , 

th e featur e "round "  i s verifie d o f  'peele d apples '  faste r  afte r 

a contex t  containin g 'whol e apples '  tha n afte r  a  contex t 

containin g 'dice d apples' . 

The result s i n Tabl e 4  paralle l  thos e i n Tabl e 2 .  Tha t  is , 

our  Experimen t  1  findings  ar e th e sam e a s Gagn e an d Mur -

phy' s Experimen t  4  findings.  Ou r  dat a replicat e th e phras e 

featur e priorit y an d sho w th e consistenc y effec t  postulate d 

ft-om  thei r  data .  I n bot h experiments ,  th e verificatio n o f  nou n 

feature s followin g inconsisten t  context s seem s particularl y 

difficult ,  accountin g fo r  muc h o f  th e consistenc y effect .  Th e 

contras t  hypothesi s i s als o calle d int o question :  W e obtaine d 

th e sam e results ,  bu t  withou t  contrastin g th e critica l  featur e 

i n th e context . 

Experiment 2 

Th e findmgs  o f  Experimen t  1  rende r  ou r  primin g hypothesi s 

mor e specifi c  an d simultaneousl y mor e generalizabl e tha n 

th e contras t  hypothesis .  I t  i s  mor e specifi c  i n tha t  th e prim -

in g accoun t  doe s no t  simpl y describ e th e effect ,  bu t  als o 

explain s th e proces s b y whic h contex t  affect s featur e acces -

sibility .  I t  i s  mor e generalizabl e i n tha t  i t  appear s t o accoun t 

fo r  th e effec t  o f  context s wit h singl e (Experimen t  1  above ) 

or  multipl e (Gagn e &  Murphy ,  1996 ,  Experimen t  4 )  com -

bine d concepts .  However ,  Gagn e an d Murph y confounde d 

th e contextua l  contras t  an d th e orde r  o f  tha t  contras t  (du e t o 

thei r  differin g hypothesis) ,  an d thu s th e primin g hypothesi s 

has ye t  t o b e explicitl y  teste d i n a  controlle d experimen t 

wit h two ,  rathe r  tha n one ,  combine d concept s embedde d i n 

th e context .  A  mor e precis e manipulatio n woul d b e useful . 

Anothe r  issu e i s whethe r  th e primin g effect s ar e positiv e 

or  negative .  I t  m a y b e th e cas e tha t  consisten t  context s pro -

duc e facilitatio n whil e inconsisten t  one s resul t  i n inhibitio n 

or  interference .  Alternatively ,  th e differen t  context s migh t 

bot h yiel d facilitation .  T o determin e th e directio n o f  th e dif -

ferentia l  primin g effect s foun d i n Experimen t  1 ,  w e include d 

unrelate d baselin e context s i n Experimen t  2 .  Fo r  instance , 

prio r  t o verifyin g a  featur e o f  'peele d apples' ,  participant s 

rea d a  contex t  abou t  a  philosoph y majo r  an d a  busines s ma -

jo r  w h o roome d togethe r  i n college . 

Ther e i s reaso n t o doub t  tha t  th e primin g w e sugges t  fo r 

inconsisten t  stimul i  woul d b e positive .  Positiv e primin g i n 

inconsisten t  context s woul d requir e a  duratio n o f  activatio n 

of  th e critica l  featur e acros s anothe r  combine d concep t  no t 

havin g tha t  featur e an d acros s th e remainde r  o f  th e context . 

For  instance ,  i n orde r  fo r  verificatio n o f  'Peele d apple s ar e 

round '  t o b e positivel y prime d b y it s inconsisten t  context , 

activatio n o f  "round "  fro m 'peele d apples '  i n th e contex t 

must  persis t  throug h severa l  mor e second s o f  readin g (se e 

Tabl e 5  below) .  Bu t  semanti c primin g ha s bee n foun d t o 

deca y rapidl y (e.g. ,  Gough ,  Alford ,  &  HoUey-Wilcox ,  1981 ; 

Meyer ,  Schvaneveldt ,  &  Ruddy ,  1973 ,  cite d i n Tweedy , 

Lapinski ,  &  Schvaneveldt ,  1977) ,  ofte n persistin g throug h 

no mor e tha n on e intervenin g item .  Hence ,  positiv e primin g 

fro m a n inconsisten t  contex t  migh t  b e unlikely .  Mor e re -

cently ,  however ,  Joordens ,  Becker ,  an d colleague s (Becker , 

Moscovitch ,  Behrmann ,  &  Joordens ,  1997 ;  Joorden s & 

Becker ,  1997 )  showe d tha t  semanti c processin g ca n produc e 

primin g effect s acros s man y intervenin g item s an d a  dura -

tio n o f  severa l  seconds .  Du e t o th e semanti c natur e o f  ou r 

contex t  paragraphs ,  then ,  positiv e priming—eve n followin g 

inconsisten t  contexts—woul d no t  b e surprisin g afte r  all . 

Th e purpos e o f  Experimen t  2  wa s t o exten d th e consis -

tenc y effec t  foun d i n Experimen t  1  t o context s containin g 

not  on e bu t  tw o embedde d combine d concepts ,  an d t o de -

termin e th e directio n o f  th e differentia l  primin g effects . 

Materials and Design 

Th e experimen t  use d a  2  (feature-type )  X  3  (context-type ) 

within-subjec t  design .  Th e material s o f  Experimen t  1  wer e 

augmente d i n tw o ways :  t o accommodat e th e additio n o f  th e 

targe t  combine d concept ,  an d t o includ e unrelate d baselin e 

contexts .  Th e non-targe t  combine d concep t  alway s appeare d 

secon d i n th e contex t  (afte r  th e embedde d targe t  combine d 

concept) ,  prio r  t o featur e verificatio n (se e Tabl e 5  fo r  exam -

ple s o f  stimuli) . 

Table 5: Examples of stimuli used in Experiment 2. 

Contexts 

Ala n wa s a  famou s Frenc h che f  w h o use d fres h fruit  t o 

garnis h hi s meals .  Eac h night ,  h e spen t  hal f  a n hou r  selectin g 

th e perfec t  P E E L E D A P P L E S fo r  th e centerpiece .  Las t 

night .  Ala n decide d t o us e D I C E D A P P L E S /  W H O LE AP -

P L ES i n hi s creation . 

Verification sentences 

Noun feature :  Peele d apple s ar e round . 

Phras e feature :  Peele d apple s ar e white . 

Six lists were created such that each list contained 30 ex-

perimenta l  item s ( 5 item s i n eac h o f  th e 6  experimenta l 

cells )  an d 3 0 filler  items .  Eac h ite m wa s rotate d throug h 

ever y experimenta l  cel l  o f  th e design .  A s i n Experimen t  1 , 

verificatio n sentence s o f  th e filler  item s wer e false ,  an d hal f 

of  th e comprehensio n question s wer e true .  Th e truth/falsit y 

of  th e question s wa s agai n full y  counterbalance d acros s 

conditions ,  an d orde r  o f  item s wa s randomize d withi n lis t 

fo r  eac h participant . 
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Participant s a n d P r o c e d u r e 

Forty-tw o Princeto n Universit y undergraduate s participate d 

fo r  partia l  cours e credi t  o r  fo r  pay .  Participant s wer e ran -

doml y assigne d t o on e o f  th e si x lists ,  an d th e procedur e an d 

instruction s wer e identica l  t o thos e use d i n Experimen t  1 . 

The tas k too k a n averag e o f  3 5 minute s t o complete . 

Results and Discussion 

Lis t  ha d n o significan t  effec t  o n respons e tim e o r  accuracy ,  p 

> .05 ,  s o al l  reporte d analyse s ar e collapse d acros s lists .  A  2 

(feature-type )  X  3  (context-type )  A N O V A yielde d a  signifi -

can t  effec t  o f  feature-typ e o n th e accurac y o f  response s t o 

th e comprehensio n questions ,  F |  (1,29 )  =  8.02 ,  p  <  .05 : 

comprehensio n question s followin g verificatio n o f  phras e 

feature s wer e les s accurat e tha n followin g verificatio n o f 

nou n features .  Incorrec t  response s (8% )  an d respons e time s 

les s tha n 500m s o r  greate r  tha n 10,000m s (1% )  wer e re -

moved fro m analyse s o f  th e respons e tim e data . 

Onl y th e consistenc y manipulatio n ha d a n effec t  o n re -

spons e times :  Consisten t  context s le d t o faste r  featur e verifi -

catio n tha n di d unrelate d baselin e contexts ,  F s (2,82 )  = 

10.99 ,  p  <  .0 1 an d F ,  (2,58 )  =  9.68 ,  p  <  .01 .  Planne d com -

parison s reveale d tha t  inconsisten t  context s als o le d t o faste r 

verificatio n tha n di d unrelate d contexts ,  t s (41 )  =  4.63 ,  p  < 
.0 1 an d t i  (29 )  =  4.04 ,  p  <  .01 ,  thoug h ther e wa s n o reliabl e 

differenc e i n respons e time s fo r  verificatio n followin g con -

sisten t  an d inconsisten t  contexts ,  p' s >  .50 .  A  significan t 

consistenc y b y feature-typ e interactio n wa s foun d i n th e ac -

curac y data ,  F s (2,82 )  =  5.19 ,  p  <  .0 1 an d F ,  (2,58 )  =  7.08 ,  p 

< .01 .  Finally ,  w e examine d th e tw o baselin e condition s t o 

see i f  th e phras e featur e priorit y hold s whe n verificatio n 

follow s a n unrelate d context .  Th e onl y effec t  wa s a  margina l 
effec t  o f  feature-typ e o n accurac y i n th e participan t  analysis , 
t s  (41 )  =  1.95 .  p  =  .06 ,  al l  other s p  >  .1 0 (se e Tabl e 6) . 

Table 6: Mean response times in milliseconds (and accu-

racy )  b y conditio n i n Experimen t  2 . 

Context-typ e 

Feature-typ e 

N o un featur e Phras e featur e 

Consisten t 
Inconsisten t 

Unrelate d 

227 4 (.88 ) 
244 2 (.82 ) 
259 1 (.84 ) 

230 2 (.83 ) 
220 1 (.92 ) 
253 7 (.91 ) 

I n summary ,  a s compare d t o unrelate d baselin e contexts , 
verificatio n o f  feature s o f  combine d concept s i s speede d b y 

precedin g context s tha t  ar e eithe r  consisten t  o r  inconsisten t 
wit h th e to-be-verifie d feature .  Becaus e th e effec t  o f  incon -

sisten t  context s wa s facilitation ,  result s o f  Experimen t  2  d o 

not  suppor t  th e contras t  hypothesis—tha t  contextua l  contras t 

of  to-be-verifie d feature s make s late r  verificatio n o f  thos e 
feature s mor e difficult .  Furthermore ,  th e primin g effec t  o f 

th e contex t  i s  no t  reliabl y greate r  followin g consisten t  tha n 

followin g inconsisten t  contexts ,  a s on e migh t  hav e expected . 

However ,  thi s lac k o f  a  differenc e m a y b e attributabl e t o th e 

inclusio n o f  th e unrelate d baselin e contexts ,  fo r  th e follow -

in g reason .  Semanti c primin g ha s strategi c a s wel l  a s auto -

mati c components ;  th e proportio n o f  trial s i n whic h th e 

prim e (context ,  i n thi s case )  i s relate d t o th e prob e influ -

ence s primin g effect s (Tweed y &  Lapinski ,  1981 ;  Tweedy , 

Lapinski ,  &  Schvaneveldt ,  1977) .  Th e unrelate d baselin e 

context s m a y hav e affecte d participants '  tas k strategy ,  i n 

compariso n t o Experimen t  1 . 

Ther e wa s a n unanticipate d consistenc y b y feature-typ e 

interactio n i n th e accurac y data .  W e als o faile d t o obtai n 

suppor t  fo r  phras e featur e priorit y overall .  Thi s i s no t  sur -

prising ,  give n it s subtl e natur e (Gagn e &  Murphy ,  1996) . 

Thes e migh t  als o b e attributabl e t o th e finding  tha t  th e com -
prehensio n question s i n Experimen t  2  wer e answere d mor e 

accuratel y followin g nou n featur e verificatio n tha n phras e 

featur e verification .  I f  participant s pai d les s attentio n t o 

thes e context s fo r  som e reason ,  the n contex t  effect s woul d 

dissipat e i n thes e conditions . 

General Discussion 

Springe r  an d Murph y (1992 )  foun d tha t  phras e feature s ar e 

verifie d mor e quickl y tha n ar e nou n feature s o f  combine d 

concepts .  Gagn e an d Murph y (1996 )  sough t  t o examin e th e 
influenc e o f  contex t  o n thi s phras e featur e priority .  The y 

argue d tha t  th e given-ne w contrac t  (Havilan d &  Clark , 

1974 )  coul d explai n thi s phras e featur e priority .  Thoug h 

the y di d find  tha t  contex t  ca n effec t  th e accessibilit y  o f  fea -

ture s o f  combine d concepts ,  th e given-ne w hypothesi s faile d 
t o accoun t  fo r  thei r  results .  Instead ,  Gagn e an d Murph y of -

fere d th e observatio n tha t  contrastin g th e to-be-verifie d fea -

tur e i n a  precedin g contex t  make s tha t  featur e mor e difficul t 
t o verif y later—th e contras t  hypothesis . 

We favore d a  primin g accoun t  o f  thei r  data ,  an d teste d thi s 

i n tw o experiments .  W e propose d tha t  precedin g context s 

migh t  affec t  th e availabilit y  o f  feature s o f  combine d con -
cept s b y simpl y activatin g thos e feature s o r  not .  I n additio n 

t o demonstratin g th e phras e featur e priorit y followin g a 
contex t  paragraph .  Experimen t  1  als o replicate d th e resul t  o f 

Gagne an d Murph y (1996 ,  Exp .  4 ) ,  bu t  wit h onl y on e com -

bine d concep t  i n th e context .  Becaus e th e contex t  di d no t 
contai n tw o combine d concepts ,  th e resul t  canno t  b e attrib -
ute d t o contextua l  contrast ,  an d henc e th e contras t  hypothe -

si s i s questioned .  Context s containin g combine d concept s 
consisten t  wit h th e critica l  featur e resulte d i n faste r  verifica -
tio n o f  tha t  featur e tha n di d context s inconsisten t  wit h th e 

critica l  feature .  Th e primin g hypothesi s bette r  accounte d fo r 
th e data :  i t  prove d mor e specifi c  an d mor e generalizable . 

I n Experimen t  2  w e altere d th e context s s o tha t  th e critica l 
combine d concep t  an d anothe r  combine d concep t  wer e in -

cluded .  W e als o include d baselin e contexts ,  whic h allowe d 

us t o determin e th e directio n o f  th e contextua l  primin g ef -

fect .  W e foun d tha t  bot h consisten t  an d inconsisten t  context s 

facilitate d verificatio n o f  feature s o f  combine d concepts ,  an d 
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thi s positiv e primin g di d no t  reliabl y diffe r  betwee n consis -

ten t  an d inconsisten t  contexts .  W e hav e show n tha t  contex t 

ca n differentiall y  activat e feature s o f  combine d concepts , 

and tha t  i t  ma y d o s o b y wa y o f  semanti c priming . 

Anothe r  issu e relevan t  t o thes e experiment s i s composi -

tionality .  Th e phras e featur e priorit y appear s t o ru n counte r 

t o a  compositiona l  semantics ,  whic h predict s a  two-stag e 

model  o f  concep t  combinatio n (Springe r  &  Murphy ,  1992) . 

A compositiona l  mode l  woul d predic t  tha t  feature s o f  th e 

constituent s ar e firs t  activate d independently ,  an d the n i n a 

secon d stag e th e intension s o f  th e constituent s ar e combined . 

Thus ,  feature s tru e o f  th e nou n i n isolatio n (e.g. ,  "round" ) 

shoul d b e availabl e prio r  t o feature s tha t  emerg e onl y afte r 

th e combinatio n stag e (e.g. ,  "white") .  Th e phras e featur e 

priorit y seem s a t  odd s wit h this .  However ,  mor e recen t  evi -

denc e indicate s tha t  bot h nou n an d phras e feature s ar e acti -

vate d ver y early ,  bu t  nou n feature s quickl y los e thei r  activa -

tio n (Moss ,  Tyler ,  Dalrymple ,  &  Hampton ,  1997) .  Fo r  in -

stance ,  "yellow "  i s a  nou n featur e o f  'rotte n bananas' ,  an d 

"brown "  i s a  phras e feature .  A t  a  100m s S O A i n a  lexica l 

decisio n task ,  bot h "yellow "  an d "brown "  ar e prime d b y 

"rotte n bananas' .  Bu t  b y 300ms ,  "yellow "  i s n o longe r 

primed ,  thoug h "brown "  stil l  is .  Thi s suggest s tha t  nou n 

feature s ar e indee d initiall y  activated .  S o i t  ma y b e th e cas e 

tha t  compositionalit y i s no t  addresse d b y sentenc e verifica -

tio n tasks ,  whic h ta p int o late r  stage s o f  processing .  Bot h 

earl y an d lat e processin g ar e interestin g an d informativ e 

researc h topics . 
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Abstrac t 
We repor t  th e result s o f  tw o experiment s designe d t o 
investigat e th e rol e o f  inferenc e i n Wason' s selectio n task .  I n 
Experimen t  1  participant s receive d eithe r  a  standar d on e rul e 
proble m o r  a  tas k whic h containe d a n additiona l  rule .  Thi s 
additiona l  rul e specifie d a n alternativ e antecedent .  Bot h group s 
of  participant s wer e aske d t o selec t  thos e card s the y considere d 
necessar y t o tes t  whethe r  th e rul e commo n t o bot h problem s 
was tru e o r  false .  Th e result s showe d a  significan t  suppressio n 
of  "q "  car d selections .  I n additio n ther e wa s wea k evidenc e fo r 
increase d "not-q "  selection .  I n Experimen t  2  w e manipulate d 
number  o f  rules ,  a s before ,  an d th e presenc e o r  absenc e o f 
explici t  negatio n o n th e cards .  Onc e agai n "q "  car d selection s 
wer e suppressed ,  bu t  ther e wa s n o evidenc e o f  a n increas e i n 
"not-q "  selection .  Ther e wa s als o n o effec t  o f  typ e o f  negation . 
Our  result s sugges t  tha t  inference s abou t  th e unsee n sid e o f  th e 
card s underli e participants '  selections .  W e argu e firstl y tha t 
thes e finding s ar e inconsisten t  wit h curren t  view s o f  selectio n 
tas k performanc e (Oaksfor d an d Chater ,  1994 ,  Evan s an d 
Over ,  1996 )  an d secondly ,  tha t  the y suppor t  account s whic h 
emphasis e th e rol e o f  inferenc e i n th e task . 

Introduction 

Ther e i s a n anomal y i n th e reasonin g literature :  i n relatio n 
t o thei r  performanc e o n simpl e conditiona l  inferenc e task s 
peopl e perfor m poorl y o n indicativ e version s o f  Wason' s 
selectio n task .  Thi s anomal y ha s le d severa l  worker s i n th e 
fiel d (e.g .  Oaksfor d an d Chater ,  1994 ;  Evan s an d Over , 
1996 ;  Kirby ,  1994 )  t o clai m tha t  people' s performanc e o n 
th e selectio n tas k i s  bes t  explaine d i n term s o f  decisio n 
makin g rathe r  tha n inference .  Ou r  goa l  i n thi s pape r  i s t o 
demonstrat e tha t  peopl e d o engag e i n inferenc e whe n 
confronte d wit h indicativ e version s o f  th e selectio n task . 

I n it s origina l  for m Wason' s tas k consiste d o f  fou r  cards , 
tw o o f  whic h ha d a  lette r  o n th e upward s facin g sid e (e.g .  A 
and L) ,  an d tw o o f  whic h ha d number s (e.g .  3  an d 7) . 
Accompanyin g thes e card s i s a n indicativ e conditiona l  rul e 
suc h as : 

If there is an A on one side of the card then there is a 3 on the 
othe r  sid e 

which participants are told may or may not govern what is 
on eac h sid e o f  th e cards .  Participant s ar e aske d whic h 

card s the y woul d nee d t o tur n ove r  i n orde r  t o tes t  whethe r 
th e rul e i s tru e o r  false .  Th e criterio n fo r  solvin g th e tas k i s 
selectio n o f  th e A  an d th e 7  cards . 

Correc t  selectio n rate s fo r  indicativ e selectio n task s beli e 
th e apparen t  simplicit y o f  th e proble m an d ca n b e a s lo w a s 
1 0 % (Waso n an d Johnson-Laird ,  1972) .  M u c h mor e 
c o m m on ar e selection s o f  th e A  car d o n it s own ,  th e A  an d 
3 cards ,  o r  th e A ,  3  an d not- 3 cards .  Th e preponderanc e o f 
3 car d selection s i s intriguing .  I n orde r  t o recognis e tha t  th e 
3 car d ha s n o bearin g o n whethe r  th e rul e i s tru e o r  fals e 
one onl y ha s t o conside r  wha t  migh t  b e o n it s unsee n side . 
On th e bac k o f  th e 3  car d ther e m a y b e a n A  o r  a  not-A .  A n 
A o n th e revers e sid e o f  th e 3  car d offer s confirmatio n o f 
th e rule .  A  not-A ,  o n th e othe r  hand ,  turn s ou t  t o b e 
irrelevan t  a s th e rul e concern s thos e card s wit h a n A  only . 

People' s poo r  performanc e o n th e tas k i n th e ligh t  o f  it s 
apparen t  simplicit y an d th e mismatc h betwee n selectio n 
tas k an d simpl e conditiona l  inferenc e tas k performanc e ha s 
le d t o a  revaluatio n o f  th e rol e o f  inferenc e o n th e task .  W e 
wil l  begi n b y outlinin g severa l  alternativ e account s o f  th e 
processe s underlyin g performanc e o n th e task .  W e wil l 
characteris e thes e approache s i n term s o f  th e rol e the y 
ascrib e t o inference .  W e wil l  the n g o o n t o presen t  th e 
result s o f  tw o experiment s whic h sugges t  tha t  consideratio n 
of  wha t  i s o n th e unsee n o f  th e card s doe s affec t  people' s 
choice s o n th e task . 

Non-Inferential Accounts of the Task 

I n recen t  year s muc h emphasi s ha s bee n place d o n attempt s 
t o integrat e th e literature s o n reasonin g an d decisio n 
makin g (se e Johnson-Lair d an d Shafir ,  1993 ;  Evan s an d 
Over ,  1996) .  Thi s ha s le d t o account s o f  indicativ e selectio n 
tas k performanc e whic h characteris e th e participants '  tas k 
as on e o f  decisio n making .  Tha t  is ,  participant s hav e t o 
decid e whic h card s t o selec t  whe n face d wit h th e task .  W e 
wil l  briefl y presen t  tw o account s o f  th e selectio n tas k a s a 
tas k o f  decisio n making .  Whils t  w e woul d emphasis e tha t  i n 
many importan t  respect s thes e accoun t  ar e ver y different , 
neithe r  suggest s tha t  people' s car d selection s o n Wason' s 
tas k ar e determine d b y a  consideratio n o f  wha t  migh t  b e o n 
th e unsee n sid e o f  th e cards . 

The firs t  accoun t  i s tha t  offere d b y th e heuristic/analyti c 
(Evans ,  1989 )  o r  dua l  proces s (Evan s an d Over ,  1996 ) 
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model .  Thi s mode l  explain s behaviou r  o n indicativ e 
selectio n task s b y positin g th e existenc e o f  a n initia l  stag e 
of  processin g wher e th e aspect s o f  th e tas k t o b e attende d 
t o (thos e aspect s whic h contai n a  hig h degre e o f  relevance ) 
ar e unconsciousl y determined .  Evan s suggest s tha t 
attentio n i s mediate d b y th e operatio n o f  heuristics .  O n 
standar d abstrac t  selectio n task s whic h emplo y affirmativ e 
rule s th e relevan t  heuristi c i s th e I F heuristic .  Evan s (1989 ) 
argue s tha t  th e functio n o f  i f  i n natura l  languag e i s t o direc t 

attentio n t o th e possibl e stat e o f  affair s i n whic h th e 
anteceden t  i s tru e (causin g peopl e t o thin k abou t  th e p  an d 
q card s i n th e selectio n tas k whic h correspon d t o th e A 
and 3  card s i n th e exampl e above) . 
Evan s (1996 )  ha s claime d tha t  participant s i n selectio n 

tas k experiment s selec t  card s base d purel y o n th e result s o f 
unconsciou s processing .  H e furthe r  suggest s tha t  an y 
explici t  inferenc e whic h participant s engag e i n whils t 
attemptin g th e selectio n tas k take s th e for m o f 
rationalisation s fo r  choosin g card s whic h ar e attende d to . 
Recently ,  however ,  Evan s an d Ove r  (1996 )  hav e suggeste d 
tha t  people' s selection s m a y sometime s b e determine d b y 
th e explici t  inferentia l  system .  Thi s suggestio n wa s 
prompte d b y th e succes s o f  severa l  researcher s i n 
facilitatin g performanc e o n th e selectio n tas k (e.g .  Gree n 
and Larking ,  1995) .  Th e significanc e o f  th e rol e playe d b y 
th e explici t  inferentia l  syste m remain s unclea r  however . 
Th e secon d non-inferentia l  accoun t  o f  th e selectio n tas k i s 

tha t  o f  Oaksfor d an d Chate r  (1994 )  whic h is ,  i n certai n 
respects ,  ver y simila r  t o tha t  o f  Evans .  The y shar e wit h 
Evan s th e vie w tha t  th e selectio n tas k i s bes t  viewe d a s a 
decisio n makin g tas k wher e participant s mus t  m a k e a 
decisio n abou t  whic h card s t o tur n over .  Accordingly , 
Oaksfor d an d Chate r  rejec t  logi c a s a  normativ e standar d 
fo r  subjects '  behaviou r  o n th e tas k an d instea d propos e a n 
alternativ e Bayesia n accoun t  base d upo n th e principle s o f 
optima l  dat a selection . 

Th e basi c principl e behin d optima l  dat a selectio n i s ver y 
simpl e an d i s illustrate d b y Oaksfor d an d Chate r  usin g th e 
followin g example .  Suppos e yo u ar e aske d t o tes t  th e rul e 
"I f  yo u ea t  trip e (p )  the n yo u fee l  sic k (q)" .  Ther e ar e fou r 
classe s o f  individual s on e coul d examin e t o tes t  th e rule : 
individual s w h o hav e eate n trip e (p) ;  individual s w h o hav e 
not  eate n trip e (not-p) ;  individual s know n t o fee l  sic k (q) ; 
individual s know n no t  t o fee l  sic k (not-q) .  Th e question ,  o f 
course ,  i s on e o f  decidin g whic h classe s o f  individual s wil l 
suppl y th e mos t  usefu l  information .  Intuitively ,  p ,  q ,  an d 
not- q individual s ar e likel y t o b e informativ e wherea s not- p 
individual s wil l  suppl y n o informatio n whatsoever . 
Oaksfor d an d Chate r  hav e formalise d thes e intuition s usin g 
Shannon-Wiene r  informatio n theor y an d element s fro m th e 
probabilit y  calculus .  Tabl e 1  contain s thei r  genera l 
predictions ,  base d o n thei r  formalisations ,  abou t  th e 
relationshi p betwee n th e informativenes s o f  an y car d an d 
th e probabilit y  o f  item s mentione d i n th e rule . 

Oaksfor d an d Chate r  m a k e a n assumptio n o f  rarit y -  tha t 
i s  th e probabilit y  o f  p  (eatin g tripe )  an d th e probabilit y  o f  q 
(feelin g sick )  ar e assume d t o b e low .  Give n thi s assumptio n 
the y predic t  th e followin g orde r  o f  car d selectio n 
frequencie s o n th e affirmativ e abstrac t  selectio n task : 
p>q>not-q>not-p . 

Tabl e 1 :  Th e condition s unde r  whic h Oaksfor d an d Chate r 
predic t  card s wil l  b e informativ e 

Card s 

P 

q 
not- q 
not- p 

Condition s fo r  Informativenes s 

P(q) is low 

P(p )  &  P(q )  ar e lo w 
P(p )  i s hig h 
None 

Clearly ,  Oaksfor d an d Chater' s accoun t  o f  th e tas k i s non -
inferential .  Thei r  clai m i s tha t  peopl e selec t  card s base d o n 
th e probabilit y  o f  th e item s mentione d i n th e rule .  Indee d 
ther e ar e severa l  demonstration s i n th e literatur e o f  th e 
importanc e o f  th e probabilit y  o f  th e anteceden t  an d 
consequen t  i n determinin g th e selection s whic h participant s 
make o n th e tas k (e.g .  Kirby ,  1994 ) 

Inferential Accounts of the Task 

I n conU-as t  t o th e non-inferentia l  account s presente d above , 
th e literatur e als o contain s wha t  w e wil l  cal l  inferentia l 
account s o f  th e indicativ e selectio n task .  A s w e di d fo r 
non-inferentia l  account s o f  th e indicativ e selectio n task ,  w e 
wil l  als o presen t  tw o inferentia l  accounts :  th e first  offere d 
by Sperber ,  Car a an d Girott o (1995 )  an d th e secon d b y 
Johnson-Lair d an d Byrn e (1991 ;  Johnson-Laird ,  1995) . 
Agai n w e haste n t o poin t  ou t  tha t  th e account s whic h w e 
wil l  presen t  are ,  i n m a n y respects ,  ver y different .  I n thi s 
context ,  however ,  i t  i s  th e emphasi s whic h bot h plac e o n 
inferenc e whic h i s o f  interest . 

Sperbe r  e t  al' s  accoun t  purport s t o accoun t  fo r  indicativ e 
selectio n tas k performanc e i n a  ver y simpl e manner ,  b y 
assumin g firstly,  tha t  peopl e understan d th e tas k a s on e o f 
selectin g relevan t  evidenc e fo r  testin g a  rul e an d tha t  thi s 
rul e m a y onl y b e teste d indirectl y (i.e .  throug h it s 
observationall y testabl e consequences) .  Secondly ,  inferrin g 
s o me o f  th e consequence s o f  th e rul e i s don e 
spontaneously ,  a s par t  o f  th e proces s o f  comprehension . 
Thes e spontaneou s inference s lea d t o a n interpretatio n o f 
th e rul e whic h contain s certai n expectation s o f  relevanc e 
(i.e .  expectations ,  o n th e par t  o f  th e subjects ,  abou t  wha t  i s 
relevan t  t o th e experimenter) .  Fo r  example ,  o n affirmativ e 
abstrac t  selectio n task s participants ,  give n a  minima l 
presumptio n o f  relevance ,  wil l  infe r  tha t  ther e ar e card s 
whic h hav e bot h P  an d Q  features .  Thei r  selectio n o f  card s 
wil l  reflec t  a  tes t  o f  thi s assumption .  Thi s wil l  lea d t o th e 
selectio n o f  th e p  an d q  cards . 

As m a y b e see n fro m thi s account ,  th e crucia l  facto r  i s  th e 
spontaneou s inference s whic h subject s m a k e whils t 
comprehendin g th e rule .  Thi s determine s bot h th e wa y i n 
whic h an y conditiona l  rul e i s foun d t o b e relevan t  an d th e 
card s whic h participant s selec t  o n a n indicativ e selectio n 
task .  Interestingly ,  Oaksfor d an d Chate r  (1995 )  clai m tha t 
thei r  accoun t  i s compatibl e wit h Sperbe r  e t  al' s  relevanc e 
theoreti c account .  W e woul d argu e tha t  thes e account s 
diffe r  i n on e crucia l  respect :  Sperbe r  e t  a l  clai m tha t 
people ,  whe n attemptin g th e indicativ e selectio n task ,  thin k 
abou t  th e consequence s o f  turnin g ove r  certai n cards .  Ther e 
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i s  n o suc h leve l  o f  explanatio n i n Oaksfor d an d Chater' s 
account . 

The final  approac h t o th e indicativ e selectio n tas k whic h 
wil l  b e considere d her e i s on e base d o n menta l  model s 
(Johnson-Lair d an d Byrne ,  1991 ;  Johnson-Laird ,  1995) . 
The mode l  theor y assume s tha t  peopl e selec t  onl y thos e 
card s tha t  ar e explicitl y  represente d i n thei r  initia l  model s 
of  th e rule .  Thes e initia l  model s encod e onl y thos e item s 
tha t  ar e mentione d i n th e rul e togethe r  wit h a  menta l 
footnot e whic h specifie s th e manne r  i n whic h th e initia l 
model s m a y b e fleshed-out .  Furthermore ,  menta l  mode l 
theor y assume s tha t  peopl e selec t  thos e card s fo r  whic h th e 
unsee n sid e coul d hav e a  bearin g o n th e trut h o r  falsit y o f 
th e rule .  Whethe r  peopl e selec t  th e p  car d o r  th e p  an d q 
card s depend s o n thei r  interpretatio n (an d initia l  encoding ) 
of  th e rule .  A  simpl e conditiona l  interpretatio n wil l  lea d t o 
selectio n o f  th e p  car d onl y a s th e hidde n sid e o f  th e q  car d 
has n o bearin g o n th e trut h o r  falsit y o f  th e rule .  A 
biconditiona l  interpretatio n (tha t  a  conditiona l  suc h a s I f  p 
the n q  implie s it s obverse :  I f  q  the n p )  wil l  lea d t o th e 
selectio n o f  th e p  an d q  card s a s th e unsee n sid e o f  bot h 
card s ha s a  bearin g o n whethe r  th e rul e i s tru e o r  false . 
Althoug h lac k o f  spac e preclude s a  mor e thoroug h 
consideratio n o f  th e mode l  theory ,  suffic e i t  t o sa y tha t  th e 
model  theory ,  lik e th e relevanc e theoreti c account ,  claim s 
tha t  peopl e d o engag e i n inferenc e o n th e selectio n task . 
The card s selected ,  however ,  depen d bot h o n h o w peopl e 
interpre t  an d represen t  th e rul e a s wel l  a s th e inferenc e the y 
engag e in . 
We wil l  n o w conside r  h o w i t  migh t  b e possibl e t o 

discriminat e betwee n thes e tw o type s o f  account .  W e wil l 
argu e tha t  i t  m a y b e possibl e t o suppres s th e rat e a t  whic h 
certai n card s ar e chose n o n th e indicativ e selectio n task . 
We wil l  furthe r  argu e that ,  i f  suc h suppressio n doe s occur , 
i t  ma y b e explaine d onl y i n term s o f  car d choic e bein g 
determine d b y consideratio n o f  th e unsee n sid e o f  th e 
cards . 

How to Suppress Card Choices on the Task 

I t  ha s bee n know n fo r  som e tim e tha t  th e rat e a t  whic h w e 
dra w bot h vali d an d invali d inference s o n a  conditiona l 
reasonin g tas k m a y b e suppressed .  Th e phenomen a o f 
inferenc e suppressio n wa s firs t  demonstrate d b y Rumain , 
Connel l  an d Brain e (1983) .  Thei r  experimen t  use d a  simpl e 
conditiona l  inferenc e tas k wher e participant s wer e give n a 
serie s o f  majo r  an d mino r  premise s an d wer e the n aske d 
what  followed .  Fo r  example ,  participant s migh t  b e told : 

If there is a tiger in the box then there is an orange in the box 
Ther e i s a  tige r  i n th e bo x 

It was found that the inclusion of a second major premise 
suc h as : 

If there is a dog in the box then there is an orange in the box 

before the presentation of the minor premise greatly 
reduce d people' s tendenc y t o mak e th e invali d conditiona l 
inferences .  Rumai n e t  a l  claime d tha t  thei r  manipulatio n 
blocke d a  biconditiona l  interpretatio n o f  th e first  premis e 

ensurin g that ,  fo r  example ,  whe n participant s wer e give n 
th e premises : 

If there is a tiger in the box then there is an orange in the box 
I f  ther e i s a  do g i n th e bo x the n ther e i s a n orang e i n th e bo x 
Ther e i s a n orang e i n th e bo x 

they did not make the affirmation of the consequent (AC) 
inferenc e tha t  ther e wa s a  tige r  i n th e box .  Variou s 
suppressio n effect s hav e bee n demonstrate d sinc e th e 
publicatio n o f  Rumai n e t  al' s  pape r  (e.g .  Byrne ,  1989) .  Ou r 
purpos e i n thi s paper ,  however ,  i s  no t  t o examin e thes e 
effect s i n detai l  bu t  t o th e conside r  th e effect s o f  Rumai n e t 
al' s  origina l  manipulatio n fo r  people' s respons e pattern s o n 
th e indicativ e selectio n tas k an d t o discus s thes e effect s i n 
th e ligh t  o f  th e debat e abou t  th e rol e playe d b y inferenc e i n 
contemporar y account s o f  th e task . 
We star t  b y assumin g that ,  i n th e cas e o f  th e A C inference , 

th e presenc e o f  th e additiona l  premis e i n Rumai n e t  al' s 
stud y cause d thei r  participant s t o realis e tha t  ther e m a y 
hav e bee n a  tige r  o r  a  do g i n th e bo x Accordingly ,  t o m a k e 
any inferenc e abou t  th e presenc e o f  a  tiger ,  give n th e 
presenc e o f  a n orange ,  woul d b e unsafe . 
N o w conside r  a n indicativ e versio n o f  th e selectio n tas k 

wher e you r  ar e presente d wit h a  simpl e conditiona l  rul e 
suc h as : 

If P then Q 

together with four cards labelled P, Q, not-P and not-Q and 
an additiona l  rul e specifyin g a n alternativ e anteceden t  suc h 
as: 

If R then S 

How is the presence of the additional rule likely to affect 
people' s car d selections ? If ,  a s w e claim ,  people' s respons e 
pattern s ar e determine d b y a  consideratio n o f  th e possibl e 
consequence s o f  turnin g over ,  a t  leas t  som e of ,  th e cards , 
we woul d expec t  th e presenc e o f  th e alternativ e rul e t o 
greatl y suppres s q  car d selection .  Thi s i s becaus e o n th e 
bac k o f  th e q  car d ther e m a y b e a  p  o r  a n r .  Thu s i t  wil l 
hav e n o bearin g i n determinin g th e trut h o r  falsit y o f  th e 
first  rule .  Importantly ,  thi s predictio n rest s o n th e clai m tha t 
peopl e conside r  o r  represen t  th e consequence s o f  turnin g 
over  th e card s an d hence ,  m a y b e characterise d a s thinkin g 
inferentiall y  o n Wason' s task .  W e wil l  n o w presen t  tw o 
experiment s whic h tes t  thi s prediction . 

Experiment 1 
M e t h o d 

Participants :  9 8 first-year  student s i n th e psycholog y o f 
th e authors '  h o m e universit y serve d a s participant s i n thi s 
experiment . 

Materials: each participant attempted one indicative 
selectio n task .  Th e selectio n task s use d wer e eithe r  abstrac t 
or  themati c an d containe d on e rul e o r  two .  Th e abstrac t 
material s wer e a s follows : 

Imagine that your friend has Just shown you a strange deck of 
cards .  Eac h o f  th e card s i n th e dec k ha s a  numbe r  o n on e sid e an d 
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a lette r  o n th e othe r  side .  Sh e tell s  yo u tha t  th e card s i n th e dec k 
obey th e followin g rule : 
I f  a  car d ha s th e lette r  A  o n on e sid e the n i t  ha s th e numbe r  3  o n 
th e othe r  sid e 
You decid e t o investigat e whethe r  thi s rul e i s tru e o r  false .  Yo u 
get  you r  frien d t o dra w fou r  card s fro m th e deck .  Thes e card s ar e 
shown below .  Pleas e indicat e b y circlin g th e appropriat e car d o r 
cards ,  whic h one s yo u nee d t o tur n ove r  t o decid e whethe r  th e rul e 
i s tru e o r  false . 
Remember  th e rul e is : 
I f  a  car d ha s th e kttc r  A  w  on e sid e the n i t  ha s th e numbe r  3  o n 

th e Qthe r  sid e 

Below this were printed four cards containing a 7, an A, a 3 
and a n L .  Thes e card s wer e presente d i n on e o f  tw o rando m 
orders . 
Th e material s fo r  th e tw o rul e condition s wer e identical , 
excep t  tha t  afte r  presentatio n o f  th e first  rule ,  participant s 
rea d th e following : 

She also tells you that they obey the following additional rule: 
I f  a  car d ha s th e lette r  I  q u on e sid e the n i t  ha s th e nmnbe r  3  o n 
th e othe r  sid e 

The thematic materials were analogous to the abstract 
material s an d concerne d a n imaginar y conversatio n 
betwee n th e participan t  an d thei r  docto r  durin g whic h th e 
participan t  i s  tol d tha t  sh e ha s bee n diagnose d wit h a 
seriou s disorde r  o f  th e i m m u n e system .  Th e rul e t o b e 
teste d i n thi s cas e was : 

If a person with this disorder gets pneumonia then thev will die 

The four cards (again presented in one of two random 
orders )  represente d a  patien t  wit h cancer ,  a  patien t  wit h 
pneumonia ,  a  patien t  w h o ha d die d an d a  patien t  w h o ha d 
lived .  Th e additiona l  rul e i n th e thematic/tw o rul e conditio n 
was: 

Of course, if a person gets cancer then they will also die 

Procedure: the experiment was carried out at the end of a 
lecture .  Participant s receive d neithe r  paymen t  no r  cours e 
credi t  fo r  takin g part . 

Design: the experiment had a 2 (no. of rules) x2 (materials) 
betwee n subject s design .  Thes e combin e t o giv e fou r 
conditions :  abstrac t  wit h on e o r  tw o rule s (A l  vs .  A 2 )  an d 
themati c wit h on e o r  tw o rule s (T l  vs .  T 2 ) 

Results and Discussion 

Th e first  analysi s performe d wa s o n th e mea n numbe r  o f 
card s selecte d b y participants .  A  2x 2 betwee n subject s 
A n o v a wa s carrie d ou t  o n th e tota l  numbe r  o f  car d 
selections .  Neithe r  th e mai n effect s fo r  numbe r  o f  rule s an d 
conten t  no r  th e interactio n wa s significant .  However ,  th e 
mai n effec t  o f  numbe r  o f  rule s approache d significanc e ( F 
(1 ,  94 )  =  3.184 ,  p  <  .08) .  T h e m e a n numbe r  o f  card s 
selecte d b y participant s i n th e on e rul e condition s wa s 1.9 4 
(S.D .  =  .74 )  an d 1.6 9 (S.D .  =  .66 )  i n th e tw o rule s 

conditions .  Thi s resul t  suggest s tha t  ou r  numbe r  o f  rule s 
manipulatio n wa s successfu l  i n suppressin g car d selections . 

A n examinatio n o f  Tabl e 2  suggest s tha t  ou r  material s 

variabl e ha d n o significan t  effec t  o n observe d pattern s o f 
car d selection .  Accordingly ,  fo r  th e purpose s o f 
determinin g th e individua l  card s responsibl e fo r  th e tren d 
toward s 

Table 2: Individual card selection frequencies for 
Experimen t  1  a s a  functio n o f  conditio n 

not- p not- q 

Ai  2 3 (92% )  5  (20% )  1 5 (60% )  8  (32% ) 

I I  2 0 (80% ^ 2  (8% )  15(60%^9(36% > 

43 (86% )  7  (14% )  3 0 (60% )  1 7 (34% ) 

A2 14 (61%) 5 (22%) 7(30%) 12(52%) 

1 2 1 7 ( 6 8 % M n 6 % ^ 8  r32% )  1 4 (56% ^ 

31 (65% )  9  (19% )  1 5 (31% )  2 6 (54% ) 

suppression in the total number of cards selected we 
collapse d acros s contents .  A s predicte d a  significan t 
reductio n du e t o numbe r  o f  rule s i n q-car d selectio n 
frequenc y (x 2 (1 )  =  8.15 ,  p  <  .  005) .  Ther e wa s als o a 
smaller ,  non-predicte d decreas e i n p  car d selectio n 
frequenc y (x 2 (1 )  =  6.07 ,  p  <  .02 )  an d a n increas e i n not- q 
car d selection s (x 2 (1 )  =  4.05 ,  p  <  .05) . 

Th e significan t  differenc e i n participant' s tendenc y t o 
selec t  th e q  car d du e t o numbe r  o f  rule s wa s bot h highl y 
significan t  an d i n th e directio n predicted .  Surprisingl y th e 
reductio n i n q  car d selection s i s  accompanie d b y a n 
increas e i n no t  q  selections .  Thi s suggest s tha t  ou r 
manipulatio n m a y serve ,  no t  onl y t o suppres s tru e 
anteceden t  choices ,  bu t  als o t o facilitat e th e selectio n o f  th e 
potentiall y  falsifyin g no t  q  card .  Howeve r  thi s increas e i n 
selectio n wa s no t  associate d wit h a  greate r  incidenc e o f 
logicall y correc t  selectio n combination s i n th e tw o rul e 
condition .  Th e rat e o f  p  an d no t  q  selectio n i s n o greate r 
wit h tw o rule s tha n wit h on e rul e (7/5 0 i n th e on e rul e 
condition s an d 9/4 8 i n th e tw o rul e conditions) .  Tha t  thes e 
result s ar e no t  du e t o a n increas e i n logicall y correc t 
respondin g i s  furthe r  born e ou t  b y th e significan t  an d 
surprisin g decreas e i n p  car d choices . 
Althoug h th e finding  o f  q  car d suppressio n confirm s ou r 

prediction ,  i t  coul d b e argue d tha t  th e effec t  o f  Q  bein g 
c o m m on t o bot h rule s m a y hav e serve d t o increas e it s 
perceive d probability .  I f  thi s i s  th e case ,  Oaksfor d an d 
Chate r  (1994 )  woul d predic t  th e observe d decreas e i n p 
car d selections .  Thi s finding  migh t  als o b e predicte d b y th e 
dua l  proces s accoun t  (Evan s an d Over ,  1996 )  a s th e 
presenc e o f  a n alternativ e anteceden t  m a y hav e serve d t o 
decreas e th e relevanc e o f  th e p  card . 

I n summary ,  thi s experimen t  ha s strongl y confirme d ou r 
predictio n abou t  q-car d suppression .  However ,  th e finding 
of  bot h increase d not- q car d selection s an d decrease d p -
car d selection s ar e consisten t  wit h alternative ,  non -
inferentia l  account s o f  performanc e o n th e task .  I n 
Experimen t  2  w e tes t  th e reliabilit y  o f  th e effect s foun d i n 
Experimen t  1 .  W e als o includ e a  furthe r  manipulatio n 
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designe d t o explicitl y  tes t  a  predictio n o f  th e dua l  proces s 
model . 

Experiment 2 

The first  ai m o f  thi s experimen t  i s t o tes t  th e reliabilit y  o f 
th e effect s o n individua l  car d selectio n frequencie s o f  ou r 
number  o f  rule s manipulatio n fro m Experimen t  1 .  A s th e 
conten t  manipulatio n i n Experimen t  1  di d no t  lea d t o an y 
difference s i n eithe r  individua l  o r  tota l  car d selection s i t 
was droppe d fro m thi s experiment .  Instead ,  al l  participant s 
receive d abstrac t  version s o f  th e indicativ e task .  I n plac e o f 
a conten t  manipulatio n w e varie d th e typ e o f  negatio n use d 
on th e card s presented .  I n Experimen t  1  negatio n wa s 
expresse d implicitl y  o n th e cards .  Thus ,  th e not- p an d no t  q -
card s wer e labelle d L  an d 7  respectively .  I n thi s experimen t 
hal f  o f  th e participant s receive d card s wher e negatio n wa s 
explicitl y  expresse d i.e .  a  car d tha t  i s no t  a n A  an d a  car d 
tha t  i s  no t  a  3 . 

Thi s manipulatio n serve s t o tes t  a  predictio n o f  th e dua l 
proces s account .  Evans ,  Clibben s an d Roo d (1996 )  hav e 
demonstrate d tha t  th e us e o f  explici t  negatio n o n th e card s 
presente d i n abstrac t  selectio n task s lead s t o a n increas e i n 
th e selectio n o f  al l  card s an d a  decreas e i n th e selectio n o f 
thos e card s whic h matc h th e item s mentione d i n th e rule . 
Evans (i n press )  ha s claime d tha t  th e presenc e o f  explici t 
negatio n increase s th e relevanc e o f  al l  o f  th e cards .  Hence , 
th e us e o f  explici t  negatio n i n thi s experimen t  shoul d resul t 
i n a n increas e i n th e tota l  numbe r  o f  card s selected . 

Method 

Participants :  8 0 first-year  student s fro m th e authors '  hom e 
universit y serve d a s participant s i n thi s stud y 

Materials: again each participant attempted one indicative 
selectio n task .  Al l  o f  th e task s use d i n thi s experimen t  wer e 
abstract .  Th e material s receive d b y participant s i n th e 
implici t  negatio n condition s wer e identica l  t o thos e use d i n 
th e abstrac t  condition s o f  Experimen t  1 .  Th e material s use d 
i n th e explici t  negatio n condition s differe d onl y i n labellin g 
of  th e card s presented .  Th e card s presente d wer e labelle d a 
number  whic h i s no t  3 ,  th e lette r  A ,  th e numbe r  3  an d a 
lette r  whic h i s no t  A .  Agai n th e card s wer e presente d i n on e 
of  tw o rando m orders . 

Procedure: as for Experiment 1. 

Design: the experiment had a 2 (no. of rules) x2 (negation 
type )  betwee n subject s design .  Thes e combin e t o giv e fou r 
conditions :  implici t  negatio n wit h on e o r  tw o rule s (I I  vs . 
12)  an d explici t  negatio n wit h on e o r  tw o rule s (E l  vs .  E2 ) 

Results and Discussion 

The result s o f  thi s experimen t  wer e first  analyse d i n term s 
of  th e tota l  numbe r  o f  card s selecte d b y participants .  A  2x 2 
betwee n subject s Anov a wa s carrie d ou t  o n th e numbe r  o f 
car d selections .  Contrar y t o th e prediction s o f  th e dua l 
proces s account ,  neithe r  th e mai n effec t  o f  Negatio n Typ e 
nor  th e interactio n betwee n Negatio n Typ e an d Numbe r  o f 
Rule s wa s significant .  However ,  th e mai n effec t  o f  Numbe r 
of  Rule s wa s highl y significan t  ( F (1 ,  94 )  =  12.04 ,  p  < 

.001) .  Th e mea n numbe r  o f  card s selecte d wa s 2.1 5 (S.D .  = 

.83 )  i n th e on e rul e condition s an d 1. 6 (S.D .  =  .55 )  i n th e 
tw o rule s conditions .  Thi s finding  suggest s tha t  ou r  numbe r 
of  rule s manipulatio n wa s successfu l  i n suppressin g car d 
selections . 

An examinatio n o f  individua l  car d selectio n frequencie s 
(displaye d i n Tabl e 3 )  suggest s that ,  a s wa s th e cas e i n 
Experimen t  1 ,  ou r  numbe r  o f  rule s manipulatio n ha s ha d b y 

Table 3: Individual card selection frequencies for 
Experimen t  2  a s a  functio n o f  conditio n 

u 

Ei 

12 
E2 

P 
20(100% ) 

16 ($0% ) 

36 (90% ) 

18 (90% ) 

17 (85% ) 
35 (88% ) 

not- p 

3 (15% ) 

7 (35% ) 
10 (25% ) 

3 (15% ) 

2 (10% ) 

5 (13% ) 

q 
15 (75% ) 

12 (60% ) 
27 (68% ) 

4 (20% ) 

8 (40% ) 

12(30% ) 

not- q 

6 (30% ) 

7 (35% ) 

13 (33% ) 

5 (25% ) 

7 (35% ) 
12 (30% ) 

fa r  th e bigges t  influenc e o n th e result s o f  thi s experiment . 
Therefore ,  fo r  th e purpose s o f  ou r  statistica l  analysi s o f 
individua l  car d selectio n frequencie s w e collapse d acros s 
Negatio n Type .  A  significan t  differenc e i n selectio n rate s 
fo r  individua l  card s du e t o numbe r  o f  rule s wer e foun d fo r 
th e q-car d (x 2 (1 )  =  11.26 ,  p  <  .  001 )  only .  Th e equivalen t 
statistic s fo r  th e p  an d no t  q  card s wer e x 2 (1 )  =  .12 5 an d 
y l  (1 )  =  .05 8 respectively .  Finally ,  car d combinatio n 
frequencie s reveale d that ,  onc e again ,  ther e wa s n o 
evidenc e o f  ou r  numbe r  o f  rule s manipulatio n leadin g t o a n 
increas e i n logicall y correc t  responding . 
The result s o f  thi s experimen t  confir m th e highl y 

significan t  suppressio n o f  q  car d selection s foun d i n 
Experimen t  1 .  I n addition ,  th e finding s sugges t  tha t  th e 
weaker  effect s presen t  i n Experimen t  1  (decrease d p  car d 
selectio n an d increase d no t  q  selection )  ar e unreliable . 

General Discussion 

The experiment s reporte d i n thi s pape r  offe r  stron g suppor t 
fo r  th e clai m tha t  peopl e engag e i n inferenc e whe n 
attemptin g Wason' s selectio n task .  B y providin g 
participant s wit h a n additiona l  rul e whic h specifie d a n 
alternativ e anteceden t  w e hav e significantl y decrease d thei r 
tendenc y t o selec t  th e q  car d whe n testin g th e experimenta l 
rule .  W e fee l  tha t  th e mos t  likel y explanatio n fo r  thi s effec t 
i s  tha t  participant s recognis e tha t  o n th e bac k o f  th e q  car d 
ther e ma y b e a  p  o r  a  lette r  whic h i s no t  a  p .  Hence ,  th e 
selectio n o f  th e q  car d wil l  hav e n o bearin g o n determinin g 
th e trut h o r  falsit y o f  th e rule .  I f  thi s i s th e cas e ou r  effec t 
has bee n cause d b y participant s explicitl y  considerin g th e 
unsee n sid e o f  th e card s wit h whic h the y wer e presented . 

Our  findings  pos e som e difficult y fo r  non-inferentia l 
account s o f  th e indicativ e selectio n task .  Fo r  example ,  th e 
dual  proces s mode l  o f  Evan s an d Ove r  (1996 ;  Evans ,  i n 
press )  make s severa l  prediction s tha t  ar e inconsisten t  wit h 
our  findings .  Th e presenc e o f  a n additiona l  rul e wit h a 
c o m m on consequen t  shoul d serv e t o increas e th e relevanc e 
of  th e q  car d leadin g t o a n increase d selectio n rate .  Bot h o f 
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our  experiment s demonstrat e significan t  suppressio n o f  q 
car d selections .  I n addition ,  th e dua l  proces s mode l  predict s 
increase d overal l  selectio n rate s wit h th e us e o f  explici t 
negatio n o n th e cards .  Experimen t  2  demonstrate s a n 
overal l  reductio n i n car d selection s du e t o th e presenc e o f 
an additiona l  rul e an d n o evidenc e fo r  a n effec t  o f  explici t 
negation .  Evan s an d Ove r  d o claim ,  however ,  tha t  peopl e 
engag e i n inferenc e o n conditiona l  inferenc e tasks .  W e 
believ e tha t  w e hav e demonstrate d people' s abilit y  t o 
engag e i n th e sam e typ e o f  thinkin g o n th e selectio n task . 

Oaksfor d an d Chater' s (1994 )  informatio n theoreti c 
accoun t  fare s somewha t  bette r  i n th e ligh t  o f  ou r  findings.  I t 
i s  likel y tha t  on e effec t  o f  ou r  tw o rul e manipulatio n i s t o 
increas e th e perceive d probabilit y  o f  Q .  A s a n examinatio n 
of  Tabl e 1  reveals ,  th e informativenes s o f  th e q  car d i s a n 
invers e functio n o f  P(p )  an d P(q) .  Hence ,  Oaksfor d an d 
Chate r  woul d predic t  tha t  a s th e perceive d probabilit y  o f  Q 
increases ,  th e rat e o f  q-car d selectio n wil l  decrease .  Thi s i s 
entirel y consisten t  wit h ou r  findings.  However ,  a s Tabl e 1 
als o shows ,  th e informativenes s o f  th e p  car d i s a n invers e 
functio n o f  P(q )  o n it s own .  Therefore ,  Oaksfor d an d 
Chater' s mode l  woul d als o predic t  a  reduce d p  car d 
selection s i n ou r  tw o rule s conditions .  Althoug h ou r 
findings  demonstrat e a  smal l  reductio n i n Experimen t  1 , 
ther e i s n o suc h reductio n i n p  car d selection s i n 
Experimen t  2 . 

Account s o f  th e indicativ e selectio n tas k whic h w e hav e 
characterise d a s bein g inferentia l  i n natur e ca n mor e readil y 
cop e wit h ou r  data .  Fo r  instance ,  Johnson-Lair d (1995 )  ha s 
claime d tha t  participant s w h o choos e th e q  car d o n 
indicativ e selectio n task s d o s o becaus e thei r  initia l 
representatio n o f  th e rul e doe s no t  discoun t  a  biconditiona l 
interpretation .  Th e additiona l  rul e ma y cu e participant s t o 
construc t  a  mode l  containin g bot h antecedent s a s 
alternativ e condition s fo r  th e consequen t  (Byrne ,  1989) . 
Thi s woul d ensur e tha t  th e rul e t o b e teste d canno t  b e 
interprete d a s it s obvers e an d reasoner s recognis e tha t 
turnin g ove r  th e q  car d wil l  hav e n o implication s fo r  th e 
falsit y o f  th e rule . 

Similarl y Sperber ,  Car a an d Girott o (1995 )  ca n als o offe r 
an explanatio n o f  ou r  findings.  Recal l  tha t  thei r  accoun t  o f 
th e standar d abstrac t  tas k claim s tha t  th e rul e achieve s 
sufficien t  linguisti c relevanc e b y cuein g reasoner s t o 
assume th e existenc e o f  card s wit h P  an d Q  features . 
People' s selection s reflec t  a  tes t  o f  thi s existentia l 
assumption .  I t  i s  likely ,  therefore ,  tha t  ou r  manipulatio n 
wil l  cu e reasoner s t o infe r  th e existenc e o f  card s wit h th e 
feature s mentione d i n th e experimenta l  rul e ( P an d Q 
features) ,  an d t o infe r  th e existenc e o f  card s wit h th e 
feature s mentione d i n th e additiona l  rul e ( R an d Q 
features) .  Selectin g th e P  car d t o tes t  fo r  th e existenc e o f 
case s wit h P  an d Q  feature s ha s greate r  inferentia l 
consequence s i n thi s contex t  tha n doe s selectin g th e Q  car d 
(whic h m a y confir m eithe r  assumption) .  Again ,  i t  i s 
importan t  t o highligh t  tha t  thi s accoun t  i s dependen t  upo n 
th e assumptio n tha t  reasoner s conside r  th e unsee n side s o f 
th e cards . 

T o conclude ,  w e fee l  tha t  althoug h th e experimenta l  wor k 
demonstratin g people' s sensitivit y t o th e probabilitie s o f  th e 
item s the y ar e thinkin g abou t  i s ver y important ,  w e d o no t 
fee l  tha t  i t  merit s a  wholl y probabilisti c  approac h t o 

thinking .  Th e experiment s presente d i n thi s pape r 
demonstrat e that ,  a t  leas t  unde r  certai n conditions ,  peopl e 
do thin k inferentiall y  o n th e indicativ e selectio n task . 
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Abstrac t 

Previous researchers on the semantics of spatial relational 
term s hav e reporte d th e importanc e o f  geometri c factor s (e.g. , 
Bennett .  1975 ;  Talmy ,  1983) ,  th e importanc e o f  functiona l 
factor s {e.g. ,  Coventry ,  Carmichael ,  an d Garrod ,  1994 ; 
Vandeloise ,  1991) ,  an d th e lac k o f  importanc e o f  th e natur e 
of  th e Figure ,  o r  objec t  locate d (e.g. ,  Landa u an d Stecker , 
1990 ;  Talmy ,  1983) .  I n thi s paper ,  w e presen t  th e result s o f 
an experimen t  testin g eac h o f  thes e claim s fo r  th e Englis h 
spatia l  preposition s I N an d O N .  Ou r  findings  confir m tha t 
geometri c an d functiona l  factor s ar e indee d important .  I n 
addition ,  ou r  result s sugges t  tha t  th e natur e o f  th ? Figur e 
contribute s t o th e selectio n o f  spatia l  prepositions . 

Introduction 

One challeng e fo r  researcher s i n semantic s i s t o determin e 

th e subse t  o f  wha t  w e perceiv e tha t  actuall y end s u p bein g 

encode d i n language .  A s Centne r  (1981 ,  1982 )  ha s pointe d 

out ,  thi s challeng e i s  particularl y strikin g fo r  relationa l 

terms .  Acros s languages ,  spatia l  relationa l  term s hav e bee n 

shown t o encod e a  variet y o f  component s o f  a  scen e 

(Bowerman ,  1996 ;  Levinson ,  1996) .  Fo r  example , 

Bowerman (1996 )  ha s pointe d ou t  th e importanc e o f 

tightnes s o f  fit  fo r  Korea n spatia l  terms ,  a  facto r  tha t  i s no t 

ofte n considere d b y Englis h speakers .  I n thi s paper ,  w e wil l 

examin e som e o f  th e propose d factor s influencin g th e 

selectio n o f  spatia l  relationa l  terms ,  wit h a  focu s o n Englis h 

prepositions . 

I n thei r  investigatio n o f  th e semantic s o f  spatia l  relationa l 

terms ,  man y theoretician s hav e pointe d ou t  th e importanc e 

of  th e geometr y o f  th e scen e (Bennett ,  1975 ;  Herskovits , 

1986 ;  Lindkvist ,  1950 ;  Talmy ,  1983) .  Unde r  thes e 

approaches ,  a n appropriat e us e o f  a  spatia l  relationa l  ter m i s 

one i n whic h th e geometr y o f  th e scen e fits  a n "ideal " 

meanin g fo r  th e term .  Fo r  example ,  th e followin g idea l 
meanin g fo r  IN :  "inclusio n o f  a  geometri c construc t  i n a 

one- ,  two-,  o r  three-dimensiona l  geometri c construct " 

(Herskovits ,  1986 ,  p .  149) ,  account s fo r  th e acceptabilit y o f 

th e sentenc e i n (1 )  a s a  descriptio n o f  Figur e 1 ,  wher e th e 

bowl  ha s a n interior ,  an d th e pea r  i s completel y include d i n 

tha t  interior ,  providin g a n exac t  fit  t o th e idea l  meaning . 

(1) The pear is in the bowl. 

Figur e 1 :  A  pea r  i n a  bow l  (adapte d fro m Herskovits ,  1986 ) 

Similarly, the geometric approach to spatial semantics can 

accoun t  fo r  th e unacceptabilit y o f  th e sentenc e i n (1 )  a s a 

descriptio n o f  th e scen e i n Figur e 2 ,  i n whic h th e pea r  i s 

definitel y no t  include d i n th e interio r  o f  th e bowl . 

Figur e 2 :  A  pea r  tha t  i s  no t  i n th e bow l 

Not all researchers agree that the geometry of the scene is 

of  primar y importanc e t o th e selectio n o f  a n appropriat e 

spatia l  term .  S o m e hav e suggeste d tha t  th e functio n o f  th e 

referenc e object ,  o r  Ground' ,  i s  th e majo r  determinan t  o f 

whic h prepositio n appropriatel y describe s th e scen e 

(Coventry ,  Carmichael ,  an d Garro d 1994 ;  Vandeloise ,  1991 , 
1994) .  Fo r  example ,  th e us e o f  I N t o describ e th e relatio n 

betwee n th e pea r  an d th e bow l  i n Figur e 3  woul d b e 

motivate d b y th e fac t  tha t  th e bow l  i s fulfillin g it s functio n 

as a  container ,  despit e th e fac t  tha t  th e pea r  i s no t  actuall y 

locate d a t  th e bowl' s interior .  Geometry ,  i f  i t  i s  give n a 

'  Followin g Talm y (1983) ,  w e wil l  us e Figur e t o refe r  t o th e objec t 
located ,  an d Groun d t o refe r  t o th e referenc e object .  Fo r  example , 
i n exampl e sentenc e (1 )  an d Figur e 1 ,  th e pea r  i s th e Figure ,  an d 
th e bow l  i s th e Ground . 
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prominen t  plac e i n thes e theories ,  i s  sai d t o impl y th e 

functiona l  relatio n (Vandeloise ,  1991) . 

Figur e 3 :  Th e pea r  i s i n th e bowl . 

Vandeloise (1991) introduces the container/contained 

relationshi p a s th e definitio n fo r  th e Frenc h prepositio n dan s 

(generall y translate d a s Englis h in) ,  claimin g tha t  a  Figur e i s 

dan s a  Groun d i f  th e Groun d serve s t o contai n th e Figure . 

He continue s b y layin g ou t  trait s o f  th e relationship ,  non e o f 

whic h i s necessary ,  an d onl y on e o f  which ,  tota l  inclusion ,  i s 

sufficient .  Becaus e tota l  inclusio n i s  sufficient , 

Vandeloise' s analysi s ca n accoun t  fo r  situation s i n whic h a 

scen e fits  a  likel y geometri c meaning ,  a s Figur e 1  fits  fo r 

Exampl e (1) .  Additionally ,  becaus e on e o f  th e trait s o f  th e 

container/containe d relatio n i s tha t  th e containe r  control s th e 

positio n o f  th e containe d entity ,  thi s analysi s ca n accoun t  fo r 

example s suc h a s (2 )  (Vandeloise ,  1991 ,  p.228) . 

(2) The needle is in the field of the magnet. 

Finally, because total inclusion is not necessary, 

Vandeloise' s functiona l  approac h i s  abl e t o accoun t  fo r 

situation s i n whic h th e relatio n betwee n th e Figur e an d th e 

Groun d doe s no t  fit  th e "ideal "  meanin g o f  th e spatia l  term . 

Th e Figure' s contributio n t o th e us e o f  Englis h spatia l 

preposition s ha s bee n largel y discounte d (Landa u an d 

Stecker ,  1990 ;  Talmy ,  1983) .  Landa u an d Stecke r  (1990 ) 

showe d participant s nove l  object s bein g place d o n a  bo x 

whil e introducin g a  nove l  term ,  eithe r  a s a  nou n ("Thi s i s a 

corp" )  o r  a s a  prepositio n ("Thi s i s acor p m y box") .  The y 

foun d tha t  whil e participant s attende d t o th e object' s shap e 

i n th e nou n condition ,  the y tende d t o ignor e i t  i n th e 

prepositio n condition ,  suggestin g tha t  thi s detai l  abou t  th e 

natur e o f  th e Figur e i s  unimportan t  fo r  th e selectio n o f 

spatia l  prepositions .  Thi s i s  particularl y strikin g give n th e 

geometri c natur e o f  a n object' s shape ,  an d th e prevalenc e o f 

geometri c notion s i n th e literatur e o n spatia l  semantics . 

However ,  i t  i s no t  th e cas e tha t  th e natur e o f  th e Figur e i s 

considere d unimportan t  fo r  th e selectio n o f  spatia l  term s i n 

al l  languages .  Notably ,  th e M a y a n languag e Tzelta l  appear s 

t o accor d particula r  importanc e t o th e natur e o f  th e Figur e 

when assignin g spatia l  relationa l  term s t o a  scen e (Brown , 

1994;Levinson ,  1996) . 

An Empirical Test 

Althoug h ther e hav e bee n numerou s theoretica l 

examination s o f  th e semantic s o f  spatia l  relationa l  terms , 

many o f  th e theoretica l  claim s awai t  empirica l  investigation . 

I n thi s paper ,  w e rais e th e followin g question s a s empirica l 

problem s wit h regar d t o th e assignmen t  o f  spatia l 

preposition s i n English : 

•  I s th e geometrica l  relatio n betwee n th e Figur e an d th e 

Groun d important ? 

•  I s conceptual/functiona l  informatio n abou t  th e Groun d 

important ? 

•  I s th e natur e o f  th e Figur e important ? 

I n orde r  t o answe r  thes e questions ,  w e adapte d a  metho d 

develope d b y Labo v (1973 )  t o stud y comple x interactin g 

factor s i n th e us e o f  Englis h nouns .  Labo v presente d hi s 

participant s wit h similarl y shape d objects ,  lo r  whic h th e 

relativ e dimension s ha d bee n varie d systematically ,  allowin g 

hi m t o examin e th e wa y i n whic h smal l  change s i n shap e 

woul d affec t  objec t  naming .  I n ou r  study ,  w e wil l  appl y thi s 

metho d t o change s i n geometri c an d conceptual/functiona l 

informatio n abou t  th e Ground . 

Geometry 

By lookin g a t  th e usag e o f  Englis h preposition s t o describ e 

scene s i n whic h onl y th e geometr y varies ,  w e ca n examin e 

th e proposa l  tha t  th e geometr y o f  th e scen e i s a n importan t 

facto r  i n th e us e o f  Englis h spatia l  prepositions .  Carlson -

Radvansk y an d Regie r  (1997 )  foun d evidenc e fo r  th e 

importanc e o f  tw o geometri c factors ,  center-of-mass -

orientatio n an d proxima l  orientation ,  fo r  th e us e o f  th e term s 

above ,  below ,  left ,  an d right .  I n thi s experiment ,  w e chos e 

t o examin e th e effec t  o f  geometr y o n th e I N / O N distinctio n 

by varyin g th e concavit y o f  th e Groun d object s depicte d i n 

our  scenes .  B y varyin g th e concavit y o f  th e Ground ,  w e 

wer e abl e t o var y th e exten t  t o whic h th e Groun d i s 

perceive d t o hav e a n interio r  i n whic h th e Figur e ca n b e 

locate d (Figur e 4) ,  resultin g i n a  variatio n i n th e exten t  t o 

whic h ou r  scene s fit  a  geometri c idea l  fo r  th e prepositio n IN . 

V j ^ - f c 

Figur e 4 :  T w o scene s differin g i n th e concavit y o f  th e 

Groun d 

Conceptual/functional information 

T o investigat e th e facto r  o f  conceptual/functiona l 

information ,  w e use d thre e differen t  nouns ,  dish ,  plate ,  an d 

bowl ,  t o refe r  t o th e inanimat e Groun d i n ou r  scenes .  Thi s 

manipulatio n i s  base d o n tw o assumptions .  First ,  i f 

conceptual/functiona l  informatio n i s  importan t  t o th e 

selectio n o f  spatia l  terms ,  the n th e perceive d natur e o f  th e 

Groun d shoul d influenc e thi s selection .  Coventr y an d hi s 

colleague s (Coventr y e t  al ,  1994 )  foun d evidenc e tha t 

functiona l  informatio n abou t  th e Groun d influence s th e us e 

of  Englis h spatia l  prepositions .  Second ,  th e labe l  applie d t o 

a Groun d shoul d influenc e participants '  interpretatio n o f  th e 

Ground .  Labo v (1973 )  foun d th e contex t  i n whic h a n objec t 
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was introduce d (neutral ,  holdin g coffee ,  holdin g food ,  etc. ) 

influence d participants '  choic e o f  nouns .  Thi s suggest s tha t 

th e us e o f  a  nou n t o labe l  a n objec t  carrie s 

conceptual/functiona l  information ,  whic h w e assum e l o b e 

availabl e t o a  listener . 

The Figure 

The natur e o f  th e Figur e coul d hav e a n effec t  o n th e us e o f 

spatia l  terms ,  a s demonstrate d b y th e myria d difference s du e 

t o Figur e foun d i n Tzelta l  (Brown ,  1994 ;  Levinson ,  1996) . 

I n a  previou s stud y usin g simila r  methodology .  Feis t  an d 

Centne r  (1997 )  foun d evidenc e fo r  a n effec t  o f  th e animac y 

of  th e Groun d i n choosin g betwee n th e preposition s I N an d 

O N.  Animac y i s als o a  facto r  i n othe r  linguisti c phenomena , 

suc h a s dativ e shift ^  (Bet h Levin ,  persona l  communication ) 

and classifie r  usag e (Comrie ,  1981 ;  Lucy ,  1994) .  Apar t 

fro m th e fac t  tha t  animac y i s ofte n linguisticall y relevant , 

ther e ar e specifi c  reason s t o suspec t  tha t  th e animac y o f  th e 

Figur e migh t  matter .  Becaus e a n animat e Figur e i s abl e t o 

exer t  contro l  ove r  it s o w n position ,  i t  migh t  b e a  les s idea l 

participan t  i n th e container/containe d relationshi p 

(Vandeloise ,  1991 ,  1994 )  tha n a n inanimat e Figure . 

Therefore ,  w e expec t  t o find a  lowe r  proportio n o f  I N 

response s t o scene s involvin g a n animat e Figur e tha n t o 

comparabl e scene s wit h a n inanimat e one ,  providin g 

evidenc e tha t  th e natur e o f  th e Figur e make s a n importan t 

contributio n t o th e meanin g o f  spatia l  terms .  Fo r  th e 

animate ,  self-determinat e Figure ,  w e use d a  firefly;  fo r  th e 

inanimate ,  non-self-determinat e Figure ,  w e use d a  coin . 

Predictions 

Thoug h investigator s i n spatia l  semantic s woul d no t  likel y 

espous e th e extrem e view s tha t  i t  i s  onl y th e geometr y o f  th e 

scene ,  o r  onl y th e functio n o f  th e Ground ,  tha t  contribute s t o 

th e choic e o f  a  spatia l  relationa l  term ,  i t  ma y b e instructiv e 

t o follo w thes e proposal s t o thei r  extremes ,  examinin g thei r 

likel y prediction s regardin g ou r  experiment . 

I f  onl y geometrica l  informatio n wer e importan t  t o th e 

assignmen t  o f  spatia l  relationa l  terms ,  the n th e functiona l 

natur e o f  th e Groun d woul d hav e n o effec t  o n th e rat e o f  us e 

of  differen t  spatia l  terms .  Thus ,  w e woul d expec t  tha t  i n ou r 

experimen t  th e preposition s I N o r  O N woul d b e assigne d 

base d o n th e concavit y o f  th e Groun d object ,  regardles s o f 

whethe r  i t  wa s calle d a  dish ,  a  plate ,  o r  a  bowl .  Th e scene s 

depictin g th e Groun d objec t  wit h th e deepes t  concavit y 

woul d receiv e th e highes t  proportio n o f  I N responses ,  wit h 

no noticeabl e difference s du e t o th e lexica l  ite m applie d t o 

th e object . 
I f  onl y conceptual/functiona l  informatio n matters ,  the n 

relativ e us e o f  I N o r  O N i n ou r  experimen t  woul d onl y b e 

^  Dativ e shif t  refer s t o th e movemen t  o f  th e indirec t  objec t  ou t  o f 
th e prepositiona l  phrase ,  whic h i s acceptabl e wit h animate ,  bu t  no t 
inanimate ,  indirec t  objects .  Fo r  example ,  w e ca n sa y eithe r  " 1 sen t 
th e boo k t o Sue "  o r  " I  sen t  Su e th e book" ,  bu t  w e ca n onl y sa y " I 
sent  th e boo k t o Spain "  an d no t  " I  sen t  Spai n th e book " 

affecte d b y whethe r  th e Groun d i s calle d a  dish ,  a  plate ,  o r  a 

bowl ,  wit h th e highes t  proportio n o f  I N response s give n t o 

scene s fo r  whic h th e Groun d i s calle d a  bowl ,  an d th e 

lowest ,  1 0 scene s fo r  whic h th e Groun d i s calle d a  plate . 

The concavit y o f  th e Groun d objec t  woul d exer t  n o effect ; 

th e proportio n o f  I N response s woul d b e equa l  acros s level s 

of  concavity . 

I f  bot h geometrica l  relation s an d conceptual/functiona l 

informatio n ar e importan t  t o th e us e o f  Englis h spatia l 

prepositions ,  w e woul d expec t  t o se e bot h a  chang e i n th e 

proportio n o f  I N response s a s th e concavit y o f  th e depicte d 

Groun d objec t  changed ,  an d a  highe r  proportio n o f  I N 

response s t o scene s fo r  whic h th e Groun d objec t  i s  calle d a 

bowl  tha n t o thos e fo r  whic h i t  i s  calle d a  plate .  Scene s fo r 

whic h th e Groun d objec t  i s  calle d a  dish ,  whic h i s a 

superordinat e ter m fo r  bot h plat e an d bowl ,  ar e expected  t o 

yiel d a n intermediat e proportio n o f  I N responses . 

Method 

Participant s 5 5 Northwester n Universit y undergraduate s 

receive d cours e credi t  fo r  thei r  participatio n i n thi s 

experiment .  Al l  reporte d bein g fluen t  speaker s o f  English . 

Stimuli A set of concavity-matched stimuli were used in this 

experiment  (Figur e 5 ;  se e Feis t  an d Gentner ,  1997) .  Thes e 

stimul i  depicte d tw o Ground s (a n ambiguou s dishlik e tra y 

and a  hand )  paire d wit h tw o Figure s ( a firefly  an d a  coin )  a t 

thre e level s o f  concavity ,  fo r  a  tota l  o f  twelv e pictures .  Onl y 

th e dat a involvin g th e ambiguou s dishlik e tra y a s Groun d ar e 

reporte d here ;  se e Feis t  an d Gentne r  (1997 )  fo r  result s 

involvin g th e hand . 

tN tv tv . / 

•̂aSi*-̂ ' 

Figur e 5 :  Dishlik e tra y a t  thre e concavit y levels :  lo w 
(approximatel y flat),  medium ,  an d hig h (deepl y curved) . 

Procedure Stimuli were presented in two randomized 

blocks .  I n eac h bloc k participant s sa w eac h o f  th e stimul i  o n 

a compute r  screen .  Th e participants '  tas k wa s t o circl e I N 
or  O N o n thei r  answe r  sheets .  Answe r  sheet s containe d 

sentence s o f  th e form : 

The Figure is IN/ON the Ground. 

Participants were told to choose the term that best 

describe d th e correspondin g pictur e o n th e compute r  screen . 
I n on e condition ,  th e inanimat e Groun d wa s calle d a  dish , 

i n th e secon d i t  wa s calle d a  plate ,  an d i n th e thir d i t  wa s 

calle d a  bowl .  I n al l  conditions ,  th e animat e Groun d wa s 

calle d a  hand ,  an d th e Figure s wer e calle d a  firefl y an d a 
coin ,  respectively . 
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Desig n W e use d a  2  (Figure :  firefl y an d coin )  x  3 

(concavity )  x  3  (labelin g condition )  design .  Figur e an d 

concavit y wer e varie d withi n subjec t  an d labelin g conditio n 

was varie d betwee n subjects . 

Results 

I n answe r  t o th e first  question ,  i s  th e geometrica l  relatio n 

betwee n th e Figur e an d th e Groun d a n importan t  facto r  i n 

th e assignmen t  o f  spatia l  relationa l  term s i n English ,  w e 

foun d tha t  th e change s i n th e Ground' s concavit y influence d 

participants '  choic e betwee n I N o r  O N t o describ e th e 

scene s (Figur e 6) .  I n particular ,  w e foun d tha t  th e greate r 

th e concavity ,  th e greate r  th e proportio n o f  I N response s 

fro m ou r  participant s (mea n proportio n o f  I N response s t o 

scene s depictin g concavit y 1  wa s .34 ;  fo r  concavit y 2 ,  .43 ; 

and fo r  concavit y 3 ,  .47) . 

I n answe r  t o th e secon d question ,  i s  conceptual/functiona l 

informatio n abou t  th e participant s i n a  scene ,  i n particula r 

th e Ground ,  a n importan t  facto r  i n th e assignmen t  o f  spatia l 

relationa l  term s i n English ,  w e foun d tha t  th e nou n use d t o 

refe r  t o th e Groun d objec t  di d hav e a n effec t  o n th e rat e o f 

use o f  th e tw o preposition s (Figur e 6) .  W h e n th e Groun d 

objec t  wa s referre d t o a s a  bowl ,  th e proportio n o f  I N 

response s wa s highes t  (mea n proportio n I N response s = 

.65) .  W h e n w e referre d t o th e Groun d a s a  plate ,  th e 

proportio n o f  I N response s wa s quit e lo w (mea n proportio n 

I N response s =  .09) .  Th e proportio n o f  I N response s whe n 

th e Groun d wa s referre d t o a s a  dis h wa s intermediat e (mea n 

proportio n I N response s =  .50) . 

firefly  (mea n proportio n I N response s fo r  coi n a s Figur e = 

.46 ;  mea n fo r  firefly  a s Figur e =  .37) . 

0.8 
1 —— 

- * 

-bowl 
-dis h 
-plat e 

1 2  1 
Concavit y  o f  Groun d 

Figure 6: Proportion IN responses to scenes in which 

differen t  label s w e r e applie d t o th e dishlik e G r o u n d , 

ave rage d acros s F igure s 

In answer to the final question, is the nature of the Figure 

a n impor tan t  facto r  i n th e ass ignmen t  o f  spatia l  relationa l 

t e rm s i n Engl ish ,  w e f o u n d tha t  th e a n i m a c y o f  th e Figur e 

influence d participants '  decisio n t o us e eithe r  I N o r  O N t o 

describ e a  scen e (Figur e 7 ) .  A s predicted ,  scene s involvin g 

th e inan imat e Figure ,  a  coin ,  receive d a  highe r  proportio n o f 

I N response s tha n scene s involvin g th e an imat e Figure ,  a 

0. 9 • 
0. 8 -

£ 0. 2 
0,  • 

-  firefl y 

2 3 
Concavit y o f  Groun d 

Figure 7: Proportion IN responses to the two Figures, 

average d acros s Ground s 

These results were confirmed by a repeated measures 

analysi s o f  varianc e ( A N O V A ) ,  wher e w e foun d a  mai n 

effec t  fo r  th e concavit y o f  th e Groun d (F(2,104 )  =  8.465 ,  p 

< .001) ,  a  mai n effec t  fo r  th e labelin g conditio n (F(2,52 )  = 

19.630 ,  p  <  .001) ,  an d a  mai n effec t  fo r  th e Figur e depicte d 

(F(l,52 )  =  4.778 ,  p  <  .05) .  I n addition ,  a  linea r  polynomia l 

tes t  o f  orde r  confirme d tha t  greate r  concavit y elicite d mor e 

I N response s (F(l,52 )  =  11.488 ,  p  =  .001) .  Ther e wer e n o 

significan t  interactions . 

Discussion 

The result s o f  ou r  experimen t  sugges t  tha t  th e appropriat e 

use o f  spatia l  preposition s i n Englis h i s influence d b y 

multipl e factors .  A m o n g thes e factors ,  w e foun d evidenc e 

fo r  th e importanc e o f  th e geometr y o f  th e scene ,  a s 

manifeste d i n th e concavit y o f  th e Groun d object . 

Additionally ,  w e foun d evidenc e fo r  th e importanc e o f 

conceptual/functiona l  informatio n abou t  th e Groun d object , 

as conveye d b y th e lexica l  ite m use d t o labe l  it .  Finally ,  w e 

foun d evidenc e tha t  th e natur e o f  th e Figur e i s take n int o 

account  whe n choosin g a n appropriat e prepositio n t o appl y 

t o a  scene . 

I n futur e work ,  w e pla n t o follo w u p o n eac h o f  thes e 

effects .  W e ar e currentl y examinin g th e effec t  o f  geometr y 

acros s differen t  Groun d object s an d differen t  labelin g 

conditions ,  an d th e effec t  appear s t o remai n robust .  W e als o 

pla n t o examin e th e dat a obtaine d usin g differen t  Ground s 

and label s fo r  furthe r  evidenc e o f  th e effec t  o f 

conceptual/functiona l  information .  Finally ,  w e inten d t o 

repea t  th e experimen t  wit h additiona l  Figure s i n orde r  t o 

furthe r  understan d th e contributio n o f  th e Figure . 

Havin g foun d evidenc e fo r  th e influenc e o f  multipl e 

factor s o n th e us e o f  Englis h spatia l  prepositions ,  w e ar e 

intereste d i n identifyin g th e se t  o f  factor s tha t  defin e th e 

parameter s fo r  us e o f  thes e terms .  I n orde r  t o d o this ,  w e 
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pla n t o investigat e th e usag e o f  spatia l  relationa l  term s i n a 

number  o f  languages ,  experimentall y testin g candidat e 

factor s tha t  thi s investigatio n illuminates .  On e suc h facto r 

was reporte d here :  th e natur e o f  th e Figure .  Althoug h 

previou s studie s suggeste d tha i  th e natur e o f  th e Figur e doc s 

not  contribut e t o th e us e o f  Englis h spatia l  preposition s 

(Landa u an d Stecker ,  1990) ,  researcher s o n Maya n 

languages ,  particularl y Tzeltal ,  hav e show n th e Figur e t o 

pla y a  prominen t  rol e i n th e us e o f  th e spatia l  term s o f  thos e 

language s (Brown ,  1994 ;  Levinson ,  1996) .  Ou r  result s 

sugges t  tha t  th e natur e o f  th e Figur e i s als o importan t  t o th e 

use o f  Englis h spatia l  prepositions .  Thus ,  w e expec t  tha t  a 

cross-linguisti c investigatio n o f  spatia l  semantics ,  whic h 

shoul d sho w cross-linguisti c differences ,  wil l  als o provid e 

usefu l  clue s abou t  th e factor s tha t  contribut e t o th e meaning s 

of  spatia l  relationa l  term s i n general . 

Similarly ,  factor s tha t  hav e bee n identifie d a s importan t  t o 

th e semantic s o f  Englis h preposition s shoul d b e teste d 

empiricall y fo r  thei r  influenc e o n spatia l  term s o f  othe r 

languages .  B y usin g thi s paradig m t o investigat e spatia l 

semantic s i n man y languages ,  w e ca n furthe r  ou r 

understandin g o f  cross-linguisti c variatio n an d linguisti c 

universal s i n th e semantic s o f  space . 
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Abstrac t 

Children face an enormously difficult task in learning their na-
tiv e language .  I t  i s widel y believe d tha t  the y d o no t  receiv e o r 
make littl e us e o f  negativ e evidenc e (Marcus ,  1993) ,  an d ye t 
i t  ha s bee n prove n tha t  man y classe s o f  language s les s pow -
erfu l  tha n natura l  language s canno t  b e learne d i n th e absenc e 
of  negativ e evidenc e (Gold ,  1964) .  I n thi s pape r  w e presen t 
an approac h t o learnin g goo d approximation s t o member s o f 
one suc h clas s o f  languages ,  th e regula r  languages ,  base d o n 
positiv e evidenc e alone . 

1.  I n t r o d u c t i o n 

Th e abilit y t o communicat e throug h spoke n languag e i s 

widel y regarde d a s th e hallmar k o f  h u m a n intelligence .  Chil -

dre n acquir e thei r  nativ e tongu e wit h remarkabl e ease ,  mas -

terin g th e vas t  majorit y o f  tha t  languag e befor e the y ente r 

school .  However ,  th e facilit y  wit h whic h childre n acquir e 

languag e belie s th e complexit y o f  th e task .  Fo r  example ,  chil -

dre n clearl y receiv e positiv e evidenc e (example s o f  sentence s 

i n th e language) ,  bu t  i t  i s widel y believe d tha t  childre n d o no t 

receiv e negativ e evidenc e (example s o f  sentence s tha t  ar e no t 

i n th e languag e an d tha t  ar e s o m e h o w marke d a s such )  (Mar -

cus ,  1993) .  Th e difficult y wit h respec t  t o leamabilit y  arise s 

wit h a  n o w famou s theore m du e t o Gold(1967) .  H e prove d 

tha t  severa l  classe s o f  languages ,  includin g regular ,  contex t 

fre e an d contex t  sensitive ,  ca n b e identifie d i n th e limi t  whe n 

th e learne r  ha s acces s t o bot h positiv e an d negativ e evidence . 

However ,  thos e sam e classe s o f  language s canno t  b e learne d 

fro m positiv e evidenc e alone .  H o w d o childre n overcom e 

Gold' s theoretica l  hurdle ? 

Difficultie s suc h a s th e on e abov e le d Chomsky(1975 )  t o 

sugges t  tha t  languag e i s innate ,  tha t  i t  i s  no t  learne d pe r  s e 

but  tha t  facilit y  wit h languag e grow s an d mature s m u c h i n th e 

same wa y tha t  one' s organ s ar e geneticall y predetermine d t o 

gro w an d mature .  I n thi s pape r  w e explor e th e possibilit y  tha t 

languag e i s no t  innat e b y developin g algorithm s fo r  learnin g 

'Thi s researc h i s supporte d b y D A R P A y A F O S RF an d D A R F A 
unde r  contract s No .  F49620-97-1-048 5 an d No .  N66001-96 -
C-8504 .  Th e U.S .  Governmen t  i s  authorize d t o reproduc e an d 
distribut e reprint s fo r  governmenta l  purpose s notwithstandin g an y 
copyrigh t  notatio n hereon.Th e view s an d conclusion s containe d 
herei n ar e thos e o f  th e author s an d shoul d no t  b e interprete d a s nec -
essaril y  representin g th e officia l  policie s o r  endorsement s eithe r  ex -
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goo d approximation s o f  regula r  language s fro m positiv e evi -

denc e alone .  Althoug h n o natura l  languag e i s strictl y regular , 

larg e subset s o f  natura l  language s ar e regular ,  an d thi s clas s 

of  language s i s th e simples t  on e covere d b y Gold' s theorem . 

As such ,  i t  seeme d lik e a  goo d plac e t o star t  ou r  investigation s 

int o learnability . 

Our  approac h t o learnin g regula r  language s begin s wit h a 

clas s o f  languages ,  calle d Szilar d (Makinen ,  1997) ,  tha t  ca n 

be learne d fro m positiv e evidenc e alone .  Give n example s o f 

sentence s generate d b y a n arbitrar y regula r  language ,  w e as -

sume tha t  th e languag e i s Szilard ,  yieldin g a  representatio n o f 

th e languag e tha t  simpl y "memorizes "  th e inpu t  an d doe s n o 

generalization .  W e the n appl y heuristi c technique s t o creat e 

increasingl y mor e compac t  representation s tha t  maintai n th e 

Szilar d propert y an d tha t  becom e bette r  approximation s t o th e 

targe t  language . 

Th e remainde r  o f  th e pape r  i s organize d a s follows .  Sectio n 

2 briefl y review s deterministi c finite  automata ,  thei r  relation -

shi p t o regula r  grammars ,  an d h o w a  Szilar d languag e ca n b e 

learne d fro m positiv e evidenc e alone .  Sectio n 3  explain s ou r 

algorith m fo r  learnin g a  goo d approximatio n o f  a n arbitrar y 

regula r  languag e fro m positiv e evidence .  Sectio n 4  describe s 

th e implementatio n o f  th e algorith m an d Sectio n 5  present s 

experiment s an d results .  Finally ,  Sectio n 6  conclude s an d 

point s t o futur e researc h directions . 

2. Finite automata, trivial DFAs and Szilard 

regu la r  g r a m m a r s 

Deterministi c finite  automata(DFA )  ar e wel l  known ,  sim -

pl e computin g device s tha t  ar e describe d b y th e tuple : 
(Set-of-States ,  Alphabet ,  Transition-Functio n 

Start.State ,  Set.of-FinaLStates ) 

Th e finite  automat a ar e equivalen t  t o regula r  grammar s an d 

thu s recogniz e precisel y th e clas s o f  regula r  languages .  Thei r 

functionin g i s describe d b y a  transitio n function : 

6{current.state,current-input-syTnbol )  =  next^tat e 

whic h i s equivalen t  t o a  se t  o f  productions : 

{cu r  rent.stat e - > curren t  .inpu t  s y m b o l  next.state} . 

Th e inpu t  symbol s ar e element s o f  th e alphabe t  an d ar e usu -

all y calle d terminals .  A  D F A ca n b e visualize d b y it s asso -

ciate d graph ,  a s i n figure  1 :  th e node s ar e th e state s an d th e 

arc s represen t  th e transitions .  Th e label s o n th e arc s ar e th e 

inpu t  symbols .  A  sentenc e i s sai d t o b e accepte d b y th e au -
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Figur e 1 :  A  smal l  deterministi c finite  automaton . 

tomaton if there is a path from the start state to a final state, 

labele d wit h th e word s o f  th e sentence .  D F A inductio n i s th e 

proble m o f  finding  th e automato n tha t  describe s a  give n lan -

guag e fro m a  se t  o f  examples :  sentence s w h o s e membersh i p 

t o th e languag e i s  k n o w n .  Gold' s famou s theore m o n lan -

guag e learnabilit y  state s tha t  an y clas s o f  regula r  language s 

(an d othe r  languages )  ca n b e learne d fro m positiv e an d nega -

tiv e examples ,  bu t  no t  fro m positiv e example s only ,  i f  a t  leas t 

on e infinit e languag e exist s i n th e class . 

A n y finite  languag e ca n b e represente d b y a  trivia l  D F A , 

tha t  ha s a  distinc t  stat e fo r  eac h wor d occurrenc e i n eac h sen -

tence ,  meanin g tha t  th e learne r  memor ize s al l  th e sentences . 

A Szilar d regula r  g r a m m a r  ha s th e propert y tha t  it s  pro -

duction s hav e th e for m A i  -i -  a i jA j ,  mean in g tha t  eac h ter -

mina l  appear s o n on e ar c only .  I t  follow s tha t  th e n u m b e r  o f 

terminal s equal s th e n u m b e r  o f  productions .  T h e n u m b e r  o f 

state s (withou t  th e star t  state )  i s  a t  mos t  equa l  t o th e n u m b e r 

of  productions .  T h e inferenc e algorith m tha t  finds  a  Szilar d 

g rammar  fro m a  se t  o f  positiv e examples ,  is : 

•  assum e tha t  th e n u m b e r  o f  state s i s  equa l  t o th e n u m b e r 

of  productions ;  associat e eac h stat e wit h a  termina l  a  an d 

n a me i t  accordingly ,  A :  A  - ^  a X ,  wher e " X "  stand s fo r 

th e u n k n o w n nex t  state ;  i f  a  termina l  i s  th e first  on e i n a 

sentence ,  the n it s associate d stat e i s th e star t  state ;  i f  i t  i s 

th e las t  on e i n th e sentence ,  i t  i s  followe d b y th e final  state . 

•  startin g fro m th e star t  state ,  follo w th e derivation s fo r  th e 

give n example s an d merg e th e state s whic h follo w th e s a m e 

terminal ;  continu e th e proces s unti l  a  Szilar d g r a m m a r  i s 

obtained . 

Th e algorith m finds  th e targe t  D F A ,  provide d tha t  i t  see s al l 

th e possibl e consecutiv e transition s {ai,aj) .  Fo r  example ,  th e 

D F A i n figure  1  ca n b e learne d fro m thre e example s {aceb , 

adeb ,  ab} ,  eve n i f  it s  languag e i s infinite .  T h e first  ste p yield s 

th e stat e sequences :  (S O C  E  B  F S )  ,  (S O D  E  B  F S )  an d (S O 

B FS) .  Becaus e th e state s B ,  C  an d D  al l  follo w th e termina l 

"a" ,  the y ar e merge d int o stat e ( B C D )  an d th e desire d D F A 

i s obtained .  A n eve n simple r  g r a m m a r  whic h ca n b e inferre d 

fro m positiv e example s onl y ha s th e propert y tha t  eac h termi -

nal  uniquel y identifie s th e nex t  state .  T h e inferenc e algorith m 

i s immediate : 

•  assig n on e variabl e A  t o eac h termina l  a  t o obtai n produc -

tion s o f  th e typ e X  - ^  a A ,  wher e " X "  i s th e u n k n o w n 

curren t  state ; 

•  fro m th e star t  state ,  fo r  a  sequenc e (  a  b  .. .  ) ,  recove r  th e 

productions :  S O -> a A ,  A  ^ b B, . . . 

Throug h a n abus e o f  notation ,  w e wil l  denot e thi s secon d 

g rammar  Szilard *  an d i t  an d th e first  on e collectivel y Szilard . 

I t  ca n b e notice d though ,  tha t  th e Szilar d regula r  language s 

ar e include d i n th e Szilard *  regula r  languages ,  becaus e th e 

propert y tha t  a  termina l  uniquel y identifie s a  transitio n be -

twee n a  pai r  o f  state s implie s tha t  i t  als o identifie s th e nex t 

state . 

We d o no t  k n o w i f  a  natura l  languag e o r  a t  leas t  a  par t  o f 

i t  ca n b e describe d b y a  Szilar d g rammar ,  bu t  i t  ca n b e re -

garde d a s suc h fo r  th e purpos e o f  learnin g a  g r a m m a r  fro m 

positiv e examples .  T h e trivia l  D F A fo r  a  se t  o f  example s ha s 

th e Szilar d propert y i f  eac h termina l  occurrenc e i s considere d 

distinct .  Fo r  example ,  i n th e sentence s {"the i  boy s se e the 2 

cat" ,  "the z girl s walk" }  th e thre e occurrence s o f  "the "  ar e 

considere d different .  Unfortunatel y thi s doe s no t  solv e th e 

proble m yet ,  becaus e w e go t  th e desire d Szilar d property ,  bu t 

th e trivia l  D F A i s no t  th e languag e representatio n w e wan t 

t o learn .  T h e tw o sentence s abov e sugges t  tha t  actuall y no t 

al l  occurrence s o f  " the "  shoul d b e d e e m e d different .  Wh i l e 

"thei "  an d " the2 "  ar e different ,  on e determinin g th e nou n 

i n th e subjec t  an d th e othe r  i n th e direc t  object ,  " the i "  an d 

"thes "  bot h determin e th e subjec t  nou n an d s o shoul d belon g 

t o th e sam e terminal .  I t  follow s tha t  w e nee d a n algorith m 

tha t  partition s w o r d occurrence s int o classe s tha t  ca n b e asso -

ciate d wit h g r a m m a r  terminals . 

Terniln*! Merging tn a Szil«rd DFA prossrvas Che proporCy on* 
Cermina l  appaar a o n on a ar c only . 

Terminal Merging In a szilard* DFA preaarvas cha proparcy tha aana temlnal 
alway a laad a Co th a sajn a acaca . 

Figure 2: Terminal merging 

An interesting property of the Szilard regular grammars is 

tha t  i f  w e conflat e tw o terminal s an d the n merg e thei r  asso -

ciate d states ,  th e g r a m m a r  remain s Szilard .  A s ca n b e see n 

i n figure  2 ,  i f  w e merg e th e terminal s " thei "  an d " thez " 

int o on e termina l  "thei^z "  an d th e state s {s2,S6 }  - > «2, 6 . 

{^3,87 }  - ¥ S3, 7 fo r  th e Szilar d D F A ,  th e resulte d automa -

to n retain s it s  definin g property ,  namel y tha t  eac h termina l 

appear s o n jus t  on e arc .  T h e Szilard *  propert y i s  als o pre -

serve d i f  th e tw o terminal s " thei "  an d "the^ "  an d th e state s 

{s2 ,  se }  ar e merged .  Thi s lead s t o th e followin g strateg y fo r 

addressin g th e proble m o f  g r a m m a r  induction ,  b y breakin g i t 

int o tw o subproblems : 

•  "Szilard-ify "  th e languag e b y immediatel y constructin g th e 
trivia l  D F A . 

•  "compact "  th e trivia l  D F A ,  b y mergin g wor d instances ,  an d 

th e associate d states . 
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3.  Approac h an d Algorithm s 

I t  follow s tha t  a  devic e i s neede d tha t  ca n distinguis h wor d oc -

currence s u p t o classe s associate d wit h th e grammar' s termi -

nals .  F r o m thes e classes ,  a  Szilar d regula r  g ramma r  ca n the n 

be inferred ,  i n th e for m o f  a  deterministi c finit e automato n 

( D F A ) .  I t  wa s reporte d i n (Elman ,  1990) ,  tha t  a n Elman-typ e 

recurren t  neura l  network(rnn )  ca n classif y th e wor d instance s 

i n a  partitio n tha t  reflect s grammatica l  categories .  W e wil l  us e 

thi s devic e t o extrac t  representation s o f  wor d instance s whic h 

ar e suitabl e fo r  th e tas k o f  identifyin g termina l  classes .  Thes e 

representation s wil l  the n serv e a s inpu t  t o a  D F A extractio n 

algorithm .  Th e generi c Elman-typ e m n i s presente d i n fig -

ur e 3 :  th e hidde n laye r  encode s th e curren t  networ k stat e an d 

th e contex t  (recurrent )  unit s maintai n a  cop y o f  th e previou s 

state .  Th e outpu t  laye r  encode s th e probabilit y  distributio n o f 

th e nex t  wor d fo r  th e curren t  inpu t  symbol .  Th e networ k a s a 

dynamica l  syste m i s describe d b y th e stat e functio n F  an d it s 

outpu t  i s give n b y th e functio n O : 

next-State = F {current-input.symbol, current Mate) 

V {next-word\current.word )  =  0{current-state ) 

space ,  th e networ k ca n us e simila r  stat e vector s fo r  eithe r  th e 

same o r  differen t  D F A state s an d stil l  encod e th e desire d out -

put . 

Sinc e ou r  goa l  i s t o extrac t  grammatica l  categorie s fro m 

th e network ,  w e wil l  loo k a t  way s o f  distinguishin g wor d in -

stances ,  base d o n th e m n states ,  rathe r  tha n tryin g directl y t o 

extrac t  D F A states .  Th e D F A ca n b e extracte d afterwards ,  du e 

t o th e assume d Szilar d property .  I f  w e conside r  eac h wor d oc -

currenc e t o b e represente d b y th e hidde n laye r  a s i n (Elman , 

1990) ,  w e migh t  los e th e informatio n encode d i n th e previou s 

state .  Th e exampl e i n figure  4  illustrate s h o w tw o differen t 

word s ca n ge t  simila r  representations ,  becaus e o f  th e con -

straint s impose d o n th e hidde n laye r  b y th e outpu t  function : 

{ h =  F{see,Ai) )  «  {h '  =  F{sees,Aj) )  becaus e C>(/i )  mus t 

equa l  0{h ' ) ,  s o "see "  an d "sees "  ca n b e clustere d together . 
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Figur e 3 :  E lma n recurren t  network . 

The mn state function F is similar with the transition func-

tio n o f  a  finite  automaton ,  an d s o i t  appear s t o b e convenien t 

t o dra w a  one-to-on e correspondenc e betwee n m n an d D F A 

states ,  thu s solvin g th e proble m o f  gramma r  induction .  U n -

fortunatel y thi s i s no t  immediatel y possible ,  th e mai n reaso n 

bein g tha t  th e networ k state s belon g t o a  continuou s space , 

whil e th e D F A state s ar e discrete .  O n e metho d use d s o fa r  fo r 

D F A inferenc e fro m mn{G\]e s e t  al .  1992 )  i s t o assum e tha t 

th e networ k state s whic h ar e clos e i n th e continuou s spac e 

for m cluster s tha t  represen t  th e automato n states .  Thi s pro -

cedur e i s immediatel y equivalen t  t o extractin g th e Szilard * 

D F A,  wher e th e termina l  classe s uniquel y identif y th e states . 

Bot h positiv e an d negativ e example s wer e use d i n th e men -

tione d work .  Kolen(1994 )  argue d tha t  th e networ k state s can -

not  b e mappe d directl y ont o th e D F A state s becaus e o f  a n in -

stabilit y  o f  th e dynami c syste m represente d b y th e recurren t 

network ,  tha t  make s th e D F A stat e encodin g i n th e hidde n 

laye r  shif t  i n time .  W e ca n addres s thi s proble m b y resettin g 

th e networ k befor e th e beginnin g o f  eac h sentence .  Anothe r 

proble m i s tha t  o f  loca l  minima :  du e t o it s hug e paramete r 

I h =  Ak I  h  =  h ' 

_£££_ 

IhliAl s 

I  Sttt S h i  I  I  see s I  I  stat e Ai 

Figur e 4 :  H o w "see "  an d "sees "  ca n ge t  th e sam e repre -

sentation .  Th e weight s ca n encod e a  functio n F  suc h tha t 

F{see,Ai )  «  F{sees,Aj ) 

This problem can be viewed as a miss-representation of 

th e D F A state s i n th e hidde n layer .  I t  turn s ou t  tha t  states ,  an d 

thu s wor d occurrences ,  ca n b e bette r  distinguishe d b y th e dif -

feren t  path s tha t  lea d t o them .  A  simpl e wa y o f  achievin g thi s 

i s b y considerin g th e concatenatio n o f  th e contex t  laye r  (pre -

viou s networ k state )  wit h th e hidde n laye r  (curren t  state )  a s 

th e representatio n o f  wor d instances .  Eve n so ,  th e problem s 

of  non-discret e an d eventuall y falsel y simila r  vector s o f  wor d 

occurrence s remain .  I t  follow s tha t  tw o othe r  processin g step s 

ar e needed : 

•  networ k stat e clustering ,  usin g th e Euclidia n distance ,  fo r 

detectin g th e potentiall y  simila r  wor d occurrenc e represen -

tation s 

•  mergin g th e wor d instance s considere d simila r  b y th e pre -

viou s step ,  bu t  onl y  i f  the y als o confor m t o a  criterio n othe r 

tha n thei r  vecto r  distanc e 

A distributiona l  criterion ,  albei t  weak ,  tha t  allow s discrim -

inatio n o f  wor d instances ,  i s th e probabilit y  distributio n o f  th e 

previou s an d nex t  wor d occurrences .  Whil e th e representa -

tion s o f  word s reflec t  loca l  informatio n (consecutiv e state s 

i n a  dynamica l  system) ,  th e probabilit y  distribution s carr y 

globa l  informatio n tha t  span s sentences . 

Th e overal l  processin g is : 
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1.  obtai n vecto r  representation s o f  wor d occurrences ,  usin g 

an Elman-typ e m n 

2.  hierarchicall y cluste r  th e wor d instances ,  usin g th e Euclid -

ia n distance ,  obtainin g a  binar y tre e 

3.  creat e initia l  classe s o f  word s fro m th e leave s o f  th e tre e 

belongin g t o th e sam e subtree ,  a t  a  certai n lo w leve l  i n th e 

tre e 

4.  "climb "  th e tre e onl y i f  th e tw o childre n o f  th e curren t  in -

terna l  nod e represen t  tw o classe s tha t  ca n b e merge d ac -

cordin g t o th e distributiona l  criterio n 

5.  extrac t  th e D F A fro m th e classe s o f  terminal s obtaine d a t 

th e previou s step ,  b y considerin g tha t  th e targe t  gramma r 

i s Szilar d 

4. Implementation 

4.1 .  T h e languag e 

We wrot e a  smal l  contex t  fre e gramma r  (CFG) ,  simila r  t o th e 

one use d i n (Elman ,  1992) .  Fro m thi s C F G w e obtaine d a 

regula r  gramma r  b y expandin g th e star t  symbo l  wit h al l  pos -

sibl e productions ,  u p t o a n arbitrar y dept h i n th e derivatio n 

trees .  Thi s regula r  gramma r  ca n generat e onl y a  subse t  o f  th e 

origina l  language .  Furthermore ,  th e regula r  gramma r  i s use d 

t o generat e sentence s n o longe r  tha n a  chose n length .  Th e 

targe t  o f  ou r  learnin g syste m i s thi s finite  regula r  language , 

whic h i s exhaustivel y presente d t o th e learner .  Th e fac t  tha t 

th e languag e i s finite  ha s n o influenc e o n th e learnin g algo -

rithm,  whic h neithe r  build s th e trivia l  D F A ,  no r  doe s i t  as -

sume tha t  i t  ha s see n th e entir e languag e o r  tha t  th e languag e 

i s finite. 

The initia l  gramma r  w e use d i s give n i n figure  5 .  Th e gram -

mar  encode s n o contex t  constraints ,  s o i t  ca n generat e sen -

tence s lik e "Joh n hear s John" ,  whic h ar e unlikel y fro m th e 

semanti c poin t  o f  view .  W e ar e no t  concerne d her e wit h th e 

semanti c conten t  o f  words ,  bu t  wan t  t o tes t  tha t  th e tw o oc -

currence s o f  John ,  whic h ar e syntacticall y diferrent ,  ar e con -

sidere d s o b y th e learnin g system . 

4.2. The recurrent network 

For  th e experiment s w e use d th e packag e "tlearn "  (Plunket t  & 

Elman ,  1997) .  W e use d on e inpu t  an d on e outpu t  unit ,  respec -

tively ,  fo r  eac h wor d i n th e language ,  a s i n (Elman ,  1990) .  A n 

extr a outpu t  uni t  encode d th e (End.of_Sentence )  marker .  Th e 

number  o f  hidde n unit s wa s equa l  t o th e numbe r  o f  state s i n 

th e targe t  D F A .  Th e networ k wa s traine d o n th e classificatio n 

problem :  predic t  th e nex t  wor d o r  (End_of-Sentence) .  W e 

use d th e cross-entrop y functio n a s th e erro r  function .  Th e 

cross-entrop y function ,  whe n applie d t o classificatio n tasks , 

was show n b y Rumelhar t  e t  al.(1993 )  t o mak e a  networ k lear n 

th e probabilit y  distributio n ove r  th e outpu t  vectors .  Th e net -

wor k stat e wa s rese t  befor e th e star t  o f  eac h sentence ,  i n or -

der  t o avoi d th e instabilit y  phenomeno n mentione d i n (Kolen , 

1994) .  I n ou r  experiment s thi s trainin g regim e gav e th e bes t 

result s i n term s o f  wor d clustering . 

For  smal l  language s w e inspecte d th e outpu t  unit s an d a s 

expected ,  the y encode d a  clos e approximatio n o f  th e proba -
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th e {boy ,  girl }  |  {John ,  Mary } 

th e {boy ,  giri }  RCJi s  |  th e {boy ,  giri }  RCJi s 

{John ,  Mary }  an d {John ,  Mary } 

th e {boys ,  giris }  RC_h p 

chase s OB J |  feed s OB J 

{walks ,  lives }  |  {sees ,  hears } 

{see ,  hear }  OB J 

chas e OB J |  fee d OB J 

{walk ,  live }  |  {see ,  hear } 

NPJi s INPJi p |NP.as  |NP.a p 

th e {cat ,  dog }  |  th e {cat ,  dog }  R C a s 

th e {cats ,  dogs }  |  th e {cats ,  dogs }  R C a p 
{walks ,  lives }  |  {sees ,  hears } 

chase s OB J |  {sees ,  hears }  OB J 

{walk ,  live }  |  {see ,  hear } 

chas e OB J |  {see ,  hear }  OB J 

whoVPJi s RCJi p - 4 wh o VPJi p 

w h o V P ^s R C a p - > whoVP.a p 

Figur e 5 :  h s stand s fo r  human_singular ,  a s stand s fo r  ani -

mal_singular ,  h p stand s fo r  human4)lura l  an d a p stand s fo r 

animal-plura l 

F ^ 
|EE!EH | ^-EEIHH^^^^^^^^r ^ < 

|i8JI>ry_N« | 

E^iEK^^HEEEK^^^l^^^^^Hi^^ ] ^ 
H-J«»n,«w | 

F igur e 6 :  F r a g m e n t  o f  initia l  tre e 

bilit y  distributio n ove r  th e nex t  w o r d s .  F o r  large r  l a n g u a g e s , 

th e a p p r o x i m a t i o n b e c a m e les s accurate . 

4.3. The merging algorithm 

The algorith m relie s o n th e initia l  clusterin g o f  wor d in -

stances ,  base d o n thei r  vecto r  representation .  Thi s vecto r  wa s 

obtaine d b y concatenatin g th e contex t  an d hidde n layer s i n 

th e network .  W e use d a  simpl e hierarchica l  clusterin g algo -

rithm  tha t  yield s a  binar y tree .  Th e wor d instance s tha t  hav e 

almos t  identica l  vector s ar e place d b y th e algorithm ,  i n sub -

tree s a t  lo w level s i n th e tree ,  a s illustrate d i n figure  6 .  Thes e 

subtree s for m th e initia l  classe s o f  wor d instances . 

Afte r  th e initializatio n stag e th e tre e ca n b e viewe d a s i n 

figure  7 .  Th e mergin g algorith m proceed s the n b y tryin g t o 

merg e classe s o f  word s associate d wit h siblin g node s i n th e 

Ther e ar e 4  instance s o f  "Mary "  wit h 

identica l  vectors .  Al l  wer e place d i n 

a subtre e a t  th e thir d leve l  fro m th e 

fring e an d no w for m on e class .  Th e 

same hold s fo r  "John" . 

Figure  7: Fragment of the tree after the initialization step. 

cls_29 3 — 
H Mary|4)_lv n 

u John(4)_lvl 3 
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tree .  Fo r  th e exampl e i n figur e 7 ,  th e tw o classe s "John "  an d 

" M a r y "  ar e proposed .  T h e criterio n fo r  mergin g i s th e simi -

larit y o f  thei r  probabilit y  distribution s ove r  th e nex t  an d pre -

viou s wor d classes .  Tha t  is ,  "John "  an d " M a r y "  ar e merge d 

int o on e clas s i f  the y ten d t o b e precede d an d followe d b y th e 

s a me wor d classes .  W e us e th e G  statistic ,  (Cohen ,  1995 )  t o 

tes t  i f  ther e i s a  statisticall y significan t  differenc e betwee n th e 

t w o probabilit y  distributions . 

T h e G  statisti c ha s a  x ^  distributio n whos e formul a is : 

G _ t y ^ ^  f  fobaerve d 
— ^  /  ̂  Jobserve d , 

, ,  , ,  Jexpecte d 
al l  cell s ^ 

The mergin g proces s continue s unti l  n o mor e merge s ar e 
possible . 

4.4. The DFA extraction algorithm 

We d o no t  kno w exactl y wha t  informatio n i s encode d i n th e 

wor d representation s obtaine d b y th e m n .  W e ca n onl y as -

sume tha t  thes e wor d instance s uniquel y identif y eithe r  tran -

sition s o r  state s i n th e targe t  D F A .  Bot h D F A extractio n al -

gorithms ,  a s presente d i n sectio n 2 ,  ca n b e applie d afte r  th e 

wor d classe s tha t  defin e th e gramma r  terminal s ar e forme d 

durin g th e previou s stage .  I t  ca n b e immediatel y observe d 

tha t  i f  ther e i s a  one-to-on e correspondenc e betwee n th e ob -

taine d m n state s an d th e state s o f  th e origina l  D F A ,  the n bot h 

extractio n algorith m wil l  recove r  th e targe t  automaton . 

The contex t  fre e gramma r  i n figur e 5  wa s expande d a t 

depth s 1 ,  2  an d 3  i n orde r  t o obtai n regula r  grammar s tha t 

approximat e th e origina l  grammar .  Thes e regula r  grammars , 

named "elm_rr"an d "elmj-2" ,  wer e the n use d t o generat e 

sentence s o f  u p t o 3 ,  4 ,  5  an d 6  words .  Th e resultin g lan -

guage s ar e "elm_r l  -d3" ,  "elm_r l  .d4 "  fo r  sentence s o f  3  an d 4 

words ,  fro m th e regula r  gramma r  "elm-rl" ,  an d "elm_r2_d5 " 

and "elm_r3_d6" ,  respectively . 

Bot h Szilar d an d Szilard *  regula r  grammar s wer e induce d 

fo r  al l  languages .  Th e result s ar e show n i n tabl e 1 . 

Th e origina l  an d th e induce d automat a fo r  th e languag e 

"elm_rl-d4 "  ca n b e see n i n figur e 8 . 

I n al l  th e induce d automata ,  ther e coul d b e observe d 

classe s forme d fro m th e sam e words .  Fo r  exampl e "see s hear s 

walk s lives "  appea r  o n differen t  transition s i n figur e 8 .  Fro m 

figur e 8.b .  i t  follow s tha t  ther e ar e thre e suc h classes ,  associ -

ate d wit h th e state s "q2" ,  "q9 "  an d "qll" .  Thes e classe s ar e 

forme d fro m non-overlappin g set s o f  occurrence s o f  th e fou r 

word s whic h wer e no t  merged ,  an d s o ar e considere d distinc t 

classes .  The y wer e no t  merge d becaus e thei r  vecto r  represen -

tations ,  a s extracte d fro m th e network ,  ar e no t  similar . 

For  th e slightl y large r  languages ,  "elm_r2_d5 "  an d 

"elm_r3_d6" ,  th e induce d grammar s n o longe r  recogniz e ex -

actl y th e targe t  languages ,  bu t  superset s o f  them .  A  sampl e o f 

correc t  an d incorrec t  sentence s ca n b e see n i n tabl e 2 .  Fro m 

th e sentence s liste d ther e i t  ca n b e notice d tha t  som e distinc -

tion s whic h wer e encode d i n th e origina l  gramma r  ar e no t 

learned .  Suc h i s th e distinctio n betwee n verb s tha t  requir e a 

direc t  objec t  an d verb s fo r  whic h i t  i s  optional .  Thi s typ e o f 

erro r  yield s incorrec t  sentences ,  lik e "th e boy s feed" .  Anothe r 

languag e 
name 

elm_rl-d 3 

4 0 sent . 

elm_rl_d 4 

56 sent . 

elmj-2.d 5 

51 2 sent . 

elmj-3-d 6 

118 4 sent . 

Origina l 

DFA 
6 state s 

8 state s 

2 2 state s 

31 state s 

Szilard ' 
DFA 

16 state s 

finit e lang . 
4 U corr.sent . 

0 err .  sen t 

2 0 state s 

finit e lang . 
5 b corr.sent . 

0 err.sen t 

4 7 state s 

finit e lang . 
M 2  corr.sent . 

4 3 err.sen t 

8 0 state s 

infinit e lang . 
'  118 4 corr.sent . 

113 3 err.sen t 

Szilar d 
DFA 

8 state s 

finite  lang . 
4 U corr.sent . 

0 err.sen t 

12 state s 

finite  lang . 
5 6 corr.sent . 

0 err.sen t 

31 state s 

finite  lang . 
51 2 corr.sent . 
25 8 err.sen t 

6 3 state s 

infinit e lang . 
•  118 4 corr.sent . 

4 3 4 0 err.sen t 

Tabl e 1 :  T h e origina l  an d induce d automat a fo r  th e fou r  in -

creasingl y comple x sub-language s o f  th e g r a m m a r  i n figure 

5.  •  T h e sentence s wer e obtaine d b y imposin g a  Umi t  o f  7 

word s o n th e sentenc e length . 

•mtmh h 

Figur e 8 :  a .  Origina l  D F A fo r  th e languag e elmj-I.d4 .  b . 

Induce d Szilard'DF A .  c .  Induce d Szilar d D F A . 

misse d distinctio n i s betwee n verb s tha t  requir e a  h u m a n sub -

jec t  an d thos e fo r  whic h i t  i s  optional :  th e s a m e "feed" ,  bu t 

i n "th e cat s fee d Mary" .  S o m e othe r  sentence s ar e grammat -
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icall y  correc t  generalizations ,  tha t  ar e longe r  tha n th e num -

ber  o f  word s allowe d b y thei r  origina l  grammars .  Suc h i s 

"th e boy s wh o se e hea r  John "  i n tabl e 2 ,  whic h i s generate d 

by th e "elm_r2.d5 "  Szilar d DFA .  Althoug h thi s sentenc e i s 

not  presen t  i n th e origina l  language ,  i t  actuall y appear s i n th e 

large r  language ,  "elm_r3-d6" . 

elm-r2-d 5 

correc t  sentence s 

"th e boy s fee d th e cats. " 

"Joh n an d Mar y see. " 

"th e dog s chas e Mary. " 

"th e dog s wh o se e live. " 

incorrec t  sentence s 

Szilard * 

"th e boy s feed. " 

"Joh n an d Mar y wal k Mary. " 

"th e dog s chase. " 

"th e cat s fee d Mary. " 

Szilar d 
"th e boy s w h o se e 

hear  John. " 

"th e gir l  walk s th e dog. " 

"th e do g live s th e boy. " 

elm_r3_d 6 

correc t  sentence s 

"th e gir l  feed s 

Joh n an d John. " 
"th e gir l  w h o walk s 

feed s John. " 

"th e cat s wh o wal k 
chas e John. " 

"th e boy s wh o se e 

hear  John. " 
"th e bo y wh o Joh n 

feed s lives. " 
"Mar y an d Joh n se e 

th e girls. " 

incorrec t  sentence s 

Szilard * 

"Mar y an d Joh n feed. " 
"th e gir l  chase s 

th e gir l  feed s John. " 
"th e gir l  w h o walk s 

walk s Mary. " 
"th e girl s w h o liv e 

fee d th e dogs. " 

Szilar d 

"Joh n an d Joh n chas e 
Joh n an d Mary. " 

"Joh n an d Mar y liv e 

th e girl. " 
"th e bo y chase s th e bo y 

hear s Mary. " 

Tabl e 2 :  Sample s o f  correc t  an d incorrec t  sentence s fo r  lan -

guage s elm-r2_d 5 an d elm_r3-d6 . 

6.  Conc lus ion s 

We showe d tha t  goo d approximation s o f  regula r  grammar s 

can b e learne d fro m positiv e example s b y considerin g eac h 

wor d occurrenc e uniqu e an d the n mergin g thes e occurrence s 

int o classe s o f  gramma r  terminals .  Whil e th e result s fo r  th e 

language s presente d wer e quit e good ,  w e expec t  th e learn -

in g syste m t o perfor m les s wel l  fo r  mor e comple x grammars . 

Ther e ar e a t  leas t  tw o reason s fo r  thi s t o happen .  Th e first  on e 

i s du e t o th e behaviou r  o f  th e recurren t  networ k whic h du e t o 

it s hug e paramete r  spac e ca n almos t  alway s fin d a  functio n 

tha t  predict s th e probabilit y  distributio n ove r  th e nex t  words , 

but  th e hidde n unit s d o no t  encod e th e D F A states .  Th e sec -

ond reaso n i s tha t  th e distributiona l  criterio n i s weak :  th e 

previou s an d nex t  wor d probabilit y  distribution s d o no t  en -

cod e enoug h informatio n t o distinguis h words .  Fo r  example , 

becaus e o f  sentence s lik e "Mar y sees "  an d "Joh n an d Mar y 

see" ,  th e instance s o f  "see "  an d "sees "  ca n b e merged ,  i f  suc h 

a merg e i s propose d b y th e m n . 

H u m an languag e learner s hav e acces s t o a  vita l  sourc e o f 

informatio n tha t  i s  unavailabl e t o ou r  algorithms ,  th e contex t 

i n whic h a  sentenc e i s uttered .  W e hypothesiz e tha t  b y addin g 

additiona l  informatio n abou t  th e states ,  i n term s o f  seman -

ti c conten t  o f  th e curren t  word ,  th e networ k searc h spac e ca n 

be reduce d suc h tha t  th e networ k i s mor e likel y t o find  th e 

desire d function .  Furthermore ,  i f  th e wor d instance s ar e dis -

tinguishe d b y additiona l  information ,  w e hav e bette r  ground s 

t o trea t  th e origina l  languag e a s Szilard .  I t  i s  appealin g t o 

conside r  tha t  thi s i s actuall y th e cas e wit h natura l  languages , 

wher e i t  i s  th e contex t  tha t  make s th e distinctio n betwee n 

wor d occurrences . 
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Abstrac t 

We present a GOMS-MHP style model-based approach to 
th e proble m o f  predictin g huma n habi t  captur e errors . 
Habi t  capture s occu r  whe n th e mode l  fail s t o allocat e 
limite d cognitiv e resource s t o retriev e task-relevan t 
informatio n from  memory .  Lackin g th e unretrieve d 
information ,  decisio n mechanism s ac t  i n accordanc e wit h 
implici t  defaul t  assumptions ,  resultin g i n erro r  whe n relie d 
upo n assumption s prov e incorrect .  Th e mode l  help s 
interfac e designer s identif y situation s i n whic h suc h 
failure s ar e especiall y likely . 

Introduction 

Advances in our understanding of human cognition have 

not  informe d th e desig n o f  comple x human-machin e 

system s t o th e exten t  possible .  Thi s result s i n par t  becaus e 

th e complexit y o f  thes e system s pose s a  formidabl e 

challenge ,  an d i n par t  becaus e th e knowledg e i s no t  i n 

for m tha t  ca n readil y b e applie d i n a  desig n setting .  M u c h 

of  ou r  knowledg e o f  h u m a n capabilitie s an d limitation s 

comes from  laborator y experiment s usin g simpl e task s an d 

tigh t  control s ove r  extraneou s variables .  Thes e control s 

ar e necessar y t o isolat e menta l  operation s o f  interest . 

However ,  i t  i s  har d t o generaliz e th e result s t o comple x 

applie d environment s i n whic h operator s mus t  pla n th e 

executio n o f  multipl e concurren t  task s i n th e fac e o f 

considerabl e uncertainty .  Unde r  thes e conditions ,  n o singl e 

menta l  operatio n determine s behavior .  Rather ,  i s 

necessar y t o understan d h o w th e divers e se t  o f  interna l 

resource s ar e manage d t o accomplis h tasks .  Eve n whe n 

certai n k n o w n fact s abou t  h u m a n performanc e coul d b e 

usefull y apphe d i n design ,  human-syste m designer s woul d 

hav e difficult y locatin g thos e fact s an d imderstandin g h o w 

the y migh t  appl y t o thei r  specifi c  problem .  Suc h fact s ar e 

ofte n burie d i n bulk y set s o f  guidelines ,  whos e rule s 

themselve s ar e ofte n difficul t  t o matc h t o specifi c 

problems .  Or ,  the y ar e containe d i n scientifi c  journal s no t 

easil y comprehende d b y non-specialists .  Handbook s ca n 

be useful ,  bu t  stil l  requir e th e designe r  t o k n o w wha t 

informatio n i s  neede d an d h o w t o matc h th e desig n 

requirement s t o th e availabl e data . 

The introductio n o f  G O MS modelin g i n 

conjunctio n wit h th e Mode l  H u m a n Processo r  [Card84] , 

made availabl e a  promisin g ne w methodolog y fo r  dealin g 

wit h complexit y a t  a  system s level .  Th e Mode l  H u m a n 

Processo r  ( M H P )  provide d researcher s wit h a  cognitiv e 

architectur e whos e resource s an d parameter s constraine d 

behavio r  whil e G O MS provide d a  forma l  metho d fo r 

procedur e executio n tha t  enable d th e representatio n o f 

rule s an d procedure s fo r  selectin g actio n i n comple x tas k 

domain s [John94 ;  Gray93] . 

Despit e th e succes s an d widesprea d us e o f  G O MS 

modeling ,  i t  ha s prove n difficu h t o accoun t  fo r  huma n 

error ,  o r  t o handl e th e executiv e contro l  neede d t o manag e 

multipl e tasks .  Thes e ar e significan t  shortcoming s whe n 

modelin g domain s suc h a s ai r  traffi c  contro l  wher e th e 

coordinatio n o f  muhipl e task s i s  centra l  an d th e concer n 

wit h huma n erro r  paramount .  I f  w e ar e t o develo p 

representation s o f  huma n behavio r  tha t  ai d th e designer s o f 

procedure s an d display s fo r  ai r  traffi c  control ,  w e mus t 

deal  directl y wit h th e sourc e o f  h u m a n erro r  i n a  dynamic , 

multitaskin g environment . 

We hav e constructe d a  h u m a n operato r  mode l  calle d 

A P EX tha t  i s intende d t o hel p identif y situation s i n whic h 

th e desig n o f  equipmen t  an d procedure s migh t 

inadvertentl y contribut e t o operato r  erro r  [Freed97] .  I n 

keepin g wit h th e G O M S - M HP approach ,  A P E X combine s 

mechanism s fo r  proceduralize d tas k executio n wit h a 

cognitiv e architectur e tha t  specifie s resources .  Ou r  choic e 

fo r  a  tas k executio n mode l  wa s drive n b y th e deman d fo r 

flexible  schedulin g o f  multipl e task s [Freed98a] .  W e 

replace d th e G O MS componen t  wit h a  simila r  bu t  mor e 

powerfu l  procedur e executio n mechanis m base d o n R A P s 

[Firby89] .  Originall y designe d t o enabl e robot s t o 
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interleav e an d coordinat e multipl e task s i n dynamic , 

uncertai n tas k environments ,  th e R A P approac h provide s 

severa l  importan t  capabilitie s including : 

• continuous coordination of concurrent activities 

•  divers e mechanism s fo r  handlin g tas k interruption , 

tas k switching ,  an d resumptio n 

•  mechanism s neede d t o cop e wit h uncertaint y inheren t 

i n complex ,  dynami c environment s 

•  monitorin g fo r  an d recoverin g from  tas k failur e 

Our implementation of these capabilities is embedded 

withi n a  h u m a n resourc e architectur e tha t  enforce s huma n 

limitation s o n behavio r  [Freed98b] .  Component s o f  th e 

architecture ,  eac h representin g a  perceptual ,  cognitive ,  o r 

moto r  resource ,  ar e associate d wit h limitation s an d 

parameters .  Fo r  example ,  th e visio n componen t  ha s a 

locus-of-attentio n parameter .  Executio n ca n se t  thi s valu e 

t o a  singl e locatio n i n th e curren t  visua l  field.  Becaus e th e 

visua l  componen t  restrict s acces s t o visua l  informatio n 

outsid e th e selecte d location ,  agen t  performanc e depend s 

on th e effectivenes s wit h whic h th e locus-of-attentio n 

resourc e i s allocated . 

Usin g th e executio n modul e an d resourc e architectur e 

t o simulat e h u m a n behavio r  require s specifyin g domain -

specifi c  rule s an d procedures .  Performanc e wil l  depen d o n 

h o w thos e procedure s us e limite d resource s t o carr y ou t  a 

task .  Thus ,  th e proces s o f  specifyin g procedure s shoul d b e 

informe d b y a n understandin g o f  th e strategie s peopl e us e 

t o manag e limite d resources .  Fo r  example ,  peopl e 

sometime s rel y o n writte n list s rathe r  tha n fault y m e m o r y 

when shoppin g fo r  groceries ,  o r  sca n th e marke t  shelve s 

fo r  neede d items ,  replacin g a  difficul t  m e m o r y tas k (recall ) 

wit h a n easie r  on e (recognition) .  Suc h strategie s becom e 

incorporate d int o people' s routin e procedure s fo r  carryin g 

out  a  task ,  enablin g the m t o circumven t  limit s tha t  woul d 

otherwis e affec t  performanc e [Salthouse91] .  Modelin g th e 

effect s o f  resourc e limitation s o n performanc e thu s 

require s representin g th e procedura l  end-produc t  o f 

adaptatio n t o routin e tasks .  Whil e thes e adaptation s ar e 

generall y useftil ,  the y creat e th e opportunit y fo r  error .  W e 

wil l  discus s th e rol e o f  suc h adaptation s i n producin g a 

for m o f  erro r  calle d a  habi t  captur e an d presen t  a  h u m a n 

operato r  mode l  tha t  incorporate s thi s analysi s t o predic t 

erro r  i n realisticall y comple x envirormients . 

Habit Capture Errors 

Human error is an important concern in safety-critical 

wor k environment s suc h a s ai r  traffi c  control .  A  surve y o f 

ai r  traffi c  contro l  relate d error s reveale d tha t  a  hig h 

percentag e o f  controlle r  error s involv e failure s t o carr y ou t 

some intent ,  o r  failur e t o appl y update d knowledg e o f  th e 

worl d i n selectin g a n action .  Error s involvin g failure s t o 

execut e deferre d intention s ar e example s o f  a  clas s o f 

m e m o ry phenomen a referre d t o a s prospectiv e memory . 

Failure s o f  prospectiv e m e m o r y ar e c o m m o n i n dail y lif e 

and includ e suc h error s a s failin g t o tak e medicatio n a t 

prescribe d times .  Typica l  o f  prospectiv e m e m o r y failures , 

operator s ofte n recognize d thei r  erro r  shortl y afterward . 

Thi s suggest s tha t  a t  leas t  som e case s o f  prospectiv e 

m e m o ry failure s resul t  no t  from a  failur e t o successfull y 

retriev e information ,  bu t  a  failur e t o m a k e a  retrieva l 

attempt . 

Our  mode l  ascribe s suc h failure s t o initiat e 

retrieva l  t o th e misallocatio n o f  limite d resource s durin g 

actio n selection .  W e illustrat e th e mode l  usin g a  clas s o f 

prospectiv e m e m o r y error s tha t  w e ter m habi t  captures . 

The signatur e o f  a  habi t  captur e erro r  i s th e executio n o f  a 

habitua l  actio n i n plac e o f  a n intende d bu t  non-routin e 

actio n [Reason82] .  A  c o m m o n exampl e o f  suc h a n erro r 

migh t  b e th e failur e t o sto p a t  th e marke t  o n th e w a y home . 

Th e inten t  i s forme d befor e leavin g work ,  bu t  canno t  b e 

carrie d ou t  unti l  th e ca r  reache s a  specifi c  turn-off .  W h e n 

thi s occurs ,  instea d o f  exitin g th e highwa y a t  th e intende d 

exit ,  th e drive r  proceed s o n th e normal ,  habitua l  route . 

Accountin g fo r  habi t  capture s tha t  resul t  from 

failur e t o initiat e a  m e m o r y retrieva l  require s a n 

understandin g o f  w h e n retrieval s occur .  B y retrieval ,  w e 

refe r  t o m e m o r y acces s tha t  require s th e allocatio n o f  a 

limite d capacit y resourc e tha t  mode l  ca n onl y retriev e on e 

ite m o f  informatio n a t  a  tim e [Carrier95] .  Th e mode l 

assume s tha t  n o capacity-limite d m e m o r y acces s i s 

require d fo r  routin e behaviors ,  whic h ar e encode d directl y 

i n procedures .  Fo r  non-routin e behaviors ,  th e mode l  mus t 

decid e whethe r  o r  no t  t o allocat e limite d resource s t o 

retriev e th e require d information .  I t  i s  thi s differenc e i n 

th e resourc e demand s o f  routin e an d non-routin e 

informatio n tha t  underlie s th e generatio n o f  habi t  captur e 

errors . 

Anomaly-driven retrieval 

In making decisions about how to allocate resources, the 

model  i s guide d b y observe d anomalie s an d interna l  goals . 

Anomaly-drive n m e m o r y retrieval s ar e initiate d t o 

explai n unusua l  o r  ambiguou s aspect s o f  th e curren t  tas k 

environment .  Fo r  exampl e observin g a  baske t  o f  laundr y 

i n th e middl e o f  one' s livin g roo m migh t  trigge r  a n attemp t 

t o locat e a n explanatio n i n memory .  Peopl e ca n tak e 

advantag e o f  thi s aspec t  o f  h u m a n m e m o r y processin g t o 

provid e timel y reminder s tha t  hel p manag e tasks .  Thus ,  a 

perso n migh t  intentionall y plac e laundr y i n a  conspicuous , 

atypica l  locatio n a s a  reminde r  t o d o th e wash .  Similarly , 

peopl e mak e us e o f  unintende d o r  incidenta l  perceptua l 

structur e i n th e tas k environmen t  t o cu e retrievals .  Fo r 

instance ,  i f  on e wer e interrupte d whil e bringin g laundr y t o 

a washin g machine ,  settin g th e laundr y baske t  d o w n migh t 

late r  serv e t o remin d on e t o resum e th e task . 
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T o simulat e thes e anomaly-drive n m e m o r y retrievals ,  ou r 

model  assume s tha t  peopl e acquir e expectation s abou t  th e 

perceptua l  structur e o f  thei r  tas k environmen t  an d tha t  the y 

monito r  thes e expectation s i n th e norma l  cours e o f 

carryin g ou t  a  task .  W e furthe r  assum e tha t  whe n th e 

environmen t  regularl y provide s timel y perceptua l 

indicator s tha t  a  m e m o r y retrieva l  i s  warranted ,  huma n 

decision-makin g processe s adapt  t o tak e advantag e o f 

them .  Suc h adaptation s hav e bee n demonstrate d i n a 

variet y o f  tas k domains ;  i n som e cases ,  peopl e see m t o us e 

goal-drive n retrieva l  i n th e earl y stag e o f  learnin g a  task , 

but  graduall y c o m e t o rel y o n perceptua l  indicator s t o 

initiat e retrieva l  (se e e.g .  [Vera96]) . 

Learnin g t o us e environmenta l  cue s ca n b e see n 

as a n adaptiv e respons e t o opportunity-cost s associate d 

wit h m e m o r y retrieval .  Sinc e onl y on e m e m o r y retrieva l 

attemp t  ca n b e processe d a t  a  time ,  us e o f  retrieva l 

mechanism s fo r  on e tas k block s o r  delay s thei r  us e fo r  al l 

othe r  tasks .  Thoug h the y provide  a n efficien t  w a y t o 

manage a  limite d resource ,  adaptation s tha t  rel y o n 

perceptua l  cue s entai l  thei r  o w n cost .  I n particular ,  whe n 

th e usua l  cue s ar e absent ,  relianc e upo n the m m a y resul t  i n 

failure .  Fo r  example ,  i f  someon e remove s a  baske t  o f 

laundr y fro m th e livin g room ,  it s valu e i n remindin g a 

perso n o f  thei r  cleanin g tas k wil l  b e undermined .  Mo r e 

generally ,  habi t  captur e error s ar e especiall y likel y whe n 

perceptua l  indicator s normall y presen t  i n th e tas k 

environmen t  ar e absent ,  an d thu s canno t  trigge r  neede d 

m e m o ry recal l  actions . 

I t  i s  helpfu l  i n analyzin g suc h failure s t o contras t 

nomina l  behavior ,  i n whic h a  timel y m e m o r y retrieva l 

result s i n correc t  behavior ,  fi-om  erro r  behavio r  i n whic h 

no retrieva l  i s  initiated .  I n th e latte r  case ,  a  perso n behave s 

as i f  th e unretrieve d m e m o r y ite m ha d neve r  bee n encoded . 

Decision-makin g processe s ca n b e describe d a s operatin g 

unde r  a n implici t  defaul t  assumptio n tha t  som e typica l 

condition ,  opposit e tha t  implie d b y th e m e m o r y item ,  hold s 

i n th e curren t  situation .  I n th e exampl e i n whic h a n 

intentionall y place d laundr y baske t  wa s remove d an d a 

failur e t o d o laundr y results ,  w e coul d thu s sa y tha t 

decisio n mechanism s implicitl y  assum e tha t  n o intentio n t o 

do laundr y exists .  Th e ide a o f  a  defaul t  assumptio n i s 

usefu l  i n specifyin g wha t  behavio r  i s likel y t o follo w whe n 

a relevan t  m e m o r y ite m i s no t  retrieved .  I t  als o serve s a 

usefu l  practica l  purpos e i n explainin g simulate d behavior , 

allowin g th e simulatio n trac e t o mak e explici t  referenc e t o 

a critica l  non-even t  — i.e .  th e non-occurrenc e o f  a 

retrieva l  attempt . 

Goal-driven retrieval 

Goal-driven retrievals are initiated to acquire information 

fo r  som e activ e task .  Fo r  example ,  on e migh t  quer y 

m e m o ry t o determin e wher e th e ca r  i s parke d whe n 

decidin g wher e t o exi t  a  larg e offic e building .  I n ou r  mode l 

[Freed98a] ,  routin e goal-drive n behavio r  result s fro m th e 

executio n o f  procedures ,  eac h represente d a s a  se t  o f 

primitiv e an d non-primitiv e steps .  Executin g a  primitiv e 

initiate s activit y i n mode l  resources ,  specifyin g simpl e 

action s suc h a  gaz e shift ,  utterance ,  o r  m e m o r y retrieva l 

attempt . 

Non-primitive s specif y a  subgoa l  that ,  i n man y 

cases ,  ca n b e accomplishe d b y an y o f  severa l  alternativ e 

methods ,  eac h represente d a s a  separat e procedure . 

Executin g a  non-primitiv e require s selectin g a  metho d an d 

the n recursivel y executin g eac h o f  it s  steps .  Procedure s 

ofte n includ e informatio n acquisitio n step s tha t  satisf y 

informatio n prerequisite s fo r  subsequen t  step s o f  th e sam e 

procedure .  Fo r  example ,  a  procedur e fo r  gettin g hom e 

fro m wor k migh t  includ e step s t o acquir e th e locatio n o f 

one' s ca r  an d the n g o t o th e specifie d location . 

I n man y cases ,  informatio n acquisitio n ca n b e 

achieve d b y an y o f  severa l  alternativ e methods .  Decisio n 

mechanism s ca n als o foreg o explici t  informatio n 

acquisition ,  especiall y i n highl y routin e task s wher e th e 

outcom e o f  th e acquisitio n proces s woul d ten d t o b e som e 

predictabl e value ;  instead ,  behavio r  conform s t o th e defaul t 

assumptio n tha t  thi s predictabl e valu e hold s i n th e curren t 

situation .  Thus ,  th e exi t  pat h fro m one' s offic e buildin g 

ca n b e selecte d b y retrievin g th e car' s curren t  locatio n 

from  memory ,  visuall y scannin g fo r  th e ca r  ou t  a  window , 

or  askin g a  companion .  Alternately ,  on e ca n simpl y leav e 

by th e usua l  exi t  withou t  eve r  explicitl y  considerin g th e 

car' s location .  Th e implementatio n o f  ou r  mode l  treat s 

relianc e o n a  defaul t  explicitl y  — i.e .  a s anothe r  metho d 

fo r  acquirin g task-relevan t  information .  T o reflec t  it s 

psychologica l  statu s a s a n implici t  rathe r  tha n explici t 

event ,  th e metho d o f  relyin g o n a  defaul t  take s n o tim e an d 

require s n o limite d resources . 

I n ou r  model ,  whic h informatio n acquisitio n 

metho d (includin g relianc e o n a  default )  i s  use d i n a 

particula r  instanc e depend s o n severa l  factors .  Fo r  thi s 

discussion ,  w e wil l  focu s o n on e suc h factor .  I n particular , 

afte r  learnin g o f  som e unusua l  situation ,  w e assum e tha t  a 

perso n wil l  b e les s likel y t o rel y o n a  defaul t  (tha t  th e usua l 

situatio n holds )  fo r  som e tim e thereafter .  Fo r  instance ,  i f  a 

perso n park s his/he r  ca r  somewher e othe r  tha n th e usua l 

location ,  decisio n mechanism s tha t  usuall y rel y o n th e 

defaul t  locatio n wil l  hav e a n increase d likelihoo d o f 

retrievin g locatio n from  m e m o r y w h e n exitin g th e 

building .  W e furthe r  assum e tha t  thi s likelihoo d decrease s 

t o th e usua l  leve l  ove r  time ,  althoug h tim e her e i s jus t  a 

prox y fo r  interferenc e an d othe r  cognitiv e phenomen a no t 

currentl y represente d i n th e model . 

The likelihoo d o f  a  habi t  captur e erro r  wil l  thu s 

depen d partl y o n th e amoun t  o f  tim e sinc e a n unusua l 

conditio n wa s observe d an d partl y o n th e rat e a t  whic h 

increase d likelihoo d o f  retrieva l  declines .  Ou r  mode l 

handle s th e proces s o f  determinin g whethe r  decision -

mechanism s rel y o n a  defaul t  o r  retriev e from  m e m o r y i n a 
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simplifie d way .  Wheneve r  a n intentio n o r  unusua l 

conditio n i s encode d (o r  retrieved) ,  th e mode l  generate s 

bias ,  causin g an y attemp t  t o acquir e informatio n abou t  tha t 

conditio n t o avoi d relianc e o n th e default .  Representation s 

of  bia s ar e associate d wit h a  fixed  expiratio n interval ; 

when thi s interva l  ha s passed ,  th e decisio n mechanism s 

rever t  t o th e usua l  metho d o f  determinin g a n informatio n 

acquisitio n metho d fo r  th e specifie d condition . 

Lik e Anderso n [1990] ,  w e assum e tha t  adaptiv e 

processe s largel y determin e m e m o r y behavior ,  allowin g 

experience d practitioner s o f  a  tas k t o approximat e optima l 

expiratio n interva l  values .  A n optima l  interval s weigh s th e 

ris k o f  habi t  captur e agains t  th e opportunit y cos t  an d tim e 

cos t  o f  retrievin g a  m e m o r y valu e tha t  merel y confirm s th e 

default .  Th e abilit y  o f  m e m o r y t o approximat e near -

optima l  interval s depend s o n experientially-derive d 

knowledg e o f  factor s suc h a s th e expecte d duratio n D  o f  a 

non-defau h condition ,  expecte d interva l  I  betwee n 

successiv e observation s o f  a  non-defau h (bia s i s refreshe d 

eac h tim e th e conditio n i s observed) ,  an d expecte d ris k o f 

reducin g performanc e a t  anothe r  tas k b y blockin g retrieva l 

(opportunit y  cost) .  W e approximat e optimu m expiratio n 

interva l  E I  =  min(D,I) . 

Sinc e bia s ca n b e maintaine d b y retrievin g th e 

non-defaul t  conditio n fro m memory ,  anomaly-drive n 

mechanism s tha t  us e retrieva l  t o explai n non-defau h 

condition s ca n b e use d t o suppor t  goal-drive n retrieval . 

For  instance ,  placin g a  writte n reminde r  tha t  one' s ca r  i s 

parke d a t  a n unusua l  locatio n i n a  conspicuou s place ,  an d 

observin g th e reminde r  durin g th e day ,  increase s th e 

likelihoo d tha t  decisio n mechanism s wil l  explicitl y 

conside r  th e car' s locatio n w h e n determinin g wher e t o exi t 

th e building .  Suc h strategie s wil l  ten d t o fai l  (an d resul t  i n 

habi t  captur e errors )  i n th e sam e condition s tha t  th e purel y 

anomaly-drive n strategie s wil l  fai l  — i.e .  whe n neede d 

perceptua l  suppor t  i s  absent .  W e illustrat e h o w ou r  mode l 

simulate s suc h a n erro r  i n a  hypothetica l  ai r  traffi c  contro l 

scenario .  Greate r  detai l  abou t  th e implementatio n o f  th e 

model  i s  give n i n [Freed98b] . 

Example air traffic control scenario 

At a Terminal Radar Control center, one controller will 

ofte n b e assigne d t o th e tas k o f  guidin g plane s throug h a 

regio n o f  airspac e calle d a n "approac h sector "  [Stein93] . 

Thi s tas k involve s contactin g plane s a t  variou s secto r  entr y 

point s an d gettin g the m line d u p a t  a  saf e distanc e fro m 

one anothe r  o n landin g approac h t o a  particula r  airport . 

Some airport s hav e tw o paralle l  runways .  I n suc h cases , 

th e controlle r  wil l  for m plane s u p int o tw o lines . 

Occasionally ,  a  controlle r  wil l  b e tol d tha t  on e o f  th e tw o 

runway s i s close d an d tha t  al l  plane s o n approac h t o lan d 

must  b e directe d t o th e remainin g ope n runway .  A 

controller' s abilit y  t o direc t  plane s exclusivel y t o th e ope n 

runwa y depend s o n rememberin g tha t  th e othe r  runwa y i s 

closed .  H o w doe s th e controlle r  remembe r  thi s importan t 

fact ? Normally ,  th e diversio n o f  al l  inboun d plane s t o th e 

ope n runwa y produce s a n easil y perceive d reminder .  I n 

particular ,  th e controlle r  wil l  detec t  onl y a  singl e lin e o f 

plane s o n approac h t o th e airport ,  eve n thoug h tw o line s 

(on e t o eac h runway )  woul d normall y b e expected . 

However ,  problem s ca n aris e i n condition s o f  lo w 

workload .  Wit h fe w plane s around ,  ther e i s n o visuall y 

distinc t  lin e o f  plane s t o eithe r  runway .  Thus ,  th e usua l 

situatio n i n whic h bot h runway s ar e availabl e i s 

perceptuall y indistinguishabl e fro m th e cas e o f  a  singl e 

close d runway .  Th e lac k o f  perceptua l  suppor t  woul d the n 

forc e th e controlle r  t o rel y o n memory-drive n retrieva l  an d 

thu s increas e th e chanc e o f  error . 

S i m u l a t i o n a n d I m p l e m e n t a t i o n 

In our air traffic controller simulation model, the arrival of 

a plan e a t  a  certai n positio n i n airspac e (a s observe d o n th e 

rada r  display )  cause s th e simulate d controlle r  t o begu i  th e 

tas k o f  selectin g a  destinatio n runwa y fo r  th e targe t  plane . 

We assum e tha t  fo r  highl y routin e decision s suc h a s 

runwa y selection ,  huma n controller s ca n b e expecte d t o 

kno w whic h factor s t o conside r  i n makin g th e decisio n an d 

h o w t o appropriatel y weigh t  eac h factor .  Thi s knowledg e 

i s incorporate d int o th e followin g decisio n procedure : 

Procedure! 7: select runway for ?plane 
1)  determin e whic h runwa y ha s fewe r  plane s o n approac h 

= > ?factor l 
2)  del .  whic h approac h woul d b e faste r  = > 7factor ! 
3)  det .  whic h approac h easie r  fo r  m e = > ?factor 3 
4)  det .  whic h runwa y safes t  fo r  ?plan e = > ?factor 4 
5)  det .  lef t  runwa y open ? = > ?factor 5 
6)  det .  righ t  runwa y open ? = > ?factor 6 
7)  compute-decisio n (facto r  1  factor!,.. ) 

Generally, a decision procedure consists of n 

steps .  Th e first  (n-1 )  prescrib e informatio n acquisitio n 

task s t o evaluat e potentiall y  decision-relevan t  factors .  Th e 

nt h ste p run s a  simpl e rul e tha t  select s fro m a  fixed  se t  o f 

decisio n alternative s (left-runwa y o r  right-runwa y i n thi s 

case )  base d o n facto r  values . 

Facto r  evaluatio n step s ca n typicall y b e 

accomplishe d b y an y o f  severa l  methods .  I n thi s example , 

th e controlle r  coul d determin e th e statu s o f  th e lef t  runwa y 

by retrievin g informatio n fro m memory ,  askin g anothe r 

controller ,  o r  b y assumin g th e mos t  likel y conditio n -  i.e . 

tha t  th e runwa y i s open .  Sinc e runway s closure s ar e rar e 

and m e m o r y retrieva l  i s  expensive ,  w e assum e tha t  a 

typica l  controlle r  wil l  rel y o n th e defaul t  unles s transien t 

bia s promote s a  mor e effortfu l  alternative . 

I n th e describe d scenario ,  th e simulate d controlle r  hear s 

tha t  th e lef t  runwa y i s closed .  Interpretatio n mechanism s 

caus e a  propositiona l  representatio n o f  thi s fac t  t o b e 
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encode d i n memory .  Th e encodin g even t  generate s bia s 

accordin g t o th e followin g rule : 

IF (closed ?runway) is encoded in memory 
T H EN biasprocedure-27 ,  stepS .  (expir e i n lOmin ) 

Consequently, procedure execution mechanisms 

wil l  b e biase d agains t  relyin g o n th e defaul t  valu e whe n 

carryin g ou t  step 5 o f  procedure2 7 fo r  th e nex t  te n minute s 

— i.e .  th e availabilit y  o f  th e lef t  runwa y wil l  b e verifie d 

rathe r  tha n assume d w h e n selectin g a  runwa y fo r  a n 

approachin g plane . 

Eventually ,  th e initia l  bia s expires .  T o selec t  a 

runwa y fo r  a  newl y arrive d plane ,  th e controlle r  wil l  onc e 

agai n conside r  onl y th e defaul t  assumption .  Othe r  factor s 

the n determin e whic h runwa y i s selected .  Fo r  example ,  th e 

controlle r  m a y choos e t o direc t  a  heav y plan e t o th e longe r 

lef t  runwa y which ,  i n norma l  circumstances ,  woul d allo w 

th e plan e a n easie r  an d safe r  landing .  Wit h th e lef t  runwa y 

closed ,  action s followin g fi-om  thi s decisio n resul t  i n error . 

Avoidin g erro r  require s maintainin g appropriat e 

bias .  I n a  variatio n o f  th e describe d scenari o i n whic h n o 

erro r  occurs ,  visuall y perceive d reminder s o f  th e runwa y 

closur e caus e bia s t o b e periodicall y renewed .  I n particular , 

wheneve r  visua l  attentio n mechanism s atten d t o plan e 

icon s o n a n approac h pat h t o th e airport ,  interpretatio n 

mechanism s not e th e absenc e o f  a  lin e o f  plane s t o th e lef t 

runwa y an d signa l  a n expectatio n failur e o n th e basi s o f  th e 

followin g rule : 

I F I  a m visuall y attendin g t o lef t  approac h path ,  an d 
visua l  grou p o f  plan e icon s no t  detecte d 

T H EN signal-anomaly :  (absen t  plane-grou p left ) 

In general, whenever an expectation failure 

occurs ,  a  tas k t o explai n th e observe d anomal y i s initiated . 

Th e firs t  ste p i n suc h a  tas k i s t o tr y t o matc h th e anomal y 

t o a  knowr n explanation-patter n (XP )  [Schank86] .  A  matc h 

result s i n a  tas k t o verif y th e explanator y hypothesi s 

provide d b y th e X P . 

Explanation-pattern 
Anomaly :  (absentplane-grou p ?left-or-right ) 
Candidat e Explanation :  (close d runwa y ?runway ) 
To verify :  retriev e from  memor y (close d runwa y ?runway ) 

In principle, verifying a hypothesis could involve 

menta l  an d physica l  action s o f  an y kind .  I n thi s case ,  th e 

content s o f  workin g m e m o r y ar e sufficien t  t o prov e o r 

disprov e th e explanation ;  th e anomalou s absenc e o f  plane s 

o n approac h t o th e lef t  runwa y i s explaine d a s a  resul t  o f 

th e lef t  runway' s closure . 

Bia s renewa l  occur s wheneve r  th e workin g 

m e m o ry ite m tha t  originall y produce d th e bia s i s 

reencode d o r  retrieved .  Thus ,  retrievin g (close d runwa y 

left )  trigger s th e bia s generatio n rul e jus t  a s i f  th e 

propositio n ha d bee n encode d fo r  th e first  time .  Thus ,  th e 

unusua l  arrangemen t  o f  plane s o n th e rada r  scop e act s a s a 

constan t  reminder ,  preventin g th e controlle r  fro m revertin g 

t o th e us e o f  it s  defaul t  assumptio n an d thereb y preventin g 

error . 

Aiding user interface design 

By helping to simulate such scenarios, the model can direct 

an interfac e designer' s attentio n t o potentia l  design -

facilitate d error s tha t  migh t  otherwis e b e overlooked . 

Moreover ,  th e model' s abilit y  t o m a k e explici t  h o w suc h 

error s migh t  occu r  ca n hel p indicat e th e bes t  w a y t o refm e 

an interface .  Fo r  example ,  on e o f  th e difficultie s i n 

designin g a  rada r  displa y i s balancin g th e nee d t o presen t  a 

larg e volum e o f  informatio n agains t  th e nee d t o kee p th e 

displa y uncluttered .  I n thi s case ,  b y showin g h o w th e erro r 

result s fi-om  lo w traffi c  conditions ,  th e simulatio n indicate s 

a cleve r  fi x  fo r  th e problem :  us e a n ico n t o explicitl y 

represen t  runwa y closures ,  bu t  onl y displa y th e ico n i n lo w 

plane-loa d condition s whe n i t  i s  mos t  neede d an d produce s 

th e leas t  clutte r 

Conclusion 

We have presented a GOMS-MHP style approach to the 

proble m o f  predictin g h u m a n habi t  captur e error s i n th e 

domai n o f  ai r  traffi c  control .  Ou r  mode l  assume s tha t 

peopl e manag e limite d m e m o r y retrieva l  resource s b y 

takin g advantag e o f  perceptua l  indicator s tha t  a  retrieva l 

i s  warranted ,  an d b y incorporatin g knowledg e abou t  whe n 

retrieval s shoul d occu r  int o routin e procedures .  Habi t 

capture s occu r  whe n decisio n mechanism s fai l  t o retriev e 

intention s o r  knowledg e o f  unusua l  conditions ;  lackin g 

th e unretrieve d information ,  decisio n mechanism s ac t  i n 

accordanc e wit h implici t  defaul t  assumption s resuhin g i n 

error .  Th e mode l  help s t o identif y situation s i n whic h 

suc h error s ar e especiall y likely .  Interfac e designer s ca n 

the n us e thi s informatio n t o reduc e th e likelihoo d o f  error . 
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Abstrac t 

We used the Quinlan's C4.5 machine learning algorithm to 
analyz e tutoria l  dialogue s a s par t  o f  th e derivatio n o f  plannin g 
rule s fo r  CIRCSIM-Tuto r  v .  3 ,  a  natural-languag e base d 
intelligen t  tutorin g system .  W e annotate d a  corpu s o f  tutorin g 
dialogue s wit h a n SGML-base d representatio n o f  tutoria l 
goal s i n orde r  t o mak e mechanica l  processin g possible .  W e 
looke d fo r  rule s o f  th e for m "unde r  wha t  condition s i s goa l  x 
implemente d wit h pla n y?" .  W e discovere d rule s fo r  high -
leve l  plaimin g o f  th e tutorin g sessio n an d dynami c 
modificatio n o f  th e tutoria l  agenda .  A t  a  lowe r  leve l  o f 
planning ,  w e looke d a t  rule s fo r  generatin g section s o f  th e 
mtor' s utterance .  Th e us e o f  th e rul e inductio n algorith m ha s 
helpe d u s discove r  whic h knowledg e availabl e t o th e planne r 
i s significan t  i n makin g thes e decisions ,  a s wel l  a s producin g 
some decisio n tree s w e ca n actuall y us e i n CIRCSIM-Tutor . 

Introduction 

ClRCSIM-Tuto r  (v .  3 )  i s a  conversationa l  intelligen t  tutorin g 
syste m (ITS )  whic h use s natura l  languag e fo r  bot h inpu t  an d 
output .  Th e cor e o f  CiRCSlM-Tuto r  i s a n integrate d plannin g 
and executio n modul e tha t  use s STRIPS-styl e plannin g 
operators .  Her e i s a n exampl e o f  a n operator ; 

(de f -opera to r  neu ra l -DL R 
:act io n ( ) 
:goa l  (d id -neura l -DL R ?vbl ) 
:precon d ( ( is -neura l  ?vbl )  ... ) 
: rec ip e ( (d id- tu to r  mechan i s m ?vbl ) 

(d id- tu to r  DR- in f o ?vbl ) 
(d id- tu to r  vb l - va lu e ?vbl) ) 

f i l t e r  .. . 
ad d 
de l  ... ) 

Th e goa l  o f  th e planne r  i s  t o generat e a  conversatio n 
resultin g i n th e studen t  knowin g som e desire d concepts . 

^Thi s wor k wa s performe d whil e Rev a Freedma n wa s a t  th e 
Illinoi s Institut e o f  Technology . 

Eac h goa l  i s  satisfie d b y replacin g i t  o n th e planner' s agend a 
by th e prerequisite s an d recip e step s o f  a n operato r  whic h 
achieve s it .  W h e n a  primitiv e operator ,  i.e .  a n individua l 
speec h ac t  reques t  suc h a s elici t  o r  inform ,  i s reached ,  i t  i s 
adde d t o a  buffe r  whos e content s wil l  eventuall y for m th e 
tutor' s nex t  turn . 

W h en a  repl y i s require d fro m th e student ,  th e planne r  i s 
temporaril y  suspende d an d tex t  i s  generate d fro m th e 
operator s i n th e buffer .  Afte r  th e studen t  replies ,  th e planne r 
resume s operation .  Th e student' s repl y i s on e o f  th e factor s 
whic h i s  the n take n int o accoun t  i n orde r  t o generat e th e 
followin g turn . 

Th e questio n the n becomes :  wher e doe s th e operato r 
librar y com e from ? I n earl y tex t  generatio n systems ,  th e 
operator s wer e obtaine d from  intuitio n an d introspection . 
Mor e recently ,  researcher s hav e use d a  variet y o f  informa l 
means t o abstrac t  pla n operator s from  naturalisti c corpor a 
(Reite r  &  Dale ,  1997) .  W e hav e profitabl y use d al l  o f  thes e 
methods .  Recentl y w e hav e becom e intereste d i n mor e 
forma l  method s o f  identifyin g operator s whic h woul d 
provid e a  goo d mode l  o f  ou r  corpus .  I n thi s pape r  w e repor t 
on som e experiment s w e hav e don e usin g th e decisio n tre e 
inductio n progra m C4. 5 (Quinlan ,  1993 )  t o identif y potentia l 
operator s i n ou r  corpu s o f  huma n tutoria l  transcripts . 

Rathe r  tha n obtai n rule s whic h coul d b e transferre d 
automaticall y t o a n automate d system ,  ou r  goa l  wa s t o 
obtai n idea s fo r  bette r  modelin g ou r  huma n experts .  I n 
addition ,  w e wante d t o find  ou t  whic h o f  th e availabl e 
feature s wer e trul y usefu l  i n explainin g tuto r  behavior . 

Our  wor k attempt s t o discove r  rule s connectin g differen t 
type s o f  goal s i n ou r  annotations ,  rathe r  tha n discoverin g 
relationship s betwee n directl y observabl e phenomen a suc h 
as sentenc e length .  Althoug h i t  i s  therefor e dependen t  o n 
soli d definition s o f  th e annotatio n categories ,  thi s strateg y 
increase s th e chanc e tha t  th e rule s obtaine d wil l  b e 
meaningfu l  t o humans ,  becaus e w e hav e chose n feature s 
whic h ar e meaningfu l  t o humans . 
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B a c k g r o u n d 

Roughl y speaking ,  th e purpos e o f  th e C4. 5 progra m i s t o 
provid e th e bes t  possibl e decisio n tre e t o explai n a  give n se t 

of  data .  A  decisio n tre e i s a  se t  o f  rule s fo r  guessin g th e 
valu e o f  a  dependen t  variable ,  th e resul t  variable ,  give n th e 
value s o f  a  se t  o f  features . 

Each o f  ou r  experiment s attempt s t o determin e a  se t  o f 
rule s fo r  makin g on e decisio n abou t  th e tex t  t o b e generated . 
As th e criteri a fo r  makin g suc h decision s ar e encode d a s 
prerequisite s fo r  on e o r  mor e pla n operators ,  appropriat e 
feature s fo r  experimentatio n includ e an y predicate s whos e 
value s woul d b e availabl e durin g th e operatio n o f  th e 
planner .  Thes e predicate s dea l  wit h severa l  kind s o f 
knowledge : 

•  Tutoria l  agenda ,  al l  goal s whic h hav e bee n chose n bu t  no t 
realize d a s tex t  yet .  O f  these ,  th e curren t  goa l  an d it s 
ancestor s ar e mos t  relevant . 

•  Tutoria l  history ,  a  recor d o f  pas t  tutorin g goal s enablin g 
us t o answe r  question s suc h a s "i s thi s th e firs t  tim e w e hav e 
trie d t o explai n thi s concep t  t o th e student?" .  W e als o 
maintai n a  dialogu e history ,  whic h contain s th e student' s 
response s 

•  Studen t  input .  O n e o f  th e mos t  importan t  determinant s o f 
th e tutor' s respons e i s wha t  th e tuto r  i s  respondin g to ,  i.e .  th e 
student' s lates t  turn .  W h a t  i s generall y importan t  i s no t  th e 
conten t  o f  th e student' s respons e bu t  rathe r  it s relatio n t o th e 
tutor' s questio n tha t  elicite d it .  Ou r  categorizatio n o f  studen t 
response s i s describe d i n mor e detai l  below . 

•  Studen t  model .  A n importan t  aspec t  o f  th e studen t  mode l 
i s th e tutor' s overal l  evaluatio n o f  th e student .  I n thi s paper , 
we us e th e numbe r  o f  error s i n th e student' s initia l  solutio n 
of  th e proble m a s a  measur e o f  thi s value .  Not e tha t  a 
dialogu e histor y feature ,  namel y th e numbe r  o f  time s a 
questio n wa s aske d befor e th e studen t  gav e th e correc t 
answer ,  coul d als o b e use d a s a  measur e o f  studen t 
knowledge . 

•  Domai n knowledg e base .  Thi s categor y include s 
informatio n abou t  th e proble m domai n a s wel l  a s 
informatio n abou t  th e tas k bein g tutored . 

Our  huma n tutor s tr y t o maintai n a  globa l  tutorin g pla n 
but  a t  th e sam e tim e repl y t o issue s raise d b y students .  A s a 
result ,  turn s generate d b y huma n tutor s ten d t o hav e th e 
followin g structur e (Freedma n &  Evens ,  1996) ,  whic h w e 
hav e adopte d fo r  CiRCSIM-Tutor : 

Respons e t o student' s previou s statemen t 
Acknowledgmen t  o f  student' s respons e (1 ) 
Content-base d repl y t o studen t  (2 ) 

Next  ste p o f  tutoria l  pla n (3 ) 

The followin g exampl e illustrate s th e tripartit e structure : 

T:  Yes ,  (1 ) 
that' s th e effec t  o f  increase d sympatheti c 
stimulatio n o n th e myocardium .  (2 ) 
But  wha t  happen s t o C C i n th e D R period ? (3 ) 

Each o f  th e thre e segment s i s optional .  Fo r  example ,  i f  th e 
content-base d repl y segmen t  i s  omitted ,  th e tuto r  migh t  say : 

T:  Yes ,  bu t  wha t  happen s t o C C i n th e D R period ? 

CmcSFM-Tuto r  build s eac h segmen t  separately ,  the n 
combine s them .  I n thi s pape r  w e repor t  o n fou r  experiment s 
tha t  attemp t  t o determin e aspect s o f  th e tutor' s dialogue .  I n 

experimen t  1 ,  w e loo k a t  th e high-leve l  structur e o f  th e 

conversation ,  attemptin g t o find  feature s tha t  determin e 
whic h tutoria l  strateg y th e tuto r  wil l  choose .  I n th e nex t  tw o 
experiments ,  w e loo k a t  rule s fo r  buildin g th e segment s o f  a 
turn .  I n experimen t  2 ,  w e attemp t  t o determin e h o w th e tuto r 
decide s wha t  t o d o afte r  receivin g th e student' s response , 
e.g .  continu e wit h th e nex t  ste p o f  th e curren t  plan ,  ad d a 
content-base d repl y befor e continuing ,  o r  chang e plan s 
altogether .  I n experimen t  3 ,  w e loo k a t  feature s whic h m a y 
determin e th e existenc e an d typ e o f  th e acknowledgment . 
Finally ,  i n experimen t  4 ,  w e m o v e close r  t o surfac e text , 
choosin g on e topi c whic h tutor s frequentl y teac h an d 
attemptin g t o determin e whe n i t  wil l  b e realize d wit h th e tex t 
generatio n primitiv e t-inform s an d whe n wit h t-elicits . 
Thes e experiment s cove r  a  spectru m o f  th e type s o f  rule s 
neede d fo r  CiRCSIM-Tutor . 

The Corpus 

Over  th e las t  seve n years ,  w e hav e accumulate d ove r  500 0 
turn s o f  transcript s o f  h u m a n tutorin g session s conducte d b y 
typin g ove r  a  m o d e m.  I n th e tutorin g sessions ,  th e student s 
ar e presente d wit h a  hypothetica l  medica l  proble m whic h 
affect s bloo d pressure ,  suc h a s a  hemorrhag e o r  a n overl y 
fas t  pacemaker .  Th e focu s o f  th e lesso n i s o n th e baro -
recepto r  reflex ,  th e negativ e feedbac k loo p b y whic h th e 
autonomi c nervou s syste m adjust s bloo d pressur e bac k 
towar d normal .  Student s ar e require d t o predic t  th e 
qualitativ e chang e (increase ,  decreas e o r  n o change )  i n 
seve n cor e variables ,  suc h a s cardia c outpu t  an d centra l 
venou s pressure ,  i n eac h o f  th e thre e physiologica l  stage s 
whic h for m th e negativ e feedbac k loop . 

I n ou r  curren t  protocol ,  student s wor k th e proble m on e 
stag e a t  a  time ,  followe d b y tutorin g o n thei r  errors .  Th e D R 
or  direc t  respons e stage ,  referre d t o below ,  include s th e 
change s tha t  occu r  afte r  th e precipitatin g even t  bu t  befor e 
th e activatio n o f  th e nervou s system .  Sinc e thre e o f  th e 
seve n cor e variable s ar e largel y controlle d b y th e nervou s 
system ,  the y ar e know n a s neura l  variables .  I n th e example s 
below ,  th e reade r  wil l  se e tha t  whethe r  o r  no t  a  variabl e i s 
neura l  i s  on e o f  th e mos t  importan t  domain-leve l 
determinant s o f  variou s choices . 

Tracin g th e operatio n o f  ou r  planne r  create s a  hierarch y o f 
goals .  Althoug h nothin g i n th e planne r  itsel f  require s it ,  w e 
hav e attempte d wher e possibl e t o maintai n consistenc y i n 
th e typ e o f  goa l  whic h appear s a t  eac h leve l  o f  th e hierarchy . 

•  Physiologica l  stag e 
•  Physiologica l  variabl e t o b e taugh t 
•  Tutorin g strateg y 
•  Topic s whic h implemen t  th e strateg y 
•  Tex t  generatio n primitiv e (infor m o r  elicit )  fo r  eac h topi c 

I n th e exampl e a t  th e beginnin g o f  thi s paper ,  neural-DL R i s 
a tutorin g strateg y whic h consist s o f  th e thre e topic s name d 
i n th e recip e i n th e orde r  listed . 

We annotate d on e sectio n o f  ou r  corpus ,  namel y th e D R 
sectio n o f  ever y transcrip t  dealin g wit h a  broke n pacemaker , 
wit h th e sam e hierarchica l  goa l  structur e ou r  planne r  uses . 
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The n w e adde d annotation s fo r  feature s availabl e i n th e 
plannin g environmen t  a t  th e tim e th e tur n wa s generated , 
usin g eac h o f  th e source s above .  Finally ,  w e use d Quinlan' s 
(1993 )  C4. 5 learnin g algorith m t o determin e tutorin g goal s 
base d o n subset s o f  th e availabl e features . 

Th e followin g i s a n exampl e fro m th e annotate d corpus . 
We use d S G M L forma t  becaus e a  numbe r  o f  utilitie s ar e 
availabl e fo r  processin g S G M L mechanically .  I n S G M L,  a s 

i n H T M L ,  th e openin g delimite r  o f  a  piec e o f  tex t  i s  a n 
identifie r  i n angl e brackets ,  an d th e closin g delimite r  i s 

identica l  excep t  fo r  a n initia l  slash .  Th e identifier s 
correspon d t o th e name s o f  ou r  pla n operators . 

Th e number s i n parenthese s ar e th e tur n numbe r  an d 
sentenc e numbe r  fro m th e origina l  corpus .  Th e t-ac k an d 
s-answe r  form s mode l  a  cooperatin g proces s whic h 
respond s t o studen t  utterances ;  the y d o no t  belon g t o th e 
goal  hierarchy . 

<T-does-neura l -DLR > 
<T-tutors-inechanism > 

<T-elicits-mechaiiisiii > 
(29.4 )  Ca n yo u tel l  m e ho w TP R i s control led ? 
<S-answe r  catg=correct > 
(30.1 )  Autonomi c nervou s system . 
</S-answer > 
<T-ac k type=positive > 
(31.1 )  Yes . 
</T-ack > 

</T-elicits-inachanism > 
</T-tutors-niech2mism > 
<T- tu tors-DR- in fo > 

<T-  in form s -DR -  i n f o 
(31.2 )  An d th e pred ic t ion s tha t  yo u ar e 

mak in g ar e fo r  th e per io d befor e an y neura l 
change s tak e p lace . 

</T- in forms-DR-info > 
</T- tutors-DR- info > 

<T-tutors-value> 
<T-e l ic i ts -va lue > 

(31.3 )  S o wha t  abou t  TPR ? 

<S-ans catg=correct> 
(38.4 )  I  wou l d l ik e t o chang e m y respons e r e 
TPR t o zer o change . 
</S-ans > 
<T-ac k type=posi t ive > 
(39.1 )  Good . 
</T-ack > 

</T-el ic i ts-value > 
</T- tutors-value > 

</T-does-neural -DLR > 

Th e exampl e abov e show s a  successfu l  attemp t  t o remediat e 
th e neura l  variabl e T P R i n th e D R stage .  I t  show s a  tutorin g 
strateg y (neural-DLR) ,  th e thre e topic s whic h mak e u p th e 
strategy ,  an d th e primitive s (infor m o r  elicit )  use d t o realiz e 
th e topics .  A  D L R ,  o r  directe d lin e o f  reasoning ,  i s  a  pre -
planne d serie s o f  question s designe d t o mak e a  particula r 
point .  I n thi s example ,  t-does-neural-dl r  i s  realize d a s a 
sequenc e o f  thre e topics :  t-tutors-mechanis m (t o teac h th e 
fac t  tha t  T P R i s  neural) ,  t-tutors-dr-inf o (t o teac h basi c 

informatio n abou t  th e D R stage) ,  an d t-tutors-valu e (t o 
discus s th e correcte d valu e o f  T P R ) .  Eac h o f  thes e thre e 
topic s ca n b e realize d a s a n instanc e o f  th e tutoria l  primitiv e 
t-infor m (conveyin g th e informatio n t o th e student )  o r 

t-elici t  (elicitin g th e information) . 
Sinc e th e purpos e o f  thes e experiment s wa s t o sugges t 

rule s fo r  ClRCSlM-Tutor ,  w e considere d onl y dialogu e tha t 

wil l  b e emulate d b y dialogu e i n CmcsiM-Tutor ,  eliminatin g 
dialogu e use d fo r  givin g instructions ,  collectin g data ,  an d 
othe r  operation s tha t  th e graphica l  use r  interfac e wil l  handle . 

Choosing a Tutorial Strategy 

The first  experimen t  explore d h o w tutorin g operator s ar e 
chosen  a t  th e tutorin g strateg y level .  Eac h cas e represente d 
one attemp t  t o tuto r  on e variable .  Th e feature s w e 
considere d were : 

•  Th e tota l  numbe r  o f  variable s predicte d incorrectl y 
•  Th e numbe r  o f  neura l  variable s predicte d incorrectl y 
•  Whethe r  th e variabl e i s neura l  o r  non-neura l 
•  Sequenc e o f  th e variabl e withi n th e neura l  o r  non-neura l 

group .  Th e tutor s usuall y tuto r  al l  th e neura l  variable s 
first ,  followe d b y th e others .  Withi n eac h group ,  th e tutor s 
hav e a  standar d orde r  bu t  d o no t  includ e al l  th e variables . 

•  H o w man y previou s attempt s ha d bee n mad e t o tuto r  thi s 
variabl e 

Our  sampl e include d five  differen t  tutorin g methods : 

•  t-does-neural-dlr ,  tutorin g usin g a  guide d serie s o f 
question s explorin g th e behavio r  o f  a  neura l  variabl e 

•  t-shows-contradiction ,  tutorin g usin g a n inconsistenc y i n 
th e predicte d value s o f  th e variable s 

•  t-tutors-via-determinants ,  tutorin g usin g th e se t  o f 
variable s whic h hav e a n effec t  o n th e variabl e whic h wa s 
incorrec t 

•  t-moves-forward ,  tutorin g usin g causa l  reasonin g fro m a 
known-correc t  variabl e t o th e incorrec t  on e 

•  t-tutors-via-deeper-concepts ,  tutorin g usin g othe r 
concept s an d mor e particula r  physiologica l  parameter s 

I n thi s experimen t  w e ha d 2 3 cases ,  eac h wit h 5  features . 
Ther e wer e 5  possibl e outcomes .  Th e origina l  tre e produce d 
by C4. 5 i s to o specifi c t o b e useful .  C4. 5 produce d th e 
followin g simplifie d tree : 

I f  variabl e i s neura l 
i f  first  neura l  variable ,  us e t-does-neural-dl r 
i f  second ,  us e t-shows-contradictio n 

els e {variabl e i s no t  neural } 
i f  first  non-neura l  vbl ,  us e t-tutors-via-determinant s 
i f  second ,  us e t-moves-forwar d 

Thi s tre e misclassifie s 3  o f  th e 2 3 cases ,  fo r  a n erro r  rat e o f 
13%.  O f  th e thre e whic h ar e misclassified ,  tw o involv e 
secon d an d subsequen t  attempt s t o tuto r  th e sam e variable . 
Thes e attempt s ten d t o emplo y th e les s c o m m o n tutorin g 
methods .  Althoug h w e hav e code d abou t  hal f  o f  th e 
transcript s involvin g thes e tutorin g methods ,  w e hav e code d 
onl y abou t  1 0 % o f  th e tota l  corpus .  W e hop e tha t 
completin g th e annotatio n o f  th e corpu s wil l  provid e criteri a 
fo r  invokin g th e lesser-use d tutorin g methods . 

What  thi s tre e ha s uncovere d i s a  high-leve l  pla n fo r  th e 
entir e tutorin g session .  Previou s researc h ha s foun d a n 
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algorith m fo r  sequencin g th e variable s t o b e tutored ,  an d th e 

rul e describe d her e tell s  u s whic h tutorin g strateg y t o us e fo r 
eac h variable . 

Withi n eac h grou p o f  variables ,  neura l  an d non-neural , 
C4. 5 foun d a n interestin g rhetorica l  pattern .  Th e .secon d 
variabl e t o b e tutore d i n eac h grou p use s a  metho d whic h 
build s o n knowledg e taugh t  i n th e first  variable .  Fo r 
example ,  a  c o m m o n rhetorica l  patter n fo r  tutorin g tw o non -
neura l  variable s V |  an d V 2 i s t o tuto r  V ]  vi a determinants , 
the n mov e forwar d t o V 2 a s follows : 

<t-corrects-variabl e variable=vi > 
<t-tutors-via-determinants > 

What  variable s i n th e predictio n tabl e determin e Vi ? 
(v i  i s  tutored ,  base d o n it s determinants ) 

</t-corrects -  variabl o 
<t-corrects-variabl e variable=V2 > 

<t-move s forward > 
And wha t  effec t  woul d v i  hav e o n V2 ? 
(V2 i s tutore d b y movin g forwar d fro m \\ ) 

<Jt-corrects-variable > 

The patter n fo r  neura l  variable s i s similar . 

Choosing a Response Strategy 

I n th e secon d experiment ,  w e wer e intereste d i n categorizin g 
th e chang e (o r  not )  i n tutorin g goal s directl y afte r  a  studen t 
replie s t o a  tuto r  query .  Th e followin g ar e th e mos t  fi-equent 
categorie s o f  studen t  response s i n ou r  curren t  markup : 

•  Correct .  Th e student' s answe r  containe d th e informatio n 
th e tuto r  wa s attemptin g t o elicit . 

•  Correc t  bu t  hedged .  Th e student' s answe r  wa s correc t  bu t 
containe d som e indicatio n tha t  th e studen t  wa s unsur e o f 
th e answer ,  e.g .  sayin g "mayb e hear t  rate? " 

•  Partiall y  correct .  O n e correc t  answer ,  whe n tw o o r  mor e 
item s wer e requested . 

•  Nea r  miss .  Th e student' s answe r  wa s technicall y correc t 
but  wa s no t  wha t  th e tuto r  wa s attemptin g t o elicit ,  e.g .  i t 
was a t  th e wron g leve l  o f  detail . 

•  Don' t  know .  Th e student' s respons e wa s equivalen t  t o " I 
don' t  know. " 

•  Incorrect . 

We trie d a  numbe r  o f  features ,  o f  whic h th e mos t 
explanator y turne d ou t  t o be : 

•  Th e categor y o f  studen t  respons e 
•  Whethe r  th e variabl e i s neura l  o r  non-neura l 
•  Sequenc e o f  th e variabl e withi n it s  categor y 
•  H o w man y previou s attempt s ha d bee n mad e t o tuto r  thi s 

variabl e 

Possibl e tuto r  behavior s were : 

•  Proceed .  Th e tuto r  proceede d wit h th e nex t  tutoria l  goal . 
Thi s i s th e norma l  actio n whe n th e studen t  gav e th e 
desire d answer . 

•  Giv e inf o an d proceed .  Th e tuto r  responde d wit h som e 
tutoria l  informatio n befor e proceedin g wit h th e nex t 
tutoria l  goal . 

•  Giv e inf o an d re-elicit .  Th e tuto r  responde d wit h som e 
tutoria l  informatio n befor e askin g substantiall y  th e sam e 
questio n again . 

•  Giv e answe r  an d proceed .  Th e tuto r  gav e th e studen t  th e 

answer ,  the n proceede d wit h th e nex t  tutoria l  goal . 
•  Neste d method .  Th e tuto r  introduce d a  ne w tutorin g 

metho d t o addres s th e curren t  tutoria l  goal .  W h e n th e ne w 
metho d terminates ,  th e tuto r  wil l  retur n t o th e nex t  goa l  o f 
th e origina l  method ,  i.e .  th e younge r  siblin g o f  th e curren t 
goal . 

•  N e w method .  Th e tuto r  abandone d th e curren t  method -
leve l  tutorin g goa l  an d al l  it s  descendants ,  an d trie d 
anothe r  metho d t o tuto r  th e sam e variable . 

For  thi s experimen t  w e ha d 5 7 case s o f  tuto r  behavio r 

followin g a  studen t  response .  C4. 5 produce d th e followin g 
decisio n tree ,  whic h require d n o simplification : 

I f  studen t  answe r  wa s correct , 
procee d 

I f  studen t  answe r  wa s correc t  bu t  hedge d 
giv e inf o an d procee d 

I f  studen t  answe r  wa s partiall y  correc t 
giv e inf o an d procee d 

I f  studen t  answe r  wa s a  nea r  mis s 
introduc e a  neste d metho d 

I f  studen t  answe r  wa s incorrec t 
i f  variabl e i s neura l  the n 

i f  thi s i s  th e first  attemp t  fo r  thi s variabl e 
tr y a  ne w metho d 

els e {subsequen t  attempts } 
giv e inf o an d re-elici t 

els e {non-neura l  variable } 
i f  first  non-neura l  variabl e i n dialogu e 

giv e answe r  an d procee d 
els e (subsequen t  variables } 

giv e inf o an d re-elici t 

Thi s tre e provide s a n algorith m fo r  updatin g th e tutorin g 
pla n base d o n th e student' s response .  I t  correctl y classifie s 
5 0 o f  ou r  5 7 cases ,  yieldin g a n erro r  rat e o f  1 2 % . 

The bigges t  sourc e o f  erro r  i s tha t  th e tre e underpredict s 
th e us e o f  a  ne w method ,  predictin g onl y thre e ne w method s 
wher e seve n actuall y occurred .  Tryin g a  ne w metho d means , 
fo r  example ,  abandonin g t-tutors-via-determinant s an d 
switchin g t o t-shows-contradiction .  W e hop e tha t  addin g 
mor e transcript s t o ou r  experimen t  wil l  she d ligh t  o n thi s 
issue . 

M a ny o f  th e feature s tha t  w e code d wer e no t  use d b y C4. 5 
i n buildin g th e final  decisio n tree ,  mos t  notabl y th e count s o f 
h o w man y prediction s wer e incorrect .  Thi s indicate s tha t  th e 
tutor' s respons e t o a  studen t  utteranc e appear s t o depen d 
mor e o n th e categor y o f  th e studen t  utteranc e tha n o n a 
globa l  assessmen t  o f  th e student' s performance . 

Choosing an Explicit Acknowledgment 

I n th e nex t  experiment ,  w e explore d th e styl e o f  acknow -
ledgmen t  issue d b y th e tutor ,  i n respons e t o a  studen t 
answer .  I n 6 2 case s o f  tuto r  acknowledgments ,  w e 
categorize d th e observe d acknowledgment s a s follows : 

•  Positive ,  e.g .  "Correct. " 
•  Partial ,  e.g .  "Wel l  that' s pard y correct ,  ... " 
•  Negative ,  e.g .  "No. " 
•  Nil ,  n o explici t  acknowledgment . 

The possibl e feature s wer e th e sam e a s i n th e previou s 
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experiment .  I n thi s experimen t  C4. 5 foun d significanc e i n 
th e numbe r  o f  time s th e tuto r  retrie d th e t-elici t  t o whic h th e 
studen t  wa s responding .  Th e resuUin g decisio n tre e i s quit e 
messy ,  wit h 2 8 node s befor e simplificatio n an d 1 5 node s 
after ,  an d th e simplifie d tre e misclassifie s mor e tha n 2 0 % o f 
th e cases .  Howeve r  w e di d obtai n a  fe w fairl y soli d rules : 

I f  answe r  wa s partiall y  correc t 
the n issu e partia l  ac k 

I f  answe r  wa s correc t 
the n issu e posiriv e o r  ni l  ac k 

I f  th e answe r  wa s incorrec t 
i f  w e ar e o n th e first  neura l  o r  first  non-neura l  vb l 

i f  w e ar e o n th e first  attemp t  t o tuto r  tha t  variabl e 
the n ni l  ac k 
els e { a subsequen t  attempt } 
negativ e ac k 

Th e distinctio n betwee n th e first  attemp t  (n o acknow -
ledgment )  an d subsequen t  attempt s (negativ e acknow -
ledgments )  appear s interestin g a t  first  glance .  However , 
furthe r  analysi s show s tha t  thi s resul t  i s  confounde d b y th e 
result s o f  th e first  experiment ,  i.e. ,  first  attempt s an d 
subsequen t  attempt s generall y us e consistentl y differen t 
methods .  Thu s i t  i s  possibl e tha t  a  featur e o f  th e secon d 

metho d i s th e underlyin g caus e o f  th e rul e above . 
Ther e i s furthe r  evidenc e tha t  tutoria l  plannin g feature s 

ar e no t  sufficien t  t o explai n th e us e o f  acknowledgments . 
For  example ,  ou r  decisio n tree s offe r  n o explanatio n a s t o 
w hy correc t  answer s receiv e a  positiv e acknowledgmen t 
abou t  thre e time s ou t  o f  fou r  an d n o acknowledgmen t  th e 
res t  o f  th e time .  W e suspec t  tha t  othe r  feature s affectin g 
dialogu e coherence ,  suc h a s th e presenc e o r  absenc e o f  a n 
initia l  discours e marker ,  ar e relate d t o th e decisio n t o us e a n 
explici t  acknowledgment .  Schifftin' s (1987 )  stud y o f 
discours e marker s lend s credenc e t o thi s theory .  Fo r 
example ,  accordin g t o Schiffrin' s analysis ,  th e us e o f  wel l  i n 
th e followin g excerp t  indicate s tha t  th e tuto r  i s contradictin g 
th e student' s wron g answer .  Thi s i s simila r  t o th e purpos e a 
negativ e acknowledgmen t  woul d serve . 

T:  W h a t  t o yo u thin k wil l  happe n t o S V ? 
S:  N o change . 
T:  Well ,  yo u predicte d tha t  R A P woul d g o dow n an d .. . 

Also ,  sinc e D L R s alread y hav e interna l  coherence ,  i t  i s  no t 
surprisin g t o se e fewe r  acknowledgment s o n studen t 
response s t o question s insid e a  D L R . 

Choosing a Realization 

Th e final  experimen t  examine d th e realizatio n o f  th e topi c 
t-tutors-dr-info .  Thi s topi c i s alway s realize d b y a n instanc e 
of  th e primitiv e t-inform s o r  t-elicit .  Ou r  questio n wa s t o 
determin e unde r  wha t  condition s eac h o f  thes e primitive s i s 
chose n b y th e h u m a n tutor . 

Althoug h t-inform s i s usuall y realize d a s a  declarativ e 
sentenc e an d t-elicit s  wit h a n interrogative ,  othe r  alternative s 
ar e possible .  Fo r  example ,  t-elicit s  coul d b e realize d a s a n 
imperative :  "Pleas e tel l  m e ... "  (Sinclai r  &  Coulthard ,  1975) . 
Thu s thes e rule s d o no t  directl y determin e surfac e structure , 
althoug h the y d o m o v e on e leve l  close r  t o surfac e structure . 

For  thi s experimen t  w e ha d C4. 5 buil d a  decisio n tre e t o 

classif y 1 6 case s wher e t-tutors-dr-inf o i s realize d a s 
t-inform s ( 9 cases )  o r  t-elici t  ( 7 cases) .  Sinc e thi s topi c 
occur s whe n a n incorrec t  predictio n fo r  a  neura l  variabl e i s 
tutored ,  w e chos e th e followin g a s possibl e explanator y 
features : 

•  Numbe r  o f  variable s predicte d incorrectl y fo r  th e stag e 
•  N u m b e r  o f  neura l  variable s predicte d incorrectl y 
•  Whethe r  o r  no t  th e tuto r  ha s alread y tutore d th e topi c 

t-tutors-mechanis m i n th e cours e o f  remediatin g th e 
incorrec t  prediction .  Thi s topi c i s use d t o teac h th e studen t 

tha t  a  variabl e i s neural . 

Th e first  tw o feature s wer e chose n becaus e the y coul d b e 
use d a s par t  o f  a n assessmen t  o f  th e student' s performance . 
Previou s wor k (e.g. ,  H u m e etal. ,  1996 )  suggest s tha t  ou r 
tutor s chang e thei r  tutorin g style ,  especiall y thei r  us e o f 
hints ,  base d o n thei r  assessmen t  o f  th e student . 

Th e followin g decisio n tre e wa s obtaine d ft-om  C4.5 : 

I f  a  t-tutors-mechanis m topi c ha s occurre d 
the n a  subsequen t  t-tutors-dr-inf o topi c wil l  b e 

realize d a s t-infor m 
otherwis e i t  wil l  b e realize d a s t-elicit . 

Thi s rule ,  whic h use s onl y th e featur e t-tutors-mechanism , 
correctl y classifie s 1 4 o f  th e 1 6 cases ,  givin g a n erro r  rat e o f 
137o .  Th e othe r  tw o feature s wer e ignored . 

I t  i s  wort h notin g tha t  non e o f  th e reader s o f  th e 
transcript s ha d previousl y notice d thi s relationship . 

Havin g discovere d thi s relationship ,  w e buil t  a  2-by- 2 
contingenc y tabl e showin g th e realizatio n o i  t-tutors-dr-inf o 
vs .  th e us e o i  t-tutors-mechanis m (Tabl e 1) .  W e compute d 
X^  =  6.3 ,  includin g th e Yate s correctio n fo r  smal l  N ,  whic h 
show s tha t  th e relationshi p i s unlikel y t o b e rando m { p = 
0.02) . 

Table 1: Contingency Table for Realizing t-tutors-dr-info 

Has precedin g 
t-tutors-mech l 

Yes N o Tota l 
t-infor m 

t-elici t 

Tota l 

Intrigued by the fact that both components of the student 
assessmen t  wer e ignored ,  w e decide d t o se e wha t  happene d 
i f  w e eliminate d th e t-tutors-mechanis m facto r  instead .  A n 
eve n simple r  decisio n tre e wa s obtained : 

I f  al l  thre e neura l  variable s wer e incorrectl y predicte d 
the n us e t-elici t 
els e us e t-infor m 

Thi s tre e misclassifie s 3  ou t  o f  th e 1 6 cases ,  a n erro r  rat e o f 
1 9 %.  Ou r  tentativ e understandin g o f  thi s rul e i s tha t  whe n 
th e studen t  make s th e sam e erro r  repeatedly ,  th e tuto r 
switche s t o a  schem a wher e th e informatio n involve d i s 
specificall y probe d for . 

Related Work 

Vande r  Linde n an d D i  Eugeni o (1996a ,  1996b )  studie d rule s 
fo r  distinguishin g th e occurrence s o f  warning s i n writte n 
instructions ,  i n particula r  h o w t o choos e amon g phrase s suc h 
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as neve r  d o X ,  don' t  d o X ,  an d b e sur e no t  t o d o X .  The y 

code d instance s o f  suc h expression s i n recipes ,  instruction s 
fo r  operatin g equipment ,  an d simila r  type s o f  writte n 
material .  Th e use d thre e semanti c features ,  suc h a s "write r 
believe s tha t  reade r  know s tha t  doin g X  i s dangerous. "  The y 
the n use d a  machin e learnin g algorith m t o deriv e decisio n 
rule s whic h coul d b e integrate d int o a  tex t  generatio n 
application . 

Moser  an d Moor e (1995 )  an d D i  Eugenio ,  Moor e an d 
Paolucc i  (1997 )  studie d th e us e o f  cu e word s suc h a s 
becaus e an d als o i n tutoria l  text .  The y annotate d tex t 
segment s wit h feature s describin g structura l  (core / 
contributor) ,  intentional ,  informationa l  an d syntacti c 
relation s betwee n tex t  segments .  The y use d a  decision-tre e 
generatin g algorith m t o tes t  hypothese s abou t  th e occurrenc e 
and placemen t  o f  th e cu e words .  Unlik e th e wor k o f  Vande r 
Linde n an d D i  Eugenio ,  th e tex t  segment s ar e code d fo r  a 
ver y larg e numbe r  o f  features ,  an d par t  o f  th e experimen t  i s 
t o determin e whic h feature s ar e significant . 

Each o f  thes e paper s studie s relationship s betwee n word s 
or  syntacti c structure s i n a  surfac e tex t  an d semanti c o r 
textua l  feature s whic h hav e bee n coded .  Althoug h ou r 
methodolog y i s similar ,  ou r  wor k i s differen t  becaus e w e ar e 
relatin g level s o f  goa l  structur e t o lower-leve l  goal s rathe r 
tha n directl y t o surfac e text .  Thu s ou r  wor k ca n b e use d t o 
buil d rule s a t  severa l  level s o f  a  hierarchica l  plannin g 
process . 

Conclusions 

We ar e currentl y buildin g a  dialogue-base d intelligen t 
tutorin g syste m whic h use s a  rule-base d globa l  planner .  T o 
bette r  understan d th e tutorin g strategie s use d b y huma n 
tutors ,  w e studie d transcript s o f  exper t  tutor s doin g th e sam e 
task .  W e annotate d thi s corpu s t o sho w th e tutoria l  goal s 
fro m whic h utterance s coul d b e derived .  W e use d th e C4. 5 
rul e inductio n algorith m t o deriv e rule s relatin g som e o f  ou r 
pla n operator s t o th e lower-leve l  operator s use d t o 
instantiat e them .  Usin g a  smal l  bu t  significan t  portio n o f  ou r 
corpus ,  w e obtaine d som e intuitivel y satisfyin g rule s a t 
severa l  level s o f  discourse .  Som e o f  thes e rule s ar e 
statisticall y significant ,  an d som e poin t  t o idea s fo r  futur e 
work .  I n on e cas e C4. 5 caugh t  a  generalizatio n whic h ou r 
human reader s ha d missed . 

We conducte d fou r  experiments .  Th e firs t  experimen t 
reveale d a  high-leve l  pla n fo r  a  whol e stag e o f  th e tutorin g 
session .  A  secon d relate d th e categor y o f  th e studen t  answe r 
t o a  subsequen t  chang e i n tutoria l  goals ,  providin g rule s fo r 
dynami c modificatio n o f  th e tutorin g agenda .  A  thir d 
experimen t  showe d tha t  explici t  acknowledgment s o f  th e 
student' s utterance s ma y no t  b e full y explainabl e b y th e 
tutoria l  goa l  structure .  A  fina l  experimen t  wa s jus t  abov e th e 
leve l  o f  tex t  realization ,  findin g relationship s betwee n 
studen t  error s an d th e decisio n t o expres s certai n tutorin g 
goal s a s t-inform s o r  t-elicits . 

Thi s wor k ha s show n tha t  rul e inductio n o n a  natural -
languag e corpu s ca n produc e plannin g rule s whic h ar e bot h 
usefu l  an d interesting .  I t  i s  a  ste p o n th e pat h towar d mor e 
objectiv e method s o f  corpu s analysi s fo r  tex t  generation .  W e 
pla n t o expan d ou r  analysi s t o cove r  mor e pla n operator s 

and mor e example s o f  eac h i n orde r  t o produc e th e mos t 

realisti c tex t  possibl e i n CiRCSlM-Tutor . 
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Abstrac t 

This paper draws on previous research that strongly suggests 
tha t  bilingua l  memor y i s  organize d a s a  singl e distribute d 
lexico n rathe r  tha n a s tw o separatel y accessibl e lexicon s 
correspondin g t o eac h language .  Interactive-activatio n 
model s provid e a n effectiv e mean s o f  modelin g man y o f  th e 
cross-languag e primin g and  interferenc e effect s tha t  hav e 
been observed .  However ,  on e difficult y wit h thes e model s i s 
tha t  the y d o no t  provid e a  plausibl e wa y o f  actuall y acquirin g 
suc h a n organization .  Thi s pape r  show s tha t  a  simpl e 
recurren t  connectionis t  networ k (SRN )  (Ehnan ,  1990 )  migh t 
provid e a n insigh t  int o thi s problem .  A n S R N i s firs t  traine d 
on tw o micro-language s an d th e hidden-uni t  representation s 
correspondin g t o thos e language s ar e studied .  A  cluste r 
analysi s o f  thes e highl y distributed ,  overlappin g 
representation s show s tha t  the y accuratel y reflec t  th e overal l 
separatio n o f  th e tw o languages ,  a s wel l  a s th e wor d 
categorie s i n eac h language .  I n addition ,  rando m an d 
extensiv e lesionin g o f  th e S R N hidde n laye r  i s  shown ,  i n 
general ,  t o hav e littl e effec t  o n thi s organization .  Thi s i s i n 
genera l  agreemen t  wit h th e observatio n tha t  mos t  bilingual s 
who suffe r  brai n damag e d o no t  los e thei r  abilit y t o 
distinguis h thei r  tw o languages .  O n th e othe r  hand ,  a n 
exampl e i s give n wher e th e remova l  o f  a  singl e nod e doe s 
radicall y disrupt s thi s interna l  representationa l  organization , 
simila r  t o rar e clinica l  case s o f  bilingua l  languag e mixin g an d 
biUngua l  aphasi a followin g bra m trauma .  Th e issu e o f 
scaling-u p i s als o discusse d briefly . 

Introduction 

O ne o f  th e centra l  question s i n th e field  o f  bilingua l  m e m o r y 
involve s th e lexica l  organizatio n o f  bilinguals '  tw o 
language s withi n th e brain .  Ar e thes e language s organize d 

i n a  highl y independent ,  selectivel y accesse d manne r  o r 

rathe r  i n a  highl y overlapping ,  distribute d maimer ,  m u c h 

lik e monolingua l  m e m o r y wit h twic e a s m a n y words ? h i 

short ,  ar e ther e tw o lexicon s o r  one ? 

Researc h throughou t  th e pas t  decad e ha s lef t  httl e doub t 

that ,  a t  leas t  fimctionally,  ther e i s a  grea t  dea l  o f  interactio n 

betwee n th e tw o lexicons .  Numerou s experiment s hav e 

consistentl y shov m evidenc e o f  inter-languag e primin g an d 

interference ,  eve n w h e n bilingua l  participant s ar e carefull y 

put  int o strictl y monolmgua l  contexts .  Eve n a  partia l  lis t  o f 
th e wor k o n cross-lingua l  primin g an d interferenc e i s 

extensiv e an d woul d include :  Koler s (1966) ,  Meye r  & 

Ruddy (1974) ;  Schwanenfluge l  &  Re y (1986) ;  Beauvillai n 

& Grainge r  (1987) ,  Grainge r  &  Beauvillai n (1988) ;  Che n & 

Leun g (1989) ,  D e Groo t  &  N a s (1991) ,  Beauvilla m (1992) , 

Keatl y &  d e Gelde r  (1992) ,  Grainge r  &  O'Rega n (1992) , 

Keatley ,  Spinks ,  &  D e Gelde r  (1994) ,  Frenc h &  Ohnesorge , 

(1996 ,  1997) ,  Fo x (1996) ,  an d s o on .  Further ,  interlingua l 

Stroo p test s hav e als o show n clea r  evidenc e o f  considerabl e 

cross-languag e interferenc e (Dyer ,  1971 ;  Presto n & 

Lambert ,  1969 ;  MSgiste ,  1984) . 

I n thi s paper ,  therefore ,  I  wil l  tak e fo r  grante d tha t  thes e 

inter-languag e primin g an d interferenc e effect s ar e rea l  an d 

tha t  som e for m o f  interactive-activatio n mode l  (McClellan d 

& Rumelhart ,  1981 )  ca n provid e a  reasonabl e explanatio n 

fo r  them .  However ,  interactive-activatio n model s o f 

m e m o ry ar e localis t  connectionis t  network s that ,  i n general , 

ar e no t  designe d t o learn .  Thi s i s th e case ,  i n particular ,  fo r 

Grainger' s (1993 )  Bilingua l  Interactiv e Activatio n mode l 

Thi s pape r  explore s th e questio n o f  wha t  typ e o f  distribute d 

cormectionis t  architecture ,  capabl e o f  learning ,  migh t  b e 

abl e t o produc e som e o f  th e effect s whos e explanatio n 
currentl y require s a n interactive-activatio n framework .  I 

wil l  sugges t  tha t  a  simpl e recurren t  cormectionis t  networ k 

( S R N)  — frequentl y referre d t o a s a n Ehna n networ k 

(Ehnan ,  1990 )  — i s a n appropriat e non-localis t 
connectionis t  framewor k i n whic h t o stud y bilingua l 
memory.  Thi s S R N networ k exhibits : 

•  progressiv e developmen t  o f  hidden-uni t  representation s 

tha t  cluste r  accordin g t o graimnatica l  form s (subject , 

verb ,  object )  an d languages ,  eve n thoug h ther e ar e n o 

explici t  marker s o n inpu t  distinguishin g th e language s 
or  thei r  grammatica l  forms ; 

•  inter-lingua l  interferenc e effects ; 

•  considerabl e resistanc e t o lesioning ; 
•  significan t  disruptio n o f  interna l  organizatio n tha t  ca n 

be produced ,  o n rar e occasions ,  b y lesionin g a  ver y 
smal l  numbe r  o f  nodes . 

Relate d wor k ha s bee n don e b y Cleereman s (1993 )  i n hi s 

connectionis t  simulation s o f  imphci t  learnin g o f  Rebe r 

grammar s (Reber ,  1967) .  I n addition ,  tha e i s currentl y a t 

leas t  on e othe r  non-localis t  connectionis t  mode l  o f  bilingua l 

memory.  Thi s i s a  mode l  develope d b y T h o m a s &  Plunket t 

(1995 )  an d T h o m a s (1997) .  However ,  th e latte r  mode l  i s 

not  recurren t  an d therefor e caraio t  b e use d t o stud y th e 
sequentia l  acquisitio n o f  language .  K a w a m o t o (1993 ) 

propose d a  recurren t  cormectionis t  networ k t o stud y wor d 
disambiguation .  Thi s mode l  coul d almos t  certainl y als o b e 

adapte d t o th e cas e o f  bilingua l  memory . 

Simulation Environment 

The tw o micro-language s tha t  wer e use d wer e calle d Alph a 

and Beta .  Eac h languag e consiste d o f  1 2 items :  subjec t 

nouns ,  verb s an d objec t  nouns .  Thes e wer e broke n dow n a s 

follows : 
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Alph a 
Subjec t  Nouns :  B O Y ,  GIRL ,  M A N ,  W O M AN 

Veri)s :  LIFTS ,  T O U C H E S,  SEES ,  P U S H ES 

Objec t  Nouns :  T O Y ,  B A L L ,  B O O K,  P E N 

Beta 

Subjec t  Nouns :  G A R g O N,  FELLE ,  H O M M E,  F E M ME 

Verbs ;  S O U L E V E,  T O U C H E,  VOIT ,  P O U S SE 

Objec t  Nouns :  JOUET ,  B A L L O N ,  L IVRE ,  S T Y L O 

It is important to remember that the words "BOY". 

"FILLE" ,  "VOIT' ,  "PUSHES" ,  etc .  carr y n o semanti c 

information .  Fo r  th e purpose s o f  thi s simulation ,  I  coul d 

jus t  a s easil y hav e chose n singl e letters ,  o r  an y othe r 
arbitrar y symbols .  Th e reaso n I  chos e thes e particula r 

word s wa s s o tha t  they ,  an d th e sentence s produce d b y 

them ,  woul d b e immediatel y identifiabl e a s belongin g t o on e 

languag e o r  another .  Thus ,  w e kno w B O Y T O U C H ES 

B O OK i s fro m Alpha ,  wherea s FILL E S O U L E VE S T Y L O 
i s fro m Beta . 

Sentence s i n eac h languag e hav e th e followin g simpl e 

S VO grammatica l  structure :  NOUNsubjec t  -  V E R B -

NOUNoBrecT A  "languag e generator "  ( a finite-state 
machine )  generate s sequence s o f  lega l  sentence s i n bot h 

language s (Figur e 1) .  I t  i s  designe d t o simulat e a n Alpha -

Bet a bilingua l  environment .  I t  ha s a  fixed  probabilit y o f 
0.00 1 o f  switchin g fi-om  on e languag e t o another .  Thi s 

probabilit y  doe s no t  chang e durin g th e cours e o f  a  singl e 
run .  I n othe r  words ,  i f  th e switchin g probabilit y  i s  0.00 1 a t 

th e beginnin g o f  th e run ,  i t  wil l  b e th e sam e 10,00 0 

sentence s later .  Languag e svkitchin g wa s onl y permitte d a t 
th e en d o f  a  sentence .  (Thi s constrain t  wa s relaxe d i n othe r 
experiment s an d th e cluster s o f  hidden-laye r  representation s 
fo r  bot h language s remaine d essentiall y th e sam e a s i n th e 

cas e wher e language-switchin g wa s onl y permitte d a t  th e 

end o f  sentences. ) 

BOY LIFT S TO Y M A N SEES PE N M A N TOUCHES 
BOOK GIR L PUSHES BAL L W O M AN TOUCHES TO Y 
BOY PUSHES BOOK F E M ME SOULEVE STYL O FILL E 
PREND STYL O GARgON TOUCHE LIVR E F E M ME 
POUSSE BALLO /  FILL E SOULEVE JOUEX W O M AN 
PUSHES PE N P O Y LIFT S BALI^-WOKl ^  TAKE S 
BOOK... 

No explicit markers between languages (or between 
individua l  sentences) . 

Figur e 1 .  A  typica l  Alpha-Bet a languag e strea m 

generate d b y th e languag e generator .  Thi s strea m o f 
inpu t  wil l  b e fe d t o th e SRN.  Notic e that ,  a s i n rea l 
(spoken )  language ,  ther e ar e n o explici t  marker s eithe r 

betwee n sentence s o r  betwee n languages . 

Methodology 

Each wor d i n th e sequenc e wa s presente d t o a  24-32-2 4 

Ehnan networ k wit h a  bia s node .  Th e learnin g rat e wa s se t 

at  0.1 ,  momentu m a t  0.9 ,  wit h a  sigmoi d squashin g functio n 

and usin g a  Fahlma n offse t  o f  0. 1 (Fahlman ,  1989) .  Inpu t  t o 

th e networ k consiste d o f  individua l  word s fro m a  lon g strin g 

of  sentence s (Figur e 1 )  generate d automaticall y b y a  finite-

stat e machin e Fo r  eac h wor d i n th e sequence ,  th e 

network' s tas k wa s t o predic t  th e followin g word .  Fo r 

example ,  i n th e sequenc e show n i n Figur e 1 ,  th e networ k 

woul d first  ge t  B O Y o n inpu t  an d tr y t o predic t  LIFT S o n 

output ,  the n LIFT S o n input ,  tryin g t o predic t  T O Y o n 

output ,  an d s o on . 

Unlik e standar d sequenc e learning ,  th e networ k neve r 

return s t o th e beginnin g o f  th e sequence .  A  singl e weigh t 

chang e i s mad e pe r  inpu t  wor d (i.e. ,  i t  learn s fo r  on e epoc h 

per  presentation) .  Th e networ k ha s n o hop e o f  actuall y 
memorizin g th e two-languag e sequenc e becaus e th e 

sequence ,  a s i n rea l  language ,  i s  non-deterministic .  Th e 

expedien t  o f  localis t  inpu t  codin g wa s use d fo r  th e twenty -

fou r  word s comprisin g th e combine d Alph a an d Bet a 

vocabularies .  Thi s codin g wa s don e a s follows : 

BOY =  1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 , 
G I R L =  0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 , 

MAN =  0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 ,  et c 

The Emergence of Language-Specific Clusters 

o f  Interna l  Representat ion s 

I n thi s simulatio n w e allowe d trainin g t o continu e unti l 

300,00 0 item s (100,00 0 sentences )  ha d bee n seen .  A t 

variou s point s i n th e run ,  th e hidden-laye r  activatio n 

pattern s wer e collecte d fo r  eac h o f  th e 2 4 word s i n th e 

Alph a an d Bet a an d wer e subjecte d t o agglomerativ e 
hierarchica l  cluste r  analysi s usin g a  Euclidea n distanc e 
metri c an d Ward' s metho d t o determin e linkage . 

Figur e 2  show s th e SRN' s hidden-laye r  representation s 

of  Alph a an d Beta .  I t  ca n b e see n tha t  thes e representation s 
ar e highl y distribute d an d overlapping ,  bu t  the y ar e als o 
clustere d (Figur e 3) .  Afte r  exposur e t o 60,00 0 item s 

(Figur e 3) ,  stabl e cluster s hav e develope d tha t  correspon d 

not  onl y t o grammatica l  structure s (Subjec t  nouns .  Verbs , 

and Objec t  nouns) ,  bu t  als o t o eac h o f  th e tw o languages . 
Alph a word s li e i n a  distinc t  cluste r  fro m Bet a words .  I t  i s 

i n thi s sens e tha t  w e ca n tal k o f  languag e separation .  I n 

addition ,  thi s clusterin g ha s occurre d i n th e absenc e o f  an y 

explici t  languag e (o r  sentence )  "marking. " 

av«rag« tctlvaUon 

•  Alph a 
•  Bet a 

I J U U ^ 
n 9  U  I S »  21 7  12 1 ]  31 1 1 > 2 8  2 7 2  1 0 2 1 3  2 2 4  2 4 5  19 «  19 2 1 3 0 1  2 0 17 I I  » 

Hldd* n unit *  (arnnga d accordin g t o aetivatla n lavala ) 

Figure 2: The highly distributed overlapping 

representation s o f  A l p h a a n d Be t a a t  th e h idde n laye r 

afte r  exposur e t o 20 ,00 0 sentence s (60,00 0 items) . 
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W O M AN 
LIFT S 

GARCOM 
FILLE : 

^ 

BALLON 
STYLO 
LIVRE 

Figur e 3 .  Afte r  20 ,00 0 sentence s (60,00 0 i tems ) 

cluster s h a v e f o r m e d no t  onl y fo r  th e part s o f  speec h i n 

eac h language ,  bu t  als o fo r  eac h language .  Th e 

networ k ha s separate d th e tw o language s int o distinc t 

cluster s o f  hidden-uni t  representations . 

The Stability of the Language Clusters to 

D is rup t io n b y Les ion in g o f  t h e H i d d e n L a y e r 

I n general ,  brai n traum a i n bilingual s doe s no t  resul t  i n th e 

los s o f  on e languag e o r  eve n extensiv e language-mixing . 

Connectionis t  network s modelin g bilingua l  memor y 

organizatio n shoul d als o b e abl e t o displa y thi s abilit y o f 
resistanc e t o damage .  I n general ,  th e abiUt y t o functio n 

w he n damage d i s on e o f  th e mos t  significan t  advantage s o f 

distribute d connectionis t  systems .  I n th e cas e o f  th e presen t 

S RN model ,  onc e i t  ha d learne d Alph a an d Beta ,  i t  wa s ver y 
har d t o disrup t  th e organizatio n o f  th e cluster s i t  ha d 

developed .  Followin g learning ,  node s wer e remove d fro m 

th e hidden-laye r  an d a  cluste r  analysi s performe d o n th e 

activatio n pattern s o f  th e remainin g nodes .  I n som e cases , 

up t o 3 0 node s (ou t  o f  32 )  wer e remove d an d th e 

organizatio n o f  th e representationa l  cluster s remaine d 
essentiall y  unchanged . 

language s o r  becom e incapabl e o f  distinguishin g thei r  tw o 

language s (Alber t  &  Obler ,  1977 ;  Paradis ,  1977 ;  etc.) .  I n 

th e S R N mode l  presente d here ,  whil e thi s typ e o f  disruptio n 

i s rare ,  i t  ha s bee n observed .  Th e cas e presente d i n thi s 

pape r  (Figur e 4 )  wa s provoke d b y th e remova l  o f  a  singl e 
nod e (Nod e 22 )  fro m th e hidde n laye r  afte r  learning .  I f  w e 

refe r  t o Figur e 2 ,  w e notic e a  ver y larg e differenc e i n th e 

averag e activatio n o f  Nod e 2 2 fo r  word s i n Bet a compare d 

t o word s i n Alpha .  I t  turn s ou t  tha t  i f  thi s nod e (o r  an y 

combinatio n o f  node s includin g thi s crucia l  node )  i s 

removed ,  th e Alph a an d Bet a cluster s disintegrate .  Figur e 4 

shows th e powerfu l  effec t  o n th e languag e cluster s o f  th e 

remova l  o f  thi s node . 

Discussion 

I t  ca n b e see n i n Figur e 2  tha t  th e representation s fo r  bot h 

language s ar e highl y distribute d an d overlappin g bu t  wha t 

allow s th e networ k t o distinguis h Alph a fro m Bet a is , 
ultimately ,  difference s i n th e overal l  activatio n pattern s fo r 

eac h language .  I n thi s case ,  i t  turn s ou t  tha t  Nod e 2 2 

account s fo r  2 7 % o f  thi s difference ,  compare d t o a n averag e 

contributio n o f  th e othe r  node s o f  onl y abou t  3% .  I t  i s fo r 

thi s reaso n tha t  it s remova l  ha s suc h a  significan t  effec t  o n 

th e overal l  organizatio n o f  languag e clusters . 
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Figure 5. The activation difference between Alpha and 

Bet a measure d a s th e differenc e i n th e overal l  activatio n 
of  al l  word s i n bot h languages . 
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Figur e 4 .  Th e separat e Alpha-Bet a languag e cluster s 

ar e completel y disrupte d followin g th e remova l  o f 

N o de 22 . 

On the other hand, in certain cases of brain traiuna, 

fortunatel y quit e rare ,  bilingual s ca n los e on e o f  thei r 

activatio n differenc e 
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Figure 6. In general, the differences between the two 
set s o f  averag e representation s fo r  th e word s i n eac h 

languag e ar e distribute d ove r  m a n y nodes .  Eac h nod e 

onl y account s fo r  a  smal l  fractio n o f  th e tota l  differenc e 

an d it s  los s woul d therefor e b e m u c h les s significan t 

tha n th e los s o f  N o d e 2 2 i n Figur e 5 . 

In most cases, the pattern of differences is much more 

evenl y distribute d ove r  th e entir e hidden-layer .  Fo r 

370 



example ,  th e distributio n o f  diflference s show n i n Figur e 6 

(fro m anothe r  ru n o f  th e program) ,  i s  fa r  mor e typical .  I n 

th e latte r  cas e th e los s o f  a  singl e nod e i s no t  enoug h t o 

seriousl y disrup t  th e overal l  differenc e betwee n th e tw o set s 

of  representations . 

The Decrease of Homographic Priming 

Frenc h &  Ohnesorg e (1997 )  reporte d a  disappearanc e o f 

homographi c primin g fo r  bilingual s i n a  mixe d French -

EngUsh conditio n compare d t o a n All-Englis h condition . 

They looke d a t  a  serie s o f  interlexica l  homograph s —word s 
tha t  hav e distinc t  meaning s i n tw o separat e languages ;  fo r 

example ,  word s like ,  FI N (whic h mean s "end "  i n French) , 

"PAIN "  ( = "bread "  i n French ,  etc. )  — an d paire d the m wit h 

word s tha t  the y strongl y prime d i n English .  So ,  fo r 

example ,  th e homograp h FI N wa s paire d wit h th e targe t 
wor d SHARK,  sinc e i n a  word-nonwor d recognitio n tas k 

SHARK wil l  b e recognize d t o b e a  wor d muc h faste r  whe n 

it  ha s bee n immediatel y precede d b y FIN ;  w e sa y tha t  FI N 

prime s SHARK.  Th e homogr^ h PAI N wa s paire d wit h th e 

targe t  wor d HURT,  an d s o on .  Th e participants '  tas k wa s t o 

say whethe r  th e targe t  wor d wa s a  wor d i n English .  Th e 
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Figur e 7 .  Th e substantia l  primin g effec t  o f  S H A R K b y 
FI N i n th e Al l  Englis h conditio n i s  significantl y 

reduce d i n th e Mixe d Condition . 

amount of priming of the target words was compared in two 

conditions :  a n All-Englis h conditio n an d a  Mixe d conditio n 

(wher e th e participant s sa w a  mixtur e o f  hal f  Englis h an d 
hal f  Frenc h items) .  I n th e All-EngUs h condition ,  ther e wa s 

significan t  primin g o f  th e se t  o f  targe t  word s b y th e 
interiexica l  homographs .  However ,  w h e n Frenc h word s 
wer e include d i n th e Mixe d conditio n (th e task ,  identifyin g 

th e ite m a s a  wor d i n English ,  remaine d th e same) ,  th e 

amount  o f  primin g wa s greatl y reduced .  Th e result s i n 
Figur e 7  (Frenc h &  Ohnesorge ,  1997 )  sho w a  primin g effec t 

of  6 2 m s i n th e All-Englis h conditio n bu t  ver y littl e effec t 

(1 2 ms )  i n th e Mixe d condition . 

"Spreading activation" in an SRN framework 

Overlappin g pattern s o f  activatio n a t  th e hidde n laye r  ca n 

giv e rise  t o th e perceptio n o f  activatio n "spreading " 

throughou t  a  languag e i n a n mteractivc-activatio n model . 

I n othe r  words ,  i f  th e hidden-uni t  representatio n fo r  B O Y i s 

activ e an d th e hidden-uni t  representatio n fo r  GIR L i s clos e 

by (i.e. ,  th e tw o representation s hav e highl y share d pattern s 
of  activation) ,  thi s mean s tha t  a  ver y smal l  chang e i n th e 

weight s o f  th e networ k ca n transfor m it s interna l 

representatio n o f  B O Y int o it s representatio n fo r  GIRL .  O n 

th e othe r  hand ,  th e transformatio n fro m B O Y to ,  say , 

SOULEVE,  wil l  b e considerabl y mor e difficul t  sinc e th e 

respectiv e representation s o f  B O Y an d S O U L E VE ar e 

considerabl y farthe r  apar t  tha n B O Y an d GIRL ,  thereb y 

requiring ,  o n average ,  greate r  weigh t  change s t o transfor m 

one int o th e other .  Cluster s o f  representation s are ,  b y 

definition ,  activatio n pattern s tha t  ar e clos e together .  I t  i s 

therefor e reasonabl e t o suppos e tha t  i f  th e hidden-laye r 

activatio n cluster s fo r  eac h languag e ar e clearl y separate d 
(a s i n Figur e 3) ,  activatio n wil l  "spread "  withi n a  languag e 

befor e i t  "spreads "  t o th e othe r  language , 

Simulating the Decrease of Homographic 

Primin g i n th e S R N M o d e l 

Based o n thi s notio n o f  spreadin g activation ,  w e wil l  sa y 
tha t  i n ou r  SR N model ,  th e amoun t  o f  "priming "  o f  a  targe t 

wor d b y a  prim e wor d wil l  b e determine d b y th e ho w fa r  th e 

outpu t  o f  th e networ k i s fro m th e targe t  wor d afte r  th e prim e 
wor d ha s bee n presente d t o i t  o n input .  So ,  fo r  example , 
when a  prim e wor d Wp i s presente d t o th e network ,  a n 
outpu t  vecto r  X p wil l  b e produced .  Thi s vecto r  wil l  b e a 
certai n Euclidea n distanc e d ,  fro m eac h word ,  W „  know n t o 

th e network .  Th e wor d W,  tha t  i s bes t  prime d b y Wp i s th e 

one fo r  whic h d ,  i s  th e smallest .  I n th e simulatio n describe d 
below ,  w e traine d th e networ k o n 10,00 0 sentence s an d the n 

ra n th e primin g tests . 
For  th e followin g simulation ,  w e first  create d a n Alpha -

Bet a interlexica l  homograp h simila r  t o th e French-Englis h 

homograph ,  FIN .  GAR(^O N an d B O Y wer e replace d b y a 

singl e made-u p wor d which ,  fo r  n o particula r  reason ,  I 
calle d TRAT .  (Kee p i n min d tha t  th e "words "  i n Alph a an d 

Bet a hav e n o semanti c content .  Thei r  resemblanc e t o 
Frenc h an d Englis h word s serve s onl y t o identif y th e 

languag e the y com e from .  Lexicall y speaking ,  T R A T coul d 

have com e fro m both. )  Recal l  tha t  th e French-Englis h 

homograp h FI N i s a  low-frequenc y wor d i n Enghs h tha t 
strongl y prime s SHARK,  an d a  high-frequenc y wor d i n 

French .  T R A T wa s designe d t o simulat e thi s typ e o f 
homograph .  Thi s wa s don e a s follows :  9 5 % o f  th e tim e 

tha t  T R A T appeare d i n a n Alph a sentence ,  i t  wa s followe d 
by LIFTS .  A s a  result ,  T R A T strongl y prime d LEFTS , 

accordin g t o th e defmitio n o f  primin g give n above .  O n th e 
othe r  hand ,  whe n th e progra m wa s bein g give n Bet a 

sentences ,  T R A T wa s mad e t o occu r  mor e frequentl y tha n 
othe r  Bet a subjec t  nouns :  Whe n a  Bet a subjec t  nou n wa s 
needed ,  T R A T wa s selecte d 4 0 % o f  th e tim e instea d o f  th e 

usua l  25% . 

The networ k wa s first  teste d i n a n "All-Alph a 
condition. "  Th e All-Alph a contex t  wa s create d b y givin g 
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th e networ k 1 0 A lph a words :  five  randoml y chose n pair s 

m a de u p o f  a n A lph a inpu t  w o r d an d a  lega l  A lph a 

successo r  t o tha t  word .  T h e M i x e d contex t  w a s create d b y 

givin g th e networ k 1 0 A lph a o r  Bet a word s consistin g o f  5 

randoml y chose n lega l  pair s o f  eithe r  A lph a o r  Bet a words . 
Learnin g remaine d on .  Dat a w a s gathere d ove r  10 0 

independen t  run s o f  th e program . 

Us in g th e definitio n o f  primin g give n above ,  i t  ca n b e 

see n tha t  i n th e S R N m o d e l  primin g o f  th e w o r d L I F T S b y 

T R A T i s  significantl y decrease d i n th e M i x e d conditio n 
(Figur e 8) .  T h e Y-axi s s h o w s th e E u c U d e a n distanc e 

betwee n th e network' s actua l  outpu t  an d th e targe t  word . 

29 J 
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23 
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I.B. 

1.7 -

All-Alph a 
Mixe d 

Unrelate d 
Alph a 

Homograph 

Figur e 8 .  Primin g o f  L I F T S b y T R A T i s  significantl y 

reduce d i n th e M i x e d Condition .  T h e Y-axi s represent s 
th e E u c U d e a n distanc e betwee n th e outpu t  o f  th e 
networ k afte r  th e pr im e w o r d (eithe r  a n uiu-elate d A lph a 

w o r d o r  T R A T )  i s presente d an d th e w o r d L I F T S .  T h e 

X-axi s show s th e typ e o f  pr im e word .  C o m p a r e wit h 

Figur e 7 . 

Means for the English-Urwelated and Homograph-Related 
condition s wer e calculate d fo r  eac h ru n o f  th e progra m an d 

submitte d t o a  m ixe d A N O V A .  T h e interactio n o f 

Context(All-Alpha ,  M i x e d )  X  Prime-Relatedness(Alpha -

Unrelated ,  Homograph-Rela ted )  w a s significant ,  F(l,183) = 
4.4 ,  p<0.05 .  T h e primin g effec t  i n th e All-Alph a conditio n 

w as 0.85 ,  compare d t o 0.4 9 i n th e M i x e d condition . 
I n othe r  words ,  usin g a  canonica l  definitio n o f  primin g 

as a  measur e o f  th e proximit y o f  th e outpu t  o f  th e networ k 

t o th e target ,  th e S R N m o d e l  exhibit s a  los s o f  primin g 

comparabl e t o tha t  observe d i n rea l  bihnguals . 

Can the SRN Model Scale Up? 

Real  language s obviousl y contai n mor e tha n 1 2 word s an d 
hav e a  fa r  mor e comple x grammatica l  structur e tha n eithe r 

Alph a o r  Bet a Consequently ,  i t  i s  necessar y t o sa y a  fe w 

word s abou t  th e proble m o f  scalin g up . 
The presen t  mode l  ha s bee n teste d o n a s man y a s 153 6 

word s (25 6 word s pe r  category )  wit h th e sam e simpl e S V O 

grammar .  Fo r  th e simulation s involvin g 153 6 words ,  th e si x 

categorie s o f  word s wer e code d wit h 8  bit s pe r  wor d 

category ,  a s follows : 

A l p h a _ n o u n l = 0 0 0 0 0 0 0 0 0 0 0 , 
A l p h a _ n o u n 2 = 0 0 0 0 0 0 0 1 0 0 0 ; 
A l p h a _ n o u n 3 = QOOOOOlQiOQ 0  ; 

8-i)Sde s 
A l p h a _ n o u n 2 5 6 = 1 1 1 1 1 1 1 1 0 0 0 0 ; 

etc . 

The networ k ha d 4 8 inpu t  an d 4 8 outpu t  unit s an d 10 0 

hidde n units .  Afte r  exposur e durin g learnin g t o 30,00 0 

sentence s (90,00 0 items) ,  th e patter n o f  hidden-uni t  cluster s 

show n i n Figur e 9  develope d (calculate d fi^om  a  rando m 

sampl e o f  10 0 words) . 

Bet a J 

Figur e 9 .  Hidden-uni t  representatio n cluster s fo r  153 6 

Alph a an d Bet a word s afte r  90,00 0 item s (Alph a word s ar e 

precede d b y a  serie s o f  X' s t o distinguis h the m fi-om  Bet a 

words ,  whic h ar e precede d b y a  singl e "b" ) 

The overall internal organization of the hidden-unit 

representation s i s basicall y th e sam e a s i t  wa s fo r  th e muc h 

smalle r  se t  o f  2 4 words .  Althoug h a  grea t  dea l  mor e wor k 

need s t o b e don e o n thi s model ,  thi s resul t  fo r  ove r  150 0 

word s woul d see m t o indicat e tha t  ther e i s a t  leas t  som e 
reasonabl e hop e tha t  th e S R N mode l  coul d scal e up . 

Conclusion 

Thi s pape r  suggest s tha t  biUngua l  memor y phenomen a tha t 
hav e bee n explaine d b y a n interactive-activatio n mode l  o f 

th e B I A typ e (Grainger ,  1993 )  ma y als o b e abl e t o emerg e 

fro m a  simpl e recurren t  connectionis t  networ k (SRN )  mode l 

(Elman ,  1990 ;  Cleereman s &  McClelland ,  1991 ; 

Cleeremans ,  1993) .  Th e S R N mode l  presente d her e 

receive s a s inpu t  a  long ,  undifferentiate d sequenc e o f 

sentence s i n tw o micro-language s an d ca n reproduc e a 
certai n numbe r  o f  importan t  effect s tha t  hav e bee n observe d 

i n studie s o f  bilingua l  memory ,  i n particular ,  thos e relate d t o 

cross-lingua l  primin g b y interlexica l  homographs .  I n 

addition ,  th e interna l  representation s tha t  th e S R N develop s 

reflec t  no t  onl y th e division s betwee n th e tw o languages ,  bu t 

als o t o th e grammatica l  structur e withi n eac h language .  Th e 

organizatio n o f  thes e interna l  representation s i s  generall y 
highl y resistan t  t o damag e but ,  unde r  certai n exceptiona l 

circumstances ,  ca n als o exhibi t  sever e disruptio n followin g 

th e remova l  o f  a  a s littl e a s on e nod e fro m th e hidde n layer . 

Eve n thoug h thi s initia l  wor k woul d see m t o demonstrat e 

tha t  a n Elma n networ k migh t  b e abl e t o serv e a s a  usefii l 
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model  fo r  bilingua l  memory ,  i t  i s als o clea r  tha t  a  grea t  dea l 

of  wor k stil l  need s t o b e done .  However ,  thes e initia l 

positiv e result s woul d sugges t  tha t  fiirthe r  exploratio n o f  th e 
S RN mode l  o f  bilingua l  memor y i s justified . 
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Abstrac t 

Category-specific semantic deficits refers to the inability to 
name object s fro m a  particula r  categor y whil e th e namin g o f 
word s outsid e tha t  categor y i s  relativel y unimpaired .  W e 
sugges t  tha t  suc h semanti c deficit s aris e fro m th e rando m 
lesionin g o f  a  unifie d semanti c networ k i n whic h interna l 
categor y representation s reflec t  th e variabilit y o f  th e 
categorie s themselves .  Thi s i s  demonstrate d b y lesionin g 
network s tha t  hav e learne d t o categoris e butterfiie s an d 
chairs .  Th e mode l  show s category-specifi c  semanti c deficit s 
of  th e narrowe r  (butterfly )  categor y wit h th e occasiona l 
revers e semanti c deficit s o f  relativel y impaire d chai r 
category . 

Introduction 

Category-specifi c  semanti c defici t  refer s t o th e inabilit y 
t o n a m e object s fi-om  a  particula r  categor y a s a  resul t  o f 
neurologica l  damage .  Th e namin g o f  object s outsid e th e 
impaire d categor y i s relativel y wel l  preserved .  Perhap s th e 
most  strikin g category-specifi c  semanti c defici t  i s  th e 
dissociatio n foun d betwee n animat e vs .  inanimat e objects . 
I n general ,  namin g o f  inanimat e object s i s foun d t o b e bette r 
preserve d tha n namin g o f  animat e object s (Warringto n an d 
Shallice ,  1984 ;  Silver i  &  Gainotti ,  1989 ;  Gainott i  &  Silveri , 
1996 :  Sartor i  &  Job ,  1988 ;  Funnel l  &  Sheridan ,  1992 ; 
Farah ,  Meyer ,  &  McMul ien ,  1996) .  However ,  fo r  a  smal l 
number  o f  patients ,  th e namin g o f  animat e object s i s bette r 
preserve d (Warringto n &  McCarthy ,  1987 ;  Hilli s & 
Caramazza ,  1991 ,  Sacchet t  &  Humphreys ,  1992) . 

Warringto n an d Shallic e (1984 )  hav e trie d t o explai n 
thes e findings  b y suggestin g tha t  word s fo r  animat e an d 
inanimat e object s ar e learn t  i n differen t  ways .  Word s fo r 
animat e object s ar e learn t  primaril y thoug h associatio n wit h 
perceptua l  cue s becaus e animat e object s ten d t o b e 
describe d b y thei r  surfac e feature s (e.g. ,  color ,  size) . 
However ,  word s fo r  inanimat e object s ar e learn t  primaril y 
throug h associatio n wit h th e object' s fiinction  becaus e 
inanimat e (man-made )  object s ten d t o b e describe d b y thei r 
us e (e.g. ,  a  ca r  i s  fo r  driving) .  Accordin g t o thi s view ,  th e 
namin g dissociatio n doe s no t  reflec t  a  taxonomi c orderin g 
of  semanti c m e m o r y ,  bu t  rather ,  th e differin g proportio n o f 
th e typ e o f  semanti c feature s (perceptua l  vs .  functional ) 
associate d wit h a  word . 

Fara h an d McClellan d (1991 )  explore d thi s hypothesi s b y 
constructin g a  connectionis t  mode l  o f  semanti c m e m o r y an d 
lesionin g it .  I n thi s model ,  bot h animat e an d inanimat e 
word s wer e associate d wit h functiona l  a s wel l  a s perceptua l 
features .  However ,  th e proportio n o f  functiona l  an d 
perceptua l  feature s differe d fo r  animat e an d inanimat e 
word s respectively .  The y foun d tha t  b y lesionin g eithe r  th e 
perceptua l  o r  functiona l  component s o f  semanti c memory , 
animat e o r  inanimat e word s wer e impaire d respectively . 
Thi s wa s use d t o corroborat e Warringto n an d Shallice' s 
accoun t  o f  category-specifi c  semanti c deficits .  Category -
specifi c  semanti c deficit s aros e eve n thoug h word s wer e no t 
store d wit h respec t  t o semanti c category . 

Whil e thi s i s  a  plausibl e accoun t  o f  th e sourc e o f 
category-specifi c  semanti c deficit s tha t  doe s no t  appea l  t o 
th e prio r  taxonomi c organizatio n o f  semanti c memory ,  i t 
stil l  implie s tha t  ther e exist s a n intrinsi c dissociatio n i n th e 
w ay tha t  functiona l  an d perceptua l  feature s ar e store d i n 
semanti c memory .  Th e Fara h an d McClellan d mode l  onl y 
work s becaus e ther e ar e identifiabl e region s tha t  encod e on e 
or  th e othe r  typ e o f  semanti c information ,  an d tha t  thes e 
region s ca n b e lesione d selectively .  Thi s accoun t  stil l  relie s 
on a n a  prior i  structurin g o f  semanti c m e m o r y t o explai n 
th e observe d semanti c dissociation .  Th e onl y differenc e i s 
tha t  rathe r  tha n positin g a n explici t  taxonomi c order ,  th e 
taxonomi c orderin g i s  mediate d b y a  hig h correlatio n 
betwee n perceptua l  feature s wit h animat e objects ,  an d 
functiona l  feature s wit h inanimat e objects . 

Th e greates t  shortcomin g o f  th e mode l  i s tha t  i t  fail s t o 
explai n w h y damag e shoul d occu r  eithe r  (a )  selectivel y t o 
th e perceptua l  feature s (thereb y preservin g knowledg e o f 
inanimat e words )  o r  (b )  selectivel y t o th e fiinctiona l  feature s 
(thereb y preservin g knowledg e o f  animat e objects) . 

S o me evidenc e fo r  separat e perceptua l  o r  fiinctional 
m e m o ry damag e come s fi-om  th e neuropathologie s 
associate d wit h categor y specifi c  semanti c deficits . 
Localise d damag e (e.g. ,  from  herpe s encephalitis )  t o th e 
temporolimbi c syste m (resultin g i n a  los s o f  percepua l 
features) ,  o r  t o th e frontoparietal  region s (resultin g i n a  los s 
of  functiona l  feature s hav e bee n associate d wit h th e los s o f 
on e semanti c catgeor y o r  th e othe r  (Saffra n &  Schwart A 
1988) .  However ,  categor y specifi c  impairement s hav e als o 
bee n foun d i n patient s wit h Alzheimer' s disease ,  a 
widesprea d pathology ,  causin g damag e t o bot h th e 
temporolimbi c syste m an d th e frontoparietal  regions . 
(Gonnerman ,  Andersen ,  Devlin ,  Kempler ,  &  Seidenberg ,  i n 
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press ;  McKrae ,  D e Sa ,  &  Seidenberg ,  1997 ;  Silver i  & 
Gainotti ,  1988) .  Thi s sor t  patholog y canno t  b e modelle d b y 
selectivel y leasionin g neuron s i n separat e memories .  On e 
woul d expec t  tha t  th e diffus e neura l  damag e foun d i n 
Alzheimer' s patient s wit h category-specifi c  semanti c 
deficit s woul d resul t  i n equa l  damag e t o perceptua l  an d 
functiona l  features .  Hence ,  eve n i f  inanimat e word s hav e 
mor e functiona l  feature s an d animat e word s hav e mor e 
perceptua l  feature s bot h categorie s woul d b e equall y 
impaire d b y th e rando m damage . 

I n thi s pape r  w e presen t  a  connectionis t  mode l  o f 
category-specifi c  semanti c deficit s tha t  doe s no t  assum e a n 
initia l  partitionin g o f  semanti c m e m o r y alon g eithe r  a 
taxonomi c o r  a  perceptual/fiinctiona l  divide .  Th e mode l 
posit s a  unifie d semanti c m e m o r y i n whic h al l  feature s ar e 
treate d equall y (e.g. ,  Caramazza ,  Hills ,  Rapp ,  &  Romani , 
1990) .  Category-specifi c  semanti c deficit s arise s fro m 
rando m lesionin g o f  th e network .  Th e mode l  w e propos e 
suggest s tha t  category-specifi c  semanti c deficit s reflec t 
difference s i n th e variabilit y  o f  feature s encodin g bot h 
animat e an d inanimat e objects . 

The res t  o f  thi s pape r  proceed s a s follows .  First ,  w e 
briefl y presen t  th e pseudo-recurren t  networ k architectur e 
develope d b y Frenc h (1997a )  an d use d fo r  modellin g 
semanti c memor y (french ,  1997b) .  A n explanatio n fo r 
category-specifi c  semanti c deficit s i s the n presented .  Th e 
nex t  sectio n illustrate s thi s proces s b y lesionin g network s 
tha t  hav e bee n traine d wit h tw o rea l  worl d categories .  Thes e 
result s ar e extende d t o accoun t  fo r  concret e vs .  abstrac t 
nou n dissociations .  Finally ,  th e likelihoo d o f  recover y fro m 
damage i s discussed . 

P s e u d o - R e c u r r e n t  C o n n e c t i o n i s t  N e t w o r k s 
The architectur e discusse d i n thi s pape r  wa s first 

develope d b y Frenc h (1997a )  t o overcom e catastrophi c 
interferenc e i n backpropagatio n (BP )  networks .  I t  suggest s 
tha t  catastrophi c interferenc e i n m e m o r y ca n b e overcom e 
by mixin g i n previousl y learne d approximation s 
("  pseudopattems "  o f  Robins ,  1995 )  wit h n e w informatio n 
durin g learning .  Learnin g proceed s i n tw o stage .  Th e first 
stag e (whic h involve s mixin g ne w an d ol d information ) 
take s plac e i n a n early-processin g are a o f  th e network .  Th e 
secon d stag e (whic h involve s layin g d o w n th e n e w 
knowledge )  take s plac e i n th e final  storag e area . 

Thi s metho d i s analogou s t o tha t  use d b y McClelland , 
McNaughton ,  an d O'Reill y  (1995 )  t o mode l  th e exchang e o f 
informatio n betwee n th e hippocampu s an d th e neocorte x 
involve d i n th e layin g dow n o f  memories .  Th e shuntin g o f 
informatio n betwee n tw o m e m o r y system s i s believe d t o 
hav e evolve d a s a  natura l  wa y o f  overcomin g th e proble m o f 
catastrophi c interferenc e i n a  distribute d syste m suc h a s th e 
brain . 

The networ k consist s o f  a  feedforwar d B P networ k tha t  i s 
divide d int o tw o parts ,  on e use d t o hel p trai n th e othe r 
(Figur e 1) .  W e wil l  cal l  th e left-han d sid e o f  th e networ k th e 
"early-processin g m e m o r y "  an d th e right-han d sid e th e 
"  fmal-storag e memory. "  I t  i s  perhap s easies t  t o explai n 
h o w th e networ k work s i n term s o f  a  specifi c  example . 

Suppos e tha t  th e "  fmal-storage "  are a contain s wha t  th e 
networ k ha s learne d u p t o th e presen t  time .  Th e networ k i s 
the n aske d t o sequentiall y  lear n 2 0 ne w patterns ,  P, ,  Pj ,  .. . 

inhibitor y lin k 
T E A C H ER N O D ES 

J N E W PATTERN,  (OUTPUT)  = £ ? 

Erro r  signa l 

Q 

FINAL-STORAGE\AR£A 

EARLY-PROCESSING ARE A 

^  N E W P A H E R N,  (INPUT )  : R A N D OM INPUT ' 

\  NE W PAnERN2 
I  NE W PAHERN] 

NEW PAnERN4 
NEW PAHERNs 

Figur e 1 .  Th e pseudo-recurren t  networ k architectur e 
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Pjo -  Eac h o f  thes e patterns ,  P „  consist s o f  a n inpu t  an d a n 
outpu t  ("teacher" )  association :  (I| ,  T|) .  B y sequentiall y 
learnin g thes e pattern s w e mea n tha t  eac h individua l  patter n 
must  b e learne d t o criterio n befor e th e syste m ca n begi n t o 
lear n th e subsequen t  pattern .  T o lear n patter n P, ,  it s  inpu t  I , 
i s  presente d t o th e network .  Activatio n flow s throug h bot h 
part s o f  th e network ,  bu t  th e outpu t  from  th e final-storage 
par t  i s  prevente d from  reachin g th e teache r  node s b y th e 
th e final-storage  m e m o r y an d wil l  b e learne d b y th e early -
processin g m e m o r y alon g wit h P, . 

Pseudopattem s ar e generate d b y final-storage  an d learne d 
by th e early-processin g m e m o r y a s follows .  A  rando m 
inpu t  pattern ,  / „  i s  presente d t o th e inpu t  node s o f  th e 
system .  Thi s inpu t  produce s a n output ,  o, ,  a t  th e outpu t 
laye r  o f  th e early-processin g m e m o r y an d als o produce s a n 
output ,  / „  o n th e teache r  node s o f  th e final-storage  memory . 

Thi s input-outpu t  pai r  (/ „  /, )  define s a  pseudopattem ,  y/y , 
tha t  reflect s th e content s o f  th e final-storage  memory .  Th e 
differenc e betwee n r ,  an d o ,  determine s th e erro r  signa l  fo r 
changin g th e weight s i n th e early-processin g memory . 
Similarly ,  th e othe r  rando m inputs ,  /j ,  h ,  .  . .  in ,  produc e 

pseudopattems ,  V6 ,  ̂ j , . . .  i/ „  tha t  ar e als o b e learne d b y th e 
early-processin g memory .  Onc e th e weigh t  change s hav e 

bee n m a d e fo r  th e firs t  epoc h fo r  th e se t  o f  pattern s {P „  y/̂ , 

iff-i ,  .  . .  if/̂ } ,  th e early-processin g m e m o r y cycle s throug h 
thi s se t  o f  pattern s agai n an d agai n unti l  i t  ha s learne d the m 
al l  t o criterion .  B y learnin g th e patter n P ,  th e early -
processin g m e m o r y i s  learnin g th e n e w informatio n 

presente d t o it ;  b y learnin g th e pseudopattem s y/ ^  y/ „  th e 
early-processin g m e m o r y is ,  i n addition ,  leiamin g a n 
approximatio n o f  th e informatio n previousl y store d i n final 
storage .  Obviously ,  th e mor e pseudopattem s tha t  ar e 
generated ,  th e mor e accuratel y the y wil l  reflec t  th e content s 
of  final  storage .  Onc e leamin g i n th e early-processin g 

networ k ha s converge d fo r  P, ,  ̂ / „  y/-̂ ,  .  .  .  yf „  th e early -
processin g weight s tiien  replac e th e final-storage  weights . 
I n othe r  words ,  th e early-processin g m e m o r y become s th e 
final  storag e m e m o r y an d th e networ k i s  read y t o lea m th e 
nex t  pattem ,  Pj .  CNot e tha t  thi s weight-copyin g strateg y i s 
certainl y no t  biologicall y plausible .  However ,  i t  ha s bee n 
show n (French ,  1997 )  tha t  informatio n transfe r  ca n als o b e 
effectivel y don e from  early-processin g t o final-storage  b y 
means o f  th e abov e typ e o f  pseudo-patter n transfer . 

Th e essenc e o f  thi s techniqu e i s t o interleav e ne w 
informatio n t o b e leame d wit h pseudopattem s tha t  reflec t 
th e content s o f  final-storage.  Thus ,  rathe r  tha n interleavin g 
th e real ,  originall y leame d pattern s wit h th e n e w inpu t 
comin g t o th e early-processin g memory ,  w e d o th e nex t  bes t 
thin g — namely ,  w e interleav e pseudopattem s tha t  ar e 
approximation s o f  th e previousl y store d patterns .  Onc e th e 
n e w patte m an d th e pseudopattem s ar e leame d i n th e early -
processin g area ,  th e weight s from  th e early-processin g 
networ k ar e copie d t o th e correspondin g weight s i n th e 
final-storage  networ k (or ,  mor e plausibly ,  th e early -
processin g are a train s th e final-storage  are a usin g it s o w n 
set  o f  pseudopattems) . 

Th e mode l  i s  calle d "  pseudo-recurrent "  no t  onl y becaus e 
of  th e recurren t  natur e o f  th e trainin g o f  th e early -
processin g m e m o r y b y th e final-storage  m e m o r y — 
approximation s o f  previousl y learne d informatio n i s 
continuall y fe d bac k int o th e early-processin g are a from 
final-storage  — ,  bu t  als o a s a  mean s o f  acknowledgin g th e 

"real "  teache r  T, .  I n othe r  words ,  th e teache r  patte m T , 
fills  th e teache r  nodes .  Th e early-processin g networ k the n 
adjust s it s  weight s wit h th e standar d backpropagatio n 
algorith m usin g a s th e erro r  signa l  th e differenc e betwee n T , 
and th e outpu t  O ,  o f  th e early-processin g network. 
Crucially ,  however ,  th e early-processin g networ k doe s no t 
onl y lea m th e patte m P, .  Intemall y creite d pseudopattems , 
reflectin g th e content s o f  final-storage,  ar e als o generate d b y 
all-importan t  mechanis m o f  informatio n transfe r  from final-
storag e t o early-processin g storag e — namely , 
pseudopattems .  Durin g sequentia l  leaming ,  informatio n i s 
continuall y passe d bac k an d fort h betwee n th e tw o memor y 
area s b y mean s o f  pseudopattems . 

O ne unanticipate d resul t  o f  thi s us e o f  pseud o pattern s i s 
th e compressio n o f  th e representation s tha t  develo p i n final 
storage .  Thi s i s  illustrate d fo r  a  particula r  exampl e i n 
Figure s 2  an d 3 ,  an d discusse d i n mor e detai l  below . 
Compressio n ha s a  numerou s advantages .  I n particular , 
ther e i s a  decreas e i n th e numbe r  o f  resource s require d t o 
activat e an y give n word ,  an d a  decreas e i n th e amoun t  o f 
overla p i n final  storage .  Compac t  representation s may , 
presumably ,  allo w fo r  mor e efficien t  processin g o f 
incomin g stimul i  becaus e o f  thei r  reduce d deman d o n 
syste m resource s (i.e. ,  les s activatio n i s  require d t o fiill y 
activat e a  compac t  representation .  However ,  highl y compac t 
representation s ar e mor e vulnerabl e t o selectiv e damag e 
tha n highl y distribute d representations . 

I t  i s  wort h repeatin g tha t  pseudorecurren t  architectur e i s 
meant  t o captur e th e natura l  proces s b y whic h th e brai n ma y 
be overcomin g catastrophi c interferenc e (McClelland , 
McNaughton ,  an d O'Reilly ;  1995) .  Th e compressio n o f 
categorica l  representation s i s a  processin g by-produc t  tha t 
fall s  naturall y ou t  o f  th e pseudo-recurren t  mechanism . 

A Mechanism for Category-Specific Loss 
I n contras t  t o explanation s o f  category-specifi c  semanti c 

deficit s tha t  rel y o n th e perception/functio n distinctio n 
(Warringto n &  Shallice ,  1984 ;  Durrant-Paetfield ,  Tyler , 
Moss,  &  Levy ,  1997 ;  Fara h &  McClelland ,  1991) ,  w e 
sugges t  tha t  thi s selectiv e m e m o r y los s i s due ,  a t  leas t  i n 
part ,  t o th e considerabl e differenc e i n th e averag e variabilit y 
withi n mos t  biologica l  an d artificia l  kinds .  Thi s difference , 
i s combine d wit h th e phenomeno n o f  gradua l  compressio n 
of  representation s a s the y ar e consolidate d i n final-storage 
— makin g the m increasingl y susceptibl e t o damage . 

W h en tw o real-worl d categorie s tha t  hav e ver y differen t 
varianc e ar e store d i n a  networ k — connectionis t  o r  huma n 
— th e differenc e i n varianc e wil l  b e reflecte d i n a  differenc e 
i n th e varianc e o f  th e interna l  representation s o f  th e tw o 
categories .  Th e greate r  th e varianc e i n th e real-worl d 
category ,  th e greate r  th e varianc e i n th e interna l 
representatio n o f  tha t  category ,  wher e th e varianc e o f  a n 
intema l  representatio n i s determine d b y th e "  spread "  o f  th e 
distributio n o f  hidden-uni t  activatio n patte m correspondin g 
t o a  representatio n w h e n i t  i s activated . 

Th e mor e compac t  th e distributio n (i.e. ,  th e lowe r  th e 
variance )  th e mor e vulnerabl e th e categor y i s t o catastrophi c 
damage.  Thi s i s  becaus e th e los s o f  on e o r  tw o node s i n a 
narrowl y define d categor y correspond s t o a  greate r 
proportiona l  los s o f  information .  Thi s i s  tru e i n an y 
distribute d connectionis t  network .  Th e pseudo-recurren t 
networ k enhance s thi s effec t  b y effectivel y reducin g th e 
number  o f  node s participatin g i n th e representations .  W e 
explor e thi s accoun t  furthe r  b y trainin g a  partiall y  recurren t 
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pseud o patter n networ k wit h tw o categories :  on e artificia l 
( T A B L E )  an d th e othe r  natura l  ( B U T T E R F L Y ) . 

Animate vs. Inanimate Semantic 

Dissociation s 
Twent y standar d Backpropagatio n (BP )  an d 2 0 pseudo -

recurren t  networ k wit h 1 3 inpu t  units ,  1 3 outpu t  units ,  an d 
32 hidde n unit s eac h wer e traine d t o autoassociat e 2 0 
example s o f  bot h butterflie s an d table s (fo r  a  tota l  o f  4 0 
tokens) .  Th e paramete r  trainin g value s wer e a s follows : 
learnin g rat e =  0.1 ,  m o m e n t u m =  0.9 ,  initia l  weigh t  rang e 
=2 ,  an d Fahlma n offse t  =0.01 .  Th e pseudo-recurren t 
network s use d 1 5 pseudo-pattern s i n learning . 

The categorie s o f  C H A I R an d B U T T E R F L Y wer e chose n 
becaus e the y wer e familia r  categorie s wit h extremel y hig h 
namin g reliabilit y  ( 1 0 0 % fo r  both )  an d ver y simila r  imag e 
agreement s (chair=3.2 2 an d butterfly = 3.92 )  accordin g t o 
th e Snodgras s an d Vanderwar t  (1980 )  pictur e namin g data . 
Subject s recognis e thes e categorie s eas i  y  an d hav e similarl y 
well-define d menta l  image s fo r  bot h categories .  Th e 4 0 
exemplar s wer e code d alon g th e followin g 1 3 dimensions : 
head-length ,  hea d width ,  ey e separatio n ,  antenn a length , 
dominan t  colour ,  le g length ,  numbe r  o f  legs ,  vertica l  extent , 
horizonta l  extent ,  numbe r  o f  angles ,  material ,  surfac e 
incline ,  deformability .  Measurement s wer e take n from 
randoml y selecte d actua l  example s o f  butterflie s an d chair s 
as detaile d i n Howart h (1973 )  an d Humphrey s (1970 ) 
respectively . 
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Figur e 2 .  Hidde n uni t  activatio n profil e fo r  Butterflie s an d 
Chair s i n a  standar d B P network . 

Exemplars were selected randomly and were learned 
sequentially :  eac h exempla r  wa s learne d t o criterio n befor e 
th e nex t  wa s presented .  Trainin g wa s stoppe d whe n al l 
output s wer e withi n 0. 2 o f  thei r  targe t  o r  afte r  100 0 epoch s 
of  training .  Figur e 2  show s a n exampl e o f  th e interna l 

representatio n develope d acros s th e hidde n unit s fo r  th e 
B U T T E R F LY an d C H A I R categories . 

Bot h categorie s ar e encode d ove r  th e whol e ban d o f 
hidde n units .  Presentatio n o f  a  butterfl y  exempla r  produce s 
activatio n o n 2 8 ou t  o f  3 2 hidde n unit s whil e presentatio n o f 
a chai r  produce s activatio n o n 3 2 ou t  o f  3 2 units .  Al l  hidde n 
unit s ar e involve d i n codin g th e distribute d categor y 
information . 

Figur e 3  show s th e sam e interna l  representation s fo r  th e 
pseudo-recurren t  network s traine d wit h 1 5 pseudo-patterns . 
Thes e hidde n uni t  representation s ar e m u c h mor e compact . 
The B U T T E R F L Y categor y i s onl y code d acros s 2  hidde n 
unit s whil e th e C H A I R categor y i s code d acros s 1 9 units .  A s 
compare d wit h th e standar d B P networks ,  ther e i s a  ne t 
decreas e i n th e varianc e o f  th e interna l  representatio n o f  a 
categor y a s measure d b y th e numbe r  o f  unit s require d t o 
encod e it .  I t  i s  wort h notin g tha t  a  los s i n informatio n als o 
accompanie s thi s representationa l  compression .  Althoug h 
th e pseudo-recurren t  network s ca n autoassociat e a s wel l  a s 
th e standar d B P networks ,  th e finer  detail s o f  th e exemplar s 
ar e los t  durin g th e compressio n process . 
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Figur e 3 .  Hidde n uni t  activatio n profil e fo r  Butterflie s an d 
Chair s i n a  networ k traine d wit h 1 5 pseudopattems . 

To explore the robustness of these representations, the 40 
network s wer e systematicall y lesione d b y removin g eac h o f 
th e hidde n unit s on e a t  a  time .  Ther e wer e 3 2 possibl e 
lesion s fo r  eac h networ k fo r  a  tota l  o f  64 0 lesionin g 
instances .  Th e systemati c lesionin g approac h guarantee s tha t 
th e whol e spac e o f  possibl e damag e i s explored .  Tabl e 1 

377 



shows th e proportio n o f  network s havin g completel y los t  th e 
B U T T E R F LY o r  CHAI R categorie s (bu t  havin g preserve d 
th e othe r  category )  fo r  bot h standar d B P an d pseudo -
recurren t  networks . 

Table 1. Percentage of lesions resulting in total category 
los s (n=640 ) 

CHAIR 
BUTTERFLY 

Standar d B P 
-Wo 
0 % 

Pseudorecurren t 
i n % 
3 % 

Wit h standar d B P non e o f  th e lesion s resulte d i n tota l 
categor y loss .  Th e distribute d representation s ar e immun e t o 
thi s typ e o f  lesioning .  Howeve r  categor y los s di d appea r  i n a 
number  o f  pseudo-recurren t  networks .  Thre e percen t  o f 
lesion s resulte d i n th e los s o f  BUTTERFLY (whil e 
preservin g CHAIR )  an d 0. 3 % resulte d i n th e los s o f  CHAI R 
(whil e preservin g BUTTERFLY) .  Th e natura l  kin d categor y 
was mor e likel y t o b e selectivel y los t  tha n th e artificia l  kind . 
However ,  i t  i s  importan t  t o not e tha t  abou t  1/10t h a s man y 
lesion s resulte d i n th e opposit e effect :  th e selectiv e los s o f 
th e artificia l  category .  Thi s i s compatibl e wit h th e findin g 
tha t  fo r  a  smal l  numbe r  o f  patients ,  th e namin g o f  animat e 
object s i s bette r  preserve d (Warringto n &  McCarthy ,  1987 ; 
Hilli s  &  Caramazza ,  1991 ,  Sacchet t  &  Humphreys ,  1992) . 
Bot h phenomen a ca n b e explaine d b y appealin g t o th e sam e 
rando m damag e an d th e differen t  distributio n characteristic s 
of  th e categories . 

One implicatio n o f  thi s approac h i s tha t  relativ e categor y 
los s ca n onl y b e meaningft i  l y  evaluate d betwee n categorie s 
tha t  ar e a t  a  simila r  taxonomi c level .  Basi c individua l 
categorie s suc h a s B U T T E R F LY an d CHAI R woul d bot h b e 
los t  befor e superordinat e categorie s suc h a s A N I M A L an d 
FURNITURE becaus e bot h th e late r  categorie s hav e muc h 
more variatio n tha n eithe r  o f  th e basi c leve l  categories . 

Recovery From Damage 
Earl y i n learnin g fe w pseudopattem s hav e bee n mixe d i n 

wit h th e categorica l  information .  Eac h categor y remain s 
relativel y broadl y define d acros s th e hidde n units .  A s 
learnin g progresse s (a s th e networ k get s olde r  an d mor e 
pseudo-pattern s ar e mixe d in )  th e categorie s becom e mor e 
compact  an d mor e tightl y defined .  On e implicatio n i s tha t 
rando m damag e earl y i n learnin g (a t  a  youn g age )  wil l 
produc e genera l  damag e t o al l  categorie s bu t  i s unlikel y t o 
catastrophicall y damag e an y on e category .  Becaus e n o 
categor y i s eradicate d ther e i s a  muc h bette r  chanc e tha t  a 
smal l  amoun t  o f  subsequen t  exposur e t o example s o f  tha t 
categor y wil l  produc e a  complet e recover y o f  th e category . 

I n contrast ,  olde r  network s hav e narrowl y defined , 
relativel y spars e categor y representations .  A s a  result , 
rando m damag e i s les s likel y t o effec t  an y o f  them . 
However ,  i f  a  categor y i s damaged ,  i t  i s  mor e likel y t o b e 
catastrophicall y damage d an d unabl e t o recove r  wit h 
subsequen t  exposur e t o example s o f  tha t  category . 

I n short ,  youn g network s ar e mor e susceptibl e t o mino r 
damage bu t  ca n recove r  fro m th e damag e wherea s olde r 
network s ar e mor e resilien t  t o damag e bu t  mor e brittl e an d 
les s abl e t o recove r  from  damage . 

Discussion 
I n thi s pape r  w e hav e presente d a  simpl e mode l  o f 

category-specifi c  semanti c deficits .  Th e mode l  use s th e 
pseudorecurren t  architectur e devise d b y Frenc h (1997a) . 
Learnin g occur s b y mixin g i n informatio n alread y presen t 

withi n a  networ k wit h th e ne w informatio n befor e layin g i t 
down i n a  networ k b y usin g backpropagation .  On e resul t  o f 
thi s proces s i s tha t  categorica l  representation s becom e mor e 
compact ,  les s distributed ,  an d mor e susceptibl e t o 
catastrophi c damage .  W e sugges t  tha t  suc h a  mechanis m 
coul d accoun t  fo r  a  rang e o f  category-specifi c  semanti c 
deficits . 

The pseudorecurren t  architectur e wa s use d t o mode l  th e 
category-specifi c  semanti c deficit s observe d betwee n 
animat e an d inanimat e objects .  Thi s wa s illustrate d b y 
teachin g th e networ k o n on e animat e categor y 
(BUTTERFLY)  an d on e inanimat e categor y (CHAIR) . 
Afte r  consolidatio n wit h pseudopattem s th e network s wer e 
expose d t o rando m diffus e lesioning .  Ther e wa s a 
predominan t  los s o f  th e animat e categor y (Butterfly )  wit h a 
smal l  minorit y of f  network s showin g th e revers e effec t  o f 
losin g th e inanimat e category .  Thi s closel y matche s wha t  i s 
foun d wit h huma n patients .  Th e mode l  doe s no t  hav e t o 
appea l  t o a  structure d semanti c memor y (fo r  exampl e b y 
positin g taxonomi c o r  percept/fiinctio n structure s i n 
memory)  an d i s therefor e mor e parsimoniou s tha n previou s 
model s o f  semanti c dissociation . 

Minima l  systemati c lesionin g wa s use d t o explor e th e 
robusmes s o f  th e categor y representations .  Clearly , 
increasin g th e amoun t  o f  lesionin g woul d increas e th e 
amount  o f  los s i n bot h categories .  A n importan t  implicatio n 
of  th e mode l  i s  tha t  category-specifi c  semanti c deficit s ca n 
occu r  eve n wit h minima l  lesioning .  However ,  th e larg e 
majorit y o f  subjec t  experiencin g thi s typ e o f  damag e woul d 
not  repor t  an y loss .  Thi s suggest s tha t  th e populatio n o f 
subject s havin g suffere d damag e ma y b e fa r  greate r  tha n th e 
number  wh o ar e diagnose d wit h a n semanti c deficits . 

We d o no t  wis h t o clai m tha t  ther e ar e n o difference s 
betwee n perceptua l  o r  functiona l  objec t  information .  Ther e 
ar e man y reason s t o believ e difference s exis t  (a t  th e ver y 
leas t  i n term s o f  encoding )  an d tha t  thes e differenc e ma y 
impac t  o n th e abilit y  t o retriev e animat e o r  inanimat e words . 
The mode l  w e presen t  i s  ver y simpl e an d explore s a  single , 
simpl e mechanis m tha t  ca n produc e category-specifi c 
deficit s a s a  result s o f  rando m damage .  Th e basi c poin t  i t 
makes i s tha t  on e doe s no t  nee d t o appea l  t o a  structured ,  o r 
separat e semanti c memorie s t o accoun t  fo r  category-specifi c 
dissociations .  McRae ,  D e S a an d Seidenber g (1997 )  mak e a 
relate d point .  The y sugges t  tha t  knowledg e o f  animat e 
object s i s mor e susceptibl e t o diffus e damag e i n a  unifie d 
memory becaus e tha t  knowledg e i s encode d acros s a 
smalle r  se t  o f  mor e highl y correlate d feature s unit s tha n 
knowledg e o f  inanimat e objects . 

Finally ,  th e mode l  suggest s tha t  mor e attentio n shoul d b e 
pai d t o th e inpu t  statistic s o f  th e categorie s use d fo r  testin g 
semanti c deficits .  A  stron g predictio n o f  th e mode l  i s tha t  -
withi n a  subject -  th e variabilit y  o f  categorie s shoul d b e a 
stron g predicto r  o f  whethe r  the y ar e preserve d o r  not .  Thus , 
withi n a  subjec t  showin g semanti c deficits ,  th e categorie s 
wit h broade r  definition s shoul d b e preserve d independentl y 
of  whethe r  the y ar e animate ,  inanimate ,  concrete ,  o r 
abstract . 
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Abstrac t 

This paper examines the naive Bayesian model and 
extension s o f  i t  t o accoun t  fo r  th e effect s o f  bas e rat e 
neglec t  an d invers e bas e rates .  Thes e ar e huma n 
categorizatio n phenomen a i n whic h bas e rat e informatio n 
appear s t o b e ignored .  Th e naiv e Bayesia n classifie r 
account s fo r  a  subse t  o f  th e phenomen a observe d i n bas e 
rat e experiments .  A n extensio n t o th e mode l  i s examine d 
tha t  use s structur e i n th e dat a set s resultin g fro m feature s 
share d betwee n categories . 

Introduction 

Th e bas e rat e o f  a  categor y i s th e probabilit y  o f  occurrenc e 
of  a n instanc e o f  tha t  category .  H u m a n s appea r  t o b e 
sensitiv e t o th e bas e rate s o f  categorie s i n trainin g an d 
testin g dat a sets .  I n som e circumstance s th e mor e time s a 
categor y appears ,  th e mor e likel y human s ar e t o predic t  it s 
occurrence .  However ,  i n othe r  experimenta l  settings , 
categorie s wit h smalle r  bas e rate s appea r  t o b e preferre d t o 
categorie s wit h large r  bas e rates . 

Base rat e neglec t  refer s t o a  categorizatio n phenomeno n i n 
whic h a  featur e tha t  occur s proportionall y i n tw o categorie s 
appear s t o b e associate d wit h th e les s probabl e categor y (i.e. , 
lowe r  bas e rate) .  H u m a n categorizatio n performanc e 
suggest s tha t  th e highe r  bas e rate s o f  th e mor e probabl e 
categorie s ar e bein g ignored .  Gluc k an d Bowe r  (1988 ) 
showe d apparen t  bas e rat e neglec t  i n a  medica l  categorizatio n 
task .  Th e participant s wer e traine d t o predic t  a  c o m m o n an d 
a rar e diseas e give n a  sympto m se t  o f  fou r  symptom s s i  t o 
s4 . 

Th e probabilit y  o f  th e rar e diseas e occurrin g wa s 0.2 5 an d 
th e probabilit y o f  th e c o m m o n diseas e occurrin g wa s 0.75 . 
Th e sympto m probabilitie s give n th e rar e diseas e wer e 0.69 , 
0.46 ,  0.35 ,  an d 0.2 3 fo r  symptom s s i  t o s4 ,  respectively . 
Th e probabilitie s give n th e c o m m o n diseas e ar e i n th e 
revers e order .  Sinc e th e probabilit y o f  s i  i s  0.345 ,  usin g 
Baye s formul a th e probabilit y  o f  th e rar e diseas e give n s i  i s 
0.5 .  However ,  whe n aske d t o predic t  diseas e give n a  cu e o f 
si ,  participant s predicte d th e rar e diseas e 0.6 7 o f  th e time . 
Collectively ,  th e poo l  o f  participant s ten d t o over-estimat e 
th e probabilit y  o f  th e rar e diseas e give n th e symptom . 

Th e invers e bas e rat e phenomeno n ca n b e describe d a s 
follows .  Suppos e on e featur e i s onl y identifie d wit h a  hig h 
bas e rat e categor y an d anothe r  featur e i s identifie d wit h a  lo w 
bas e rat e category .  W h e n a  cu e i s  give n i n whic h bot h 

feature s ar e togethe r  an d th e participan t  i s  aske d t o categoriz e 
th e cue ,  th e participan t  wil l  ten d t o respon d wit h th e lowe r 
bas e rat e category . 

Base rat e neglec t  an d invers e bas e rat e phenomen a hav e 
apparentl y struc k investigator s a s surprisin g becaus e thes e 
phenomen a see m counte r  t o a  tacit ,  appropriat e decisio n 
procedure .  Thus ,  thi s pape r  investigate s th e abilit y  o f  on e 
suc h procedure ,  th e naiv e Bayesia n classifie r  an d extension s 
t o fi t  experimenta l  dat a b y Kruschk e (1996) . 

Bayesian Models 

The naiv e Bayesia n classifie r  i s a  popula r  machin e learnin g 
technique ,  whic h ofte n outperform s competin g learnin g 
strategie s Langley ,  Iba ,  &  Thompso n (1992) .  Bayesia n 
classifier s hav e als o bee n use d t o accoun t  fo r  man y 
categorizatio n phenomen a (Anderson ,  1991) .  Thus ,  i t  seem s 
natura l  t o examin e th e abilit y o f  thes e classifier s t o fit 
experimenta l  dat a o n bas e rat e neglec t  an d invers e bas e rat e 
effects . 

Naive Bayesian Model 

The Bayesia n mode l  i s  a  probabilisti c  classifier ,  whic h 
assign s a  probabilit y  t o a n object' s membershi p i n eac h o f  a 
set  o f  contras t  categories .  Assumin g th e categorie s partitio n 
th e instanc e space ,  Bayes '  theore m (Eq .  1 )  i s  use d t o assig n 
th e probabilit y  tha t  a n instance ,  represente d a s a  featur e 
vector ,  F j  ri ,  i s a  m e m b e r  o f  clas s Q : 

p(Cl f  )  P(c.)P(f.-.̂ . ) (1 ) 

wher e P(Ci )  i s  th e bas e rat e o f  clas s C, .  I n th e naiv e 
Bayesia n classifier ,  th e feature s o f  a n instanc e ar e assume d 
t o b e independen t  fo r  eac h category ,  whic h give s th e 
simplificatio n expresse d i n Equatio n 2 . 

P(f...K:.) = nP(P/^.) (2) 

Thus ,  th e naiv e Bayesia n classifie r  assign s probabilitie s 
usin g Equatio n 3 . 

p(c,)np(f,̂ . ) 

The base rate phenomena discussed above pose a problem 
fo r  a  naiv e Bayesia n mode l  o f  h u m a n categorization .  Th e 
model  use s bas e rate s i n it s  calculatio n an d i n ligh t  o f  th e 
invers e bas e rat e effec t  a n obviou s modificatio n woul d b e t o 
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remov e th e bas e rat e ter m fro m th e model .  A  difficult y wit h 
thi s approac h i s tha t  bas e rate s appea r  t o b e use d fo r  som e o f 
th e cue s i n th e tes t  set .  Removin g bas e rate s woul d caus e a 
misfi t  fo r  suc h cues .  Also ,  som e cue s see m t o us e bas e ral e 
i n a  mor e biase d fashio n tha n a  naiv e Bayesia n classifier . 
Modifyin g th e naiv e Bayesia n classifie r  t o us e eve n mor e 
bas e rat e informatio n ha s th e difficult y o f  no t  accountin g fo r 
th e invers e bas e rat e effect .  Thes e difficultie s sugges t  th e 
need fo r  a  mode l  tha t  finds  a  middl e groun d betwee n ignorin g 
and ove r  usin g bas e rales . 

Cue-Validity-Weighted Bayesian Model 

A mode l  tha t  find s middl e groun d i s th e cue-validity -
weighte d Bayesia n model .  I t  use s th e structur e betwee n 
categorie s t o influenc e categorization .  Th e cu e validit y 
measure ,  P(Cfc\Fi )  i s use d t o expres s th e structur e i n th e dat a 
set .  I t  doe s thi s b y relatin g categorie s tha t  shar e features . 
W h en a  share d featur e occur s i n a  tes t  instance ,  cu e validit y 
expresse s th e feature' s relativ e weightin g betwee n th e 
categorie s i n whic h i t  occurs .  W h e n nove l  instance s occur , 
thi s relativ e weightin g ma y b e use d t o ai d i n classification . 

P{C,)UP{C,\F,)P(F,\C. ) 
L ^  (4 ) 

lP(Q)nP(C.|f,)p(F,̂ , )  ^  ^ 

The cue-validity-weighte d Bayesia n classifie r  (Eq .  4 ) 
weight s feature s accordin g t o cu e validity .  Thi s result s i n 
share d feature s biasin g th e classificatio n i n th e directio n o f 
th e categor y i n whic h i t  occurre d mos t  frequently .  I f  th e 
featur e valu e F i  occur s i n th e tes t  instanc e an d i n th e 
categor y k ,  the n th e probabilit y  o f  tha t  featur e give n th e 
clas s i s multiplie d b y th e cu e validity .  Otherwise ,  th e cue -
validity-weighte d Bayesia n classifie r  behave s lik e a  naiv e 
Bayesia n classifier .  Se e discussion s o n cu e validit y i n 
Rosc h &  Mervi s (1975 )  an d Hampto n (1979) . 

Ther e ar e differen t  kind s o f  feature s bein g use d b y th e 
classifier .  Feature s tha t  hav e a  hig h cu e validit y ar e 
predictiv e features .  I f  P(QIF/)=/ .0 ,  the n th e featur e i s 
perfectl y predictive .  Feature s tha t  hav e a  hig h probabilit y 
give n th e categor y ar e predictabl e features .  I f  P(Fi\C0=l.O , 
the n th e featur e i s perfectl y predictable .  Th e weightin g o f 
th e mode l  ha s th e effec t  o f  full y  usin g perfectl y predictiv e 
feature s an d makin g share d feature s mor e strongl y predic t 
th e categor y i n whic h the y occurre d mor e frequently .  Th e 
cue-validity-weighte d Bayesia n formul a i s a  wa y o f 
mathematicall y formalizin g th e impac t  o f  structur e i n th e 
dat a se t  du e t o share d features . 

Experiment 1 

Kruschke' s (1996 )  Experimen t  1  consiste d o f  tw o phases :  a 
trainin g phas e an d a  testin g phase .  Th e participant s wer e 
give n eigh t  trainin g trial s pe r  bloc k fo r  fifteen  block s fo r  a 
tota l  o f  12 0 trials .  Afte r  eac h trainin g trial ,  the y wer e give n 
accurac y feedback .  Th e trainin g dat a set ,  presente d i n Tabl e 
1,  consiste d o f  fou r  diseas e categorie s {Cqc ^  Car ^  C^q , 
mdCbr )  an d si x symptom s o r  feature s {i-̂ - ,  fa c fa n fb o fb n 
Pa,  an d p/,) .  T w o o f  th e diseas e categorie s (i.e. ,  Ca c an d 
Che hav e a  highe r  frequenc y o f  occurrenc e tha n th e othe r  tw o 
categorie s (i.e. .  C a r  an d C ^ ^ ) -  thu s th e "c "  versu s "r " 
subscrip t  fo r  c o m m o n an d rare ,  respectively . 

Each categor y ca n b e predicte d usin g on e o f  fou r  "perfect " 

features :  fac,far-fb o and//br ,  respectively .  Fo r  instance , 
skin-ras h i s th e perfec t  c o m m o n predictor,/qc ,  fo r  category . 
Car  sinc e P C Cacl/ac)=/0 .  T w o o f  th e features ,  p ^  an d pfc , 
ar c calle d "imperfect "  predicto r  features .  The y ar e imperfec t 
becaus e the y occu r  i n tw o diseas e categories ,  bu t  the y stil l 

infor m categorizatio n (e.g. ,  P(Cac^Pa )  >  P(Cac)) -  Th e 
imperfec t  feature s ca n b e use d t o disUnguis h th e tw o 
categor y group s a  an d b .  Fo r  example ,  ear-ach e occur s i n 
grou p a' s rar e an d c o m m o n diseas e categories ,  bu t  Ear-ach e 

does no t  occu r  a t  al l  i n Cb c o r  ̂ br -

Table 1. Training stimuli used in Exp. I (Kruschke, 1996) 

Dis . Symptoms/Feature s 

Car  Skin-ras h (far )  Ear-ach e (pg ) 

Freq . 

45 
Car  Backpai n (far) ,  Ear-ach e (pg )  1 5 

Che Sore-muscle s (fhc) .  Dizzines s (ph )  4 5 

Chr  Stuff-nos e (fer) .  Dizzines s (pfe )  1 5 

During the testing phase participants were required to 
diagnos e nin e nove l  combination s o f  si x symptoms .  Th e 
nin e symptom-combination s wer e repeate d fou r  time s fo r  a 
tota l  o f  3 6 tes t  items .  Tabl e 2  present s th e disease s chose n 
by th e subject s fo r  thes e nove l  combination s (i.e. ,  cues) . 

Table 2. Observed choice proportion for Exp. 1 

Exampl e 
Symptom(s ) 

Ear-ach e 

Skin-ras h 

Backpai n 

Skin-ras h + 
Backpai n 

Ear-ach e +  Skin -
ras h +  Backpai n 

Ear-ach e + 
Sore-muscle s 

Ear-ache + 
Stuffy-nos e 

Skin-ras h + 
Stuffy-nos e 

Ear-ach e +  Skin -
ras h +  Stuffy-nos e 

Cue 

Pa 
fa r 
fa r 

fac+fa r 

Pa +fa c • * 

Pa +fb c 

Pa +fb r 

fa c +fb r 

•fa r 

Pa +fa c +fb r 

^ac 

.7 5 

.9 3 

.0 4 

.3 5 

.5 8 

.4 1 

.2 2 

.3 5 

.7 2 

Qzr 

.1 7 

.0 3 

.9 1 

.6 1 

.4 0 

.0 8 

.0 9 

.0 3 

.0 4 

Cbc 

.0 5 

.0 3 

.0 2 

.0 2 

.0 1 

.4 7 

.0 3 

.0 6 

.0 4 

Cbr 

.0 3 

.0 0 

.0 3 

.0 1 

.0 0 

.0 5 

.6 7 

.5 6 

.2 1 

Thes e result s indicat e tha t  ther e ar e invers e bas e rat e 
effects .  Kruschke' s (1996 )  invers e bas e rat e effect s replicat e 
th e phenomen a reporte d b y Medi n &  Edelso n (1988) .  Th e 
invers e bas e rat e effec t  i s observe d whe n th e cu e fa c +fa r  i s 
presente d an d participant s collectivel y favo r  th e rar e disease , 
Car ,  (61% )  ove r  th e c o m m o n disease ,  Cac ,  (35%) .  Thi s i s 
th e invers e o f  th e 2 5 % t o 7 5 % bas e rate s o f  thes e rar e an d 
c o m m on categories . 

The invers e bas e rat e effec t  diminishe s wit h th e additio n o f 
th e imperfec t  featur e i n th e cu e p a +  fa c " ^  far -  Thi s cu e i s 
place d i n c o m m o n category ,  Cac ,  5 8 % o f  th e tim e an d i n 
rar e category .  Car ,  4 0 % o f  th e time .  Th e presenc e o f  th e 
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imperfec t  featur e m a k e s th e cue' s choic e proportio n close r  t o 

th e bas e rate s o f  thes e categories ,  7 5 % an d 2 5 % , 
respectively . 

T h e imperfec t  s y m p t o m ( p a )  b y itsel f  give s choic e 
proportion s tha t  ar e consisten t  wit h bas e rates ,  wit h i t  bein g 

place d i n c o m m o n category ,  C ^ c ,  7 5 % o f  th e tim e an d i n 
rar e category .  C a n ' 7 % o f  th e time . 

I n cue s pittin g th e imperfec t  predictor s agains t  th e perfec t 
predictors ,  th e rar e perfec t  feature s influence d th e choic e 
m o r e tha n c o m m o n perfec t  predictors.  Fo r  example ,  th e rar e 

disease ,  C ^ r ,  i s  predicte d m o r e ofte n b y th e cue ,  p a +  fbr , 
instea d o f  disease s C q c o r  Car -  A n invers e bas e rat e effec t 
als o occur s w h e n th e cu e consist s o f  a  grou p "a "  imperfec t 
predictor ,  paire d wit h a  grou p "b "  perfec t  predicto r  fo r  a  rar e 

category ,  p a +  fbr -  I "  thi s case ,  i t  i s  place d i n c o m m o n 
category ,  C a c ,  2 2 % o f  th e tim e an d i n rar e category ,  C b n 
6 7 % o f  th e time .  H e n c e ,  i t  s e e m s tha t  s o m e cue s ar e 
predictin g disease s i n invers e proportion s o f  wha t  bas e rate s 
b y themselve s w o u l d predict ,  an d othe r  cue s ar e predictin g 
diseas e i n proportio n t o th e bas e rates . 

Modeling Phenomena in Experiment 1 

Bayesia n model s ar e "trained "  fro m th e 12 0 instance s use d t o 
trai n subject s i n Experimen t  1 .  Th e instance s ar e 
represente d a s a  si x dimensiona l  vecto r  o f  value s alon g 
binar y dimension s (i.e. ,  "present "  o r  "absent" )  correspondin g 
t o eac h feature .  Th e probabilitie s fo r  th e feature s ar e 
approximate d fro m frequencie s o f  th e feature s i n th e trainin g 
data .  Th e frequency  o f  a  featur e give n a  categor y i s on e plu s 
th e numbe r  o f  time s a  featur e occur s i n a  categor y ove r  on e 
plu s th e numbe r  o f  instance s i n a  category .  Th e additio n o f 
one t o th e numerato r  an d th e denominato r  i s use d t o avoi d a 
probabilit y  o f  zer o i f  th e featur e ha s neve r  occurre d i n th e 
category . 

Naive Bayesian Model 

Overall ,  th e naiv e Bayesia n mode l  offer s a  reasonabl e fit  t o 
th e result s fro m Experimen t  1  (r ^  =  0.76 ,  an d roo t  mea n 
square d deviatio n (RMSD )  =  0.16) .  Comparin g Table s 2 
and 3 ,  i t  become s eviden t  tha t  th e naiv e Bayesia n classifie r 
fits  a  subse t  o f  th e effects ,  an d i t  i s  th e performanc e 
involvin g th e effect s wit h imperfec t  feature s tha t  th e mode l 
fail s  t o capture . 

Table 3. Modeled choice proportion for Experiment 1 

Model 

Cue 

Pn 
fn r 
fn r 

far+fa r 

Pn+far+fn r 

Pa+fh r 

Pn+fh r 

fnr+fh r 

Pa+far+fh r 

Bayesia n 

Cfj r 

.5 1 

.9 9 

.0 0 

.2 7 

.5 1 

.2 1 

.1 5 

.2 7 

.9 9 

Car 

.4 9 

.0 0 
1. 0 

.7 3 

.4 9 

.5 8 

.4 2 

.0 0 

.0 0 

Che 
.0 0 
.0 0 
.0 0 

.0 0 

.0 0 

.2 1 

.0 0 

.0 0 

.0 0 

Chr 
.0 0 
.0 0 
.0 0 

.0 0 

.0 0 

.0 0 

.4 2 

.7 3 

.0 0 

Cue-Validity-Weigh t 
Bayesia n 

Car 
.7 5 
.9 9 
.0 0 

.2 7 

.7 6 

.3 1 

.1 8 

.2 7 

.9 9 

n̂r 
.2 4 
.0 0 
1. 0 

.7 3 

.2 4 

.2 8 

.1 6 

.0 0 

.0 0 

Chr  Ch r 

.0 0 .0 0 

.0 0 .0 0 

.0 0 .0 0 

.0 0 .0 0 

.0 0 .0 0 

.4 1 .0 0 

.0 0 .6 6 

.0 0 .7 3 

.0 0 .0 0 

The naiv e Bayesia n classifie r  perform s i n simila r  way s t o 

th e participant s o n th e mai n effec t  o f  invers e bas e rates .  Th e 

ambiguou s cu e fa c +  fa r  ' s  predicte d t o b e associate d wit h 
th e rar e disease .  Thi s occur s becaus e ther e ar e tw o 
"mismatching "  feature s fo r  th e c o m m o n category :  p a 
whic h i s  missin g an d fa r  whic h neve r  occurre d i n th e 
c o m m on category .  T h e rar e categor y als o ha s tw o 
mismatchin g features ,  bu t  th e categor y i s  smalle r  s o th e 
mismatche s d o no t  coun t  a s m u c h a s i n th e c o m m o n 
categor y (Anderson ,  1990) .  T h e followin g ar e numerator s 

fo r  th e naiv e Bayesia n classifie r  fo r  th e categorie s C a c an d 

C ar  (Cb c ^" d C b r  hav e smal l  numerator s du e t o fou r 
"mismatches "  each) : 

C o m m on Categor y 

P(Cac)P(̂ alCac)P(faclCac)P(far'Cac)P(̂ b'Cac)P<-̂ bclCac)P(-fbr«=ac ) 
45 

V120 A46A46A46A46A46A46 , 

versu s Rar e Categor y 

120*4 6 

P(Car)P(̂ alCar)P(faclCar)P(faiJCar)P(-Pb'Car)P(-fbclCar)P(-fbr'Car ) 
15 Y  1  Y  1  Y16Y16Y16Y16 ^  1 

\ .no ) 
' _ L Y - 5 - Y — Y — Y — Y —' 
a6Al6Al6Al6Al6Al6 . 120*1 6 

The 45/12 0 i s th e bas e rat e fo r  th e common categor y an d 
th e 15/12 0 i s th e bas e rat e fo r  th e rar e category .  1/4 6 
represent s a  mismatc h whil e 46/4 6 o r  16/1 6 represent s a 
matc h o f  a  featur e tha t  occur s i n ever y instanc e o f  a 
category .  Th e differenc e i n th e numerators ,  du e t o th e 
mismatches ,  cause s th e naiv e Bayesia n classifie r  t o choos e 

th e common ,  C a c an d th e rare ,  Car ,  2 7 % an d 73% , 
respectively . 

When th e cu e contain s th e imperfec t  featur e p ^  +fa c +fa r 
th e naiv e Bayesia n classifie r  predict s th e common diseas e 
and rar e diseas e equally .  Th e reaso n fo r  thi s i s tha t  eac h 
categor y mismatche s o n onl y on e feature ,  (i.e. ,  fa r  fo r  Ca c 
and fa c fo r  Car) -  Wit h onl y on e mismatc h th e numerator s 
ar e equal .  Th e computation s fo r  thes e tw o cue s ar e simila r 
t o thos e tha t  Anderso n (1990 )  mad e i n accountin g fo r 
invers e bas e rate s i n Medi n &  Edelson' s dat a set . 

For  th e imperfec t  featur e alone ,  th e naiv e Bayesia n mode l 
predict s th e common diseas e an d rar e diseas e equally ; 
although ,  human s predic t  i n proportio n t o th e bas e rate s o f 
th e tw o diseases .  Thi s occur s i n th e mode l  becaus e bot h 
categorie s mismatc h o n onl y on e cu e (i.e. ,  fa c fo r  Ca c an d 
fa r  fo r  Car) -  Th e matc h fo r  th e imperfec t  featur e an d th e 
mismatc h fo r  th e perfec t  featur e fo r  bot h categorie s give s th e 
followin g numerator s i n th e naiv e Bayesia n classifier : 

Common Categor y 

P(Cac)P(PalCac)P(-faclCac)P(-farlCac)P(-PblCac)P(--fbc'Cac)P(̂ 'i)r<Cae ) 
1 f i i Y — Y — Y — Y — Y — Y —1 -

ll2oA46A46A46A46A46A46j ° 120 
versu s Rar e Categor y 

,faclCar)P(-farlCar)P(-PblCar)P(-'bclCar)P(-fbc«̂ar ) 
1 

P(Car)P(PalCar)P ( 

'ilYi^Y—Y—Y—Y—Y—1 
a20Al6Al6Al6Al6Al6Al6 J 120 

Thi s cause s th e rar e an d common disease s t o b e predicte d 
equall y whic h i s no t  wha t  th e participant s predicted .  The y 
chos e th e c o m m o n 7 5 % o f  th e tim e an d th e rar e 1 7 % o f  th e 
tim e fo r  th e imperfec t  predicto r  alone . 

Th e naiv e Bayesia n classifie r  predict s cu e p a + fb c t o b e 
put  int o C a r  5 8 % ,  C a c 2 1 % ,  an d C b c 2 1 % .  Thi s occur s 
becaus e th e cu e matche s o n on e featur e an d mismatche s o n 
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tw o feature s fo r  eac h o f  thes e categories .  Th e mismatche s 
effec t  th e c o m m o n categorie s mor e tha n th e rar e categories . 
The rar e categor y get s predicte d mor e becaus e o f  th e 
mismatches .  Thi s effec t  i s  no t  observe d i n th e parlicipanl' s 
choic e proportions .  Th e participant s choos e Ca, -  8% ,  €"<, < 
4 1 %,  an d Cb c 4 7 % . 

For  th e cu e p a +fb r  th e naiv e Bayesia n classifie r  equall y 
predict s th e rar e category ,  C a n 4 2 % ,  th e rar e category ,  Ct,r , 
4 2 %,  an d th e c o m m o n category ,  Cac < ' 5 % .  Thi s occur s 
becaus e th e cu e matche s o n on e featur e an d mismatche s o n 

tw o featur e o n Cqc ,  Ca r  an d Cbr -  Th e mismatc h effect s 
th e c o m m o n categor y th e mos t  an d split s th e choic e 
proportio n betwee n th e tw o rar e categories . 

An obviou s modificatio n t o mode l  invers e bas e rate s wit h 
a varian t  o f  th e naiv e Bayesia n mode l  i s  t o remov e th e 
contributio n du e t o bas e rate .  Thi s mode l  wa s examine d an d 
ove r  compensate s fo r  th e invers e bas e rat e effects .  I t  cause s 
to o man y o f  th e cue s t o exhibi t  invers e bas e rat e behavior . 

Cue-Validity-Weighted Bayesian Model 

The cue-validity-weighte d Bayesia n mode l  account s fo r  9 3 % 
of  th e varianc e i n th e dat a se t  ( R M S D =  0.09) .  I t  behave s a s 
a naiv e Bayesia n classifie r  whe n ther e ar e n o imperfec t 
feature s i n th e cue .  Thi s ca n b e observe d i n Tabl e 3  fo r  an y 
cue s tha t  d o no t  hav e imperfec t  features .  Consisten t  wit h 
th e invers e bas e rat e effec t  an d th e naiv e Bayesia n classifier , 
th e cue-validity-weighte d Bayesia n classifie r  predict s th e rar e 
diseas e wit h highe r  probabilit y  fo r  th e ambiguou s cut ,  fa c + 

fa r 
I f  a n imperfec t  featur e i s i n th e cue ,  the n fo r  categorie s 

wit h tha t  featur e th e cu e validit y i s  multiplie d int o th e 
equation .  Thi s move s th e choic e proportio n fro m th e 
smalle r  categorie s t o th e large r  categories .  Thi s predict s th e 
c o m m on disease ,  Cac < wit h 7 6 % o f  th e choic e proportio n 
and th e rar e disease ,  C a n wit h 2 4 % fo r  th e cu e p a +  fa c + 
fa r  Th e choic e proportio n shift s fro m equall y predictin g 
bot h i n th e naiv e Bayesia n classifie r  t o predictin g th e 
c o m m on diseas e becaus e th e imperfec t  predicto r  wa s 
associate d 3  ou t  o f  4  time s wit h th e c o m m o n disease .  Thi s 
resul t  i s mor e consisten t  wit h participan t  choic e proportion s 
tha n th e naiv e Bayesia n classifier . 

Give n th e imperfec t  cue ,  pa ,  b y itsel f  th e cue-validity -
weighte d Bayesia n mode l  predict s th e c o m m o n disease ,  Q ^ , 
7 5 % compare d t o th e rar e disease .  C a n 2 5 % .  Thi s occur s i n 
much th e sam e wa y a s th e abov e cu e wit h th e imperfec t 
predictor .  Th e 45/6 0 i s th e c o m m o n category' s cu e validit y 
fo r  th e imperfec t  predicto r  an d 15/6 0 i s th e rar e category' s 
cue validity . 

C o m m on Categor y 

P(Cac)P(CaclPa)P(PalCac)P(-faclCac)P(-farlCae)P(-PblCac)P(-fbclCac)P(-'fbrlCac ) 

U20A60A46A46A46A46A46A46J°°120*4 

versu s R a r e C a t e g o r y 

P(Car)P(Ca,iPa)P(PalCar)P(̂ aclCar)P(-farJCar)P(-PblCar)P(-fbclCar)P(-fbrlCar ) 
f i l Y l l  Y1 6 Y1 6 YJ _ Y1 6 Y2 6 Y16 ^  _  1 
l l20A60Al6Al6Al6Al6Al6Al6J°120* 4 

The cue-validity-weighte d Bayesia n mode l  predict s fo r  th e 

cu e P a +fb c th e categorie s Ca r  2 8 % ,  Ca c 3 1 % ,  an d Cb c 
4 1 %.  Thi s occur s becaus e th e cu e validit y valu e associate d 

wit h th e imperfec t  featur e shift s s o m e o f  th e choic e 

proportio n fro m Ca r  t o Cac -
For  th e cu e p a +fb r  th e cue-validity-weighte d Bayesia n 

model  predict s th e rar e category .  C a n an d th e rar e category , 

Cbr -  Th e shif t  fro m th e categor y C a r  relate d t o th e 
imperfec t  featur e causin g th e choic e proportio n t o m o v e t o 

th e Cbr . 
I n summary ,  bot h Bayesia n model s exhibi t  invers e bas e 

rat e effects .  Th e cue-validity-weighte d Bayesia n classifie r  i s 
equivalen t  t o th e naiv e Bayesia n classifie r  fo r  cue s withou t 
imperfec t  feature s (sinc e P(C\f)=1. 0 fo r  perfec t  features / 
relativ e t o clas s C ) .  W h e n cue s hav e imperfec t  features ,  th e 
cue-validity-weighte d Bayesia n classifie r  provide s a  bette r 
accoun t  o f  th e data . 

Experiment 3 (Kruschke, 1996) 

Kruschke' s Experimen t  3  i s simila r  t o Experimen t  1  excep t 
tha t  on e o f  th e c o m m o n diseases ,  Cnc ,  share s a  rar e disease' s 
sympto m (p/„ ;  Backpain) -  Th e sympto m occur s fifteen 
time s i n bot h th e rare ,  C^r ,  an d c o m m o n ,  C ^ c diseases . 
Thi s chang e i n th e trainin g stimul i  increase s th e complexit y 
i n th e dat a se t  allowin g fo r  a  large r  numbe r  o f  nove l  cu e 
item s an d th e co-occurrenc e o f  th e invers e an d neglec t  effect s 
resultin g fro m th e sam e trainin g condition .  Th e n  subscrip t 
refer s t o th e neglec t  condition .  Th e disease s wit h th e i 
subscrip t  refe r  t o th e invers e condition . 

Table 4. Training stimuli used in Exp. 3 (Kruschke, 1996) 

Dis . 

Cnc 

Cnr 
Ci r 

Ci r 

S y  m pto m s/Feature s 

Skin-ras h (fnc) .  Ear-ach e (pn ) 
Skin-ras h (fnc) < Backpai n {pfnr) . 
Ear-ach e (/?« ) 

Backpai n (p/̂ r) .  Ear-ach e {pn ) 
Sore-muscle s (//<-) ,  Dizzines s (pj ) 

Stuff-nos e (/",>) ,  Dizzines s (p, ) 

Freq . 

3 0 
15 

15 
45 
15 

Procedure s wer e simila r  t o Experimen t  1 ,  th e participant s 
wer e agai n give n eigh t  trainin g trial s pe r  bloc k fo r  fiftee n 
block s fo r  a  tota l  o f  12 0 trials .  I n Experimen t  3 ,  th e testin g 
phas e occurre d afte r  ever y five  block s instea d o f  onl y a t  th e 
end o f  th e fiftee n blocks .  Th e nove l  tes t  item s ar e give n i n 
th e tabl e belo w a s th e sympto m sets . 

As i n Experimen t  1 ,  th e invers e bas e rat e effec t  wa s 
found .  I n particular ,  th e cue// c +fi r  wa s categorize d 3 2 % o f 
th e tim e i n th e c o m m o n disease ,  Cjc ,  an d 6 4 % o f  th e tim e 
i n th e rar e disease ,  C,> . 

I n th e neglec t  condition ,  Gluc k &  Bower' s (1988 )  bas e 
rat e neglec t  phenomen a i s  replicated .  Th e cue ,  pfnr ,  i s 
classifie d a s th e c o m m o n disease ,  C/ j ^  ' 3 % o f  th e tim e an d 
as th e rar e disease ,  Cnr ,  7 7 % o f  th e time .  Thi s occur s eve n 
thoug h th e cu e equall y predict s bot h th e c o m m o n an d rar e 

diseas e (i.e. ,  P(CnrWnr )  =  P(CncWnr )  =  0.5) -
Althoug h bas e rat e neglec t  occur s i n th e neglec t  condition , 

th e invers e bas e rat e effec t  di d no t  occur .  Th e cue ,  fn c + 
pfnr ,  i s  categorize d a s th e c o m m o n disease ,  Cnc ,  5 4 % o f  th e 
tim e an d a s th e rare ,  Cnr ,  4 0 % o f  th e time . 

For  th e imperfec t  feature s alone ,  p i  an d p « ,  bot h 
condition s ar e simila r  t o bas e rates .  Fo r  th e cu e p, -  th e 
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category ,  Q c .  receive d 7 8 % an d C/ r  receive d 1 3 % .  Fo r  th e 

cu e p n th e categor y C^ c receive d 6 4 % an d C/, r  receive d 2 7 % 
of  th e choice .  Fo r  th e cu e p, i  +  p i  th e choic e proportio n 
w as 3 6 % fo r  th e neglec t  c o m m o n an d 1 7 % fo r  th e neglec t 
rar e an d 3 7 % fo r  th e invers e c o m m o n an d 1 0 % fo r  th e 
invers e rare . 

For  th e imperfec t  featur e paire d wit h th e c o m m o n perfec t 
featur e o f  th e othe r  condition ,  fo r  th e cu e p n +  fic < th e 
category ,  Cnc ,  receive d 3 3 % o f  th e choic e an d Ci c receive s 
5 0 % o f  th e choice .  Fo r  th e cu e /? /  +  f n c th e category ,  Q c . 
receive s 3 5 % o f  th e choic e an d C ^ c receive s 5 4 % o f  th e 
choice . 

Fo r  th e imperfec t  featur e paired  wit h th e rar e perfec t 
featur e o f  th e othe r  condition ,  give n th e cue ,  P n +  fi n th e 
category ,  C/r ,  receive d 6 5 % o f  th e choic e an d th e Cf,( -
receive d 2 3 % o f  th e choice .  Fo r  th e cue ,  p i  +  pfnr '  th e 
category ,  C^r > receive d 5 1 % o f  th e choic e an d Q c receive d 
2 7 % o f  th e choice .  Thes e cue s exhibi t  th e invers e bas e rat e 
effec t  wit h th e rar e categorie s bein g preferre d ove r  th e 
c o m m on categories . 

Table 5. Observed choice proportion for Exp. 3. 

Cue 

Pn 
Pi 
Pn +  P i 

fn r 
fi r 
fnr- ^  fi r 

pfn r 

fi r 
pfn r  +  fi r 

fn r  +  pfn r 

fi r  +  fi r 

Pn+ fn r  + 

Pi  +  r, r  +  ' 

Pn + f r 

Pi  +  fn r 

Pn+fi r 

Pi  +  pfn r 

fn r  +  fi r 

pfn r  +  fi r 

JjL+fll C + 

pfn r 
I r 

fi r 

Pi  +  rkr^fi r 

Cnr 
.6 4 
.0 4 
.3 6 
.8 3 
.0 4 
.4 9 
.1 3 
.0 1 
.0 2 

.5 4 

.0 1 

.8 8 

.0 9 

.3 3 

.5 4 

.2 3 

.0 8 

.2 9 

.0 8 

.7 0 

.1 4 

Cnr 
.2 7 
.0 6 
.1 7 
.1 1 
.0 3 
.0 5 
.7 7 
.0 3 
.2 9 

.4 0 

.0 2 

.1 1 

.0 2 

.1 6 

.0 5 

.0 9 

.5 1 

.0 3 

.4 6 

.0 4 

.1 7 

Ci c 
.0 3 
.7 8 
.3 7 
.0 2 
.8 9 
.4 1 
.0 4 
.0 3 
.0 4 

.0 2 

.3 2 

.0 1 

.4 8 

.5 0 

.3 5 

.0 3 

.2 7 

.0 1 

.4 2 

.0 0 

.6 4 

Qr 
.0 7 
.1 3 
.1 0 
.0 4 
.0 4 
.0 5 
.0 5 
.9 4 
.6 5 

.0 4 

.6 4 

.0 1 

.4 1 

.0 2 

.0 7 

.6 5 

.1 4 

.6 7 

.0 4 

.2 7 

.0 5 

Modelin g Phenomen a i n Experimen t  3 

Bot h Bayesia n model s us e th e probabilitie s o f  th e feature s i n 
th e 12 0 trainin g instance s t o mode l  th e data .  I n Experimen t 
3,  th e model s ar e teste d o n twenty-on e nove l  instances .  Th e 
instance s ar e represente d i n th e sam e fashio n a s i n 
Experimen t  1 . 

Naive Bayesian Model 

Th e naiv e Bayesia n mode l  fo r  Experimen t  3  agai n perform s 
i n simila r  way s t o th e participant s i n genera l  an d o n th e 
mai n effec t  o f  invers e bas e rate s (r ^  =  0.70 ,  R M S D =  0.18 ; 

compar e Table s 5  &  6) .  Fo r  th e sam e reasonin g a s i n 

Experimen t  1 ,  th e ambiguou s cue,// c +f i n ' S predicte d t o 
be associate d wit h th e rar e disease ,  Q > 7 3 % an d 2 7 % fo r  th e 

c o m m on disease . 
The naiv e Bayesia n classifie r  model s th e apparen t  bas e rat e 

neglec t  effec t  fo r  th e cu e pf„r -  Th e mode l  predict s th e rar e 
categor y i n th e neglec t  conditio n wit h 9 9 % o f  th e choic e 
proportion .  Thi s occur s becaus e ther e ar e tw o mismatche s 
and a  partia l  matc h fo r  th e c o m m o n categor y whil e ther e i s 
onl y on e mismatc h fo r  th e rar e categor y (se e belo w 

numerators) . 
C o m m on Categor y 

P(C„c)P(-.pnlC„c)P(-f„clC„c)P(pfnrlCnc)P(-PilC„c)P(-ficlCnc)PMirlC„c ) 

versu s Rar e Categor y 

120 A  4 6 A  4 6 A  4 6 A  4 6 A  46 , 
1 

360*4 6 

P(Cnr)P(̂ PnlCnr)P(-.fnclC„r)P(pfnrlCnr)P(-PilC„r)P(-ficlC„r)PMir<:nr ) 

f  i l  Y  J _ Yl iYi i  Y l ^  Y l ^  Y l ^ l » J -
I120A16A1 6 Ai6Ai6Ai6Ai6 j "  12 0 

For  th e imperfec t  feature s alone ,  p /  an d pn ,  th e naiv e 
Bayesia n mode l  predict s th e rar e an d c o m m o n categorie s 
equall y fo r  th e invers e condition .  Fo r  th e neglec t  conditio n 
th e mode l  predict s th e rar e categor y 5 9 % an d th e c o m m o n 
4 1 %.  Thi s i s  i n th e wron g directio n i n relatio n t o th e 
participants '  choic e proportions .  Fo r  th e cu e p n +  p i  th e 
naiv e Bayesia n mode l  predict s th e rar e neglec t  categor y 3 8 % 
and th e rar e invers e categor y 3 8 % .  Thi s als o i s i n th e wron g 
direction . 

For  th e imperfec t  feature s paire d wit h th e perfec t  feature s 
of  th e othe r  condition ,  p ^  +  fi ^  an d p i  +  f n c th e naiv e 
Bayesia n classifie r  predict s th e rar e clas s o f  th e imperfec t 
featur e condition .  Thi s occur s du e t o th e sam e reason s 
expresse d fo r  Experimen t  1 . 

The cu e p n +  fi r  predict s th e rar e neglec t  categor y 4 5 % an d 
th e rar e invers e categor y 4 5 % .  Thi s i s over-predictin g th e 
rar e neglec t  categor y an d under-predictin g th e rar e invers e 
category .  Thi s i s  du e t o mismatche d feature s o n th e 
c o m m on neglec t  categor y whic h get s 1 1 % o f  th e choic e 
proportion .  Th e cu e p i  +  pfn r  predict s bot h rar e categorie s 
equall y eac h wit h 4 2 % o f  th e choic e proportion .  Thi s i s a n 
over-predictio n o f  th e rar e invers e category . 

Cue-Validity-Weighted Bayesian Model 

The cue-validity-weighte d Bayesia n mode l  perform s i n a 
simila r  wa y t o th e participant s o n invers e bas e rate s an d bas e 
rat e neglec t  (cf ,  Table s 5  &  6) .  Th e genera l  fit  o f  th e mode l 
i s r ^  =  0.8 9 an d R M S D =  0.12 .  I t  predict s th e sam e choic e 
proportion s a s th e naiv e Bayesia n classifie r  whe n ther e ar e 
no imperfec t  feature s i n th e cue .  I t  predict s th e rar e diseas e 
fo r  th e cue ,  fi e +  //r .  whic h i s  consisten t  wit h th e invers e 
bas e rate ,  an d i t  predict s th e apparen t  bas e rat e neglec t  fo r  th e 

cue ,  pfnr -
For  th e imperfec t  feature s alone ,  p /  an d p n ,  th e cue -

validity-weighte d Bayesia n mode l  predict s th e rar e categor y 
2 4 % an d c o m m o n categor y 7 5 % .  Thi s i s  simila r  t o huma n 
performanc e whic h i s  1 3 % an d 7 8 % fo r  th e rar e an d c o m m o n 
categories ,  respectively .  Fo r  th e neglec t  conditio n th e mode l 
predict s th e rar e categor y 3 2 % an d th e c o m m o n 6 7 % .  Thi s 
i s consisten t  wit h h u m a n performanc e i n th e invers e 
conditio n whic h i s 2 7 % fo r  th e rar e an d 6 4 % fo r  th e 
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common category .  Fo r  th e cu e P n +  P i  th e cue-validity -
weighte d Bayesia n mode l  predict s invers e commo n 2 8 % an d 
th e invers e rar e 2 6 % .  Thi s i s mor e consisten t  wit h huma n 
performanc e tha n th e naiv e Bayesia n classifier .  Human s 
choos e th e c o m m o n 3 7 % an d th e rar e 10% .  Th e commo n 
neglec t  categor y i s chose n 1 9 % b y th e cue-validity-weigliic d 
model  an d 2 6 % fo r  th e rar e neglec t  category .  Th e huma n 
performanc e i s 3 6 % fo r  th e c o m m o n categor y an d 1 7 % fo r 
th e rare . 

Table 6. Modeled choice proportion for Experiment 3. 

Model 

Cue 

pn 
Pi 
pn-4-P i 

fnr . 

fi r 
fnc + Uc . 

pfn r 

fi r 
pfn r  +  fi r 

fnc + pfn r 

fic+fi r 

pn+fnc+Pfp f 
Pi+rir + ri r 

Pn+ fi r 

Pi + fn c 

Pn+ fi r 

Pi + pfn r 

fnc + fi r 

pfnr+fir . 

Pn+fnc+fi r 

Bayesia n 

Cnr 
.4 1 
.0 0 
.0 9 
.9 9 
.0 0 
.4 0 
.0 1 
.0 0 
.0 0 

.8 5 

.0 0 

.9 4 

.0 0 

.1 5 

.1 5 

.1 1 

.0 0 

.2 0 

.0 0 

.9 9 

.0 0 

Cnr 
.5 9 
.0 0 
.3 8 
.0 1 
.0 0 
.0 1 
.9 9 
.0 0 
.5 0 

.1 5 

.0 0 

.0 6 

.0 0 

.6 2 

.0 0 

.4 5 

.4 2 

.0 0 

.7 3 

.0 1 

.0 0 

_C/ C 

.0 0 

.5 1 

.1 4 

.0 0 

.9 9 

.5 9 

.0 0 

.0 0 

.0 0 

.0 0 

.2 7 

.0 0 

.5 1 

.2 3 

.2 3 

.0 0 

.1 5 

.0 0 

.2 7 

.0 0 

.9 9 

9r 
.0 0 
.4 9 
.3 8 
.0 1 
.0 0 
.0 1 
.0 0 
1. 0 
.5 0 

.0 0 

.7 3 

.0 0 

.4 9 

.0 0 

.6 2 

.4 5 

.4 2 

.8 0 

.0 0 

.0 1 

.0 0 

Cue-Validity -
Weighte d Bayesia n 

Cnr 
.6 7 
.0 0 
.1 9 
.9 9 
.0 0 
.4 0 
.0 1 
.0 0 
.0 0 

.8 5 

.0 0 

.9 8 

.0 0 

.2 3 

.3 2 

.1 3 

.0 0 

.2 0 

.0 0 

.9 9 

.0 0 

Cnr 
.3 2 
.0 0 
.2 6 
.0 1 
.0 0 
.0 1 
.9 8 
.0 0 
.3 3 

.1 5 

.0 0 

.0 2 

.0 0 

.3 1 

.0 1 

.1 7 

.4 9 

.0 0 

.5 8 

.0 0 

.0 0 

Ci r  C'l r 

.0 0 .0 0 

.7 5 .2 4 

.2 8 .2 6 

.0 0 .0 1 

.9 9 .0 0 

.5 9 .0 1 

.0 0 .0 1 

.0 0 1. 0 

.0 0 .6 7 

.0 0 .0 0 

.2 7 .7 3 

.0 0 .0 0 

.7 6 .2 4 

.4 5 .0 0 

.3 5 .3 2 

.0 0 .7 0 

.2 7 .2 4 

.0 0 .8 0 

.4 2 .0 0 

.0 0 .0 1 
1. 0 .0 0 

For  th e imperfec t  neglec t  featur e paire d wit h th e perfec t 
conmio n invers e feature ,  p n +fic ,  'h e cue-validity-weighte d 
Bayesia n mode l  predict s th e invers e c o m m o n 4 5 % ,  neglec t 
common 2 3 % ,  an d th e neglec t  rar e 3 1 % .  Thi s i s a  bette r  fit 
tha n th e naiv e Bayesia n classifier .  Humans '  choic e 
proportio n i s 5 0 % ,  3 3 % ,  an d 1 6 % respectively . 

The imperfec t  invers e featur e paire d wit h th e perfec t 
c o m m on neglec t  feature ,  p i  +  fnc > predict s th e c o m m o n 
neglec t  3 2 % ,  th e c o m m o n invers e 3 5 % ,  an d th e rar e invers e 
32%.  Th e huma n performanc e respectivel y i s 5 4 % ,  3 5 % , 
and 7% . 

The cue-validity-weighte d Bayesia n mode l  predict s fo r  th e 
cue ,  P n +fi n th e rar e neglec t  categor y 1 3 % an d th e rar e 
invers e categor y 7 0 % .  Thi s i s consisten t  wit h huma n 
performanc e o f  2 3 % an d 6 5 % respectively .  Th e cu e p i  + 
pfn r  predict s th e rar e neglec t  categor y 4 9 % ,  th e c o m m o n 
invers e categor y 2 7 % ,  an d th e rar e invers e categor y 2 4 % . 
Thi s i s consisten t  wit h huma n performanc e o f  5 1 % ,  2 7 % , 
and 1 4 % respectively . 

The effec t  o f  usin g cu e validit y t o weigh t  th e naiv e 
Bayesia n classifie r  belte r  fits  th e invers e bas e rat e an d bas e 
rat e neglec t  effect s o f  Experimen t  3  tha n th e naiv e Bayesia n 
classifier .  I f  th e cue s d o no t  hav e imperfec t  features ,  th e 
model  achieve s simila r  result s t o th e naiv e Bayesia n 
classifier .  W h e n cue s wit h imperfec t  feature s ar e presented , 
th e cue-validity-weighte d Bayesia n mode l  provide s a  bette r 
matc h o f  th e huma n performanc e tha n th e naiv e Bayesia n 
classifier .  Althoug h Experimen t  3  i s mor e complex ,  th e 
cue-validity-weighte d Bayesia n classifie r  i s  abl e t o mode l 

many o f  th e effects . 

Conclusion 

Thi s pape r  ha s presente d a  cue-validity-weighte d Bayesia n 
accoun t  o f  th e psychologica l  phenomen a invers e bas e rate s 
and bas e rat e neglect .  Th e cue-validity-weighte d featur e 
Bayesia n mode l  accounte d fo r  9 3 % an d 8 9 % o f  th e varianc e 
i n th e performanc e dat a o f  Kruschke' s Experimen t  1  an d 3 , 
respectively .  Th e naiv e Bayesia n mode l  accounte d fo r  7 5 % 
and 7 0 % o f  th e variance ,  respectively .  Kruschk e modele d 
th e phenomen a wit h a  connectionis t  mode l  wit h fiv e 
parameters .  Th e mode l  accounte d fo r  9 9 % o f  th e varianc e i n 
Experimen t  1  an d 9 7 % o f  th e varianc e i n Experimen t  3 .  I t 
posite d a n early-lat e learnin g proces s t o accoun t  fo r  th e 
phenomena .  Withou t  positin g processe s o r  parameterizin g 
th e model ,  th e cue-validity-weighte d featur e Bayesia n 
classifie r  modele d invers e bas e rat e effect s an d th e bas e rat e 
neglec t  phenomen a jus t  a s wel l  a s th e naiv e Bayesia n 
classifie r  an d bette r  fo r  cue s includin g imperfec t  features . 
The name s o f  th e phenomen a "bas e rat e neglect "  an d 
"invers e bas e rate "  m a y b e misnomers ,  an d mor e 
investigatio n i s require d t o evaluat e th e rol e o f  bas e rat e 
when participant s ar e face d wit h nove l  composit e cues . 
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Abstrac t 

Deduction is a high level cognitive ability which has not 
been muc h analyze d i n neuropsychology .  Cognitiv e psy -
chologist s an d cognitiv e scientist s strongl y debat e th e na -
tur e o f  th e menta l  processe s involve d i n deductiv e reason -
ing .  A  theor y particularl y pertinen t  t o th e neuropsycholog y 
of  thinkin g i s Menta l  Mode l  Theory ,  whic h postulate s th e 
use o f  analogica l  representation s i n reasoning .  Studie s o n 
unilatera l  neglec t  i n neuropsycholog y sho w tha t  th e righ t 
hemispher e i s involve d i n analogica l  representations .  O n 
thes e theoretica l  base s w e mak e a  critica l  predictio n abou t 
th e rol e o f  th e right  hemispher e i n reasoning .  Thi s pape r 
investigate s th e abilit y o f  right-brain  damage d patient s t o 
deal  wit h tw o mai n sort s o f  deduction :  syllogisti c an d 
relationa l  reasoning .  Ou r  result s sugges t  a  significan t 
involvemen t  o f  th e right  hemispher e i n reasoning .  Also ,  a s 
fa r  a s syllogisti c reasonin g i s concerned ,  th e result s allo w 
fo r  th e existenc e o f  a  verba l  component ,  besid e th e 
analogica l  one . 

1. Introduction 

Deductiv e abilit y i s  th e h u m a n capacit y t o dra w 
conclusion s from  premises ,  dependin g o n thei r  form .  A 
vali d deductio n i s on e wher e th e conclusio n i s tru e give n 
tha t  th e premise s ar e true .  I n thi s pape r  w e focu s o n tw o 
sort s o f  deduction ,  relationa l  an d syllogisti c reasoning . 

We investigat e relationa l  reasonin g throug h three-ter m 
serie s problems .  The y consis t  o f  tw o premise s an d a 
conclusion ;  eac h premis e refer s t o tw o term s linke d b y a 
transitiv e relation .  O n e ter m i s share d b y th e premise s an d 
allow s t o dra w a  conclusio n concernin g th e relatio n 
betwee n th e othe r  terms .  A n exampl e i s th e problem : 

[1] Ann is taller than Bob 
B o b i s talle r  tha n Car l 

Therefore ,  A n n i s talle r  tha n Car l 

Syllogistic reasoning consists in drawing a conclusion 
from  couple s o f  quantifie d premises .  Eac h premis e ca n 
hav e th e followin g forms :  universa l  affirmativ e (Al l  o f  th e 
X ar e y) ,  particula r  affirmativ e (Som e o f  th e x  ar e y) , 
universa l  negativ e (Non e o f  th e x  i s a  y) ,  an d particula r 
negativ e (Som e o f  th e x  ar e no t  y) .  A n exampl e i s th e 
syllogism : 

[2] All the architects are bakers 
N o ne o f  th e baker s i s a  chemis t 

Therefore ,  non e o f  th e architect s i s a  chemis t 

Th e tw o premise s shar e a  c o m m o n term ,  th e so-calle d 

'middle '  ter m B  -  an d the y ca n hav e fou r  differen t  arrange -
ment s (o r  figures' )  o f  thei r  terms :  A B - B C ,  B A - C B ,  A B -
C B,  an d B A - B C . 

Recen t  researche s i n neuropsycholog y argu e tha t  a 
damage t o th e righ t  hemispher e impair s patients '  abilit y t o 
make deductions .  I n a  stud y o n conditiona l  reasoning , 
Whitake r  e t  at .  (1991 )  an d Savar y etal .  (1992 )  foun d tha t 
right-brai n damage d patient s (hereafter ,  right-patients ) 
wer e poore r  tha n left-hemispher e damage d a t  reasonin g 
fro m fals e conditiona l  premises ;  i n particular ,  the y wer e 
unabl e t o dra w inference s independentl y o n thei r  worl d 
knowledge .  Thus ,  th e author s clai m tha t  th e righ t 
hemispher e i s responsibl e fo r  reasonin g deductively ,  tha t 
i s  independentl y o n th e conten t  o f  th e problem . 
Caramazz a e t  al .  (1976 )  hav e show n tha t  right-patient s 
hav e problem s eve n i n deducin g th e convers e o f  relation s 
i n problem s o f  th e followin g kind : 

[3] John is taller than Bill 
W ho i s shorter ? 

In line with this result. Read (1981) carried out a study on 
righ t  patient s an d conclude s tha t  the y ar e impaire d wit h 
three-ter m serie s problem s suc h a s [I] . 

Degli n an d Kinsbourn e (1996) ,  i n contras t  wit h th e 
previou s studies ,  clai m tha t  peopl e reaso n logicall y unde r 
righ t  hemispher e suppression ,  an d the y reaso n empiricall y 
(especiall y fo r  familia r  content )  unde r  lef t  hemispher e 
suppression .  Thus ,  th e author s clai m tha t  th e lef t 
hemispher e i s responsibl e fo r  reasonin g deductively . 

I n orde r  t o brin g ne w evidenc e o n thi s issue ,  w e devise d 
a n e w experimen t  t o mor e deepl y investigat e right-patient s 
abilit y  t o reaso n deductively . 

I n Sectio n 2  w e shal l  briefl y presen t  th e mai n cognitiv e 
theorie s o f  deduction .  I n Sectio n 3  w e presen t  ou r 
experiment ,  an d th e results .  Discussio n an d conclusion s 
ar e i n Sectio n 4 . 

2. Cognitive Theories of Deduction 

Cognitiv e scientist s hav e propose d thre e mai n classe s o f 
theor y abou t  deduction : 
1.  Rule s o f  inference ,  eithe r  forma l  rule s (Brain e & 
Rumain ,  1983 ;  Rips ,  1994 )  o r  content-specifi c  rule s (Bar -
Hillel ,  1967 ;  Clark ,  1969) . 
2.  Verba l  processes ,  suc h a s encodin g an d decodin g o f  th e 
verba l  informatio n give n i n a  problem' s premise s (Pol k & 
Newell ,  1995) . 
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3.  Analogica l  representations ,  constructe d an d manipu -
late d b y semanti c procedure s (e.g .  D e Soto ,  Londo n & 
Handel ,  1965) . 

Th e latte r  approach ,  unlik e th e others ,  assume s ilui t  th e 
majo r  componen t  o f  reasonin g i s nonverbal .  I n li s 
perspective ,  deductio n ha s nothin g t o d o wit h constructin g 
chain s o f  inferenc e usin g menta l  rule s (se e theorie s i n 1) . 
Further ,  th e analogica l  approac h claim s tha t  languag e 
comprehensio n an d generatio n d o no t  accoun t  fo r  th e 
entir e rang e o f  deductiv e phenomen a (se e theorie s i n 2) . 
Deductiv e reasonin g i s considere d a  semantic ,  rathe r  tha n 
syntacti c process :  i t  involve s constructio n o f  analogica l 
representation s i n som e cognitiv e space .  Th e actua l 
menta l  representation s m a y tak e th e for m o f  Eule r  circle s 
(Erickson ,  1974 ;  Ford ,  1994 ;  Stennin g &  Oberlander , 
1995) .  Alternatively ,  the y coul d b e menta l  model s 
(Johnson-Laird ,  1983 ;  Johnson-Lair d &  Byrne ,  1991) . 

Th e tenet s o f  th e analogica l  approach ,  togethe r  wit h 
earlie r  neuropsychologica l  data ,  provid e a  majo r 
prediction .  I f  i t  i s  tru e tha t  th e manipulatio n o f  analogi c 
representation s depend s o n th e righ t  hemisphere ,  a s som e 
neuropsychologica l  studie s o n unilatera l  neglec t  an d 
visua l  imager y sugges t  (e.g. ,  Bisiac h &  Luzzatti ,  1978 ; 
Farah ,  1984) ,  the n patient s wit h righ t  hemispher e damag e 
shoul d find  i t  har d bot h t o reaso n abou t  abstrac t  matter s 
and t o reaso n abou t  topic s tha t  ar e eas y t o visualize .  Ou r 
ai m i s t o tes t  thi s prediction . 

We shal l  follo w th e tenet s o f  Menta l  Mode l  Theor y 
( M M T:  Johnson-Laird ,  1983 ;  Johnson-Lair d &  Byrne , 
1991) ,  a s i t  i s  th e onl y proposa l  insid e th e analogi c 
paradig m t o accoun t  fo r  bot h syllogisti c an d relationa l 
reasoning .  Hence ,  w e assum e tha t  reasonin g consist s i n 
constructin g an d manipulatin g menta l  models .  A  mode l  i s 
a representatio n wit h a  structur e correspondin g t o th e 
structur e o f  th e stat e o f  affair s i t  represents . 

A theor y o f  deductiv e reasonin g ough t  t o explai n tw o 
mai n phenomena :  (a )  som e problem s ar e easie r  tha n 
others ;  (b )  ther e exis t  consisten t  pattern s o f  errors , 
commonl y draw n b y th e reasoners .  M M T account s fo r  th e 
tw o phenomena .  W e illustrat e th e theor y o n th e syllogisti c 
domai n (cfr .  Bucciarell i  &  Johnson-Laird ,  1998) ,  bu t  th e 
same procedure s als o appl y t o th e relationa l  domain . 
Consider ,  fo r  instance ,  th e syllogism : 

[4] AH of the architects are bankers 
None o f  th e banker s i s a  chemis t 

None o f  th e architect s i s a  chemis t 

M MT claim s tha t  th e reasone r  start s b y constructin g a 
menta l  mode l  fo r  eac h premis e (constructio n phase) .  Th e 
stat e o f  affair s describe d b y th e first  premis e i n [4 ]  i s 
analogicall y represente d b y th e model : 

[architect ]  banke r 
[architect ]  banke r 

wher e eac h lin e correspond s t o a n individual .  Th e menta l 
footnot e denote d b y th e squar e bracket s -  denote s tha t 
th e se t  o f  architect s ha s bee n represente d i n it s entirety . 
Hence ,  i f  n e w entitie s ar e introduce d int o th e model ,  the y 

canno t  b e architects .  Th e secon d premis e ha s a  mode l  o f 
th e form : 

[banker ] 
[banker ] 

-chemis t 
-chemis t 
[chemist ] 
[chemist ] 

The mode l  explicitl y  represent s th e banker s a s no t 
chemists .  Th e secon d ste p i n th e reasonin g proces s i s th e 
integratio n o f  th e model s o f  th e premise s i n a  singl e 
representation ,  b y overlappin g th e item s identica l  i n th e 
tw o model s {integratio n phase) .  I n ou r  example ,  th e 
integratio n produce s th e model : 

[architect ] 
[architect ] 

[banker ]  -chemis t 
[banker ]  -chemis t 

[chemist ] 
[chemist ] 

Th e mode l  support s th e putativ e conclusio n "Non e o f  th e 
architect s i s a  chemist' ,  o r  viceversa .  I n fact ,  th e 
conclusio n coul d b e erroneous ;  i t  coul d b e possibl e t o find 
an alternativ e mode l  o f  th e premise s wher e th e conclusio n 
doe s no t  hold .  Thus ,  a n exhaustiv e searc h fo r  al l  possibl e 
integrate d model s o f  th e premise s guarantee s fro m 
erroneou s conclusion s (falsificatio n phase) .  However ,  i n 
syllogis m [4 ]  falsificatio n produce s n o alternativ e model s 
of  th e premises ,  an d th e initia l  putativ e conclusio n ca n b e 
correctl y drawn .  N o w conside r  syllogis m [5] . 

[5] None of the aviators is a baker 
S o me o f  th e baker s ar e contortionist s 

Some of the contortionists are not aviator 

The model of the first premise is: 

[aviator] -baker 
[aviator ]  -bake r 

[baker ] 
[baker ] 

The model of the second premise is: 

contortionist bake r 
bake r 

contortionis t 

I t  represent s thre e sort s o f  individual :  on e bake r  an d 
contortionist ,  on e baker ,  on e contortionist .  A  first  integra -
tio n o f  th e model s o f  th e premise s yield s th e followin g 
model : 
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I  aviator ]  -bake r 
(aviator )  -bake r 

[baker ]  contortionis t 
[baker ] 

contortionis t 

which supports the putative conclusion "None of the 
aviator s i s a  contortionist" ,  o r  viceversa .  I f  falsificatio n i s 
not  attempted ,  suc h a  conclusio n i s erroneousl y drawn .  I n 
fact ,  falsificatio n woul d produc e th e followin g model : 

[aviator] -baker contortionist 
[aviator ]  -bake r 

[baker ]  contortionis t 
[baker ] 

contortionis t 

where the putative conclusion does not hold. The model 
support s th e conclusio n "Som e o f  th e aviator s ar e no t 
contortionist' .  A s a  matte r  o f  fact ,  falsificatio n produce s 
als o th e followin g model : 

[aviator ]  -bake r 
[aviator )  -bake r 

[baker ] 
[baker ] 

contortionis t 
contortionis t 
contortionis t 

contortionist 

Th e correc t  conclusio n i s th e on e tha t  hold s i n al l  th e 
possibl e integrate d model s o f  th e premises ,  namel y "Som e 
of  th e contortionist s ar e no t  aviator' .  So ,  i n orde r  t o dra w 
th e coirec t  conclusio n i t  i s  necessar y t o produc e al l  th e 
possibl e integrate d models . 

T o s u m up ,  M M T claim s tha t  peopl e ar e abl e t o reaso n 
deductivel y becaus e the y construc t  an d manipulat e th e 
analogica l  representation s o f  th e premises .  Th e theor y 
predict s tha t  problems '  difficult y depend s o n th e numbe r 
of  model s tha t  th e reasone r  ha s t o construct :  th e greate r  i s 
th e numbe r  o f  models ,  th e harde r  i s  th e problem .  Thus , 
M MT predict s tha t  proble m [5] ,  tha t  require s constructio n 
of  tw o model s i s  mor e difficul t  tha n proble m [4] ,  tha t 
require s constructio n o f  on e model .  Further ,  M M T 
explain s an d predict s bot h correc t  an d erroneou s 
responses .  Correc t  response s ar e base d o n al l  th e possibl e 
integrate d model s o f  th e premises ,  wherea s th e erroneou s 
response s ar e base d o n a  subset .  Thus ,  fo r  syllogis m [5 ] 
M MT predict s th e erroneou s respons e N o n e o f  th e 
aviator s i s a  contortionist '  (o r  viceversa) ,  an d 'Som e o f  th e 
aviator s ar e no t  contortionist' . 

Accordin g t o th e theory ,  th e amoun t  o f  workin g 
m e m o ry necessar y t o dra w a  conclusio n i s a  cognitiv e 
resourc e tha t  influence s th e reasonin g process .  I n 
particular ,  a s model s ar e analogica l  representations ,  an d 
analogica l  representation s hav e spatia l  features ,  th e abilit y 
t o manipulat e model s shoul d correlat e wit h th e spatia l 
workin g m e m o r y capacity . 

Our  experimen t  (Sectio n 3 )  wa s devise d t o tes t  th e 
followin g hypotheses : 

1.  Deductiv e reasonin g i s impaire d i n right-patients ,  a s 
th e analogica l  theorie s predict . 

2.  M M T ' s prediction s about  problems '  difficult y an d 
erroneou s response s hol d fo r  right-patients . 

3.  Ou r  furthe r  ai m wa s t o explor e possibl e correlation s 
betwee n th e abilit y t o solv e deductiv e problem s an d th e 

measure s provide d b y tw o neuropsychologica l  tests ,  i n 
particula r  th e measur e o f  th e spatia l  workin g memor y 

capacity . 

3. The Experiment 
Participant s 

Thirty-fou r  right-hande d patient s wit h righ t  unilatera l 
cerebra l  lesio n reveale d b y C T sca n participate d i n th e 
experiment .  Fourtee n o f  the m wer e rule d ou t  because  the y 
di d no t  understan d th e requirement s o f  th e experimenta l 
tasks ;  twent y patient s ar e lef t  ( 5 w o m e n an d 1 5 men) . 
Thei r  age s range s fro m 4 2 t o 8 4 year s (mea n ag e =  60.6 ; 
sd =  13. 2 years) ,  thei r  schoo l  attendanc e range s fro m 5  t o 
19 year s (mea n =  9.3 ;  s d =  4.6) . 

Th e contro l  grou p consist s o f  twent y participant s (1 2 
w o m en an d 8  men )  comparabl e t o th e experimenta l  grou p 
fo r  bot h ag e (mea n ag e =  59.9 :  s d =  10,9 )  an d year s o f 
schoo l  attendanc e (mea n =  9.6 ;  s d =  3.6 ) 

We hav e exclude d fro m th e tw o group s th e participant s 
wit h intellectua l  impairments ,  a s reveale d b y th e Min i 
Menta l  Stat e (i.e. ,  scor e belo w 25/30) ,  an d th e right -
patient s wit h impairmen t  i n verba l  comprehension ,  a s 
reveale d b y th e Toke n Tes t  (i.e. ,  scor e belo w 30/36) . 

Design and Material 

Th e experimen t  consist s o f  thre e sort s o f  tasks :  deductiv e 
reasonin g tasks ,  paraphrase s task s an d neuropsychologica l 
tests .  Th e paraphrase s task s wer e introduce d t o tes t  th e 
abilit y t o infe r  th e convers e o f  relation s suc h a s 'An n i s 
shorte r  tha n Ben '  (i.e. ,  "Be n i s talle r  tha n Ann") ,  a s wel l  a s 
th e convers e o f  quantifie d assertion s lik e 'A H o f  th e 
painter s ar e musicians '  (i.e. ,  'Som e o f  th e musician s ar e 
painters') .  A s w e sai d above ,  som e studie s sugges t  tha t 
als o th e abilit y  t o dea l  wit h paraphrase s o f  thi s sor t  woul d 
be impaire d i n right-patients . 

Reasoning Tasks The tasks consists of 10 syllogisms and 
8 relationa l  problems . 

Th e syllogism s ar e selecte d amon g th e classica l  se t  o f 
64 ,  an d the y al l  hav e a  vali d conclusio n interrelatin g th e 
end terms .  Fiv e o f  the m ar e accordin g t o M M T one -
model  problems ,  an d five  o f  the m ar e multiple-mode l 
problems .  Syllogism s ar e balance d accordin g t o th e figure 
of  th e premise s an d th e sor t  o f  conclusion .  Further ,  th e 
med iu m ter m B  i n th e premise s refer s t o a n hobby ,  th e en d 
term s A  an d C  refe r  t o jobs .  Th e experimente r  read s th e 
syllogisti c premises ,  the n h e ask s th e question :  H o w man y 
A ar e C? '  o r  H o w man y C  ar e A?' ,  consistentl y wit h th e 
directio n o f  th e correc t  conclusion .  Subject s £ir e tol d tha t 
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possibl e answer s are :  'AH...are...' ;  'Some.. .  are...' ; 
"None...is...' ;  "Some...ar e not...' . 

Th e relationa l  problem s ar e three-term s serie s problem s 
supportin g a  vali d conclusion .  Al l  o f  the m ar e -  accordin g 
t o M M T -  one-mode l  problems .  Th e premise s refe r  t o th e 
relation s talle r  than '  an d 'shorte r  than' .  Th e relations ,  a s 
wel l  a s th e terms ,  ar e arrange d i n th e 4  possibl e way s 
insid e th e coupl e o f  premises .  Th e experimente r  read s th e 
relationa l  premises ,  the n h e ask s th e critica l  question .  I n 
hal f  o f  th e problem s th e questio n i s 'Wh o i s th e talles t 
betwee n A  an d C?' ,  an d i n hal f  o f  th e problem s i s "Wh o i s 
th e shorte r  betwee n A  an d C ? ' 

Paraphrases Tasks The tasks consist of 10 paraphrases 
of  quantifie d premise s an d 8  paraphrase s o f  relationa l 
premises .  Th e term s insid e eac h premis e refe r  t o a  hobb y 
and a  job .  Eac h o f  th e premise s t o paraphras e i s presente d 
wit h anothe r  premis e o f  th e sam e sort ,  i.e .  quantifie d o r 
relational .  Thus ,  th e couple s o f  premise s ar e analo g t o th e 
couple s o f  premise s use d i n th e syllogisti c an d th e 
relationa l  reasonin g tasks .  Th e onl y differenc e i s tha t  i n 
th e paraphrase s task s i t  i s  no t  possibl e t o relat e th e 
informatio n conveye d b y th e premises ,  becaus e the y d o 
not  shar e a  c o m m o n ter m (th e figur e o f  th e premise s i s 
A B - C D ) .  Th e experimente r  read s a  coupl e o f  premises , 
and invite s th e participan t  t o paraphras e th e first  premis e 
i n hal f  o f  th e problems ,  an d th e secon d premis e i n th e 
othe r  half ,  i n a  rando m order .  Th e reasone r  i s cue d t o 
paraphras e b y question s o f  th e followin g sort :  "Ho w man y 
A ar e B? '  (paraphrase s o f  quantifiers) ,  'Wh o i s th e talles t 
betwee n A  an d B? "  (paraphrase s o f  relationa l  terms) . 

Neuropsychological Tests We used two tests to depict a 
genera l  framewor k o f  th e participants '  workin g m e m o r y 
capacity :  Corsi' s  tes t  an d a  W o r d Lis t  Learnin g test . 

Corsi' s  tes t  wa s adopte d t o measur e th e visuo-spatia l 
short-ter m memor y capacity .  W e followe d th e standar d 
procedure .  Th e experimente r  show s th e participan t  9 
cube s attache d o n a  wooden-board .  Then ,  i n a  preliminar y 
trial ,  h e touche s eac h cub e on e a t  a  time ,  an d invite s th e 
participan t  t o repea t  th e sam e movements .  Th e rea l  tes t 
start s i n cas e n o error s occur .  Th e experimente r  touche s 
cube s i n serie s o f  increasin g lengt h (fro m 2  u p t o 1 0 cube s 
i n a  row) ,  an d th e participan t  i s invite d t o touc h th e sam e 
cube s i n th e sam e sequentia l  order .  Th e participan t  deal s 
wit h thre e differen t  trial s fo r  eac h series ;  i f  sh e succeed s a t 
leas t  i n tw o trials ,  the n th e tes t  continues .  Th e visuo -
spatia l  memor y spa n o f  th e participan t  correspond s t o th e 
number  o f  cube s i n th e longes t  o f  th e serie s reproduced , 
wher e a t  leas t  tw o trial s wer e successful . 

A W o r d Lis t  Learnin g tes t  wa s use d t o measur e th e 
verba l  memor y span .  Th e experimente r  read s t o th e 
participan t  a  lis t  o f  1 0 words ,  an d th e participan t  repeat s 
as man y o f  the m a s sh e ca n remember ,  i n he r  preferre d 
order .  Shortly ,  th e experimente r  read s agai n th e 1 0 words , 
and th e participan t  i s invite d t o repea t  them ,  tryin g t o 
enric h th e lis t  o f  th e word s remembered .  Th e tes t 

continue s unti l  th e participan t  repeat s al l  th e 1 0 words . 
The m a x i m u m numbe r  o f  repetition s b y th e experimente r 
i s 20 .  Th e scor e i s calculate d b y takin g int o accoun t  th e 

number  o f  repetitions ,  ag e an d year s o f  schoo l  attendanc e 
of  th e participant .  Th e scor e i n thi s tes t  i s  counterintuitive : 
i i  increase s wit h th e decreas e o f  th e performanc e 

Procedures 

The experimen t  i s carrie d ou t  i n a  singl e session ,  individu -
ally ,  i n a  quie t  room .  Th e orde r  o f  presentatio n o f  th e 
problem s i s th e sam e fo r  ai l  th e participants .  First ,  th e 
participan t  deal s wit h th e Toke n Tes t  (onl y th e right -
patients )  an d th e Min i  Menta l  State .  I n cas e sh e doe s no t 
encounte r  an y difficulty ,  th e experimen t  continue s wit h 
Corsi' s  an d th e W o r d Lis t  Learnin g tests .  Then ,  th e 
participan t  deal s wit h th e reasonin g an d th e paraphrase s 
tasks .  W e devise d tw o protocols ,  wher e th e followin g 
factor s wer e balanced :  th e orde r  o f  presentatio n o f  th e 
reasonin g an d th e paraphrase s tasks ;  th e orde r  o f 
presentatio n o f  th e syllogisti c an d relationa l  problem s 
insid e th e reasonin g tasks ;  th e orde r  o f  presentatio n o f  th e 
paraphrase s o f  quantifier s an d relationa l  term s insid e th e 
paraphrase s tasks .  Th e task s ar e introduce d b y a  warm-up : 
th e experimente r  read s a  relationa l  proble m an d invite s 
th e participan t  t o dra w a  conclusion ,  thu s answerin g th e 
specifi c  question .  Further ,  th e participan t  i s invite d t o 
conside r  a s tru e th e premises ,  an d t o dra w a  conclusio n 
tha t  i s tru e give n tha t  th e premise s ar e true . 

Results 

Reasoning and Paraphrases Tasks As predicted, the 
performance s o f  th e patient s ar e wors e tha n th e 
performance s o f  th e contro l  grou p (se e Tabl e 1) .  Th e 
differenc e i s statisticall y significan t  fo r  th e relationa l 
problem s (Mann-Whitne y test :  z = -2.029 ;  p  <.05 )  an d th e 
paraphrase s o f  relation s (Mann-Whitne y test :  z = -2.056 ;  p 
<.04) .  Th e differenc e i s no t  statisticall y significan t  eithe r 
fo r  th e paraphrase s o f  quantifier s (Mann-Whitne y test :  z -
-1.43 ;  p  =  .15) ,  o r  fo r  th e overal l  syllogism s (Mann -
Whitne y test :  z = -1.44 ;  p  =  .14) .  However ,  one-mode l 
syllogism s ar e easie r  fo r  th e contro l  grou p ( 8 0 % o f  correc t 
conclusions) ,  tha n fo r  th e patient s grou p ( 7 1 % o f  correc t 
conclusions) ,  althoug h th e differenc e i s onl y marginall y 
significan t  (Mann-Whitne y Test :  z  =  -1.894 ;  p  =  0.058) . 
Multipl e mode l  syllogism s ar e har d t o solv e fo r  al l  th e 
participant s (a s M M T predicts) ;  th e tw o group s d o no t 
diffe r  i n thei r  performance s (Mann-Whitne y Test :  z  = 
.812 ;  p  =  .075) .  I n general ,  w e conclud e tha t  th e result s 
concernin g th e tw o task s confir m predictio n 1 :  deductiv e 
reasonin g i s impaire d i n right-patients ,  a s th e analogica l 
theorie s predict . 
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Tabl e 1 .  Percentage s o f  correc t  response s i n reasonin g an d 

paraphrase s tasks . 

Tabl e 2 .  M e a n score s obtaine d b y th e tw o group s o t 
participant s i n th e neuropsychologica l  tests . 

Task s 

Syllogism s 

Relationa l 

problem s 

Paraphrase s 

(quantifiers ) 

Paraphrase s 

(relationa l  terms ; 

Patient s 

35 

72 

48 

68 

Contro l 

grou p 

42 

82 

51 

76 

Predictio n 2  i s als o confirmed :  M M T ' s prediction s 
abou t  proble m difficult y an d erroneou s response s als o 
hol d fo r  right-patients .  One-mode l  syllogism s ar e easie r  t o 
solv e tha n multiple-mode l  syllogisms ;  th e predictio n hold s 
fo r  bot h th e patient s ( 7 1 % versu s 0 % ,  Wilcoxo n Test :  z  = 
-3.62 .  P  =  0003 )  an d th e contro l  grou p ( 8 0 % versu s 4 % , 
Wilcoxo n Test :  z  =  -3.92 ,  p  <.0001) .  Thus ,  syllogis m [4 ] 
i s  easie r  tha n syllogis m [5] ,  bot h i n th e patient s ( 7 1 % 
versu s 0 % o f  correc t  conclusions )  an d i n th e contro l  grou p 
( 9 0 % versu s 0 % o f  correc t  conclusions) .  Further ,  a s M M T 
predicts ,  th e mos t  c o m m o n erroneou s response s ar e base d 
on a  subse t  o f  th e possibl e integrate d mode l  o f  th e 
premises .  Thus ,  th e c o m m o n erro r  i n dealin g wit h 
proble m [5 ]  i s  t o infe r  tha t  N o n e o f  th e aviator s i s a 
contortionist' ,  o r  vice-vers a ( 4 4 % o f  th e error s i n right -
patients ,  an d 8 5 % i n th e contro l  group)' . 

Neuropsychological Tests The performance of the right-
patient s wa s significantl y wors e tha n th e performanc e o f 
th e contro l  grou p i n Corsi' s  tes t  (Mann-Whitne y test :  z  = 
4.1 ;  p  <.0001) ,  a s wel l  a s i n th e W o r d Lis t  Learnin g tes t 
(Mann-Whitne y test :  z  =  -2.86 ;  p  <.005) .  Th e mea n 
score s obtaine d b y th e participant s ar e i n Tabl e 2 ;  a s th e 
tw o test s hav e not ,  i n principle ,  a  m a x i m u m score ,  a 
benchmar k i s th e bes t  scor e obtaine d b y th e participants . 
R e m e m b er  that ,  i n th e W o r d Lis t  Learnin g test ,  th e scor e 
increase s wit h th e decreas e o f  th e performance . 

Correlations Between Tests and Tasks We explored the 
possibl e relation s betwee n th e performance s i n th e 
neuropsychologica l  test s an d th e performance s i n th e task s 
throug h som e correlations .  Fo r  th e syllogisti c reasonin g 
task ,  w e use d onl y th e dat a concernin g one-mode l 
syllogism s becaus e multipl e mode l  syllogism s wer e har d 
t o solv e eve n fo r  th e contro l  group . 

Neuropsychologica l 

Test s 

W o rd Lis t  Learnin g 
(bes t  score=2.437 ) 

Cors i 
(bes t  score=7 ) 

Patient s 

6.9 5 

3.4 4 

Contro l 

grou p 

4.8 9 

5.1 

'  Th e participant s ha d n o chanc e t o dra w th e erroneou s respons e 
'Som e o f  th e aviator s ar e no t  contortionist' ,  whic h i s predicte d 
by M M T,  becaus e th e cuein g questio n fo r  thi s syllogis m is : 
'Ho w man y contortionist s ar e aviators?' . 

As fa r  a s th e contro l  grou p i s concerned ,  a  goo d perfor -
mance i n th e relationa l  problem s correlate s wit h a  goo d 
performanc e i n bot h Corsi' s  (Fisher' s r = .685 ;  p<.001 )  and 
W o rd Lis t  Learnin g (Fisher' s r  =  -.618 ;  p.005 )  tests . 
Besides ,  ther e i s a  positiv e correlatio n betwee n th e perfor -
mance i n th e paraphrase s o f  relation s tas k an d th e perfor -
mance i n Corsi' s  tes t  (Fisher' s r  =  .531 ;  p<.05) . 

I n th e right-patients ,  w e foun d a  singl e correlatio n 
betwee n th e performance s i n th e W o r d Lis t  Learnin g tes t 
and th e syllogisti c reasonin g tas k (Fisher' s r = -.56 ;  p<.05) . 

As ou r  underlyin g hypothesi s i s tha t  bot h syllogisti c an d 
relationa l  reasonin g rel y o n th e sam e menta l  processes ,  w e 
als o explore d th e relatio n betwee n th e tw o sort s o f  task . 
As expected ,  w e foun d a  correlatio n i n th e right-patient s 
(Fisher' s r  =  .787 ,  p  =  .0002 )  an d i n th e contro l  grou p 
(Fisher' s r = 516 ,  p  =  .0186) . 

4. Discussion and Conclusions 

Our  result s sugges t  tha t  th e righ t  hemispher e play s a  majo r 
rol e i n deductiv e reasoning .  I n particular ,  right-patient s 
ar e wors e tha n th e contro l  grou p i n reasonin g wit h 
relationa l  problem s an d paraphrasin g relationa l  premises . 
Thes e result s suppor t  th e ide a tha t  th e tw o task s involv e 
analogica l  representations ,  whic h ar e mainl y a 
competenc e o f  th e righ t  hemisphere .  Ou r  result s agre e 
wit h thos e o f  som e previou s studie s (se e Sectio n 1) ,  and 
the y disagre e wit h th e result s o f  Degli n an d Kinsbourn e 
(1996) .  Th e author s clai m tha t  th e lef t  hemispher e i s 
responsibl e fo r  reasonin g deductively ,  bu t  w e hav e tw o 
methodologica l  reason s fo r  bein g skeptica l  abou t  thei r 
results .  First ,  thei r  experimenta l  sampl e consist s o f  eithe r 
schizophrenic s o r  manic-depressiv e psychotics .  Second , 
the y us e problem s wit h identica l  conten t  t o tes t  th e 
participant s i n differen t  experimenta l  conditions . 

Th e result s concernin g th e performanc e o f  th e right-pa -
tient s an d th e contro l  grou p i n th e syllogisti c reasonin g 
tas k an d th e paraphrase s o f  quantifie d assertion s tas k 
deserv e som e consideration .  I n particular ,  althoug h on e 
model  syllogism s ar e harde r  t o solv e fo r  th e right-patient s 
tha n fo r  th e contro l  group ,  multiple-mode l  syllogism s ar e 
difficul t  t o solv e fo r  al l  th e participant s i n ou r  experiment . 
Thi s resul t  confirm s M M T ' s predictio n tha t  multipl e 
model s problem s ar e difficul t  t o solve .  However ,  th e 
reall y ba d performanc e o f  th e contro l  grou p i s a  genuin e 
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surprise .  Indeed ,  i n a  previou s stud y b y Bara ,  Bucciarell i 
and Johnson-Lair d (1995) ,  adul t  subjects '  percentag e o f 
correc t  response s t o th e sam e se t  o f  1 0 syllogism s wa s 
5 6 % (26 % i f  w e conside r  onl y th e multipl e model s ones) . 
We suspec t  tha t  ou r  experimenta l  procedur e fo r 
syllogism s make s har d th e tas k o f  drawin g a n inference , 
especiall y fo r  th e hardes t  o f  th e problems .  Th e procedur e 

whic h consist s i n readin g th e couple s o f  syllogisti c 
premise s togethe r  wit h th e final  questio n "Ho w man y x  ar e 
y? '  wa s mean t  t o cu e reasoners ,  especiall y right-patients , 
toward s th e relevan t  information .  However ,  i n orde r  t o an -
swer  th e critica l  question ,  th e reasone r  ha s t o kee p i n min d 
th e verbati m o f  th e premise s an d th e cuein g question .  W e 
suspec t  tha t  thi s tas k interfere s wit h th e reasonin g process . 
The correlation s betwee n th e verba l  memor y spa n an d th e 
reasonm g task s woul d suppor t  suc h a n hypothesis .  I n lin e 
wit h th e sam e argumentation ,  w e observ e tha t  als o three -
ter m serie s problem s wer e quit e difficul t  fo r  ou r  contro l 
group ,  whrerea s i t  i s  wel l  know n tha t  the y ar e quit e easy , 
and th e differenc e i n difficult y amon g problem s i s 
detectable ,  followin g th e standar d procedure ,  onl y b y 
positin g a  tim e limi t  t o dra w th e conclusio n (see ,  D e Sot o 
et  al .  1965) .  Again ,  ou r  experimenta l  procedur e coul d 
explai n th e ba d performanc e o f  ou r  contro l  grou p i n th e 
relationa l  reasonin g task . 

An alternativ e explanatio n o f  th e result s i s tha t  th e 
analogica l  componen t  play s a  majo r  rol e i n relationa l 
reasonin g an d paraphrase s o f  relationa l  terms ,  bu t  th e 
verba l  componen t  i s a s importan t  a s th e analogica l 
componen t  i n reasonin g wit h syllogisms ,  an d i n 
paraphrasin g quantifiers .  A s th e performance s o f  th e right -
patient s an d th e contro l  grou p i n th e tw o task s considere d 
as a  whol e d o no t  significantl y differ ,  i t  i s  plausibl e tha t 
the y involv e verba l  processe s whic h ar e mainl y a 
competenc e o f  th e lef t  hemisphere . 

The result s o f  th e correlation s betwee n th e 
neuropsychologica l  test s an d th e reasonin g an d th e 
paraphrase s task s ar e consisten t  wit h th e tw o possibl e 
explanations .  Further ,  the y confir m th e existenc e o f  a  tigh t 
bond betwee n th e deductiv e abilit y  an d th e spatia l 
workin g memor y capacity ,  a s predicte d b y M M T . 
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Abstrac t 

In this paper we present a context-based family of formal sys-
tems (calle d MultiContex t  Systems )  whic h w e propos e t o us e 
as a  forma l  framewor k fo r  a  theor y o f  menta l  representation . 
We star t  wit h a n intuitiv e notio n o f  contex t  a s a  subse t  o f  th e 
complet e (cognitive )  stat e o f  a n individual .  The n w e introduc e 
tw o genera l  principle s whic h w e believ e ar e a t  th e cor e o f  an y 
logi c o f  context ,  namel y th e principle s o f  localit y an d compat -
ibility .  W e sho w ho w thes e principle s ca n b e formalize d i n th e 
framewor k o f  MultiContex t  Systems ,  an d argu e tha t  thi s con -
ceptual/logica l  framewor k ca n b e use d t o accoun t  fo r  a  variet y 
of  phenomen a i n a  theor y o f  menta l  representation .  Finally ,  w e 
compar e ou r  framewor k wit h previou s work . 

I n t r oduc t i o n 

Contex t  i s  on e o f  th e mos t  interdisciplinar y notion s i n th e 
contemporar y scientifi c  debat e o n cognition .  I n general ,  con -
tex t  i s  viewe d a s a  ke y notio n i n th e explanatio n o f  h o w ou r 
menta l  content s ar e (logically )  structured .  A s a  consequence , 
contex t  i s  par t  o f  th e explanatio n o f  h o w thes e menta l  con -
tent s ar e use d i n c o m m o n sens e reasoning ,  natura l  languag e 
understanding ,  learning ,  proble m solving ,  an d s o on .  Th e in -
teres t  i n th e notio n o f  contex t  i s prove d b y th e growin g num -
ber  o f  scientifi c  event s relate d t o it ,  e.g. ,  th e workshop s o n 
contex t  a t  th e 13t h an d 14t h Internationa l  Join t  Conferenc e 
on Artificia l  Intelligenc e (Brezillon ,  1993 ;  Brezillo n &  Abu -
Hakima ,  1995) ,  th e worksho p o n contex t  a t  th e las t  Euro -
pea n Conferenc e o n Cognitiv e Scienc e (Bouque t  etal. ,  1997) , 
th e Firs t  Interdisciplinar y Conferenc e o n Contex t  (Brezillion , 
1997) ,  th e A A A I - 9 7 Fal l  Symposiu m o n Contex t  i n Natura l 
Languag e an d Knowledg e Representatio n (Buva c &  Ivanska , 
1997) . 

Despit e th e larg e amoun t  o f  wor k an d numbe r  o f  events , 
whethe r  ther e i s a  unifyin g notio n o f  contex t  underlyin g it s 
usag e i s stil l  unclear .  I f  w e loo k a t  som e o f  th e mos t  well -
know n definition s i n th e literature ,  w e find  a  wid e spectru m 
of  proposals .  I n philosoph y o f  language ,  Davi d Lewi s define s 
a contex t  a s th e "locatio n -  time ,  plac e an d possibl e worl d -
wher e a  sentenc e i s said "  (Lewis ,  1980 )  ( a ver y simila r  notio n 
of  contex t  wa s propose d b y Davi d Kapla n i n hi s well-know n 
pape r  O n th e Logi c o f  Demonstrative s (Kaplan ,  1978)) .  I n 
linguistics ,  Sperbe r  an d Wilso n defin e contex t  a s "th e se t  o f 
premise s use d i n interpretin g a n utteranc e [... ]  a  psycho -
logica l  construct ,  a  subse t  o f  th e hearer' s assumption s abou t 
th e world "  (Sperbe r  &  Wilson ,  1986) .  I n menta l  represen -
tation ,  (Dinsmore ,  1991 )  introduce s th e notio n o f  contex t  a s 
a ke y concep t  i n th e (intuitive )  semantic s o f  partitione d rep -
resentations .  I n cognitiv e psychology ,  Kokino v define s con -

tex t  a s "th e se t  o f  al l  entitie s tha t  influenc e huma n (o r  sys -
tem's )  cognitiv e behaviou r  o n a  particula r  occasion "  (Koki -
nov ,  1995) .  I n AI .  sinc e Joh n McCarthy' s semina l  pape r  o n 
generalit y (McCarthy ,  1987) ,  a  lo t  o f  wor k ha s bee n don e to -
ward s th e formalizatio n o f  contex t  an d it s logi c (Guha ,  1991 : 
McCarthy ,  1993 ;  Buva c &  Mason ,  1993) :  however ,  a s Mc -
Carth y himsel f  point s out ,  th e goa l  o f  thi s wor k wa s no t  t o 
reac h a  uniqu e conclusio n abou t  wha t  contex t  is ,  bu t  rathe r 
t o "introduc e context s a s abstrac t  mathematica l  entitie s wit h 
propertie s usefu l  i n artificia l  intelligence "  (McCarthy ,  1993) . 
On to p o f  thes e differen t  approaches ,  w e als o find  a  lo t  o f 
wor k abou t  "belie f  contexts" ,  "intensiona l  contexts" ,  "socia l 
contexts" ,  "reasonin g contexts" ,  an d s o on ,  wher e th e concep t 
of  contex t  i s assume d a s given . 

Th e goa l  o f  thi s pape r  i s t o presen t  a  context-base d famil y 
of  forma l  system s (calle d MultiContex t  Systems )  an d sho w 
ho w i t  ca n b e use d t o accoun t  fo r  man y a.spect s o f  a  theor y o f 
menta l  representation .  Th e pape r  goe s a s follows .  First ,  w e 
introduc e th e basi c principle s o f  ou r  approach ,  namel y th e 
principl e o f  localit y an d th e principl e o f  compatibility .  Sec -
ond ,  w e briefl y discus s h o w thes e principle s ar e formalize d i n 
MultiContex t  ( M C )  System .  The n w e recal l  som e importan t 
aspect s o f  a  theor y o f  menta l  representatio n an d sho w ho w 
the y ca n b e easil y formalize d i n ou r  framework .  Finally ,  w e 
criticall y compar e ou r  approac h wit h previou s work . 

Locality and Compatibility 

According to (Giunchiglia. 1993). a context can be defined 
as "tha t  subse t  o f  th e complet e stat e o f  a n individua l  tha t  i s 
use d fo r  reasonin g abou t  a  give n goal" .  Th e intuitio n i s tha t 
reasonin g i s alway s "local" ,  i.e .  involve s onl y a  smal l  subse t 
of  wha t  a n agent' s actuall y knows ;  thi s subse t  i s wha t  deter -
mine s th e contex t  o f  reasoning .  Thi s intuitio n ca n b e mappe d 
int o th e ide a tha t  a  contex t  i s a  partia l  an d approximat e the -
or y o f  th e worl d whic h encode s som e agent' s perspective .  I t 
i s a  partia l  theor y becaus e i t  doe s no t  represen t  al l  th e infor -
matio n tha t  a n agen t  ha s abou t  th e world ,  bu t  onl y a  smal l 
portion .  I t  i s a n approximat e theor y becaus e eve n thi s portio n 
i s represente d onl y a t  som e leve l  o f  detail .  S o m e example s o f 
contex t  are :  th e fact s tha t  a n agen t  know s abou t  a  specifi c  do -
mai n {e.g .  abou t  money ,  abou t  anothe r  agent' s beliefs ,  abou t 
th e Italia n cuisine ,  . . . ) :  th e fact s tha t  a n agen t  use s t o solv e 
a proble m o n a  particula r  occasion ;  th e fact s tha t  a n agen t 
use s t o interpre t  anothe r  agent' s utterance .  A  contex t  abou t 
money,  fo r  example ,  i s no t  onl y partia l  (i t  i s abou t  mone y an d 
not  abou t  th e Italia n cuisine) ,  bu t  als o approximat e (usin g a n 
exampl e fro m (Guha ,  1991) ,  th e relationshi p betwee n a n ob -
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jec t  an d it s cos t  ca n b e represente d a t  differen t  level s o f  detail : 
as a  binar y predicat e costs(x,y )  ( x cost s y )  i n a  naiv e mone y 
theory ,  a s a  ternar y predicat e cosls(x.y.UstPrice )  i n a  genera l 
transactio n theor y i n whic h w e m a y hav e differen t  kind s o f 
cost s associate d wit h a n object ;  an d s o on) , 

I n ou r  view ,  a  logi c o f  contex t  i s  th e logi c o f  possibl e re -
lation s betwee n partia l  an d approximat e theories .  Th e ide a i s 
th e following : 

• on one side, if we take seriously the idea that a context 
i s  a  theor y (thoug h partia l  an d approximate) ,  the n expres -
sivenes s (wha t  ca n b e said) ,  denotation ,  trut h an d logica l 
consequenc e mus t  b e conceive d o f  a s loca l  t o a  context . 
Thi s i s wha t  w e cal l  ih e principl e o f  locality ; 

• on the other side, the fact that an agent's complete knowl-
edg e i s represente d a s a  collectio n o f  context s suggest s tha t 
differen t  kind s o f  relation s mus t  exis t  amon g differen t  con -
texts .  Thi s i s wha t  w e cal l  th e principl e o f  compatibility . 

A first consequence of locality is that different contexts 
may hav e differen t  ontologie s (intuitively ,  becaus e eac h o f 
the m represent s a  differen t  portio n o f  a n agent' s knowledge) . 
For  instance ,  th e ontolog y o f  a  contex t  describin g John' s be -
lief s abou t  th e worl d o f  Calvi n &  Hobb s wil l  includ e children , 
tigers ,  cars ,  schools ,  friendship ,  an d s o on ;  wherea s th e on -
tolog y o f  a  contex t  describin g John' s belief s abou t  mechanic s 
wil l  includ e differen t  categorie s o f  objects .  A  secon d con -
sequenc e i s tha t  context s see m t o requir e a  "local "  notio n o f 
denotatio n an d truth .  Fo r  instance ,  'Hobbes '  ma y refe r  t o a 
speakin g tige r  i n th e contex t  o f  Calvi n &  Hobbe s adventures , 
and t o a  philosophe r  o f  th e XVII I  centur y i n a  handboo k o f 
moder n philosophy .  A s t o truth ,  Joh n ma y believ e tha t  th e 
sentenc e "Hobbe s i s a  speakin g tiger "  i s  tru e i n th e contex t 
of  Calvi n &  Hobbe s storie s an d tha t  th e sentenc e "Tiger s d o 
not  speak "  i s tru e i n th e contex t  o f  zoology .  A  thir d impor -
tan t  consequenc e o f  th e principl e o f  localit y i s tha t  differen t 
logic s ma y b e allowe d i n differen t  contexts .  Fo r  instance ,  i n a 
contex t  whic h represent s a n agent' s reasonin g abou t  ai r  trav -
elling ,  w e ar e likel y t o requir e a  sor t  o f  closed-worl d assump -
tio n (e.g .  i f  a  flight  connectio n fro m Glasgo w t o M o s c o w doe s 
not  appea r  o n th e flight  schedul e o f  Glasgo w airport ,  the n th e 
agen t  wil l  infe r  tha t  a  direc t  connectio n doe s no t  exist) ;  how -
ever ,  i n a  contex t  involvin g phon e calls ,  closed-worl d reason -
in g doe s no t  see m t o appl y (i f  th e phon e numbe r  o f  th e Ital -
ia n Prim e Ministe r  R o m a n o Prod i  doe s no t  appea r  o n Rome' s 
phon e book ,  w e don' t  wan t  t o infe r  tha t  h e doe s no t  hav e a 
phon e numbe r  i n Rome) . 

The principl e o f  compatibilit y  capture s th e intuitio n tha t 
contexts ,  a s partia l  an d approximat e theories ,  ca n b e some -
what  related .  A  fe w examples .  Tak e a  contex t  c i  t o describ e 
John' s belief s o n Januar y 31 ,  199 8 an d a  contex t  c ^  t o de -
•scrib e John' s belief s o n Februar y 1st ,  1998 .  The n i t  i s  rea -
•sonabl e t o postulat e a  relatio n betwee n c j  an d C 2 suc h tha t 
th e trut h o f  th e sentenc e "Today' s sunny "  i n Ci  entail s th e 
trut h o f  th e sentenc e "Yesterda y wa s sunny "  i n 02 -  Suppos e 
no w tha t  a  contex t  c g describe s John' s offic e o n Januar y 31 , 
1998 an d tha t  th e sentenc e on(computer ,  table )  i s tru e i n it . 
I f  (fo r  som e reason )  w e switc h t o a  les s approximat e descrip -
tio n wher e tim e i s explicitl y  take n int o account ,  the n it' s  rea -
sonabl e t o expec t  tha t  i t  wil l  contai n a  sentenc e o f  th e for m 
on(computer ,  table .  31-/2-98 )  (an d thi s a s a  consequenc e o f 

th e fac t  tha t  on(computer .  table )  wa s tru e i n r«) .  Imagin e no w 
tha t  C 3 describe s John' s offic e fro m hi s o w n perspectiv e an d 
tha t  Mar y i s sittin g i n fron t  o f  hi m o n th e othe r  sid e o f  th e ta -
ble .  Suppos e C 4 represent s (som e of )  th e belief s tha t  Joh n as -
cribe s t o Mary .  I f  C 3 contain s th e sentenc e on(c(>nipuler .  left -
side-of(table) )  (i.e .  Joh n believe s tha t  ther e i s a  compute r  o n 
th e lef t  sid e o f  th e table) ,  the n c ^  i s likel y t o contai n th e belie f 
on(computer ,  right-side-of(table) )  (Joh n ascribe s t o Mar y th e 
belie f  tha t  ther e i s a  compute r  o n th e righ t  sid e o f  th e table) . 
Finally ,  assum e tha t  C j  i s  th e contex t  o f  a  conversatio n abou t 
th e furniture s i n differen t  offices .  I n c ^  w e coul d hav e a  sen -
tenc e lik e lst(cs ,  on(computer ,  table))' ,  whos e trut h ha s th e 
fllowing  relatio n wit h th e tru h o f  th e sentenc e on(c(>niputer . 
table )  i n th e contex t  c g (th e contex t  describin g John' s office) : 
lst(ca ,  on(computer .  table) )  i s  tru e i n c ^  onl y \i '  on(computer . 
table )  i s  tru e i n cg . 

MuItiContext Systems 

MultiContex t  ( M C )  System s ar e a  forma l  framewor k whic h 
formalize s th e principle s o f  localit y an d compatibility .  M C 
System s wer e introduce d i n (Giunchiglia ,  1993) ,  an d for -
mall y refine d i n othe r  papers ,  e.g. ,  (Giunchigli a &  Serafini , 
1994 ;  Giunchigli a &  Ghidini ,  1998) .  Her e w e recal l  jus t  th e 
mai n concepts ;  th e intereste d reade r  ma y refe r  t o th e cite d 
paper s fo r  mor e details . 

I n a  M C System ,  a  contex t  i s  formalize d a s a  theor y pre -
sente d a s a n axiomati c forma l  system .  Le t  L  b e a  logica l  lan -
guag e (e.g. ,  a  first  orde r  language) ,  Q  a  subse t  o f  L  an d A  a 
set  o f  inferenc e rule s define d ove r  L .  A  contex t  c  i s a  tripl e 
(L ,  Q ,  A ) ,  wher e L  i s th e representatio n languag e o f  r .  i l  i s 
th e se t  o f  fact s whic h ar e assume d t o b e initiall y  tru e i n c 
(als o calle d th e axiom s o f  c )  an d A  i s th e se t  o f  rule s whic h 
ca n b e use d t o infe r  ne w fact s fro m Q.  (e.g. ,  th e rule s o f  natu -
ra l  deductio n (Prawitz ,  1965)) .  A  formul a $  belongin g t o th e 
languag e L  o f  a  contex t  c  i s calle d a  L-formula .  Informally , 
we us e th e notatio n c  :  $  t o expres s th e statemen t  tha t  th e 
L-formul a $  i s tru e i n th e contex t  c . 

The secon d elemen t  o f  a  M C Syste m i s a  collectio n o f 
bridg e rules ,  namel y rule s whos e premisse s an d conclusio n 
belon g t o differen t  contexts .  Th e genera l  for m o f  a  bridg e 
rul e i s th e following : 

Ci : ^l,...,Cn : 4>a 

Cn+l  •  ̂ n+ l 

where ci : $1,..,, Cn : $,i are the premisses of the rule and 
Cn+i  :  ^n+ i  i s  th e conclusion . 

Notic e tha t  th e rule s i n A ,  (th e inferenc e machiner y o f  a 
contex t  Ci )  ca n b e applie d onl y t o L,-formula e (wher e L ,  i s 
th e languag e o f  Cj) ,  namel y premisse s an d conclusio n alway s 
belon g t o th e sam e context .  I n a  bridg e rule ,  instead ,  th e con -
clusio n alway s belon g t o a  contex t  whic h i s differen t  fro m th e 
context(s )  o f  th e premisses . 

A M C Syste m i s define d a s a  pai r  (Cxt ,  B R ) .  wher e C.v /  i s  a 
set  o f  context s an d B R i s a  se t  o f  bridg e rules . 

'Th e predicat e 1s t  wa s introduce d b y McCarth y i n hi s pape r 
Note s o n formalizin g contex t  (McCarthy .  1993) .  Th e intuitio n i s tha t 
lst(c,p )  hold s i n a  contex t  whe n th e propositio n p  i s tru e i n th e con -
tex t  c .  Fo r  a  forma l  treatmen t  o f  th e modalit y Is i  se e (Guha ,  1991 ; 
Buvac & Mason ,  1993) , 
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Figur e 1 :  Loca l  Model s Semantic s 

(Giunchiglia&Ghidini ,  1998 )  provide s a n intuitiv e seman -
tic s fo r  M C Systems ,  calle d loca l  model s semantic s ( L M S ) . 
A detaile d presentatio n o f  L M S i s beyon d th e scop e o f  thi s 
paper .  Her e w e presen t  th e cor e intuitions ,  mainl y t o sho w 
h o w localit y an d compatibilit y  ar e capture d b y L M S .  Fo r  th e 
sak e o f  simplicity ,  w e discus s th e cas e wit h onl y tw o con -
texts .  Th e generalizatio n t o an y enumerabl e se t  o f  context s i s 
straightforward . 

Conside r  Figur e 1 .  L1.L 2 ar e tw o first  orde r  language s 
(thin k o f  the m a s th e language s associate d wit h tw o context s 
j- i  an d C2) .  Th e circle s labelle d M i ,  M 2 a t  th e botto m o f  th e 
figure  ar e th e clas s o f  al l  first  orde r  model s fo r  th e language s 
Li,L 2 take n i n isolation .  Eac h m G  M ,  (fo r  i  =  1,2 )  i s 
calle d a  loca l  mode l  fo r  Lj .  Th e basi c ide a o f  L M S i s tha t 
ther e m a y exis t  som e constraint s o n th e loca l  model s o f  a  lan -
guag e whe n thi s languag e i s "embedded "  i n a  M C System . 
Thes e constraint s (calle d compatibilit y  relations )  ar e th e se -
mantica l  counterpar t  o f  bridg e rules .  Syntactically ,  a  bridg e 
rul e allow s u s t o deriv e i n a  context s mor e formula e tha n w e 
woul d deriv e usin g onl y loca l  inferenc e rules .  Semantically , 
thi s mean s tha t  th e se t  o f  (admissible )  loca l  model s i s smalle r 
tha n i t  woul d b e withou t  an y bridg e rule .  Therefor e th e se -
mantica l  effec t  o f  a  bridg e rul e i s t o cu t  awa y loca l  model s o f 
a language .  A  contex t  -  fro m a  semantica l  poin t  o f  vie w -  i s 
though t  o f  a s th e se t  o f  loca l  model s whic h no t  onl y satisf y 
a se t  o f  loca l  axiom s (th e Q  o f  th e definition) ,  bu t  als o a  se t 
of  furthe r  constraint s whic h depen d o n th e relation s wit h th e 
loca l  model s o f  othe r  languages .  I n Figur e 1 ,  th e tw o gre y 
area s withi n th e circle s labelle d M i , M 2 (respectivel y Ci,C2 ) 
represent s tw o contexts ,  namel y th e resul t  o f  restrictin g th e 
set s M l ,  M 2 (i.e .  th e model s o f  th e tw o language s take n i n 
isolation )  t o th e se t  o f  model s tha t  "survived "  th e furthe r  con -
straints . 

Formally ,  le t  m i  C  M i  an d Wi- z C  M 2 b e tw o set s o f  loca l 
model s fo r  L i  an d L2 .  Th e pai r  (m i ,  m 2 )  i s calle d a  compati -
bilit y  pair .  A  compatibilit y  relatio n C  i s a  se t  o f  compatibilit y 
pairs ,  namely : 

C C  2^ .  X  2^^ ' 

A model for a MC System is a non-empty compatibility re-
latio n suc h tha t  th e pai r  (0 ,  0 )  doe s no t  belon g t o th e relatio n 
(thi s i s fo r  technica l  reason s tha t  w e d o no t  nee d t o discus s 
here) .  W e sa y tha t  a  se t  o f  loca l  model s m ,  locall y satifie s 

a formul a c ,  :  $  (i n symbols ,  m ,  |=j, ^  i  :  $ )  i f  an d onl y i f 
V m e  m,(7 N 1=̂^ ^  (f )  (\~. ^  i s th e symbo l  fo r  classica l  satis -
faction) .  A  mode l  C  satisfie s a  formul a r ,  :  ̂  i f  an d onl y i f 
foran y compatibilit y  pai r  ( m i , m ; )  €  C ,  m i  |=ĵ̂ ^  r- |  :  4 > (fo r 

i  — I )  an d 777 2 K, t  ''' ^  '  ̂  (̂"•' '  =  2) . 
Proof-theoretically ,  localit y i s capture d b y th e applicatio n 

of  th e rule s A ,  associate d wit h a  contex t  r, ,  an d compati -
bilit y  i s  capture d b y th e applicatio n o f  bridg e rules .  Model -
theoretically ,  localit y i s  capture d b y th e fac t  tha t  th e notio n o f 
satisfiabilit y  i s  loca l  (th e satisfiabilit y  o f  a  (labelled )  formul a 
i s give n i n term s o f  th e loca l  satisfiabilit y  o f  th e formul a wit h 
respec t  t o it s  context ,  an d th e structure s w e conside r  t o tes t  lo -
cal  satisfiabilit y  ar e local :  context s hav e thei r  own ,  generall y 
different ,  domain s o f  interpretation ,  set s o f  relations ,  an d set s 
of  functions) ;  compatibilit y  i s  capture d b y th e ide a o f  forcin g 
relation s ove r  th e se t  o f  loca l  model s definin g eac h contex t 
(i n som e sense ,  w e forc e loca l  model s t o agre e u p t o a  certai n 
extent) . 

Let  u s reconside r  th e first  exampl e w e gav e a t  th e en d o f 
th e sectio n o n localit y an d compatibility ,  c i  wa s mean t  t o 
describ e John' s belief s o n Januar y 31,199 8 an d c- z t o describ e 
John' s belief s o n Februar y 1st ,  1998 .  Th e intuitiv e relatio n 
betwee n th e tw o context s c i  an d 0 2 ca n b e formalize d i n a 
M C syste m a s follows : 

• proof-theoretically, we can provide a bridge rule of the 
form : 

ci  :  ^Today ] 

0-2 :  ^[Yesterday ] 

(where $[i] stands for any formula whose truth is relafive 
t o a  tim e t) .  I t  allow s u s t o infe r  Sunn y (Yesterday )  i n c ? 
wheneve r  w e ca n infe r  Sunny(Today )  i n ci ; 

• model-theoretically, we impose the following con.straint 
ove r  loca l  model s o f  Ci  an d C2 :  tw o loca l  model s ni ]  an d 
m2 (o f  c i  an d 0 2 respectively )  ar e compatibl e if f  wheneve r 
th e first  locall y satisfie s a  sentenc e o f  th e for m ^[Today] , 
the n th e secon d locall y satisfie s a  sentenc e o f  th e for m 
^[Yesterday] . 

Contexts in Mental Representation 

Our  intuitio n i s tha t  man y importan t  mechanism s whic h wer e 
propose d i n menta l  representio n ca n b e quit e directl y mappe d 
ont o th e principle s o f  localit y an d compatibility ,  an d therefor e 
formalize d a s a  suitabl e clas s o f  M C systems .  Her e w e con -
side r  thre e o f  thes e mechanisms :  th e existenc e o f  a  (logical ) 
structur e i n a n agent' s menta l  contents ,  th e (dynamic )  gen -
eratio n o f  reasonin g space s wher e problem s ar e solved ,  an d 
th e capabilit y  t o carr y o n reasonin g processe s tha t  cu t  acro.s s 
differen t  reasonin g spaces . 

Structuring mental contents 

M a ny author s believ e tha t  menta l  content s o f  a n agen t  ar e 
bette r  though t  o f  a s a  collectio n o f  relativel y smal l  .set s o f 
fact s rathe r  tha n a s a  unique ,  hug e an d unstructure d repos -
itory .  Th e reaso n fo r  suc h a  structurin g o f  menta l  content s 
i s tha t  i t  provide s a n economica l  an d intuitiv e explanatio n 
of  man y reasonin g processe s whic h ar e no t  easil y accounte d 
fo r  i n a  differen t  conceptua l  framework .  Thes e set s o f  fact s 
hav e bee n give n differen t  names :  menta l  space s (Fauconnier . 
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1985) .  space s (Dinsmore ,  1991) ,  micro-theorie s (Lena t  & 
Guha.  1990 ;  Guha .  1991) .  context s (Guha ,  1991 ;  McCarthy , 
1993) .  Dinsmor e write s tha t  "eac h spac e represent s som e log -
icall y coheren t  situatio n o r  potentia l  reality ,  i n whic h variou s 
proposition s ar e treate d a s true ,  object s ar e assume d t o exist , 
and relation s betwee n object s ar e suppose d t o hold" .  G u h a 
define s a  micro-theor y a s " a theor y o f  som e topic ,  e.g .  a  the -
or y o t  mechanics ,  a  theor y o f  th e weathe r  i n th e winter ,  a 
theor y o f  wha t  t o loo k fo r  whe n buyin g cars ,  etc. "  W e be -
liev e tha t  th e notio n o f  contex t  w e propose d i n th e previou s 
section s ca n b e use d t o formaliz e al l  thes e intuitions ,  sinc e 
eac h spac e (menta l  space ,  micro-theory,... )  ca n b e though t 
of  a s a  partia l  an d approximat e theor y {i.e .  a s a  context) . 

Reasoning spaces 

Ther e i s muc h evidenc e tha t  m a n y reasonin g processe s ar e 
highl y contextual .  Th e underlyin g intuitio n i s tha t  rea l  agent s 
do no t  us e al l  the y kno w i n orde r  t o solv e a  problem ,  bu t 
rathe r  a  smal l  subse t  o f  it .  Fo r  instance ,  whe n playin g chess , 
we ar e unlikel y t o conside r  wha t  w e k n o w abou t  th e Italia n 
cuisin e o r  abou t  Sherloc k Holmes ,  unles s w e hav e goo d rea -
son s t o believ e tha t  thes e topic s ar e relevan t  i n orde r  t o wi n 
th e game .  I n proble m solving ,  w e us e onl y a  subse t  o f  th e 
fact s tha t  ar e potentiall y  availabl e (bot h fro m ou r  m e m o r y an d 
fro m th e externa l  environment) ,  i.e. ,  th e se t  o f  fact s tha t  w e 
assume t o b e relevan t  t o solv e th e proble m a t  hand^ .  Sper -
ber  an d Wilson ,  i n thei r  well-know n boo k abou t  relevanc e 
(Sperbe r  &  Wilson ,  1986) ,  discus s a  lo t  o f  nic e example s t o 
sho w tha t  th e interpretatio n o f  a  speaker' s utteranc e happen s 
i n a  context .  I n thei r  terminology ,  a  contex t  i s  a  collectio n 
of  sentence s expressin g "expectation s abou t  th e future ,  sci -
entifi c  hypothese s o r  religiou s beliefs ,  anecdota l  memories , 
genera l  cultura l  assumptions ,  belief s abou t  th e menta l  stat e 
of  th e speaker" .  I t  i s  als o wort h mentionin g tha t  ther e ar e 
philosopher s w h o adop t  a  simila r  perspective ;  her e w e onl y 
cit e Davidson' s explanatio n o f  th e communicatio n proces s i n 
(Davidson ,  1986) .  (Dinsmore ,  1991 )  call s "parochia l  reason -
ing "  an y for m o f  reasonin g whic h involve s onl y th e resourc e 
availabl e i n a  give n space .  (Guha .  1991 ;  McCarthy ,  1993 ; 
Buva c &  Mason ,  1993 )  us e th e metapho r  o f  "entering "  a  con -
tex t  t o sa y tha t  reasonin g ca n b e circumscribe d onl y t o th e se t 
of  fact s whic h ar e tru e i n a  context .  Behin d al l  thes e concepts , 
th e unifyin g ide a seem s t o b e tha t  reasonin g i s ofte n localize d 
t o a  portio n o f  a n agent' s globa l  state .  A s such ,  a  reasonin g 
spac e ca n b e though t  o f  a s a  contex t  wher e onl y loca l  fact s 
and rule s ar e used . 

Reasoning across different spaces 

Ther e ar e man y sense s i n whic h reasonin g processe s m a y in -
volv e informatio n belongin g t o differen t  (mental )  spaces .  A 
first  possibilit y  i s  tha t  a  fac t  ( a se t  o f  facts )  i s importe d fro m a 
contex t  t o anothe r  on e i n orde r  t o solv e a  problem .  A  nic e ex -
ampl e i s th e Glasgow-London-Mosco w proble m (McCarthy , 
1991) .  Suppos e a n agen t  i s plannin g a  tri p fro m Glasgo w t o 
M o s c o w vi a London .  Th e pla n wil l  includ e fligh t  schedules , 
airtickets .  airports ,  an d s o on .  N o w suppos e w e as k th e agent : 

"What  i f  you r  pant s ar e stole n a t  th e airpor t  toilet' "  Gen -
erall y a  h u m a n bein g ha s n o proble m t o recogniz e tha t  thi s 
i s a n (unexpected )  obstacl e t o hi s plan .  McCarthy' s poin t  i s 
tha t  i t  i s  unreasonabl e t o assum e tha t  fact s abou t  clothe s an d 
socia l  norm s ar e b y defaul t  include d i n a  contenx t  concern -
in g ai r  travelling .  Therefor e hi s conclusio n i s tha t  the y mus t 
be lifte d fro m anothe r  contex t  o n th e basi s o f  som e relatio n 
of  generalit y ove r  context s (e.g .  th e contex t  o f  .socia l  rule s 
i s mor e genera l  tha n th e contex t  o f  ai r  travellin g becaus e th e 
secon d i s a  specia l  cas e o f  a  socia l  action) ^  Th e ide a tha t 
th e content s o f  on e spac e ca n b e inherite d b y anothe r  spac e i s 
discusse d als o i n Dinsmore' s wor k o n partitione d representa -
tions . 

Inheritanc e i s jus t  on e possibl e relatio n betwee n context s 
(spaces ,  micro-theories) .  Othe r  importan t  relation s ar e .spe -
cializatio n (th e content s o f  a  spac e m a y specializ e th e con -
tent s o f  anothe r  contex t  t o a  particula r  place ,  time ,  agent ,  etc. ) 
and reflectio n ( a spac e ca n b e a  sor t  o f  meta-leve l  descriptio n 
of  th e content s o f  anothe r  space) .  T h e genera l  mechanis m 
whic h link s th e content s o f  a  spac e t o th e content s o f  anothe r 
spac e i s analyze d i n differen t  terms .  (Guha ,  1991 ;  McCarthy . 
1993 )  cal l  i t  liftin g an d defin e i t  a s follows ;  "Give n a  pai r  o f 
context s C i  an d C 2 an d a  formul a F i  i n C ]  w e woul d lik e 
t o determin e wha t  a n equivalen t  formul a i n C- > woul d be :  i.e. . 
we ar e intereste d i n computin g a  formul a F t  whic h i n C j 
woul d 'stat e th e sam e thing '  i n C 2 a s F i  i n C i "  (thi s defi -
nitio n emphasize s th e fac t  tha t  liftin g a  fac t  froi n a  contex t 
t o anothe r  i n genera l  require s a  "translation "  i n orde r  t o pre -
serv e it s intende d meaning) .  I n th e logi c o f  PR .  Dinsmor e 
introduce s tw o notion s o f  contex t  t o explai n th e relatio n be -
twee n differen t  spaces .  O n on e side ,  primar y context s ar e 
define d a s "representation s o f  function s tha t  m a p th e satis -
factio n o f  a  propositio n i n on e spac e ont o th e satisfactio n o f 
a (mor e complex )  propositio n int o anothe r  space"" *  O n th e 
othe r  side ,  secondar y context s ar e define d a s " a kin d o f  map -
pin g fro m th e conten t  o f  on e spac e t o th e content s o f  anothe r 
tha t  i s  consequenc e o f  th e semantic s o f  th e primar y context s 
involved" .  Th e ide a i s tha t  th e mappin g strictl y depend s upo n 
th e intuitiv e meanin g o f  th e content s o f  th e spaces . 

I n ou r  approach ,  al l  thes e example s ca n b e give n a  simpl e 
interpretatio n i n term s o f  bridg e rule s (semantically ,  i n term s 
of  compatibilit y  relations) .  A n y possibl e relatio n betwee n 
context s (inheritance ,  specialization ,  reflection ,  ... )  corre -
spond s t o a  differen t  (se t  of )  bridg e rule(s) .  Fo r  instance ,  a 
simpl e for m o f  inheritanc e ca n b e expresse d vi a th e bridg e 
rule : 

61 : P 
6-2 :  P 

Th e intuitiv e meanin g i s that ,  fo r  an y Li-formul a P  tha t 
ca n b e prove d i n Ci ,  ther e i s a  Lj-formul a P  tha t  ca n b e 
prove d i n C2 ^  Reflectio n ca n b e expresse d vi a th e followin g 

Ml  goe s withou t  sayin g tha t  thi s proces s o f  "focussing '  ha s ev -
iden t  efficienc y advantages ,  bu t  als o tha t  i t  ca n b e use d t o explai n 
many reasonin g failure s (sinc e som e relevan t  fact s ca n b e disre -
garded) . 

"" a differen t  approach ,  base d o n M C Systems ,  ca n b e foun d i n 
(Bouque t  &  Giunchiglia .  1995) . 

Î n short ,  th e ide a i s th e following .  Suppo.s e a  spac e S I  repre -
sent s John' s belief s an d contain s th e sentenc e "Mar y i s nice "  The n 
th e statemen t  "Joh n believe s tha t  [[SI]] "  i s  th e primar y contex t  o f 
SI .  Fro m "Mar y i s nice "  i n SI ,  th e primar y contex t  allow s u s t o in -
fe r  th e (mor e complex )  sentenc e "Joh n believe s tha t  Mar y i s nice " 

^Notic e that ,  becaus e o f  locality ,  w e canno t  sa y tha t  th e formul a 
P i s tru e i n bot h contexts ,  sinc e P  i n L i  an d P  i n L 2 ar e no t  th e sam e 
formula .  W e wil l  com e bac k t o thi s proble m i n th e nex t  .section . 
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Figur e 2 :  SiinLilati\ e reasoning :  i n belie f  context s 

tw o rule s (calle d reflectio n u p an d dow n respectively) : 

C l - P 

C2 : .(F) 

c-2 :  * (P ) 

cr-. P 

wher e th e symbo l  • "  represent s an y possibl e predicat e o n 
whic h w e operat e th e reflectio n ( commo n example s are :  T h 
-  i s  a  theorem ;  Piv v -  i s  provable ;  fi, -  i s  a  belie f  o f  th e 
agen t  i) .  Figur e 2  show s a n applicatio n o f  reflectio n rule s i n 
orde r  t o perfor m simulativ e reasonin g o n beliefs .  Th e circl e 
labelle d wit h "John "  o n th e lef t  represent s som e o f  th e belief s 
tha t  Joh n ascribe s t o Mary .  I n orde r  t o simulat e Mary' s rea -
sonin g o n he r  beliefs ,  Joh n first  reflect s the m dow n i n a  belie f 
contex t  (th e circl e labelle d "Mary "  i n th e picture )  represent -
in g Mary' s belief s fro m John' s perspective ;  second ,  perform s 
loca l  reasonin g withi n thi s contex t  (basically ,  a  trivia l  appli -
catio n o f  M o d u s Ponens) ;  finally  reflect s u p th e resul t  i n hi s 
o wn belie f  context̂ .  Notic e tha t  th e formul a B m { Q )  > s de -
rive d i n th e contex t  "John "  becaus e o f  th e compatibilit y  rela -
tio n formalize d b y th e tw o reflectio n rules .  I n othe r  words ,  al l 
loca l  model s o f  th e contex t  "John "  whic h satisf y th e formu -
la e B,n{P )  an d B m { P - ^  Q )  an d d o no t  satisf y th e formul a 
B m i Q )  ar e no t  compatibl e wit h th e loca l  model s o f  th e con -
tex t  "Mary "  whic h satisf y th e formula e P  an d P  - > Q . 

Comparisons with other frameworks 

The goa l  o f  thi s conclusiv e sectio n i s t o emphasiz e th e differ -
ence s wit h othe r  propose d framework s bot h fro m a n intuitiv e 
and a  technica l  poin t  o f  view . 

An importan t  featur e o f  M C System s i s tha t  the y hav e a 
flat  architecture .  Metaphorically ,  the y ca n b e viewe d a s a 
flat  collectio n o f  theorie s possibl y linke d vi a a  se t  o f  logi -
cal  constraints .  Thi s i s ver y differen t  fro m wha t  happen s wit h 
Dinsmore' s logi c o f  P R an d wit h McCarthy' s logi c o f  con -
text .  I n th e first  case ,  w e hav e a  to p dow n architecture ,  a t 
th e botto m o f  whic h ther e i s a  specia l  spac e calle d base .  Th e 
ide a i s tha t  th e asserttion s o f  an y spac e ca n b e give n a  con -
ten t  i f  an d onl y i f  the y ca n b e "translated "  int o a n assertio n 
of  th e spac e bas e vi a th e rul e o f  contex t  climbing ;  otherwise , 
PR doesn' t  provid e a n interpretatio n fo r  th e content s o f  tha t 

''Th e tw o circle s labelle d "John "  ar e no t  tw o differen t  belie f  con -
texts ,  bu t  th e sam e contex t  afte r  som e reasonin g ha s bee n performed . 
Analogousl y fo r  th e contex t  "Mary " 

space .  McCarthy' s logi c o f  contex t  ha s a  bottoni-u p architec -
ture ,  namel y i t  ha s th e structur e o f  a  onio n (actually ,  severei l 
onions )  wit h infinitel y man y layers .  Th e ide a i s tha t  an y con -
tex t  ca n b e alway s transcende d vi a th e operatio n o f  leavin g a 

context :  i f  th e formul a 4 > i s tru e i n th e contex t  r ,  the n ther e i s 
alway s a  contex t  r i  suc h tha t  th e formul a i.st{c.\ ,  $ )  i s tru e i n 
it ;  an d thi s ca n g o o n indefinitely .  Th e intuitio n i s that ,  sinc e 
we ca n neve r  mak e a  complet e lis t  o f  th e implici t  assump -

tion s o f  a  context ,  ther e i s alway s a  mor e genera l  contex t  i n 
whic h som e ne w assumptio n i s take n int o account .  Th e prob -
le m wit h thes e tw o approache s i s tha t  the y d o no t  lespec t  th e 
principl e o f  locality :  Dinsiiior e reduce s th e trut h o f  a n as -
sertio n i n a  spac e t o th e trut h o f  a  (inor e complex )  assertio n 
i n anothe r  spac e (i.e .  th e spac e base) ;  McCarthy' s logi c o f 
contex t  (a t  leas t  i n th e for m i t  i s formalize d i n (Buva c &  Ma -
son ,  1993) )  introduce s moda l  formula e who,s e trut h valu e (i n 
a context )  depend s o n th e trut h valu e o f  anothe r  formul a i n 
a differen t  contex t  (an d therefor e ther e i s no t  a  clea r  notio n 
of  loca l  satisfiability) .  I t  i s  wort h noting ,  however ,  tha t  M C 
system s allo w u s t o "simulate "  th e hierarchica l  structur e o f 
McCarthy' s logic .  Indeed ,  w e ca n defin e a  M C syste m whos e 
bridg e rule s ar e reflectio n rule s o f  th e form : 

cr.P 

c,+ i  :  ist(c,,P ) 

whose intuitiv e meanin g i s tha t  fo r  an y inde x / ,  th e formul a 
ist(Ct,P )  i s derivabl e i n Cj+ i  if f  th e formul a P  i s derivabl e 
i n Ci .  Th e mai n differenc e i s tha t  thi s hierarch y o f  embed -
ded context s i s "hardwired "  i n McCarthy' s logic ,  wheiea s i n 
our  framewor k i t  i s jus t  on e possibl e architectur e whic h rep -
resent s a  specia l  cas e o f  compatibilit y  involvin g a n infinit e 
chai n o f  context s suc h tha t  th e contex t  Cj+ i  i s a  sor t  o f  meta -
theor y o f  th e contex t  Cj . 

As fa r  a s w e know ,  M C system s ar e th e onl y forma l  frame -
wor k tha t  explicitl y  allow s fo r  multipl e distinc t  languages . 
Dinsmore ,  Guha ,  McCarthy ,  Buva c al l  introduc e man y ex -
ample s whic h see m t o requir e suc h a  feature .  However ,  whe n 
the y tur n fro m th e example s t o th e forma l  systems ,  thing s 
ar e different .  Dinsmore' s logi c o f  P R an d Buvac' s logi c o f 
contex t  explicitl y  star t  wit h a  singl e language ,  s o tha t  th e se t 
of  well-forme d formula e i s th e sam e i n ever y spac e (context) . 
Cuba' s logi c  i s th e onl y exception ,  bu t  hi s distinctio n betwee n 
grammaticalit y an d meaningfulnes s result s i n a  definifio n o f 
languag e (startin g fro m a  singl e vocabulary )  tha t  i s quit e cum -
bersome .  Besid e th e localizatio n o f  expressiveness ,  th e con -
ceptua l  advantag e o f  havin g multipl e language s i s tha t  w e d o 
not  hav e th e proble m o f  definin g th e differen t  meaning s o f 
th e sam e symbo l  i n differen t  context s (single-languag e ap -
proach) ,  bu t  w e ca n jus t  specif y th e relation s betwee n th e in -
terpretatio n o f  symbol s belongin g t o th e languag e o f  differen t 
contexts .  I n othe r  words ,  th e fac t  tha t  tw o formula e belongin g 
t o th e language s o f  differen t  context s happe n t o hav e th e sain e 
syntacti c for m doe s no t  mea n i n principl e tha t  thei r  meanin g 
i s relate d i n an y way .  I f  suc h a  relatio n exists ,  the n w e mus t 
stat e i t  explicitl y  b y addin g a  suitabl e bridg e rul e (o r  axiom ) 
i n th e system . 

M C System s ar e th e onl y context-base d framewor k whic h 
allow s fo r  differen t  logic s i n differen t  contexts .  I n al l  othe r 
propose d frameworks ,  th e logi c o f  th e syste m i s global . 
namel y w e canno t  us e differen t  set s o f  rule s i n differen t  con -
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texts .  W e hav e alread y discusse d th e exampl e o f  ai r  travellin g 
vs .  lookin g to r  a  phon e number .  Anothe r  exampl e concern s 
simulativ e reasoning .  Conside r  agai n Figur e 2 .  I f  Joh n ha d 
good reason s t o assum e tha t  Mar y canno t  us e Modu s Poncns , 
the n suc h a  rul e woul d no t  b e include d amon g th e iiiffrcnc e 
rule s o f  th e contex t  "Mary "  (th e contex t  wher e Joh n simulate s 
Mary' s reasonin g process) .  I n ou r  opinion ,  thi s shoul d b e a n 
essentia l  featur e o t  an y framewor k fo r  menta l  representation . 

Compatibilit y  allow s u s t o mode l  mos t  o f  th e example s 
of  liftin g propose d b y Guha ,  McCarth y an d hi s group ,  an d 
th e example s o f  partitione d reasonin g propose d b y Dinsmore . 
We stres s th e fac t  tha t  compatibilit y  i s  conceptuall y ver y dif -
feren t  fro m "lifting "  a s define d b y Guh a an d McCarthy .  I n 
MC systems ,  w e d o no t  hav e th e notio n o f  "sayin g th e sam e 
thing "  i n tw o differen t  contexts .  I t  i s  interestin g t o notic e 
tha t  thi s notio n seem s i n contraddictio n wit h th e intuition s 
tha t  Guh a an d McCarth y themselve s describ e i n thei r  work , 
namel y tha t  w e ca n neve r  hav e complet e knowledg e o f  a  con -
text .  I f  so ,  i t  i s  no t  clea r  ho w w e coul d the n kno w tha t  tw o 
sentence s i n differen t  contex t  expres s th e "same "  content ,  i f 
not  fo r  trivia l  cases .  Compatibilit y  i s  a  wa y ou t  o f  thi s diffi -
culty ,  sinc e w e onl y requir e tha t  th e intende d meanin g o f  tw o 
formul e $  an d ̂  belongin g t o context s c i  an d C 2 respectivel y 
i s suc h tha t  i f  $  i s locall y satisfie d b y a  se t  o f  loca l  model s 
nil ,  the n *  mus t  b e locall y satisfie d b y al l  th e set s o f  loca l 
model s m- i  whic h stand s i n a  compatibilit y  relatio n wit h m i . 
We believ e thi s i s  th e bes t  tha t  w e ca n d o wit h contextua l  in -
formatio n a s fa r  a s w e accep t  tha t  context s ar e onl y partiall y 
known . 
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Abstrac t 

It is a classic result in cognitive science that chess masters 
can recal l  briefl y presente d position s bette r  tha n weake r 
player s whe n thes e position s ar e meaningful ,  bu t  tha t  thei r 
superiorit y disappear s wit h rando m positions .  However , 
Gobet  an d Simo n (1996a )  hav e recentl y show n tha t  ther e i s 
a skil l  effec t  wit h rando m ches s position s a s well .  Th e im -
pact  o f  thi s resul t  fo r  theorie s o f  exper t  memor y i s  dis -
cussed .  C H R E S T,  a  computational ,  chunkin g mode l  o f 
ches s expertis e base d o n E P A M (Feigenbau m &  Simon , 
1984 )  account s fo r  thi s skil l  difference .  Th e mode l  i s als o 
compare d wit h huma n dat a fro m a n experimen t  wher e th e 
rol e o f  presentatio n tim e fo r  rando m position s wa s sys -
tematicall y varie d fro m 1  secon d t o 6 0 seconds . 
Simulation s sho w tha t  th e mode l  capture s th e mai n feature s 
of  th e huma n data ,  thu s addin g suppor t  t o th e E P A M 
theory .  The y als o corroborat e eariie r  estimate s tha t  visua l 
short-ter m memor y ma y contai n thre e o r  fou r  chunks . 

Introduction 

E P AM (Elementar y Perceive r  A n d Memorizer )  i s a  cognitiv e 
architectur e first  develope d b y Feigenbau m an d Simo n i n th e 
earl y sixties .  A t  it s  cor e li e mechanism s fo r  encodin g 
chunk s int o long-ter m m e m o r y ( L T M )  throug h th e 
constructio n o f  a  discriminatio n ne t  an d mechanism s fo r 
handlin g informatio n i n short-ter m memor y (STM) .  E P A M 
was originall y buil t  t o provid e a  unifyin g theor y o f  verba l 
behavio r  (Feigenbau m &  Simon ,  1962 ,  1984) ,  wa s late r 
use d fo r  simulatin g ches s m e m o r y (Simo n &  Gilmarti n 
1973) ,  an d ha s recentl y bee n applie d t o lette r  perceptio n an d 

exper t  digit-spa n m e m o r y (Richma n &  Simon ,  1989 ; 
Richman ,  Staszewsk i  &  Simo n 1995) .  Althoug h no t  ye t  a s 
influentia l  a s Soa r  (Newell ,  1990 )  o r  A C T - R (Anderson , 
1993) ,  E P A M remain s attractiv e a s a  parsimonious ,  chunk -
base d explanatio n fo r  perceptua l  an d memor y phenomena . 
As adde d value ,  E P A M addresse s phenomen a tha t  ar e no t  ye t 
accounte d fo r  b y Soa r  an d A C T - R an d ma y offe r  a  usefu l  ex -
tensio n o f  thes e theories . 

I n thi s paper ,  I  focu s o n ches s memor y an d us e C H R E ST 
(fo r  Chun k Hierarch y an d REtrieva l  STructure ;  se e D e Groo t 
& Gobet ,  1996 ,  and ,  Gobet ,  1993a ,  b ,  fo r  earlie r  account s o f 
th e model) ,  a n expansio n o f  Simo n an d Gilmartin' s (1973 ) 
M A PP program ,  itsel f  a  progra m inspire d b y E P A M.  Afte r 
discussin g th e advantage s o f  ches s a s a  researc h domain ,  I 
presen t  som e dat a fro m ches s memor y experiments ,  wit h a 
specia l  emphasi s o n th e recal l  o f  rando m positions .  Thes e 
dat a ar e use d t o compar e som e leadin g theorie s i n th e field  o f 
expertise .  I  the n describ e C H R E ST i n som e detai l  an d com -

par e it s behavio r  wit h tha t  o f  human s i n experiment s wher e 
rando m position s ar e presente d fo r  duration s betwee n on e an d 
sixt y seconds .  Finally ,  I  discus s t o wha t  exten t  th e E P A M 
architectur e ca n b e use d wit h visuo-spatia l  tasks . 

Chess as a Research Domain 

Historically ,  ches s ha s bee n a n importan t  researc h domai n i n 
cognitiv e science .  Severa l  concept s an d technique s i n th e 
fiel d com e directl y fro m thi s domain ,  suc h a s progressiv e 
deepening ,  protoco l  analysi s a s a  too l  fo r  studyin g proble m 
solvin g behavior ,  an d D e Groot' s recal l  paradigm ,  whic h 
consist s o f  a  brie f  presentatio n o f  domain-specifi c  materia l 
followe d b y a  recal l  test .  A s a  consequence ,  ches s i s ofte n 
describe d a s a  ke y domai n i n researc h o n expertise ,  a n 
increasingl y influentia l  subfiel d o f  cognitiv e scienc e 
(Charness ,  1992 ;  Ericsso n &  Lehmann ,  1996) . 

H ow ca n w e explai n thi s popularity ? A s argue d elsewher e 
(Gobet ,  1993b) ,  severa l  factor s spea k i n favo r  o f  chess .  T o 
begi n with ,  ches s i s a  comple x an d challengin g domain , 
while ,  a t  th e sam e time ,  allowin g a  clea n forma l  descriptio n 
tha t  make s i t  relativel y eas y t o develo p mathematica l  an d 
computationa l  models .  I n addition ,  ches s ha s goo d ecologi -
cal  validit y (Neisser ,  1976) ,  allowin g on e t o stud y expert s i n 
thei r  usua l  environment .  A s a  consequence ,  man y exper -
imenta l  manipulation s ar e possibl e whic h ar e stil l  clos e 
enoug h t o th e "rea l  thing "  t o ensur e tha t  ches s player s ar e 
highl y motivated .  Moreover ,  th e El o rating '  (Elo ,  1978 )  of -
fer s a  quantitativ e scal e o f  measuremen t  widel y use d i n th e 
ches s communit y tha t  provide s th e researche r  wit h a  fine-
graine d classification .  Thi s make s i t  possibl e bot h t o us e 
statistica l  technique s lik e regressio n analysi s an d t o mean -
ingfull y compar e sample s fro m differen t  studies .  Jus t  thin k 
of  domain s suc h a s medica l  o r  physic s expertise ,  wher e par -
ticipant s ar e typicall y classifie d int o thre e group s (novices , 
intermediates ,  an d experts) ,  whic h ar e har d t o compar e fro m 
one stud y t o another ,  an d yo u wil l  readil y realiz e th e advan -
tag e offere d b y ches s an d it s ratin g system .  Finally ,  ches s i s 
a natura l  domai n t o conside r  fo r  developin g a  computationa l 

The El o ratin g scal e i s a n interva l  scal e rankin g competitiv e 
ches s players ,  wit h a  standar d deviatio n o f  200 .  Skil l  level s 
hav e standar d names ,  whic h ar e use d consistentl y i n thi s pape r 
(i n parentheses ,  th e correspondin g rang e i n El o points) : 
grandmaste r  (abov e 2500) ,  internationa l  maste r  (2400-2500) , 
maste r  (2200-2400) ,  exper t  (2000-2200) ,  clas s A  player s 
(1800-2000) ,  clas s B  player s (1600-1800) ,  an d s o on . 
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model  o f  cognition ,  becaus e a  larg e bod y o f  empirica l  dat a 
on ches s expertis e alread y exist s (se e Holding ,  1985 ,  o r 
Gobet ,  1993b ,  fo r  reviews) . 

A Short History of Random Positions 

M u ch o f  wha t  i s know n abou t  ches s expertis e goe s bac k t o 
De Groot' s semina l  wor k (1946/1978) .  On e o f  D e Groot' s 
importan t  finding s wa s tha t  ther e ar e clea r  difference s i n a 
memory tas k consistin g i n th e brie f  presentatio n o f  a 
positio n take n fro m a  tournamen t  game .  Typically ,  player s 
at  an d abov e maste r  leve l  recal l  th e entir e positio n almos t 
perfectly ,  whil e weake r  player s ar e overwhelme d b y th e tas k 
(se e Figur e 2  below) .  A  natura l  extensio n o f  D e Groot' s 
wor k wa s t o as k chessplayer s t o recal l  meaningles s 
position s (se e Figur e 1  fo r  example s o f  gam e an d rando m 
position) .  Thi s wa s firs t  carrie d ou t  i n 196 4 i n Amsterda m 
by D e Groo t  an d hi s students ,  w h o foun d tha t  player s o f  al l 
skil l  level s wer e identicall y poo r  a t  recallin g meaningles s 
positions .  Interestingly ,  the y considere d thi s resul t  s o 
obviou s an d trivia l  tha t  i t  di d no t  deserv e publicatio n 
(Vicent e &  D e Groot ,  1990) .  I t  wa s onl y i n 197 3 tha t  a 
replicatio n wa s carrie d ou t  (an d published )  b y Chas e an d 
Simon ,  w h o extende d th e Amste rda m wor k bot h 
experimentally ,  b y addin g a  cop y tas k t o th e memor y task , 
and theoretically ,  b y developpin g wha t  i s commonl y know n 
as th e "chunkin g theory "  (Chas e &  Simon ,  1973 ;  Simo n & 
Chase ,  1973) . 

Figur e 1 :  Type s o f  position s typicall y use d i n ches s researc h 
on memory .  O n th e left ,  a  gam e positio n take n fro m a  tour -
nament  game .  O n th e right ,  a  rando m positio n obtaine d b y 

shufflin g th e piec e location s o f  a  gam e position . 

The use of meaningless material had two functions. First, 
it  serve d a s a  contro l  conditio n fo r  rulin g ou t  th e possibilit y 
tha t  ches s master s wer e performin g bette r  jus t  becaus e o f 
superio r  menta l  abilities .  Second ,  i t  addresse d on e o f  th e 
challenge s o f  cognitiv e science ,  whic h is ,  t o pu t  i t  simply , 
t o teas e apar t  architectura l  component s (th e "hardware" )  fro m 
knowledg e component s (th e "software") .  Th e ide a i s that , 
becaus e knowledg e structure s ar e o f  littl e us e i n th e cas e o f 
rando m positions ,  thi s typ e o f  materia l  offer s a  baselin e 
conditio n wit h whic h knowledge-ric h stimul i  m a y b e 
compared .  A s i s clea r  fro m researc h i n neuropsycholog y an d 
i n developmenta l  psychology ,  thi s approac h contain s man y 
pitfalls ,  includin g th e fac t  tha t  th e hardware/softwar e 
dichotom y ma y represen t  quit e a  simplificatio n an d m a y 
collaps e severa l  level s o f  processing . 

Lik e th e unpublishe d dat a collecte d b y D e Groo t  an d hi s 
colleagues ,  th e dat a obtaine d b y Chas e an d Simo n wit h ran -
d o m position s wer e reassuring :  ther e wa s n o differenc e i n re -
cal l  betwee n thei r  thre e subjects ,  a  master ,  a  clas s A  player , 
and a  novice .  Take n togethe r  wit h grandmasters '  an d mas -
ters '  massiv e recal l  superiorit y wit h g a m e position s ove r 
weake r  players ,  th e unifor m poo r  recal l  wit h rando m posi -
tion s wa s suc h a  vivi d illustratio n o f  th e principl e tha t 
knowledg e i s th e ke y t o expertis e tha t  i t  ha s becom e a  clas -
si c finding,  widel y cite d i n textbook s o f  cognitiv e psychol -
ogy an d i n paper s o n expertise .  Ther e i s n o doub t  tha t  th e 
rando m positio n experimen t  contribute d t o makin g Chas e 
and Simon' s paper s "classics "  i n th e field  (Charness ,  1992) . 

As usual ,  thing s ar e mor e complicate d tha n th e textboo k 
account .  W h e n Her b S imo n an d I  wer e workin g o n 
C H R E S T,  a  re-implementatio n an d extensio n o f  M A P P 
(Simo n &  Gilmarti n 1973) ,  a  progra m aime d a t  simulatin g 
ches s memory ,  i t  occurre d t o u s tha t  th e mode l  wa s makin g 
prediction s abou t  th e recal l  o f  rando m position s tha t  wer e a t 
varianc e wit h th e classica l  no-skill-differenc e result .  A s wil l 
be describe d late r  i n mor e detail ,  C H R E ST construct s a  dis -
criminatio n ne t  o f  chunk s b y scannin g position s fro m a 
databas e o f  maste r  game s an d identifyin g pattern s o f  piece s 
i n thes e positions .  A s expected ,  th e mode l  wa s gettin g bet -
te r  an d bette r  a t  rememberin g gam e position s a s th e numbe r 
and th e averag e siz e o f  it s  chunk s increased .  However ,  th e 
model  wa s als o showin g a  small ,  bu t  robus t  increas e i n re -
cal l  wit h rando m positions .  Thi s wa s a  matte r  o f  seriou s 
concern ,  fo r  i t  wa s clea r  tha t  th e simulation s wer e correc t 
and tha t  th e skil l  difference s i n recal l  wer e du e t o a  simpl e 
mechanism :  jus t  b y chance ,  i t  i s  mor e likel y fo r  a  larg e dis -
criminatio n ne t  tha n fo r  a  smal l  on e tha t  chunk s coul d b e 
foun d i n rando m positions .  W e therefor e decide d t o d o a  sys -
temati c revie w o f  experiment s usin g rando m positions . 
Altogether ,  w e foun d 1 3 studie s (Gobe t  &  Simon ,  1996a) . 
I n 1 2 o f  them ,  master s di d maintai n som e advantage ,  eve n i f 
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Figure 2: Mean number (averaged over 13 studies) of pieces 
place d correctl y a s a  functio n o f  positio n typ e (gam e o r  ran -

d o m)  an d skil l  level .  Position s ha d 2 5 piece s o n average ,  an d 
th e presentatio n tim e wa s <  1 0 s .  Erro r  bar s indicat e standar d 

error s o f  th e means .  Afte r  Gobe t  an d Simon ,  1996a . 
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i t  wa s les s impressiv e tha n wit h gam e positions .  Th e onl y 

exceptio n wa s Chas e an d Simon' s (1973 )  study ,  wher e th e 
maste r  actuall y di d wors e tha n th e novice !  Whil e th e skil l 
difference s wer e no t  significan t  i n mos t  studie s becaus e o f 
lac k o f  statistica l  power ,  i t  becam e clea r  tha t  th e effec t  wa s 
genuin e whe n th e variou s studie s wer e poole d togethe r  (se e 
Figur e 2) . 

Random Positions as a Litmus Test for 
Theorie s o f  Exper t  M e m o r y 

Our  firs t  reactio n wa s t o conclud e tha t  rando m position s d o 
not  offe r  th e kin d o f  contro l  stimul i  hope d for .  Thi s i s cer -
tainl y a n annoyanc e fo r  th e field,  bu t  no t  a s ba d a s migh t  b e 
feared ,  a s independen t  evidenc e show s tha t  ther e i s n o corre -
latio n betwee n ches s skil l  an d genera l  cognitiv e abilities , 
includin g visua l  memor y fo r  non-domain-specifi c  materia l 
(Gobe t  &  Simon ,  1996a ;  Holding ,  1985) .  Ou r  secon d reac -
tio n wa s t o realiz e tha t  rando m position s offe r  a  powerfu l 
way o f  teasin g apar t  curren t  theorie s o f  ches s expertise .  A 
compariso n o f  fou r  theorie s o f  ches s skil l  (Gobet ,  i n press) , 
shows tha t  tw o o f  them ,  th e chunkin g theor y (Chas e & 
Simon ,  1973) ,  an d th e templat e theor y (Gobe t  &  Simon , 
1996b) ,  a n extensio n o f  th e chunkin g theory ,  predic t  mas -
ters '  superiorit y wit h rando m positions .  I t  als o show s tha t 
tw o othe r  approaches ,  th e long-ter m workin g memor y the -
or y (Ericsso n &  Kintsch ,  1995 )  an d Holding' s (1985 )  S E E K 
theor y d o no t  accoun t  fo r  th e result ,  th e forme r  becaus e i t 
overestimate s recal l  performanc e wit h rando m positions ,  an d 
th e latter ,  whic h emphasize s th e rol e o f  high-level ,  con -
cepmal  knowledge ,  becaus e i t  underestimate s performance . 

As mentione d above ,  th e chunkin g theor y propose s tha t 
expertis e i n a  domai n develop s b y th e creatio n o f  a  discrimi -
natio n net ,  throug h whic h stimul i  ca n b e rapidl y recognized . 
Wit h learning ,  individua l  feature s o r  part s o f  stimul i  ar e 
chunked ,  whic h allow s a  mor e efficien t  storag e o f  th e in -
formatio n i n short-ter m memor y (STM) .  N o w an d then , 
master s adventitiousl y recogniz e chunk s i n rando m posi -
tions ,  whic h explain s thei r  superiorit y wit h thi s typ e o f  ma -
terial .  Th e templat e theor y add s t o thi s vie w th e ide a tha t 
chunk s tha t  recu r  ofte n i n th e domai n o f  expertis e develo p 
int o large r  an d mor e comple x structure s (templates) ,  whic h 
hav e slot s tha t  allo w value s o f  variable s t o b e store d rapidly . 
Template s ar e relate d t o retrieva l  structures ,  whic h pla y a n 
importan t  rol e i n th e skille d memor y theor y (Chas e & 
Ericsson ,  1982 )  an d i n it s extension ,  th e long-ter m workin g 
memory theor y (Ericsso n &  Kintsch ,  1995) .  Th e differenc e 
i s tha t  th e latte r  theorie s propos e a  general ,  multi-purpos e 
retrieva l  structure ,  whil e th e templat e theor y propose s sev -
eral ,  specifi c  structure s tha t  ma y b e use d onl y afte r  the y 
hav e bee n accesse d b y recognitio n processes .  Sinc e tem -
plate s contai n larg e chunks ,  thei r  acces s condition s ar e un -
likel y t o b e me t  i n rando m positions .  O n th e othe r  hand ,  th e 
retrieva l  structur e propose d b y Ericsso n an d Kintsc h ca n b e 
use d eve n wit h rando m positions ;  henc e thei r  incorrec t 
prediction s tha t  master s ca n stor e informatio n fro m rando m 
position s rapidly . 

The skil l  differenc e i n recallin g rando m position s indicate s 
tha t  thi s materia l  doe s no t  ta p hardwar e variable s alone . 
However ,  becaus e th e amoun t  o f  knowledg e use d i s low , 
thi s materia l  stil l  offer s a  reasonabl e solutio n fo r  reachin g 

tentativ e conclusion s abou t  th e hardwar e o f  th e cognitiv e 
syste m and ,  therefore ,  fo r  testin g som e o f  th e syste m con -
stant s propose d i n th e E P A M theor y (Feigenbau m & 
Simon ,  1984) ,  fro m whic h bot h th e chunkin g an d templat e 
theorie s stem .  Th e templat e theor y ha s bee n implemente d i n 
th e lates t  versio n o f  C H R E S T.  Simulation s sho w tha t 
template s ar e almos t  neve r  accesse d wit h rando m positions , 
becaus e th e condition s o f  thei r  evocatio n ar e no t  met . 
Withou t  templates ,  th e curren t  implementatio n i s  clos e 
enoug h t o th e specification s o f  th e chunkin g theor y t o allo w 

us t o stud y th e templat e an d chunkin g theorie s together . 

Description of CHREST 

The mode l  consist s o f  th e followin g components :  recogni -
tio n LTM ,  semanti c LTM ,  an d STM.  ST M i s mad e o f  2- 5 
visua l  chunk s (simulation s presente d late r  wil l  explor e th e 
effec t  o f  varyin g S T M size) .  S T M i s a  queue ,  wit h th e ex -
ceptio n o f  th e larges t  chun k me t  a t  an y poin t  i n tim e (th e 
"hypothesis") ,  whic h i s kep t  i n S T M unti l  a  large r  chun k i s 

met .  Figur e 3  present s a n overvie w o f  th e model . 
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Figur e 3 :  Overvie w o f  C H R E ST (#C h stand s fo r  Chunk) . 

Attention is modeled by eye movements (see Chapter 8 of 
De Groo t  &  Gobet ,  1996 ,  fo r  mor e abou t  mechanism s di -
rectin g ey e movements) .  Fo r  eac h ne w fixation,  th e mode l 
sort s th e piece s foun d i n th e visua l  spac e throug h th e dis -
criminatio n net .  (Th e visua l  spac e i s define d a s th e square s 
locate d a t  mos t  tw o square s awa y fro m th e fixation  point. ) 
Learnin g ne w chunk s essentiall y  occur s i n th e sam e wa y a s 
i n th e E P A M model ,  wit h th e qualificatio n tha t  onl y on e 
typ e o f  (implicit )  tes t  i s  carrie d ou t  i n C H R E S T:  "Wha t  i s 
th e nex t  ite m i n th e visua l  space?" ,  whil e E P A M allow s fo r 
testin g variou s feature s o f  objects .  Th e uniformit y o f  test s 
has bee n adopte d i n orde r  t o gro w larg e nets ;  i t  i s assume d 
tha t  othe r  test s i n additio n t o th e locatio n o f  piece s ar e car -
rie d ou t  b y huma n players ,  suc h a s test s dealin g wit h 
threats ,  plans ,  an d othe r  concepts . 

The ne t  i s grow n b y tw o learnin g mechanisms,/ami/jar -
izatio n an d discrimination .  W h e n a  ne w objec t  i s presente d 
t o th e model ,  i t  i s  sorte d throug h th e discriminatio n net . 
W h en a  nod e i s reached ,  th e objec t  i s compare d wit h th e im -
age o f  th e node ,  whic h i s th e interna l  representatio n o f  th e 
object .  I f  th e imag e under-represent s th e object ,  ne w feature s 
ar e adde d t o th e imag e (familiarization) .  I f  th e informatio n i n 
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th e imag e an d th e objec t  diffe r  o n s o m e featur e o r  s o m e sub -
element ,  a  n e w nod e i s create d (discrimination) . 

T w o othe r  learnin g mechan i sm s (on e fo r  creatin g tem -
plate s an d th e othe r  fo r  creatin g link s betwee n nodes )  wil l 
not  b e describe d here ,  sinc e thes e feature s o f  th e progra m ar e 
almos t  neve r  relevan t  wit h rando m positions . 

Role of Presentation Time: Human Data 

I n orde r  t o tes t  th e plausibilit y  o f  th e parameter s use d i n 
CHREST,  Gobe t  an d Simo n (1995 )  collecte d dat a fro m ran -
dom an d gam e position s wher e th e presentatio n tim e wa s 
systematicall y varie d fro m 1  s  t o 6 0 s .  Dat a ar e base d o n 2 0 
subjects :  5  gran d o r  internationa l  master s (mea n Elo=2498) , 
8 expert s (mea n E lo=212 I ) ,  an d 7  clas s A  player s (mea n 
Elo=1879) .  Position s fo r  th e r ando m conditio n wer e create d 
by randoml y placin g piece s fro m a  g a m e positio n o n th e 
chessboard ,  an d wer e presente d t o subject s o n a  compute r 
screen .  Fo r  th e r ando m condition ,  i n whic h w e ar e intereste d 
here ,  on e positio n w a s presente d fo r  eac h o f  th e followin g 
times :  1 ,  2 ,  3 ,  4 ,  5 ,  10 ,  20 ,  30 ,  an d 6 0 s .  T h e result s ar e 
give n i n Figure s 4  t o 6  (thic k lines) . 

Simulations 

Learnin g Plias e 

Thre e nets ,  havin g 1,000 ,  10,000 ,  an d 100,00 0 node s 
(referre d t o belo w as ,  respectively ,  Ik ,  10 k an d 100 k nets ) 
were create d b y lettin g th e progra m sca n a  databas e o f  sev -
era l  thousan d positions .  Th e size s o f  th e thre e net s wer e 
chose n i n orde r  t o hav e net s o f  thre e differen t  order s o f 
magnitude .  Th e matchin g betwee n th e thre e net s an d level s 
of  expertis e (clas s A  players ,  experts ,  an d master s 
respectively )  wa s rathe r  loos e an d base d o n earlie r 
simulations .  Fo r  eas e o f  exposition ,  I  wil l  directl y compar e 
thes e Ik ,  I  Ok ,  an d 100 k program s wit h clas s A ,  experts ,  an d 
masters ,  respectively .  Th e reade r  should ,  however ,  kee p i n 
mind tha t  thi s  i s onl y a n approximation . 

Performance Phase 

Twent y rando m position s wer e presente d fo r  eac h o f  th e pre -
sentatio n times .  Fo r  eac h position ,  C H R E ST move d it s 
simulate d eye s aroun d th e board ,  storin g recognize d chunk s 
int o STM,  and ,  whe n applicable ,  usin g th e followin g learn -
in g mechanisms .  First ,  a s describe d before ,  C H R E ST 
chunk s tw o chunk s togethe r  (tha t  is ,  add s a  chun k a s a  tes t 
t o anothe r  chunk) .  I t  take s 8  second s t o carr y ou t  thi s dis -
criminatio n operation ,  a s i n th e E P A M theor y (se e Simon , 
1976,  fo r  a  discussio n o f  thi s parameter) .  Typically ,  a  ne w 
tes t  i s  adde d t o th e hypothesis .  Second ,  chunk s tha t  hav e 
been i n S T M fo r  a t  leas t  4  second s ar e "flagged, "  whic h 
means tha t  episodi c cue s tha t  permi t  th e acces s t o thi s nod e 
ar e adde d t o th e discriminatio n net .  Flaggin g i s a  typ e o f  fa -
miliarization .  Littl e i s sai d i n th e E P A M theor y abou t  th e 
tim e neede d t o familiariz e a  node ,  excep t  tha t  thi s operatio n 
i s faste r  tha n discrimination .  Thi s valu e ha s arbitraril y  bee n 
set  t o 4  s  i n C H R E S T.  Flagge d node s ca n b e recalle d durin g 
th e reconstructio n phas e eve n i f  the y ar e n o longe r  i n S T M . 
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Figur e 4 :  Percentag e correc t  a s a  functio n o f  presentatio n 
time .  Thic k line s represen t  h u m a n data .  Dotte d line s 

represen t  C H R E S T simulation s wit h I k node s (uppe r 
panel) ,  10 k node s (middl e panel) ,  an d 100 k node s (lowe r 

panel )  wit h S T M span s rangin g fro m 2  t o 5 . 

The following parameters were used during the simula-
tion s (se e D e Groo t  &  Gobet ,  1996 ,  fo r  th e parameter s re -
late d t o ey e movements ) : 

• time to create a chunk in LTM 8 s 
•  tim e t o fla g a  nod e 4  s 
•  tim e t o plac e a  symbo l  int o S T M 5 0 m s 
•  tim e t o compar e tw o symbol s 5 0 m s 
•  tim e t o carr y ou t  a  tes t  i n th e ne t  1 0 m s 

The three versions of the program were used with 4 differ-
ent  S T M capacit y parameter s (fro m 2  t o 5  slots) . 
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time .  Thic k line s represen t  h u m a n data .  Dotte d Hne s 

represen t  C H R E ST simulation s wit h I k node s (uppe r 
panel) ,  10 k node s (middl e panel) ,  an d 100 k node s (lowe r 

panel )  wit h S T M span s fro m 2  t o 5 . 
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Figur e 6 :  Siz e o f  th e larges t  chun k a s a  functio n o f  pre -
sentatio n time.  Thic k line s represen t  huma n data .  Dotte d 

line s represen t  C H R E ST simulation s wit h I k node s (uppe r 
panel) ,  10 k node s (middl e panel) ,  an d 100 k node s (lowe r 

panel )  wit h S T M span s fro m 2  t o 5 . 

Recal l  o f  R a n d o m Position s a s a  Functio n o f  Skil l 

When presentatio n time s equa l  o r  les s tha n 1 0 second s ar e 
pooled ,  Gobe t  an d Simon' s (1995 )  recal l  percentage s (Clas s 
A:  11.7% ,  experts :  17.0% ,  masters :  23.7% )  sho w th e sam e 
patter n illustrate d i n Figur e 2 .  Ru n o n th e position s use d b y 
Gobet  an d Simo n (1995) ,  C H R E ST simulate s th e skil l  ef -
fec t  wit h rando m positions ,  thoug h th e percentag e o f  recal l 
i s somewha t  les s tha n wit h humans .  Wit h a  S T M spa n o f  4 
slots ,  th e Ik ,  10 k an d 100 k net s obtaine d performanc e o f 
10.5% ,  15.6% ,  an d 20.3% ,  respectively . 

Role of Presentation Time 

Percentag e Correc t  Th e result s o n percentag e correc t  ar e 

illustrate d i n Figur e 4 .  Large r  span s allo w bette r  recall , 
thoug h th e effec t  i s no t  a s larg e a s on e migh t  hav e expected . 
Thi s i s du e t o th e fac t  tha t  chunk s store d i n S T M o r  LT M 
overlap ,  and ,  a s a  consequence ,  additiona l  chunk s brin g les s 
and les s ne w information .  Th e mode l  matche s th e huma n 
dat a wel l  fo r  th e thre e skil l  levels .  Th e clas s A  an d exper t 
program s ar e slightl y belo w huma n performanc e wit h on e 
and tw o seconds .  I t  i s possibl e tha t  human s perceiv e config -
uration s accordin g t o Gestal t  rule s tha t  ar e no t  capture d b y 
th e wa y chunk s ar e store d i n th e program .  Additiona l  tim e 
allow s mor e chunk s t o b e foun d an d compensate s fo r  this . 

Number of Chunks With humans, chunks are defmed 
as sequence s o f  piece s havin g latencie s o f  les s tha n 2  sec -
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onds betwee n successiv e pieces .  Piece s place d individuall y 
ar e no t  counte d a s chunks ,  a s the y ar e ofte n du e mor e t o 
guessin g tha n t o memory .  (Th e numbe r  o f  chunk s fo r  hu -
mans i s thu s slightl y underestimated. )  A s fo r  CHREST,  i t 
sequentiall y  replace s th e piece s containe d i n th e node s hel d 
i n ST M o r  accessibl e fro m L T M throug h episodi c cues . 
Such node s ar e counte d a s chunk s onl y i f  the y contai n a t 
leas t  on e piec e no t  alread y replaced .  Obviously ,  th e numbe r 
of  chunk s store d increase s wit h S T M span .  Overall ,  th e 
program s wit h a  smal l  S T M spa n obtai n a  numbe r  o f 
chunk s simila r  t o tha t  o f  huma n player s (Figur e 5) . 

Size of the Largest Chunk In general, the largest 
chun k outpu t  b y th e progra m i s slightl y smalle r  tha n huma n 
players '  (Figur e 6) ,  thoug h th e fi t  get s bette r  wit h th e 
maste r  version .  Th e correlatio n betwee n S T M spa n an d siz e 
of  th e larges t  chun k i s rathe r  lo w (0.20 ,  0.27 ,  0.03 ,  fo r  th e 
Ik ,  10k ,  an d 100 k version s o f  th e program) . 

Conclusion 

I n summary ,  th e simulation s sho w tha t  CHREST,  usin g 
severa l  parameter s fro m th e E P A M theory ,  successfull y ac -
count s fo r  th e rol e o f  presentatio n tim e i n th e recal l  o f  ran -
dom ches s positions .  Give n tha t  mos t  o f  th e E P A M appli -
cation s wer e don e wit h verba l  materia l  (se e Feigenbau m & 
Simon ,  1984) ,  i t  wa s importan t  t o sho w tha t  E P A M pa -
rameter s ar e plausibl e wit h visuo-spatia l  materia l  a s well . 

Thre e set s o f  mechanism s wer e crucia l  fo r  th e succes s o f 
th e simulations :  (a )  mechanism s allowin g chunk s t o b e 
rapidl y recognize d an d sorte d b y th e discriminatio n net ;  (b ) 
mechanism s allowin g chunk s t o b e create d o r  tagge d whe n 
th e presentatio n tim e i s sufficientl y long ;  an d (c ) 
mechanism s directin g th e attentio n o f  th e program .  Finally , 
th e result s ar e consisten t  wit h th e estimat e tha t  visuo-spatia l 
STM contain s 3  o r  4  chunk s (Zhan g &  Simon ,  1985) . 

I n spit e o f  it s checkere d history ,  th e techniqu e o f  usin g 
rando m ches s position s ha s provide d a  powerfu l  too l  fo r  test -
in g theorie s o f  ches s memory .  I t  remain s t o b e see n whethe r 
simila r  technique s ca n sho w suc h a  discriminativ e powe r  i n 
othe r  domain s o f  expertis e a s well . 
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Abstrac t 

A new explanation is offered for the phenomenon of dreaming, 
base d o n th e findings  abou t  brai n activit s durin g slee p reporte d 
m McClelland .  McNaughton ,  an d O'Rcil K (1995 )  Man y o f  th e 
phenomena tha t  mak e dream s see m s o strang e t o u s ar c 
explame d a s a  b>produc t  o f  th e proces s o f  storin g temporar y 
memones int o permanen t  memor \  durin g sleep ,  a s i t  occur s m 
th e connectionis t  network s o f  th e brain .  Thi s explanatio n 
provide s physiologica l  suppor t  fo r  fo r  Malcolm' s (1962 ) 
criticis m o f  Demen t  an d KIcitman' s (1957 )  interpretation s o f 
thei r  findings  abou t  th e correlatio n betwee n R E M slee p an d 
dreaming ,  suggestin g tha t  th e sens e o f  havm g ha d a  drea m i s a n 
artifac t  o f  bein g awakene d durin g th e proces s o f  memor y 
storag e 

It's obvious that dreams are strange, but what is really 
strang e abou t  them ? Fro m th e drea m interpreter s o f  ol d t o 
th e psychoanalyst s o f  today ,  peopl e hav e offere d 
interpretation s o f  th e conten t  o f  dreams ,  a s i f  tha t  wer e th e 
strang e thin g abou t  them .  Bu t  th e conten t  o f  dream s i s 
almos t  alway s ver y ordinary .  I f  w e ar e o r  hav e bee n 
students ,  w e ma y drea m abou t  takin g exam s fo r  whic h w e 
ar e unprepare d I f  w e nee d t o ge t  t o som e appointmen t  o n 
tim e th e followon g day ,  w e ofte n drea m tha t  w e hav e misse d 
th e appointment .  I f  w e ar e deprived ,  eve n temporarily ,  o f 
foo d o r  wate r  o r  sex ,  w e ma y wel l  drea m abou t  wha t  w e 
lac k 

Th e Midras h ~  th e Jewis h hermeneutica l  commentar y o n 
th e Bibl e -  -recognize d tha t  muc h o f  th e conten t  o f  ou r 
dream s i s base d o n wha t  w e experience d o r  though t  abou t 
th e previou s day ,  an d Freu d to o wa s awar e o f  thi s fact .  Th e 
interpreter s o f  conten t  believed ,  however ,  tha t  thi s i s  th e 
unimportan t  par t  o f  ou r  dreams .  I  propos e that ,  o n th e 
contrary ,  th e fac t  tha t  muc h o f  ou r  dreamin g reflect s th e 
previou s day' s occupation s i s a  ke y t o explainin g ou r  dream s 

My primar y observatio n i s tha t  wha t  i s strang e abou t  ou r 
dream s i s no t  thei r  conten t  bu t  thei r  structur e Thi s structur e 
i s ver y differen t  fro m th e structur e o f  ou r  wakin g 
experiences ,  an d thi s i s  wha t  make s the m s o har d t o 
describ e Anyon e w h o ha s eve r  trie d t o repor t  a  drea m t o 
someone els e upo n awakening ,  o r  writ e i t  d o w n fo r  late r 
analysis ,  i s  awar e o f  h o w har d i t  i s  t o pu t  th e drea m i n 
narrativ e form .  W e ofte n carmo t  remembe r  wha t  happene d 
befor e an d wha t  happene d afterwards .  W e star t  describin g 
on e inciden t  i n th e drea m an d the n w e say ,  "No ,  actuall y 
befor e I  wen t  outsid e I  pu t  m y sweate r  o n "  W e aren' t  sur e 
of  w h o peopl e ar e i n ou r  dreams .  W e say ,  " I  sa w Uncl e Jo e 
i n m y dream—well ,  I  someho w kne w h e wa s Uncl e Joe ,  bu t 
actuall y h e looke d lik e m y high-schoo l  teache r  Mr .  Rogers. " 
We ofte n hav e n o ide a h o w w e go t  fro m on e plac e t o 
anothe r  i n th e dream . 

Al l  thes e strang e aspect s o f  dream s involv e thei r  structur e 
rathe r  tha n thei r  conten t  Wha t  make s dream s s o weir d i s 
generall y no t  wha t  w e drea m about ,  bu t  th e strang e wa y th e 

variou s element s i n ou r  dream s ar e juxtaposed ,  ou r  inabilit y 
t o describ e exactl y wha t  happened ,  ou r  sens e tha t  al l  sort s o f 
impossibl e combination s occu r  i n them .  It' s  no t  th e element s 
tha t  ar e impossible-the y ar e generall y quit e ordinar y It' s  th e 
juxtapositio n o f  th e element s tha t  defie s ou r  ordinar y logic -
seein g someon e w h o look s lik e on e perso n bu t  ha s someon e 
else' s name ,  gettin g fro m A  t o B  withou t  goin g throug h th e 
spac e tha t  separate s A  from  B ,  bein g ou r  muc h younge r  sel f 
i n ou r  presen t  surroundings ,  o r  bein g ou r  presen t  ag e i n th e 
hous e w e live d i n a s a  child . 

Some Connectionist Background 

The explanatio n I  propos e fo r  al l  thes e strang e aspect s o f 
drea m structur e i s a  connectionis t  on e I t  i s  base d o n a 
theor y abou t  th e interconnection s betwee n short-ter m an d 
long-ter m memor y pu t  forwar d b y McClelland , 
McNaughton ,  an d O'Reill y  i n thei r  199 5 paper ,  " W h y ther e 
ar e complementar y learnin g system s i n th e hippocampu s an d 
neocortex. "  Th e pape r  offer s evidenc e fo r  th e existenc e o f 
short-ter m memor y store s i n th e hippocampu s an d long-ter m 
store s i n variou s part s o f  th e cortex .  I t  describe s th e wa y 
short-ter m memorie s becom e incorporate d int o ou r  long -
ter m memor y store s throug h mutua l  activation .  Eac h short -
ter m memor y automaticall y activate s th e long-ter m 
memorie s tha t  ar e simila r  t o i t  i n variou s ways ,  thu s 
strengthenin g thes e memories .  Reciprocally ,  th e long-ter m 
memorie s influenc e th e short-ter m one s tha t  activate d them , 
changin g the m slightl y t o confor m wit h th e long-ter m 
structures ,  s o tha t  w e remembe r  often-repeate d incident s a s 
mor e simila r  t o th e usua l  situatio n tha n the y ma y actuall y 
hav e been . 

O ne o f  th e interestin g ne w flndings  reporte d b y 
McClellan d e t  a l  i s  tha t  muc h o f  thi s activit y o f 
incorporatin g short-ter m memorie s int o long-term s one s 
occur s durin g sleep .  Base d o n thi s finding,  I  sugges t  tha t  i t  i s 
th e occurrenc e o f  thi s activit y durin g slee p tha t  i s  responsibl e 
fo r  th e entir e phenomeno n o f  dreaming ,  includin g th e 
strang e structura l  natur e o f  ou r  dreams .  Moreover ,  i t  ca n 
provid e som e insigh t  int o th e empirica l  findings  o f  th e 
scientifi c  drea m researcher s an d reconcil e the m wit h ou r 
ordinary ,  "common-sense "  belief s o n th e subject . 

Dement's Findings 

Th e drea m researc h tha t  wa s s o popula r  a  fe w decade s ago , 
begu n b y Demen t  an d Kleitma n (1957) ,  establishe d tha t 
ther e ar e period s o f  R E M sleep ,  whe n th e sleeper' s eye s ar e 
i n rapi d movement ,  an d period s o f  n o n - R E M sleep ,  whe n th e 
sleeper' s eye s ar e no t  movin g Sleeper s w h o ar e awakene d 
durin g R E M period s repor t  dreams ,  whil e thos e awakene d 
durin g n o n - R E M period s repor t  vagu e thought s tha t  d o no t 
constitut e a  "dream. "  Th e drea m researcher s interprete d thi s 
finding  t o mea n tha t  dream s occu r  durin g R E M sleep .  The y 
conclude d tha t  everyon e actuall y dream s severa l  time s ever y 
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night ,  eve n thoug h w e onl y occasionall y "remember "  thes e 
dream s 

The ide a tha t  w e ar e actuall y "conscious "  durin g par t  o f 
th e tim e tha t  w e ar e sleeping~i n fact ,  durin g th e tim e whe n 
we ar e sleepin g mos t  deeply ,  sinc e researc h ha s als o 
establishe d tha t  rapi d ey e movement s occu r  whe n w e ar e i n 
th e deepes t  phas e o f  sleep-i s a  ver y strang e one ,  changin g 
th e meanin g o f  th e wor d "conscious "  Le t  u s se e wha t  w e 
can accomplis h i f  w e tr y t o stic k t o th e usua l  meanin g o f  th e 
wor d "conscious" ,  namely ,  tha t  w e ar e consciou s onl y whe n 
we ar e awake ,  no t  whil e w e ar e sleeping . 

What  I  propos e i s this ;  W e ar e "conscious "  o f  ou r  dream s 
onl y whe n w e wak e u p an d hav e a  subjectiv e awarenes s o f 
th e brai n activit y tha t  ha s jus t  bee n occurrin g whil e w e wer e 
asleep .  Tha t  i s wha t  bein g consciou s consist s of—havin g a n 
experiential ,  subjectiv e awarenes s o f  ou r  brai n activity ,  lik e 
seein g th e colo r  gree n whe n a  particula r  combinatio n o f 
wavelength s induce s activit y i n ou r  visua l  cortex .  Accordin g 
t o McClellan d e t  al.' s  findings,  ou r  short-ter m memor y stor e 
need s t o b e highl y activ e whil e i t  i s  consohdatin g th e 
experience s i t  ha s recorde d durin g th e da y wit h ou r  long -
ter m memorie s an d knowledge .  I f  w e waJc e u p whil e thi s 
activit y i s occurring ,  w e becom e "conscious "  o f  th e event s 
tha t  occurre d durin g th e da y tha t  wer e recorde d i n thes e 
neura l  net s i n ou r  short-ter m memor y Sinc e th e wa y w e 
normall y kno w tha t  somethin g ha s jus t  happene d t o u s i s tha t 
i t  i s  activ e i n ou r  short-ter m memory ,  w e hav e a  subjectiv e 
awarenes s o f  al l  thi s activit y a s i f  w e hav e jus t  ha d th e 
experience s tha t  ar e represente d i n th e neura l  net s tha t  ar e 
activate d a t  th e moment  o f  awakening . 

Thus Dement' S (1974 )  conclusio n tha t  w e actuall y drea m 
many time s ever y nigh t  seem s t o b e a n artifac t  o f  hi s 
researc h method .  Wha t  seem s t o b e tru e i s merel y tha t  ther e 
i s brai n activit y goin g o n al l  th e tim e w e ar e sleeping .  I f 
someone wake s u s u p a t  a  tim e whe n w e hav e bee n i n R E M 
slee p w e wil l  repor t  a  dream ,  bu t  th e drea m ha s bee n cause d 
by th e ver y fac t  tha t  w e hav e bee n awakened-i f  w e ha d no t 
been awakened ,  th e brai n activit y woul d no t  hav e bee n 
experience d a s a  dream . 

The Proposed Explanation of Dreaming 

A simila r  artifactua l  eifec t  ca n als o explai n th e well-know n 
phenomeno n tha t  patient s whos e psychotherapist s encourag e 
the m ten d t o repor t  mor e dreams ,  an d tha t  the y see m t o 
drea m i n accordanc e wit h thei r  therapists '  theory .  Th e 
suggestio n tha t  the y wil l  remembe r  thei r  dream s cause s the m 
t o wak e u p mor e ofte n whil e the y ar e i n R E M sleep ,  jus t  a s 
my settin g th e alar m fo r  7:3 0 ofte n cause s m e t o wak e u p a t 
7:2 5 an d shu t  i t  off ,  sinc e I  hat e bein g awakene d b y a n alar m 
clock .  Thi s explain s w h y suc h patient s repor t  mor e dream s 
The reaso n the y repor t  dream s tha t  accor d wit h thei r 
therapists '  theorie s i s tha t  thei r  brai n activit y i s influence d b y 
th e therapists '  pronouncements ,  jus t  a s i t  i s  affecte d b y 
anythin g significan t  t o u s tha t  ha s occurre d durin g th e day . 

The hypothesi s tha t  man y type s o f  brai n activit y ar e 
occurrin g i n paralle l  whil e w e ar e sleeping ,  an d tha t  w e 
become awar e o f  al l  o f  the m simultaneousl y whe n w e wak e 
up,  ca n explai n man y o f  th e strang e phenomen a o f  dreaming . 
As Malcol m (1962 )  pointe d ou t  i n hi s criticis m o f  Demen t 
and Kleitman' s (1957 )  interpretatio n o f  thei r  findings,  ther e 

i s n o nee d t o postulat e tha t  w e ar e consciou s whil e w e ar e 
sleepin g W e ar e consciou s onl y whe n w e ar e awake ,  bu t 
sinc e w e wak e u p wit h activ e memorie s o f  somethin g jus t 
havin g happene d t o us ,  w e believ e tha t  w e hav e jus t  bee n 
experiencin g thes e event s 

As littl e children ,  i n fact ,  w e believ e tha t  thes e ar e event s 
tha t  hav e actuall y occurte d W e nee d t o b e taugh t  b y ou r 
parent s tha t  nothin g actuall y happene d i n th e "outside " 
world ,  tha t  w e wer e onl y "dreaming, "  Th e wor d "dream" , 
then ,  i s use d t o reif y th e memorie s activate d durin g slee p 
tha t  w e happe n t o becom e consciou s o f  a s w e wak e up .  W e 
k n o w tha t  thes e event s di d no t  reall y happe n whil e w e wer e 
sleeping ,  ye t  w e fee l  n o w tha t  w e ar e awak e tha t  w e di d jus t 
experienc e something ,  s o w e giv e i t  a  name ,  "dream" ,  t o 
denot e somethin g tha t  wa s experience d eve n thoug h i t  didn' t 
reall y happen .  Malcol m (1962 )  insist s tha t  thi s i s th e onl y 
prope r  us e o f  th e wor d "dream" ,  tha t  th e questio n o f 
whethe r  w e reall y ha d a n experienc e whil e w e wer e sleepin g 
i s meaningless ,  a s ther e i s nothin g tha t  coul d b e evidenc e 
eithe r  fo r  o r  agains t  it . 

Then ,  a s w e gro w up ,  havin g woke n u p "wit h a  dream " 
many times ,  th e phenomeno n become s commonplace ,  an d 
we believ e tha t  w e k n o w wha t  a  "dream "  i s eve n i f  w e migh t 
not  understan d th e actua l  conten t  o f  th e dream .  S o w e 
ignor e th e strangenes s o f  th e phenomeno n itsel f  an d tr y t o 
interpre t  th e conten t  o f  th e dream .  Thi s ha s bee n th e basi s o f 
al l  drea m interpretatio n fi-om  th e biblica l  Josep h t o th e quasi -
scientifi c  Freud .  Wha t  I  propos e i s tha t  onc e w e gai n a  bette r 
understandin g o f  al l  th e strang e structura l  aspect s o f  th e 
phenomenon ,  w e wil l  se e tha t  ther e i s n o reaso n t o tr y t o 
interpre t  th e conten t  a t  al l 

Let  u s conside r  th e strang e structura l  aspect s o f  ou r 
dream s on e b y on e an d se e h o w McClellan d e t  al.' s 
connectionis t  descriptio n o f  wha t  happen s i n ou r  brai n whe n 
we ar e sleepin g explain s eac h o f  thes e aspects .  Conside r  first 
th e fac t  tha t  w e ofte n ar e confijse d abou t  whic h even t 
precede d whic h othe r  even t  i n th e drea m Th e event s 
themselve s m a y b e a s ordinar y a s walkin g int o a  roo m an d 
talkin g t o som e familia r  person ,  bu t  a t  on e moment  i n th e 
tellin g i t  seem s a s i f  w e first  walke d int o th e roo m an d the n 
spok e t o th e person ,  ye t  th e nex t  moment  th e orde r  seem s t o 
be th e reverse . 

My connectionis t  explanatio n fo r  thi s i s tha t  thes e 
memorie s ar e activate d i n paralle l  i n ou r  sleepin g brain ,  an d 
so ou r  drea m experience s o f  thes e tw o event s actuall y occu r 
simultaneously .  W h e n describin g th e dream ,  eve n t o 
ourselves ,  w e automaticall y tr y t o impos e a  narrativ e 
structur e o n it ,  wit h on e even t  occurrin g afte r  another ,  sinc e 
tha t  i s h o w thing s happe n t o u s i n rea l  life .  Bu t  i n th e drea m 
ther e ar e tw o event s bot h o f  whic h see m t o b e a t  th e focu s 
of  ou r  attention ,  s o w e tr y t o orde r  the m i n a  sequence ,  an d 
ar e the n baffle d b y ou r  inabilit y  t o d o s o Thi s inabilit y i s  th e 
necessar y consequenc e o f  th e fac t  tha t  th e tw o drea m 
experience s actuall y occurre d simultaneously ,  i n parallel . 

The fi-equent  phenomeno n o f  seein g a  perso n i n a  dream , 
and someho w bein g certai n tha t  i t  i s  on e perso n eve n thoug h 
i t  look s lik e someon e else ,  ca n b e give n a  simila r 
explanation .  Ther e i s a  simultaneou s activatio n o f  ou r 
knowledg e abou t  on e person ,  a s som e previous-da y m e m o r y 
arouse s ou r  long-ter m memorie s o f  tha t  perso n i n th e 
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associatio n area s o f  th e cortex ,  togethe r  wit h a n activatio n 
of  th e wa y a  differen t  perso n looks ,  a s th e sam e o r  a 
differen t  previous-da y memor y arouse s th e patter n 
associate d wit h th e appearanc e o f  th e latte r  perso n i n th e 
visua l  area s o f  th e corte x 

Th e explanatio n o f  h o w w e ca n drea m tha t  w e ar e a t  on e 
plac e an d the n immediatel y fin d ourselve s a t  som e distan t 
plac e withou t  an y transitio n jus t  fall s  ou t  o f  th e genera l 
hypothesi s I t  i s  merel y a  specia l  cas e o f  tw o separat e 
memorie s bein g activate d a t  th e sam e tim e On e memor y i s 
of  bein g a t  plac e A ,  whil e th e othe r  i s o f  bein g a t  plac e B  A s 
we awake n an d experienc e bot h o f  thes e memorie s 
simultaneously ,  w e tr y t o mak e norma l  sens e o f  the m b y 
experiencin g ourselve s a s havin g bee n first  i n on e plac e an d 
the n i n th e other ,  bu t  thi s leave s u s wit h th e puzzl e o f  h o w 
we go t  fro m on e plac e t o th e other .  Onc e w e realiz e tha t 
thes e ar e jus t  activation s o f  tw o separat e memorie s th e 
puzzl e dissolves . 

Th e explanatio n o f  h o w w e ca n b e a t  ou r  presen t  ag e i n 
th e dream ,  ye t  b e livin g i n ou r  childhoo d home ,  an d man y 
othe r  strang e juxtaposition s w e experienc e i n ou r  dreams , 
ca n b e give n alon g th e sam e lines .  Onc e th e genera l  principl e 
i s clea r  i t  seem s fairl y straightforwar d t o appl y i t  t o th e 
variou s strang e structura l  aspect s o f  ou r  dreams .  Th e 
conten t  i s the n see n t o b e a  mixtur e o f  th e short-ter m 
memorie s tha t  ar e bein g store d i n th e long-ter m storag e 
area s o f  th e corte x an d th e long-ter m memorie s activate d b y 
th e short-ter m ones ,  du e t o variou s sort s o f  similarit y 
betwee n them . 

I n sayin g tha t  dream s ar e n o mor e tha n th e subjectiv e 
experienc e o f  a  conglomeratio n o f  memorie s a s i f  the y wer e 
actuall y happening ,  I  d o no t  mea n t o impl y tha t  dream s 
canno t  b e use d i n therap y a s a  practica l  wa y o f  helpin g 
peopl e com e t o term s wit h matter s o f  importanc e t o them . 
But  the n almos t  anythin g a  perso n choose s t o tal k abou t  i n 
therap y ca n b e use d a s a  stepping-ston e t o reac h importan t 
issue s fo r  tha t  perso n Dream s ar e merel y bit s an d piece s o f 

memorie s juxtapose d i n a  wa y tha t  make s the m see m 
unusual ,  an d s o the y ar e accorde d th e awe d respec t  w e ofte n 
giv e t o unusua l  phenomena .  Bu t  onc e w e se e tha t  wha t  i s 
unusua l  i s  thei r  structur e rathe r  tha n thei r  content ,  an d tha t 
thi s unusua l  structur e ha s a  natura l  explanation ,  w e n o 
longe r  nee d t o conside r  th e conten t  o f  dream s a s bein g i n 
need o f  elaborat e interpretation . 
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Abstrac t 

While a hindrance to statistical and computational models 
of  inference ,  missin g knowledg e ca n b e exploite d b y 
organism s i n thei r  natura l  environments .  Th e recognitio n 
heuristi c utilize s missin g knowledg e t o m a k e accurat e 
inference s abou t  th e rea l  world .  A  consequenc e o f 
applyin g thi s heuristi c i s a  counterintuitiv e less-is-mor e 
effec t  wher e les s knowledg e i s  bette r  tha n mor e fo r 
inferentia l  accuracy .  Theoretica l  argument s an d 
experimenta l  evidenc e supportin g th e less-is-mor e effec t  ar e 
given . 

The Missing Value Problem? 

I n statistics ,  artificia l  intelligence ,  an d man y computationa l 
model s o f  mind ,  missin g value s ar e perceive d a s a  nuisanc e 
whic h mus t  b e replace d o r  eliminate d befor e proceedin g wit h 
th e busines s o f  inference .  I n contrast ,  i n interaction s 
betwee n mind s an d natura l  environments ,  pattern s o f 
missin g knowledg e carr y informatio n whic h ca n serv e a s th e 
basi s fo r  intelligen t  inference .  Conside r  th e eatin g habit s o f 
wil d rat s whic h com e t o recogniz e food s from  thei r  o w n 
diet ,  o r  from  smellin g foo d trace s o n th e breat h o f 
conspecific s (Bamett ,  1963) .  Thes e animal s hav e bee n 
shown t o exhibi t  a  stron g neophobia ,  tha t  is ,  a  reluctanc e t o 
eat  food s the y d o no t  recognize .  Thi s preferenceca n b e s o 
stron g tha t  rat s m a y prefe r  recognize d food s ove r  nove l  one s 
eve n i f  the y recogniz e the m from  th e breat h o f  neighbor s 
who appea r  t o b e sufferin g from  foo d poisonin g a t  th e tim e 
(Galef ,  1987 ;  Galef ,  McQuoid ,  &  Whiskin ,  1990) .  Whil e 
thi s behavio r  seem s lik e a  bias ,  recognition-base d foo d 
choic e help s rat s avoi d poisoning :  an y foo d a  livin g ra t  o r 
it s livin g neighbor s ha s chose n wa s clearl y no t  deadly . 
Missin g knowledge ,  specifically ,  a  lac k o f  recognition , 
inform s foo d choic e i n rats .  I n thi s paper ,  I  shif t  focu s from 
anima l  behavio r  t o huma n inferenc e an d examin e th e 
prevalenc e an d consequence s o f  reasonin g b y recognitio n i n 
our  ow n species . 

We liv e surrounde d b y prope r  names ,  som e whic h w e 
recognize ,  an d som e o f  whic h w e d o not .  Th e name s w e 
recogniz e ar e no t  a  haphazar d collection ,  the y ten d t o stan d 
out  o n variou s criteri a whic h peopl e find  interesting .  W e 
may notic e tha t  th e citie s whos e name s w e recogniz e ar e 
ofte n large r  tha n thos e w e d o not .  Th e corporation s w e 
recogniz e ten d t o generat e mor e revenue ,  an d posses s a 
greate r  marke t  share ,  tha n thos e w e d o not .  Th e scholar s w e 
recogniz e ten d t o dra w large r  audience s tha n thos e w e d o 
not .  H o w d o th e name s w e recogniz e com e t o reflec t  suc h a 
variet y o f  variable s i n th e world ? N a m e s whic h ar e 

outstandin g o n criteri a tha t  peopl e find  interestin g ar e mor e 
likel y tha n other s t o b e spoke n an d writte n about ,  an d ar e 
subsequentl y mor e likel y tha n other s t o becom e recognized . 
The probabilisti c  inferenc e ca n b e m a d e tha t  th e recognized 
names ar e outstandin g an d unrecognize d one s les s so . 
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Figur e 1 :  T o m a k e inference s abou t  u n k n o w n feature s o f  th e 
envi ronment ,  w e m a y exploi t  th e relationshi p b e t w e e n th e 
presenc e o f  item s i n recognitio n m e m o r y a n d a  criterion . 
Thi s relationshi p c o m e s abou t  throug h mediator s i n o u r 
accessibl e env i ronmen t  w h i c h reflec t  th e criterion . 

A probability cue framework, inspired by Brunswik 
(1955) ,  describe s h o w inference s m a y b e draw n from 
recognitio n memory .  Figur e 1  illusfrate s h o w unknow n 
criteri a whic h ca n no t  b e directl y perceived ,  suc h a s th e 
endowment  o f  a  university ,  o r  th e deadlines s o f  a  disease , 
come t o b e reflecte d i n th e prope r  name s w e recognize .  Fo r 
example ,  le t  th e populatio n o f  a  cit y b e th e unknow n 
criterio n w e wis h t o infer .  Populatio n caimo t  b e directl y 
observed ,  however ,  a  city' s populatio n correlate s rathe r 
wel l  h o w ofte n i t  i s  mentione d i n th e newspaper .  Th e 
newspape r  i s a  mediato r  whic h cast s unobservabl e aspect s o f 
th e environmen t  int o ou r  immediat e surroundings .  Th e 
correlatio n betwee n th e populatio n o f  citie s an d h o w ofte n 
the y ar e mentione d i n th e newspape r  i s  designate d th e 
ecologica l  correlation .  H o w ofte n citie s appea r  i n th e 
newspape r  correlate s wit h th e numbe r  o f  peopl e w h o 
recogniz e them ,  denote d b y th e surrogat e correlation . 
Throug h th e tw o correlations ,  th e min d ca n infe r  th e 
unknow n criterion .  Fo r  instance ,  peopl e m a y infe r  tha t  th e 
citie s the y recogniz e ar e large r  tha n th e citie s the y d o no t 
recognize .  Th e correlatio n betwee n th e numbe r  o f  peopl e 
w ho recogniz e a  cit y an d it s populatio n i s th e recognitio n 
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correlation .  Th e degre e t o whic h inference s base d o n 
recognitio n ar e accurat e i s th e recognitio n validity .  M a n y 
approache s t o ecologica l  psycholog y stres s th e importanc e o f 
th e relationshi p betwee n th e mind ,  probabilit y  cues ,  an d th e 
environment .  I n th e followin g section ,  I  demonstrat e n o w 
h o w thes e relationship s ca n b e quantifie d i n a  real-worl d 
domain . 

Measuring the Relationship Between Memory, 

Med ia to r ,  a n d E n v i r o n m e n t 

Thi s pape r  deal s wit h a  mode l  domai n fo r  inference :  th e se t 
of  citie s i n German y wit h mor e tha n 100,00 0 inhabitant s 
(8 3 citie s i n 1994) .  T o measur e th e strength s o f  th e variou s 
correlation s i n thi s domai n 1  compare d th e population s o f 
thes e citie s t o th e numbe r  o f  article s i n whic h the y wer e 
mentione d i n th e las t  1 2 year s o f  th e Chicag o Tribune ,  an d 
th e percentag e o f  6 7 Universit y o f  Chicag o student s w h o 
recognize d the m (als o i n 1994) .  Tabl e 1  show s th e 1 2 
larges t  citie s i n German y (i n orde r  o f  199 4 population )  take n 
from  th e complet e data .  Computin g Spearma n correlation s 
ove r  al l  8 3 cities ,  th e surrogat e correlatio n wa s .79 ,  th e 
ecologica l  correlatio n wa s .70 ,  an d th e recognitio n 
correlatio n wa s .60 .  W e observ e tha t  th e Chicag o residents ' 
recognitio n m e m o r y i s slightl y mor e i n tun e wit h h o w 
frequently  citie s ar e mentione d i n medi a tha n wit h th e actua l 
populations .  Thi s i s t o b e expecte d sinc e th e newspapers , 
and no t  cit y populations ,  ar e a  par t  o f  ou r  observabl e 
everyda y environment .  Give n tha t  ther e ar e soli d 
relationship s betwee n recognitio n memor y an d socially -
interestin g criteria ,  h o w migh t  th e min d exploi t  thi s fac t  t o 
make inferences ? 

Table 1: The largest German cities ranked by population, 
alon g wit h th e numbe r  o f  article s i n whic h the y appeare d i n 
th e newspaper ,  an d th e percentag e o f  peopl e w h o recognize d 
them . 

Cit y 

Berli n 
Hambur g 

Munic h 

Cologn e 

Frankfur t 

Esse n 

Dortmun d 

Stuttgar t 

Dusseldor f 

Breme n 

Duisbur g 

Hannove r 

Article s 

348 4 
100 9 

124 0 

461 
180 4 

93 
84 
632 
381 
140 
53 
260 

Recognitio n (% ) 

99 
96 
100 
82 
96 
28 
19 
63 
81 
44 
7 
88 

T h e Recogn i t i o n Heurist i c 

I  tur n no w t o a  mode l  o f  h o w peopl e dra w inference s from 
recognitio n memory .  Th e tas k i s inferrin g whic h subse t  o f  a 
clas s o f  object s score s highes t  o n som e criterion .  Fo r  set s o f 
tw o objects ,  thi s amount s t o th e two-alternativ e forced -
choic e paradigm .  A n exampl e questio n woul d be :  Whic h 
rive r  i s longer ? A )  Th e Nil e B )  Th e Isar .  Fo r  question s o f 
thi s sort ,  th e recognitio n heuristi c i s simpl y stated : 

If only one of the alternatives is recognized, then choose it. 

Naturally, this heuristic is only sensible in domains 
wher e recognitio n i s correlate d wit h th e criterion .  I f  th e 
correlatio n i s negativ e (a s i t  woul d b e i n th e tas k o f  inferrin g 
whic h o f  tw o citie s i s smaller ,  fo r  instance) ,  the n th e 
unrecognize d alternativ e shoul d b e chosen .  Th e purpos e o f 
thi s article ,  however ,  i s  no t  t o explor e whe n peopl e follo w 
recognition ,  o r  i f  i t  i s a  consciou s process ,  bu t  rathe r  t o tes t 
i f  the y follo w i t  an d t o describ e th e mathematica l 
consequence s o f  doin g so .  Pleas e not e tha t  m y us e o f  th e 
ter m recognitio n differ s from  th e standar d usag e i n th e 
psychologica l  literatur e (whic h refer s t o identifyin g item s 
from  a  previou s sessio n amon g disfractors )  an d familiarit y 
(whic h ha s t o d o wit h degree s o f  exposure) .  Here ,  le t  u s 
focu s o n mer e recognition ,  tha t  all-or-non e stat e whic h 
accompanie s object s whic h hav e bee n experience d before . 
Thi s sens e o f  recognitio n seem s t o constitut e a  separat e 
memory system ,  an d it s presenc e ca n b e fe h everyda y lif e 
when on e hesitate s i n recallin g th e identit y o f  a  recognize d 
face .  (Th e Scottis h ver b "t o tartle" ,  interestingly ,  refer s t o 
jus t  thi s sor t  o f  hesitation. )  Th e recognitio n heuristic ,  whic h 
rest s o n thi s simpl e an d subjectiv e sor t  o f  memory ,  seem s 
lik e a  bia s o r  overl y simpl e strategy .  I s it ? 

Accuracy 

The accurac y attainabl e from  th e recognitio n heuristi c 
depend s o n tw o variables :  h o w ofte n th e heuristi c ca n b e 
applied ,  an d th e degre e o f  correlatio n betwee n recognitio n 
and th e criterio n o f  interest .  A s a  though t  experiment , 
conside r  th e cas e o f  a n America n w h o learns ,  on e b y one ,  t o 
recogniz e th e 10 0 larges t  citie s i n France .  Ever y tim e sh e 
learn s a  ne w city ,  sh e i s give n a  tes t  consistin g o f  al l 
possibl e pair s o f  citie s draw n from  th e 10 0 largest ,  an d he r 
tas k i s t o pic k th e large r  cit y i n eac h pair .  Befor e sh e ha s 
learne d an y o f  th e cities ,  sh e wil l  hav e t o gues s o n ever y 
pair ,  an d thu s scor e 5 0 % correct ,  a s represente d b y th e 
leftmos t  poin t  i n Figur e 2 . 

At  a  late r  time ,  represente d b y th e middl e point ,  sh e ha s 
leamedthenameso f  50o f  th e 10 0 cities ,  an d th e citie s sh e 
recognize s ar e large r  thei n th e citie s sh e doe s no t  recogniz e i n 
9 0 % o f  al l  possibl e pairs .  Assum e ftirther  tha t  whe n sh e 
recognize s bot h citie s i n a  pair ,  sh e i s abl e t o us e fiirthe r 
knowledg e t o pic k th e large r  on e 6 0 % o f  th e time . 
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Figur e 2 :  Applyin g th e recognitio n heuristi c m a y lea d 
considerabl e accuracy ,  a s wel l  a s a  less-is-mor e effect . 

A quick calculation shows that in half of the pairs on the 
quiz ,  sh e wil l  recogniz e on e cit y an d no t  th e other .  Sh e 
wil l  ge t  9 0 % o f  thes e pair s correct .  I n anothe r  one-quarte r  o f 
th e questions ,  sh e wil l  recogniz e neithe r  city ,  guess ,  an d 
scor e 5 0 % correct .  O n th e remainin g one-quarter ,  sh e wil l 
recogniz e bot h citie s i n th e pair ,  an d scor e 6 0 % correct .  A t 
thi s intermediat e stat e o f  recognizin g hal f  o f  th e 10 0 cities , 
she wil l  attai n (.5)(.9 )  +  (.25)(.5 )  +  (.25)(.6 )  =  .725 ,  a 
respectabl e 7 2 . 5 % correct .  W h e n sh e recognize s al l  10 0 
cities ,  represente d b y th e rightmos t  point ,  sh e wil l  recogniz e 
bot h citie s i n eac h pair ,  an d scor e onl y 6 0 % correct .  Th e 
strikin g resul t  i s  tha t  sh e score d a  highe r  percentag e o f 
accurat e inference s whe n sh e recognize d hal f  th e citie s tha n 
she di d whe n sh e recognize d the m all .  A n y stat e o f  affair s 
wher e lesse r  recognitio n knowledg e enable s mor e accurat e 
inference s tha n greate r  recognitio n knowledg e i s a  cas e o f  th e 
less-is-mor e effect ,  whic h I  shal l  tr y t o evok e empirically . 
Befor e doin g so ,  w e mus t  as k i f  th e recognitio n heuristi c i s 
a fundamenta l  mechanis m i n h u m a n inference . 

A Simple Test of the Recognition Heuristic 

Thi s simpl e tes t  ask s h o w ofte n unprompte d peopl e wil l  us e 
th e recognitio n heuristi c (Goldstein ,  1996) .  I  quizze d peopl e 
on al l  pair s o f  citie s draw n from  th e 2 5 (n=6 )  o r  3 0 (n=16 ) 
larges t  i n German y (30 0 o r  43 5 questions )  an d aske d the m 
t o choos e th e mor e populou s cit y i n eac h case .  Eithe r  befor e 
or  afte r  th e test ,  th e participant s wer e aske d t o chec k of f  from 
a lis t  whic h o f  thes e citie s the y recognize d (order ,  however , 
had n o effect) .  Fro m thi s recognitio n information ,  1 
calculate d h o w ofte n participant s ha d a n opportunit y t o 
choos e i n accordanc e wit h th e recognitio n heuristic ,  an d 
compare d i t  t o h o w ofte n the y actuall y did .  Figur e 3  show s 
th e result s fo r  2 2 individua l  participants . 

For  eac h participant ,  tw o bar s ar e shown .  Th e lighte r  ba r 
shows h o w man y opportunitie s th e perso n ha d t o appl y th e 
recognitio n heuristic ,  an d th e darke r  ba r  show s h o w ofte n 
thei r  inference s agree d wit h th e heuristic .  Fo r  example ,  th e 

perso n represente d b y th e leftmos t  pai r  o f  bar s ha d 15 6 
opportunitie s t o choos e accordin g t o th e recognitio n 
heuristic ,  an d di d s o ever y time .  Th e nex t  perso n di d s o 
21 6 ou t  o f  22 1 times ,  an d s o on .  Th e proportion s o f 
recognitio n heuristi c adherenc e range d betwee n 1 0 0 % an d 
7 3 %.  Th e media n proportio n o f  inference s followin g th e 
recognitio n heuristi c wa s 9 3 % (mea n 9 0 % ) .  Unprompte d 
participant s m a d e mos t  o f  thei r  inference s i n accordanc e wit h 
th e recognitio n heuristic ,  perhap s fo r  lac k o f  a  bette r 
strategy .  Wou l d the y stil l  follo w i t  i f  predictiv e informatio n 
whic h suggeste d violatin g recognitio n wer e available ? 
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, u o 
H ^ 
o 
I- . 
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o 
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22 Individua l  Participant s 

13 Numbe r  o f  test s i n whic h • N u m b e r  o f  test s 
th e recognitio n heuristi c consisten t  wit h th e 
coul d b e applie d recognitio n heuristi c 

Figure 3: How often participants made choices in accordance 
wit h th e recognitio n principle . 

A Tougher Test of the Recognition Heuristic 

I n thi s experiment ,  participant s wer e taugh t  usefu l 
informatio n tha t  offere d a n alternativ e t o followin g th e 
recognitio n heuristi c (Goldstein ,  1996) .  T h e informatio n 
was abou t  th e presenc e o f  majo r  leagu e socce r  teams ,  whic h 
ar e powerfu l  predictor s o f  cit y populatio n i n Germany .  Th e 
objectiv e wa s t o se e whic h peopl e woul d choos e a s larger : 
an unrecognize d city ,  o r  a  recognize d cit y tha t  the y jus t 
learne d ha s n o socce r  team . 

The experimen t  bega n wit h a  trainin g sessio n durin g 
whic h participant s wer e instructe d t o writ e d o w n al l 
informatio n tha t  woul d follow .  The y wer e first  tol d tha t  the y 
woul d b e quizze d o n th e population s o f  th e 3 0 larges t  citie s 
i n Germany .  Nex t  the y wer e taugh t  i )  tha t  nin e o f  th e 3 0 
larges t  citie s i n German y hav e socce r  teams ,  ii )  tha t  th e 
citie s wit h team s ar e large r  tha n citie s withou t  team s i n 7 8 % 
of  al l  possibl e pairs ,  an d iii )  th e name s o f  fou r  citie s tha t 
hav e socce r  teams ,  a s wel l  a s th e name s o f  fou r  citie s tha t  d o 
not .  Thes e eigh t  citie s appeare d t o b e randomly-drawn ,  bu t 
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th e drawin g wa s rigge d s o tha t  th e sam e eight ,  well-know n 
citie s wer e chose n b y eac h participant .  A  pre-tes t  followe d 
i n whic h participant s ha d t o reproduc e al l  o f  th e presente d 
informatio n exactl y an d coul d no t  procee d wit h th e 
experimen t  unti l  the y di d so .  Eithe r  befor e o r  afte r  th e mai n 
task ,  participant s wer e show n a  lis t  o f  Germa n citie s an d 
aske d t o mar k thos e tha t  the y recognize d befor e comin g t o 
th e experiment . 

Wit h thei r  note s besid e them ,  participant s wer e the n 
presente d pair s o f  citie s an d aske d t o choos e th e large r  cit y 
i n eac h pair .  T o motivat e the m t o tak e th e tas k seriously , 
the y wer e offere d a  chanc e o f  winnin g 1 5 dollar s i f  the y 
score d mor e tha n 8 0 % correct .  T o reiterate ,  th e poin t  o f  th e 
experimen t  wa s t o se e whic h participant s woul d choos e a s 
larger :  a  cit y the y hav e neve r  hear d o f  before ,  o r  on e whic h 
the y recognize d beforehan d bu t  jus t  learne d ha d n o socce r 
team .  Fro m th e informatio n presente d i n th e trainin g sessio n 
(whic h m a d e n o mentio n o f  recognition) ,  on e woul d expec t 
th e participant s t o choos e th e unrecognize d city .  W h y ? A n 
unrecognize d cit y eithe r  ha s o r  doe s no t  hav e a  socce r  team . 
I f  i t  does ,  the n tfiere  i s a  7 8 % chanc e tha t  i t  i s  larger .  I f  i t 
doe s not ,  the n ther e i s a n equa l  chanc e i t  i s  larger .  I f  a 
perso n doe s no t  us e recognitio n a t  all ,  th e unrecognize d cit y 
shoul d alway s b e chose n sinc e an y chanc e o f  i t  havin g a 
socce r  tea m suggest s tha t  i t  i s  probabl y larger .  Figur e 4 
show s th e results . 
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u 
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i  i  I I 
n 1 

1 
21 Individua l  Participant s 

n Numbe r  o f  test s i n •  Numbe r  o f  test s 
whic h th e recognitio n consisten t  wit h th e 
heuristi c coul d b e applie d recognitio n heuristi c 

Figure 4: Recognition heuristic adherence despite training 
tha t  encourage d th e us e o f  informatio n conflictin g wit h 
recognition . 

In Figure 4, the left-hand bars are of different heights 
becaus e individua l  participant s recognize d differen t  citie s 
befor e th e experiment ,  s o th e numbe r  o f  case s wher e th e 
recognitio n heuristi c applie d varied .  Twelv e o f  2 1 

participant s mad e choice s i n accordanc e wit h th e recognitio n 
heuristi c withou t  exception ,  mos t  other s deviate d o n onl y 
one o r  tw o items .  Al l  i n all ,  participant s chos e i n 
accordanc e wit h recognitio n i n 27 3 o f  th e 29 6 tota l  critica l 
pairs .  Th e media n proportio n o f  inference s agreein g wit h th e 

heuristi c wa s 1 0 0 % (mea n 9 2 % ) ,  despit e conflictin g 
knowledge .  I t  appear s tha t  th e additiona l  informatio n wa s 
not  integrate d int o th e inferences ,  consisten t  wit h th e 
recognitio n heuristic . 

Does the Less-Is-More Effect Occur in Human 

Reason ing ? 

As th e previou s studie s show ,  th e recognitio n heuristi c ca n 
be a  majo r  forc e i n certai n inferenc e tasks .  Thi s resul t 
provide s empirica l  suppor t  t o th e theoretica l  predictio n tha t 
th e less-is-mor e effec t  shoul d appea r  i n certai n situations . 
However ,  thi s effec t  i s  ye t  t o b e see n i n th e reasonin g o f 
people .  Ger d Gigerenze r  an d I  ha d 5 2 Universit y o f  Chicag o 
student s tak e tw o quizze s eac h (Goldstei n &  Gigerenzer ,  i n 
press) .  O n e wa s o n th e 2 2 larges t  citie s i n th e U S ,  cite s 
abou t  whic h the y kne w numerou s fact s usefu l  fo r  inferrin g 
population .  Th e othe r  wa s o n th e 2 2 larges t  citie s i n 
Germany ,  abou t  whic h the y kne w littl e o r  nothin g beyon d 
name recognition .  I n fact ,  the y di d no t  eve n recogniz e abou t 
hal f  o f  them .  A s i n th e previou s tw o studies ,  eac h questio n 
consiste d o f  tw o randomly-draw n cities ,  an d th e tas k wa s t o 
pic k th e larger .  I f  participant s woul d scor e highe r  o n th e 
foreig n citie s (o f  whic h the y recognize d half )  tha n o n th e 
domesti c one s (o f  whic h the y recognize d all) ,  i t  woul d b e a n 
instanc e o f  a  less-is-mor e effect .  Th e curiou s phenomeno n 
of  a  less-is-mor e effec t  i s  har d t o demonstrat e wit h peopl e 
w ho hav e definit e knowledg e o f  th e criterion .  Tha t  is ,  man y 
Americans ,  an d nearl y al l  Universit y o f  Chicag o students , 
ca n nam e th e thre e larges t  America n citie s i n order .  Thi s 
alon e give s the m th e correc t  answe r  fo r  2 6 % o f  al l  possibl e 
questions .  Thos e w h o kno w th e to p five  America n citie s i n 
orde r  wil l  scor e a t  leas t  4 1 % correc t  fro m tha t  knowledg e 
alone .  Thi s definit e knowledg e o f  th e criterion ,  couple d wit h 
th e lifetim e o f  knowledg e American s hav e abou t  thei r  ow n 
cities ,  woul d mak e thei r  score s o n th e domesti c tes t  har d t o 
match . 

The resul t  wa s tha t  th e American s score d a  media n 7 1 % 
(mea n 71.1% )  correc t  o n th e thei r  o w n citie s an d a  media n 
7 3 % (mea n 71.4% )  correc t  o n th e foreig n ones .  Despit e th e 
presenc e o f  substantia l  knowledg e abou t  America n cities ,  th e 
recognitio n heuristi c resulte d i n a  ver y sligh t  less-is-mor e 
effect .  Fo r  hal f  o f  th e subjects ,  w e kep t  trac k o f  whic h citie s 
participant s recognized :  th e mea n proportio n o f  inference s 
accordin g wit h th e recognitio n heurisd c wa s 88 .5 % (media n 
90.5%) .  Furthermore ,  participant s coul d appl y th e 
recognitio n heuristi c nearl y a s ofte n a s possibl e becaus e the y 
recognize d a  mea n o f  1 2 cities ,  roughl y hal f  o f  th e tota l 
(compar e t o Figur e 2) .  I n a  stud y tha t  i s somewha t  th e 
revers e o f  thi s one ,  a  less-is-mor e efifectwa s demonstrate d 
wit h Austria n student s w h o score d a  greate r  proportio n o f 
correc t  inference s o n America n citie s tha n o n Germa n one s 
(Hoffrage,1995) . 
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T h e Recogn i t io n Heuristi c A s a  Pro to typ e o f 

Fas t  a n d F r u g a l  Heuristic s 

The recognition heuristic is one of many fast and frugal 
heuristic s whic h organisms  ca n us e unde r  limite d time , 
knowledge ,  an d computationa l  migh t  (Gigerenze r  & 
Goldstein ,  1996) .  Sinc e i t  use s recognitio n memory ,  a 
fiindamenta l  psychologica l  mechanism ,  an d profit s from 
missin g knowledge ,  th e recognitio n heuristi c i s perhap s th e 
simples t  o f  thes e adaptiv e tools .  Reasonin g b y recognitio n 
i s a  for m o f  one-reaso n decisio n makin g (Goldstein ,  1996 ) 
becaus e i t  base s comple x inference s o n recognitio n alone . 
Thi s conflict-avoidin g strateg y eliminate s th e nee d t o mak e 
trade-off s betwee n cue s pointin g i n opposin g directions ,  a 
wel l  documente d desir e o f  huma n decisio n maker s (e.g. , 
Baron ,  1990 ;  Hogarth ,  1987 ;  Payne ,  Bettman ,  &  Johnson , 
1993) .  I n th e interactio n betwee n mind s an d real-worl d 
environments ,  pattern s o f  missin g knowledg e carr y 
importan t  informatio n whic h organism s ca n exploi t  t o mak e 
inferences .  A s thi s missin g knowledg e i s filled  in ,  th e 
usefulnes s o f  recognitio n i s diluted ,  an d th e accurac y an d 
efficienc y o f  inference s ma y decline . 
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Abstrac t 

Contemporary dynamic theories of cognition and functional 
theorie s o f  linguistic s fal l  int o tw o genera l  camps : 
"traditional "  an d "emergent "  approaches .  Buildin g o n wor k 
of  th e linguis t  Pau l  Hopper ,  I  identif y fou r  characteristic s o f 
emergen t  phenomena :  feedbac k properties ;  sociohistorica l 
embeddedness ;  languag e an d language-lik e "structures" ;  an d 
what  I  cal l  "recursivity, "  th e feedback-base d presenc e o f 
system-analyti c element s withi n th e cognitiv e system s the y 
see m t o explain .  Thi s latte r  feature ,  especially ,  raise s ques -
tion s abou t  whethe r  "emergence "  i s a  phenomenon ,  a  theory , 
an approach ,  etc .  I  sugges t  tha t  emergenc e offer s a t  leas t  a  re -
freshingl y ordinar y framewor k fo r  theorie s o f  empirica l  cog -
nition ,  whic h nevertheles s flo w t o th e "deep "  level s claime d 
by riile-base d cognitiv e explanations . 

Emergence 

I n recen t  years ,  psychologist s an d linguist s hav e develope d 
dynami c an d interactiv e theorie s abou t  a  wid e rang e of 
menta l  activities ,  fro m thinking ,  calculating ,  knowin g an d 
understanding ,  t o speakin g an d writing. '  Thes e approache s 
hav e develope d i n larg e par t  a s positiv e alternative s t o an y 
number  of  wha t  migh t  b e genericall y calle d "objectivist " 
views ,  th e mos t  extrem e o f  whic h includ e som e version s of 
Fodoria n Realis m an d Chomskya n Rationalism. ^  Bu t  th e 
qualitie s share d b y dynami c approache s beli e deepe r  divi -
sions .  Chie f  amon g the m i s a  distinctio n w e ca n dra w be -
twee n wha t  migh t  b e calle d "traditional "  an d "emergent " 
view s o f  cognition .  Traditional-dynami c an d objectivis t 
view s hav e receive d relativel y thoroug h exposition s i n th e 
literature .  Emergen t  perspectives ,  whic h I  attemp t  t o outlin e 
here ,  hav e receive d les s rigorous  press ,  i n n o smal l  par t  be -
caus e the y rais e dee p question s abou t  som e guidin g assump -
tion s o f  bot h th e objectivis t  an d eve n traditional-dynami c 
theories . 

'  I n muc h o f  thi s essa y 1  us e th e ter m "cognition "  t o refe r  t o th e 
whol e gamu t  o f  menta l  capacities ;  whe n necessar y I  distinguis h 
among them . 
^  Fo r  compellin g defense s an d explication s o f  Fodor' s realis m — 
whic h ma y no t  b e th e sam e thin g a s Fodoria n realis m — se e Fodo r 
(1981 ;  1987 ;  1990) .  Fo r  genera l  explication s o f  som e o f 
Chomsky' s view s se e Chomsk y (1986) ;  a  mor e technica l  an d re -
cent  explicatio n i s availabl e i n Chomsk y (1995) ,  especiall y it s  final 
chapter .  Lakof f  (1987 )  offer s a n elaborat e characterizatio n (an d 
one o f  th e mos t  thoroug h contemporar y critiques )  o f  th e objectivis t 
position . 

D y n a m i c Approache s i n Genera l 

Dynami c theorie s — includin g approache s lik e connection -
ism ,  dynami c system s theory ,  self-regulatin g an d self-orga -
nizin g system s theories ,  som e brand s o f  functiona l  cognitiv e 
theories ,  an d man y brand s o f  cognitiv e an d functiona l  lin -
guistic s — shar e a  sens e tha t  n o stati c o r  highl y formalizabl e 
set  o f  rule s ca n b e use d t o characteriz e huma n cognitiv e o r 
linguisti c competence .  The y differ ,  i n part ,  wit h respec t  t o 
whethe r  o r  no t  the y tak e th e notio n o f  competenc e itsel f  t o 
be ver y usefu l  o r  revealing .  Traditiona l  dynami c approache s 
displa y som e fait h i n th e sens e tha t  a  se t  o f  rule-lik e princi -
ple s i n dynami c system s ca n serv e simila r  function s t o th e 
ones serve d b y stati c rule s i n objectivis t  approaches. ^  What  1 
wil l  cal l  emergen t  approache s doub t  tha t  competenc e make s 
much sense ,  an d therefor e believ e tha t  cognitiv e phenomen a 
fai l  t o obe y ver y formalizabl e rule s o r  regularities ,  regard -
les s o f  whethe r  thes e rule s ar e construe d objectivel y o r 
traditional-dynamically . 

Emergent Approaches. It is no surprise, then, that the tenor 
of  emergen t  approache s i s mor e ofte n availabl e i n state -
ment s o f  purpos e tha n i n full y  rigorou s statement s o f  princi -
ple .  Fo r  example ,  nea r  th e en d of  Beyon d Modularity , 
Annett e Karmiloff-Smit h write s tha t  "consciousnes s fo r  m e 
[is ]  no t  a  "box "  o r  a  sensibl e operator ;  i t  [is ]  a n emergen t 
propert y of  th e reiterate d proces s o f  representationa l  re -
description .  I t  i s  m y vie w tha t  th e type s o f  construc t  tha t 
aris e withi n dynamica l  system s theory ,  an d it s implementa -
tio n i n connectionis t  model s o f  development ,  ma y tur n ou t 
t o b e a t  th e righ t  leve l  fo r  mor e precis e futur e exploration s 
of  th e R R model "  (1992 ,  p .  190) .  I n And y Clark' s words . 

^  Rathe r  tha n a  har d an d fas t  division ,  1  reall y mea n t o sugges t  her e 
tha t  ther e i s a  continuu m o f  more-or-les s traditiona l  dynami c 
theories .  Theorist s a t  th e mos t  traditiona l  en d o f  th e continuu m in -
clud e Stic h i n hi s mos t  recen t  incarnatio n (1996) ;  Dennet t  (1991) : 
and perhap s Morga n an d Tienso n (1996) .  Also ,  bu t  fro m th e re -
vers e angle ,  se e som e o f  th e mor e doubtin g passage s i n Fodo r 
(1994 ;  1995) .  Pau l  Churchlan d (1989 ;  1998) ,  Putna m (1988 )  an d 
an eariie r  o f  Stich' s incarnation s (1990 )  see m t o m e plausibl y at -
temptin g t o occup y a  middl e ground .  Amon g philosopher s o f  cog -
nitiv e science ,  Clar k (1993 ;  1996) ,  Karmiloff-Smit h (1992) : 
Leyto n (1992) ;  va n Gelde r  (1995) ,  th e work s i n Por t  an d va n 
Gelde r  (1995) ,  and ,  arguably ,  Cummin s (1995 )  pus h hardes t  to -
war d a  properl y emergen t  perspective ,  a s I  discus s below ;  se e fur -
the r  o n a s wel l  fo r  a  discussio n o f  a  simila r  continuu m i n contem -
porar y linguistics . 
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"connectionis m reconfigure s conten t  i n dynami c way s 
whic h ca n ofte n outstri p ou r  attempt s t o captur e i t  i n a  piec e 
of  static ,  text-lik e code "  (1993 ,  p .  67) . 

Accordin g t o thi s perspective ,  traditiona l  approache s res t 
on implausibl e an d arguabl y ideologica l  groundin g assump -
tion s abou t  huma n cognitiv e activities .  Emergen t  theorie s 
ar e obviousl y compose d i n larg e par t  o f  critica l  examina -
tion s o f  th e principle s pu t  fort h b y objectivis t  an d tradi -
tional-dynami c theories ;  thi s shoul d no t  caus e u s t o los e 
sigh t  o f  th e constructiv e aspect s o f  emergen t  views .  I n th e 
remainde r  o f  thi s pape r  I  briefl y develo p fou r  characteristic s 
of  emergen t  theories :  a  feedbac k o r  reciproca l  nature ;  em -
beddednes s i n socia l  an d historica l  phenomena ;  languag e 
and language-lik e "structure" ;  and ,  buildin g o n thes e three ,  a 
recursiv e characte r  tha t  constrain s ou r  attempt s t o offe r  sys -
temati c explanation s o f  emergen t  phenomena ,  an d raise s 
substantia l  question s abou t  whethe r  emergenc e shoul d bes t 
be viewe d a s a  theory ,  a s a  se t  o f  properties ,  a s a n empirica l 
phenomenon ,  o r  non e o f  these . 

Feedback 

By fa r  th e mos t  familia r  o f  th e characteristic s o f  a n emer -
gent  approac h t o cognitio n i s feedbac k i n th e mos t  basi c 
sense .  Connectionis t  system s rel y fundamentall y o n feed -
bac k an d feedbac k loops .  Interaction s betwee n a  connec -
tionis t  networ k an d a  se t  o f  object s i n th e rea l  worl d ar e 
neve r  one-to-one ;  i t  i s  neve r  th e cas e tha t  a  connectionis t 
syste m see s a  patter n i t  associate s wit h a  roc k an d draw s 
upo n it s lexico n t o produc e th e wor d "rock "  (or ,  mor e typi -
cally ,  th e signa l  "true").' '  Rather ,  th e syste m addresse s th e 
probabiht y i t  ascribe s t o th e signa l  bein g true ,  an d i t  simul -
taneousl y adjust s th e weightin g i n th e networ k o f 
"judgments "  i t  ha s use d t o judg e th e signa l  itself .  I t  thu s 
build s a n ever-more-finely-tune d system ,  on e tha t  neve r  ar -
rive s a t  hard-and-fas t  an d simpl y binar y weightings . 

Ther e i s a t  leas t  intuitiv e appea l  t o th e "feel "  o f  feedbac k 
system s a s oppose d t o objectivis t  ones ;  fo r  i n fact s w e our -
selve s perceiv e abou t  ou r  experiences ,  i t  i s  rarel y th e cas e 
tha t  circumstance s clearl y presen t  themselve s a s "true "  o r 
"false, "  o r  tha t  meaning s presen t  themselve s a s anythin g bu t 
"relativel y true "  o r  "relativel y false. "  Thoug h i t  i s  no t  m y 
focu s here ,  thi s ra w appea l  o f  feedbac k a s a  principl e i n 
cognitio n seem s t o m e t o gai n mos t  fro m empirica l  examina -
tion . 

Generality of Feedback 

What  i s o f  som e interes t  t o m e i n thi s context ,  however ,  i s 
th e ubiquit y o f  th e feedbac k model .  O n reflection ,  i t  seem s 
clea r  tha t  mos t  o f  th e activitie s i n ou r  everyda y live s i n 
whic h w e mos t  rel y o n ou r  cognitiv e abilities ,  themselve s 
rel y heavil y o n feedback .  Fo r  example ,  socia l  relationship s 
fro m th e mos t  intimat e t o th e mos t  distan t  res t  o n feedbac k 
loops :  i t  i s  ver y rar e tha t  w e coul d characteriz e thos e rela -
tionship s withou t  a n elemen t  o f  interactiv e change .  Tha t  i s 
certainl y tru e o f  ou r  persona l  an d genera l  competenc e a t  th e 

variou s mundan e task s w e engag e i n eac h day ,  n o les s tha n 
of  ou r  professiona l  expertise ,  an d o f  othe r  form s o f  compe -
tenc e a s well .  I t  i s  reall y no t  accurat e t o sa y tha t  on e learn s 
t o driv e a  car ;  i t  i s  mor e accurat e t o sa y that ,  onc e on e gain s 
a certai n leve l  o f  master y ove r  a  relativel y smal l  se t  o f  skills , 
one fee l  competen t  t o engag e i n a n ongoin g interactio n wit h 
th e environment s an d skil l  requirement s o f  driving ,  an d tha t 
one i s constantl y adjusting ,  eve n i n mino r  ways ,  one' s com -
petenc e a s nove l  situation s presen t  themselves .  A n d i t  seem s 
har d t o find  an y socia l  o r  experentia l  aspect s o f  huma n lif e 
tha t  d o no t  requir e suc h analyses :  change ,  no t  stasis ,  i s  a 
hallmar k o f  experience . 

Resistance to Systematicity. The emphasis on change, 
however ,  doe s no t  exhaus t  th e appea l  o f  feedbac k learnin g 
t o dynami c theories .  Jus t  a s important ,  an d perhap s mor e 
importan t  t o u s i n th e lon g ru n fro m a n emergen t  perspec -
tive ,  i s  th e resistanc e t o systematicit y tha t  feedbac k i s take n 
by emergen t  theorist s t o imply .  A s I  shal l  discus s furthe r  on , 
thi s genera l  anti-systematicit y raise s wha t  ar e ultimatel y 
profoun d question s abou t  th e statu s o f  emergenc e a s a  the -
or y o r  property . 

The Social 

Earlie r  th e issu e o f  feedbac k pointe d u s t o th e questio n o f 
th e social .  I t  i s  no t  simpl e coincidenc e tha t  s o m a n y o f  th e 
phenomen a tha t  hav e obviou s feedbac k characteristic s ar e 
themselve s social ;  rather ,  a t  leas t  som e dynami c theorist s 
hav e com e t o understan d tha t  socia l  phenomen a ar e inextri -
cabl y par t  o f  mos t  o f  th e activitie s t o whic h w e giv e th e 
name "cognition." ^  I n it s  mos t  pointe d form ,  thi s vie w state s 
tha t  th e kin d o f  phenomen a w e cal l  cognition ,  whil e 
seemingl y easil y abstractabl e fro m th e socia l  matrice s i n 
whic h the y ar e embedded ,  tur n ou t  t o becom e highl y dis -
torte d b y analyti c abstraction .  Feedbac k connect s cognitio n 
t o th e socia l  matrix ,  i n tha t  th e socia l  matri x i s a t  leas t  som e 
par t  — althoug h w e migh t  b e tempte d t o argu e tha t  i t  i s  a 
ver y larg e part ,  an d include s som e o f  thos e feature s w e 
characteristicall y conside r  "individual "  — o f  tha t  wit h 
whic h cognitio n enter s int o feedbac k loops . 

The impac t  o f  th e socia l  o n cognitio n a s suc h ha s bee n 
expresse d mos t  recentl y alon g a  numbe r  o f  axes :  thes e in -
clud e studie s o f  th e way s i n whic h communicatio n an d 
cognitio n ar e realize d i n th e body ;  studie s i n linguistic s tha t 
focu s o n body-base d phenomen a (includin g phonolog y an d 
gesture) ;  an d th e classi c recen t  lin e o f  argumen t  i n philoso -
phy o f  min d aroun d th e socia l  basi s o f  meaning .  Al l  o f  thes e 
treatment s ar e tremendousl y importan t  fo r  emergenc e a s I 
a m discussin g i t  here .  Bu t  th e approache s I  a m mos t  espe -
ciall y intereste d i n her e ar e historica l  (and ,  mor e generally , 
social )  approaches ,  whic h hav e receive d m u c h mor e detaile d 
explicatio n i n th e linguisti c literatur e tha n i n cognitiv e sci -
enc e proper . 

*  Fo r  a  mor e detaile d accoun t  o f  feedbac k i n connectionis t  systems , 
see,  e .  g. ,  Churchlan d (1989) ;  Clar k (1993) ;  Karmiloff-Smit h 
(1992) . 

5 Mos t  notably ,  Clar k (1993 ;  1996 )  and ,  t o a  lesse r  extent ,  Stic h 
(1996) . 
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E m e r g e n c e a n d Histor y 

Traditiona l  theorie s o f  cognitio n assum e tha t  i t  i s  possible , 
and eve n desirable ,  t o construc t  a  largel y "objective "  pictur e 
of  somethin g tha t  w e ca n approximatel y cal l  "huma n cogni -
tiv e potential "  (o r  practice) .  I t  seem s t o m e entirel y arguabl e 
whethe r  ther e i s suc h a  thing ,  contr a a  wid e rang e o f  specu -
latio n I  lac k th e spac e t o dea l  wit h here . 

W h at  w e ca n sa y wit h som e certaint y i s tha t  ther e i s a  his -
tor y o f  al l  th e act s o f  cognitio n tha t  huma n being s hav e en -
gage d in .  Bu t  wha t  woul d complet e knowledg e o f  thi s en -
tire ,  particula r  histor y loo k like ? I  mea n t o plac e thi s ques -
tio n fo r  us ,  i n ou r  worl d — a  worl d wher e th e questio n liter -
all y ha s n o answer .  Th e bes t  answe r  w e migh t  giv e woul d b e 
somethin g o n th e orde r  of ,  well ,  i f  yo u ha d a  librar y ful l  o f 
fil m o f  ever y even t  i n huma n history ,  tha t  migh t  constitut e a 
kin d o f  complet e histor y o f  huma n being s an d thei r  cogni -
tiv e activity .  Bu t  ever y tim e w e tr y t o us e o r  t o watc h thes e 
films ,  w e creat e anothe r  huma n event ,  whic h b y definitio n 
has t o b e filmed ,  an d the n watche d b y th e investigator , 
whos e watchin g mus t  b e filmed ,  etc .  Tha t  is ,  an d no t  onl y i n 
thi s fashion ,  w e fal l  int o a  kin d o f  infinit e regres s tha t  seem s 
mor e appropriat e t o certai n kind s o f  metaphysica l  specula -
tio n tha n t o th e objectiv e stud y o f  history. * 

Emergence and Social Embeddedness 

Thi s illustratio n help s u s se e som e o f  th e way s i n whic h 
emergen t  phenomen a lik e cognitio n ar e embedde d i n an d 
interactiv e with ,  an d i n a  sens e no t  "metaphysically "  sepa -
rabl e from ,  th e context s an d interactiv e phenomen a ou t  o f 
whic h the y emerge .  Emergen t  phenomen a hav e rea l  histo -
rie s tha t  ar e to o granula r  t o b e explaine d i n complet e detai l 
(bu t  whic h w e fee l  compelle d t o tr y t o explain) ,  tha t  ar e im -
pressivel y massive ,  tha t  displa y al l  kind s o f  "internal "  an d 
"external "  structura l  principles .  Bu t  thes e structure s ulti -
matel y cal l  themselve s int o questio n — m u c h a s mos t  recen t 
theorie s o f  cognitio n an d min d have ,  i n succession ,  openl y 
calle d themselve s int o question. ^ 

M a ny i f  no t  mos t  o f  th e everyda y socia l  an d historica l 
form s o f  cognitio n wit h whic h w e ar e intimatel y familia r  ar e 
ver y m u c h emergen t  — tha t  i s  the y emerg e fro m th e histori -
cal  matrix .  Lookin g a t  th e developmen t  o f  an y themi c mate -
ria l  i n cultur e i t  i s  eas y enoug h t o se e wha t  thi s means .  Th e 
developmen t  o f  artisti c  styles ,  vernaculars ,  pidgin s an d Cre -
oles ,  institutiona l  capabilities ,  professiona l  skil l  sets ,  pat -
tern s o f  socia l  interaction ,  group s an d institution s them -
selves ,  al l  o f  thes e shar e emergen t  "structures "  — structura l 
feature s tha t  grow ,  an d gro w o n examination ,  an d i n whic h 

*  Oddly ,  thi s sor t  o f  formul a doe s occu r  fairl y  ofte n i n standar d an -
alyti c treatment s o f  cognition ;  Davi d Lewi s (1970 )  write s tha t 
"What  then ,  ar e things ? O f  cours e I  wan t  t o say ,  onc e an d fo r  all : 
everythin g i s a  thing .  Bu t  I  mus t  no t  sa y that .  No t  al l  set s o f  thing s 
can b e things ;  els e th e se t  o f  thing s woul d b e large r  tha n itsel f  (p . 
196) . 
^  O n th e historica l  embeddednes s o f  conceptualization ,  se e 
Columbi a (I n Press ;  Unde r  Review )  an d Margoli s  (1995) . 
Specificall y o n th e historica l  natur e o f  languag e se e Columbi a (I n 
Preparation) . 

th e searc h fo r  formall y orderin g rule s i s bot h extremel y se -

ductiv e and ,  ultimately ,  beyon d th e abilitie s o f  ou r 
(current? )  structura l  apparatus . 

Language 

Thi s descriptio n sound s muc h lik e th e curren t  stat e o f  inves -
tigatio n int o language ,  an d indee d ther e ar e n o mor e clearl y 
emergen t  phenomen a tha n thos e w e togethe r  cal l  language . 
But  tha t  i s  perhap s no t  th e mos t  significan t  reaso n tha t  th e 
stud y o f  languag e i s critica l  t o th e stud y o f  emergence ,  fo r 
m u ch abou t  ou r  o w n particula r  language s a s historicall y 
emergen t  entitie s i n tur n structure s ou r  abilit y  t o understan d 
jus t  wha t  th e subjec t  o f  ou r  discourse s is . 

Indeed ,  th e sourc e fo r  th e ter m "emergence "  i s Pau l 
Hopper' s (1987 ;  1988 )  essay s o f  th e lat e 1980 s o n Emergen t 
Grammar.  I n th e firs t  o f  thos e essay s Hoppe r  write s tha t 
"'Grammar '  i s  a n infuriatingl y elusiv e notio n .. .  i t  i s  ver y 
eas y t o hav e a  clea r  ide a abou t  wha t  'grammar '  i s  i n th e 
sens e o f  bein g abl e t o giv e a n abstrac t  definitio n o f  it ,  bu t 
quit e anothe r  t o appl y tha t  definitio n consistentl y i n practice . 
Thi s asymmetr y suggest s tha t  th e notio n o f  gramma r  i s in -
trinsicall y unstabl e an d indeterminate ,  relativ e t o th e ob -
server ,  t o thos e involve d i n th e speec h situation ,  an d t o th e 
particula r  se t  o f  phenomen a bein g focuse d upon "  (pp .  154 -
155) .  Earlie r  i n th e sam e essa y Hoppe r  write s tha t  "th e lin -
guisti c syste m i s n o w no t  t o b e see n a s somethin g complet e 
and homogeneous ,  i n whic h 'exceptional '  phenomen a mus t 
be se t  asid e a s inconvenien t  irregularities ,  bu t  a s a  growin g 
togethe r  o f  disparat e forms .  Similaritie s sprea d outward s 
fro m individua l  formulas ,  i n way s tha t  ar e motivate d b y a 
variet y o f  factor s .. .  The y d o not ,  however ,  merg e int o th e 
kin d o f  unifor m gramma r  whic h woul d lea d on e t o posi t  a 
unifor m menta l  representatio n t o subten d them "  (p .  147) . 

Hopper  arrive s a t  hi s understandin g abou t  th e syntacti c 
"system "  fro m hi s o w n an d othe r  recen t  linguists '  wor k o n 
grammaticalization. '  I n oppositio n t o th e grea t  par t  o f  theo -
retica l  linguistic s tha t  take s language s a s stati c (synchronic ) 
objects ,  grammaticalizatio n theor y look s a t  linguisti c  phe -
nomena a s diachroni c processes ,  collection s o f  part s tha t 
don' t  readil y coalesc e int o identifiabl e wholes . 
Grammaticalizatio n theor y addresse s certai n fundamenta l 
processe s o f  languag e chang e — fo r  example ,  th e processe s 
by whic h string s o f  word s arrange d accordin g t o syntacti c 
"rules "  chang e ove r  tim e int o mor e an d mor e transparen t 
forms .  Anothe r  wa y o f  puttin g th e observatio n i s t o not e tha t 
i t  i s  ver y c o m m o n fo r  word s tha t  hav e clea r  lexica l  mean -
ing s t o chang e ove r  tim e int o word s tha t  serv e purel y syntac -
ti c functions . 

Anaphorization and Cliticization. One of the most fertile 
line s o f  stud y i n synchroni c linguistic s ha s bee n tha t  o f 
anaphor a — th e "absence "  o f  morphologica l  form s i n 
grammatica l  structure s wher e grammatica l  meanin g never -

'  Fo r  othe r  o f  Hopper' s writing s se e (1989 ;  1990) .  Hoppe r  an d 
Traugot t  (1993 )  i s th e bes t  overvie w o f  grammaticalization ;  als o 
see Hein e (1992 ;  1995 ;  1997) ,  Traugot t  &  Hein e (1991) ,  an d 
Heine ,  Claudi ,  &  Hunnemeye r  (1991) . 
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theles s persists. '  Grammaticalizatio n suggest s tha t  anaphor a 
constitut e mark s no t  o f  th e forma l  rule s underlyin g lan -
guage ,  bu t  o f  th e historica l  sedimen t  traceabl e everywher e i n 
emergen t  phenomena .  Hoppe r  (1990 )  write s tha t  "th e stud y 
of  languag e chang e .. .  tell s  u s tha t  th e norma l  cours e o f 
event s i s governe d b y attrition .  Whil e thi s cours e ca n b e 
slowe d o r  eve n arreste d internall y b y analogica l  extensio n 
and externall y b y borrowin g an d adaptation ,  lef t  t o it s ow n 
device s th e controllin g drif t  o f  chang e i s loss .  .. .  I t  seem s 
clea r  tha t  on e possibl e outcom e o f  attritio n i s zero ,  th e actua l 
disappearanc e o f  a  word ,  a s a  resul t  o f  cliticization ,  affixa -
tion ,  an d eventua l  absorptio n int o a  stem "  (pp .  151-152) . 

Grammaticalizatio n als o raise s question s abou t  th e notio n 
of  "word "  itsel f  — question s tha t  hav e als o bee n raise d b y 
clos e student s o f  word s themselve s — fo r  example ,  Baue r 
(1983) ,  w h o write s tha t  "syntacti c an d morphologica l  pro -
ductivit y see m t o hav e mor e i n c o m m o n tha n the y hav e t o 
distinguis h them .  I n fact ,  i f  on e accept s th e conclusio n tha t 
th e differenc e betwee n th e productivit y o f  sentenc e forma -
tio n an d word-formatio n i s a  quantitativ e bu t  no t  a  qualita -
tiv e one ,  the n th e tw o ar e s o simila r  tha t  i t  become s virtuall y 
obligator y fo r  th e analys t  t o attemp t  t o dea l  wit h sentenc e 
formatio n an d word-formatio n i n th e sam e componen t  o f  th e 
grammar "  (p .  74)." '  Throug h cliticization ,  b y whic h gram -
matica l  particle s becom e affixes ,  an d throug h history ,  word s 
ar e alway s alread y becomin g rule s an d rule s ar e alway s be -
comin g words . 

Conclusion. Taken together, these and other approaches 
sugges t  tha t  languag e exhibit s a  grea t  variet y o f  underlyin g 
structures ,  an d tha t  thes e structure s emerg e fro m th e phe -
nomena themselve s an d fro m th e "social "  an d "cultural "  an d 
"individual "  matrice s i n whic h the y ar e embedded . 

Recursion 

I  wil l  us e th e ter m "recursion "  i n th e remainde r  o f  thi s pa -
per ,  fo r  lac k o f  an y bette r  ter m i n th e literature ,  t o indicat e 
structure s tha t  buil d o n thos e I  outline d earlie r  whe n talkin g 
abou t  feedback .  Becaus e feedbac k "systems "  resis t  tradi -
tiona l  functiona l  o r  syntacti c analysis ,  the y instanc e a  phe -
nomenon tha t  i s bot h remarkabl y commonplac e an d ye t 
generall y overlooked . 

To understan d thi s phenomeno n w e nee d onl y reflec t  o n 
th e fac t  tha t  traditiona l  philosophica l  an d cognitiv e inquir y 

'  Fo r  a n especiall y relevan t  discussio n o f  anaphor a se e Fo x (1987) ; 
als o se e Labo v (1995) . 
' "  O f  course ,  th e syntax/semantic s dvisio n an d th e exac t  natur e o f 
th e lexico n wit h regar d t o tha t  divisio n hav e lon g bee n object s o f 
debat e i n linguistic s an d cognitiv e science ,  an d I  consciousl y tak e 
some inspiratio n no t  onl y fro m th e work s o f  som e linguist s afte r 
the y "stopped "  bein g "generativ e semanticists "  (se e especiall y 
McCawley 1973 ;  1979 ;  1981 ;  1982 )  an d fro m som e o f  Ra y 
Jackendof f  s  recen t  (1997 )  wor k tha t  ver y calml y call s int o ques -
tio n majo r  aspect s o f  th e supposedl y modula r  "languag e organ. " 
For  a n excellen t  summar y o f  som e o f  th e issue s raise d b y thes e de -
bate s se e J .  D .  Fodo r  (1977) ;  a  mor e pointe d summar y o f  th e con -
trovers y fro m a  cultura l  perspectiv e i s Harri s  (1993) .  Fo r  mor e 
technica l  discussion s o f  th e statu s o f  word s se e Sno w (1988) , 
Hopper  (1990) ,  an d D i  SciuU o &  William s (1987) . 

take s i t  a s analyticall y reasonabl e t o separat e int o variou s 
register s o r  rhetoric s th e whol e rang e o f  cognitiv e abilities : 
thinking ,  knowing ,  remembering ,  an d s o on .  I n emergen t 
phenomena ,  al l  th e member s o f  thi s cognitiv e suit e ar e gen -
erall y engage d together .  Y o u can' t  "use "  languag e withou t 
understandin g it ,  o r  knowin g abou t  it ,  o r  usin g it ,  o r  refer -
rin g t o it ,  an d s o on . 

I n fact ,  eve n th e attemp t  t o understand ,  t o analyze ,  t o ex -
plicat e thi s "meta-feedback "  phenomeno n require s th e res t 
of  th e member s o f  th e "suite. " 

Whic h lead s m e t o attemp t  t o mak e a  statement ,  bu t  I  a m 
not  altogethe r  sur e I  hav e th e languag e t o expres s it ,  fo r  i t  i s 
by definitio n th e expressio n o f  concept s tha t  lac k th e struc -
tur e ou r  apparen t  conceptio n o f  languag e demands.' ' 

Emergence and Cognition 

Emergenc e i s a  ke y concep t  (o r  property ,  o r  term ,  o r  result , 
or  procedure )  i n al l  thos e activitie s t o whic h w e refe r  b y 
term s associate d wit h mental ,  cognitive ,  an d linguisti c  phe -
nomena.  Tha t  i s no t  t o sa y tha t  i t  explain s thos e phenomena , 
but  th e presenc e o f  emergen t  structure s frustrate s certai n 
kind s o f  wha t  w e migh t  cal l  "static "  (o r  wha t  Hoppe r  calls , 
somewhat  generically ,  a  priori )  explanations .  M u c h o f  lan -
guag e i s characterize d b y emergence ,  a s i s m u c h o f  thinking , 
understanding ,  eve n perceiving . 

To o man y o f  th e categorization s o f  experienc e tha t  hav e 
serve d Wester n societ y s o wel l  hav e begu n t o sho w mor e 
plainl y tha n eve r  th e hole s i n th e fabri c ou t  o f  whic h the y 
ar e made .  W e ca n n o w clearl y se e tha t  th e plaines t  division s 
— betwee n natur e an d culture ,  sel f  an d other ,  insid e an d 
outsid e — concea l  a s m u c h a s the y explain .  T o m y mind , 
much o f  th e characte r  o f  contemporar y cognitiv e scienc e 
theorizin g (b y whic h I  mostl y mea n her e th e developmen t  o f 
"orthodox "  view s i n philosoph y o f  mind )  ca n b e see n a s a 
kin d o f  desperat e respons e t o th e grea t  pressur e unde r  whic h 
thes e division s hav e come . 

But  tha t  pressur e exist s becaus e ou r  concept s fai l  t o cap -
tur e adequatel y th e ful l  textur e o f  experience ,  an d thu s temp t 
us towar d th e constructio n o f  abstracte d system s tha t  see m 
t o accoun t  fo r  m u c h mor e tha n the y do.' ^  A m o n g othe r 
things ,  muc h o f  th e synta x o f  ou r  muc h o f  ou r  handed-dow n 
conceptua l  apparatu s consist s o f  accretion s o f  rule-lik e 
structure s that ,  o n examination ,  canno t  exactl y provid e th e 
formalization s the y promise .  Thi s i s b y n o mean s t o sugges t 
tha t  the y canno t  mode l  experience ,  o r  brin g u s understand -
ing ,  o r  provid e insight :  t o th e contrary ,  tha t  i s  jus t  wha t  the y 
do — onl y no t  th e wa y th e wor d "rule "  suggest s tha t  the y 
do.  Ou r  concept s an d ou r  cognitiv e practice s ar e infinitel y 

"  I t  i s thi s clea r  empirica l  parado x o f  conceptua l  systematizatio n 
on whic h deconstructio n rests .  Se e below . 
' ^  I t  i s  a t  thi s poin t  precisel y tha t  th e stronges t  homolog y exist s be -
twee n wha t  I  a m her e callin g "emergen t  approaches "  t o cognitio n 
and deconstructio n i n general .  I  lac k th e spac e her e t o explicat e i n 
grea t  detai l  thes e connections ;  fo r  a  gestur e i n thi s directio n 
(thoug h no t  exactl y th e on e I  woul d endorse )  se e Globu s (1995) . 
For  relevan t  reading s i n deconstructio n (althoug h thei r  relevanc e 
itsel f  i s a n issu e deservin g explication) ,  se e Benningto n (1994) , 
Critchle y (1992) ;  Derrid a (1967 ;  1971 ;  1980 ;  1982 ;  1989 ;  1992 ; 
1993 ;  1994) ,  an d Spiva k (1980) . 
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more flexible  tha n rule-boun d system s imply .  Th e fac t  tha t 

the y ofte n displa y seemingl y rule-boun d characteristic s 
shoul d b e analyze d i n term s o f  propensitie s fo r  regularit y — 
emergen t  propensitie s — a s wel l  a s propensitie s fo r  disorde r 
and disjunction .  Bot h propensitie s exist ,  an d th e fac t  tha t  ou r 
conceptua l  "systems, "  suc h a s the y are ,  appea r  vulnerabl e t o 

broadl y systematizin g endeavor s shoul d tel l  u s muc h abou t 

th e fabri c i n whic h th e system s ar e knit ,  abou t  its ,  w e migh t 
say ,  it s conceptua l  viscosity .  Bu t  thi s tell s  u s to o littl e abou t 
th e variou s inter-animatin g mechanism s tha t  produc e phe -
nomena w e labe l  "syntax, "  "semantics, "  "morphology, "  n o 
les s tha n "thinking, "  "wondering, "  "calculating. "  An d i t  tell s 

us to o littl e abou t  th e specifi c  historie s an d cultural-psycho -
logica l  "structures "  tha t  ar e encode d i n th e viscosit y itself . 

The Future of Cognitive Theory 

Fro m a n emergen t  framework ,  w e ca n mak e a  predictio n 

about  th e futur e directio n o f  cognitiv e development :  a  pre -
dictio n mor e accurate ,  mor e substantive ,  an d muc h mor e 
common-sensica l  tha n an y prediction s possibl e withi n a 
classica l  framework:  tha t  th e cognitiv e practice s o f  th e fu -
ture ,  an d eve n th e language s i n whic h the y a t  time s receiv e 
expression ,  wil l  buil d o n systematizations ,  disjunctions ,  po -
tentials ,  consequences ,  an d unconsciou s extension s o f  th e 
phenomena i n plac e today ;  an d furthermor e tha t  thos e phe -
nomena a t  whic h w e gestur e b y term s lik e "consciousness, " 
"rationality, "  "socia l  hope, "  an d s o on ,  wil l  hav e influenc e 
over  ever y aspec t  o f  tha t  development . 

Conclusion. I have been deliberately vague, and not only 
due t o lac k o f  space .  Fo r  I  hop e t o hav e a t  leas t  suggeste d 
tha t  som e idea s tha t  hav e bee n though t  beyon d th e pal e ar e 
i n fac t  easil y conceivable ,  eve n i f  the y lea d u s int o area s w e 
hav e troubl e seein g clearly .  Th e histor y o f  science ,  knowl -
edge ,  cultur e an d eve n cognitio n tell s  u s tha t  thi s i s muc h 
what  w e shoul d expect :  tha t  cognitio n itsel f  wil l  develo p i n 
ways w e ca n scarcel y comprehend ,  especiall y  i f  w e remai n 
open t o suc h possibilities . 
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Abstrac t 

Our goal is to develop a cognitive model of how hu-
mans acquir e skill s o n complex ,  sensorimoto r  tasks .  T o 
achiev e thi s goai ,  w e collecte d dat a fro m subject s leeim -
in g th e N R L Navigatio n task ,  the n use d th e dat a t o 
construc t  a  mode l  tha t  reflect s th e bcisic ,  cognitiv e ele -
ment s require d t o lear n em d thereb y succee d a t  thi s tas k 
(Gordo n &  Subramzuiian ,  1997) .  Thi s pape r  describe s a 
ne w experimen t  wit h humci n subject s o n th e task .  Dat a 
fro m thi s experimen t  no t  onl y confirm s th e ke y cognitiv e 
elemen t  o f  ou r  model ,  bu t  als o help s u s bette r  under -
stcui d individua l  difference s i n lecimin g thi s task .  Fou r 
evaluatio n metric s indicat e tha t  w e ar e abl e t o mode l 
importan t  trend s i n th e evolutio n o f  actio n choice . 

I n t r o d u c t i o n 

O ur  goa l  i s t o mode l  h o w human s acquir e skill s o n com -

plex ,  cognitiv e tasks .  W e ar e pursuin g thi s goa l  b y de -

signin g computationa l  architecture s fo r  th e N R L Navi -

gatio n task ,  whic h require s competen t  sensorimoto r  co -

ordination .  T o achiev e thi s goal ,  w e firs t  constructe d a 

model  reflectin g th e basic ,  cognitiv e element s require d 

t o lear n an d thereb y succee d a t  th e task .  T h e mode l 

was engineere d fro m h u m a n subjects '  data .  Thi s mode l 

i s reporte d i n Gordo n an d Subramania n (1997) ,  an d i s 

briefl y summarize d here .  Th e metri c fo r  evaluatin g th e 

degre e o f  fit  betwee n th e subject s an d th e mode l  i s  a 

learnin g curve ,  whic h capture s improvemen t  i n succes s 

rat e ove r  time .  Wi t h respec t  t o thi s metric ,  th e mode l 

i s a  goo d matc h fo r  learnin g behavio r  i n ou r  subjects . 

T wo question s fro m ou r  previou s researc h motivate d a 

ne w experimen t  wit h h u m a n subject s o n th e task .  First , 

a ke y cognitiv e elemen t  i s a  focu s o f  attentio n heuristic , 

whic h i s use d t o switc h betwee n tw o subtask s o f  th e Nav -

igatio n task .  C a n w e confir m thi s heuristi c objectively ? 

Second ,  althoug h nearl y al l  subject s us e th e bcisi c cog -

nitiv e elements ,  a  deepe r  analysi s o f  th e dat a suggest s 

subject s acquir e Eidditiona l  cognitiv e element s tha t  var y 

betwee n individuals .  C a n w e bette r  understan d thes e 

individua l  diff"erence s i n wha t  i s  learned ? Here ,  w e de -

scrib e th e ne w experiment ,  whic h use s a n eyetracke r  t o 

monito r  subjects '  visua l  focu s o f  attention .  Th e result s 

of  thi s experimen t  no t  onl y confir m th e focu s heuristic . 

but  the y als o provid e sufficien t  dat a fo r  understandin g 

an d modelin g individua l  diff"erences .  Fo r  ou r  subjects , 

acquisitio n o f  a  new ,  cognitiv e elemen t  i s  accompanie d 

by a  shif t  i n perceptio n an d actio n strategy .  W e d o no t 

model  th e cognitiv e element s pe r  se .  However ,  usin g 

a popula r  machin e learnin g tool ,  w e mode l  significan t 

shift s i n actio n strateg y tha t  ar e correlate d wit h change s 

i n eyetracke r  pattern .  Th e verba l  utterance s tha t  occu r 

durin g thes e shift s indicat e tha t  the y ar e associate d wit h 

deep ,  conceptua l  shift s whic h radicall y alte r  th e subject' s 

vie w o f  th e task .  A t  leas t  on e o f  th e conceptua l  shift s ap -

pear s t o b e motivate d b y a n individual' s dislik e o f  a  cer -

tai n typ e o f  failure .  Therefore ,  t o bette r  understan d thi s 

an d othe r  othe r  subjects '  shifts ,  th e succes s rat e evalua -

tio n metri c i s supplemente d wit h tw o additiona l  metric s 

whic h revea l  th e natur e o f  subjects '  failure s befor e an d 

afte r  learning .  W e als o ad d a  fourt h evaluatio n metri c 

consistin g o f  perceptio n an d actio n probabilit y  distribu -

tions .  Thi s i s a  muc h stricte r  performanc e metri c tha n 

learnin g curves ,  bu t  becaus e w e ar e no w modelin g in -

dividuals '  actio n strategies ,  i t  i s  plausibl e tha t  w e ca n 

obtai n a  reasonabl e fit,  eve n usin g thi s stricte r  criterion . 

Th e mai n novelt y o f  thi s wor k i s th e modelin g o f  shift s 

i n actio n strateg y tha t  coincid e wit h conceptua l  an d 

perceptua l  shifts ,  usin g a  suit e o f  revealin g evaluatio n 

metrics .  Th e evaluatio n result s sugges t  tha t  importan t 

learnin g trend s ar e captured . 

Thi s pape r  begin s wit h a  descriptio n o f  th e tas k an d a 

brie f  revie w o f  th e cognitiv e mode l  i n Gordo n an d Sub -

ramania n (1997) .  Th e new ,  h u m a n subject s experimen t 

i s the n described ,  followe d b y ou r  curren t  modelin g o f 

individuals .  T h e pape r  conclude s wit h relate d wor k an d 

direction s fo r  futur e research . 

The NRL Navigation Task 

The NR L navigatio n an d min e avoidanc e domain ,  devel -
ope d b y Ala n Schult z a t  th e Nava l  Researc h Laborator y 

( N R L )  an d hereafte r  abbreviate d th e "Navigatio n task, " 

i s a  2- D compute r  simulatio n tha t  ca n b e ru n eithe r  b y 

humans throug h a  graphica l  interface ,  o r  b y a n auto -

mate d agen t  (Gordon ,  e t  al. ,  1994) .  Th e tas k involve s 

418 

mailto:gordon@aic.nrl
mailto:devika@cs.rice.edu)**
mailto:airth@itd.nrl.navy.mil)*
mailto:rkobayas@aic.nrl.navy.mil)*
mailto:smarshall@sciences.sdsu.edu)***


a singl e agen t  wh o control s a n autonomous ,  underwate r 

vehicl e (AUV )  tha t  ha s t o avoi d mine s an d rendezvou s 

wit h a  stationar y targe t  (goal )  befor e exhaustin g it s fuel . 

Tim e i s divide d int o episodes .  A n episod e begin. s wit h 

th e agen t  o n on e sid e o f  th e min e field ,  an d rando m tar -

get  an d min e locations ;  i t  end s wit h on e o f  thre e possi -

bl e outcomes :  th e agen t  reache s th e goa l  (success) ,  hit s 

a min e an d explode s (failure) ,  o r  th e simulatio n time s 

out  becaus e fue l  i s exhauste d (failure) .  Th e outcom e i s 

receive d a t  th e en d o f  eac h episode . 

When human subjects run this task, the sensory input 

i s throug h visua l  gauges ,  an d th e moto r  outpu t  i s con -

trolle d b y a  joystick .  A  sona r  gaug e fo r  detectin g mine s 

consist s o f  seve n square s i n a  ro w tha t  provid e a  9 0 de -

gre e forwar d field  o f  vie w fo r  a  shor t  distance .  Mine s 

appea r  a s circle s i n th e squares ;  th e mappin g betwee n 

mine s an d circle s i s ofte n no t  one-to-one .  Circl e siz e i n 

a squar e i s proportiona l  t o min e proximit y i n tha t  direc -

tion .  A  rang e gaug e provide s th e targe t  distance ,  a  bear -

in g gaug e i n cloc k notatio n indicate s th e targe t  directio n 

(1 2 o'cloc k mean s targe t  ahead ,  6  o'cloc k behind) ,  an d 

a tim e gaug e indicate s th e remainin g fuel .  Th e AUV' s 

tur n an d spee d ar e controlle d b y joystic k motions . 

A Cognitive Model 

Our goal is to build the simplest model that accounts 

fo r  huma n subjec t  dat a i n learnin g performance .  Ini -

tia l  experiment s wer e ru n i n 199 4 wit h five  huma n sub -

jects ,  usin g a  tas k configuratio n o f  n o senso r  nois e an d 

25 mines .  A  cognitiv e mode l  wa s constructe d fro m th e 

verba l  protoco l  dat a alone ,  an d i s reporte d i n (Gordo n 

& Subramanian ,  1996 ;  1997) . 

The verba l  protoco l  dat a fro m th e 199 4 experiment s 

reveal s tha t  th e mos t  salien t  aspec t  o f  learnin g an d rea -

sonin g o n thi s tas k i s a  decompositio n o f  th e tas k int o 

tw o subtasks :  avoi d mine s an d navigat e t o th e target . 

The subtas k o n whic h th e subjec t  i s focuse d determine s 

his/he r  actio n choice . 

Our  cognitiv e mode l  Mjocus ,  whic h input s numeri c 
senso r  value s an d output s numeri c actions ,  reflect s th e 

basic ,  cognitiv e element s i n it s architectura l  structure . 

The ke y elemen t  i s th e model' s focu s o f  attentio n heuris -

ti c fo r  selectin g actions ,  whic h i s th e following .  Whe n th e 

sona r  value s ar e belo w a n empiricall y determine d thresh -

ol d (indicatin g mine s nearby) ,  us e sona r  prediction s t o 

selec t  th e bes t  actio n t o take ;  otherwis e us e bearin g pre -

diction s t o selec t  th e bes t  action .  Th e learnin g curve s 

generate d b y Mjocu s matc h thos e gathere d fro m ou r  hu -

man subject s (Gordo n &  Subramanian ,  1997) .  I t  i s  quit e 

interestin g tha t  althoug h verba l  protocol s ca n i n gen -

era l  b e quit e unreliable ,  i n thi s cas e the y provide d usefu l 

guidanc e fo r  mode l  engineering . 

E x p e r i m e n t 

Exper imenta l  an d Tas k Configuratio n 

Fiv e subject s ra n th e tas k wit h a  tas k configuratio n o f 

60 mine s an d n o senso r  noise. ^  A n Applie d System s 

Laboratorie s (ASL )  Mode l  400 0 eyetracke r  wa s place d 

on th e hea d o f  eac h subject .  Th e gaug e size s an d th e 

visua l  distance s betwee n gauge s wer e sufficientl y larg e 

t o enabl e th e eyetracke r  t o distinguis h subjects '  focu s i n 

almos t  al l  cases. ^ 

The joystick ,  custom-mad e b y Thrustmaster ,  Incorpo -

rated ,  wa s use d t o inpu t  th e tur n an d spee d o f  th e A U V . 

Joystic k conversio n routines ,  writte n b y Jame s Balla s a t 

N R L,  conver t  th e joystic k positio n t o on e o f  1 7 discret e 

tur n value s an d on e o f  9  discret e spee d values ,  whic h 

ar e forwarde d t o th e simulation .  Tur n range s fro m -3 2 

(shar p right )  t o 3 2 (shar p left) ,  an d spee d fro m 0  t o 40 . 

Data Collection Procedure 

Subject s ra n consecutiv e episode s durin g th e hour .  Th e 

number  o f  episode s pe r  hou r  varie d fro m aroun d 6 0 t o 

160.  Eac h episod e varie d fro m a  fe w t o 20 0 tim e step s 

(actio n decisions) . 

Dat a wa s collecte d o n thre e differen t  media :  (1 )  execu -

tio n trace s o f  sequentia l  snapshot s o f  ever y se t  o f  gaug e 

reading s an d action s taken ,  alon g wit h success/failur e 

feedbac k a t  th e en d o f  eac h episode ,  (2 )  fixation files 

of  ever y visua l  fixation,  an d (3 )  videotape s recordin g 

th e pictoria l  gauge s see n b y th e subject s o n th e com -

pute r  screen ,  alon g wit h a  whit e squar e denotin g th e 

eyetracker' s recordin g o f  th e subject' s visua l  focu s o f  at -

tention ,  an d al l  verba l  utterance s o f  th e subject . 

Al l  subject s ra n fo r  five  one-hou r  dail y sessions .  A t 

th e beginnin g o f  th e first  session ,  the y wer e tol d the y 

had t o navigat e throug h a  minefiel d t o ge t  t o a  targe t 

locatio n an d wer e instructe d o n ho w t o operat e th e joy -

stick .  Subject s onl y sa w th e gauge s vie w o f  th e task . 

Betwee n episodes ,  th e experimente r  occcisionall y aske d 

the m t o verbaliz e wha t  the y wer e thinkin g an d learning . 

Data Analysis and Results 

One o f  th e mos t  strikin g result s fro m th e eyetracke r 

dat a i s confirmatio n o f  th e focu s heuristic .  Novic e sub -

ject s distribut e thei r  focu s o f  attentio n rathe r  randoml y 

among th e gauges .  Th e thre e subject s wh o develope d 

expertis e a t  th e tas k eventuall y converge d upo n a n eye -

tracke r  patter n restricte d t o onl y th e sona r  an d bearin g 

gauges .  Whe n th e sona r  square s ar e empty ,  focu s i s o n 

th e bearing ;  otherwise ,  focu s i s o n th e sonar .  Thi s i s 

'Fiv e undergraduate s a t  Sa n Dieg o Stat e Universit y par -
ticipate d i n thi s experimen t  an d receive d $1 0 pe r  hou r  a s 
compensation . 

•̂ T o contro l  th e brightnes s i n th e room ,  a  photographi c 
ligh t  mete r  wa s used ,  an d th e reading s wer e consistentl y be -
twee n 9. 4 an d 9. 8 exposur e values .  Sometime s th e eyetracke r 
had t o b e recalibrate d onc e o r  twic e mid-session ,  incurrin g a 
los s o f  abou t  5-1 0 minute s fo r  eac h recallbration . 
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Figur e 1 :  S5' s eyetracke r  pre-shift . 
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Figur e 2 :  S5' s eyetracke r  post-shift . 
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Figur e 3 :  S5' s spee d differences . 
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Figur e 4 :  S 5 model' s spee d differences . 
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Figur e 5 :  S5' s tur n differences . Figur e 6 :  8 5 model' s tur n differences . 

Post-shif t 

Minu s Pre-shif t 

Probabilit y 

Distribution s 

A % 

10 -
0 -

-10 -
-20 -
-3 0 M i l l 

-1 0 
- 0 
--1 0 
--2 0 

-3 0 

10- J 

~ r r r 
1 2 3  4  5  6  7  8  9  10111 2 

Bearin g 

Figur e 7 :  S5' s bearin g differences . 
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Figur e 8 :  S 5 model' s bearin g differences . 
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precisel y th e focu s o f  attentio n heuristi c fo r  switchin g 

betwee n subtask s embedde d i n Mjocus -

A mor e detaile d analysi s reveal s strikin g individua l 

differences .  Th e nex t  sectio n summarize s ou r  analysi s 

and modelin g o f  individuals . 

Modeling Individuals' Conceptual Shifts 

Recall that we have four evaluation metrics: success rate, 

tw o failur e rat e metrics ,  an d th e probabilit y  distribution s 

ove r  action s an d perceptions .  I n particular ,  th e tw o fail -

ur e rat e metric s ar e th e explosio n rat e an d th e timeou t 

(fue l  exhaustion )  rate . 

Wit h thi s suit e o f  metrics ,  w e tur n t o th e modeling . 

Mfocu i  i s  no t  abl e t o captur e individual s wel l  enoug h t o 

satisf y ou r  mor e exactin g evaluatio n metrics .  Fo r  thes e 

metrics ,  functio n fitters  (e.g. ,  decisio n tree s an d neura l 

networks )  see m mos t  appropriate .  T o selec t  on e func -

tio n fitting  method ,  w e ra n a  compariso n o f  th e fit  t o 

th e executio n trac e (sensorimoto r  data )  o f  on e o f  ou r 

subjects .  C4. 5 (Quinlan ,  1986 )  perform s wel l  an d pro -

vide s th e mos t  understandabl e strategie s o f  al l  th e sys -

tem s tested ;  therefor e i t  i s  selecte d fo r  furthe r  model -

in g o f  individuals .  Fro m th e subject' s executio n traces , 

C4. 5 learn s a  decisio n tre e mode l  o f  th e subject' s  cic -

tio n strategy ,  whic h ca n b e summarize d b y tw o func -

tions :  sensor s - ^  tur n an d sensor s —> speed .  I t  doe s 

not  mode l  internal ,  cognitiv e element s suc h a s th e focu s 

of  attentio n heuristic ;  futur e wor k wil l  addres s addin g 

th e cognitiv e elements .  Bu t  first  w e nee d t o understan d 

what  conceptua l  shift s m a y motivat e th e developmen t  o f 

thes e elements ,  an d wha t  ar e thei r  associate d sensorimo -

to r  shifts . 

We begi n b y examinin g th e trend s i n th e dat a t o 

be modeled .  W h e n usin g th e timeout ,  explosion ,  an d 

succes s rat e measures ,  w e notic e tha t  individua l  sub -

ject s g o throug h period s o f  relativel y stabl e performance , 

punctuate d b y substantia l  improvement s i n performanc e 

alon g a t  leas t  on e o f  thes e thre e dimensions .  Furthe r  ex -

aminatio n o f  th e dat a reveal s tha t  th e performanc e leap s 

ar e associate d wit h radica l  shift s i n conceptualizatio n o f 

th e tas k couple d wit h shift s i n perceptio n the n actio n 

strategies .  Th e remainde r  o f  thi s sectio n focuse s o n a 

stud y an d initia l  modelin g o f  tw o o f  thes e conceptua l 

shifts ,  on e fo r  Subjec t  4  an d anothe r  fo r  Subjec t  5  (tw o 

of  th e subject s w h o becam e experts) .  Bot h o f  thes e sub -

ject s sho w suggestiv e evidenc e fo r  thei r  shift s wel l  befor e 

the y verbaliz e the m conclusively . 

Shift s i n bot h subject s occu r  graduall y an d unevenly , 

but  onc e cemente d the y correspon d t o a  lea p i n per -

formance .  Le t  u s examin e Subjec t  5' s shif t  first.  Dur -

in g sessio n 2 ,  aroun d episod e 45 ,  Subjec t  5  first  ver -

balize s th e shif t  a s a  hypothesi s b y statin g "onl y th e 

middl e sona r  ca n kil l  me. "  B y this ,  th e subjec t  mean s 

tha t  sh e ca n safel y ignor e al l  sona r  square s othe r  tha n 

th e middl e one ,  i.e. ,  onl y a  circl e i n th e middl e squar e 

(whic h sense s mine s straigh t  ahezid )  determine s whethe r 

th e A U V wil l  hi t  a  mine .  A t  thi s point ,  th e eyetracke r 

patter n shift s fro m attentio n o n al l  gauge s t o attentio n 

on onl y th e bearin g an d sona r  gauges .  W h e n lookin g a t 

th e sonar ,  attentio n i s mor e closel y clustere d nea r  th e 

middl e square ,  a s see n i n 50-episod e fixation  an d tran -

sitio n summarie s i n Figure s 1  an d 2. ^  I n thes e figures, 

th e ro w o f  adjacen t  square s nea r  th e middl e o f  th e figure 

i s th e sona r  gauge .  Th e bearin g gaug e i s i n th e squar e 

jus t  abov e th e middl e sonar .  Othe r  gauge s an d region s 

of  interes t  ar e denote d wit h rectangles . 

By episod e 67 ,  th e subjec t  state s tha t  he r  hypothe -

si s i s confirmed ,  an d a  chang e i n actio n strateg y occurs . 

I n particular .  Subjec t  5' s pre-shif t  strateg y i s forwar d 

motio n an d mor e rando m tur n decisions .  T h e post-shif t 

strateg y consist s o f  slowin g d o w n whe n th e circle s ge t 

larger ,  "sweeping "  th e A U V lef t  an d righ t  i n a n attemp t 

t o se e th e directio n wit h leas t  obstruction ,  the n proceed -

in g i n tha t  direction .  Sh e keep s th e bearin g straighte r 

towar d th e targe t  (1 2 o'clock )  post-shift .  Figure s 3  an d 

5 sho w ho w Subjec t  5' s actio n probabilit y  distribution s 

changed .  Al l  figures  ar e obtaine d b y subtractin g th e 

post-shif t  minu s th e pre-shif t  distribution .  Positiv e n u m -

ber s impl y a n increas e i n frequenc y fro m pre -  t o post -

shift .  Figur e 7  show s th e chang e i n bearin g distributio n 

resultin g fro m he r  chang e i n actio n strategy ,  an d Fig -

ur e 9  show s he r  accompanyin g substantia l  performanc e 

improvement.' '  I t  i s  ver y interestin g t o not e tha t  th e per -

formanc e improvemen t  i s exclusivel y alon g th e dimensio n 

of  reduce d explosions .  Thi s i s consisten t  wit h Subjec t 

5' s state d philosoph y tha t  "Timeout s ar e les s ba d tha n 

explosions. " 

C4. 5 learn s a  separat e pai r  o f  function s t o mode l  Sub -

jec t  5  befor e an d afte r  th e shift .  T h e result s ar e i n Fig -

ure s 4 ,  6 ,  8 ,  an d 10 .  Not e tha t  althoug h th e magnitude s 

produce d b y th e mode l  onl y coarsel y approximat e thos e 

produce d b y th e subject ,  mos t  trend s ar e captured .  Fo r 

example ,  bot h mode l  an d subjec t  increas e th e numbe r 

of  ful l  stops ,  g o straigh t  slightl y les s often ,  increas e th e 

number  o f  timeouts ,  reduc e th e numbe r  o f  explosions , 

and kee p th e succes s rat e nearl y constan t  afte r  th e con -

ceptua l  shift .  Onl y th e bearin g tren d i s no t  correctl y 

modeled .  W h e n runnin g th e simulatio n wit h th e model' s 

actio n strategy ,  on e ca n se e tha t  post-shif t  th e mode l 

mimic s th e subject' s strategy :  slo w d o w n whe n seein g a 

mine ,  sweep ,  the n mov e towar d a  "hole. " 

Next ,  conside r  Subjec t  4' s conceptua l  shift .  Durin g 

sessio n 3 ,  Subjec t  4  show s th e seed s o f  th e shif t  a s earl y 

as episod e 85 ,  wit h a  seemingl y purposefu l  sca n acros s 

th e sonar .  A t  episod e 122 ,  Subjec t  4  show s sign s tha t 

•'Sinc e eac h sonei r  squar e i s onl y 0. 6 inch ,  i t  i s  har d t o sta y 
focuse d i n exactl y th e middl e square .  Also ,  w e hypothesiz e 
th e eyetracke r  calibratio n wa s of f  slightly ,  causin g th e focu s 
t o b e slightl y lef t  shifted . 

''Base d o n empirica l  data ,  episode s 48-6 6 ar e selecte d fo r 
pre-shift ,  an d episode s 67-8 2 fo r  post-shift . 
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Figur e 11 :  S4' s eyetracke r  pre-shift . Figur e 12 :  S4' s eyetracke r  post-shift . 
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Figure 13: S4's speed differences. 
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Figur e 14 :  S 4 model' s spee d differences . 
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Figur e 15 :  S4' s tur n differences . 
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Figure 16: S4 model's turn differences. 
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Figur e 17 :  S4' s bearin g differences . 
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Figur e 19 :  S4' s performanc e differences . 
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Figur e 18 :  S 4 model' s bearin g differences . 
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Figur e 20 :  S 4 model' s performanc e differences . 
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a shif t  ha s take n plaic e b y a  chang e i n eyetracke r  pat -

tern .  Befor e th e shift ,  h e check s othe r  gauge s periodi -

cally .  Post-shift ,  hi s attentio n seem s tightl y focuse d be -

twee n sona r  an d bearin g onl y (se e Figure s 1 1 an d 12) . 

At  thi s time ,  th e subjec t  tentativel y Eidmit s t o a  con -

ceptua l  shift .  Subjec t  4  state s tha t  h e ca n perfor m th e 

tas k mor e easil y b y visualizin g th e mine s a s "stones. " 

By this ,  h e mean s tha t  h e cluster s multipl e circle s i n 

consecutiv e sona r  square s togethe r  int o a  singl e "stone, " 

wit h smalle r  circle s o n th e end s represen t  th e recedin g 

side s o f  th e stone .  Thi s perceptua l  clusterin g correlate s 

wit h a  chang e i n actio n strategy .  Afte r  th e conceptua l 

shift ,  Subjec t  4  goe s faster ,  goe s straigh t  mor e often ,  an d 

keep s th e bearin g t o targe t  straighter .  Th e resul t  i s  a n 

improvemen t  i n th e succes s rate ,  accompanie d b y a  sub -

stantia l  reductio n i n timeouts .  Figure s 13 ,  15 ,  17 ,  an d 1 9 

sho w hi s post -  minu s pre-shif t  performanc e differences. ^ 

Subjec t  4  doe s no t  verbaliz e th e conceptua l  shif t  conclu -

sivel y unti l  episod e 136 . 

C4.5' s mode l  o f  Subjec t  4  i s show n i n Figure s 14 ,  16 , 

18,  an d 20 .  Again ,  th e trends ,  bu t  no t  th e magnitudes , 

ar e closel y modeled .  Lik e Subjec t  4 ,  post-shif t  th e mode l 

tend s t o g o faste r  an d straighter ,  an d increase s th e fre -

quenc y tha t  th e bearin g i s a t  1 2 o'clock .  Succes s rat e i s 

increased ,  timeout s decreased ,  an d explosion s incrcEised . 

Onl y wit h timeout s i s th e magnitud e close . 

Althoug h mos t  trend s ar e nicel y captured ,  th e actio n 

distribution s generate d b y C4. 5 ar e statisticall y (usin g a 

chi-square d test )  significantl y differen t  a t  th e 9 9 % leve l 

fro m thos e o f  th e subject .  I t  appear s tha t  modelin g o f 

interna l  stat e i s crucia l  t o mee t  thi s mos t  stringen t  fit 

criterion .  Therefore ,  w e ar e currentl y explorin g stochas -

ti c  finite  stat e automat a (SFSAs ,  als o know n a s hidde n 

Marko v models) ,  whic h s o fa r  see m t o provid e a  muc h 

bette r  fit  t o actio n probabilit y  distributions .  Sinc e SF -

SAs mode l  interna l  states ,  the y facilitat e integratin g th e 

internal ,  cognitiv e element s o f  Mfocus -  Additionally ,  w e 

can includ e th e cognitiv e element s learne d durin g th e 

shift s jus t  described .  Th e cognitiv e elemen t  acquire d b y 

Subjec t  5  i s a  refinemen t  o f  th e focu s o f  attentio n heuris -

tic ,  wit h attentio n mor e towar d th e middl e sona r  square . 

Subjec t  4' s cognitiv e elemen t  wil l  b e mor e challengin g t o 

characteriz e an d model .  W e surmis e i t  ma y b e a  menta l 

model  o f  mines . 

Discussion and Related Work 

Sun an d Peterso n (1997 )  us e thei r  C L A R I O N architec -

tur e t o mode l  learnin g o n th e N R L Navigatio n task . 

Comparison s betwee n ou r  mode l  Mjocu s an d their s o n 

thi s tas k ar e i n progress .  Gra y an d Kirschenbau m (1997 ) 

als o stud y strateg y selectio n o n a  comple x task .  Th e re -

searc h o f  Joh n an d Lallemon t  (1997 )  i s closel y relate d 

t o our s becaus e the y als o (1 )  mode l  learnin g o n a  com -

^Base d o n empirica J data ,  episode s 106-12 2 ar e selecte d 
fo r  pre-shift ,  cin d episode s 123-14 2 fo r  post-shift . 

ple x task ,  (2 )  stud y individua l  differences ,  an d (3 )  stud y 

shift s i n strateg y choice .  Nevertheless ,  th e novelt y o f 

our  wor k i s tha t  w e stud y th e actio n strateg y shift s tha t 

coincid e wit h conceptua l  an d perceptua l  shifts ,  an d w e 

identif y a  suit e o f  performanc e measure s fo r  whic h indi -

vidual s reac h differin g level s o f  expertis e i n uniqu e ways . 

Finally ,  literatur e o n insight s i s relate d -  thes e ar e wha t 

appea r  t o promp t  th e conceptua l  shifts .  Ou r  findings 

confir m Metcalfe' s (1986 )  experimenta l  results ,  fo r  ex -

ample ,  whic h sho w tha t  o n insigh t  type s o f  problem s 

her  subject s demonstrat e lac k o f  confidenc e a t  proble m 

solvin g unti l  th e moment  o f  insight ,  a t  whic h poin t  con -

fidence  jump s t o a  hig h level .  Bot h Subject s 4  an d 5 

expresse d frustratio n an d lo w confidenc e prio r  t o thei r 

conceptua l  shifts . 

Futur e wor k wil l  focu s o n developin g an d fusin g th e 

cognitiv e element s o f  Mjocu s wit h th e functio n fitting 

approach ,  usin g SFSAs . 
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Abstrac t 

The correlational structure of judgments of grammatical 
coreferenc e i s examine d usin g facto r  analysi s an d th e result s 
ar e use d t o identif y th e dimension s o f  grammatica l  variatio n 
i n competen t  speaker s o f  English .  Th e dimension s tha t  ar e 
discovere d d o no t  correspon d t o thos e typicall y discusse d i n 
generativ e linguistic s bu t  the y ca n b e explaine d ver y 
naturall y b y a  mode l  i n whic h coreferenc e i s  achieve d 
throug h a  proces s i n whic h linguisti c expression s ar e mappe d 
ont o a  mode l  o f  discourse . 

Intuitions of grammaticality constitute the most basic data 
t o b e explaine d b y theor y i n generativ e linguistics .  Thi s ha s 
bee n s o sinc e C h o m s k y (1965 )  argue d tha t  a  competen t 
speaker-hearer' s implici t  knowledg e o f  a  languag e provide s 
th e bes t  pat h t o characterizin g th e essential ,  generativ e 

capacit y o f  a  grammar .  Whil e generativ e linguist s hav e 
accepte d intuition s o f  grammaticalit y a s thei r  basi c data , 
the y hav e by-and-larg e eschewe d th e developmen t  o f 
forma l  method s fo r  assessin g thos e intuitions .  Ther e hav e 
bee n occasional ,  interestin g attempt s t o appl y mor e forma l 
methodolog y t o th e stud y o f  grammaticall y significan t 
intuitions ,  bu t  thes e hav e no t  ha d muc h impac t  o n linguisti c 
theor y (Shutze ,  1996) .  Psychologist s studyin g intuition s o f 
grammatica l  (an d othe r  type s of )  well-formednes s hav e 
c o me t o characteriz e suc h studie s a s "offline "  an d t o regar d 
the m primaril y a s way s o f  validatin g material s bein g use d i n 
onlin e studie s designe d t o revea l  moment-to-momen t 
processin g o f  language .  W e believ e tha t  mor e systemati c 
us e o f  forma l  method s fo r  studyin g intuition s o f 
grammaticalit y ca n b e o f  rea l  valu e bot h t o forma l  theorie s 
of  gramma r  an d t o model s o f  languag e processing .  Th e 
presen t  pape r  provide s suppor t  fo r  thi s belie f  b y showin g 
h o w applyin g scalin g technique s t o judgment s o f 
grammaticalit y ca n revea l  h o w differen t  type s o f  linguisti c 
form s giv e rise  t o dimension s o f  grammaticalit y i n th e 
domai n o f  coreference . 

I n previou s wor k (Gordo n &  Hendrick ,  1997 ;  Gordo n & 
Hendrick ,  i n pressfc) ,  w e hav e applie d elementar y 
technique s o f  experimenta l  psycholog y t o th e stud y o f 
judgment s o f  whe n coreferenc e betwee n tw o nou n phrase s 
(NPs )  i s  grammaticall y acceptable .  Th e result s o f  thes e 
studie s wer e analyze d b y calculatin g th e mea n acceptabilit y 
of  coreferenc e fo r  differen t  type s o f  N P s i n differen t 
syntacti c relations .  Th e patter n o f  acceptabl e coreferenc e i n 

some case s provide d suppor t  fo r  basi c claim s presente d i n 
th e Bindin g Theor y (Chomsky ,  1981 ;  1986 )  bu t  i n othe r 
case s di d not .  I n th e presen t  wor k w e us e facto r  analysi s a s 
a scalin g too l  fo r  revealin g th e dimension s underlyin g 
grammatica l  coreferenc e i n a  communit y o f  competen t 
speaker s o f  English .  Th e dimension s tha t  emerg e provid e 
informatio n abou t  whic h form s o f  referrin g expression s 
var y togethe r  i n thei r  eas e o f  coreferentia l  interpretation . 
The resultin g classificatio n o f  type s o f  referrin g expression s 
i s no t  consisten t  wit h centra l  theoretica l  principle s i n 
generativ e linguistic s (Chomsky ,  1981 ;  1986 ;  Evans ,  1980 ; 
M a y,  1985) ,  bu t  i s consisten t  wit h a  mode l  tha t  treat s th e 
acceptabilit y o f  coreferentia l  interpretatio n a s emergin g 

fro m th e eas e wit h whic h a  discours e mode l  ca n b e 
dynamicall y constructe d fro m linguisti c inpu t  containin g 
differen t  type s o f  referrin g expression s (Gordo n & 
Hendrick ,  i n pressa) . 

Coreference With Names and Pronouns 

I n Gordo n an d Hendric k (1997 )  w e repor t  a  serie s o f 
survey s o f  intuitiv e judgment s o f  coreferenc e designe d t o 
tes t  th e adequac y o f  Principl e C  o f  th e Bindin g Theory . 
Thos e survey s systematicall y investigate d coreferenc e 
possibilitie s i n sentence s wit h coreferenc e betwee n name -
pronoun ,  name-nam e an d pronoun-nam e sequences ;  th e 
structure s wer e systematicall y varie d a s t o whethe r  th e 
coreferentia l  element s wer e i n a  c-comman d relatio n o r  not . 
( A constituen t  a  i s sai d t o c-comman d anothe r  constituen t  P 
i f  th e first  branchin g nod e tha t  dominate s a  dominate s P  a s 
well .  Principl e C  state s tha t  a  nam e o r  definit e descriptio n 
canno t  hav e a  c-commandin g antecedent. )  Tabl e 1  show s 
th e type s o f  coreferentia l  configuration s examine d an d 
sampl e stimul i  fro m th e fourt h experimen t  i n tha t  work . 
Subject s wer e aske d t o us e a  six-poin t  scal e t o rat e th e 
grammatica l  acceptabilit y o f  coreferentia l  interpretatio n o f 
th e tw o boldface d words .  Th e experimen t  manipulate d th e 
linea r  orde r  o f  name s an d pronouns ,  an d whethe r  a  c -
c o m m a nd relatio n existe d betwee n them . 

The implication s o f  th e patter n o f  mean s ar e discusse d i n 
Gordo n an d Hendric k (1997) .  Her e w e examin e ho w 
individua l  variatio n i n grammaticalit y judgment s ca n revea l 
underlyin g dimension s o f  grammaticality .  Facto r  analysi s i s 
a statistica l  too l  fo r  capturin g th e correlationa l  structur e i n a 
set  o f  dat a b y determinin g h o w linea r  combination s o f 
observe d variable s ca n accoun t  fo r  th e patter n o f  observe d 
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Tabl e 1 .  Sampl e stimul i  an d summar y result s (grammatica l  acceptabilit y  o f  a  coreferentia l  interpretatio n o f  th e boldface d 

word s o n a  1  t o 6  scale )  fro m Experimen t  4  o f  Gordo n an d Hendric k (1997) . 

Typ e o f  Sequenc e 

Name-Pronou n 
Name-Pronou n 
Name-Name 
Name-Name 
Pronoun-Nam e 
Pronoun-Nam e 

Exampl e Stimul i 

Lisa' s brothe r  visite d he r  a t  college . 
Lis a visite d he r  brothe r  a t  college . 
Lisa' s brothe r  visite d Lis a a t  college . 
Lis a visite d Lisa' s brothe r  a t  college . 
Her  brothe r  visite d Lis a a t  college . 
She visite d Lisa' s brothe r  a t  college . 

correlation s betwee n thes e variables .  I t  ca n b e use d eithe r 
i n a n explorator y o r  confirmator y manner .  Fo r  curren t 

purposes ,  w e hav e performe d a n explorator y facto r  analysi s 
of  th e dat a fro m thi s experiment .  Tabl e 2  show s th e 
correlation s i n subjects '  rating s betwee n sentence s i n th e si x 
basi c coreferenc e conditions .  A  ver y substantia l  positiv e 
correlatio n o f  .7 6 wa s observe d betwee n rating s fo r  th e 
Name-Name sentence s i n th e c-comman d an d n o c -
command conditions .  Anothe r  ver y substantia l  positiv e 
correlatio n o f  .6 8 wa s observe d betwee n rating s fo r  th e 
Pronoun-Nam e sentence s i n th e c-comman d an d n o c -
command conditions .  T w o othe r  correlation s wer e smalle r 
but  stil l  significant :  Name-Pronou n sentence s i n th e tw o c -
command condition s (.32 )  an d c-commande d Name -
Pronou n sentence s wit h c-commande d Pronoun-Nam e 
sentence s (-.30) .  N o othe r  correlation s approache d 
significance .  Th e stron g correlation s sugges t  tha t  ou r 
subject s showe d reliabl e individua l  difference s alon g clea r 
syntacti c dimensions . 

A facto r  analysi s simplifie s th e patter n i n thi s correlatio n 
matri x b y determinin g ho w linea r  combination s o f  th e 
observe d variable s ca n accoun t  fo r  th e patter n o f  observe d 
correlation s betwee n thos e variables .  Facto r  analysi s o f 
thes e dat a reveale d thre e factor s wit h eigenvalue s greate r 
tha n one,  whic h togethe r  accounte d fo r  82. 3 percen t  o f  th e 

Table 2. Correlations in subjects' mean grammaticality 

rating s fo r  th e differen t  configuration s o f  referrin g 

expression s fo r  th e dat a i n Tabl e 1 .  A ^  =  Name ,  P  = 
Pronoun ,  Ye s =  C-Command ,  N o =  n o C-Command. 

N-P: 
No 

N-P: 
Yes 

N-N: 
No 

N-N: 
Yes 

P-N: 
No 

N-P: 
Yes 

.32* * 

N-N: 
No 

-.0 7 

.1 5 

N-N: 
Yes 

-.1 3 

.0 6 

.76** * 

P-N: 
No 

.1 5 

.1 9 

-.0 9 

.0 1 

P-N 
Yes 

.1 5 

.3 0 

-.1 7 

.0 1 

.68 * 

C -Command 

No 
Yes 
No 
Yes 
No 
Yes 

Averag e 

4.4 7 
5.3 2 
4.1 2 
3.5 0 
2.7 0 
2.4 4 

predictabl e varianc e i n th e matrix .  Tabl e 3  show s th e 
resultin g facto r  matrix .  Th e absolut e valu e o f  th e numerica l 
entrie s fo r  th e factor s indicate s o n a  scal e o f  zer o t o on e th e 
exten t  t o whic h individua l  coreferenc e condition s contribut e 
t o th e factors .  Interpretatio n o f  th e patter n of  thes e weight s 
provide s th e basi s fo r  labelin g th e factors .  Accordingly , 
Facto r  1  ca n b e calle d th e "Name-Pronoun "  facto r  becaus e 
i t  depend s o n Name-Pronou n sequence s of  NPs .  Facto r  2 
can b e calle d th e "Pronoun-Name "  facto r  becaus e i t  ver y 
clearl y depend s o n th e "Pronoun-Name "  sequence s of  NPs , 
wit h a  smalle r  contributio n o f  th e c-commande d N a m e -
Pronou n sequences .  Facto r  3  ca n b e calle d th e "Name -
N a m e"  factor ,  becaus e i t  depend s o n th e N a m e - N a m e 
sequence s o f  NPs .  Th e ver y clea r  cu t  patter n of  thes e 
factor s suggest s tha t  differen t  principle s gover n th e 
grammaticalit y o f  thes e differen t  sequence s o f  NPs . 

The correlationa l  result s (Tabl e 2 )  an d th e subsequen t 
facto r  analysi s (Tabl e 3 )  provid e a  direc t  windo w o n th e 
systemati c variatio n o f  acceptabl e coreferenc e i n a 
communit y o f  competen t  user s of  English .  The y sho w tha t 
ther e ar e thre e independen t  factor s alon g whic h individual s 
reliabl y var y i n thei r  willingnes s t o accep t  coreferenc e 
betwee n tw o NPs .  Thes e factor s ar e relate d t o th e thre e 
sequence s o f  type s o f  NP s tha t  w e explored :  N a m e -
Pronoun ,  Pronoun-Nam e an d Name-Name .  O n eac h facto r 
a subject' s criterio n fo r  acceptin g coreferenc e wit h o r 

Table 3. Factor matrix for subjects' grammaticality ratings 

i n Tabl e 1 .  A ^  =  Name ,  P  =  Pronoun ,  Ye s =  C-Command , 

No =  n o C-Command .  Thi s facto r  matri x i s show n afte r 

varima x rotation ,  whic h i s a  standar d facto r  analyti c 

techniqu e fo r  assistin g i n interpretin g th e factor s (Gorsuch , 

1983) .  Varima x rotatio n wil l  ten d t o promot e a 

representatio n o f  th e factor-analyti c solutio n tha t  emphasize s 

separat e factor s an d minimize s a n overal l  grou p factor . 

n =  94 ,  *  p  <  .05 ;  * *  p  <  .005 ;  ** *  p  <  .00 1 

N-P:  N o 

N-N:  N o 

P-N:  N o 

N-P:  Ye s 

N-N:  Ye s 

P-N:  Ye s 

Facto r  1 

.8 4 

.0 5 

.0 4 

.7 8 

-.0 6 

-.0 6 

Facto r  2 

.2 6 

-.1 1 

.8 9 

.3 4 

.0 5 

.9 1 

Facto r  3 

-.1 3 

.9 3 

.0 1 

.1 4 

.9 4 

-.0 5 
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withou t  c-ciimman d i s quit e similar .  Accordingly ,  a  subjec t 
who wa s conservativ e i n acceptin g coreferenc e i n th e 
Name-Name conditio n withou t  c-comman d woul d als o ten d 
t o b e conservativ e i n acceptin g i t  wit h c-command . 
Likewise ,  a  subjec t  wh o wa s libera l  abou t  coreferenc e i n th e 
Name-Name conditio n woul d b e tha t  wa y regardles s o f 
whethe r  ther e wa s a  c-comman d relation .  Suc h stron g 
relation s d o no t  exis t  acros s factors .  Accordingly ,  eac h 
facto r  ca n b e see n a s a  principl e o f  linguisti c knowledg e 
whil e a  subject' s criterio n fo r  acceptanc e ca n b e .see n a s a 
paramete r  settin g fo r  tha t  principle . 

Of  course ,  th e analysi s o f  languag e structur e i n term s o f 

principle s an d parameter s ha s bee n a n importan t  par t  o f 
syntacti c theor y fo r  th e las t  decad e (Rizzi ,  1982 ;  Huang , 
1982) .  Thi s approac h ha s bee n applie d acros s language s i n 
an effor t  t o adduc e universa l  principle s o f  huma n language , 
and t o explai n languag e variatio n i n term s o f  th e settin g o f 
parameters .  Linguist s ofte n tr y t o explai n gros s difference s 
betwee n language s an d majo r  dialect s thi s way .  I n 
principle ,  i t  shoul d exten d t o idiolectica l  variatio n a s well . 
Applyin g thi s approac h t o experimenta l  result s obtaine d 
fro m a  collectio n o f  speaker s o f  a  singl e languag e i s nove l 
as fa r  a s w e know .  W e d o s o becaus e th e correlationa l 
structur e o f  th e subjects '  judgment s i s strikingl y clea r  i n it s 
delineatio n o f  independen t  linguisti c dimensions ,  whic h 
constrai n th e kind s o f  variatio n tha t  exis t  i n individua l 
subject' s judgments .  Tha t  i s wha t  th e principle s an d 
parameter s approac h i s mean t  t o do .  Th e principle s tha t  ou r 
correlationa l  analysi s reveal s ar e no t  consisten t  wit h thos e 
of  bindin g theory .  Classica l  bindin g theor y (Chomsky , 
1981 )  offer s onl y a  singl e Principl e C  tha t  shoul d appl y t o 
bot h Name-Name an d Pronoun-Nam e sequences .  Tha t  i s 
not  consisten t  wit h ou r  finding  tha t  thes e dimension s ar e 
independen t  i n ou r  subjects "  acceptabilit y  judgments . 
Further ,  ou r  findings  lea d t o a  conceptio n o f  paramete r 
settin g i n term s o f  specifyin g th e valu e o f  a  criterio n o n a 
continuou s dimension .  Tha t  conceptio n als o differ s fro m 
th e standar d approac h t o principle s an d parameters . 

Fro m thi s poin t  o f  vie w correlationa l  studie s o f  linguisti c 
variabilit y  withi n a  speec h communit y bea r  directl y o n 

claim s abou t  hypothesize d principle s an d parameters .  Ou r 
correlationa l  analyse s sho w tha t  ther e i s systemati c variatio n 
acros s individual s i n thei r  acceptanc e o f  differen t  kind s o f 
linguisti c coreferenc e tha t  ca n b e modele d i n term s o f 
principle s an d parameter s o f  grammar .  W e shoul d note , 
however ,  tha t  thes e analyse s canno t  b y themselve s provid e 
evidenc e abou t  wh y tha t  variatio n exists .  Gerke n an d Beve r 
(1986 )  hav e examine d individua l  variatio n i n th e acceptanc e 
of  coreferenc e i n pronoun-nam e sequences ,  an d hav e show n 
tha t  i t  i s  relate d t o difference s amon g individual s i n ho w 
thei r  comprehensio n strategie s handl e syntacti c closure .  We 
ar e no t  i n a  positio n t o offe r  thi s kin d o f  basi s fo r 

interpretin g th e difference s amon g ou r  individua l  subjects . 
However ,  ou r  examinatio n o f  a  larg e variet y o f  linguisti c 
construction s doe s allo w u s t o provid e compellin g evidenc e 
about  th e dimension s o f  linguisti c variatio n tha t  ar e 
psychologicall y salient . 

Coreference With Non Definite NPs 

I n Gordo n an d Hendric k (i n pressfe )  w e examin e pattern s o f 
acceptabl e coreferenc e involvin g no n definit e NP s (suc h a s 
no one ,  everyone ,  an d who )  an d compar e the m t o pattern s o f 
acceptabl e coreferenc e involvin g definit e NP s (suc h a s 
names an d definit e descriptions) .  I t  i s  commonl y hel d tha t 
ther e ar e specia l  structura l  restriction s o n th e relatio n 
betwee n a n no n definit e N P an d a  pronou n tha t  i t  bind s (c f 
(Hornstein ,  1995)) .  Thes e difference s hav e bee n use d t o 
suppor t  claim s tha t  no n definit e NP s semanticall y bin d 
pronoun s i n a  differen t  fashio n tha n definit e NP s (Evans , 

1980 )  an d hav e bee n crucia l  t o th e developmen t  o f  claim s 
about  th e existenc e o f  Logica l  For m a s a n abstrac t  leve l  o f 
syntacti c structur e (May ,  1985) .  Thes e theoretica l  claim s 
have als o depende d o n Principl e C  o f  th e Bindin g Theor y 
wit h it s relianc e o n c-command .  Becaus e ou r  result s o n 
coreferenc e involvin g name s an d pronoun s (Gordo n & 
Hendrick ,  1997 )  challeng e Principl e C  w e undertoo k a 
forma l  stud y o f  judgment s o f  coreferenc e involvin g no n 
definit e expression s (Gordo n &  Hendrick ,  i n pressb) . 

The first  experimen t  i n Gordo n an d Hendric k (i n pressfe ) 
examine d th e assumption ,  common sinc e (Evans ,  1980) , 

Tabl e 4 .  A  summar y o f  conditions ,  sampl e stimul i  an d result s use d i n Gordo n an d Hendric k (i n pressfc) .  Subject s wer e aske d 
t o rat e th e grammatica l  acceptabilit y  o f  th e sentence s give n a  coreferentia l  interpretatio n o f  th e expression s i n boldface . 

C-Command 

Yes 
No 
Yes 
No 

Typ e o f  Sequenc e 

Quantifier-Pronoun 
Quantifier-Pronou n 
Pronoun-Quantifie r 
Pronoun-Quantifie r 

Sample Stimulu s Mea n Ratin g & 
(95 % Confidenc e Interval ) 

Each gir l  decide d wha t  sh e coul d do .  4.8 3 ±  .1 8 
Each girl' s  parent s decide d wha t  sh e coul d do .  4.0 5 ±  .2 4 
She decide d wha t  eac h gir l  coul d do .  2.4 3 ±  .3 0 
Her  parent s decide d wha t  eac h gir l  coul d do .  2.4 2 ±  .2 4 

Yes Definit e Description-Pronou n 
No Definit e Description-Pronou n 
Yes Pronoun-Definit e Descriptio n 
No Pronoun-Definit e Descriptio n 

The gir l  decide d wha t  sh e coul d do . 
The girl' s  parent s decide d wha t  sh e coul d do . 
She decide d wha t  th e gir l  coul d do . 
Her  parent s decide d wha t  th e gir l  coul d do . 

5.4 3 ±.1 4 
4.9 8 ±  .2 0 
2.2 7 ±  .2 6 
3.2 0 ±.2 2 

Yes 
No 
Yes 
No 

Name-Pronou n 
Name-Pronou n 
Pronoun-Nam e 
Pronoun-Nam e 

Jil l  decide d wha t  sh e coul d do . 
Jill' s  parent s decide d wha t  sh e coul d do . 
She decide d wha t  Jil l  coul d do . 
Her  parent s decide d wha t  Jil l  coul d do . 

5.4 5 ±.1 6 
5.2 3 ±.2 1 
2.1 7 ±.2 7 
3.1 9 ±.2 4 
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Tabl e 5 .  Result s o f  th e facto r  analysi s o f  th e judgment s 

obtaine d i n th e first  experimen t  o f  Gordo n an d Hendric k (i n 

press/?) . 

c-
C o m m a nc 

Yes 
No 
Yes 
No 

Yes 
No 
Yes 
No 

Yes 
No 
Yes 
No 

Typ e o f  Sequenc e 
1 

Quantifie d NP-Pronou n 
Quantifie d N P -Pronou n 
Pronoun-Quantifie d N P 
Pronoun-Quantifie d N P 

Definit e N P -Pronou n 
Definit e N P -Pronou n 
Pronoun-Definit e N P 
Pronoun-Definit e N P 

Name-Pronou n 
Name-Pronou n 
Pronoun-Nam e 
Pronoun-Nam e 

Facto r  1 

.7 2 

.5 8 
-.1 1 
.1 3 

.7 9 

.8 3 
-.3 2 
.3 2 

.8 3 

.8 9 

.2 6 

.2 5 

Facto r 

-.1 4 
.0 9 
.8 4 
.7 7 

-.1 2 
.1 3 
.8 3 
.6 1 

.0 0 

.0 8 

.8 5 

.5 8 

tha t  quantifie d expression s mus t  c-comman d pronoun s tha t 
the y bind .  W e als o evaluate d th e long-standin g clai m tha t 
quantifie d expression s exhibi t  wea k an d stron g crossover . 
(Crossove r  refer s t o configuration s i n whic h a  questio n 
wor d an d it s trac e ar e separate d b y a  coreferentia l  pronoun. ) 
The secon d experimen t  i n Gordo n an d Hendric k (i n pressfc ) 
explore d th e natur e o f  crossove r  phenomen a mor e deeply , 
examinin g ho w an d wh y structure s involvin g syntacticall y 
dislocate d argument s exhibi t  th e crossove r  restriction .  Th e 
metho d wa s simila r  t o tha t  i n Gordo n an d Hendric k (1997 ) 
and involve d rating s o f  whethe r  coreferenc e betwee n tw o 
boldface d expression s wa s acceptable .  Th e experimenta l 
condition s a s wel l  a s sampl e stimul i  an d averag e 
acceptabilit y  rating s ar e show n i n Tabl e 4  fo r  th e first 
experimen t  an d Tabl e 6  fo r  th e secon d experiment .  Th e 
implication s o f  thes e pattern s o f  averag e acceptabilit y  ar e 

discusse d Gordo n an d Hendric k (i n press£>) .  Her e w e us e 
facto r  analysi s t o examin e th e correlationa l  structur e o f 
thes e rating s i n orde r  t o provid e evidenc e abou t  whethe r 
non definit e an d definit e N P s contribut e t o th e sam e o r 
differen t  dimension s o f  grammatica l  variation . 

Our  explorator y facto r  analysi s (presente d above )  o f  th e 
result s o f  th e result s o f  Experimen t  4  fro m Gordo n an d 
Hendric k (1997 )  yielde d tw o factors ,  "pronoun-nam e order " 
and "name-pronou n order" ,  tha t  coul d b e expecte d t o b e 
foun d i n th e result s o f  ou r  curren t  experimenta l  dat a se t  i f 
quantifie d expression s ar e psychologicall y groupe d wit h 
definit e expression s an d names .  Accordingly ,  a  facto r 
analysi s restricte d t o tw o factor s wa s performe d o n th e 
result s o f  th e tw o experiment s fro m Gordo n an d Hendric k 
(i n pressfc )  o n coreferenc e involvin g no n definit e 
expressions .  Th e result s fo r  th e first  experimen t  ar e show n 
i n Tabl e 5 . 

Examinatio n o f  th e absolut e value s o f  th e entrie s fo r 
Facto r  1  show s tha t  i t  clearl y depend s o n quantifie d N P -
pronou n sequences ,  definit e N P pronou n sequence s an d 
name-pronou n sequence s regardles s o f  th e presenc e o r 
absenc e o f  a  c-comman d relation .  I n contrast .  Facto r  2 
depend s o n th e remainin g type s o f  N P sequences ,  pronoun -
quantifie d N P sequences ,  pronoun -  definit e N P sequence s 
and pronou n nam e sequences ,  agai n showin g n o specia l 
sensitivit y t o c-command .  Thi s patter n strongl y suggest s 
tha t  linea r  orde r  rathe r  tha n hierarchica l  relation s lie s behin d 
th e intuitiv e judgment s o f  ou r  subjects . 

A facto r  analysi s o f  th e dat a i n Tabl e 6  i s give n i n Tabl e 7 
and provide s furthe r  suppor t  fo r  th e importanc e o f  linea r 
orde r  i n thes e intuitiv e judgment s b y yieldin g tw o factor s 
whos e loading s ar e consisten t  wit h th e Name-Pronou n an d 
Pronoun-Nam e factor s tha t  wer e observe d i n th e precedin g 
analyses .  Th e genera l  patter n i n Tabl e 7  accord s wel l  wit h 
our  earlie r  clai m tha t  quantifie d expressio n grou p wit h 
definit e expression s an d name s i n h o w the y bin d pronouns . 

The genera l  tendenc y i n Tabl e 7  fo r  th e linea r  orde r  N P -

Tabl e 6 .  Experimenta l  conditions ,  sampl e stimul i  an d result s from  Experimen t  2  o f  Gordo n &  Hendric k (i n pressft) .  Subject s 
wer e aske d t o rat e th e grammatica l  acceptabilit y  o f  th e sentence s give n a  coreferentia l  interpretatio n o f  th e expression s i n 
boldfac e an d italics .  Mea n grammaticalit y rating s (o n a  scal e o f  1  t o 6) ,  alon g wit h th e lowe r  an d uppe r  bound s o f  th e 9 5 % 
confidenc e intervals ,  ar e show n fo r  th e differen t  kind s o f  coreferentia l  expressions . 

Typ e o f 
Sequenc e 

WH trac e -pronou n 
WH trac e -  pronou n 
pronou n - W H trac e 
pronou n -  W H trac e 

OP trace - pronoun 
OP trace -  pronou n 
pronou n -O P trac e 
pronou n -O P trac e 

name - pronoun 
name -  pronou n 
pronou n -  nam e 
pronou n -  nam e 

Crossove r  C -  Sampl e Sentenc e 
C o m m a nd 

No N o Bria n know s whic h gir l  aske d th e teache r  t o hel p he r  classmates . 
No N o Bria n know s whic h gir l  aske d th e teache r  t o hel p her . 

W e ak N o Bria n know s whic h gir l  he r  classmate s aske d th e teache r  t o help . 
Stron g Ye s Bria n know s whic h gir l  sh e aske d th e teache r  t o help . 

No No Brian knows the girl that asked the teacher to help her classmates. 
No N o Bria n know s th e gir l  tha t  aske d th e teache r  t o hel p her . 

W e ak N o Bria n know s th e gir l  tha t  he r  classmate s aske d th e teache r  t o help . 
Stron g Ye s Bria n know s th e gir l  tha t  sh e aske d th e teache r  t o help . 

No Brian knows that Karen asked the teacher to help her classmates. 
No Bria n know s tha t  Kare n aske d th e teache r  t o hel p her . 
No Bria n know s tha t  he r  classmate s aske d th e teache r  t o hel p Karen . 
Yes Bria n know s tha t  sh e aske d th e teache r  t o hel p Karen . 

M e an Ratin g 
( 9 5 % C.I. ) 

4.4 1 ±.2 1 
4.4 5 ±  .2 4 
2.9 7 ±  .2 3 
2.6 2 ±  .2 7 

4.69 ±.19 
4.9 1 ±.2 0 
2.9 5 ±  .2 2 
2.4 8 ±  .2 0 

5.27 ±.14 
5.4 0 ±.1 4 
3.5 5 ±.1 7 
2.6 6 ±.1 8 
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Tabl e 7 .  Result s o f  th e facto r  analysi s o f  th e judgment s 
obtaine d i n th e secon d experimen t  o f  Gordo n an d Hendric k 
(i n press/?) . 

Typ e o f  structur e 
wh-trac e pronou n 
wh-trac e pronou n 
pronou n wh-trac e 
pronou n wh-trac e 

OP-trace pronoun 
OP-trac e pronou n 
pronou n OP-U-ac e 
pronou n OP-trac e 

name pronoun 
name pronou n 

pronou n nam e 
pronou n nam e 

c-comman d 
yes 
yes 
no 
yes 

yes 
yes 
no 

yes 

yes 
yes 
no 
yes 

Facto r  1 
.7 3 
.7 6 
.0 2 

-.1 6 

.75 
.7 8 
.4 0 

-.1 0 

.69 
.6 7 
.2 5 
.1 7 

Facto r  2 
.1 9 

-.2 6 
.7 7 
.8 4 

.16 
-.2 6 
.3 5 
.7 6 

.00 

-.3 3 
.7 0 
.7 0 

pronou n an d pronoun-N P t o b e inversel y relate d accord s 
wel l  wit h ou r  earlie r  clai m tha t  quantifie d expressio n grou p 
wit h definit e expression s an d name s i n ho w the y bin d 
pronouns . 

I n thi s analysis ,  relativ e clause s tha t  hav e th e patter n 
pronou n OP-trac e sho w th e weakes t  loading s o n th e 
relevan t  facto r  whe n ther e i s n o c-comman d relatio n 
present .  Fro m ou r  perspectiv e o n th e correlationa l  structur e 
of  idiolectica l  variability ,  wea k loadin g o f  pronou n OP-trac e 
sequence s withou t  c-comman d shoul d reflec t  a  paramete r  o f 
grammatica l  knowledge .  A  possibl e candidat e i s th e ofte n 
propose d paramete r  o f  Universa l  Gramma r  tha t  give s 
grammar s o f  particula r  language s a n optio n betwee n trace s 
and resumptiv e pronouns .  M a n y language s (e.g. ,  Irish , 
McCloskey ,  1990 )  allo w resumptiv e pronoun s wher e 
standar d Englis h require s a  trac e an d suc h language s d o no t 
exhibi t  wea k crossove r  effects .  Accordingly ,  th e wea k 
loadin g o f  sentence s wit h relativ e clause s an d pronou n -  O P 
trac e sequence s withou t  c-comman d coul d emerg e fro m th e 
use ,  b y som e subjects ,  o f  th e resumptiv e pronou n 
parameter .  Th e resumptiv e pronou n paramete r  i s 
unavailabl e fo r  W H question s becaus e the y involv e 
movement  (eschewin g resumptiv e pronoun s i n al l 
languages )  an d i t  i s  inapplicabl e t o pronoun-nam e 
sequences .  Thi s provide s a n explanatio n o f  th e judgment s 

of  pronou n OP-trac e sequence s i n ou r  data ,  bu t  i t  doe s no t 
provid e a  goo d accoun t  o f  th e dependenc e o f  thes e 
judgment s o n c-command .  Othe r  possibl e explanation s o f 
thi s finding  coul d dra w o n th e fac t  tha t  i n al l  o f  ou r  stimul i 
wher e a  pronou n c-command s a n OP-trace ,  th e pronou n i s 
i n subjec t  positio n adjacen t  t o th e hea d o f  a  relativ e clause . 
Assessin g th e validit y o f  thes e possibilitie s wil l  requir e 
furthe r  investigation s int o th e grammaticalit y o f  coreferenc e 
i n thes e type s o f  N P sequences . 

General Discussion 

Whil e a  complet e explanatio n o f  th e detail s o f  th e 
grammaticalit y judgment s require s furthe r  work ,  th e large r 
patter n i s ver y clea r  i n revealin g dimension s o f 
grammaticalit y i n coreference .  Th e first  facto r  analysi s 

reveale d thre e clea r  factor s whic h w e dubbe d (Name -
Pronoun ,  Pronoun-Name ,  an d Name-Name) .  Th e secon d 
and thir d facto r  analyse s showe d tha t  differen t  type s o f  ful l 
NPs (definit e descriptions ,  quantifie d expressions ,  an d W H 
phrases )  groupe d togethe r  wit h name s i n term s o f  th e 
variatio n the y elicite d i n subjects '  grammaticalit y 
judgments ;  thes e analyse s provide d furthe r  suppor t  fo r  th e 
Name-Pronou n an d Pronoun-Nam e factor s (wit h th e labe l 
"name "  bein g broadene d t o includ e thes e othe r  type s o f 
NPs) .  Thes e findings  provid e a  basi s fo r  treatin g thes e 
differen t  type s o f  NP s a s equivalen t  wit h respec t  t o 
coreferenc e an d fo r  focusin g o n ho w coreferenc e i s 
achieve d betwee n thes e differen t  type s o f  NP s an d pronoun s 
tha t  eithe r  follo w the m o r  preced e them . 

I n Gordo n an d Hendric k (i n pressa )  w e hav e develope d a 
model  o f  th e interpretatio n o f  referrin g expression s a s 
derivin g fro m th e wa y i n whic h syntacti c representation s ar e 
mapped ont o discours e representations .  Thi s explanatio n i s 
expresse d usin g a  formalis m create d b y K a m p an d Reyl e 
(1993 )  whic h seek s t o appl y mode l  theoreti c semantic s t o 

phenomena i n natura l  language ,  particularl y th e semantic s 
of  discourse .  Ou r  mode l  aim s t o provid e a n explanatio n fo r 

th e distributio n an d processin g o f  coreferentia l  expression s 
withi n an d betwee n sentences .  Her e w e offe r  a  summar y o f 
th e mode l  an d ho w i t  account s fo r  th e eas e o f  coreferentia l 
interpretatio n o f  differen t  type s o f  referrin g expressions . 
Then w e sho w ho w th e mode l  ca n accoun t  fo r  th e 
dimension s o f  grammatica l  coreferenc e reveale d b y th e 
result s presente d i n thi s paper . 

Model s base d o n th e K a m p an d Reyl e formalis m us e 
Constructio n Rule s t o m a p syntacti c representation s ont o 
Discours e Representatio n Structures .  Eac h constructio n 
rul e i s compose d o f  a  triggerin g conditio n tha t  delineate s 
th e linguisti c inpu t  tha t  cause s th e rul e t o apply ,  an d specifi c 
instruction s fo r  replacin g par t  o f  th e linguisti c 
representatio n wit h a  informatio n i n th e Discours e 
Representatio n Structure .  Th e materia l  adde d t o a 
Discours e Representatio n Structur e b y a  Constructio n Rul e 
i s terme d a  conditio n set .  Wha t  w e tak e t o b e importan t  i n 
thi s formalis m i s tha t  syntacti c structure s trigge r  th e 
buildin g o f  a  par t  o f  a  discours e representatio n structur e i n a 
dynami c fashion .  Entitie s ar e introduce d int o th e univers e 
of  th e discours e b y th e dynami c rule s tha t  construc t  thes e 
representations .  Thes e entitie s ar e terme d discours e 
referents . 

Our  mode l  include s thre e constructio n rule s t o handl e 
referenc e an d coreference .  (I )  Th e constructio n rul e fo r 
names i s triggere d b y th e occurrenc e o f  a  nam e i n th e 
syntacti c representatio n o f  th e inpu t  sentence ;  i t  the n posit s 
a ne w discours e entit y i n th e discours e mode l  predicate d o n 
th e name .  Th e sam e basi c mechanis m o f  interpretatio n 
applie s t o th e definit e an d no n definit e expressions .  (2 )  Th e 
constructio n rul e fo r  pronoun s i s triggere d b y a  pronoun ;  i t 
the n attempt s t o find a  suitabl e anteceden t  i n th e discours e 
model .  Failin g that ,  i t  posit s a  ne w discours e entity .  (3 ) 
The final  constructio n rul e (fo r  equivalence )  i s triggere d b y 
th e presenc e o f  tw o discours e entitie s predicate d o n th e 
same name .  I t  add s a  conditio n se t  t o th e discours e 
representatio n equatin g th e tw o entities . 
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These thre e rule s provid e a  straightforwar d accoun t  o f  ou r 
result s concernin g th e acceptabilit y  o f  coreferenc e i n th e 
thre e type s o f  N P sequence s show n i n Tabl e 1 .  Name-
pronou n sequence s trigge r  successiv e applicatio n o f  th e 
constructio n rul e fo r  name s an d the n fo r  pronouns .  Th e rul e 
fo r  name s posit s a  discours e entit y predicate d o n th e name , 
thi s subsequentl y provide s a  suitabl e anteceden t  whe n th e 
constructio n rul e fo r  pronoun s i s triggered ,  yieldin g 
coreferentia l  interpretatio n o f  th e nam e an d pronoun . 
Name-name sequence s trigge r  tw o application s o f  th e 
constructio n rul e fo r  names ,  resultin g i n tw o discours e 
entitie s predicate d o n th e sam e name .  Thi s situatio n 
trigger s th e constructio n rul e fo r  equivalence ,  whic h equate s 
th e tw o discours e entities .  Compare d t o name-pronou n 
sequences ,  establishin g coreferenc e i n name-nam e 
sequence s require s a n additiona l  constructio n rul e 
(equivalence )  an d result s i n a  mor e comple x discours e 
representation .  Thi s i s i n accor d wit h ou r  subjects ' 
judgment s o f  coreference .  Pronoun-nam e sequence s firs t 
trigge r  applicatio n o f  th e constructio n rul e fo r  pronouns .  A s 
it  ca n find  n o suitabl e antecedent ,  i t  posit s a  ne w entit y i n 
th e discours e model .  Subsequently ,  th e constructio n rul e 
fo r  name s i s triggered ,  resultin g i n th e positin g o f  a  name . 
However ,  th e equivalenc e rul e i s no t  triggere d a t  thi s poin t 
becaus e predicatio n o f  th e entit y create d b y th e pronou n 
rul e ha s n o identifyin g information .  Thi s account s fo r  th e 
lo w acceptabilit y  o f  coreferenc e i n pronoun-nam e 
sequences . 

Becaus e th e constructio n rule s fo r  interpretin g definit e 
and no n definit e expression s shar e th e essentia l  feature s o f 
th e constructio n rul e fo r  names ,  th e principle s outline d 
abov e als o explai n th e relativ e difficult y o f  establishin g 
coreferenc e i n sequence s containin g thos e type s o f  NP s a s 
shown i n Table s 4  an d 6 .  Thus ,  th e thre e basi c constructio n 
rule s ca n b e see n a s providin g a n accoun t  o f  th e relativ e 
acceptabilit y  o f  coreferenc e i n sequence s o f  differen t  type s 
of  NPs . 

The way s i n whic h coreferenc e i s establishe d fo r  th e thre e 
differen t  kind s o f  N P sequence s lead s t o a  straightforwar d 
accoun t  o f  th e finding  tha t  thes e kind s o f  coreferenc e 
correspon d t o separat e dimension s o f  grammaticalit y i n a 
communit y o f  competen t  languag e users .  Coreferenc e i n 
each cas e i s determine d b y ho w differen t  linguisti c 
configuration s trigge r  differen t  constructio n operations .  I f 
individua l  subject s hav e threshold s fo r  triggerin g tha t  ar e 
independentl y se t  fo r  th e differen t  constructio n rules ,  the n 
we wil l  find  tha t  subjects '  judgment s o f  differen t  referenc e 
condition s ar e highl y correlate d whe n coreferenc e require s 
th e sam e constructio n rule ,  an d uncorrelate d whe n the y d o 
not .  Thi s i s th e patter n show n b y th e correlatio n matri x i n 
Tabl e 2  an d b y th e facto r  analyse s i n Table s 3 ,  5  an d 7 .  Th e 
Name-Pronou n facto r  (Facto r  1  i n Table s 3 ,  5  &  7 )  i s 
create d b y individua l  difference s i n sensitivit y t o triggerin g 
th e constructio n rul e fo r  pronouns ,  whic h i s th e basi s fo r 
coreferentia l  interpretatio n i n thes e cases .  Th e Name-Name 
facto r  (Facto r  3  i n Tabl e 3 )  i s  similarl y create d b y differin g 
threshold s fo r  triggerin g th e constructio n rul e fo r 
equivalence .  Th e Pronoun-Nam e facto r  (Facto r  2  i n Table s 
3,  5  an d 7 )  emerge s fro m th e fac t  tha t  establishin g 
coreferenc e i n suc h sequence s require s tha t  th e NP s i n a 

sentenc e no t  b e interprete d i n a  stric t  left-to-righ t  fashion , 
somethin g tha t  clearl y happen s i n case s wher e a n N P i s 
presen t  i n a  fronte d adjunc t  expression .  Th e Pronoun-Nam e 
facto r  ca n b e explaine d b y th e suppositio n tha t  som e 
subject s ar c mor e incline d tha n other s t o interpre t  NP s i n th e 
ver b phras e befor e NP s i n th e subject . 

I n thi s way ,  ou r  mode l  provide s a  straightforwar d accoun t 
fo r  th e dimension s o f  grammatica l  variatio n reveale d b y ou r 
analyse s o f  th e correlationa l  structur e o f  judgment s o f 
coreference . 
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Abstrac t 

Causality plays an important role in giving discourse its 
characteristi c coherence .  Thi s pape r  examine s ho w causalit y 
implici t  i n a n utteranc e help s t o organiz e dynamicall y 
constructe d menta l  model s o f  discourse .  Experiment s ar e 
reporte d suggestin g tha t  th e linguisti c for m o f  utterance s 
contribute s significan t  semanti c informatio n abou t  causalit y 
t o a  discours e representation .  Thi s vie w i s contraste d wit h 
competin g claim s i n th e literatur e tha t  causalit y onl y emerge s 
from  socia l  psychologica l  inference s o r  optiona l  inference s o n 
backgroun d knowledge . 

Implicit Causality in Discourse 

A satisfactor y accoun t  o f  th e cognitiv e processe s involve d i n 
languag e comprehensio n mus t  provid e a n explici t 
understandin g o f  h o w individual s mak e sens e o f  a  discours e 
(i.e. ,  a  sequenc e o f  spoke n o r  writte n utterances) ,  an d h o w 
tha t  sens e i s  relate d t o th e worl d i t  i s  about .  Ther e i s 
substantia l  agreemen t  i n th e psycholinguisti c literatur e tha t 
suc h a n accoun t  wil l  identif y explici t  mechanism s tha t  m a p 
successiv e utterance s ont o a  dynami c menta l  mode l  an d 
researc h o n forma l  semantic s add s t o thi s vie w th e 
requiremen t  tha t  suc h a  mode l  represen t  object s i n th e worl d 
an d relation s betwee n thos e object s (cf .  Johnson-Laird , 
1983) .  O n e importan t  lin e o f  researc h i n thi s effor t  attempt s 
t o ascertai n th e for m o f  th e menta l  mode l  o f  a  discours e (i.e. , 
discours e model )  an d pose s question s concernin g h o w i t  i s 
constructe d from  linguisti c inpu t  (e.g. ,  Gordon ,  Grosz ,  & 
Gilliom ,  1993 ;  Gordo n &  Scearce ,  1995) .  A  secon d lin e o f 
inquir y emphasize s h o w inference s beyon d th e informatio n 
directl y represente d i n th e linguisti c inpu t  pla y a n importan t 
rol e i n th e elaboratio n o f  a  discours e mode l  (e.g. ,  Graesser , 
Singer ,  &  Trabasso ,  1994) .  Thes e tw o researc h program s ar e 
complementary :  th e first  emphasize s th e contributio n o f  th e 
"said "  (informatio n take n t o b e directl y represente d i n th e 
linguisti c  input) ;  th e secon d emphasize s th e contributio n o f 
th e "unsaid "  (informatio n no t  directl y represente d i n th e 
linguisti c inpu t  bu t  inferred) . 

I n previou s wor k w e hav e examine d wh y natura l 
language s m a k e us e o f  prope r  name s an d pronoun s t o refe r 
t o entitie s i n th e worl d (Gordo n &  Hendrick ,  1997) .  Forma l 
logi c construct s forma l  language s tha t  mak e n o us e o f 
pronouns ,  an d ou r  researc h ha s bee n aime d a t  understandin g 
th e rol e o f  name s an d pronoun s i n dynami c discours e 
models .  Ou r  researc h suggest s tha t  th e differenc e i n th e 

linguisti c for m o f  referrin g expression s mark s an d exploit s 
th e orderl y elaboratio n o f  a  discours e model .  C o m m on 

sens e suggest s tha t  causa l  connection s betwee n utterance s o f 
a discours e ar e als o importan t  i n establishin g a  coheren t 
discours e model ,  an d evidenc e exist s tha t  substantiate s thi s 
poin t  o f  vie w (Giv(3 n &  Gernsbacher ,  1995) .  Subject s ca n 
ofte n identif y a  caus e i n a  singl e utterance .  Fo r  example ,  i n 
th e sentenc e Robi n wrot e t o Sandy ,  Robi n appear s t o b e th e 
caus e o f  th e even t  o f  writing .  Thi s kin d o f  judgmen t  goe s 
unde r  th e labe l  implici t  causalit y i n th e psycholinguisti c 
literature .  I n thi s pape r  w e explor e th e determinant s o f 
implici t  causalit y i n a  discours e model . 

Three Views of Implicit Causality 

Th e psycholinguisti c literatur e distinguishe s thre e 
conception s o f  th e sourc e o f  implici t  causalit y an d it s 
integratio n i n a  discours e model : 

1.  Forma l  semantic s ha s a  traditio n o f  categorizin g 
predicate s int o simple x function s expressin g state s an d 
comple x function s involvin g a  relatio n o f  causatio n an d a 
resultin g stat e (e.g. ,  Dowty ,  1975 ,  Parsons ,  1990) .  Som e 
researc h ha s buil t  o n thi s semanti c traditio n an d analyze d 
causalit y a s a  relatio n expresse d b y a  predicat e invoke d i n a n 
utteranc e o f  a  discourse .  T o comprehen d a n utteranc e i s t o 
understan d th e relatio n o f  causalit y asserte d b y invokin g a 
particula r  predicate .  Garve y an d Caramazz a (1974 )  an d 
Garvey ,  Caramazz a an d Yate s (1975 )  offe r  a  typolog y o f 
predicate s base d o n whethe r  th e subjec t  nou n phras e o r 
objec t  nou n phras e o f  a  particula r  predicat e i s treate d a s th e 
sourc e o f  implici t  causalit y i n a n expresse d event . 

2.  Socia l  psycholog y ha s le d som e researcher s t o analyz e 
th e causalit y implici t  i n a n utteranc e a s originatin g outsid e 
of  th e linguisti c materia l  o f  a  discours e an d plac e i t  i n mor e 
genera l  cognitiv e schemas .  B row n an d Fis h (1983 )  an d 
Brow n (1986 )  fo r  exampl e observ e th e sam e genera l 
typolog y o f  predicate s a s Garve y an d Caramazz a bu t  deriv e 

it s existenc e fro m general ,  independen t  principle s (o f 
attributio n theory )  rathe r  tha n from  th e semanti c natur e o f 
linguisti c predicates . 

3.  N o n explici t  inference s generate d from  discours e 
model s hav e als o bee n suggeste d a s likel y candidate s fo r 
judgment s o f  implici t  causality .  Garnham ,  Traxler ,  Oakhill , 
and Gernsbache r  (1996 )  offe r  a n "integrationis t  model "  i n 
whic h inference s abou t  implici t  causalit y ar e derive d fro m 
discours e models .  Thes e inference s ar e onl y produce d whe n 
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neede d fo r  som e tas k (suc h a s fixin g th e referenc e o f  a 
pronou n o r  integratin g th e informatio n o f  a  ne w claus e int o a 
discours e model) ,  an d closel y resembl e inference s mad e 
fro m informatio n no t  explicitl y  represente d i n linguisti c 
inpu t  (i.e. ,  fro m "backgroun d knowledge") .  Thi s vie w 
differ s fro m forma l  semanti c analyse s b y denyin g tha t 
informatio n abou t  implici t  causalit y i s par t  o f  th e linguisti c 
predicat e invoke d i n a n utterance ;  i t  diverge s fro m th e socia l 
psychologica l  analysi s b y claimin g tha t  th e inference s ar e 
specifi c  t o discours e an d onl y optionall y constructe d a s 
needed . 

Thi s pape r  report s evidenc e supportin g th e vie w tha t 
implici t  causalit y i s represente d i n a  discours e mode l  an d i s 
strongl y influence d b y th e wa y i n whic h informatio n i s 
encode d b y predicates .  Thi s evidenc e i s no t  naturall y 
modele d i n socia l  psychologica l  term s o r  a s no n explici t 
inferences . 

Does Implicit Causality Reduce to a Social 
P s y c h o l o g i c a l  I n f e r e n c e ? 

H u m a ns exhibi t  recurren t  pattern s o f  though t  an d feelin g a s 
the y engag e i n socia l  life ,  an d thi s provide s th e subjec t 
matte r  fo r  socia l  psychology .  Attributio n theor y explain s 
h o w individual s ascrib e cause s t o event s i n orde r  t o giv e 
meanin g an d coherenc e t o thei r  experienc e (Kelley ,  1967) . 
Th e intuitio n a t  it s  cor e i s tha t  causalit y i s attribute d t o wha t 
i s informativ e i n th e scen e o f  a  perceive d event .  Thi s lead s 
t o a  significan t  asymmetr y betwee n attribution s o f  causalit y 
by observer s o f  a n even t  an d participant s i n tha t  event .  A n 
observe r  attribute s causalit y t o th e participan t  i n motio n 
(becaus e the y ar e perceptibl e an d informative )  whil e a 
participan t  tend s t o attribut e causalit y t o th e othe r  co -
participan t  (becaus e onl y th e othe r  participant' s movement s 
ar e informative) . 

Brow n an d Fis h contras t  thre e group s o f  predicate s 
exemplifie d b y cheat ,  attract ,  an d admire .  Predicate s lik e 
chea t  typicall y lea d speaker s t o ascrib e causalit y t o th e 
subjec t  nou n phras e (wha t  i s identifie d i n th e semanti c 
literatur e a s th e agent )  i n activ e sentence s a s oppose d t o th e 
direc t  objec t  (th e patient) .  Predicate s suc h a s admir e o r 
pleas e denotin g menta l  state s (th e so-calle d "psychologica l 
predicates" )  sometime s attribut e causalit y t o th e subjec t  o f 
th e predicat e (a s pleas e does )  an d sometime s t o th e direc t 
objec t  (a s admir e does) .  Th e correc t  generalizatio n her e i s 
tha t  causalit y i s attribute d t o wha t  th e semanti c literatur e 
term s th e stimulu s o f  th e experienc e rathe r  tha n th e 
experience r  an d tha t  thes e predicate s diffe r  a s t o whethe r  th e 
stimulu s i s linke d t o th e subjec t  nou n phras e positio n o r  th e 
direc t  objec t  position. '  B r o w n (1986 )  explain s thi s variatio n 
i n th e perceptio n o f  causalit y a s a  principle d consequenc e o f 
attributio n theory .  Subject s estimat e th e cardinalit y o f  th e 
set  o f  experiencer s (e.g. ,  admirers )  an d o f  stimul i  (e.g. , 
admirees) ,  a s suggeste d b y Figur e 1 ;  th e se t  o f  experiencer s 
i s (claime d as )  large r  tha n tha t  o f  stimuli ;  therefor e th e 

no n admirer s 

'  Th e stimulu s o f  attrac t  i s  linke d t o it s subjec t  whil e th e 
experience r  i s i n th e direc t  objec t  positio n i n a  sentenc e suc h a s 
Ted attract s Paul .  Th e predicat e admir e work s i n th e opposit e 
way:  th e experience r  i s it s subjec t  an d th e stimulu s i s th e direc t 
objec t  i n a  sentenc e lik e Te d admire s Paul . 

admirer s 

no n admiree s 

admiree s 

Figur e 1 .  Relativ e proportion s o f  differen t  type s o f  peopl e 
base d o n Brown' s (1986 )  o f  implici t  causalit y i n term s o f 
attributio n theory . 

stimulus always carties more information value to an 
observer .  I n thi s wa y agent s an d stimul i  ar e mor e likel y t o 

receiv e attribution s o f  causalit y tha n eithe r  experiencer s o r 
patients . 

I f  th e differenc e i n th e psychologica l  predicate s reduce s t o 
th e estimate d cardinalit y o f  th e se t  o f  stimul i  an d 
experiencer s a s B row n envisioned ,  the n thi s analysi s shoul d 
predic t  tha t  th e judgment s o f  causalit y shoul d revers e i n 
negate d sentence s becaus e the y involv e comparin g th e 
cardinalit y o f  th e complemen t  se t  o f  experiencer s (e.g. ,  th e 
non-admirers )  wit h th e cardinalit y o f  th e complemen t  se t  o f 
stimul i  (e.g. ,  th e non-admirees) .  Ou r  firs t  experimen t  i s 
designe d t o tes t  thi s claim . 

Experiment 1 
M e t h o d 

Participants .  7 2 undergraduate s participate d i n thi s 
experiment .  The y wer e enrolle d i n introductor y psycholog y 
course s a t  th e Universit y o f  Nort h Carolina . 

Materials .  Thes e wer e modele d o n thos e o f  B r o w n an d 
Fish .  Subject s wer e aske d t o respon d t o question s lik e thos e 
show n i n Tabl e 2 .  Th e ver b lik e i n th e exampl e w a s 
systematicall y replace d b y eac h o f  th e 3 6 verb s i n Tabl e 1 . 
Thes e verb s ar e groupe d int o thre e classe s tha t  var y th e typ e 
and orde r  o f  th e semanti c role s the y assig n t o thei r  nou n 
phras e argument s (i.e. ,  <agent ,  patient> ,  <stimulus , 
experiencer> ,  <experiencer ,  stimulus>) . 

Table 1: Verbs used in stimuli. 

Agent -
Patien t 

apologize-t o 
chea t 

compete-wit h 
criticiz e 

def y 
disobe y 

dominat e 
flatte r 
har m 
hel p 

protec t 
slande r 

Stimulus -
Experience r 

astonis h 
attrac t 
char m 

deceiv e 
deligh t 

exasperat e 
impres s 

influenc e 
repe l 
scor n 
shoc k 

troubl e 

Experiencer -
Stimulu s 

abho r 
admir e 
despis e 
detes t 
drea d 
enjo y 

estee m 
hono r 

lik e 
loath e 
notic e 

pit y 
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Tabl e 2 .  Sampl e stimul i  fo r  th e first  experiment . 

affirmative: 
Te d like s Paul . 

H o w likel y i s i t  tha t  thi s i s because : 
A.  Te d i s th e kin d o f  perso n tha t  like s people . 

Not  likel y 1 2 3 4 5 6 7 8 9 Definitel y likel y 
B.  Pau l  i s  th e kin d o f  perso n tha t  peopl e like . 

Not  likel y 1 2 3 4 5 6 7 8 9 Definitel y likel y 
C.  S o m e othe r  reason . 

Not  likel y 1 2 3 4 5 6 7 8 9 Definitel y likel y 

negated main clause 
Te d doesn' t  lik e Paul . 

H o w likel y i s i t  tha t  thi s i s because : 

A.  Te d i s no t  th e kin d o f  perso n tha t  like s people . 
Not  likel y 1 2 3 4 5 6 7 8 9 Definitel y likel y 

B.  Pau l  i s  no t  th e kin d o f  perso n tha t  peopl e like . 
Not  likel y 1 2 3 4 5 6 7 8 9 Definitel y likel y 

C.  S o m e othe r  reason . 
Not  likel y 1 2 3 4 5 6 7 8 9 Definitel y likel y 

negative relative clause 
Te d doesn' t  lik e Paul . 

H o w likel y i s i t  tha t  thi s i s  because : 
A.  Te d i s th e kin d o f  perso n tha t  doesn' t  lik e people . 

Not  likel y 1 2 3 4 5 6 7 8 9 Definitel y likel y 
B.  Pau l  i s  th e kin d o f  perso n tha t  peopl e don' t  like . 

Not  likel y 1 2 3 4 5 6 7 8 9 Definitel y likel y 
C.  S o m e othe r  reason . 

Not  likel y 1 2 3 4 5 6 7 8 9 Definitel y likel y 

Design. The three types of verbs were crossed with the 
thre e type s o f  negation ,  wit h eac h participan t  ratin g a  give n 
ver b i n onl y on e negatio n condition .  Acros s participant s 
eac h ver b appeare d i n al l  thre e negatio n conditions .  Thre e 
differen t  randomization s o f  item s wer e used . 

Procedure .  Eac h participan t  filled  ou t  on e questionnaire . 
Th e followin g instructions ,  take n fro m Brow n an d Fish , 
introduce d th e questionnaire : 

Eac h ite m i n thi s questionnair e begin s wit h a  statemen t 
followe d b y thre e possibl e explanation s o f  th e even t 
describe d b y th e statement .  Y o u ar e aske d t o rat e eac h o f 
thes e explanation s o n h o w likel y i t  i s  t o hav e cause d th e 
state d event .  D o s o b y circlin g th e appropriat e numbers . 
Pleas e mak e th e ratin g fo r  eac h caus e (A ,  B ,  an d C ) 
independen t  o f  th e othe r  causes ,  i n that ,  th e thre e circle d 
number s ar e no t  require d t o su m t o an y particula r  value . 
Pleas e als o mak e th e rating s o f  eac h sentence-even t 
independen t  o f  eac h othe r  sentence-event .  Th e sam e 
prope r  name s (Pau l  an d Ted )  ar e use d throughou t  an d ar e 
not  intende d t o hav e an y significance .  Y o u shoul d not ,  fo r 
instance ,  thin k o f  Pau l  (o r  Ted )  a s on e perso n w h o shoul d 
be rate d i n a  consisten t  wa y fro m on e sentence-even t  t o 
another .  Th e name s ar e arbitrar y an d hav e bee n randoml y 
jjermute d i n sentenc e position . 

Result s an d discussion . 
Tabl e 3  present s th e mea n causalit y rating s a s a  functio n 

of  typ e o f  ver b an d negation. ^  Tabl e 4  present s th e 
differenc e betwee n attributio n o f  causalit y t o th e first  nou n 
phras e an d t o th e secon d nou n phrase ,  yieldin g a  concis e 
measur e o f  whethe r  greate r  causalit y i s attribute d t o th e first 
nou n phras e argumen t  o f  th e predicat e o r  t o th e second . 
Significan t  mai n effect s o f  ver b typ e [F(2,I42 )  =  89.1 ,  p  < 
.001 ]  an d negatio n [F(2,142 )  =  6.2 ,  p  <  .005 ]  wer e 
observed ,  a s wa s a  significan t  interactio n o f  th e tw o factor s 
[F(4,284 )  =  7.6,p<.001] . 

Table 3. Results of Experiment I. Mean ratings of causality 
attribute d t o differen t  argument s o f  th e predicate . 

Typ e o f 
Ver b 

Agent -
Patien t 

Stimulus -
Experience r 

Experience r 
-Stimulu s 

Cause 
Attribute d 

t o 
agen t 
patien t 

stimulu s 
experience r 

experience r 

stimulu s 

None 

7.2 1 
5.0 3 

6.8 9 
5.0 0 

5.4 5 
6.5 4 

Typ e o f  Negatio n 

Mai n Relativ e 
:  Claus e Claus e 

6.8 9 
5.2 7 

6.3 1 
5.4 9 

5.7 9 
6.3 3 

7.1 2 
5.2 4 

6.4 8 
5.1 8 

5.8 2 

6.0 1 

The affirmativ e stimul i  i n ou r  experimen t  elicite d th e 
same judgment s o f  causalit y tha t  Brow n an d Fis h 
discovered .  Subject s attribute d causalit y t o thos e nou n 
phrase s servin g th e semanti c rol e o f  agen t  o r  stimulu s an d 
resiste d attributin g causalit y t o experiencer s o r  patients .  Th e 
stimul i  wit h negatio n exhibi t  th e sam e patter n onl y mor e 
weakly :  causalit y i s attribute d t o agen t  an d stimul i  bu t  onl y 
weakl y t o experiencer s o r  patients .  W e find  tha t  th e degre e 
of  differenc e betwee n attribution s o f  causalit y t o th e 
semanti c rol e o f  agen t  vs .  th e patien t  o r  th e stimulu s vs .  th e 
experience r  i s reduce d i n negativ e contexts .  Howeve r  th e 
attributio n o f  causalit y di d no t  revers e i n th e negate d 

Table 4. The difference between the ratings of causality for 
first  an d secon d nou n phras e i n Experimen t  1 . 

Type of Negation 
Typ e o f 

Ver b 

Agent -
Patien t 
Stimulus -
Experience r 
Experiencer -
Stimulu s 
M e an 

None 

2.1 8 

1.8 7 

-1.0 8 

.9 9 

Mai n 
Claus e 

1.6 2 

.8 1 

-.5 5 

.6 3 

Relativ e 

Claus e 

1.8 9 

1.2 8 

.1 9 

.9 9 

Meai 

1.9 0 

1.3 2 

-.6 1 

sentence-events ,  castin g doub t  o n Brown' s clai m tha t  th e 
relativ e cardinalit y o f  th e se t  o f  experiencer s an d stimul i 

Value s fo r  respons e c  ("other "  responses )  di d no t  var y 
significantl y a s a  functio n o f  condition . 

432 



determine s inference s abou t  implici t  causality .  T w o 
possibl e explanation s sugges t  themselve s fo r  th e significan t 
effec t  o f  negation .  O n e lin e o f  explanatio n migh t  appea l  t o 
th e fac t  tha t  negate d statement s typicall y pos e processin g 
problem s fo r  subject s (Clark ,  1974 ,  Sherman ,  1973) .  A 
secon d explanatio n migh t  b e base d o n th e conten t  o f 
semanti c roles .  Dowt y (1991 )  suggest s tha t  traditiona l 
semanti c role s (agent ,  patient ,  stimulus ,  experiencer , 
instrument ,  etc. )  shoul d b e modele d i n forma l  semantic s a s 
drawin g upo n tw o primitiv e roles ,  proto-agen t  an d proto -
patient .  Thes e ar e analyze d a s fuzz y set s define d b y factor s 
licensin g semanti c inferences .  Th e factor s contributin g t o 
proto-agenthoo d ar e volitiona l  involvemen t  i n a n even t  o r 
state ,  sentienc e o r  perception ,  causin g a n even t  o r  chang e o f 
stat e i n a  participant ,  an d movement. ^  Proto-patient s 
underg o chang e o f  state ,  ar e causall y affecte d b y anothe r 
participant ,  an d ar e stationary .  Th e first  nou n phras e i n a 
sentenc e lik e Jone s assaulte d Smit h i s a  stereotypica l  agen t 
fro m thi s poin t  o f  view ,  an d i s a  somewha t  bette r  agen t  tha n 
th e first  nou n phras e i n a  sentenc e lik e Harvar d rejecte d 
Smit h becaus e rejec t  doe s no t  entai l  movemen t  no r  doe s i t 
impl y a  chang e o f  stat e i n Smith .  Experiencer s ar e poo r 
agent s becaus e the y ar e onl y sentient ,  an d lac k th e othe r 
stereotypica l  propertie s o f  proto-agent ;  the y als o hav e 
limite d proto-patien t  propertie s (typicall y onl y bein g 
causall y affecte d b y anothe r  participant) .  Th e semanti c rol e 
stimulu s i s als o a  wea k agen t  becaus e i t  onl y cause s a 
chang e o f  stat e i n anothe r  participant .  Refrainin g fro m a n 
act  o r  psychologica l  stat e i s semanticall y treate d a s 
volitiona l  an d thu s relate d t o causalit y b y th e proto-agen t 
role .  I n th e sentenc e Te d flatter s Pau l  causalit y i s attribute d 
t o Ted ,  whil e i n a  sentenc e lik e Te d like s Pau l  causalit y i s 
attribute d t o Paul .  Refrainin g fro m flattery  o r  likin g ca n b e 
deliberat e an d appea r  somewha t  causal :  thu s Te d appear s 
mor e causa l  i n sentence s suc h a s Te d doesn' t  lik e Paul .  A t 
th e sam e time ,  th e fac t  tha t  a n even t  faile d t o tak e plac e 
migh t  diminis h th e perceive d causalit y o f  a n agen t  o r 
stimulus .  Ther e i s n o reaso n i n ou r  dat a t o prefe r  th e 
explanatio n i n term s o f  processin g difficultie s o f  negatio n o r 
i n term s o f  th e interactio n o f  negatio n wit h semanti c roles . 
Indee d thes e tw o consequence s o f  negatio n ar e no t 
incompatibl e an d the y migh t  bot h contribut e t o th e effec t  o f 
negatio n i n ou r  data . 

Does Causality Reduce to an Inference from 
B a c k g r o u n d K n o w l e d g e ? 

Garnham,  e t  al .  (1996 )  argu e tha t  implici t  causalit y i s no t  a 
propert y o f  predicate s bu t  tha t  suc h causa l  relation s ar e par t 
of  one' s knowledg e abou t  wha t  event s ar e usuall y like .  Thi s 
stor e o f  informatio n i s accesse d onl y wher e neede d fo r  a 
tas k (e.g. ,  th e comprehensio n tas k o f  resolvin g pronomina l 
reference) .  Thi s theoretica l  poin t  o f  vie w attribute s implici t 
causalit y t o backgroun d knowledg e tha t  ca n b e use d i n th e 
productio n o f  no n explici t  inferences .  Language s hav e a 

wid e rang e o f  anaphori c device s use d t o reinvok e 
informatio n alread y presen t  i n a  discours e model .  Pronoun s 
ar e surel y th e mos t  wel l  studie d anaphori c form ,  bu t  other s 
exis t  a s well .  I n particular ,  Englis h ha s anaphori c verb s lik e 
da (an d phrasa l  variant s lik e d o so ,  d o tha t  kin d o f  thing) ; 
thes e anaphori c expression s inde x previousl y invoke d event s 
i n a  discourse ;  w e wil l  cal l  thes e expression s even t 
anaphors *  Even t  anaphor s d o no t  integrat e anothe r  even t  t o 
a discours e bu t  instea d refe r  bac k t o a n even t  alread y 
represente d i n th e model .  F ro m th e perspectiv e o f  Garnham , 
et  al .  (1996) ,  the y should ,  a s verbs ,  correlat e wit h n o 
implici t  causalit y effect s o f  thei r  own .  Thi s expectatio n 
stem s fro m th e fac t  tha t  the y represen t  n o privilege d even t 
but  instea d ar e linguisti c wil d cards ,  abl e t o represen t 
virtuall y an y even t  i n a  discourse .  Ou r  secon d experimen t  i s 
designe d t o tes t  whethe r  th e implici t  causalit y o f  even t 
anaphor a give s th e sam e result s a s ou r  othe r  experimen t  o r 
whethe r  suc h verb s contribut e distinc t  pattern s o f  implici t 
causality . 

Experiment 2 
M e t h o d 
Participants .  1 1 ne w participants ,  draw n fro m th e sam e 

populatio n a s th e previou s experiment ,  wer e tested . 
Materials .  Subject s wer e aske d t o respon d t o question s 

lik e thos e i n Tabl e 5 .  Th e ver b admir e wa s systematicall y 
replace d b y eac h o f  th e 3 6 verb s i n Tabl e 1  exemplifyin g 
differen t  thre e differen t  ordere d pair s o f  semanti c role s (i.e. , 
<agent ,  patient> ,  <stimulus ,  experiencer> ,  <experiencer , 
stimulus>) . 

Desig n an d procedure .  Th e desig n an d procedur e wer e 
th e sam e a s i n th e previou s experiment . 

Table 5: Sample stimuli for the second experiment 

negated main clause 
Ted doesn' t  admir e Paul . 

H o w likel y i s i t  tha t  thi s i s  because : 
A.  Tha t  i s  no t  th e kin d o f  thin g tha t  Te d does . 

Not  likel y 1 2 3 4 5 6 7 8 9 Definitel y likel y 
B.  Tha t  i s  no t  th e kin d o f  thin g tha t  happen s t o Paul . 

Not  likel y 1 2 3 4 5 6 7 8 9 Definitel y likel y 
C.  S o m e othe r  reason . 

Not  likel y 1 2 3 4 5 6 7 8 9 Definitel y likel y 

Results and discussion. 
Tabl e 6  present s th e mea n causalit y rating s a s a  functio n 

of  typ e o f  ver b an d negation. ^  Tabl e 7  present s th e 
differenc e betwee n attributio n o f  causalit y t o th e first  nou n 
phras e an d t o th e secon d nou n phrase ,  yieldin g a  concis e 

'  Th e rol e o f  proto-agen t  correlate s probabilistically ,  accordin g t o 
Dowty ,  wit h occupyin g th e positio n o f  subjec t  o f  a  sentence .  Th e 
fac t  tha t  experiencer s an d stimulu s ar e sometime s subject s an d 
sometime s direc t  object s i s a  consequenc e o f  onl y weakl y 
approximatin g th e proto-agen t  role . 

"  T o illustrat e thi s proces s conside r  th e sentenc e Jan e manage d t o 
lan d a  bette r  job ,  bu t  fe w other s wil l  d o so .  Her e d o s o i s 
anaphori c t o lan d a  bette r  job .  Th e ver b happe n i s als o anaphori c 
i n sentence s suc h a s Man y peopl e hop e t o wi n th e lotter y bu t  fe w 
happe n to . 
^  Ther e i s a  smal l  bu t  significan t  increas e i n respons e c ,  "other " 
fro m agent-patien t  t o stimulus-experience r  t o experiencer-stimulu s 
verbs .  Thi s patter n i s consisten t  wit h ou r  argumen t  tha t  th e 
anaphori c predicat e influence s judgment s o f  causality . 
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Tabl e 6 .  Result s o f  Experimen t  2 .  M e a n rating s o f  causalit y 
attribute d t o differen t  argument s o f  th e predicate . 

Typ e o f 
Ver b 

Agent -
Patien t 

Stimulus -
Experience r 

Caus e 
Attribute d 

t o 
agen t 
patien t 

stimulu s 
experience r 

None 

7.1 5 
4.7 6 

6.4 1 

5.1 1 

Typ e o f  Negatio n 
Mai n Relativ e 

;  Claus e Claus e 

6.8 9 
4.4 4 

6.0 3 
4.8 8 

6.9 7 
4.7 0 

6.1 3 
5.0 3 

Experience r  experience r  5.3 2 5.6 3 5.6 2 

-Stimulu s stimulu s 5.6 9 4.9 6 4.9 3 

measure of whether greater causality is attributed to the first 
nou n phras e argumen t  o f  th e predicat e o r  t o th e second .  A 
significan t  mai n effec t  o f  ver b typ e [F(2,142 )  =  74.8 ,  p  < 
.001 ]  w a s observe d bu t  ther e wa s n o significan t  mai n effec t 
of  negatio n [F(2,142 )  =  2.65 ,  p  >  .05] .  Th e interactio n o f 
thes e tw o factor s wa s significan t  [F(4,284 )  =  5.8 ,  p  <  .001] . 
Post  ho c contrast s showe d tha t  greate r  causalit y wa s 
attribute d t o th e experience r  tha n th e stimulu s whe n 

negatio n wa s i n th e mai n claus e [t(71 )  =  7.23 ,  p  <  .001 ]  an d 
w h en i t  i s  i n th e relativ e claus e [t(71 )  =  7.34 ,  p  <  .001] . 
Thi s patter n i s a  reversa l  o f  th e implici t  causalit y effec t  first 
foun d b y B r o w n an d Fis h (1983 )  an d show n i n m a n y 
subsequen t  studies . 

T h e result s o f  thi s experimen t  challeng e theorie s tha t  den y 
tha t  predicate s m a k e a  contributio n t o th e calculatio n o f 
implici t  causalit y independen t  o f  th e representatio n o f  event s 
i n a  discours e model .  Experiencer s i n thi s experimen t  wer e 
mor e likel y t o b e judge d a s causa l  tha n i n ou r  first 
experiments. ^  Thi s i s remarkabl e i n tha t  th e event s 
describe d ar e th e same .  Apparentl y d o require s a n agentiv e 

Table 7: difference between attribution of causality to the 

first  an d secon d nou n phras e 

Type of Negation 

Typ e o f  Ma i n Relativ e 

Ver b N o n e Claus e Claus e M e a n 

Agent -  2.3 9 2.4 5 2.2 7 2.3 7 

Patien t 

Stimulus -  1.3 0 1.1 5 1.0 9 1.1 8 

Experience r 

Experiencer -  -.3 7 .6 8 .6 9 .3 3 

Stimulu s 

M e an 1.1 1 1.4 3 1.3 5 

subject while at the same time being able to recapitulate a 
previousl y mentione d event .  Thes e dat a als o provid e som e 
fiirthe r  evidenc e o f  th e influenc e o f  negatio n o n semanti c 

*  Th e proble m identifie d her e woul d hol d fo r  reduction s i n othe r 
directions ,  suc h a s Hilton' s (1990 )  conversationa l  model . 
'  Ou r  result s o n thi s poin t  converg e o n thos e o f  Pesetsk y (1995 ) 
who provide s ver y differen t  argument s tha t  experiencer s ca n b e 
causa l  whe n i n subjec t  position . 

roles .  I n ou r  first  experimen t  w e foun d a  significan t  effec t 
of  negatio n an d note d tha t  i t  coul d b e du e t o eithe r  a n 
asymmetr y i n th e processin g loa d (o f  affirmativ e an d 
negativ e statements )  o r  a n asymmetr y i n th e concep t  o f 
volitio n implicate d i n th e semanti c rol e o f  agent .  Th e 

presenc e o f  negatio n i n conjunctio n wit h th e even t  anaphor a 
was abl e t o mak e a n experience r  appea r  significantl y mor e 
causa l  tha n a  stimulus .  Garnham ,  e t  al .  (1996 )  ar e unabl e t o 
explai n th e increase d causalit y o f  experiencer s whe n 
accompanie d b y th e ver b do ,  o r  th e reversa l  i n attribution s 
of  causalit y t o experiencer s whe n negatio n i s use d wit h 
conjunctio n wit h a n anaphori c verb . 

General Discussion 

Judgment s o f  implici t  causalit y ar e complex .  Thi s situatio n 
stem s fro m th e multipl e source s o f  informatio n tha t  peopl e 
ca n appea l  t o i n attributin g causality .  Undoubtedl y 
knowledg e o f  wha t  event s ar e typicall y lik e ca n contribut e t o 
suc h inferences ,  an d i t  i s  equall y probabl e tha t  subject s ar e 
influence d i n thes e calculation s b y thei r  perception s o f 

socia l  interactions .  However ,  w e believ e tha t  th e 
experiment s presente d her e cas t  doub t  o n attempt s t o reduc e 
attribution s o f  implici t  causalit y t o eithe r  o f  thes e factor s 

exclusively .  The y als o mak e wha t  seem s t o u s t o b e a  poin t 
of  c o m m o n sense :  th e predicate s employe d i n a n utteranc e 
hav e a  significan t  impac t  o n h o w implici t  causalit y  i s judge d 
by virtu e o f  h o w the y contribut e thei r  (semantic )  informatio n 
t o th e dynamicall y constructe d discours e model . 

Th e socia l  psychologica l  explanatio n o f  implici t  causalit y 
i s weakene d b y it s unwillingnes s t o recogniz e th e traditiona l 
wisdo m tha t  predicate s perfor m importan t  semanti c work . 
The failur e o f  Brown' s conjectur e abou t  th e sourc e o f 
implici t  causalit y ca n b e attribute d t o it s appea l  t o a n 
insufficien t  semanti c theory .  Fo r  B r o w n a  statemen t  lik e 
Paul  admire s Te d semanticall y involve s a n admire r  an d a n 
admire e (homologou s t o th e interpersona l  relation) ,  an d i t  i s 
thi s fac t  tha t  warrant s calculatin g th e cardinalit y o f  th e 
respectiv e se t  o f  admirer s an d admirees .  W o r k o n forma l 
semantic s (Parsons ,  1990 )  suggest s tha t  thi s vie w i s 
mistake n an d tha t  a  mor e adequat e analysi s woul d trea t  suc h 
a sentenc e a s conjoinin g thre e bit s o f  information :  ther e i s 
an ac t  o f  admiration ,  Pau l  i s  it s  experience r  an d Te d i s it s 
stimulus .  F ro m th e perspectiv e o f  thi s semanti c analysi s i t  i s 
m u ch mor e difficul t  t o sa y wit h confidenc e Uia t  th e 
cardinalit y o f  th e se t  o f  experiencer s tou t  cour t  i s  greate r  o r 

smalle r  tha n th e se t  o f  stimuli . 
Th e integrationis t  mode l  o f  Garnham ,  e t  al .  (1996 )  i s 

weakene d becaus e i t  doe s no t  attemp t  t o mak e explici t  th e 
inference s tha t  bea r  th e explanator y burde n o f  thei r  claim . 
Th e stud y o f  semantic s show s tha t  the y ar e distinc t  classe s 
of  inferences ;  the y diffe r  fo r  exampl e i n whethe r  the y ar e 
necessar y o r  deniable ,  whethe r  the y ar e license d a s a  socia l 
convention ,  o r  b y som e aspec t  o f  th e linguisti c contex t  (cf . 
Chierchi a &  McConnell-Ginet ,  1990) .  Th e broa d categor y 
of  no n explici t  inference s tha t  i s appeale d t o i n som e 
psycholinguisti c wor k obscure s thes e importan t  distinctions . 
Predicate s carr y wit h the m informatio n tha t  license s 
inference s abou t  causality .  Furthermor e thi s informatio n ca n 
be affecte d b y negatio n an d othe r  aspect s o f  th e linguisti c 
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contex t  (suc h a s even t  anaphora )  a s ou r  tw o experiment s 
show. 

The fac t  tha t  th e perceptio n o f  implici t  causalit y i s 
susceptibl e t o suc h influence s i s als o importan t  becaus e i t 
may warran t  a  modificatio n o f  standar d semanti c role s i n 
favo r  o f  grade d prototypica l  roles ,  alon g th e line s suggeste d 
by Dowt y (1991). *  O n thi s account ,  i t  i s  possibl e tha t 
additiona l  source s o f  informatio n migh t  influenc e ho w 
closel y a  particula r  participan t  i s t o th e proto-typica l  agent . 
The advantag e o f  suc h a n approac h woul d b e tha t  i t  offer s a 
means o f  expressin g th e contributio n tha t  th e linguisti c for m 

of  a  predicat e make s t o th e calculatio n o f  causalit y attribute d 
t o a  predicate' s argument . 

The experiment s w e hav e reporte d her e exten d th e 
exploratio n o f  implici t  causalit y b y varyin g th e linguisti c 
contex t  i n whic h agent-patient ,  stimulus-experiencer ,  an d 
experiencer-stimulu s verb s ar e assesse d fo r  th e locu s o f 
causality .  W e hav e foun d tha t  th e origina l  effec t  reporte d b y 
Brown an d Fis h tha t  causalit y  i s preferentiall y  attribute d t o 
th e semanti c role s o f  agen t  an d stimulu s ove r  experiencer s 
can b e influence d b y th e aspect s o f  th e linguisti c contex t  i n 
whic h the y appear .  Negatio n an d even t  anaphor a 
signiflcantl y influenc e suc h judgments ,  an d i n combinatio n 
can revers e th e Brow n an d Fis h effect . 
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Abstrac t 

To produce effective advice several sources of knowledge are 
needed .  Knowledg e abou t  th e applicatio n domai n th e advic e 
i s concerne d wit h i s o f  cours e necessary ,  bu t  no t  sufficient .  I f 
th e ai m o f  th e interventio n i s inducin g peopl e t o modif y thei r 
habits ,  w e als o nee d specifi c  theorie s o f  ho w an d wh y peo -
pl e chang e behaviou r  t o guid e th e advisin g process .  I n som e 
cases ,  however ,  i t  stil l  doe s no t  suffice :  whe n suggestin g a 
chang e i n a  wel l  establishe d habit ,  severa l  factor s hav e t o b e 
take n int o account ,  an d a  goo d advise r  migh t  als o nee d argu -
mentativ e capabilities ,  i n orde r  t o overcom e possibl e persona l 
and environmenta l  barrier s t o th e change .  Thi s pape r  present s 
a mode l  o f  advic e givin g tha t  integrate s Artificia l  Intelligenc e 
wit h concept s an d method s comin g fro m differen t  disciplines . 
The mode l  ha s bee n implemente d i n Daphne ,  a n advic e givin g 
syste m tha t  operate s i n th e nutritio n educatio n domain . 

Keywords .  Advic e Givin g Systems ,  Argumentation ,  Healt h 

Promotion ,  Behaviou r  Modelling ,  Dialogue . 

Introduction 

Advic e givin g system s ar e ofte n considere d a s a  su b clas s 

of  tutorin g ones ,  th e differenc e bein g tha t  the y interac t  wit h 

mor e exper t  users ,  w h o ,  rathe r  tha n bein g instructe d i n per -

formin g a  task ,  onl y nee d som e suggestion s abou t  h o w t o per -

for m i t  mor e efficientl y (Forslun d 1995) .  A  c o m m o n hypoth -

esi s i n suc h system s i s tha t  th e user' s belief s ar e fewe r  tha n 

th e system's ,  bot h i n qualitativ e an d i n quantitativ e terms . 

Th e syste m bein g th e exper t  i n th e conversatio n domain ,  a 

disagreemen t  betwee n system' s an d user' s knowledg e i s con -

sidere d a s a  user' s misconception .  Also ,  al l  th e concept s tha t 

th e use r  i s modelle d t o hav e o n th e domai n for m a  subse t  o f 

system' s ones . 

I n thi s wor k w e woul d lik e t o analyz e a  wide r  concep t  o f 

"advice" ,  tha t  i s  th e provisio n o f  opinion s abou t  wha t  t o do , 

or  h o w t o behave ,  no t  necessaril y  wit h respec t  t o a  techni -

cal  task ,  bu t  als o concernin g mor e genera l  issues ,  involvin g 

persona l  opinion s an d values . 

Givin g advice ,  i n thes e situations ,  doe s no t  mea n onl y pro -

vidin g knowledge ,  and ,  mor e importantly ,  doe s no t  mea n 

ownin g knowledge .  A s Hustad t  (1994 )  pointe d out ,  th e hy -

pothesi s o f  system' s greate r  expertis e shoul d b e relaxe d whe n 

th e persona l  attitud e toward s th e topi c i s a n importan t  sub -

jec t  o f  discussion .  I n thes e case s bot h th e participant s ar e 

experts :  th e system' s belief s ca n b e see n a s opinions ,  mor e o r 

les s warranted ,  t o b e communicate d t o th e user ,  an d argue d 

about ,  i f  necessary ,  an d th e use r  wil l  no t  alway s eventuall y 

shar e it s knowledge .  Th e ai m o f  suc h a  syste m i s the n t o pro -

duc e persuasiv e message s havin g a  mor e effectiv e impac t  o n 

th e addressee . 

I n orde r  t o desig n a  syste m whos e ultimat e ai m i s t o tr y an d 

influenc e th e user' s behaviou r  ver y divers e source s o f  knowl -

edg e hav e t o b e integrated .  Knowledg e abou t  th e specifi c 

domain ,  knowledg e abou t  h o w individua l  behaviou r  i s influ -

ence d b y a  variet y o f  beliefs ,  attitude s an d subjectiv e feelings , 

an d knowledg e abou t  h o w argumentatio n technique s ca n b e 

used ,  al l  hav e a  crucia l  rol e i n producin g effectiv e messages . 

I n thi s work ,  al l  thes e source s o f  knowledg e ar e combine d 

wit h Artificia l  Intelligenc e method s an d technique s i n a  com -

pute r  system .  Daphne ,  abl e t o argu e wit h a  user .  Th e resultin g 

domai n independen t  mode l  i s illustrate d i n th e domai n o f  nu -

tritio n education . 

Nutrition: an Argumentative Scenario 

I t  i s  generall y agree d (Departmen t  o f  Healt h 1992 )  tha t  a 

healthie r  nutritio n habi t  ca n hav e a  crucia l  rol e i n decreas -

in g die t  relate d diseases .  Nevertheless ,  a s Frie s &  Croyl e 

(1993 )  pointe d out ,  "fa r  to o often ,  wha t  a n educato r  regard s a s 

healthfu l  virtue s m a y b e regarde d a s socia l  vice s b y clients" . 

Enlightenin g studie s showe d tha t  severa l  barrier s an d stereo -

type s influenc e people' s nutritio n habits .  A  sampl e o f  colleg e 

student s interviewe d b y Frie s &  Croyl e (1993) ,  fo r  example , 

foun d tha t  person s eatin g low-fa t  foo d ar e pick y an d peopl e 

wit h a  high-fa t  die t  atten d parties .  Simila r  stereotype s ca n b e 

foun d i n Sadall a &  Burrough s (1981) .  Zieblan d etal .  (1998 ) 

identifie d som e o f  th e externa l  an d interna l  barrier s t o chang e 

i n diet ,  suc h a s /  enjo y eatin g food s tha t  ar e ba d fo r  me .  A s 

Frie s &  Croyl e (1993 )  suggest ,  th e kin d o f  barrie r  i s  simila r 

t o thos e face d i n advertisement :  s o a n educato r  shoul d sho w 

simila r  argumentativ e skills . 

Moreove r  nutritio n i s a  topi c i n whic h ever y perso n feel s i n 

a sens e t o b e a n expert :  w e al l  know ,  a t  leas t  roughly ,  whic h 

ar e th e ba d an d th e goo d foods .  A n d w e certainl y ar e th e 

expert s whe n speakin g abou t  wha t  w e lik e t o eat ! 

Thes e characteristic s mak e th e nutritio n educatio n scenari o 

ver y appropriat e fo r  ou r  study :  i t  involve s persona l  attitude s 

and values ,  th e addressee s hav e som e expertis e o n th e do -

main ,  suc h t o allo w the m t o counter-argu e wit h th e educa -

tor' s advice ,  an d a  dialectica l  abilit y  i s  the n involve d i n orde r 
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Schema 
Pragmati c Argumen t 

Definitio n Exampl e 
Evaluate s act s o r  event s i n term s o f  thei r  conse -  Eatin g fruit  wil l  mak e yo u slimme r 
quence s 

Arguin g b y Mode l  Present s specifi c  cas e a s a  mode l  t o b e imitated .  Italian s kno w al l  abou t  health y eatin g 
The mode l  mus t  b e admirabl e o r  hav e authorit y o r 
prestig e 

Arguin g b y Dissociatio n Break s connecte d links ,  reorganizin g th e ad -  Yo u sai d tha t  peopl e wh o ar e concerne d abou t  die t 
dressee' s concep t  o f  realit y  ar e self-centred ,  bu t  I  prefe r  t o conside r  the m jus t 

responsibl e person s 

Figure 1: Three New Rhetoric's schemas 

t o overcom e th e lac k o f  willingnes s t o accep t  educator' s poin t 

of  view . 

The Theoretical Basis 

An objective of this research was to appeal to well established 

theorie s fo r  eac h o f  th e fields  o f  exploration :  healt h promo -

tio n an d argumentation .  Thi s sectio n briefl y detail s th e char -

acteristic s o f  th e theorie s whic h contribute d t o th e realizatio n 

of  th e system . 

Health Promotion 

Some of the theoretical models in health research were ex-

amined ,  i n orde r  t o find  th e appropriat e framewor k fo r  ou r 

formalization .  W e foun d tw o o f  the m which ,  wit h mino r 

changes ,  coul d b e easil y formalize d int o a  compute r  system . 

The transtheoretica l  mode l  o f  change ,  o r  Stage s o f  Chang e 

Model ,  (Prochask a &  DiClement e 1992 )  suggest s tha t  indi -

vidual s progres s throug h ver y distinc t  stage s o f  chang e o n 

thei r  wa y t o chang e thei r  behaviour .  I n a  first  precontem -

platio n stage ,  peopl e se e n o proble m wit h thei r  behavio r  an d 

hav e n o intentio n o f  changin g it .  A  contemplatio n stag e 

comes whe n peopl e com e t o understan d thei r  problem ,  an d 

star t  thinkin g abou t  solvin g it ,  bu t  hav e n o immediat e plans . 

I n a  followin g preparatio n stage ,  peopl e ar e plannin g t o tak e 

an actio n i n th e immediat e future ,  an d hav e alread y mad e 

some smal l  change s i n thi s directions .  Th e actio n stag e in -

volve s peopl e w h o ar e actuall y i n th e proces s o f  activel y mak -

in g behavio r  changes .  Finally ,  th e maintenanc e stag e char -

acterize s a  perio d o f  behavio r  continue d o n a  regula r  basis ; 

6 month s i s generall y agree d t o b e a  goo d measur e o f  time . 

The proces s o f  change ,  however ,  i s no t  linea r  an d a  relaps e i s 

alway s possibl e a t  eac h stage . 

The Healt h Belie f  Mode l  (Becke r  1974 )  assume s tha t  fo r 

peopl e t o actuall y tak e a n actio n t o avoi d a  negativ e situatio n 

the y nee d t o believ e that :  the y ar e personall y susceptibl e t o it ; 

it s occurrenc e woul d hav e a t  leas t  moderat e severit y o n som e 

component s o f  thei r  life ;  takin g a  particula r  actio n woul d i n 

fac t  reduc e thei r  susceptibilit y  t o i t  or ,  i f  i t  occurs ,  woul d re -

duc e it s severity ;  takin g a  particula r  actio n woul d no t  caus e 

the m overcomin g importan t  (fo r  them )  barrier s (eg .  cost , 

convenience ,  pain ,  embarrassmen t  an d s o forth) . 

The tw o model s ar e successfull y use d i n man y health y die t 

promotio n intervention s (Ro e e t  al .  1997) . 

A Theo r y o f  A rgumen ta t i o n 

I n lookin g fo r  a  theor y abl e t o expres s everyda y arguments , 

we exclude d thos e dealin g onl y wit h demonstrativ e reason -

ing ,  bein g mor e concerne d abou t  th e effectivenes s o f  argu -

ment s tha n thei r  validity . 

Perelman' s N e w Rhetori c (Perelma n 1979 )  me t  ou r  re -

quirements .  I t  i s a  theor y o f  argumentatio n whic h deal s wit h 

dialecti c reasoning ,  definin g a n argumen t  a s mor e o r  les s suc -

cessfu l  whe n it s premise s mak e th e conclusio n plausibl e t o 

a greate r  o r  lesse r  degree .  Th e concep t  o f  audienc e i s cru -

cia l  i n thi s scenario ,  a s th e sam e argumen t  ca n produc e ver y 

differen t  result s whe n addresse d t o differen t  kind s o f  people . 

Accordin g t o Perelman' s definitions ,  th e orato r  ca n buil d 

an argumen t  o n premises ,  belongin g t o tw o wid e classes : 

premise s relatin g t o th e real ,  tha t  i s  statement s i n whic h th e 

clai m ca n b e recognize d b y th e universa l  audienc e (fo r  in -

stanc e apple s ar e fruit) ,  an d premise s relatin g t o th e prefer -

able ,  tha t  ar e statement s whic h hav e t o d o wit h th e preferenc e 

of  a  particula r  audience ,  consistin g o f  persona l  Value s (fo r  in -

stanc e natura l  product s hav e t o b e preferred) ,  an d th e way s 

i n whic h a n audienc e arrange s the m i n Hierarchies . 

Especiall y usefu l  fo r  ou r  purpose s i s th e N e w Rhetoric' s 

concep t  o i  schema ,  a s a  mechanis m use d b y th e argue r  t o ar -

rang e premise s i n suc h a  wa y tha t  th e audienc e wil l  b e mos t 

influenced .  Perelma n propose d severa l  classe s o f  schemas . 

Warnic k &  Klin e (1992 )  elaborate d th e classification ,  propos -

in g a n accurat e collectio n o f  codin g guideline s fo r  eac h 

schema .  Example s o f  schema s ar e give n i n Fig .  1 . 

Daphne: Dialectical Argumentation for 

P rov i d i n g H e a l t h y Nut r i t io n E d u c a t i o n 

The desig n o f  Daphn e wa s mean t  t o follo w tw o mai n guide -

lines :  first,  i t  shoul d sho w a  hig h modularity ,  tha t  i s eac h sin -

gl e componen t  shoul d b e a s m u c h independen t  a s possibl e 

fro m th e others ,  i n orde r  t o allo w a n eas y upgrade .  Second , 

i t  shoul d emplo y simpl e an d practica l  techniques .  Figur e 2 

depict s th e syste m architecture .  Th e theorie s presente d influ -

ence d ou r  decision s i n particula r  o n th e definitio n o f  system' s 

reasonin g abilit y  an d o n th e establishmen t  o f  th e domai n lan -

guage .  It s mai n component s are : 

Reasoning unit: it is responsible for managing the factual 

knowledg e o f  th e system ,  abou t  th e domai n an d th e user .  I t 

consist s o f  thre e classes ,  th e thir d on e bein g spli t  int o tw o 

sub-classes : 
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Ouicomi m mcsNage s 

Incomin g message s PLANNING UNI T 
{  Schedule r  1 'ftft-ahrtiit /  '\Ui p 

f  mc.\.\agc s H I  Jelive r  ) | D I A L O G UE 
UNI T 

(  Mela-Plannin g 

new goal s 
(  Domai n leve l  ] 

Dialvtgu e Game 
1 Dialogu e Hisior y 

Belie f  ModST ' 
REASONING 

UNI T 

7 ^ 
Pnible m Solve r ATMSs 

F igur e 2 :  D a p h n e ' s Architectur e 

class 1: the system's own beliefs {Bs)\ 

clas s 2 :  th e system' s belief s abou t  user' s privat e belief s 

(BsBu) ; 
clas s 3.1 :  th e system' s belief s abou t  w h a t  th e use r  be -

lieve s b e mutua l l y believe d abou t  th e system' s belief s 

{BsBuMBs) ; 
clas s 3.2 :  th e system' s belief s abou t  w h a t  th e use r  be -

lieve s b e mutua l l y believe d a b o u t  th e user' s belief s 

{BsBuMBu) . 

And each other type of nested belief is collapsed into one 

o f  th e classe s a t  leve l  3 .  Th i s classificatio n w a s c h o s e n 

t o a l lo w th e s y s t e m t o b e no t  full y  sincere .  S o m e sor t  o f 

decept io n i s i n a  sens e inheren t  i n th e definitio n o f  dialec -

ti c a rgumenta t ion .  T h e fac t  tha t  th e argue r  base s hi s o r  he r 

justificatio n o n th e audience' s belief s a n d no t  o n w h a t  h e o r 

sh e reall y think s o n th e matte r  c a n b e see n a s a  subtl e k in d 

o f  decept ion .  I n particular ,  th e argue r  m a y lik e a  c la i m t o 

pas s a s hi s o r  he r  o w n w h e n i t  i s  onl y a  projectio n o f  th e 

audience' s m i n d (fo r  e x a m p l e ,  th e c la i m Eat in g frui t  i s im -

portan t  becaus e i t  help s slimmin g ca n b e m a d e b y a n argue r 

w ho know s th e audienc e give s a  hig h valu e t o bein g slim , 

eve n i f  h e o r  sh e doe s not) .  Wit h thi s mode l  i t  i s possibl e t o 

represen t  sincer e communication ,  wit h th e possibilit y fo r 

an agen t  t o misinterpre t  it ,  an d insincer e communicatio n 

abou t  on e agent' s o w n belief s (an d th e detectio n o r  no t  o f 

i t  b y th e othe r  agent) .  However ,  i t  i s  no t  possibl e t o de -

ceiv e abou t  one' s belief s abou t  th e othe r  on e ( I  canno t  sa y 

/  believ e yo u believ e X  i f  I  thin k yo u disbeliev e X ) .  Figur e 

3 represent s h o w th e variou s part s o f  th e belie f  model s o f 

th e speake r  an d th e heare r  ar e update d afte r  differen t  sort s 

of  communication ,  showin g tha t  th e fou r  set s propose d ar e 

necessar y an d sufficien t  t o represen t  them . 

A proble m solver ,  usin g Hor n clauses ,  an d a n A T M S 

(d e Klee r  1986 )  t o guarante e coherenc e amon g belief s ar e 

use d i n thi s unit . 

Planner unit: The system was designed to have a planning 

component ,  whos e ai m i s t o decid e abou t  built-i n goal s 

and trigge r  follow-u p action s whe n solicited .  Th e pres -

enc e o f  a  nea t  separatio n o f  th e source s o f  knowledg e used , 

suggeste d th e sam e nea t  separatio n o f  th e competence s o f 

th e plannin g operator s int o conceptua l  abstractio n space s 

(Sacerdot i  1974) .  Thre e space s ar e defined :  th e hig h leve l 

space ,  o r  strategist ,  i s  concerne d abou t  th e genera l  goa l 

of  th e syste m abou t  th e promotio n o f  a  give n behavior ; 

thi s spac e formalize s th e knowledg e abou t  th e Stage s o f 

Chang e an d th e Healt h Belie f  models .  Th e middl e leve l 

space ,  o r  tactician ,  i s  concerne d abou t  th e argumentativ e 

skill s  o f  th e system ;  i t  i s i n a  sens e independen t  fro m th e 

subjec t  o f  th e argumentation ,  an d embed s knowledg e fro m 

th e N e w Rhetori c domain .  Th e botto m leve l  space ,  o r  ora -

tor ,  ha s strictl y linguisti c knowledge :  i t  i s concerne d abou t 

ho w t o express ,  i n a  natura l  language ,  th e argumen t  pro -

pose d b y th e tactician .  Moreover ,  th e planne r  ha s a  sU-uc -

tura l  hierarch y o f  plannin g layer s (Stefi k  1981) :  a  domai n 

spac e layer ,  a  meta-plannin g layer ,  whos e ai m i s t o con -

tro l  th e applicabilit y  o f  domai n operators ,  an d a  schedule r 

layer ,  whic h i s responsibl e fo r  controllin g th e overal l  pro -

cess ,  b y activatin g ne w goal s etc .  Th e outpu t  o f  th e plan -

nin g proces s consis t  o f  communicativ e acfions ,  tha t  i s mes -

sage s t o b e delivere d t o th e user .  A  pla n operato r  ha s th e 

followin g structure : 

Effect :  th e goa l  i t  aim s t o achieve ; 

Prerequisites :  th e condition s tha t  hav e t o b e verifie d be -

for e th e operato r  ca n b e applied ; 

Decomposition :  th e descriptio n o f  h o w th e effec t  i s de -

compose d int o subgoals . 

Dialogue unit: it is responsible for the actual communica-

tio n wit h th e user ;  message s ar e exchange d betwee n th e 

tw o conversants ,  an d a  trac k o f  th e dialogu e s o fa r  i s 

kept .  Th e dialogu e mechanis m i s mostl y inspire d b y th e 

metapho r  o f  a  dialogu e game :  th e tw o conversant s ar e 

viewe d a s players ,  eac h o f  the m havin g a  certai n numbe r 

of  allowe d move s i n ever y situauo n o f  th e gam e (Carl -

so n 1983) .  A n importan t  tas k o f  th e Dialogu e uni t  i s t o 

sugges t  followin g u p goal s t o th e planner ,  o n th e basi s o f 

th e messag e received .  A n exampl e o f  thi s abilit y  wil l  b e 

show n later .  Daphn e an d it s use r  communicat e b y mean s 

of  a  mailbox :  Daphn e read s message s th e use r  sen t  i n a n 

incomin g mailbox ,  an d pu t  it s message s t o th e use r  i n a n 

outcomin g mailbox . 

Agent central unit: the aim of this unit is to activate and co-

ordinat e al l  th e others ;  ther e i s n o explici t  mentio n o f  i t  i n 

Fig .  2 ,  bu t  it s rol e ca n b e represente d b y th e dashe d line s 

betwee n th e variou s components . 

Knowledge base definition: the definition of the language 

of  th e domai n wa s als o affecte d b y th e theorie s used .  Val -
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ues ar e implemente d a s th e attributio n o f  a  certai n degre e 

of  importanc e t o a n object .  A s differen t  value s ca n b e asso -

ciate d wit h th e sam e objec t  fo r  differen t  reasons ,  th e speci -

fication  o f  th e perspectiv e o r  poin t  o f  vie w fro m whic h th e 

attributio n i s considere d i s include d (fo r  exampl e Havin g a 

sli m figure  i s goo d fro m th e socia l  lif e perspective) .  Othe r 

predicate s i n th e languag e wer e define d afte r  th e concept s 

of  th e behavioura l  models :  w e neede d t o expres s th e suc -

cessfullnes s o f  action s wit h respec t  t o a  give n purpose ,  th e 

associatio n o f  th e user' s stag e o f  chang e toward s a n actio n 

and s o on .  Finally ,  t o realiz e th e N e w Rhetoric' s schemas , 

we neede d t o represen t  concept s suc h a s bein g a  mode l  o r 

havin g consequence s etc . 

A Detailed Example 

Thi s sectio n wil l  sho w Daphne' s behaviou r  wit h respec t  t o th e 

followin g shor t  dialogu e (syste m an d user' s turn s ar e num -

bere d an d denote d wit h S  an d U  respectively) . 

SI: Have you considered eating more fruit? It is good for your 
health ,  a s i t  help s yo u preventin g cancer . 

Ul :  Frui t  i s  boring !  It' s  granny' s stuff ! 
S2:  Mayb e pear s are .  Bu t  wha t  abou t  avocados ? Di d yo u kno w 

it' s  Caiifornians '  favourite ? 

Firs t  System' s TXirn :  S I 

The syste m i s tryin g t o mov e th e use r  fro m th e precontem -

platio n t o th e contemplatio n stag e wit h respec t  t o eatin g fruit . 

The followin g strategi c operato r  applies : 

Effect PrecToCont (KatingFruit) 
Prere q B s B u (Precontemplator(EatingFruit) )  & 

Bs (Successfu l  (EatingFruit,Prevent(Cancer)) ) 
Decomp PragmaticArgueNeg(EatingFruit ,  Cancer ) 

The decomposition refers to a tactician operator, so the 

contro l  i s  passe d t o th e nex t  abstractio n level .  Th e evoke d op -

erato r  involve s a  pragmati c argumentation ,  labelle d a s "neg -

ative "  becaus e i t  stresse s o n wha t  th e propose d actio n avoid s 

rathe r  tha n achieves . 

Effec t  PragniaticArgueNeg(EatingFruit ,  Cancer ) 
Prere q B s B u HasVal(Cancer ,  Health ,  Bad )  & 

Bs (Successfu l  (EatingFruit,Prevent(Cancer)) ) 
Decomp Clai m (HasVal(EatmgFruit ,  Health.Good) )  & 

Suppor t  (Successfu l  (EatingFruit,Prevent(Cancer)) ) 

The application of the operator also bound the variable in-

dicatin g th e perspectiv e (Health )  fro m whic h th e effec t  tha t 

th e actio n prevent s ha s a  Ba d value ,  s o passin g a  Goo d valu e 

fro m th e sam e perspectiv e t o th e actio n itself . 

The Clai m an d Suppor t  operator s refe r  t o th e orato r  ab -

stractio n level ,  producin g th e phras e i n th e dialogu e above . 

User's response: Ul 

The use r  communicate d that : 

B u Is(EatingFruit ,  Boring ) 

B u Habit(EatingFruit ,  Granny ) 

Wit h th e assumptio n tha t  boredo m i s no t  a  positiv e emotion : 

B s B u HasVal(Boring,Emotional,Bad ) 

th e syste m ca n infe r  tha t  th e sam e valu e i s passe d t o Eat -

ingFruit ;  i t  i s  als o inferre d tha t  i n user' s hierarch y th e E m o -

tiona l  perspectiv e ha s a  highe r  positio n tha n th e Healt h one ; 

moreover ,  a s i t  i s  supporte d b y th e fac t  tha t  EatingFrui t  i s 

presente d a s a  Granny' s habit ,  i t  i s  inferre d tha t  Grann y i s a n 

anti-mode l  fo r  th e use r  fro m th e Emotiona l  perspective : 

B s B u HasVa l  (EatingFruit,Emotional,Bad ) 

B s B u Mor e Valuabl e (Emotional ,  Health ) 

B s B u AntiMode l  (Granny ,  Emotional ) 

Second System's IXirn: S2 

The dialogu e manager ,  afte r  analyzin g th e inpu t  message ,  ca n 

propos e t o th e planne r  som e counter-moves .  Th e mai n argu -

ment  o f  th e use r  involve s a  member/se t  relatio n (EatingFrui t 

i s  a  member  o f  th e Borin g set) .  A  respons e t o thi s argumen t 

can b e a  Dissociation ,  i f  tw o instance s o f  th e se t  EatingFrui t 

can b e foun d wit h differen t  value s wit h respec t  t o th e E m o -

tiona l  perspective .  Th e dissociatio n shoul d emphasiz e a  pos -

itiv e value .  Th e tacticia n operato r  t o tr y wil l  be : 

Effect DissociatePos(EatingFruit, Emotional) 
Prere q B s B v M B v HasVal(EatingFruit ,  Emotional ,  Bad )  & 

B s B u M Bu Is(EatingPears ,  EatingFruit )  & 
B s B u Is(EatingAvocados ,  EatingFruit )  & 
B s B u HasVal(EatingAvocados ,  Emotional ,  Good ) 

Decomp Conced e (HasVal(EatingPears ,  Emotional ,  Bad) )  & 
Distanc e (EatingAvocados ,  EatingPears )  & 
Clai m HasVal(EatingAvocados ,  Emotional ,  Good ) 

Notice that it is not necessary to assume that EatingPears 

has a  specifi c  negativ e value :  a s a  c o m m o n instanc e o f 

EatingFruit ,  i t  i s  assume d tha t  th e use r  wil l  pas s t o i t  th e 

negativ e emotiona l  valu e o f  EatingFruit . 

Let  u s suppose ,  however ,  tha t  th e syste m cannot  assum e 

tha t  th e use r  wil l  believ e tha t  EatingAvocado s ha s a  goo d 

emotiona l  value ,  tha t  i s  th e prerequisit e i s no t  satisfie d an d 

need s t o b e planne d for .  Th e mos t  genera l  tacticia n operator s 

hav e th e attributio n o f  a  valu e a s thei r  effect ,  an d on e o f  th e ar -

gumentativ e technique s a s thei r  decomposition .  Fo r  instance , 

ther e wil l  b e th e operator : 

Effect BsBu HasVal(EatingAvocados, Emotional, Good) 
Prere q 
Decomp ArgueByMode l  (EatingAvocados ,  Emotional ) 

It will be fired, as the following operator can be fired: 

Effect ArgueByModel (EatingAvocados, Emotional) 
Prere q B s Habit(EatingAvocados ,  Caiifornians )  & 

B s B u M Bu Model(Californians ,  Emotional ) 
Decomp Clai m Habit(EatingAvocado5 .  Caiifornians ) 

Unexplored Alternatives 

Afte r  receivin g th e user' s response ,  th e syste m ha d severa l 

choices .  A  repai r  t o th e origina l  pla n coul d hav e bee n don e 

at  th e strategi c level :  th e use r  wa s no t  ye t  read y t o m o v e t o 

th e contemplato r  stage ,  an d i t  coul d hav e bee n induce d b y 

increasin g th e user' s perceive d susceptibilit y  t o cancer ,  o r  b y 

finding  anothe r  effec t  tha t  EatingFrui t  ca n achiev e o r  prevent . 
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Figure 3: Communication types 

At  th e tacticia n level ,  a n alternativ e respons e t o th e m e m-

ber/se t  relatio n use d b y th e use r  coul d hav e bee n anothe r 

member/se t  (rathe r  tha n a  Dissociation) ,  tha t  i s  finding  an -

othe r  se t  o f  whic h EatingFrui t  i s  m e m b er  tha t  ha s a  goo d 

valu e from  th e Emotiona l  perspective .  Or ,  th e user' s support -

in g argumen t  coul d hav e bee n attacked :  a n anti-mode l  ca n b e 

counte r  argue d b y a  mode l  (tha t  i s b y finding a  mode l  whos e 

habi t  i s EatingFruit )  o r  anothe r  anti-mode l  (tha t  i s b y finding 

an anti-mode l  whos e habi t  i s  no t  EatingFruit) .  Th e syste m 

coul d als o hav e chose n no t  t o follo w th e dialogu e manager' s 

suggestion ,  an d kee p o n arguin g abou t  EatingFruit ,  b y apply -

in g th e generi c operato r  t o pas s a  positiv e valu e t o th e action , 

eithe r  fro m th e sam e emotiona l  perspectiv e o r  fro m a  bran d 

n e w one . 

Further Developments 

Afte r  Daphne' s prototyp e wa s completel y implemente d i n 

C a M L,  i n a  Uni x environment ,  a n evaluatio n stag e began , 

consistin g o f  thre e phases . 

Th e first  phase ,  jus t  completed ,  consiste d o f  th e collectio n 

of  rea l  dialogue s wit h nutritionists .  Fiv e researcher s fro m th e 

Departmen t  o f  H u m a n Nutrition s o f  th e Universit y o f  Glas -

g o w wer e contacte d b y e-mail ,  an d aske d t o engag e int o a 

conversatio n abou t  dietar y habit s wit h a  "user "  (whos e re -

sponse s wer e constructe d b y han d o n th e bas e o f  five  dif -

feren t  "characters") .  Thes e dialogue s wer e analyze d i n ter m 

bot h o f  th e behavioura l  model s an d th e argumentativ e tech -

niques .  W h e n aske d t o commen t  abou t  th e e-mai l  chat ,  tw o 

of  the m explicitl y  state d the y ha d th e Stage s o f  Chang e mode l 

i n min d t o guid e th e advisin g process ,  on e use d a  motiva -

tiona l  interviewin g approach ,  an d th e remainin g tw o di d no t 

appea l  t o a  particula r  model ,  bu t  state d the y trie d t o asses s th e 

user' s healt h beliefs .  Al l  o f  the m di d no t  jus t  provid e knowl -

edg e abou t  nutrition ,  bu t  use d th e user' s response s t o establis h 

his/he r  prioritie s an d giv e advic e fro m differen t  perspectives , 

and al l  thei r  response s coul d b e catalogue d accordin g t o th e 

N ew Rhetoric' s classificatio n o f  argumentativ e schematas . 

I n th e secon d phase ,  i n progress ,  th e situatio n i s th e op -

posite :  som e "users "  wer e contacte d vi a e-mai l  an d solicite d 

t o engag e int o a  conversatio n abou t  diet .  Daphne' s response s 

ar e generate d an d the n sen t  b y han d t o th e user ,  agai n vi a 

e-mail .  Thi s phas e wil l  hopefull y asses s th e appropriatenes s 

of  Daphne' s responses ,  an d wil l  hel p collectin g a  corpu s o f 

"real "  argument s t o augmen t  system' s expertise . 

The thir d phas e ha s jus t  began ,  an d wil l  consis t  o f  prepar -

in g a  simplifie d W e b versio n o f  Daphne' s prototype ,  i n or -

der  t o le t  a  wide r  populatio n t o hav e acces s t o i t  vi a a  W e b 

site .  A  mor e accurat e evaluatio n o f  th e argumen t  produce d 

wil l  the n b e possible ,  togethe r  wit h th e assessmen t  o f  whethe r 

thi s styl e o f  healt h promotio n interventio n i s actuall y accept -

able/useful . 

Conclusions 

The ai m o f  thi s syste m wa s t o generat e effectiv e advic e o n a 

controversia l  subject ,  involvin g persona l  attitude s an d values , 

by appealin g t o a  wel l  establishe d theoretica l  basi s t o produc e 

mor e effectiv e advice . 

Th e ide a i s no t  entirel y novel .  Th e Stage s o f  Chang e Mode l 

has alread y attracte d interes t  fro m th e artificia l  intelligenc e 

communit y (Marc u 1996 ;  Reite r  etal .  1997) .  Also ,  man y ar -

gumentativ e system s exist ,  althoug h the y ar e eithe r  focuse d 

on presentin g "valid "  argument s (Fox ,  Krause ,  &  Elvang -

Goransso n 1993 ;  Karacapidili s  1996 ;  Vreeswij k  1997) ,  o r 

stres s th e generatio n o f  argument s i n natura l  languag e (El -

hada d 1995 ;  Maybur y 1993 ;  Ree d &  Lon g 1997) .  Zukerman , 

Korb ,  &  McConach y (1996 )  describ e a  syste m abl e t o gen -

erat e nic e argument s tailore d t o th e addressee ,  eve n thoug h 

validit y i s agai n th e evaluatin g measur e used ,  a n argumen t 
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bein g 'nice '  whe n i t  ca n persuad e thoug h havin g som e step s 

missin g i n it s logi c chain .  A  syste m ver y clos e t o our s i s PER-

S U A D E R,  b y Sycar a (1990) :  sh e als o maintain s tha t  th e argu -

ment  generatio n proces s i s alway s guide d b y argumenlalio n 

goals ,  changin g th e importanc e a  perso n attache s t o things , 

and argumentatio n strategie s t o achiev e them .  Th e theoreti -

cal  basi s o n whic h th e strategie s ar e define d are ,  however ,  no t 

made explicit . 

Daphne' s strengt h wa s t o combin e bot h behavioura l  an d 

argumentativ e researc h fo r  it s purpose ,  i n a  wel l  formalize d 

framework .  Th e first  result s fro m th e evaluatio n phas e see m 

t o confir m th e validit y o f  th e framework . 
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Abstrac t 

We present a \ iew that conceives of conceptual learning as 
change s i n discours e practices .  Thi s vie w focuse s o n 
interaction s i n whic h peopl e construc t  understandin g 
collaboratively ,  eithe r  a s deliberat e conceptua l  inquir y o r 
t o facilitat e accomplishin g somethin g else .  Ou r  analysi s 
combine s concept s an d method s fro m ethnograph y (e.g. , 
Jorda n &  Henderson ,  1995) ,  linguisti c discours e analysi s 
(e.g. ,  Lemke ,  1990) ,  cognitiv e analyse s o f  conceptua l 
growt h (e.g. ,  Keil ,  1994) ,  an d theorie s o f  informatio n 
structure s i n comprehensio n an d reasonin g (e.g. ,  Kintsc h 
& va n Dijk ,  1978) .  I n thi s view ,  conceptua l  understandin g 
i s considere d mainl y a s a n interactiona l  process .  Th e vie w 
focuse s o n ho w concept s ar e create d an d buil t  u p whe n 
peopl e engag e i n activity ,  especiall y whe n the y 
communicat e abou t  th e thing s the y ar e doin g an d tryin g t o 
understand .  Participatio n i n a  communit y include s usin g it s 
concept s accordin g t o practice s i n whic h member s 
communicate ,  coordinat e thei r  action ,  an d achiev e mutua l 
understanding .  Ou r  vie w o f  concept s i s  illustrate d wit h 
example s draw n fro m a  stud y o f  tw o F C L scienc e classes . 

Introduction 

I n thi s pape r  w e presen t  a n alternativ e t o considerin g 
concept s mainl y a s structure s o f  informatio n i n individuals ' 
memor ies .  A s i n th e standar d vie w o f  conceptua l 
understandin g i n cognitiv e psychology ,  developmenta l 
psychology ,  an d artificia l  intelligence ,  w e analyz e structure s 
of  informatio n i n th e way s tha t  peopl e describ e an d explai n 
things .  Unlik e th e standar d view ,  however ,  w e conside r 
conceptua l  informatio n structure s mainl y a s aspect s o f  socia l 
activities ,  an d w e conside r  tha t  a  community' s concept s ar e 
pattern s i n socia l  practices .  Thi s i s  no t  t o sa y tha t  w e 
discoun t  th e ide a o f  individua l  learnin g o r  o f  interna l 
structure s posite d i n th e standar d cognitiv e perspective . 
Rather ,  w e see k t o embe d thes e mor e standar d idea s o f 
understandin g an d learnin g int o a n accoun t  o f  interactio n 
focuse d o n participatio n i n an d learnin g o f  socia l  practices . 

As th e primar y leve l  o f  ou r  analyti c an d theoretica l  focus , 
we choos e communicativ e interactions .  W e argu e tha t  thi s 
perspectiv e ha s th e potentia l  t o provid e a  mor e successfu l 
scientifi c  analysi s tha n th e cognitiv e perspectiv e tha t  focuse s 
primaril y o n individua l  processes .  I n ou r  stud y w e obtaine d 
dat a o f  student s interactin g wit h teacher s an d eac h other ,  an d 
of  individua l  student s interactin g wit h a n interviewer :  event s 

*  Thi s pape r  wa s writte n collaboratively ,  wit h al l  author s 
makin g substantia l  contributions . 

whic h w e vie w a s communicativ e interactions .  Thi s doe s 
not  den y th e valu e o f  analyse s whic h focu s o n on e o r  mor e 
of  th e individual s i n grou p interaction ,  treatin g th e grou p a s 
a contex t  fo r  thos e individuals '  thinkin g an d understanding . 

Some Qualifications 

T o forestal l  misunderstanding ,  w e mak e thre e point s abou t 
what  w e d o no t  assume . 

First ,  w e d o no t  assum e tha t  th e ter m "discourse "  refer s 
onl y t o talk .  W e includ e bot h verba l  an d nonverba l 
interactiona l  moves .  W e mea n b y "discourse "  bot h thes e 
moves an d th e whol e interactiona l  even t  i n whic h peopl e ar e 
engaged . 

Second ,  w e d o no t  assum e conceptua l  understandin g an d 
learnin g occu r  onl y i n face-to-fac e interaction .  Althoug h w e 
conside r  interactio n betwee n peopl e a s th e primar y locu s o f 
conceptua l  understandin g an d learning ,  w e recognize ,  o f 
course ,  tha t  individual s understan d an d lear n t o us e concept s 
as the y rea d an d writ e texts ,  dra w diagrams ,  o r  engag e i n 
contemplatio n b y themselves .  W e note ,  however ,  tha t  thes e 
solitar y activitie s als o ca n b e conceptualize d a s specia l  form s 
of  discours e (e.g. ,  betwee n a  reade r  an d a n author) ,  an d tha t 
thes e solitar y activitie s ar e generall y carrie d ou t  a s part s o f 
an individual' s participatio n i n socia l  practices . 

Third ,  w e d o no t  assum e tha t  b y participatin g i n a  grou p 
interactio n i n whic h th e grou p arrive d a t  som e conceptua l 
understanding ,  tha t  al l  th e individua l  member s o f  th e grou p 
reache d th e sam e understanding .  I n ou r  analyse s w e tak e 
int o accoun t  wid e variation s i n th e way s i n whic h differen t 
individual s participat e i n th e activity .  Indeed ,  a  majo r  focu s 
of  ou r  effor t  i s t o understan d h o w individual s coordinat e thei r 
activitie s o f  conceptua l  understandin g an d learning . 

Theoretical Assumptions 

Our  analysi s i s a  contributio n t o th e situativ e perspectiv e o n 
cognitio n an d learnin g (Greeno ,  Collins ,  &  Resnick ,  1996 ; 
Green o &  M M A P,  1998) .  I n thi s pape r  w e carr y thi s 
situativ e perspectiv e on e ste p furthe r  an d addres s conceptua l 
learning .  W e examin e no t  onl y th e individua l  locate d an d 
thinkin g i n a  situation ,  bu t  als o th e developmenta l  trajector y 
of  th e interactio n an d th e developmenta l  trajector y o f  th e 
emergin g conceptua l  structur e i n th e discours e o f  a  grou p o f 
learners .  Student s workin g i n a  group ,  alon g wit h thei r 
teacher ,  othe r  groups ,  an d learnin g resource s constitut e eac h 
others '  situation :  the y influenc e eac h other ,  an d (a s i s wel l 
know n i n sociology )  creat e thei r  o w n particula r  interactiona l 
system .  Thi s tendenc y o f  particula r  communitie s t o creat e 
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thei r  specifi c  interactiona l  an d discursiv e style s o r  register s 
als o ha s lon g bee n note d i n socio -  an d text-linguistic s (Bibe r 
& Finegan ,  1994 ;  Swales .  1990) . 

Levels of Learning 

Viewe d i n th e situativ e perspective ,  learnin g occur s a t  tw o 
level s (ca .  Rogoff ,  1995) .  A t  on e level ,  learnin g pertain s t o 
individual s an d involve s becomin g a  competen t  participan t 
of  a  community .  A n importan t  aspec t  o f  thi s learnin g b y 
individual s i s comin g t o participat e i n discours e i n way s tha t 
ar e aligne d wit h th e prevailin g pattern s i n th e community , 
includin g usin g concept s i n way s consisten t  wit h th e 
group' s practices . 

At  anothe r  level ,  learnin g pertain s t o group s o r 
communities .  Fo r  a  group ,  learnin g mean s developin g 
practice s tha t  ar e mor e effectiv e i n realizin g th e 
community' s purpose s an d functions .  Fo r  example , 
discussion s o f  change s i n classroo m discours e practice s hav e 
bee n provide d b y numerou s investigator s (e.g. ,  Cob b & 
Yackei ,  1997 ;  Lampert ,  1990 ;  Rot h &  B o w e n ,  1995 ; 
Rosebery ,  Warren ,  &  Conant ,  1992 ;  se e als o a  revie w o f 
discours e an d learnin g b y Hicks ,  1996) . 

Learning Conceptual Content 

Our  vie w o f  learnin g ha s bee n influence d strongl y b y th e 
theoretica l  wor k o f  Vygotsk y (1978 ,  1986) ,  Lav e an d 
Wenger  (1991) ,  Rogof f  (1990) ,  an d Wertsc h (1991) .  I n thes e 
perspective s o n learning ,  however ,  ther e ha s bee n littl e 
consideratio n o f  conceptua l  understanding ,  especiall y th e 
conten t  involve d i n schoo l  learning .  Give n tha t  w e tak e 
learnin g t o b e participatio n i n (on e o r  more )  discours e 
communities ,  w e believ e tha t  i t  i s  i n th e discours e o f  thes e 
communitie s tha t  w e nee d t o loo k fo r  conceptua l  learning . 
Our  goa l  i s  t o accoun t  fo r  learnin g o f  concepts ,  includin g 
thei r  coming-into-bein g an d thei r  gradua l  refinement ,  i n 
term s o f  discursiv e an d interactiona l  development . 

I n thi s vie w w e take ,  concept s ar e treate d dynamically .  A s 
propose d b y Ch i  (e.g. ,  Ch i  e t  al. ,  1994 )  an d Kei l  (e.g. , 
1994) ,  concept s ar e considere d a s way s o f  organizin g mor e 
detaile d information ,  thu s supportin g easie r  acces s t o 
specifi c  material .  W e conten d tha t  thi s proces s o f  organizin g 
a domai n ca n als o b e applie d t o discourse ,  wher e i t  i s 
reflecte d i n th e coherenc e o f  th e developmen t  o f  a  topic . 

Relevance as a Learning Mechanism 

We conside r  i t  promisin g i n analyzin g conceptua l  chang e a s 
chang e i n discours e practice s t o us e relevanc e theor y (e.g. , 
Sperbe r  &  Wilson ,  1995) .  I n a  wel l  organize d discourse , 
idea s ar e onl y contribute d i f  the y ar e relevant .  I f  a  topi c i s 
take n u p agai n later ,  althoug h i t  wa s seemingl y close d of f 
before ,  ther e i s generall y goo d reaso n fo r  it :  ne w informatio n 
may hav e bee n brough t  int o th e discourse ,  whic h i s 
presuppositiona l  fo r  som e ne w aspec t  o f  th e topic .  W e 
believ e that ,  a s i n languag e learning ,  peopl e w h o ar e 
believe d t o b e competen t  serv e a s model s fo r  others .  The y 
model  wha t  "thing s g o together, "  an d wha t  ar e appropriat e 
question s i n a  domain .  Attentiv e listenin g allow s a n 
individua l  t o becom e attune d t o th e relevanc e structur e tha t 
underlie s th e discursiv e organizatio n o n th e ideationa l  a s 

wel l  a s o n th e interpersona l  leve l  (Hailida y &  Hasan ,  1985) . 
As i n Hobbs '  (1997 )  forma l  analysis ,  thi s ca n b e modele d 
by readjustin g weight s i n a n evaluatio n function ,  whic h 
increase s th e likelihoo d tha t  particula r  thing s ar e said ,  o r  no t 
said ,  a t  th e nex t  occasion .  Thi s analysi s provide s a  linguisti c 
vie w o n learnin g t o participat e mor e successfull y i n a 
community' s discours e practices . 

"Shared" Meaning and Learning 

I n ou r  analyse s o f  discourse ,  w e focu s o n th e participants ' 
co-constructio n o f  a  publi c understandin g i n c o m m o n 
ground .  Thi s proces s rest s o n a  mutuall y understoo d 
backgroun d o f  largel y implici t  norms .  O f  course ,  th e publi c 
understandin g i s onl y share d t o th e exten t  tha t  participant s 
wor k fo r  share d understandin g (Clark ,  1996) ,  an d despit e 
h o w participant s i n discours e wor k t o alig n thei r  meanings , 
ther e i s alway s som e ambiguit y an d misalignmen t  i n share d 
meanings .  Thi s ambiguit y ca n contribut e importantl y t o th e 
productivit y o f  a  conversatio n (Barne s &  Todd ,  1977 ;  Wells , 
1986 )  o r  derai l  i t  (Lemke ,  1990) . 

Our  analyse s focu s o n th e discours e o f  groups .  O f  course , 
we d o no t  believ e tha t  an y participatin g individua l  take s 
notic e o f  th e entiret y o f  wha t  i s sai d an d discussed. '  Eve n so , 
we conside r  th e informatio n tha t  i s contribute d (i n Clar k & 
Schaefer's ,  198 9 sense )  t o constitut e a  collectiv e c o m m o n 
groun d tha t  i s take n a s understoo d i n th e conversationa l 
grou p an d is ,  i n principle ,  accessibl e t o al l  o f  th e 
participants .  Th e exten t  o f  engagemen t  in ,  understandin g of , 
and agreemen t  wit h th e informatio n i n th e group' s c o m m o n 
groun d varie s betwee n individual s and ,  fro m tim e t o time , 
withi n an y individual .  Thes e variation s i n a n individual' s 
relation s t o collectiv e c o m m o n ground ,  a s wel l  a s difference s 
i n th e opportunitie s afforde d differen t  individual s t o 
participat e activel y i n discourse ,  undoubtedl y resul t  i n 
difference s i n wha t  individual s learn . 

Empirical Illustrations 

To illustrat e th e us e o f  thes e idea s i n a n empirica l  analysis , 
we presen t  a  fe w example s take n fro m a  stud y o f  classroo m 
learning .  W e observe d student s i n tw o fifth-grade  classroom s 
i n Brow n an d Campione' s (1994 )  Fosterin g a  Communi t y 
of  Learner s (FCL )  project ,  durin g a  39-da y uni t  o n 
endangere d species ,  hel d ove r  1 2 weeks .  Ke y concept s i n th e 
uni t  wer e th e surviva l  need s o f  anima l  specie s an d h o w thes e 
surviva l  need s contribut e t o specie s endangerment .  Student s 
worke d i n researc h group s o f  4- 5 member s t o stud y a 
particula r  species ,  wit h eac h studen t  i n th e grou p focusin g 
on on e o f  th e surviva l  need s concepts . 

Durin g th e unit ,  student s engage d i n a  variet y o f  learnin g 
activities ,  includin g conductin g scholarl y research , 
discussin g thei r  findings  an d writin g reports .  T o maximiz e 
effectiv e us e o f  resources ,  th e lesson s c o m m o n l y wer e 
divide d int o rotations ,  durin g whic h group s woul d b e 
engage d i n differen t  activities .  I n addition ,  ther e wer e 

'  Whil e w e hav e include d measure s o f  individua l  learnin g i n thi s 
study ,  detaile d analyse s o f  individuals '  learnin g i n grou p 
discours e i s problematic ,  becaus e on e i s limite d i n wha t  ca n b e 
known abou t  individuals '  moment-to-momen t  intention s an d 
understanding s o f  specifi c  item s o f  information . 
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activitie s tha t  too k plac e outsid e o f  th e classroom .  Thes e 
include d reciproca l  teachin g sessions ,  breakou t  group s i n 
whic h ai l  student s studyin g a  give n surviva l  nee d met ,  an d 
jigsa w group s forme d fo r  presentin g th e finishe d reports . 

I n collaboratio n wit h th e tw o classroo m teacher s w e 
develope d pre -  an d post -  uni t  assessment s o f  th e students ' 
conceptua l  understanding .  Eac h o f  thes e assessment s 
include d a  videotape d 45-minut e individua l  intervie w wit h 
eac h student ,  an d a  grou p assessmen t  don e b y th e researc h 
group s ove r  thre e clas s periods .  W e chos e tw o foca l  researc h 
group s i n eac h class ,  videotapin g thei r  pre -  an d post-uni t 
g rou p assessment s a s wel l  a s mos t  o f  thei r  learnin g 
activitie s durin g th e unit .  Variou s episode s an d interaction s 
of  th e group s a s wel l  a s o f  individua l  grou p m e m b e r s wer e 
chose n fo r  detaile d cas e analyses ,  base d o n havin g conten t 
especiall y relevan t  t o conceptua l  learnin g tha t  occurred . 

Firs t  w e provid e tw o example s tha t  illustrat e wha t  kind s 
of  conceptua l  chang e occurred .  The n w e conside r  h o w thes e 

change s m a y hav e c o m e about . 

Increasing Complexity in Pre-Post Assessments 

O v er  th e cours e o f  th e unit ,  students '  discours e abou t 
surviva l  need s changed .  Statistica l  analysi s o f  answer s give n 
i n th e pre -  an d post-interview s showe d tha t  student s use d 
m o r e surviva l  need s afte r  th e uni t  (fro m categorica l  codin g 
fo r  presenc e o r  absenc e o f  th e si x salien t  surviva l  needs) .  T o 
explor e th e qualit y o f  thi s an d othe r  changes ,  qualitativ e 
analyse s o f  individua l  an d grou p case s wer e performed . 

More Linkages Between Key Concepts A major part 
of  conceptua l  understandin g an d learnin g i n th e uni t  involve d 
a relationa l  structur e betwee n th e surviva l  need s tha t  wer e 
salien t  i n th e classroo m (foo d getting ,  reproduction ,  etc.) , 
propertie s o f  th e environmen t  (i.e. ,  th e animal' s habitat )  an d 
behaviora l  o r  physica l  adaptation s o f  th e anima l  whic h allo w 
i t  t o surviv e i n it s environmen t  (Figur e 1) : 

surviva l  nee d 

a species ' 
adaptation s 

a habitat' s 
propertie s 

Figur e 1 :  Conceptua l  link s i n endangere d specie s unit . 

More advanced conceptual understanding in this domain 
include s m o r e integratio n betwee n conceptua l  component s 
(e.g. .  B r o w n &  C a m p i o n e ,  1994) ,  s o mo r e conceptuall y 
advance d discours e wou l d includ e mor e elaborate d an d 
coheren t  relation s betwee n thes e thre e components . 

T h e followin g analysi s o f  conceptua l  learnin g b y Jamal , 
on e o f  th e cas e stud y students ,  i s  base d o n comparin g hi s 
pre -  an d post-intervie w answer s t o a  proble m o f  designin g a 
n e w kin d o f  animal ,  calle d Borogoves .  S o m e detail s o f  th e 
anima l  wer e prescribe d (e.g. ,  i t  eat s tin y w o r m s i n th e 
m u d dy botto m o f  th e ocean) .  T h e discours e abou t  thi s 
question ,  includin g th e interviewer' s moves ,  w a s divide d 
int o episode s focuse d o n simila r  content .  Eac h episod e 
center s aroun d th e presentatio n o f  a n adaptatio n o f  th e 
designe d anima l  alon g wit h an y reasonin g abou t  it .  Fo r 
e x a m p l e ,  i n th e pre-intervie w episod e be low ,  Jama l 

propose d th e behaviora l  adaptatio n o f  hidin g behin d plant s 
(segmen t  3) .  Th e segment s abou t  method s o f  eatin g foo d (1 , 
by th e interviewer )  an d plant s existin g unde r  th e se a (2 ,  b y 

Jamal )  ar e als o include d i n th e episod e becaus e the y functio n 
as initiatio n an d elaboratio n o f  th e adaptation : 

Interviewer: Okay, let's see if there's any other questions 
(7 1 nee d to )  as k yo u about .  (Is )  u m ,  okay ,  u m ,  s o 

I  h o w woul d thes e animal s g o abou t  eatin g thes e worms ? 
2 Jamal :  Just ,  u h like ,  i f  they -  lik e th e plant s tha t  w -  unde r 

th e sea ? 
Interviewer :  M h m . 

3 Jamal :  The y ca n hid e behin d 'em . 

Segments that made reference to one or more of the three 
conceptua l  component s s h o w n i n Figur e I  wer e identified . 
Th e sequencin g o f  discours e (e.g. ,  th e question-answe r  pai r 
represente d b y 1  followe d b y 2+3 ) ,  co-referenc e relation s 
(e.g. ,  usin g th e pronou n ' "em "  i n 3  t o refe r  t o th e plant s 
unde r  th e se a fro m 2) ,  an d othe r  discours e pattern s wer e the n 
use d t o infe r  link s betwee n conceptua l  components .  A 
networ k diagra m wa s draw n fo r  eac h episod e t o represen t 
h o w (an d if )  identifie d conceptua l  segment s an d concept s 
wer e relate d t o eac h other .  Figur e 2  show s th e resultin g 
networ k fo r  th e episod e above : 

survival need: food getting 
(eatin g worms ) 

/ 
Borogoves ' 
adaptatio n 

(hidin g behin d plants ) 

habita t  propert y 
(plant s unde r  th e sea ) 

Figur e 2 :  Conceptua l  link s i n th e episode . 

If a link was occasioned by a prompt of the interviewer, 
th e lin k i s bolded .  I n segmen t  1  th e interviewe r  prompte d fo r 
a relatio n betwee n food-gettin g ( a surviva l  need )  an d a  wa y 
of  behavin g (a n adaptatio n o f  th e Borogoves) .  I n response , 
Jamal  constructe d a n adaptatio n fo r  food-gettin g ( 3 -  hidin g 
behin d plants )  which ,  withou t  an y prompting ,  considere d a 
propert y o f  th e dee p se a environmen t  ( 2 -  i t  ha s plants) .  Thi s 
result s i n tw o links ,  on e prompte d an d on e unprompted . 

For  th e design-an-anima l  questio n o f  Jamal' s pr e an d post -
interview ,  th e numbe r  o f  prompte d an d unprompte d link s 
m a de i n eac h episod e wer e adde d acros s al l  episode s an d 
divide d b y th e tota l  numbe r  o f  episodes .  Thi s result s i n th e 
m e an numbe r  o f  link s pe r  episode ,  whic h i s show n below : 

Table 1: Mean number of links in Jamal's responses to the 
design-an-anima l  question . 

Prompte d 

Unprompte d 

Tota l  Link s 

I n Pre-intervie w 

. 8 (47% ) 

. 9 (52% ) 

1. 7 

I n Post-intervie w 

. 2 (8.3% ) 

2. 2 (91.6% ) 

2. 4 

As th e tabl e shows ,  i n th e pre-intervie w th e percentag e o f 
prompte d link s wa s muc h highe r  tha n i n th e post-interview . 
I n th e post-intervie w Jama l  too k mor e initiative ;  overal l  h e 
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create d 4 1 % mor e link s pe r  episode ,  an d th e majorit y o f 
thos e wer e unprompted .  Thus ,  Jama l  i s a n exampl e o f  a 
studen t  w h o becam e abl e t o construc t  a  discours e whic h 
linke d togethe r  surviva l  needs ,  adaptations ,  an d hnhita l 
properties—th e cor e concept s o f  th e unit . 

Increasing Multicausality Another aspect of 
conceptua l  learnin g wa s increase d consideratio n o f  multipl e 
causes .  Fo r  example ,  whe n evaluatin g ho w a  specie s woul d 
surviv e i n a  ne w habitat ,  on e foca l  grou p considere d mor e 
multicausa l  relationship s i n thei r  post-discussio n tha n i n 
thei r  pre-discussion .  Th e feature s o f  th e habita t  (e.g. , 
presenc e o f  othe r  animals )  wer e mor e ofte n causall y linke d 
t o mor e tha n on e potentia l  outcom e fo r  th e specie s (e.g. , 
havin g sufficien t  foo d an d havin g to o man y predators) ;  an d 
any on e outcom e hypothesize d by  th e grou p wa s mor e likel y 
t o b e cause d b y mor e tha n on e habita t  featur e (e.g. ,  lo w tide s 
and othe r  animal s contribute d t o insufficien t  water) . 
Multicausalit y wa s evidence d usin g diagra m an d countin g 
technique s simila r  t o thos e demonstrate d i n th e analysi s o f 
Jamai' s interview . 

Learning in Classroom Interactions 

We examine d episode s i n th e learnin g activitie s o f  th e uni t 
t o identif y way s i n whic h observe d change s i n discours e 
practice s i n assessment s coul d hav e bee n brough t  abou t  b y 
th e students '  participatio n i n th e unit .  Th e followin g 
example s illustrat e th e working s o f  th e relevanc e principl e 
i n bringin g abou t  conceptua l  change .  A s briefl y explaine d 
earlier ,  a  particula r  communicativ e even t  ca n b e use d by 
learner s t o influenc e h o w the y determin e wha t  i s a n 
importan t  thin g t o contribut e t o a  particula r  topi c an d t o 
structur e possibl e futur e contributions .  Learnin g ca n occu r 
as student s becom e bette r  aligne d wit h th e discours e pattern s 
of  teacher s o r  peers . 

Adding Conceptual Relations Teachers helped bring 
student s int o th e discours e practice s o f  th e uni t  throug h 
scaffoldin g an d instruction ,  stressin g t o student s wha t 
concept s an d conceptua l  relation s wer e importan t  an d 
relevan t  t o discus s i n thei r  research .  I n th e followin g tw o 
teacher-studen t  consultatio n session s fro m 1 9 day s int o th e 
unit ,  th e teache r  encourage d student s t o includ e th e 
conceptua l  link s show n i n Figur e 1  i n thei r  research . 

I n th e firs t  example ,  Jama l  showe d th e teache r  hi s 
progres s s o fa r  o n eagles '  foo d getting ,  a  lis t  o f  th e foo d tha t 
eagle s eat .  I n response ,  th e teache r  aske d Jama l  t o addres s 
what  adaptation s allo w eagle s t o ea t  thei r  food : 

Teacher 1: This is the list of things that they eat. Now 
yo u ca n tel l  m e like ,  no t  wha t  d o eagle s eat ,  bu t  how ? 
H ow d o the y ge t  thei r  food ? Wha t  I -  wha t  kin d o f 
adaptation s d o the y have ? Lik e th e talon s (tha t  yo u 
talke d about) ,  d o th e talon s help ? Wha t  kin d o f  thing s d o 
th e eagle s hav e t o hel p the m ge t  tha t  food ,  (xxx) ,  ok ? 

In the second example, Ron, specializing in eagle habitat, 
had create d a  lis t  o f  wher e eagle s live .  Th e teache r  aske d Ro n 
t o identif y wha t  habita t  propertie s ar e neede d i n th e place s 
eagle s ca n live : 

Teache r  1 :  Yo u ca n mak e a  prett y goo d lis t  o f  th e places : 
the y liv e i n [sh e read s Ron' s list ]  .  .  .  But ,  s o you'v e 
tol d m e th e name s o f  th e place s the y live .  An d I  be t  o n a 
map yo u coul d poin t  t o al l  thos e places .  Bu t  n o w I  wan t 
yo u t o star t  thinkin g abou t  wha t  ar e th e thing s tha t  the y 
need t o hav e i n th e place s tha t  the y live ? .. .  An d tr y t o 
make a  lis t  o f  thing s yo u kno w eagle s nee d t o star t  t o 
liv e somewhere . 

Later, in a whole class wrap-up, the teacher used this 
interactio n wit h Ro n a s a n exampl e fo r  al l  student s workin g 
on habitat ,  pointin g ou t  tha t  thei r  report s neede d t o includ e 
not  onl y plac e names ,  bu t  wha t  kind s o f  thing s th e animal s 
need t o hav e i n thei r  environment s t o liv e there . 

Changing Prominence of Conceptual 
Component s I n th e nex t  example ,  a  teache r  (th e school' s 
scienc e specialist )  brough t  al l  student s studyin g habita t  i n 
eac h researc h grou p together ,  an d aske d the m t o repor t  o n 
what  the y ha d discovere d s o far .  Thi s wa s th e firs t  breakou t 
grou p sessio n o f  th e unit ,  s o ther e wa s n o pre-establishe d 
discursiv e practic e fo r  student s t o use :  thus ,  a t  th e ver y leas t 
th e firs t  studen t  speake r  neede d t o dra w o n interaction s 
outsid e thi s sessio n t o ge t  a n ide a o f  wha t  t o do . 

The firs t  student ,  Ron ,  presente d wha t  h e ha d foun d ou t 
abou t  hi s animal ,  includin g 'wher e i t  lives '  -  somethin g tha t 
certainl y come s t o min d i f  on e ha s t o stud y habitat .  Th e 
teache r  use d thi s a s a  teachabl e moment  an d stressed ,  a s di d 
th e teache r  i n th e previou s example ,  tha t  'place "  i s mor e 
tha n jus t  a  location : 

Ron: Bald eagles., (xxx) over all of California. With the 
exceptio n o f  deser t  areas ,  and / 

Teache r  2 :  S o i t  doesn' t  liv e i n a  desert . 
Ron:  Mnh . 
Teache r  2 :  Ok .  [... ]  Ro n ha s sai d a  fe w sentence s an d i t 

may no t  soun d lik e muc h bu t  wha t  h e ha s jus t  sai d i s 
reall y a  lot .  H e ha s sai d tha t  h e foun d ou t  th e range .  H e 
knows wher e hi s animal s lives .  H e sai d i n California , 
right ? H e i s saying ,  h e sai d h e foun d ou t  tha t  the y nee d 
ol d tree s t o live .  [... ]  Ok .  Th e range .  Ok .  N o w h e sai d 
the y didn' t  liv e i n desert .  That' s anothe r  bi g par t  i n th e 
puzzle .  No t  th e desert .  N o w wh y d o yo u thin k tha t  don' t 
Uve i n th e desert ? Ron . 

Ron:  Because  the y don' t  hav e an y tree s ther e jus t  san d 
Teache r  2 :  (laughs )  Right .  [... ]  Wha t  d o yo u nee d t o 

find  out . 
Jonah :  Mor e wher e the y live .  Lik e mayb e som e o f  the m 

liv e i n N e w Yor k o r  something . 
Teache r  2 :  S o yo u ar e no t  sur e exactl y wher e thei r  rang e 

is .  Ok . 

This discourse highlighted the importance of the concept 
of  plac e befor e othe r  student s wer e aske d t o repor t  o n thei r 
animal .  An d 'range/place '  starte d t o b e interprete d a s a n 
implicitl y  state d relevan t  fact ,  whic h ha d t o b e reported .  W e 
believ e i t  i s  n o coincidenc e tha t  al l  subsequen t  studen t 
presentation s (se e transcrip t  excerpt s below )  starte d wit h a 
repor t  o f  th e plac e wher e th e anima l  coul d b e found .  A 
discursiv e expectatio n wa s se t  up ,  whic h wa s evidence d b y 

445 



Daria' s acknowledgmen t  tha t  sh e di d no t  kno w abou t  th e 
Panda' s range .  Ther e wer e m a n y fact s th e student s ha d no t 
discovere d yet ,  an d whic h the y kne w the y woul d nee d t o find 
out .  However ,  excep t  fo r  th e range/plac e feature ,  non e o f 
thos e wa s reporte d a s "don' t  know" : 

Andy: Ah, my animal is. It lives in (Florida) [...] 
Bob :  M y anima l  i s  gorillas ,  an d the y liv e i n Africa ,  an d 

Daria: My animal is bears and I know that they live in 
mostl y Californi a i n u h mountai n ranges .  I  don' t  kno w 
wher e th e Panda s live . 

We believe that episodes like this are important for 
learning ;  however ,  n o causa l  clai m tha t  permanen t 
conceptua l  change s resul t  fro m thes e interaction s ca n b e 
m a d e,  especiall y a s importan t  subject-matte r  concept s 
usuall y tur n u p i n severa l  interaction s throughou t  th e unit . 
Eve n so ,  w e believ e tha t  interaction s lik e thes e serv e th e 
same function :  the y mode l  th e underlyin g (discursive ) 
relevanc e structur e o f  th e domain . 

T o se e th e statu s o f  th e concep t  o f  range/plac e a t  th e en d 
of  th e unit ,  w e analyze d th e final  report s student s wrote . 
Student s include d discussion s o f  range/plac e i n th e sectio n o f 
th e report s o n habitat .  Fo r  example ,  i n Ron' s sectio n o n 
Eagl e habitat ,  abou t  1/ 3 o f  hi s sentence s presente d wher e 
eagle s ar e t o b e found . 

Change in Participation in Research An important 
elemen t  o f  ou r  theor y i s tha t  conceptua l  chang e i s no t  onl y 
chang e i n a  particula r  wa y o f  talkin g abou t  a  domain ,  bu t 
als o a  chang e i n activitie s undertaken .  Th e followin g 
exampl e discusse s suc h a  chang e i n th e students '  practice s o f 
doin g research . 

Th e researc h group s wer e th e dominan t  structur e o f  th e 
unit :  th e students '  wor k wa s organize d aroun d thei r 
membershi p withi n a  particula r  grou p studyin g a  particula r 
endangere d species .  F ro m ou r  observation s durin g th e unit , 
an d fro m ou r  theoretica l  perspectiv e o f  learnin g a s 
transformatio n o f  participation ,  w e expecte d t o find  change s 
i n wha t  th e student s di d a s research .  Sinc e on e o f  th e centra l 
goal s o f  th e F C L progra m i s t o creat e classroo m 
environment s i n whic h childre n assum e responsibilit y  fo r 
thei r  o w n learnin g (Brow n &  Campione ,  1994) ,  w e 
hypothesize d tha t  student s woul d tak e o n a  greate r  rol e i n 
organizin g thei r  o w n researc h work .  Suc h a  chang e i n th e 
participatio n structure s o f  th e classroo m woul d provid e a 
cas e i n whic h a  grou p o f  student s workin g collaborativel y 
sho w progres s i n takin g ove r  contro l  o f  it s activity ,  movin g 
throug h it s zon e o f  proxima l  developmen t  (Vygotsky , 
1978) .  Thi s i s analogou s t o way s i n whic h individua l 
childre n hav e bee n show n t o increas e thei r  self-contro l  i n 
interaction s wit h adult s (e.g. ,  Wertsc h &  Stone ,  1985) . 
Suc h a  chang e woul d als o includ e conceptua l  growth ,  a s 
student s increase d i n thei r  understandin g o f  way s i n whic h 
differen t  conceptua l  content s ar e involve d i n subtask s tha t 
the y ca n undertake . 

A conten t  analysi s o f  on e group' s activit y u p t o th e 
midpoin t  o f  th e uni t  ha s show n clearl y observabl e 
difference s i n h o w i t  functione d i n it s researc h time .  Earl y i n 

th e unit ,  th e group' s activit y wa s organize d primaril y b y 
thei r  classroo m teacher ,  teache r  3 .  Sh e bega n eac h lesso n 
wit h a n introduction ,  explainin g wha t  th e student s woul d b e 
workin g o n fo r  tha t  day .  I n th e first  day s o f  th e unit ,  thes e 
introduction s generall y include d ver y brief ,  broa d outline s o f 
th e uni t  a s a  whole ,  littl e abou t  h o w th e tas k fo r  th e da y fit 
int o th e unit ,  bu t  detaile d instruction s fo r  completin g th e 
task .  Fo r  thei r  part ,  th e student s subscribe d closel y t o th e 
teacher' s instruction s fo r  th e task ;  the y di d no t  discus s th e 

bigge r  purpos e an d concept s underlyin g th e task s i n whic h 
the y wer e engaged .  Fo r  example ,  o n Da y 2  o f  th e unit ,  th e 
teache r  briefl y discusse d th e scop e o f  th e unit ,  the n indicate d 
tha t  fo r  tha t  da y th e student s woul d b e cuttin g ou t  question s 
and the n sortin g the m int o categories .  W h e n th e grou p wa s 
hande d th e questions ,  the y spen t  severa l  minute s ferventl y 
attackin g th e jo b o f  cutting ,  bu t  n o on e showe d an y interes t 
i n th e conten t  o f  th e questions .  Onl y whe n th e cuttin g wa s 
almos t  complete d di d on e o f  th e grou p begi n t o rea d a 
questio n ou t  loud .  A t  thi s point ,  th e grou p bega n talkin g 
abou t  wha t  categorie s the y coul d thin k of .  Thei r  progressio n 
throug h th e lesso n followe d quit e literall y th e sequenc e 
suggeste d b y th e teacher' s introduction . 

S o me day s late r  i n th e unit ,  however ,  th e shap e o f  th e 
lesson s ha d changed .  Th e teacher' s introduction s wer e les s 
specifi c  i n thei r  instruction s an d shorte r  i n length , 
establishin g th e structur e o f  th e lesson' s rotations ,  bu t 
leavin g mor e t o th e discretio n o f  th e student s regardin g ho w 
t o us e tha t  time .  Student s occasionall y bega n thei r  researc h 
tim e withou t  consultin g th e teache r  a t  all ,  wit h eac h 
member  o f  th e grou p organizin g thei r  o w n activities .  Also , 
as th e uni t  progresse d th e grou p discusse d amongs t 
themselve s h o w t o procee d wit h thei r  work .  Fo r  example , 
on Da y 1 2 tw o member s o f  th e grou p suggeste d tha t  anothe r 
m e m b er  loo k fo r  informatio n abou t  hi s topi c o n th e C D -
R O M s,  an d on e wen t  wit h hi m t o hel p hi m wit h hi s search . 

By th e middl e o f  th e unit ,  then ,  th e overal l  structur e o f 
classtim e wa s stil l  largel y se t  b y th e teacher ,  bu t  th e way s 
i n whic h th e student s organize d thei r  tim e withi n tha t 
structur e ha d shifte d somewhat .  Th e frequenc y an d natur e o f 
th e group' s interaction s wit h th e teache r  ha d changed :  th e 
student s tende d t o addres s question s amongs t  themselve s an d 
t o tak e responsibilit y  fo r  turnin g t o th e teache r  fo r  guidance . 
For  he r  part ,  th e teache r  di d no t  mak e referenc e t o th e large r 
contex t  o f  th e unit ,  spen t  les s tim e eac h da y establishin g a 
detaile d protoco l  fo r  th e lesson ,  an d instea d gav e a  quic k 
orientatio n t o th e rotations . 

Conclusion 

Concept s ar e usuall y though t  o f  a s menta l  construct s tha t 
exis t  i n individua l  people' s minds .  B y relocatin g the m i n 
people' s discursiv e interactions ,  w e hav e a  ne w wa y t o loo k 
upo n th e developmen t  o f  symboli c action .  Thi s perspectiv e 
facilitate s th e exploratio n o f  th e interconnectednes s o f 
aspect s o f  huma n lif e whic h hav e traditionall y bee n isolate d 
i n a  wid e rang e o f  disciplines .  W e hav e use d thi s perspectiv e 
t o interpre t  example s take n fro m a  longitudina l  stud y o f 
conceptua l  learnin g a s developmen t  o f  participatio n i n 
(discursive )  practices .  Thes e interpretation s hav e allowe d u s 
t o demonstrat e th e integratin g powe r  o f  ou r  approach ,  whic h 
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incorporate s social ,  interactional ,  an d informationa l  aspect s 
of  learning . 
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Abstrac t 

In this paper we explore the idea of reflection in the context 
of  scientifi c  exploration .  H o w doe s a n agen t  reflec t  upo n it s 
behavio r  i n orde r  t o enabl e productiv e exploration ? W e outlin e 
an abstrac t  cognitiv e architectur e fo r  combinin g reflectio n an d 
exploration .  T o achiev e thi s w e presen t  a  languag e fo r  modelin g 
cognition :  th e Task-Method-Knowledg e ( T M K )  language .  W e 
furthe r  presen t  a  computationa l  mode l  base d o n thi s language , 
T 0 R Q U E2 (Griffit h etal. ,  1997 ;  Griffith ,  1997) .  T o R Q U E2 i s 
a mode l  o f  explorator y reasonin g i n th e domai n o f  scientifi c 
proble m solving .  W e clai m tha t  th e T M K languag e support s 
bot h reflectio n an d exploration ,  an d enable s the m t o benefi t 
fro m on e another . 

I n t r o d u c t i o n 

O ne outstandin g issu e i n scientifi c  discover y is :  h o w d o sci -
entist s decid e whe n t o abando n on e reasonin g strateg y t o 
pursu e another ? O r  fro m a  cognitiv e perspective :  h o w d o 
we mode l  a  proces s fo r  multi-strateg y exploration ? I n ou r 
researc h w e sho w evidenc e fro m a  computationa l  system , 
T 0 R Q U E 2,  whic h suggest s tha t  "reflection, "  a n agent' s abil -
it y  t o reaso n abou t  it s o w n reasoning ,  play s a n importan t  rol e 
i n th e selectio n o f  reasonin g method s an d i n th e abandonmen t 
of  reasonin g paths . 

For  th e pas t  2 0 year s researcher s hav e attempte d t o com -
putationall y mode l  th e processe s o f  science .  I n thi s pursui t 
the y hav e investigate d task s including :  experimenta l  dat a in -
terpretatio n (Langle y e t  a!. ,  1987;Zytkow ,  1990) ,  hypothesi s 
formatio n (Karp ,  1989) ,  an d theor y revisio n (Darden ,  1991 ; 
Rajamoney ,  1990;Falkenhainer ,  1990) .  I n orde r  t o understan d 
thes e tasks ,  researcher s hav e modele d historica l  case s o f  sci -
entifi c  reasonin g (Kulkam i  an d Simon ,  1988 ;  Darden ,  1991 ; 
Thagar d an d N o w a k ,  1990) .  O n e difficult y wit h suc h case s 
i s tha t  the y rarel y sho w path s o f  reasonin g i n whic h th e sci -
entis t  wa s unsuccessful ,  ye t  i t  i s  thes e path s whic h mak e u p 
themajorit y o f  th e cognitiv e effor t  (Nersessian ,  1993) .  Sore -
searcher s mistakenl y plac e emphasi s o n th e source s tha t  hav e 
survived .  This ,  however ,  present s a  problem .  I t  result s i n 
computationa l  model s whic h ar e cognitivel y implausibl e an d 
ar e o f  littl e us e i n th e developmen t  o f  scientifi c  agents . 

For  thi s reaso n som e woul d hav e u s thro w ou t  th e bab y 
wit h th e bat h wate r  b y givin g u p o n historica l  case s o f  sci -
entifi c  reasonin g altogether .  W e argu e tha t  thi s abandonmen t 
i s premature .  Th e troubl e i s no t  wit h th e researc h progra m 
but  wit h th e methodology .  I n orde r  t o construc t  accurat e 
computationa l  models ,  on e mus t  mode l  eac h o f  th e strate -
gie s availabl e t o th e scientis t  a s wel l  a s th e contro l  processe s 

fo r  decidin g whic h strateg y t o us e when .  I n ou r  research , 
we hav e chose n t o mode l  reasonin g foun d i n problem-solvin g 
protocol s (Clement ,  1989) ,  becaus e thes e protocol s sho w bot h 
successfu l  an d unsuccessfu l  attempt s a t  solvin g a  proble m us -

in g multipl e reasonin g strategies .  Th e computationa l  mode l 
develope d throug h th e protocol s ca n the n b e applie d t o his -
torica l  cases .  Th e ke y i s t o acquir e protocol s whic h addres s 
simila r  issue s t o thos e foun d i n th e historica l  cas e (Nerses -
sia n an d Greeno ,  1990) .  Onl y whe n w e ca n construc t  model s 
of  scientist s whic h captur e thei r  man y reasonin g strategies , 
wil l  w e b e abl e t o construc t  agent s capabl e o f  rea l  scientifi c 
activity . 

I n th e T 0 R Q U E2 syste m w e hav e modele d fou r  reason -
in g strategie s fo r  explorator y proble m solving :  model-base d 
searc h ( M B S ) ,  model-base d analog y ( M B A ) ,  structure-base d 
model  transformatio n ( S B M T ) ,  an d limiting-cas e analysi s 
( L C A ) .  Thes e strategie s ar e represente d i n th e Task-Method -
Knowledg e ( T M K )  languag e (Murdoc k an d Goel ,  1998) .  I n 
th e remainde r  o f  thi s pape r  w e describ e a  contro l  proces s 
whic h enable s th e selectio n o f  strategie s throug h reflection . 
We clai m tha t  thi s proces s i s sufficien t  fo r  modelin g explo -
ratio n i n science . 

Reflection 

A them e whic h run s throug h a  vas t  rang e o f  researc h 
paradigm s i n cognitio n i s th e ide a o f  reflection :  human s ar e 
abl e t o explicitl y  reaso n abou t  thei r  o w n cognition .  Ther e ar e 
a grea t  man y aspect s o f  cognitio n whic h see m t o b e relate d t o 
th e notio n o f  reflection .  A  fe w o f  thes e are : 

Adaptatio n Peopl e ar e abl e t o adap t  t o a n extremel y broa d 
rang e o f  nove l  situation s i n th e world .  I t  i s  clea r  tha t  the y 
ar e abl e t o modif y thei r  reasonin g abilitie s t o som e extent .  I t 
seems likel y tha t  th e abilit y  t o modif y one' s o w n reasonin g 
m ay depen d o n knowledg e abou t  tha t  reasoning . 

Explanatio n Peopl e ar e abl e t o explicitl y  stat e wha t  the y ar e 
doin g an d why .  Whil e i t  i s  clea r  tha t  thi s abilit y  i s limite d 
and i s ofte n inaccurate ,  i t  i s  certainl y present .  Th e abilit y 
t o eve n partiall y  describ e one' s o w n reasonin g seem s lik e 
conclusiv e evidenc e o f  a t  leas t  a  partia l  self-understanding . 

Multi-strateg y reasonin g Explici t  representation s o f  func -
tiona l  element s potentiall y  enable s dynamic ,  flexible  selec -
tio n o f  thes e element s withi n a  reasonin g episode . 

Predictio n Peopl e ar e abl e t o predic t  th e action s o f  othe r 
people .  I t  seem s plausibl e tha t  thi s abilit y  i s  tie d t o som e 
knowledg e o f  thei r  o w n menta l  processes . 

Erro r  Preventio n I n som e situations ,  peopl e ar e abl e t o pre -
dic t  cognitiv e error s tha t  migh t  mak e an d ac t  t o preven t 
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them .  Fo r  example ,  someon e doin g a  comple x arithmeti c 
problem ,  a s i n (Brow n an d VanLehn ,  1980) ,  migh t  recog -
niz e tha t  ther e i s a  significan t  chanc e o f  erro r  an d migh t  d o 
th e proble m twic e t o confir m tha t  th e correc t  answe r  wa s 
obtained ;  suc h reasonin g clearl y depend s o n a n understand -
in g o f  wha t  constitute s complex ,  erro r  pron e reasoning . 

Erro r  Recover y Man y researcher s i n cognitiv e scienc e hav e 
observe d tha t  explici t  representatio n o f  processe s ca n b e 
particularl y usefu l  i n recoverin g fro m mistake s afte r  the y 
occu r  (Suchman ,  1987 ;  Kirsh ,  1991) .  W h e n someon e 
reache s a  reasonin g stat e whic h i s clearl y erroneous ,  the y 
ar e motivate d t o reaso n abou t  ho w the y go t  t o tha t  state , 
eve n i f  th e proces s whic h go t  the m thei r  wa s largel y non -
reflectiv e a t  th e time . 

Much of the past work on TMK models has focused 
on th e first  thre e topic s above :  adaptatio n (Stroulia ,  1994 ; 
Strouliaan d Goel ,  1995 ;  Murdoc k an d Goel ,  1998) ,  expla -
natio n (Goe l  e t  al. ,  1996 ;  Goe l  an d Murdock ,  1997) ,  an d 
multi-strateg y reasonin g (Punc h e t  al. ,  1996) .  I n thi s pape r 
we conside r  ye t  anothe r  possibl e applicatio n o f  reflection : 
tha t  o f  explorator y reasoning .  Thi s ide a extend s th e notio n 
of  multi-strateg y reasoning ;  instea d o f  simpl y selectin g "the " 
best  metho d o r  a  satisfactor y method ,  w e migh t  explor e a 
variet y o f  possibl e method s fo r  accomplishin g a  give n task . 
Task s suc h a s scientifi c  reasoning ,  i n whic h a n agen t  clearl y 
does no t  hav e a n a  prior i  accoun t  o f  wha t  constitute s optima l 
or  eve n satisfactor y method s fo r  solvin g problem s ar e ideall y 
suite d t o thi s kin d o f  reasoning .  Explorator y reasonin g in -
volve s a  grea t  man y comple x decisions .  S o m e o f  th e kind s 
of  decision s tha t  a n explorator y reasone r  migh t  mak e include : 
what  metho d t o conside r  next ,  whe n t o attemp t  a  ne w metho d 
fo r  solvin g a  problem ,  whe n t o conced e tha t  a  proble m canno t 
be solved ,  etc .  Reflectio n provide s th e knowledg e whic h ma y 
be use d t o guid e thes e decisions . 

TMK Models 

Our  developmen t  o f  a n accoun t  o f  reflectio n originate s i n 
a lin e o f  researc h whic h examine s computationa l  represen -
tation s o f  physica l  device s (Goel ,  1989 ;  Goe l  e t  al. ,  1996 ; 
Goel  e t  al. ,  1997) .  Thi s researc h show s tha t  effectiv e adap -
tatio n o f  physica l  device s ca n b e supporte d b y model s whic h 
ar e causa l  (i.e. ,  tha t  sho w th e mechanism s b y whic h effect s 
occur) ,  compositiona l  (i.e. ,  tha t  sho w ho w th e effect s o f  ele -
ment s o f  a  devic e ar e combined) ,  an d functiona l  (i.e. ,  tha t  tak e 
an intensiona l  stanc e towar d describin g wh y element s ar e ar -
range d a s the y are) .  Th e basi c ide a behin d thes e model s i s tha t 
th e relationshi p betwee n th e physica l  constructio n o f  a  devic e 
(i.e. ,  th e structure )  an d th e intende d effec t  o f  tha t  devic e (i.e. , 
th e function )  i s  describe d b y a  flow  o f  causa l  interaction s (i.e. , 
th e behavior) . 

Ther e hav e bee n a  numbe r  o f  theorie s whic h hav e viewe d 
element s o f  cognitio n a s inherentl y device-lik e i n nature .  Th e 
theor y o f  Generi c Task s (Chandrasekaran ,  1988 )  suggest s tha t 
ther e ar e primitiv e "buildin g blocks "  o f  cognitio n suc h a s clas -
sificatio n an d recognitio n an d tha t  comple x reasonin g strate -
gie s ca n b e viewe d a s comple x device s resultin g fro m th e 
synthesi s o f  thes e components .  Thi s perspectiv e suggest s tha t 
perhap s pas t  wor k i n adaptiv e redesig n o f  physica l  device s 
may b e applicable ,  b y analogy ,  t o th e adaptatio n o f  thes e 
propose d abstrac t  cognitiv e "devices. " 

I t  i s  thi s intuitio n whic h lea d t o th e developmen t  o f  th e 
T MK language .  T M K model s hav e bee n use d fo r  bot h ex -
planatio n an d adaptatio n o f  th e capabilitie s o f  a  variet y o f  A l 
compute r  programs .  T M K model s ar e ver y muc h a n exten -

sio n o f  ou r  modelin g framewor k fo r  physica l  devices .  Th e 
divisio n o f  reasonin g int o task s (i.e. ,  functiona l  elements )  an d 
method s (i.e. ,  behaviora l  elements )  ver y muc h duplicate s th e 
functiona l  an d causa l  feature s o f  ou r  physica l  devic e models , 
and th e explici t  modelin g o f  knowledg e state s duplicate s th e 
compositiona l  aspect s o f  thes e devic e models . 

The extensiv e A l  researc h o n T M K model s ha s conclu -
sivel y show n tha t  the y d o provid e a t  leas t  som e suppor t  fo r  a 
compute r  syste m t o adap t  it s ow n capabilities .  Doe s thi s nec -
essaril y  mak e the m relevan t  t o th e stud y o f  huma n cognition? ' 
Conside r  th e spac e o f  al l  possibl e mechanism s fo r  represent -
in g self-knowledg e fo r  exploration .  I t  i s  intuitivel y obviou s 
tha t  thi s spac e i s extremel y large ;  virtuall y an y kin d o f  knowl -
edg e coul d potentiall y  b e i n memory .  I n contrast ,  conside r 
th e spac e o f  al l  sufficien t  mechanism s fo r  thi s phenomenon . 
Thi s spac e i s clearl y fa r  mor e restricted ;  th e mechanis m mus t 
be show n t o b e bot h powerfu l  enoug h t o allo w exploratio n 
t o occur ,  parsimoniou s enoug h t o for m a  credibl e theory ,  an d 
genera l  enoug h t o suppor t  a  wid e rang e o f  explorator y rea -
soning .  T o th e exten t  tha t  thes e ar e stron g restrictions ,  i t  i s 
apparen t  tha t  th e spac e o f  sufficien t  solution s i s ver y smal l 
wit h respec t  t o th e spac e o f  possibl e solutions .  Furthermore , 
as th e breadt h an d dept h o f  th e sufficienc y i s increased ,  i t  i s 
conceivabl e tha t  th e spac e o f  sufficien t  solution s become s s o 
smal l  tha t  an y sufficien t  solutio n approximate s a  necessar y 
solution .  Fro m thi s reasoning ,  w e argu e tha t  becaus e T M K 
model s hav e bee n show n t o provid e a  broa d an d powerfu l 
rang e o f  capabilities ,  the y constitut e a  plausibl e hypothesi s 
fo r  a  cognitiv e accoun t  o f  reflectiv e self-knowledge . 

Exploration 

We defin e explorator y reasonin g a s reasonin g whic h i s no t 
directe d b y som e goal .  Thi s doe s no t  mea n tha t  goal s mus t  b e 
absen t  fro m th e reasoning .  O n th e contrary ,  mos t  interestin g 
cognitiv e activitie s involv e goals .  I t  doe s mean ,  however , 
tha t  som e goal s ar e eithe r  to o abstrac t  t o direc t  th e control , 
e.g. ,  on e migh t  hav e a  goa l  t o discove r  th e cur e fo r  cancer ,  o r 
th e agen t  ma y simpl y lac k th e knowledg e t o sugges t  possibl e 
alternatives ,  e.g. ,  a  robo t  whic h doe s no t  kno w wha t  cabinet s 
ar e wander s int o a  strang e roo m ful l  o f  cabinet s wit h th e goa l 
t o find  a  hammer .  I n th e first  cas e th e goa l  doe s no t  b y itsel f 
sugges t  a  cours e o f  action .  Discoverin g a  cur e fo r  cance r  i s 
simpl y to o broa d t o sugges t  a  cours e o f  action .  I n th e secon d 
case ,  sinc e th e robo t  ha s neve r  see n a  cabine t  i t  i s unlikel y tha t 
it s  goa l  t o find a  hammer  woul d direc t  i t  t o ope n a  cabinet . 
Certainl y discoverin g th e cur e fo r  cance r  ca n b e broke n dow n 
int o man y subgoals ,  bu t  a  tremendou s amoun t  o f  knowledg e 
i s neede d t o bot h for m thes e subgoal s an d t o decid e whic h 
of  thes e subgoal s t o pursue .  Th e issu e i s no t  whethe r  o r  no t 

'Not e tha t  thi s questio n i s fundamenta l  t o th e rol e o f  A l  an d 
computationa l  modelin g i n th e stud y o f  huma n cognition .  Th e ar -
gument  presente d her e i s present ,  eithe r  implicitl y  o r  explicitly ,  i n 
an enormou s rang e o f  research ,  e.g .  (Newel l  an d Simon ,  1963 ; 
Minsky ,  1975 ;  Anderson ,  1983) .  Furthermore ,  i t  i s largel y isomor -
phi c t o traditiona l  philosophica l  view s o n th e natur e o f  al l  scientifi c 
theories ,  e.g .  (Kant ,  1781) . 
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we shoul d giv e agent s mor e knowledg e whic h i s clearl y true , 
but  rathe r  a  contro l  issue :  wha t  shoul d a n agen t  d o whe n 

appropriat e knowledg e i s no t  available ? 

M u ch o f  th e distinctio n w e ar e makin g betwee n goal -

directe d an d explorator y reasonin g ca n b e clarifie d b y re -

ferrin g t o a n A I  principl e know n a s th e principl e o f  rationalit y 
(Newell .  1981) .  Th e principl e o f  rationalit y state s tha t  a n 
intelligen t  agen t  wil l  ac t  i n a  manne r  t o achiev e it s goals .  Fo r 

thi s reaso n A I  ha s focuse d o n goal-directe d behavio r  i n whic h 
th e action s o f  th e agen t  ar e alway s directe d towar d som e goal . 
O ne proble m wit h thi s focu s i s tha t  i t  doe s no t  sa y wha t  a n 

agen t  shoul d d o whe n th e goal s ar e no t  sufficien t  t o direc t 
reasonin g a s i n th e example s above .  Newel l  ofte n referre d 
t o suc h situation s a s impasses .  Newell' s  solutio n t o th e im -
pass e proble m wa s t o se t  u p mor e goal s (ofte n thes e goal s 
wer e learnin g goals) .  I n som e situations ,  however ,  a n agen t 
may no t  kno w i n advanc e wha t  th e relevan t  sub-goal s ar e no r 
h o w t o choos e betwee n them .  Th e poin t  her e i s tha t  ratio -
nal  agent s canno t  b e purel y goal-directe d bu t  mus t  als o b e 
capabl e o f  makin g decision s whe n presente d wit h abstractl y 
specifie d goal s o r  insufficien t  knowledge .  Intelligen t  agent s 
must  hav e method s fo r  pushin g beyon d th e bound s o f  thei r 
curren t  knowledge .  I n othe r  words ,  agent s mus t  b e abl e t o 
refin e thei r  o w n stat e space .  A n earl y exampl e o f  suc h a n 
explorator y syste m i s A M (Lenat .  1978) . 

I n thi s researc h w e propos e tha t  explorator y reasonin g i s 
achieve d b y makin g structura l  transformation s t o a  mode l  an d 
the n generatin g th e behavior s whic h follo w fro m th e change s 
t o th e structure .  Th e resul t  i s  a  mode l  whic h m a y b e eithe r 
furthe r  o r  close r  t o th e goa l  tha n th e origina l  model .  Thi s 
ne w mode l  ca n the n b e transforme d i n a  simila r  manner .  A n 
agent' s abilit y  t o reflec t  o n th e resultin g knowledg e i n workin g 
m e m o ry constrain s thi s exploration .  I t  i s throug h thi s kin d o f 
exploratio n tha t  imaginativ e reasonin g occurs ,  an d w e posi t 
tha t  thi s i s on e for m o f  huma n imaginatio n whic h ha s le d t o 
discoverie s an d invention s  i n th e fac e o f  seemingl y unsolvabi e 
goals . 

A Case of Exploratory Problem Solving 

I n thi s researc h w e hav e investigate d imaginativ e reasonin g 
evidence d i n a  scientifi c  proble m solvin g protoco l  take n b y 
Joh n Clemen t  (Clement ,  1989) .  I n th e protoco l  a  subjec t 
know n a s S 2 attempt s t o solv e a  proble m abou t  springs : 

... a weight is hung from a spring. The original spring 
i s replace d wit h a  sprin g mad e o f  th e sam e kin d o f  wire ; 
wit h th e sam e numbe r  o f  coils ;  bu t  wit h coil s tha t  ar e 
twic e a s wid e i n diameter .  Wil l  th e sprin g stretc h fro m 
it s natura l  lengt h more ,  less ,  o r  th e sam e amoun t  unde r 
th e sam e weight ? (Assum e th e mas s o f  th e sprin g i s 
negligibl e compare d t o th e mas s o f  th e weight. )  W h y d o 
yo u thin k  so? "  (Figur e 1 ) 

On our interpretation, S2 began the problem-solving ses-
sio n wit h th e understandin g tha t  th e stretc h o f  a  sprin g i s du e 
t o it' s flexibility.  The n h e derive d a  ne w understandin g tha t  a 
sprin g maintain s constan t  slop e wtte n stretche d throug h bot h 
twistin g an d bending .  So ,  althoug h thi s  i s a  mor e modes t  out -
come o f  imaginativ e reasonin g tha n evidence d i n historica l 
cases ,  fo r  S 2 i t  wa s a n instanc e o f  highl y imaginativ e prob -
le m solving .  T o find a  satisfactor y explanator y mode l  fo r  th e 

I 

L 

Figur e I :  Initia l  Proble m 

proble m solution ,  S 2 ha d t o construc t  a  nove l  representatio n 
fo r  himsel f  o f  ho w a  sprin g works . 

To solv e thi s problem ,  w e clai m tha t  S 2 use d a  numbe r 
of  transformation s w e cal l  Generi c Structura l  Transforma -
tion s (GSTs )  t o construc t  a  variet y o f  model s (Griffith ,  1997 ; 
Griffit h e t  al. ,  1996) .  W e refe r  t o thes e transformation s 
as "function-follows-form "  transformation s (Griffit h e t  al. , 
1997 )  becaus e th e for m o f  th e mode l  i s transforme d first  an d 
the n th e behavio r  o f  th e mode l  i s change d i n respons e t o thi s 
change .  Th e progressio n o f  thes e transformation s i s show n 
i n Figur e 2 .  Th e figure  show s ho w eac h targe t  mode l  i s ex -
plore d an d h o w analog s ar e retrieve d an d generate d base d o n 
tha t  exploration .  I n a  late r  sectio n w e describ e ho w workin g 
memory queue s ar e employe d t o generat e thi s sequence . 
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Figur e 2 :  Progressio n o f  Targe t  an d Sourc e Analog s 

The TMK hierarchy shown in Figure 3 presents an architec-
tur e fo r  addressin g th e tas k o f  relatin g som e structura l  featur e 
of  a  physica l  syste m wit h som e behaviora l  o r  functiona l  out -
come.  I n th e S 2 cas e th e structura l  featur e i s th e diamete r 
of  th e sprin g an d th e behaviora l  featur e i s th e amoun t  th e 
sprin g wil l  stretch .  H e need s t o determin e ho w th e diamete r 
wil l  affec t  th e behavio r  o f  th e spring .  Th e hierarch y present s 
fou r  strategie s whic h S 2 appeare d t o us e t o addres s thi s task : 
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Model-Base d Search ,  Model-Base d AnaIogy,Structure-Base d 
Model  Transformation ,  an d Limiling-Cas e Analysis . 
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Figur e 3 :  T M K Hierarch y 

Instantiatio n 

The valu e o f  T M K t o a  theor y  o f  exploratio n i s twofold .  First , 
T MK provide s a n architectur e i n whic h th e explorator y pro -
cesse s o f  multipl e subject s ca n b e represented .  Second ,  T M K 
allow s fo r  flexible  experimentatio n wit h thi s representation . 
We clai m tha t  bot h o f  thes e feature s ar e importan t  fo r  model -
in g agent s capabl e o f  exploration . 

The T M K representatio n i s mor e tha n a  progra m tha t  en -
code s a  subject' s reasoning .  I t  i s  a  flexible  model ,  whic h 
capture s th e reasonin g fo r  som e se t  o f  subjects .  A  T M K 
model  show s differen t  behavior s (i.e. ,  reasonin g strategies ) 
dependin g o n th e knowledg e o f  th e individua l  subject .  I n 
experiment s wit h T o R Q U E,  w e hav e take n th e protocol s o f 
eleve n subject s (includin g S2 )  an d modele d them. ^  T o R Q U E 
shows eleve n uniqu e behavior s dependin g upo n th e knowl -
edge o f  th e subject .  Fo r  example ,  on e subject ,  S3 ,  i s con -
cerne d wit h th e materia l  propertie s o f  th e spring ,  s o h e use s 
a metho d b y whic h h e ca n explor e th e propertie s o f  th e ma -
terials .  S 3 explore s propertie s o f  th e materia l  b y considerin g 
what  woul d happe n i f  th e material s wer e ver y flexible  o r  ver y 
rigid ,  i.e. ,  h e instantiate s a  sprin g wher e th e rigidit y o f  th e 
materia l  i s  ver y smal l  an d on e wher e i t  i s  ver y large .  Thi s 
i s a n exampl e o f  limiting-cas e analysis .  Th e T M K architec -
tur e i n T o R Q U E model s thi s behavio r  throug h a  limiting-cas e 
method .  I n T o R Q U E th e limiting-cas e metho d i s dependen t 
upo n th e agent' s knowledge .  Th e T o R Q U E mode l  hypothe -
size s tha t  i f  a n agen t  i s unabl e t o retriev e analog s an d doe s 
not  hav e an y transformation s availabl e i n workin g memory , 
the n th e agen t  ma y choos e a  limitin g cas e strateg y whic h in -
volve s instantiatin g a  mode l  wit h on e o f  it s  value s take n t o 
th e limit .  Th e centra l  issu e here ,  however ,  i s  no t  th e specifi c 
behavio r  o f  limitin g case ,  bu t  th e fac t  tha t  give n a  differen t 
knowledg e conditio n th e agen t  m a y us e a  differen t  strateg y fo r 
exploration .  Thu s th e T M K architectur e i s abl e t o mode l  th e 

F̂iv e o f  thes e protocol s forme d a n initia l  se t  fo r  whic h T o R Q UE 
was built .  Th e othe r  si x wer e se t  asid e fo r  testin g an d evaluatio n 

reasonin g o f  multipl e subject s b y providin g th e syste m wit h 
differen t  knowledg e conditions .  Thi s allow s u s t o focu s o n 
th e knowledg e an d method s whic h ar e essentia l  t o exploratio n 
processes . 

The secon d reaso n tha t  T M K i s valuabl e fo r  modelin g ex -
ploratio n i s tha t  i t  provide s a  mean s fo r  conductin g experi -
ments .  T M K representation s ar e completel y declarative .  Th e 
declarativ e natur e o f  thes e representation s provide s bot h th e 
experimente r  an d th e progra m itsel f  wit h a  mean s fo r  adapt -
in g th e contro l  o f  th e process .  S o a s a n experimente r  I  a m 
abl e t o chang e th e orderin g o f  method s o r  subtask s simpl y b y 
reorganizin g a  list .  Thi s flexibility  i s  vita l  whe n attemptin g 
t o mode l  th e reasonin g o f  subjects .  I t  i s  clea r  tha t  subject s 
ar e no t  limite d t o a  singl e reasonin g strategy .  Researcher s 
i n cognitiv e scienc e hav e identifie d analog y (Centner ,  1983 ; 
Holyoa k an d Thagard ,  1989) ,  limiting-cas e analysi s (Nerses -
sian ,  1992 ;  Weld ,  1986) ,  searc h (Newel l  an d Simon ,  1963 ) 
and transformatio n (Griffith ,  1997 ;  Griffit h e t  al. ,  1997 ; 
Murth y an d Addanki ,  1987 )  a s significan t  reasonin g pro -
cesses ,  an d ther e ar e certainl y others .  I t  i s  als o th e cas e 
tha t  huma n reasoner s ar e abl e t o choos e particula r  reasonin g 
strategie s dependin g upo n wha t  knowledg e the y hav e avail -
able ,  e.g. ,  finding  one' s wa y i n a  familia r  cit y require s dif -
feren t  strategie s tha n finding  one' s wa y i n a  unfamilia r  city . 
Thus ,  i t  i s importan t  t o b e abl e t o accoun t  fo r  bot h a  subject' s 
knowledg e an d strategie s i n usin g tha t  knowledge .  Thi s i s a 
star k contras t  t o th e modelin g foun d i n th e Protoco l  Analysi s 
of  (Ericsso n an d Simon ,  1984 )  whic h impart s a  rigi d se t  o f 
productio n rule s t o th e syste m an d a  singl e reasonin g proces s 
(heuristi c search )  base d upo n thos e rules .  I n T M K bot h th e 
knowledg e an d th e method s ca n b e manipulate d base d o n ev -
idenc e fro m th e protocols .  Th e advantag e i s tha t  experiment s 
ca n uncove r  interestin g relationship s betwee n knowledg e an d 
process . 

To achiev e exploratio n i n T M K require s reflectio n ove r  a 
workin g memor y o f  targe t  model s ( W ^ T ) ,  analog s ( W ^ A ) , 
and G S T s (WTVIGST) .  A s a n agen t  addresse s it' s  tas k  i t  m a y 
come t o a  poin t  wher e i t  doe s no t  kno w ho w t o proceed .  Pas t 
reasonin g store d i n workin g memor y allow s th e agen t  t o pic k 
a G S T whic h i s relate d t o th e reasonin g a t  han d o r  t o reason -
in g whic h ha s occurre d recently .  Thi s serve s t o constrai n th e 
randomnes s o f  th e selectio n o f  a  G S T .  I n T o R Q U E workin g 
memory i s capture d i n a  queu e dat a structur e whic h ha s a 
last-in-first-ou t  (LIFO )  structure .  Figur e 4  show s tw o snap -
shot s o f  workin g memor y queues .  Th e snapsho t  labele d (A ) 
show s th e W M durin g th e first  model-base d analog y process , 
prio r  t o attemptin g an y transformations .  Snapsho t  B  show s 
what  transformation s ar e place d o n th e queu e whe n th e circu -
la r  coi l  become s th e targe t  model .  Th e transformatio n queu e 
betwee n A  an d B  contain s th e transformation s performe d be -
twee n thes e snapshots .  Al l  th e transformation s whic h ar e 
retrieve d ar e ordere d an d place d ont o thi s W M G ST queue . 
Thu s on e ca n thin k o f  thi s queu e a s usin g th e las t  transfor -
matio n whic h th e agen t  wa s thinkin g abou t  bu t  di d no t  apply . 
Not  al l  transformation s ca n b e use d o n al l  model s s o man y 
transformation s ma y b e rejecte d quickl y prio r  t o bein g ap -
plied ,  e.g. ,  a  circle-to-squar e transformatio n i s onl y possibl e 
i f  th e targe t  mode l  i s circular .  Also ,  previousl y explore d tar -
get  model s ar e remove d fro m th e queu e suc h a s whe n a  coi l 
retrieve s a  sprin g a s a n analog . 
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Th e exploratio n proces s proceed s throug h th e interactio n 
of  Model-Base d Analog y ( M B A )  an d Structure-Base d Mode l 

Transformatio n ( S B M T )  wit h th e workin g memor y queues , 
W MA an d W M G S T.  M B A retrieve s a  se t  o f  analo g model s 

t o solv e th e particula r  problem ,  on e o f  whic h i s selecte d an d 

th e res t  o f  whic h ar e place d o n th e W M A queue .  Th e an -
swer  whic h i s produce d fro m thes e analog s i s evaluate d b y 
attemptin g t o reduc e th e difference s betwee n i t  an d th e targe t 
model .  O n e metho d o f  reducin g thes e difference s i s t o appl y 
S B MT t o th e sourc e o r  targe t  analogs .  Similarl y G S T s ar e 
indexe d an d retrieve d b y thes e difference s an d on e G S T i s ap -
plie d whil e th e remainin g ar e place d ont o th e W M G ST queue . 
As reasonin g progresse s a  collectio n o f  transformation s hav e 
bee n place d int o W M.  I n thi s wa y W M i s no t  bein g use d a s a 
repositor y fo r  knowledg e whic h i s currentl y bein g addressed , 
but  a s a  repositor y fo r  knowledg e whic h ha s bee n retrieve d 
but  whic h ha s no t  bee n considered . 

Results 

Th e Clemen t  protocol s provid e som e evidenc e tha t  subject s 
nee d t o reflec t  o n thei r  reasonin g processe s i n orde r  t o carr y 
out  effectiv e exploration .  Th e difficult y wit h suc h evidenc e 
i s tha t  i t  i s  stil l  unclea r  wha t  aspect s o f  reasonin g ar e con -
sciousl y accessibl e t o th e reasoner .  Whil e i t  i s clea r  tha t  ther e 
i s som e relationshi p betwee n reflectiv e knowledg e (o f  th e sor t 
represente d b y T M K models )  an d consciousness ,  i t  i s no t  clea r 
exactl y wha t  tha t  relationshi p is ;  w e believ e tha t  thi s knowl -
edg e i s partiall y  bu t  no t  full y  consciousl y accessible .  I n th e 
S2 protoco l  ther e ar e tw o clea r  indication s o f  consciou s reflec -
tion .  Th e first  i s a  quot e i n whic h S 2 ha s becom e frustrate d 
tha t  hi s reasonin g ha s cycle d t o a  pas t  reasonin g state . 

I  fee l  a s thoug h I' m reasonin g i n circles .  A n d I  thin k 
I'l l  mak e a  deliberativ e effor t  t o brea k ou t  o f  th e cir -
cle..someho w (057) ^ 

The idea is that in order to solve the problem, S2, must de-
liberativel y (i.e. ,  consciously )  conside r  wha t  reasonin g meth -
od s ar e availabl e an d decid e upo n a  metho d tha t  doe s no t  lea d 
t o th e sam e unproductiv e answers .  I n th e T o R Q U E2 syste m 
thi s reflectio n i s realize d b y lookin g a t  th e curren t  T M K stat e 
and recognizin g tha t  thi s stat e ha s bee n visite d i n th e past . 
T 0 R Q U E2 recognize s tha t  particula r  method s hav e lea d t o th e 
same se t  o f  model s b y lookin g a t  it s workin g m e m o r y queue s 
(i.e. ,  th e K  i n T M K ) .  Becaus e i t  i s  abl e t o reflec t  o n it s o w n 
knowledg e i t  ca n choos e a  ne w reasonin g method .  Th e choic e 
of  a  ne w metho d i s a  consequenc e o f  identifyin g a  pas t  metho d 
or  se t  o f  method s a s inadequat e give n th e curren t  knowledge , 
i.e. ,  reflectin g o n th e stat e o f  it s reasoning .  Late r  i n th e S 2 
protoco l  w e se e th e sam e patter n o f  reflectiv e behavior : 

I  kee p circlin g bac k t o thes e sam e issue s withou t  get -
tin g anywher e wit h them..1- 1 reall y haven' t  ha d a  ne w 
idea..i n a  lon g timcabou t  this...Ummm... I  thin k I  nee d 
to ,  again ,  t o thin k abou t  i t  i n som e radicall y differen t 
way,  somehow...(117 ) 

We clai m tha t  th e nee d t o find  reasonin g method s whic h 
lea d t o nove l  model s i s a  crucia l  abilit y  i n explorator y rea -
soning .  I t  i s clea r  tha t  i n orde r  t o mak e progress ,  S 2 need s t o 
find  reasonin g method s whic h provid e insigh t  int o th e issue s 

wit h whic h h e i s faced .  Th e T o R Q U E2 syste m provide s a 
computationa l  accoun t  o f  suc h reflectiv e reasoning . 
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Figur e 4 :  Workin g M e m o r y Queue s 
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Abstrac t 

Task analysis is a critical first step in understanding a new 
comple x domain .  Currently ,  tasi c analysi s i s a  mostl y manua l 
proces s wit h wea k automatio n support .  Thi s pape r  introduce s 
th e first  phas e o f  th e S A W I I  prototyp e a s a  proof-of-concep t 
fo r  earl y validatio n o f  tas k analysi s activities .  Earl y valida -
tio n i s supporte d b y th e transferenc e o f  semantic s fro m dat a 
value s t o dat a structures .  Roug h estimation s o f  discrepancie s 
betwee n task s ar e use d t o focu s th e knowledg e elicitor' s at -
tentio n o n questionabl e areas ,  thereb y reducin g muc h o f  th e 
tediousnes s an d time-intensiv e natur e o f  validation .  SANA'I I 
was show n t o wor k o n th e developmenta l  domai n o f  parables . 
I t  i s  currentl y undergoin g experimentatio n i n tw o real-worl d 
knowledg e acquisitio n activities . 

Introduction 

M a ny system s engineerin g methodologie s cal l  fo r  extensiv e 
effort s i n knowledg e acquisitio n alon g wit h design ,  imple -
mentation ,  an d test .  Tas k analysi s i s a  critica l  phas e i n m a n y 
knowledg e acquisitio n processes .  T o ensur e th e qualit y o f 
tas k analysi s results ,  validatio n i s ofte n performe d b y com -
parin g th e result s wit h additiona l  source s o f  information . 
Thi s validatio n proces s i s currentl y manual ,  tedious ,  time -
consumin g an d expensive .  However ,  usin g possibl y errone -
ou s tas k analysi s result s accepte d from  a  wea k validatio n 
proces s insert s to o m u c h risk  int o n e w syste m development . 

Curren t  wo r k i n applie d ontologie s i s on e approac h t o re -
ducin g tas k analysi s risk.  I n practice ,  limite d fmancia l  re -
source s ofte n resul t  i n a  lac k o f  prope r  effor t  give n t o th e 
ontolog y creatio n process .  Thi s i s du e t o th e mostl y manua l 
proces s o f  ontolog y creation ,  requirin g a  collaborativ e effor t 
a m o ng m a n y uniquel y talente d individuals .  Automate d too l 
suppor t  fo r  bot h th e humanisti c natur e o f  knowledg e acqui -
sitio n an d th e exactin g natur e o f  ontolog y formalizatio n i s 
needed . 

Th e objectiv e o f  thi s researc h i s t o develo p a  proces s an d 
representatio n framework  tha t  wil l  facilitat e partia l  automa -
tio n o f  th e validatio n process .  Requirement s o f  a  tas k analy -
si s validatio n framework  include : 

• support validation as early as possible in the knowledge 
acquisitio n process ; 

'  suppor t  timel y notificatio n o f  event s requirin g interven -
tio n b y knowledg e acquisitio n participants ; 

'  provid e validatio n i n th e for m o f  th e identificatio n o f  dis -
crepancie s betwee n newl y entere d tas k analysi s dat a an d 
previousl y validate d data ;  an d 
adap t  t o validatio n biase s o f  th e project ,  domain ,  knowl -

edg e elicitor ,  o r  ontolog y system . 

Domain 
Expert s 

SAVVII  Focu s o f  Attentio n 

Knowledg e 
Elicjtor a 

Knowledg e 
Engineer s 

Unstructure d ) 
Domain y 

Knowledg e j ^ 
structure d 
Domain 

^Knowledg e J 

Formal  i 
' — Ontolog y j- i 

Domain i 
' -  Modelin g p J 

Figur e 1 :  S A V Y I I  i s a  too l  intende d fo r  knowledg e elicitor s 
as a n informatio n condui t  from  doma i n expert s t o knowl -
edg e engineers .  B y addin g onl y partia l  structur e t o other -

wis e unstructure d doma i n knowledge ,  validatio n ca n occu r 
earlie r  i n th e lifecycle . 

The System for Assisting with the Verification and Vali-
datio n o f  Imperfec t  Informatio n ( S A W T I )  i s  a  prototyp e 
designe d t o achiev e th e researc h objective s an d fiinction  a s 
an ai d t o knowledg e elicitor s a s the y translat e knowledg e 
from  doma i n expert s t o knowledg e engineers ,  a s s h o w n i n 
Figur e 1 .  I t  i s a  "  Syste m fo r  Assisting "  i n tha t  th e use r  re -
tain s th e ultimat e responsibilit y  fo r  final  determinatio n o f 
"  Verificatio n an d Validation "  activities ,  wh ic h i s supporte d 
throug h a n automate d proces s o f  similarit y an d discrepanc y 
determinatio n followe d b y feedbac k from  doma i n experts . 
"  Imperfec t  Information "  describe s th e evolutionar y stat e o f 
tas k dat a a s th e cor e representation .  Al l  tas k dat a originall y 
appear s a s a  potentiall y  erroneou s perspectiv e o f  th e do -
main .  Throug h assimilation ,  conflic t  resolution ,  validation , 
acceptance ,  an d m a n a g e m e n t  o f  thi s imperfec t  knowledge , 
tas k dat a evolve s int o informatio n tha t  i s  usabl e b y othe r 
lifecycl e systems .  Futur e w o r k wil l  expan d th e focu s o f 
S A W I I  from  tas k analysi s t o othe r  type s o f  knowledg e 
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engineerin g processes ,  suc h a s interaction ,  concept ,  an d 
decisio n analyses . 

The first  phas e o f  th e S A W I I  prototyp e ha s focuse d o n a 
shor t  vahdatio n cycl e fo r  th e knowledg e elicitor .  Th e proc -
esse s an d representation s o f  thi s phas e ar e presente d i n thi s 
paper  afte r  a  brie f  revie w o f  tas k analysi s concepts .  Futur e 
phase s o f  S A W I I  developmen t  wil l  introduc e assimilatio n 
processes ,  acquisitio n o f  multipl e domai n perspectives ,  an d 
visualizatio n an d manipulatio n o f  tas k dat a throug h visuali -
zatio n mechanisms . 

Task Analysis 

Task analysi s a s par t  o f  domai n analysi s i s designe d t o elici t 
detaile d description s o f  domai n tasks .  Tas k analysi s ha s 
evolve d i n separat e communities .  Eac h communit y ha s de -
velope d tas k analysi s technique s tha t  bes t  fi t  thei r  require -
ments . 

Industria l  engineerin g i s concerne d wit h operato r  capa -
bilit y  (Kirwan ,  &  Ainsworth ,  1992) .  Fro m a n industria l  en -
gineerin g perspective ,  tas k analysi s i s usefli l  i n th e area s o f 
syste m desig n (safety ,  productivity ,  an d syste m availabil -
ity) ,  syste m evaluatio n (interna l  compan y audits ,  risk  as -
sessments) ,  an d specifi c  concern s (technolog y vubierabl e t o 
human error ,  syste m change s causin g uncertaint y abou t 
syste m integrity ,  implementatio n o f  ne w constraints) .  Tea m 
effectivenes s i s th e centra l  focu s o f  tas k analysi s i n organ -
izationa l  management .  Th e goa l  i s  t o understan d th e rela -
tionship s betwee n teams ,  tasks ,  an d organizationa l  struc -
ture s suc h tha t  tea m performanc e ca n b e predicte d (Cannon -
Bowers ,  e t  al. ,  1995) . 

Understandin g a  proces s suc h tha t  ne w automatio n sys -
tems ca n b e integrate d int o specifi c  proble m area s i s th e 
focu s o f  tas k analysi s i n softwar e engineering .  Task s ar e 
studie d s o tha t  ne w system s ca n b e buil t  tha t  wil l  eithe r  per -
for m thos e task s fo r  th e user s o r  suppor t  th e user s i n thei r 
accomplishmen t  o f  th e tasks .  Task s ar e decompose d suc h 
tha t  behavio r  o f  th e proces s i s apparen t  (McGra w &  Har -
bison-Briggs ,  1989) .  Behavior s o f  actor s w h o currentl y per -
for m th e tas k ar e significan t  wit h respec t  t o wha t  the y do , 
rathe r  tha n wha t  the y know .  (Othe r  knowledg e acquisitio n 
technique s ar e usefu l  i n elicitin g wha t  a n exper t  knows ,  an d 
ar e no t  withi n th e scop e o f  thi s paper. )  A n additiona l  are a o f 
conce m i s th e task' s relationshi p t o th e goal s o f  th e whol e 
system . 

Knowledg e engineerin g i s focuse d o n understandin g a 
domain ,  wit h th e end-us e o f  th e knowledg e o f  les s a  con -
ce m tha n th e othe r  discipline s previousl y discussed .  Knowl -
edge engineerin g i s a n attemp t  a t  combinin g al l  othe r  per -
spectives .  Tas k analysi s i s use d t o understan d a  domai n 
throug h constrainin g it s descriptio n int o formalize d mode l 
representation s (Arango ,  1993) .  Modelin g limit s th e de -
scriptio n an d limit s th e complexity ,  s o tha t  variou s analyst s 
can dra w thei r  o w n conclusion s b y studyin g th e model s 
rathe r  tha n b e overwhelme d b y unconstraine d data . 

Perhap s th e simples t  mode l  i s th e tas k template .  Tabl e 1 
list s tas k decompositio n fields  o f  a  tas k templat e (Kirwa n & 
Ainsworth ,  1992) .  Th e templat e allow s th e knowledg e en -
ginee r  t o gathe r  a s muc h informatio n i n a s man y differen t 
categorie s a s possibl e throug h on e se t  o f  knowledg e acqui -
sitio n session s wit h experts . 

Tabl e 1 :  Tas k Template :  descriptiv e decompositio n catego -
ries .  Adapte d from  Kirwa n an d Ainswort h (1992) . 

Detcrlptlo n 

Require -
ment s 

Natur e o f 
tas k 

Output s 

Descriptio n 
Typ e o f  activit y o r 
behavio r 
Tas k o r  actio n 
ver b 
Functio n o r  pur -
pos e 
Sequenc e o f 
activit y 
Initiatin g cu e o r 
even t 
Informatio n 

Skill s /  trainin g 
require d 
Personne l  re -
quire d /  staffin g 
Actio n require d 

Decision s re -
quire d 
Response s re -
quire d 
Complexit y 

Tas k difficult y 
Tas k criticalit y 

Amount  o f  atten -
tio n require d 
Outpu t  fro m th e 
tas k 
Feedbac k 

Hardwar e 

Perform -
anc e 

Othe r 
item s 

Conse -
quence s 

Locatio n 
Control s use d 

Display s use d 

Critica l  value s 

Jo b aid s require d 

Performanc e metri c 

Tim e take n /  startin g 
tim e 
Require d spee d 

Require d accurac y 

Criterio n o f  respons e 
adequac y 
Subtask s 

Communication s 

Coordinatio n require -
ment s 
Concun-en t  task s 
Likel y /  typica l  en-or s 

Problem s 

En-o r  consequence s 

Advers e condition s / 
hazard s 

T a s k T e r m i n o l o g y 

The abilit y  t o m a p betwee n differen t  ontologica l  concept s 
tha t  migh t  resul t  fro m tas k analysi s reside s i n th e abilit y  t o 
understan d an d manipulat e terminology .  Th e terminologis t 
build s a  terminologica l  databas e a s a  lis t  o f  term s wit h asso -
ciate d linguisti c informatio n an d a  natura l  languag e defini -
tio n (Aussenac ,  1995) .  Linguisti c analysi s o f  tex t  usuall y 
consist s o f  identificatio n o f  term s an d thei r  semanti c rela -
tions ,  followe d b y extrapolatio n o f  concept s fro m thos e 
terms .  Thi s dat a structur e i s insufficien t  fo r  conceptua l  un -
derstandin g require d b y knowledg e engineers . 

Terminologist s focu s almos t  entirel y o n statistica l  tex t 
analysi s processes .  Th e tex t  i s considere d th e ultimat e refer -
ence ,  a s i t  i s  assume d t o b e th e resu h o f  a  consensu s o f  do -
mai n experts .  Th e S A W I I  prototyp e facilitate s a  stron g ti e 
t o terminolog y fidelity  an d depend s o n tha t  fidelity  fo r  it s 
validatio n processes . 

Task Model 
The dat a representatio n o f  thi s researc h i s base d o n th e 
C o m m o n K A DS Tas k Mode l  (Duursm a &  Olsson ,  1994) . 
For  a  historica l  perspectiv e o f  K A D S ,  C o m m o n K A D S,  an d 
ESPRIT,  se e (Schreibe r  &  Wielingua ,  1996) ,  wher e C o m -
m o n K A DS i s introduce d a s "th e mos t  widel y use d metho d 
fo r  K B S development. "  Concept s introduce d i n thi s sectio n 
ar e fro m M c G r a w an d Harbison-Brigg s (1989 )  fo r  tas k in -
formatio n an d Duursm a an d Olsso n (1994 )  fo r  tas k model -
ing . 
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A n activit y refer s t o action s performe d i n th e rea l  world . 
A tas k i s a  se t  o f  coheren t  activitie s tha t  ar e performe d t o 
achiev e a  goal .  Tas k description s ad d a  teleologica l  dimen -
sion ,  suc h a s th e purpos e fo r  performin g th e task .  Th e tas k 
model  i s a  resultin g artifac t  o f  tas k analysis .  Th e tas k mode l 
consist s o f  function s o f  a n organizatio n i n term s o f  tasks .  A 

scenari o i s a  descriptio n o f  a  sequenc e o f  task s performe d 
as on e threa d o f  executio n i n th e domain .  A  scenari o con -
tain s a n ordere d se t  o f  tasks . 

A proces s mode l  i s th e collectio n o f  al l  task s performe d i n 

al l  domain-relevan t  scenarios ,  alon g wid i  th e rationalizatio n 
fo r  selectin g subsequen t  task s a s indicate d i n th e scenarios . 
Therefore ,  th e proces s mode l  add s sequencin g an d timin g 
decisio n point s tha t  guid e a n acto r  i n performanc e o f  par -
ticula r  task s i n a  give n context .  However ,  th e tas k mode l  i s 
not  concerne d wit h organizationa l  processes .  Th e focu s i s 
on th e performanc e o f  th e tas k itsel f  i n ligh t  o f  th e environ -
menta l  context ,  bu t  no t  wit h subsequen t  activitie s i n a  give n 
scenario ,  o r  tas k interactio n i n a  particula r  process .  There -
fore ,  th e tas k mode l  consist s o f  a n unordere d se t  o f  tasks . 

Th e C o m m o n K A DS Tas k Mode l  i s highl y integrate d wit h 
externa l  C o m m o n K A DS models ,  includin g Design ,  Agent , 
Communication ,  Expertise ,  an d Organizatio n Models . 
Thes e externa l  model s ar e no t  th e subjec t  o f  thi s research . 
However ,  i t  i s expecte d tha t  a  robus t  applicatio n shoul d als o 
be abl e t o reaso n sufficientl y ove r  thes e externa l  represen -
tations ,  an d i s th e subjec t  o f  futur e efforts . 

GUI 

Knowledg e elicito r  an d 
domai n exper t  creat e 

tas k descripbon s an d 
provid e feedbac k t o 

discrepanc y 
infonroton . 

aSCREPANCr  < _ 
TABt£ S 

TASK 
o e s c R p n o N 

TABLES 

ALGORrrHUB 
detec t 

dscrepande s 
betwee n ii«eresling | 

par s o f  ne w an d 
validate d task s Report s o n domai n 

exper t  feedbac k ar e 
use d t o evaluat e th e 

accurac y an d 
precisio n o f  th e 

discrepanc y 
detectio n algorithms . 

Erro r  value s ar e fe d 
bac k t o adap t 

threshol d values . 

-
T>«ESHOU} 

TABLES 

Trainin g document s 
Generi c lexican s 
Domain-specifi c 

lexicon s 

- ,  LEXICA L 
SYSTEM 

Created during 
initializatio n phas e o f 
K A projec t  th e lexica l 

syste m combine s 
intema l  an d external , 
generi c an d domain -

specific ,  natura l 
languag e resources . 

Figur e 2 :  Component-base d Architectur e o f  S A W i i . 

Validation Representations and Processes 

Th e S A W I I  prototyp e ha s bee n implemente d usin g com -
mercial-off-the-shel f  component s an d publicl y availabl e 
components .  Microsof t  Acces s 9 7 wa s chose n a s th e data -
bas e componen t  du e t o it s relativ e affordability ,  lapto p ca -
pability ,  an d replicatio n facility .  Th e replicatio n faciht y i s 
importan t  fo r  travelin g knowledg e elicitors .  Eac h elicito r 
ca n ad d dat a t o th e databas e whil e i n th e field .  Throug h a 

m o d em connection ,  th e fielde d database s ca n b e periodi -

call y synchronize d wit h a  maste r  database .  Onl y change s t o 
th e database s ar e transmitted .  Durin g th e synchronizatio n 
process ,  eac h elicito r  i n th e fiel d receive s tas k dat a fro m al l 
previousl y synchronize d field  elicitors ,  providin g a  valida -
tio n activit y tha t  i s  curren t  eve n i n a  distribute d operationa l 
environment . 

Representations 

S A W I I  databas e component s consis t  o f  table s fo r  tas k 
descriptions ,  discrepancie s an d thresholds ,  an d a  lexico n 
taxonom y fo r  semanti c compariso n (se e Figur e 2) . 

Task Description Tables The SAWII Task Model is an 
implementatio n o f  a  specialize d versio n o f  th e C o m -
m o n K A DS Tas k Model .  I t  i s  a  relationa l  databas e wit h in -
termediar y table s tha t  suppor t  th e many-to-man y relation s 
require d betwee n satellit e table s an d th e entry-poin t  tas k 
table .  Th e many-to-man y relation s hel p t o reduc e siz e o f  th e 
databas e b y supportin g onl y on e entr y fo r  repeate d instance s 
among tasks .  Fo r  example ,  on e tas k m a y b e performe d b y 
m a ny agents ,  an d on e agen t  m a y perfor m m a n y tasks .  Eac h 
agen t  i s entere d onl y once ,  jus t  a s eac h tas k i s entere d onl y 
once .  Onl y th e pointer s t o thes e entrie s ar e repeate d i n th e 
relatio n tables . 

Figur e 3  show s th e satellit e table s relate d t o th e tas k tabl e 
throug h many-to-man y relatio n tables .  Thes e table s ar e 
draw n mostl y fro m th e C o m m o n K A DS Tas k Model ,  wit h 
th e inclusio n o f  particula r  table s foun d t o b e usefu l  i n othe r 
knowledg e acquisitio n projects .  Fo r  example ,  bot h th e Haz -
ard s an d Error s table s wer e subsume d b y th e Feature s tabl e 
of  th e C o m m o n K A DS Tas k Model .  However ,  a n increas e i n 
specificit y o f  th e satellit e table s improve s th e comparativ e 
capabilit y  withi n eac h table .  Mor e accurac y i s expecte d 
when comparin g hazard s t o hazard s an d error s t o errors , 
tha n i s expecte d i f  hazard s an d error s wer e intermixe d i n th e 
same table .  U p o n continue d us e o f  S A W I I ,  mor e satellit e 
table s m a y b e defme d an d populate d dependin g o n th e con -
tex t  o f  th e activ e domain .  Tabl e creatio n i s guide d b y a n 
ontolog y tha t  specifie s concept s a s significan t  fo r  tas k 
analysis .  Expansio n o f  S A W I I  int o othe r  analyse s o f 
knowledg e engineerin g depend s o n th e creatio n o f  ontolo -
gie s t o guid e appropriat e tabl e creation . 

Earl y validatio n depend s o n th e abilit y  t o transfe r  seman -
ti c informatio n fro m ra w K A note s t o ontologica l  catego -
ries .  Ontologica l  categorie s ar e represente d a s satellit e ta -
ble s i n th e prototype .  Th e knowledg e elicito r  i s  expecte d t o 
perfor m th e semanti c transfe r  b y assignin g segment s o f  th e 
tex t  t o a  category .  Othe r  segment s o f  tex t  ar e ignore d be -
caus e the y provid e th e sam e semanti c informatio n a s th e 
category .  Therefore ,  semanti c informatio n i s transferre d 
fro m th e tex t  t o th e category .  W h e n selectin g a  previousl y 
existin g satellit e tabl e entr y fo r  a  n e w task ,  th e knowledg e 
elicito r  i s classifyin g th e entr y a s simila r  fo r  bot h tasks .  Th e 
specificit y o f  categor y creatio n guide d b y th e ontolog y i s 
contraste d agains t  th e cognitiv e abilit y  o f  th e knowledg e 
elicito r  t o perfor m similarit y classificatio n durin g dat a en -
try .  Furthe r  researc h int o thi s tradeof f  i s  expected .  A n in -
creas e i n th e numbe r  o f  categorie s result s i n a n increas e i n 
th e semanti c transfe r  fro m dat a t o structure .  However ,  a 
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correspondin g increas e i n th e complexit y o f  dat a entr y upo n 

th e knowledg e elicito r  a t  s o m e poin t  m a y resul t  i n cognitiv e 
overloa d an d resul t  i n erro r  msertion s o r  disuse . 

Not  s h o w n i n Figur e 3  ar e th e metamode l  tables .  Thes e 
table s ar e use d t o trac k th e knowledg e acquisitio n activity . 
Informatio n provide d i n eac h tas k mode l  i s  associate d wit h 

th e exper t  w h o provide d th e information ,  th e typ e o f  knowl -
edg e elicitatio n techniqu e use d t o acquir e th e knowledge , 
th e sourc e documen t  from  th e techniqu e (o r  writte n docu -
ment  i f  n o exper t  w a s used) ,  informatio n o n h o w t o acces s 
th e sourc e documen t  (storag e locatio n an d m e d i u m ,  etc. ) 

and th e knowledg e enginee r  o r  elicito r  involve d i n th e proc -
ess .  Thi s metamode l  dat a i s  availabl e fo r  futur e qualit y de -
terminatio n experiments ,  suc h a s th e distributio n o f  contri -
bution s ove r  expert s an d novice s pe r  organization . 

Discrepancy and Threshold Tables Separate sets of data 
table s ar e maintaine d fo r  discrepanc y filtering .  Tas k dat a 
tha t  ha s no t  ye t  passe d th e filterin g proces s ar e analyze d fo r 
similaritie s an d discrepancie s wit h tas k dat a previousl y ac -
cepted .  Questionabl e dat a remain s i n thes e discrepanc y ta -
ble s a s persisten t  storag e unti l  suc h a  tim e tha t  a  knowledg e 
enginee r  rejects ,  modifies ,  o r  accept s th e questionabl e dat a 
int o th e Tas k M o d e l  Database .  T h e acceptanc e o f  question -
abl e dat a mus t  b e accompanie d b y a  rational e fo r  it s accep -
tance .  Thi s rational e i s  maintaine d wit h th e dat a fo r  trace -
ability . 

Threshol d table s ar e use d i n S A V Y I I  t o appl y numerica l 
value s a s bound s fo r  discrepanc y classification .  Thes e val -
ues ar e manipulate d durin g experimentatio n an d ar e store d 
fo r  futur e analysis .  Weightin g factor s pe r  satellit e tabl e ar e 
als o store d wit h th e thresholds .  Weightin g factor s facilitat e 
a domai n bia s durin g similarit y comparison . 

î̂ K»tOITION 8 

OUTCOMES RESOURCES 

m«n* 

miai r 

Entry-Poin t 
TASK 

TABLE M»y 

EEDBACK 

•JV 

ENVIRONMENT 

DATA ELEMENTS 

Figur e 3 :  Tas k Mode l  Relationa l  Tables .  Semantic s o f  th e 
relatio n i s maintaine d i n th e structur e o f  th e tables . 

Processes 

For  th e S A W I  prototype ,  algorithm s wer e implemente d i n 
Visua l  Basi c fo r  Application s du e t o it s clos e integratio n 
wit h Microsof t  Acces s 97 .  Algorithm s wer e designe d fo r 
proof-of-concep t  motivations ,  an d t o b e easil y replace d wit h 

sophisticate d technique s afte r  concep t  maturation .  Processe s 
concer n lexico n maintenance ,  statistica l  metrics ,  discrep -
anc y determination ,  an d validatio n feedback . 

Lexical System At the core of discrepancy determination 
lie s semanti c comparison .  Semanti c compariso n i n tur n re -

lie s o n a  soli d terminologica l  base .  Existin g terminolog y 
tool s specializin g i n segment s o f  th e Englis h languag e ca n 
be integrate d int o th e S A W I I  framework .  O n e suc h too l  i s 
WordNet ,  develope d a t  Princeto n Universit y (Miller ,  1995) . 
WordNet  i s a  hub-base d taxonom y o f  c o m m o n Englis h 

terms .  Anothe r  too l  i s  th e Librar y o f  Medicine' s Unifie d 
Medica l  Languag e Syste m ( U M L S ) ,  a  medica l  terminolog y 
taxonom y (Lindberg ,  Humphreys ,  &  McCray ,  1993) .  Spe -
cialt y taxonomie s fo r  jargon-ric h application s lik e 
healthcar e ca n b e integrate d int o S A W I I  throug h th e sam e 
mechanism s implemente d fo r  c o m m o n Englis h terminol -
ogy .  Interna l  t o S A W I I  i s a  lexico n tha t  i s use d t o maintai n 
a taxonom y o f  term s particula r  t o th e S A W I I  database ,  an d 
not  availabl e i n th e associate d externa l  terminolog y tax -
onomies .  Term s tha t  ar e no t  foun d i n th e externa l  taxono -
mie s ar e entere d int o th e table .  Evaluatio n o f  th e tabl e i s 
supported ,  includin g ratin g it s cohesivenes s an d viability . 
User s o f  th e syste m ar e encourage d t o enric h th e lexico n a s 
ne w term s ar e discovered . 

Statistical Metrics Statistical metrics are concemed with 
identificatio n o f  additiona l  relationshi p pattern s i n th e tas k 
model .  Thes e relationship s includ e th e leve l  o f  relativ e con -
tributio n b y experts ,  documents ,  an d knowledg e engineers . 
The distributio n o f  contributio n pe r  expert ,  fo r  example ,  i s 
readil y identifiabl e b y analyzin g th e table s tha t  facilitat e th e 
many-to-man y relation s betwee n task s an d experts . 

Thi s statistica l  dat a ca n b e associate d wit h discrepanc y 
data .  Th e resul t  coul d b e usefu l  i n analyzin g th e qualit y o f 
th e contributin g expert ,  knowledg e engineer ,  o r  document . 
For  example ,  on e exper t  m a y contribut e dat a tha t  repeatedl y 
result s i n discrepancie s wit h m a n y otherwis e consisten t  ex -
perts .  Detaile d correlatio n m a y sho w tha t  thi s expert' s  con -
tribution s shoul d b e considere d suspect .  A t  th e extreme ,  al l 
dat a contribute d b y thi s exper t  coul d b e marke d question -
able ,  o r  eve n eliminate d entirel y from  th e knowledg e base . 
Radicall y differen t  informatio n doe s no t  alway s poin t  t o 
errors ,  a s thi s exper t  m a y b e th e onl y san e voic e cryin g ou t 
i n th e darkness .  Th e inclusio n o f  a  feedbac k loo p allow s a 
use r  t o overrid e th e computer' s determinatio n o f  discrep -
ancy .  Radicall y differen t  dat a ca n remai n i n th e knowledg e 
bas e an d serv e a s a n indicato r  t o th e knowledg e elicito r  tha t 
mor e knowledg e acquisitio n i s necessary .  I n th e future ,  so -
phisticate d technologie s fo r  dat a minin g wil l  enhanc e th e 
capabilitie s o f  suc h analyse s i n comple x domains . 

Discrepancy Determination One of the more complex, 
imprecise ,  ye t  critica l  function s o f  th e tas k analysi s valida -
tio n i s th e automati c classificatio n o f  simila r  an d discrepan t 
data .  Simila r  task s ar e difficul t  t o asses s i n unrestricte d dat a 
collectio n processes .  A  roug h similarit y ratin g ca n b e cal -
culate d betwee n tw o task s throug h analysi s o f  th e structura l 
semantic s residen t  i n th e relatio n tables .  Fo r  example ,  i f 
Tas k A  an d Tas k B  shar e mor e tha n som e threshol d per -
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centag e o f  th e exac t  sam e satellit e tabl e pointer s (sam e 
agents ,  sam e errors ,  sam e decisions ,  etc.) ,  the n thos e tw o 
task s ar e considere d simila r  enoug h t o promot e furthe r  in -
vestigation .  I f  the y shar e les s tha n th e threshold ,  the n the y 
ar e no t  interestin g enoug h t o warran t  furthe r  study . 

Initially ,  th e ratin g i s base d o n a  simpl e percentag e ad -

juste d b y a  weightin g factor .  Th e weightin g facto r  facilitate s 
a satellit e tabl e bias .  Furthe r  researc h i s require d a s t o th e 
appropriatenes s o f  th e threshol d value ,  a s wel l  a s mor e so -

phisticate d similarit y formulas .  Th e threshol d ca n b e auto -
maticall y adjuste d durin g analysi s feedbac k stages .  On e 
migh t  hypothesiz e tha t  differen t  application s wil l  adjus t  thi s 
threshol d t o differen t  levels .  A n interestin g futur e stud y 
coul d determin e i f  th e domain s themselve s caus e th e differ -
ence ,  o r  i f  th e valu e depend s mor e o n th e individua l  users . 

Once tw o task s hav e bee n classifie d a s similar ,  furthe r 

analysi s o f  diei r  difference s i s attempted .  Thi s analysi s re -
quire s a n in-dept h loo k int o th e content s o f  th e record s tha t 
d o no t  matc h i n eac h task' s satellit e table .  Th e assumptio n i s 
tha t  ther e i s som e discrepancy .  Otherwise ,  user s woul d hav e 
selecte d pointer s t o identica l  records .  Th e exten t  t o whic h 
th e discrepanc y i s significan t  ca n b e measure d throug h se -
manti c distanc e evaluations . 

Severa l  researcher s hav e implemente d semanti c distanc e 
evaluation s i n comparin g tex t  fields ,  fo r  exampl e (Smeato n 
& Quigley ,  1996 ;  Wilensky ,  1993) .  I n S A W I I ,  term s 
withi n th e field s ar e compare d firs t  fo r  synony m matchin g 
an d the n fo r  h y p e m y m distancing .  Th e value s ar e accesse d 
fro m th e system s lexico n o r  a n extema l  ter m taxonomy . 
S y n o n y m matchin g provide s a  leve l  1  ratin g o f  wor d dis -
tance .  T w o task s whos e onl y differenc e wa s th e us e o f 
synonym s woul d se e a  reductio n o r  eve n a n eliminatio n o f 
th e discrepanc y classification . 

Anothe r  for m o f  semanti c distanc e ca n b e calculate d 
w h en tw o term s shar e a n accessibilit y  pat h i n a  hierarch y 
create d b y overlappin g thei r  h y p e m y m paths .  Fo r  example , 
th e term s "controller "  an d "medic "  m a y mee t  i n th e hier -
arch y a t  th e poin t  o f  "  human. "  However ,  thi s meetin g m a y 
occu r  a t  severa l  level s abov e th e individua l  terms .  A  thresh -
ol d paramete r  govern s w h e n tw o term s ar e to o fa r  apar t  t o 
be considere d similar .  Use r  feedbac k ca n affec t  th e valu e o f 
thi s threshol d suc h tha t  th e syste m perform s bette r  throug h 
extende d use .  D u e t o th e componen t  framewor k structur e o f 
th e architecture ,  semanti c distanc e algorithm s tha t  perfor m 
bette r  tha n th e curren t  approac h ca n b e readil y integrate d 
int o th e system . 

T o spee d u p computation ,  word s ar e paire d base d o n thei r 
part-of-speech .  W o r d pair s an d thei r  calculate d semanti c 
distanc e ar e store d i n a  databas e table .  Thi s tabl e i s accesse d 
throug h a  looku p flinctio n t o provid e a  quic k respons e 
rathe r  tha n initiat e a  detaile d analysi s o n previousl y com -
pare d terms .  A  stud y wil l  b e mad e t o determin e th e effec -
tivenes s an d limitation s o f  scalin g u p thi s looku p tabl e fo r 
larg e comple x d o m a m s . 

Validation Feedback When discrepancies are detected, the 
n e w tas k i s no t  assimilate d int o th e accepte d tas k model .  It s 
discrepanc y informatio n i s transferre d t o th e discrepanc y 
databas e unti l  feedbac k i s receive d fro m th e knowledg e 
elicitor .  Feedbac k ca n b e o f  severa l  forms .  Expert s migh t 

indicat e a  correctio n i s neede d du e t o a  typographica l  o r 
semanti c error .  S o m e experts ,  whe n facin g conflictin g 
opinion s o f  othe r  experts ,  migh t  chang e thei r  mind .  N e w 
informatio n m a y b e adde d t o th e tas k data ,  suc h a s a  par -
ticula r  contex t  tha t  mus t  hol d fo r  th e tas k dat a t o b e accu -

rate .  The y m a y indicat e tha t  th e dat a the y provide d i s cor -

rect ,  an d th e dat a i n th e previousl y accepte d tas k i s i n error . 
Expert s migh t  als o indicat e tha t  th e determinatio n o f  th e 
discrepanc y i s incorrect . 

Experimental Domains 

Biblica l  parable s wer e use d fo r  S A W I I ' s developmen t 
domain .  Parable s wer e chose n du e t o thei r  resemblanc e t o 
scenario s gadiere d durin g typica l  K A sessions ,  thei r  jargon -
les s wor d selection ,  an d thei r  familiarit y t o m a n y Englis h 
readers . 

"A parable is an extended metaphor or illustration. 
.. .  Lik e mos t  illustrations ,  parable s usuall y hav e on e 
centra l  point .  The y diffe r  from  allegories ,  storie s i n 
whic h th e detail s aboun d wit h hidde n meanings .  Fail -
ur e t o distinguis h betwee n parable s an d allegories ,  an d 
th e attemp t  t o trea t  th e parable s o f  Jesu s a s thoug h the y 
wer e allegories ,  ha s le d som e Bibl e student s fa r  afield . 
pursuin g mysteriou s meaning s i n meaningles s details .  " 

Joh n Whit e (1988 ) 

White's concept of " meaningless details" is the rationali-
zatio n fo r  thi s research' s effort s o f  roug h classificatio n o f 
"interesting "  tasks ,  rathe r  tha n precis e semanti c under -
standin g a s i s necessar y fo r  allegorica l  reasoning . 

T wo parable s i n th e followin g explanatio n ar e considere d 
by m a n y t o b e th e sam e parabl e tol d b y differen t  authors . 
TTie y bot h dea l  wit h erro r  condition s tha t  resul t  fro m scat -
terin g see d whil e sowing .  I t  i s  relativel y simpl e fo r  a n Eng -
lish-readin g perso n t o immediatel y judg e tha t  on e parabl e 
validate s th e other .  However ,  afte r  readin g m a n y parables ,  i t 
m ay becom e mor e difficul t  t o recal l  al l  pas t  parable s tha t 
ar e simila r  i n som e aspect s ye t  differen t  i n others . 

Parable s fro m th e N e w Internationa l  Versio n o f  th e Hol y 
Bibl e wer e entere d int o th e databas e a s thoug h the y wer e 
generi c farmin g tasks .  A s m a n y parable s concer n farming , 
the y hav e som e overla p i n terminology ,  suc h a s seed ,  soil , 
and sowing . 

S A W I I  properl y classifie d parable s suc h a s Matthe w 
13:24-3 0 a s bein g uninterestin g w h e n compare d t o Luk e 
8:5-8 .  However ,  Matthe w 13:3- 8 wa s no t  onl y determine d 
t o b e interestingl y simila r  t o Luk e 8:5-8 ,  bu t  certai n aspect s 
wer e identifie d a s warrantin g mor e attention .  A n exampl e i s 
th e compariso n betwee n th e cro p bein g "  a  hundred ,  sixt y o r 
thirt y time s wha t  wa s sown "  verse s "  a  hundre d time s mor e 
tha n wa s sown" .  Th e questio n i s no t  onl y whic h on e i s cor -
rect ,  bu t  i s  thi s differenc e significan t  o r  meaningless ,  ca n 
the y b e unifie d int o "3 0 t o 10 0 times" ,  o r  doe s on e pre -
clud e th e other .  Discrepancie s suc h a s thes e requir e feed -
bac k fro m a n exper t  throug h furthe r  interview s wit h th e 
knowledg e elicitor .  Th e abilit y  o f  th e syste m t o focu s th e 
attentio n o f  user s o n onl y thos e area s tha t  warran t  suc h at -
tentio n i s intende d t o reduc e m u c h o f  th e tediousnes s o f 
manual  validation . 
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At  thi s time ,  tw o experiment s ar e bein g conducte d t o tes t 
th e capabilitie s o f  th e S A W I I  prototyp e i n real-worl d K A 
applications .  Aircraf t  schedulin g anomal y resolutio n i s th e 
domai n o f  th e firs t  experiment ,  chose n du e t o it s lo w degre e 
of  specia l  jargon ,  limite d degre e o f  complexity ,  an d hig h 
degre e o f  undocumente d expertise .  Th e oncolog y medica l 
domai n wa s chose n a s th e domai n secon d fo r  th e secon d 
experimen t  du e t o it s heav y relianc e o n specialize d vo -
cabulary ,  extrem e complexit y  o f  unknow n factors ,  an d hig h 
degre e o f  erroneou s data . 

Future Work 

The S A W I I  prototyp e ha s prove n th e valu e o f  earl y 
validation .  Muc h multidisciplinar y wor k remain s t o b e don e 

toward s theoretica l  foimdation s an d specifi c  technica l  capa -
bilities .  Curren t  ftjnctionality  o f  th e use r  interfac e wil l  no t 
scal e u p fo r  larg e comple x domains .  Ne w selectio n proc -
esses wil l  nee d t o b e explore d t o facilitat e th e cognitiv e eas e 
of  whic h SAVATI  usag e depends .  Automati c detectio n o f 
new terminolog y durin g dat a entr y woul d mak e i t  easie r  fo r 
th e knowledg e elicito r  t o realiz e whe n th e syste m i s intro -
duce d t o a  ne w term .  Th e abilit y  t o defm e di e ter m a t  th e 
poin t  o f  entr y als o help s t o ensur e th e perso n definin g th e 
ter m doe s s o unde r  th e contex t  o f  it s  usage . 

As researc h i n natura l  languag e resource s continue s t o 
produc e advances ,  thes e system s ca n b e integrate d int o th e 
algorithms .  Thi s woul d resul t  i n a  continuou s enhancemen t 
t o th e accurac y o f  th e analysi s process .  Th e mechanism s 
used fo r  similarit y compariso n i n thi s researc h ar e unso -
phisticate d a t  best .  Furthe r  analysi s an d integratio n o f  so -
phisticate d similarit y method s ma y resul t  i n usin g mor e 
efficien t  compariso n techniques ,  suc h a s grap h analog y rea -
soning ,  decisio n theory ,  o r  case-base d reasoning . 

The abilit y  t o vie w th e tas k hierarch y i s currentl y limite d 
t o th e supertask/subtas k taxonomy .  Othe r  view s migh t  b e 
more appropriat e fo r  give n situation s an d wil l  requir e sup -
por t  fro m sophisticate d searc h mechanism s wit h automate d 
taxonom y creatio n capabilities .  A  mechanis m fo r  th e unifi -
catio n an d specializatio n o f  nea r  neighbo r  task s i s ke y t o 
convertin g validate d dat a int o informatio n usefu l  t o subse -
quent  lifecycl e systems ,  suc h a s assimilatio n base d o n con -
text ,  feedback ,  terminolog y o r  similarity . 

Conclusion 

Task analysi s result s ar e a  critica l  first  ste p i n under -
standin g a  ne w comple x domain .  Currently ,  tas k analysi s i s 
a mostl y manua l  proces s wit h wea k automatio n support . 
Thi s pape r  introduce s th e firs t  phas e o f  th e S A W I I  proto -
typ e a s a  proof-of-concep t  fo r  earl y validatio n o f  tas k analy -
si s activitie s throug h discussio n o f  validatio n processe s an d 
representations .  S A W I I  wa s show n t o wor k o n th e devel -
opmenta l  domai n o f  parables .  I t  i s  currentl y undergoin g 
experimentatio n i n tw o real-worl d K A activities .  Futur e 
phase s o f  SAW^I I  developmen t  wil l  enhanc e th e prototyp e 
wit h sophisticate d technologie s tha t  wil l  lea d t o a  robus t 
knowledg e representatio n syste m linkin g tas k relevan t  dat a 
wit h multipl e domai n knowledg e sources . 
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Abstrac t 

A Hebbiein-inspired ,  competitiv e networ k i s  pre -
sente d whic h learn s t o predic t  th e typica l  semanti c fea -
ture s o f  denotin g term s i n simpl e an d moderatel y com -
ple x sentences .  I n addition ,  th e networ k learn s t o pre -
dic t  th e appearanc e o f  syntacticall y ke y words ,  suc h a s 
preposition s an d relativ e pronouns .  Importantly ,  a s a 
by-produc t  o f  th e network' s semanti c training ,  a  stron g 
for m o f  syntacti c systematicit y emerges .  Moreover ,  th e 
networ k ca n integrat e nove l  noun s an d verb s int o it s 
trainin g process .  Thi s i s achieve d b y assignin g predicte d 
semjinti c feature s a s a  defaul t  meanin g whe n a  nove l 
wor d i s encountered .  Al l  networ k trainin g i s  unsuper -
vise d wit h respec t  t o erro r  feedback .  Issue s addresse d 
her e hav e bee n th e subjec t  o f  debat e b y notabl e psy -
chologists ,  philosophers ,  an d linguist s withi n th e las t 
decade . 

Introduction. 

Betwee n 199 0 an d 1995 ,  substantia l  researc h wei s di -
recte d a t  demonstratin g th e capacit y o f  simpl e recur -
siv e network s (SRNs )  t o predic t  th e syntacti c categor y 
of  th e nex t  wor d i n a  sentence ,  give n som e curren t  wor d 
of  inpu t  (cf .  E lman ,  1990 ,  1993 ;  Christianse n &  Chater , 
1994) .  I n addition ,  sinc e abou t  1990 ,  a  numbe r  o f  publi -
cation s hav e describe d network s whic h achiev e som e de -
gre e o f  syntacti c o r  semanti c systematicit y {cf .  Chalmers , 
1990 ;  Christianse n an d Chater ,  1994 ;  Hadley ,  1994a , 
1994b ;  Hadle y < k Hayward ,  1997 ;  Niklasso n an d va n 
Gelder ,  1994 ,  Phillips ,  1994) .  Overwhelmingly ,  thi s re -
searc h o n systematicit y ha s focuse d o n th e capacit y o f 
connectionis t  network s t o generaliz e th e us e o r  inter -
pretatio n o f  term s t o nove l  syntacti c position s withi n 
sentences .  However ,  a s explaine d i n (Hadley ,  1994 b an d 
Hadle y &  Hayward ,  1997) ,  th e form s o f  systematicit y 
achieve d thu s fa r  b y S R N s lac k robustnes s -  the y displa y 
systematicit y i n ver y limite d contexts ,  an d onl y fo r  a 
smal l  fractio n o f  th e words ,  o r  symbols ,  involved .  More -
over ,  w e kno w o f  n o connectionis t  networ k whic h ha s 
achieve d systematicit y i n a  stron g o r  robus t  for m excep t 
network s whic h emplo y classica l  (explicitl y  combinato -
rial )  semanti c representation s withi n th e outpu t  layer . 
(Se e Hadle y &  Hayward ,  1997 ,  fo r  on e suc h example) . 

Thi s pape r  present s a  connectionis t  syste m whic h sat -
isfie s a  definitio n o f  stron g systematicit y first  offere d i n 
(Hadley ,  1994b) .  Briefl y stated ,  tha t  definitio n require s 
tha t  a n agen t  lear n t o generaliz e th e us e o f  a  significan t 
fractio n o f  it s  vocabular y t o nove l  syntacti c positions .  I n 
thi s context ,  a  wor d o r  symbo l  i s  considere d t o occup y 
a nove l  positio n (e.g. ,  grammatica l  subject )  onl y i f  th e 
agen t  ha s no t  encountere d tha t  wor d i n tha t  syntacti c 

positio n a t  an y leve l  o f  sententia l  embedding .  Signifi -
cantly ,  th e presen t  syste m achieve s thi s propert y withou t 
presupposin g th e existenc e o f  previousl y acquired ,  clas -
sica l  semanti c representations . 

By contras t  wit h th e S R N base d architecture s cite d 
above ,  a  majo r  tas k o f  ou r  networ k i s t o predic t  th e se -
manti c categor y o f  th e nex t  wor d i n a  sentence ,  rathe r 
tha n it s  syntacti c category .  Ou r  workin g assumptio n 
her e i s  that ,  t o a  larg e degree ,  systematicit y a t  th e 
syntacti c leve l  derive s fro m predictabilit y a t  a  seman -
ti c level .  N o w ,  althoug h w e recogniz e tha t  certai n o f  ou r 
strategie s coul d jus t  a s wel l  b e implemente d i n som e ver -
sio n o f  S R N ,  traine d b y th e standar d backpropagatio n 
algorithm ,  w e hav e sough t  t o avoi d al l  form s o f  erro r 
feedback .  Severa l  researcher s hav e remarke d upo n th e 
desirabilit y  o f  replacin g backpropagation-base d network s 
wit h architecture s whic h ar e (a t  least )  close r  t o biolog -
icall y grounde d systems .  Fo r  thi s reason ,  w e hav e em -
ploye d onl y Hebbia n an d self-organizin g form s o f  connec -
tionis t  learnin g (se e Hebb ,  1949 ;  Rumelhar t  an d Zipser , 
1986) . 

I n addition ,  w e hav e take n othe r  step s i n th e directio n 
of  cognitiv e plausibilit y  (thoug h w e ar e wel l  awar e tha t 
m u ch remain s t o b e don e i n thi s regard) .  Fo r  example , 
we hav e employe d comparativel y spars e set s o f  trainin g 
data .  Durin g training ,  th e networ k i s  expose d t o les s 
tha n 400 0 distinc t  sentences ,  whil e th e se t  o f  potentia l 
tes t  sentence s number s ove r  30 0 million .  Also ,  durin g 
training ,  two-third s o f  al l  noun s ar e restricte d t o a  sin -
gl e syntacti c positio n an d clausa l  embeddin g i s restricte d 
t o a  dept h o f  one .  Durin g testing ,  thes e restriction s ar e 
dropped .  Moreover ,  onc e trainin g i s underway ,  th e net -
wor k i s presente d wit h nove l  noun s an d verbs .  Th e net -
work' s learnin g i s no t  deraile d b y exposur e t o thes e nove l 
items ;  rathe r  defaul t  semanti c feature s ar e assigne d t o 
thes e word s an d learnin g progresse s unhindered . 

Task and System Overview. 

The connectionist network presented here is designed to 
proces s words ,  take n i n sequence ,  fro m a  variet y o f  sen -
tence s generate d accordin g t o th e synta x displaye d i n 
Figur e 1 . 

Al l  noun s an d verb s show n i n Fig .  1  hav e previousl y 
bee n assigne d semanti c featur e vectors .  T h e totalit y o f 
possibl e semanti c feature s fo r  noun s an d verb s ar e dis -
playe d i n appendi x A .  Les s tha n hal f  o f  th e possibl e "can -
didate "  feature s ar e assigne d t o an y give n nou n o r  verb , 
sinc e m a n y pair s o f  candidate s ar e semanticall y incon -
sistent .  I n additio n t o th e basi c vocabular y show n i n 
Fig .  1 ,  thre e o f  fou r  distinc t  trainin g set s (corpora )  con -
tai n dozen s o f  sentence s i n whic h nove l  noun s an d verb s 
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Figur e 1 :  Th e gramma r  fo r  generatin g trainin g an d tes t 
sentences . 

appear .  Simila r  t o othe r  trainin g data ,  thes e sentence s 
follo w th e synta x give n i n Fig .  1 .  Th e nove l  word s i n 
questio n hav e n o previousl y assigne d semanti c features . 

Now,  althoug h ther e ar e similaritie s wit h Elman' s wel l 
known model s (1990) ,  th e primar y tas k o f  ou r  networ k 
(show n i n Figur e 2 )  i s no t  t o predic t  word s o r  syntacti c 
categories .  Rather ,  it s  mai n tas k i s t o predic t  typica l 
semanti c feature s fo r  th e nex t  wor d (next )  i n a  sentence , 
when give n semanti c feature s fo r  th e curren t  wor d (cur -
rent) .  However ,  i f  feature s ar e no t  availabl e fo r  nex t  a t 
th e tim e curren t  i s presented ,  a n attemp t  i s soo n mad e t o 
assig n reasonabl e semanti c feature s t o next .  I n certai n 
cases ,  wher e sensibl e semanti c feature s canno t  b e dis -
covered ,  th e networ k ca n lear n t o predic t  th e probabl e 
occurrenc e o f  certai n words .  Fo r  thi s reason ,  th e net -
work' s outpu t  laye r  contain s no t  onl y a  semanti c region , 
but  a  lexica l  region . 

lexica l  par t  :  semanti c par t outpu t  laye r 

competitiv e laye r 

I'll"//,'''/" ' '""///,;''< . 

I  ,  I  /  y  . '  X  ̂̂ '  ̂  \̂ ' 

^»  input layer 

lexica l  par t  semanti c par t 

Figur e 2 :  Overal l  Architectur e o f  th e Hebbian -
Competitiv e network . 

In order to challenge the generalization capacity of our 
network ,  th e variou s trainin g corpor a ar e designe d t o en -
sur e tha t  2/ 3 o f  al l  noun s ar e limite d t o a  singl e syntacti c 
positio n durin g training .  Eac h sentenc e selecte d fro m a 
give n trainin g corpu s i s presented ,  on e wor d a t  a  time , 
t o th e inpu t  laye r  o f  th e network .  A s a  wor d i s provide d 
as input ,  it s lexica l  encodin g i s activate d withi n th e lex -
ica l  regio n o f  th e inpu t  laye r  (se e Fig .  2) .  I n addition , 
i f  th e word' s semanti c feature s ar e alread y known ,  the y 
ar e activate d withi n th e inpu t  layer' s semanti c region . 

To enabl e th e syste m t o lear n t o predic t  <j//?ico/seman -

ti c features ,  an y availabl e semanti c informatio n fo r  th e 
next  wor d i s presente d t o th e outpu t  layer' s semanti c re -
;ion .  Thi s require s tha t  w e assum e tha t  a  learnin g agen t 
la s acces s no t  onl y t o th e curren t  inpu t  word ,  bu t  t o 

th e nex t  wor d t o appear .  Thi s assumptio n i s share d b y 
Elman' s predictio n model s (1990 ,  1993 )  an d b y severa l 
othe r  system s inspire d b y Elman' s work .  On e rational e 
fo r  thi s approac h i s tha t  th e learnin g agen t  coul d wai t  t o 
hear  th e nex t  wor d befor e attemptin g t o lear n anythin g 
fro m th e curren t  word . 

Training Corpora. 

There are four separate training corpora; each containing 
1000 sentences .  Eac h sentenc e i n eac h corpu s employ s 
th e synta x displaye d i n Fig .  1 .  Corpu s 1  contain s onl y 
th e vocabular y presente d i n th e origina l  grammar .  Th e 
remainin g thre e corpor a eac h includ e som e sentence s in -
volvin g nove l  noun s an d verb s whos e semanti c feature s 
ar e initiall y  unknown .  Corpu s 2  contain s jus t  on e nove l 
noun an d a  nove l  ver b i n additio n t o al l  previousl y em -
ploye d vocabulary .  A n additiona l  tw o noun s an d tw o 
verb s ar e adde d whe n corpu s 3  i s generated ;  similarl y 
fo r  corpu s  4 .  Thus ,  a  tota l  o f  te n nove l  noun s an d verb s 
ar e introduced . 

I n al l  fou r  corpora ,  abou t  5 0 % o f  sentence s ar e o f 
th e simples t  for m (nou n ver b noun) .  Th e remainin g 
sentence s al l  contai n eithe r  on e relativ e claus e o r  on e 
prepositiona l  phrase .  Fo r  purpose s o f  testin g syntacti c 
systematicity ,  fou r  o f  th e initia l  noun s wer e permitte d 
t o appea r  onl y a s grammatica l  subject ,  an d anothe r  fou r 
coul d appea r  onl y i n objec t  position .  Th e remainin g fou r 
initia l  noun s wer e no t  restricted .  However ,  o f  th e initia l 
set ,  onl y thes e 'free '  noun s wer e permitte d t o appea r 
immediatel y befor e 'that' ,  whic h introduce s th e relativ e 
clauses . 

I n additio n t o th e above ,  som e semanti c constraint s 
wer e employed .  Onl y on e o f  th e initia l  'inanimat e nouns ' 
i s  eve r  employe d a s grammatica l  subjec t  durin g train -
ing ,  an d thi s occur s onl y i n conjunctio n wit h th e verb s 
'bump'an d 'hit' .  Ever y trainin g sentenc e i s generate d i n 
a fashio n whic h maximize s randomness .  Tha t  is ,  subjec t 
t o al l  constraint s mentione d above ,  wheneve r  a  decisio n 
i s mad e abou t  whic h wor d t o pick ,  o r  whethe r  t o em -
plo y a  simpl e o r  comple x sentence ,  a  rando m selectio n i s 
made. 

Algorithms and Architectural Details. 

As indicated in Fig. 2, there are lexical and semantic 
region s withi n bot h th e inpu t  an d outpu t  layers .  Fo r 
convenience ,  w e refe r  t o thes e a s 'lexical-in' ,  'semantic -
in' ,  'lexical-out '  an d 'semantic-out' .  Bot h lexical-i n an d 
lexical-ou t  emplo y loca l  encodings ,  wher e a  singl e uni t 
(on e o f  36 )  i s  assigne d t o represen t  a  singl e word .  Th e 
end o f  sentenc e marke r  ( a period )  i s als o assigne d a  sin -
gl e uni t  withi n th e lexica l  layers .  Likewise ,  th e repre -
sentatio n o f  a  singl e semanti c featur e i s local ,  bu t  th e 
representatio n o f  a n entir e featur e vector ,  correspondin g 
t o a  word' s meaning ,  i s distribute d acros s severa l  unit s 
withi n bot h semantic-i n an d semantic-out .  Sinc e ther e 
ar e a  tota l  o f  3 5 semanti c features ,  bot h semantic-i n an d 
semantic-ou t  contai n 3 5 units . 

The onl y hidde n laye r  presen t  (middl e o f  Fig .  2 ) 
shoul d b e regarde d a s a  singl e competitiv e cluster .  I t 
contain s 2 0 unit s whic h compet e wit h on e anothe r  t o 
represen t  pattern s o f  semanti c inpu t  values .  Al l  inpu t 
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unit s an d competitiv e unit s produc e onl y binar y (1,0 ) 
output .  B y contrast ,  unit s withi n th e to p outpu t  laye r 
can produc e rea l  value s a s output . 

As indicate d i n Fig .  2 ,  thre e set s o f  link s (a ,  f3 ,  an d 
7)  connec t  variou s regions/layers .  Eac h o f  th e thre e set s 
comprise s a  full y  connecte d lin k configuratio n (al l  pair -
wis e combination s o f  node s selecte d fro m th e adjoinin g 
layer s ar e linked) .  Weight s o n th e a ,  0 ,  an d 7  set s ar e 
initialize d a s follows :  a-links ,  whic h connec t  semantic-i n 
wit h th e competitiv e layer ,  ar e initialize d wit h rando m 
value s fro m th e interva l  [0,1 ]  an d ar e the n normalize d 
suc h tha t  fo r  eac h uni t  j  i n th e competitiv e layer ,  th e 
su m o f  weight s o f  al l  link s feedin g int o th e uni t  equal s 1 . 
Al l  othe r  weight s ar e initialize d t o 0 . 

Training Algorithms. 

The a  links ,  whic h connec t  semantic-i n wit h th e compet -
itiv e layer ,  ar e traine d b y mean s o f  a  familia r  Hebbian -
inspired ,  competitiv e learnin g algorithm ,  develope d b y 
von de r  Malsbur g (1973) .  (Se e Rumelhar t  &  Zipser ,  p . 
164,  fo r  a  concis e explanation) .  Th e network' s learnin g 
rat e i s se t  t o .01 .  However ,  w e d o emplo y on e variatio n 
on th e typica l  us e o f  thi s algorithm .  I n mos t  applica -
tion s (thoug h no t  all )  a  singl e winne r  i s selecte d o n a 
give n iteratio n fro m a  competitiv e cluster .  B y contrast , 
we select ,  o n eac h trainin g iteration ,  th e fiv e mos t  activ e 
node s a s winner s an d updat e weight s o n link s feedin g 
int o eac h o f  thes e nodes .  Onc e a  give n winne r  i s se -
lected ,  i t  fire s an d send s a n outpu t  o f  -f l  toward s th e 
outpu t  layer .  Competitiv e "losers "  transmi t  n o output . 

By contras t  wit h a  links ,  0  an d 7  link s d o no t  en -
te r  a  hidde n layer ,  an d ar e traine d accordin g t o a  simpl e 
Hebbian-base d formula .  O n eac h iteration ,  a n incremen t 
i s applie d t o / ? an d 7  links ,  provide d som e positiv e ac -
tivatio n ha s jus t  passe d throug h tha t  lin k t o a n outpu t 
nod e tha t  wa s alread y active .  Thus ,  increment s ar e ap -
plie d onl y i n case s wher e bot h th e sendin g an d receivin g 
node s begi n wit h positiv e activatio n levels .  Eac h incre -
ment  i s compute d thus : 

increment = 1.25- 10"^ 

The Training Cycle. 

As previousl y mentioned ,  ther e ar e fou r  distinc t  corpora . 
Sentence s fro m a  give n corpu s ar e randoml y selecte d fo r 
training .  O n average ,  eac h sentenc e fro m eac h corpu s 
i s presente d t o th e networ k 1 2 times .  Fo r  eac h selecte d 
sentence ,  th e followin g cycl e i s applied : 

Let  curren t  b e th e firs t  wor d i n th e sentence . 

Repea t  unti l  curren t  =  '. ' 

Let next = the item following current. 
Activat e current' s lexica l  encodin g withi n lexical-in . 
I f  curren t  ha s a n availabl e semanti c featur e 

vector ,  activat e tha t  withi n semantic-in ; 
Else ,  semantic-i n remain s inactiv e an d 

transmit s n o activatio n 
on thi s iteration . 

I f  nex t  ha s a n availabl e semanti c encoding , 
activat e tha t  withi n semantic-out ; 
Else ,  i f  nex t  ha s previousl y bee n 

flagge d a s "meanin g unknown " 
(i t  stil l  lack s a  semanti c encoding) . 
Then activat e th e lexica l  encodin g 
of  nex t  withi n lexical-out . 
Else ,  plac e nex t  o n Hol d an d plac e 

zer o activatio n i n semantic-out . 
Sprea d activatio n upward s fro m al l 

activ e inpu t  units . 
Appl y competitiv e an d Hebbia n trainin g 

t o a  an d 7  link s 
(respectively )  whereve r  possible . 

I f  activatio n di d sprea d fro m semantic-i n 
t o th e competitiv e laye r  the n som e 
winner s emerged .  Le t  thos e winner s fir e 
alon g / ? links .  Appl y Hebbia n training , 
whereve r  appropriate ,  t o / ? links . 

I f  nex t  wa s pu t  o n Hold ,  the n examin e 
curren t  activation s reachin g 
unit s i n semantic-out . 
I f  th e activatio n leve l  o f  an y suc h uni t 
i s  a t  leas t  2 0 % o f  th e maximu m activatio n 
thu s fa r  receive d b y tha t  unit , 
the n a  reasonabl e semanti c featur e wa s 
predicte d fo r  th e wor d i n next . 
So,  assig n eac h suc h semanti c featur e a s 
a defaul t  featur e fo r  tha t  word . 
Defaul t  semanti c feature s fo r  a  give n 
wor d ar e recorde d fo r  late r  use . 

Else ,  n o reasonabl e semanti c predictio n 
was mad e fo r  th e wor d i n next . 
So,  fla g tha t  wor d a s "meanin g unknown" . 

Let  curren t  b e assigne d th e content s o f  next . 

End o f  cycle . 
As a  carefu l  readin g o f  th e abov e outlin e reveals ,  th e 

proces s governin g precisel y ho w defaul t  semanti c fea -
ture s ar e cissigne d t o word s i s implemented ,  i n som e as -
pects ,  b y a  procedur e externa l  t o th e networ k itself .  (Th e 
same ca n b e sai d o f  man y othe r  connectionis t  systems ; 
consider ,  fo r  example ,  th e "probing "  proces s use d i n St . 
John' s an d McClelland' s (1990 )  approac h t o languag e 
learning. )  However ,  th e defaul t  semanti c feature s whic h 
ar e actuall y assigne d t o nove l  word s ar e thos e whic h th e 
networ k actuall y predicts .  Moreover ,  w e se e n o reaso n 
why th e "externa l  processes "  coul d no t  aris e throug h th e 
activit y o f  extern a connectionis t  modules . 

On a  separat e theme ,  i t  i s  noteworth y tha t  nove l  word s 
can b e assigne d defaul t  semanti c conten t  i f  trainin g ha s 
progresse d sufficiently .  However ,  i n ou r  trainin g corpora , 
th e word s 'with' ,  'from '  an d 'that '  ar e encountere d to o 
earl y fo r  reasonabl e semanti c conten t  t o b e assigned .  I n 
suc h cases ,  th e algorith m treat s th e word s merel y a s lex -
ica l  items .  Thi s decisio n i s no t  reverse d unles s th e word s 
ar e late r  assigne d semanti c feature s b y externa l  means . 
Such externa l  mean s migh t  correspon d t o ostensiv e def -
initio n o r  verba l  explanations . 

Althoug h suc h "earl y occurring "  word s ar e neve r  as -
signe d defaul t  semanti c conten t  b y th e network ,  the y stil l 
pla y a  predictiv e role .  Fo r  example ,  a s ou r  tes t  result s re -
veal ,  'that '  consistentl y predict s th e occurrenc e o f  verbs , 
and preposition s overwhelmingl y predic t  th e occurrenc e 
of  nouns .  Moreover ,  becaus e th e lexica l  encoding s o f 
suc h word s ar e frequentl y activate d withi n lexical-out , 
th e networ k learn s t o predic t  thei r  occurrenc e i n a  reli -
abl e fashion .  So ,  althoug h th e network' s primar y tas k 
i s t o predic t  semanti c content ,  i t  als o learn s t o predic t 
th e occurrenc e o f  particula r  word s whos e functio n seem s 
more syntacti c tha n semantic . 

The Test Corpus. 
A singl e 300 0 sentenc e tes t  corpu s wa s generate d usin g 
th e gramma r  previousl y discussed .  I n additio n t o th e ba -
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si c vocabular y (Fig .  1) ,  al l  nove l  noun s an d verb s wer e 
permitte d t o appea r  withi n sentences .  Apar t  fro m se -
manti c sensibilit y  constraints ,  previou s restriction s wer e 
relaxed .  Ever y nou n coul d freel y serv e a s subjec t  o r  ob -
ject ,  an d a s hea d o f  a  relativ e clause .  Withi n th e tes t 
corpus ,  te n percen t  o f  al l  sentence s involve d dee p ciiibed -
din g o f  relativ e clauses ,  t o a  m a x i m u m dept h o f  thre e lev -
els .  A n additiona l  fifteen  percen t  o f  tes t  sentence s con -
taine d eithe r  a  relativ e claus e o r  a  prepositiona l  phrzise . 
As wit h th e trainin g corpora ,  rando m selection s wer e 
made whereve r  possible . 

Test Phase and Analysis of Results. 

The testin g procedur e involve d feedin g eac h o f  th e 300 0 
tes t  sentences ,  wor d b y word ,  throug h th e network .  A s 
eac h wor d wa s processed ,  it s  lexica u encodin g wa s ac -
tivate d withi n lexical-i n and ,  i f  available ,  it s  semanti c 
feature s wer e activate d withi n semantic-in .  Onc e acti -
vatio n ha d propagate d t o th e outpu t  regions ,  activatio n 
vector s appearin g i n lexical-ou t  an d semantic-ou t  wer e 
accumulate d fo r  late r  averaging .  Variou s cosin e compar -
ison s wer e m a d e bot h betwee n particula r  averag e vec -
tor s an d als o betwee n averag e vector s an d th e semanti c 
vector s o f  particula r  words .  Thes e comparison s ar e dis -
cusse d belo w an d ar e displaye d i n Figure s 3 ,  4 ,  5 ,  6 ,  an d 
7. 

As anticipated ,  ou r  analyse s reveale d tha t  th e networ k 
does lear n t o predic t  typica l  semanti c feature s o f  word s 
tha t  immediatel y follo w a  give n wor d o f  input .  I n addi -
tion ,  activation s fo r  th e word s 'with' ,  'from' ,  an d 'that ' 
ar e accuratel y predicte d withi n lexical-out .  Semanti c 
feature s fo r  thes e word s ar e no t  predicte d becaus e th e 
networ k neve r  assign s feature s t o thes e words . 

Significantly ,  abundan t  evidenc e fo r  syntacti c system -
aticit y di d emerg e i n term s o f  th e network' s capacit y t o 
proces s noun s (construe d grammatically )  i n nove l  posi -
tion s bot h with m simpl e sentence s an d a t  nove l  level s o f 
embedding .  Fo r  example ,  durin g th e tes t  phase ,  w e com -
pare d th e averag e o f  semanti c vector s predicte d b y th e 
"restricte d nouns "  (thos e whos e positio n wa s restricte d 
durin g training )  t o th e averag e o f  semanti c vector s tha t 
actuall y belonge d t o word s immediatel y followin g thos e 
give n nouns .  Th e cosin e o f  th e angl e betwee n th e tw o 
averag e vector s wa s abov e .99 ,  indicatin g tha t  th e vec -
tor s wer e ver y clos e t o eac h other .  Th e sam e kin d o f 
compariso n wa s performe d fo r  thos e noun s whos e posi -
tion s wer e unrestricte d durin g training ;  th e resul t  wa s 
virtuall y identical .  I n thi s case ,  th e cosin e wa s abov e 
.993 .  Precisel y simila r  analyse s wer e performe d fo r  out -
)u t  vector s i n lexical-out .  T h e result s her e wer e eve n 
jetter .  Th e cosin e fo r  restricte d noun s wa s nearl y .998 6 

and fo r  unrestricte d nouns ,  th e resul t  wa s abov e .999 . 
Clearly ,  th e predictiv e powe r  o f  bot h restricte d an d un -
restricte d noun s i s ver y goo d an d nearl y equal .  Include d 
i n al l  thes e analyse s ar e thos e "novel "  noun s whos e se -
manti c vector s wer e assigne d b y th e networ k itsel f  durin g 
training . 

Our  remainin g analyse s wer e intende d t o confir m tha t 
word s belongin g t o eac h syntacti c categor y (noun ,  verb , 
preposition ,  an d relativ e pronoun )  m a d e stron g predic -
tion s fo r  semanti c features ,  o r  lexica l  representations , 
belongin g t o word s whic h coul d legall y follo w th e wor d 
makin g th e prediction .  Fo r  example ,  Figur e 3  indicate s 
whic h word s posses s semanti c feature s tha t  ar e strongl y 
predicte d whe n th e inpu t  wor d belong s t o th e categor y 
'noun' .  I n detail ,  th e heigh t  o f  eac h ba r  i n th e grap h 

illllllliiill l 

[ S M | i i t i f i i ! | | | | i | i n r i ^ ^ H i M i 

Figur e 3 :  Semanti c prediction s whe n th e inpu t  i s a  noun . 

displays ,  i n term s o f  cosines ,  ho w closel y th e seman -
ti c featur e vecto r  o f  eac h vocabular y wor d matche s th e 
averag e vecto r  produce d withi n semantic-ou t  whe n th e 
inpu t  wor d i s a  noun .  A s ca n b e seen ,  onl y th e clas s 
of  verb s possesse s semanti c feature s clos e t o thos e pre -
dicte d b y th e clas s o f  nouns .  Interestingly ,  th e five  verb s 
at  th e righ t  sid e o f  th e graph ,  whos e vector s ar e clos -
est  t o th e averag e predicte d vector ,  ar e 'novel '  verbs , 
whic h wer e assigne d defaul t  feature s durin g th e trainin g 
phase .  T h e strengt h o f  thes e prediction s i s explaine d b y 
th e fac t  tha t  defaul t  feature s ar e th e ver y feature s tha t 
ar e predicte d b y a n inpu t  wor d o n a  give n occasion .  I n 
th e presen t  case ,  al l  th e assigne d defaul t  feature s wer e 
predicte d whe n th e inpu t  wa s a  noun .  Not e als o tha t 
certai n ver y wea k prediction s fo r  specifi c  noun s ca n b e 
discerned .  W e believ e thes e wea k prediction s ar e du e t o 
randomnes s tha t  arise s i n th e earl y stage s o f  th e learnin g 
process . 

Althoug h verb s ar e th e onl y word s whos e semanti c fea -
ture s ar e strongl y predicte d b y nouns ,  othe r  word s can , 
of  course ,  grammaticall y follo w a  nouns .  Withi n ou r 
restricte d language ,  eithe r  o f  tw o preposition s ('with ' 
an d 'from' )  o r  on e relativ e pronou n ('that' )  ca n legall y 
fill  thi s position .  However ,  thes e word s wer e assume d 
not  t o hav e know n semanti c feature s a t  th e onse t  o f 
training ,  an d the y neve r  acquire d feature s durin g th e 
cours e o f  trainin g (du e t o th e fac t  tha t  the y ar e eac h 
first  encountere d befor e an y semanti c prediction s o f  suf -
ficient  strengt h ar e m a d e b y th e network) .  T h e upsho t  i s 
tha t  semanti c feature s fo r  thes e word s ar e no t  predicte d 
withi n semantic-out .  Nevertheless ,  a s reveale d i n Fig -
ur e 4 ,  th e networ k doe s lear n t o predic t  th e appearanc e 
of  eac h o f  thes e thre e word s followin g th e occurrenc e o f 
a noun .  Figur e 4  display s activatio n level s predicte d fo r 
unit s withi n lexical-ou t  whe n th e inpu t  ite m i s a  noun . 
(Cosin e meaisure s woul d hav e bee n inappropriat e i n thi s 
analysi s becaus e eac h word' s lexica l  encodin g contain s 
onl y a  singl e "on "  bit. )  T h e displaye d activatio n lev -
el s reflec t  th e ra w frequenc y o f  occurrenc e o f  particula r 
words .  T h e ver y stron g predictio n fo r  th e perio d arise s 
fro m th e fac t  that ,  withi n ou r  corpora ,  noun s ar e fol -
lowe d b y a  perio d m u c h mor e ofte n tha n b y an y o f  th e 
thre e word s i n question . 

Figur e 5  illustrate s th e strengt h o f  semanti c predic -
tion s fo r  semanticall y know n word s whe n th e inpu t  be -
long s t o th e category ,  'verb' .  A s wit h Fig .  3 ,  th e heigh t 
of  eac h ba r  reflect s th e cosin e betwee n eac h word' s know n 
featur e vecto r  an d th e averag e semanti c vecto r  predicte d 
when th e inpu t  wor d i s a  verb .  Clearly ,  al l  an d onl y th e 
semanti c feature s o f  noun s ar e predicte d wit h an y signif -
ican t  strength . 

Figure s 6  an d 7  ar e precisel y analogou s t o th e preced -
in g graph .  I n Figur e 6  w e se e tha t  onl y semanti c feature s 

463 



n M n i f i | n | j | i i n r i r n ' n f « n t i s 

Figur e 4 :  Lexica l  prediction s whe n th e inpu t  i s a  noun . 
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Figur e 5 :  Semanti c prediction s whe n th e inpu t  i s a  verb . 
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Figur e 6 :  Semanti c prediction s whe n th e inpu t  i s 'that' . 

fo r  verb s ar e strongl y predicte d whe n th e inpu t  i s a  rela -
tiv e pronou n ('that' V Thi s i s jus t  wha t  w e woul d hope , 
give n th e g ramma r  m Fig .  1 .  Likewise ,  Figur e 7  reveal s 
tha t  onl y nou n feature s ar e strongl y activate d whe n th e 
inpu t  wor d i s eithe r  'with '  o r  'from' . 

Summary and Future Directions. 

As the preceding analysis implies, the stated goals for 
our  workin g mode l  hav e bee n attained .  Clearly ,  th e net -
wor k doe s lear n t o m a k e accurat e semanti c predictions , 
when provide d wit h word s take n fro m an y o f  th e syn -
tacti c categorie s liste d i n th e targe t  grammar .  I n addi -
tion ,  th e leve l  o f  accurac y wa s virtuall y identica l  bot h 
fo r  noun s whos e positio n wa s restricte d durin g training , 
an d fo r  unrestricte d nouns .  Thus ,  stron g systematicit y 
i n a  syntacti c dimensio n wa s achieved .  Thi s i s  despit e 
th e fac t  tha t  two-third s o f  al l  noun s wer e presente d i n a 
singl e syntacti c rol e durin g training .  Moreover ,  th e net -
wor k successfull y integrate d nove l  noun s an d verb s int o 
it s trainin g process .  Indeed ,  1 0 o f  3 2 nouns/verb s use d 
i n th e fina l  tes t  corpu s wer e no t  presen t  i n th e firs t  train -
in g corpus .  Significan t  als o i s th e fac t  tha t  al l  networ k 
trainin g wa s unsupervise d wit h respec t  t o erro r  feedback . 

Finally ,  i t  i s  clea r  tha t  th e presenc e o f  deepl y embed -
ded relativ e clause s withi n th e tes t  corpu s di d no t  de -
grad e th e network' s predictiv e accuracy .  Thi s wa s t o b e 
expected ,  o f  course ,  sinc e th e network' s prediction s ar e 
a functio n onl y o f  th e curren t  inpu t  stat e -  n o m e m-
or y o r  contex t  layer s ar e containe d i n th e network .  Th e 
absenc e o f  contex t  layer s doe s presen t  a  limitation ,  how -
ever .  Unlik e Elman' s S R N ,  th e presen t  incarnatio n o f 
our  networ k canno t  detec t  lon g rang e dependencie s be -
twee n predicte d categories .  Nevertheless ,  b y th e tim e 
thi s pape r  appears ,  w e wil l  hav e implemente d a n ex -
tende d versio n o f  th e curren t  model ,  whic h w e expec t 
t o overcom e thi s limitation .  Indeed ,  prior ,  closel y re -
late d researc h (b y Carde i  an d Hadley ,  1996 )  strongl y 
suggest s tha t  context-sensitiv e behavio r  o f  th e require d 
kin d ca n b e achieve d throug h th e inclusio n o f  (a )  addi -
tiona l  "memor y layers" ,  whic h retai n prio r  content s o f 
th e competitiv e layer ,  an d (b )  th e additio n o f  a  higher -
leve l  self-organizin g laye r  whic h receive s inpu t  fro m th e 
firs t  competitiv e laye r  an d al l  m e m o r y layers .  W e wis h t o 
stress ,  moreover ,  tha t  ou r  presen t  result s hav e bee n at -
taine d vi a trainin g algorithm s whic h ar e widel y believe d 
t o b e close r  t o biologica l  realit y tha n th e commonl y use d 
backpropagatio n method . 
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Figur e 7 :  Semanti c prediction s whe n th e inpu t  i s  a 
preposition . 

A p p e n d i x A . 

Features assigned to words in our implementation are 
admittedl y incomplet e an d approximate .  However ,  the y 
serv e t o conve y th e genera l  approac h w e hav e adopted . 

Feature s assigne d t o noun s ar e take n t o b e subset s o f 
th e following ; 

animate, inanimate, two-legs, four-legs, talks, barks, 
meows,  squeaks ,  has-weight ,  has-size ,  has-shape , 
has-location ,  furry ,  large ,  small ,  heavy ,  light , 
laughs ,  bites ,  long-snout ,  fiat-face ,  small-nose , 
rigid ,  flexible ,  tubular ,  round . 

Note that all nouns would have certain features in com-
m o n,  e.g. ,  has-weight ,  has-size ,  has-shape ,  has-location . 
Feature s assigne d t o verb s ar e take n t o b e subset s o f  th e 
following : 
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rapid ,  slow ,  emotive ,  feeling-nice ,  physical-motion , 
involves-coniact ,  involves-animate ,  feeling-bad , 
involves-perceiving . 
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Abstrac t 

The extent to which human cognition can be understood as 
rule-base d i s a  classi c issu e i n Cognitiv e Scienc e an d on e 
whic h continue s t o provok e heate d debat e i n a  wid e variet y 
of  areas ,  rangin g fro m Implici t  Learnin g throug h Inflec -
tiona l  Morpholog y t o th e acquisitio n o f  readin g skills .  De -
spit e it s centrality ,  th e centra l  notio n o f  "rule "  i s fa r  fro m 
well-defined .  Thi s pape r  examine s a  centra l  featur e o f  mle -
base d models ,  th e concep t  o f  rule-following ,  an d clarifie s 
it s  role ,  it s  content ,  an d som e o f  th e typica l  fallacie s asso -
ciate d wit h it s  use . 

I n t r o d u c t i o n 

T o wha t  exten t  huma n cognitio n i s base d o n rule s i s a  cogni -
tiv e questio n o f  longstandin g interest .  I n th e earl y day s o f 
AI ,  th e rule-base d natur e o f  huma n though t  wa s axiomatic ; 
rule s n o longe r  hav e thi s general ,  dominan t  role ,  bu t  rule -
base d account s o f  particula r  task s stil l  abound .  Artificia l 
Grammar  Learnin g (Reber ,  1989 ;  Brook s &  Vokey ,  1991 ; 
Redingto n &  Chater ,  1996 )  an d Inflectiona l  Morpholog y 
(Rumelhar t  &  McClelland ,  1986 ;  Plunket t  &  Marchman , 
1992 ;  Pinker .  1991 ;  Marcu s e t  al. ,  1995 ;  Nakis a &  Hahn . 
1996 )  ar e bu t  tw o area s whic h ar e dominate d b y ongoin g 
debat e betwee n proponent s o f  rule-base d account s an d sup -
porter s o f  alternativ e model s suc h a s exemplar-base d o r  con -
nectionis t  accounts .  Despit e thi s continue d interes t  i n rules , 
th e ver y notio n o f  rul e i s on e o f  th e mos t  confuse d withi n 
Cognitiv e Science .  Thi s i s  manifest ,  t o nam e jus t  on e ex -
ample ,  i n th e lac k o f  consensu s abou t  whethe r  o r  no t  connec -
tionis t  network s hav e o r  embod y rules :  statement s t o th e 
effec t  tha t  the y clearl y d o not ,  and ,  hence ,  offe r  alternative s 
t o rule-base d account s (Rumelhar t  &  McClelland ,  1986 ; 
Smith ,  Langston ,  &  Nisbett ,  1992 )  ca n b e contraste d wit h 
th e clai m tha t  "contrar y t o rumour ,  i t  i s  no t  th e cas e tha t 
connectionis t  system s hav e n o rules "  (Bate s &  Elman .  1993 , 
pg.  634) . 

Conceptua l  clarificatio n i s essentia l  i f  debat e abou t  rule s i s 
t o hav e substance .  I n servic e o f  suc h clarification ,  thi s pape r 
focusse s o n a  centra l  aspec t  o f  th e notio n o f  rul e -th e dichot -
o my betwee n behavio r  whic h i s guide d b y rule s a s oppose d 
t o behavio r  merel y describe d b y rules .  Thi s distinctio n i s 
fundamenta l  t o wha t  i t  mean s fo r  a  behavio r  t o b e rule-based , 
yet  confusio n bot h abou t  it s  conten t  an d it s rol e prevails . 

"Rules" in cognitive contexts: "strong" 

a n d " w e a k "  read ing s 

What  exactl y d o researcher s mea n whe n the y appea l  t o 
rule s i n explainin g behavior ? W e ca n distinguis h tw o differ -
ent  kind s o f  usag e o f  "rule" ,  whic h w e wil l  respectivel y refe r 
t o a s "weak "  an d "strong" .  Example s o f  wea k usag e o f  th e 
ter m rul e ar e statement s suc h as ,  fo r  example ,  a  general ,  be -
haviora l  clai m tha t  a  languag e learne r  ha s succeede d i n 
"masterin g th e rule s o f  English "  o r  th e assumptio n tha t  in -
fant s ar e bor n wit h "rule s fo r  looking "  whic h guid e thei r 
exploratio n o f  th e visua l  environment .  Statement s lik e thes e 
use th e ter m "rule "  t o refe r  t o a n externa l  regularit y (o f  Eng -
lish )  o r  t o a n interna l  constrain t  withou t  makin g a  clai m 
abou t  menta l  architecture ,  i.e. ,  withou t  wishin g t o endors e a 
particula r  vie w abou t  ho w th e externa l  regularit y o r  th e in -
nat e constrain t  ar e internall y represente d b y th e agent .  Suc h 
a wea k usag e o f  th e ter m rul e i n a  cognitiv e contex t  i s N O T 
th e focu s o f  th e debat e abou t  menta l  rules ,  no r  i s i t  th e focu s 
of  thi s paper . 

Rather ,  thi s debat e i s concerne d wit h th e "strong "  us e o f 
rule .  O n th e stron g reading ,  speakin g o f  a n agen t  a s possess -
in g a  rul e i s a  statemen t  abou t  cognitiv e architecture .  I t  i s 
th e clai m tha t  a n agen t  ha s menta l  representation s o f  a  p)ar -
ticula r  representationa l  format ,  a  forma t  whic h i s  distinc t 
fro m othe r  type s o f  menta l  representation .  Thi s stronger , 
mor e specifi c  clai m lie s a t  th e hear t  o f  th e debate s i n Artifi -
cia l  Grammar  Learnin g o r  Inflectiona l  Morphology ,  wher e 
rule-base d model s ar e contraste d wit h exempla r  o r  connec -
tionis t  accounts . 

Rule following 

Most  importantly ,  th e stron g use ,  o n whic h w e wil l  focu s 
below ,  claim s a n agent-interna l  rol e fo r  th e rule .  Th e clai m 
i s on e abou t  th e natur e o f  th e representation s underlyin g a 
particula r  behavior .  Statin g tha t  a n agen t  possesse s a  particu -
la r  rul e i s no t  merel y sayin g tha t  thi s agent' s behavio r  dis -
play s a  particula r  regularity ,  bu t  rathe r  tha t  thi s "rule "  ha s a 
causa l  rol e i n producin g thi s behavior :  th e behavio r  ha s th e 
regularit y i t  does ,  becaus e th e agen t  possese s th e rul e i n 
question . 

Thi s i s commonl y phrase d i n term s o f  th e distinctio n be -
twee n rule-guided ,  o r  "rule-following" ,  behavio r  an d behavio r 
whic h i s  merel y convenientl y describe d b y rul e (se e e.g. , 
Marcu s e t  al. ,  1995) .  Fo r  a n exampl e o f  rule-following ,  on e 
can thin k o f  lega l  system s an d thei r  effec t  (wher e document s 
encodin g th e la w caus e particula r  behavior s suc h a s payin g 
certai n amount s o f  tax) ,  wherea s a  standar d exampl e o f  rule -
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describabeabl e bu t  no t  rule-guide d behavio r  i s tha t  o f  th e 
planets—thei r  orbit s ar e well-describe d b y physica l  laws ,  bu t 
the y d o no t  themselve s us e thes e law s t o guid e thei r  behav -
ior . 

I t  i s  thi s notio n o f  rule-following ,  rule-guide d behavior , 
tha t  i s  implie d b y th e clai m tha t  a  particula r  bahavio r  i s  rule -
based .  Statin g tha t  performanc e i s base d o n rule s i s no t  say -
in g merel y tha t  thi s performanc e i s well-describe d b y a  par -
ticula r  rul e o r  rules ,  bu t  rathe r  tha t  i t  i s  a n instanc e o f  rule -
guide d behavior . 

I n th e remainde r  o f  thi s paper ,  w e wil l  investigat e wha t 
thi s clai m reall y means ,  h o w an d w h y i t  make s sens e i n th e 
contex t  o f  cognitiv e architectur e an d w h y i t  i s  important .  W e 
wil l  als o dra w attentio n t o s o m e importan t  pitfall s  whic h 
hav e th e potentia l  t o rende r  th e empirica l  debat e abou t  rule s 
conceptuall y vacuous . 

The basi c intuitio n distinguishin g rule-guide d fro m 
merel y rule-describeabl e behavio r  i s straightforwar d enough . 
Our  theor y o f  planetar y motio n i s no t  a  "cognitiv e theory" ; 
i t  doe s no t  posi t  menta l  representation s whic h th e planet s ac t 
on,  an d correspondingly ,  w e d o no t  assum e tha t  planetar y 
motio n i s "rule-based" .  Suc h a n account ,  whil e logicall y 
possible ,  woul d b e considere d ludicrous . 

Difficultie s star t  t o aris e becaus e th e sam e over t  behavio r 
ca n b e subjec t  t o th e rule-guided/rule-describabl e distinction . 
Imagine ,  fo r  instance ,  driver s stoppin g a t  a  re d light ;  i f  I  sto p 
at  th e red  ligh t  becaus e o f  m y knowledg e o f  traffi c  regula -
tion s I  a m followin g th e rule ;  i f  I  stop ,  totall y obliviou s t o 
thes e regulations ,  becaus e I  a m intrigue d b y th e sigh t  o f  a 
prett y colour ,  I  a m behavin g i n accordanc e wit h th e rul e "i f  a 
traffi c  ligh t  i s  red ,  the n stop" ,  and ,  hence ,  m y behavio r  ca n 
be describe d b y it ,  bu t  I  a m no t  followin g it . 

Thi s latte r  exampl e illustrate s w h y th e distinctio n i s rele-
van t  i n cognitiv e contexts :  onl y th e rule-guide d cas e show s a 
particula r  for m o f  a  psychologica l  explanation .  Onl y her e i s 
an over t  behavio r  linke d t o a  typ e o f  explanation ,  whic h 
makes referenc e t o agen t  interna l  states ,  e.g. ,  " I  stop ,  becaus e 
I  kno w th e traffi c  rule" .  Merel y statin g th e regularity — "a t  a 
re d light ,  th e agen t  stops "  lack s thi s explanator y force . 

Regularities and statements of regularities 

The precedin g discussio n implie s tha t  i n th e contex t  o f  rule -
base d explanation s o f  cognitio n "rules "  mus t  b e sharpl y dis -
tinguishe d fro m mer e "regularities. "  A  "rule "  i s no t  th e regu-
larit y itsel f  bu t  rathe r  a  statemen t  o f  th e regularity .  I n othe r 
words ,  a  rul e i s a  representatio n o f  th e regularit y whic h fol -
low s a  particula r  representationa l  format .  Differen t  author s 
disagre e o n wha t  format s exactl y qualif y a s rules ,  bu t  al l 
impl y rule-followin g a s discusse d here . 

Wit h th e distinctio n betwee n th e regularit y pe r  s e an d th e 
rul e a s a  statemen t  o f  th e regularit y firml y i n view ,  w e ca n 
see tha t  rule-base d model s offe r  a  kin d o f  explanator y "defaul t 
account" ,  i n th e sens e tha t  the y ar e conceptuall y straightfor -
war d t o generate ,  a  fac t  whic h ha s presumably ,  greatl y con -
tribute d t o thei r  popularity .  Rule-base d account s ar e straight -
forwar d t o deriv e becaus e onc e a  regularit y ha s bee n observed , 
we nee d onl y posi t  a  representatio n o r  statemen t  o f  tha t  regu -
larit y whic h i s agen t  interna l  an d w e hav e th e cor e o f  a  cog -

nitiv e account .  Given ,  fo r  example ,  th e observatio n tha t  th e 

vas t  majorit y o f  Englis h word s for m a  pas t  tens e b y addin g 
th e suffi x /ed/—th e regularity—on e ca n immediatel y deriv e a 
cognitiv e accoun t  b y positin g a  menta l  representatio n o f  thi s 
regularity ,  roughl y "fo r  pas t  tens e ad d /ed/" ,  a s a n interna l 
rul e whic h speaker s ar e usin g t o generat e th e appropriat e 
form s (se e e.g. .  Pinker ,  1993 )  an d on e ha s a  cognitiv e theor y 
of  pas t  tens e production . 

Of  course ,  jus t  becaus e suc h a n accoun t  i s conceptuall y 
eas y t o c o m e by ,  doe s no t  m e a n i t  i s  empiricall y adequate . 
I n al l  liklihood ,  th e regularit y ca n b e exploite d i n differen t 
ways ,  givin g rise  t o alternativ e cognitiv e accounts ;  i n th e 
wors t  case ,  th e regularit y migh t  b e spurious— a mer e corre -
lat e o f  th e "true "  underiyin g cause .  Returnin g t o th e pas t 
tens e example ,  Englis h no t  onl y ha s regula r  forms ,  whic h 
tak e +/ed/ ,  bu t  irregular s suc h a s sing/sing ,  hit/hit ,  o r 
sleep/slept .  Thes e ar e no t  jus t  isolate d exception s bu t  ofte n 
c o me i n familie s suc h a s sing/rin g an d the y ca n for m th e 
basi s fo r  generalizatio n o f  non-word s suc h a s "spling" . 
Hence ,  a  certai n regularit y hold s betwee n phonolog y o f  th e 
singula r  an d th e typ e o f  pas t  tens e for m a  nove l  wor d re-
ceives .  O n e ca n exploi t  thi s regularit y b y extractin g th e rele -
van t  phonologica l  feature s tha t  determin e a  particula r  pas t 
tens e type ,  collatin g the m int o a n explici t  statemen t  an d the n 
usin g thi s statemen t  o f  th e regularitie s t o identif y th e pas t 
tens e o f  a  n e w word ;  o n thi s accoun t  nove l  form s woul d b e 
generate d o n th e basi s o f  a  collectio n o f  rules :  exceptiona l 
rule s statin g phonologica l  regularitie s fo r  irregular s an d a 
genera l  rul e "ad d +/ed/ "  whic h i s use d wher e th e exceptiona l 
rule s fai l  t o apply .  Alternatively ,  a  simpl e "neares t  neigh -
bour "  strateg y ( a simpl e exempla r  account )  migh t  wor k jus t 
as well :  here ,  a  nove l  wor d i s alway s inflecte d i n th e sam e 
w ay a s th e k n o w n wor d t o whic h i t  i s  phonologicali y mos t 
similar .  Ther e ar e n o rule s a t  all ,  neithe r  genera l  no r  excep -
tional .  Thi s strateg y migh t  wor k equall y wel l  becaus e pho -
nologicali y clos e item s wil l  naturall y shar e th e regularit y i n 
question .  Neares t  neighbou r  model s ar e "structur e mirrors" , 
whic h reflec t  th e structur e present—here ,  i n th e Englis h lexi -
c o n — b ut  d o no t  extrac t  an d explicitl y  represen t  thi s struc -
ture s a s rule s do .  The y ca n succeed ,  becaus e i t  i s  ultimatel y 
th e sam e regularit y tha t  i s  bein g exploited ,  albei t  i n a  differ -
ent  way . 

I t  i s  thi s possibilit y  o f  alternativ e mean s o f  exploitin g th e 
same regularit y tha t  make s rule-base d reasonin g a n issu e an d 
tha t  make s cognitiv e psychologica l  explanatio n non-trivial . 
I f  rule-base d account s wer e th e onl y model s conceivable ,  th e 
most  challengin g tas k woul d b e tha t  o f  findin g th e pertinen t 
regularities .  Psychologica l  explanatio n i n term s o f  menta l 
representation s an d processe s woul d b e reduce d t o perpetua l 
positin g o f  interna l  statement s o f  thes e regularitie s ("rules" ) 
and woul d ad d nothin g much .  Becaus e w e k n o w tha t  a  pleth -
or a o f  conceptua l  alternative s exists ,  however ,  th e discover y 
of  a  salien t  regularit y ca n onl y eve r  b e th e firs t  ste p fo r  psy -
chologica l  theorizing .  Thi s hold s eve n i n domain s suc h a s 
natura l  languag e synta x wher e th e discover y o f  th e dominan t 
regularitie s i s b y n o mean s a n eas y task .  A n y descriptio n o f 
suc h a  regularit y mus t  alway s b e supplemente d wit h aix l 
accoun t  o f  h o w thi s regularit y i s exploited .  Becaus e rule s ar e 
onl y on e possibl e representationa l  forma t  whic h ca n delive r 
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suc h a n account ,  mor e mus t  b e give n tha n th e possibilit y  o f 
a rule-base d account ;  i t  mus t  b e show n tha t  th e posite d rule s 
ar e causall y efficacious . 

R u l e f o l l o w i n g a n d t h e causa l i t y o f 
r e p r e s e n t a t i o n 

Causa l  efficac y i s typicall y cite d a s th e hallmar k o f  rule -
guide d behaviour .  Fo r  instance ,  Searle ,  i n a  critiqu e o f 
Chomsky' s (1980 )  Rule s an d Representations ,  hold s that ,  i n 
contras t  t o rule s a s use d i n th e natura l  science s whic h merel y 
describ e an d explain ,  th e us e o f  rule s i n explanatio n o f  hu -
m an behavio r  require s tha t  th e conten t  o f  th e rul e mus t  func -
tio n causall y i n th e productio n o f  th e ver y behavio r  th e rul e 
seek s t o explai n (Searle ,  1980) . 

First ,  fro m wha t  w e hav e sai d above ,  i t  i s  clea r  tha t 
Searle' s positio n mus t  b e disagree d wit h i n on e respect :  i t  i s 
not  "th e conten t  o f  th e rule "  whic h mus t  functio n causally , 
but  rathe r  th e statemen t  (representation )  o f  th e rule .  It s con -
tent ,  a s w e hav e see n i s jus t  th e regularit y i n question ;  but , 
as w e hav e als o seen ,  thi s regularit y ca n b e exploite d i n dif -
feren t  ways .  I t  i s  onl y whe n i t  i s  use d b y a  particula r  typ e o f 
representationa l  forma t  tha t  w e spea k o f  rule-base d accounts ; 
i t  i s  thi s particula r  typ e o f  representatio n tha t  mus t  functio n 
causally ,  no t  th e regularity . 

Second ,  w e mus t  as k wha t  i t  actuall y mean s t o "functio n 
causally "  an d h o w thi s ca n b e ascertained .  Loosel y followin g 
C h o m s ky (1986 )  w e assum e tha t  w e ar e entitle d t o hol d tha t 
an agen t  i s followin g a  rul e R  i f  ou r  "bes t  theory "  o f  wha t 
th e agen t  i s doing ,  i.e. ,  th e bes t  w e ca n construc t  wit h th e 
availabl e evidence—invoke s a  menta l  representatio n o f  R . 
But  thi s require s furthe r  clarificatio n bot h o f  wha t  i t  i s  a  bes t 
theor y o f  an d wha t  evidenc e mus t  b e take n int o account . 

We hav e alread y see n tha t  rule-guide d behavio r  i s abou t  a 
particula r  typ e o f  explanation .  Th e sor t  o f  explanatio n whic h 
suc h a  "bes t  theory' ^  seek s t o provid e i s a n accoun t  o f  behav -
io r  i n term s o f  menta l  representation s an d procedures ;  Fo r 
"causa l  efficacy "  w e requir e n o mor e tha n tha t  th e rule s ar e 
invoke d i n a n explanator y accoun t  whic h involve s procedure s 
drawin g o n representation s o f  thes e rule s an d tha t  thi s ex -
planator y accoun t  constitute s ou r  "bes t  theory "  available . 

Suc h explanator y account s i n term s o f  representation s an d 
procedure s ar e exactl y wha t  researcher s engage d i n classi c 
rul e debate s suc h a s Artificia l  G r a m m a r  Learnin g o r  Inflec -
tiona l  Morpholog y ar e seeking .  Mos t  importandy ,  ther e i s 
no restrictio n o n wha t  evidenc e i s permissabl e o r  relevant . 

I n ou r  pas t  tens e example ,  evidenc e fo r  wha t  constitute s 
th e bes t  theor y i s b y n o mean s confine d t o th e abilit y  o f  th e 
model s t o produc e th e right  pas t  tens e forms .  Rather ,  bot h 
model s exhibi t  a  whol e rang e o f  characteristic s whic h giv e 
rise  t o furthe r  predictions .  Fo r  example ,  the y requir e differen t 
learnin g strategie s (rul e inductio n vs .  instanc e storage )  an d a s 
a resul t  m a y produc e quit e differen t  learnin g profiles :  th e 
tim e cours e o f  learnin g ca n differ ,  a s migh t  b e wha t  i s eas y 
and hard .  O n e migh t  b e mor e toleran t  o f  "noise '  i n th e dat a 
an d s o on .  A n y suc h attribute s ca n b e calle d upo n i n assess -
in g whic h theor y bes t  fit s  th e data ,  a s wel l  a s th e desir e fo r 
parsimon y an d coherenc e wit h othe r  bodie s o f  theor y whic h 
we brin g t o th e task . 

The importance of levels 

Additionally ,  th e importanc e o f  level s o f  descriptio n mus t  b e 
emphasized .  Level s o f  descriptio n ar e inheren t  i n th e contex t 
of  biology—ou r  theorie s ca n invok e brai n regions ,  neurons , 
or  neurotransmitters—a s wel l  a s i n computatio n wher e w e 
ca n reiterat e th e questio n o f  h o w a n algorith m i s imple -

mente d proceedin g downward s fro m "C-code "  t o assembl y 
language ,  t o logi c gates ,  t o silico n an d s o on .  Hence ,  th e 
issu e o f  level s i s unavoidabl e fo r  cognitiv e theorizing .  I t  i s 
pertinen t  i n thi s context ,  becaus e account s i n term s o f  repre -

sentation s an d procedures ,  putativ e "bes t  theories" ,  migh t  b e 
availabl e a t  multipl e level s a s bot h biologica l  an d computa -
tiona l  example s suggest . 

Specifically ,  production-rul e system s ar e Turin g equiva -
lent ,  tha t  is ,  an y effectivel y solvabl e algorithmi c proble m 
ca n b e solve d b y a  productio n syste m (Post ,  1943) .  Thi s 
means,  an y computatio n ca n b e mad e "rule-based "  and ,  a s a 
result ,  an y cognitiv e theor y coul d b e perceive d a s mle-base d 
i f  ther e ar e n o constraint s o n level .  I n particular ,  th e neares t 
neighbou r  accoun t  o f  th e pas t  tens e coul d b e implemente d 
usin g productio n rules ,  givin g ris e t o th e spuriou s clai m tha t 
performanc e wa s "rule-based "  afte r  all . 

Similarly ,  th e constraint s o n wha t  consitute s 
"connectionism "  see m wea k enoug h t o allo w implementa -
tio n o f  virtuall y anythin g an d connectionis t  implementation s 
of  "higher-level "  cognitiv e account s ar e regularl y presented , 
e.g. ,  Kruschke' s (1992 )  A L C O V E ,  whic h implement s a n 
exempla r  mode l  popula r  i n th e categorizatio n literature )  o r 
Touretzk y an d Hinton' s (1988 )  implementatio n o f  a  produc -
tion-rul e system . 

Thi s mean s commitmen t  t o a  particula r  leve l  o f  descrip -
tio n i s required .  I n particular ,  sweepin g contrast s betwee n 
connectionis t  an d rule-base d account s o f  cognition ,  lackin g 
commitmen t  t o a  particula r  explanator y level ,  lac k focu s and , 
hence ,  substance . 

The scope of the distinction 

Inocuou s a s ou r  renditio n o f  wha t  i t  mean s fo r  behaviu r  t o b e 
rule-guide d migh t  look ,  i t  ha s a  numbe r  o f  highl y desirabl e 
properties .  First ,  i t  applie s equall y t o agen t  external , 
"public "  rule s an d t o agen t  internal ,  "private "  rules" ,  i.e. ,  t o 
rule s I  a m tol d a s wel l  a s rule s I  posi t  t o myself; '  further -
more ,  i t  ca n appl y equall y t o rules ,  whic h ar e formulate d i n 
natura l  languag e an d t o "taci t  rules "  t o whic h w e typicall y 
hav e n o consciou s access .  Thi s i s becaus e i t  i s  defined ,  gen -
erally ,  i n term s o f  causa l  efficac y o f  a  representatio n wit h 
requisit e format .  Again ,  i t  doe s no t  obviat e th e nee d fo r  deci -
sio n o n whic h format s qualify ,  bu t  thi s i s a  questio n whic h 
itsel f  arise s equall y fo r  th e natura l  languag e cas e an d fo r  puta -
tiv e cognitivel y impenetrabl e representations . 

Second ,  ou r  renditio n o f  "rule-guided "  allow s on e t o se e 
tha t  wha t  i s generall y treate d a s on e o f  th e m a n y problemati c 
issue s abou t  rule s i s ultimatel y a  genera l  issu e o f  cognitiv e 
theorizing .  "Rules "  ar e no t  special :  th e rule-guide d vs .  rule -
describeabl e distinctio n i s al l  abou t  th e inferenc e fro m salien t 
regularitie s t o cognitiv e model s whic h exploi t  thes e regulari -
ties .  Fo r  behaviou r  t o b e rule-based ,  mor e mus t  b e show n 
tha n th e regularit y itself ,  thi s "more "  bein g th e "causa l  effi -

1 Thi s contrasts ,  fo r  instance ,  wit h Quin e (1972) . 
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cacy "  whic h w e hav e reconstructe d a s "explanator y rol e i n 
our  bes t  theory" .  Thi s "more" ,  however ,  i s  a  requiremen t 
whic h an y cognitiv e account ,  rule-base d o r  other ,  mus t  meet . 
Th e issue ,  really ,  i s  abou t  certai n type s o f  cognitiv e explana -
tion ,  no t  on e particula r  t o rules. ^ 

What  i s particula r  t o rules ,  i s  th e eas e wit h whic h regular -
it y an d rul e ar e confounde d an d th e read y availabilit y  o f  a 
rule-base d cognitiv e story .  Anythin g ca n b e describe d b y a 
rul e i n th e sens e tha t  an y regularit y ca n b e state d i n a 
(sufficientl y rich )  language ,  i n a  forma t  whic h correspond s t o 
our  natura l  intuitio n o f  rule .  Thi s i s simpl y a  fac t  abou t  lan -
guag e an d description .  But ,  give n suc h a  description ,  w e ca n 
als o alway s us e thi s a s th e hear t  o f  a  rule-base d cognitiv e 
model  whic h claim s tha t  i t  i s  exactl y thi s descriptio n (i.e. , 
th e statemen t  o f  a  regularity )  whic h i s bein g use d b y th e 
agen t  t o produc e th e behavio r  i n question .  Thi s i s wha t  w e 
referre d t o a s th e defaul t  availabilit y  o f  rule-base d model s 
above .  Again ,  however ,  jus t  becaus e suc h a  mode l  i s eas y t o 
provid e i s no t  sufficien t  reaso n fo r  preferrin g i t  ove r  compet -
in g accounts . 

A p p l y i n g t h e d is t inc t io n 

We wil l  conclud e b y discussin g tw o prominen t  example s 
whic h enabl e u s t o pu t  th e outline d distinction s t o use . 

The first  i s  a  quot e fro m E lma n e t  al.'s ,  otherwis e highl y 
commendable ,  199 6 book : 

"T o sa y tha t  a  networ k doe s no t  hav e rule s i s factuall y in -
correct ,  sinc e network s ar e functio n approximator s an d func -
tion s ar e nothin g i f  no t  rules .  S o argument s abou t  whethe r 
or  no t  network s hav e rule s reall y d o no t  m a k e m u c h sense . 
Other s hav e trie d t o distinguis h behaviou r  whic h i s character -
ize d b y rules ,  an d behaviou r  whic h i s governe d b y rules .  Pre -
sumably ,  i n th e firs t  case ,  behaviou r  onl y accidentall y con -
form s t o a  rule ,  wherea s i n th e latte r  cas e th e rul e ha s causa l 
effect .  Clearly ,  th e behavio r  o f  a  networ k i s causall y con -
necte d t o it s topolog y an d connectio n weights ,  s o ultimatel y 
thi s i s als o no t  a n interestin g distinction. "  (pg .  102 ) 

As shoul d b e apparen t  fro m th e precedin g sections ,  th e ar -
gument  base d o n functio n approximatio n i s unsound .  Eve n i f 
th e functio n i n questio n i s undoubtedl y on e whic h w e woul d 
qualif y a s a  rule^ ,  al l  thi s i s sayin g i s tha t  th e behavio r  o f 
th e networ k exhibit s a  particula r  regularity ,  namel y tha t 
summarize d b y th e function .  Th e argumen t  doe s no t  answe r 
th e questio n i t  i s  require d to ,  namel y whethe r  th e networ k i s 
usin g a  representatio n o f  tha t  functio n t o produc e thi s behav -
ior .  Th e approximate d functio n i s a  regularity ,  th e questio n 
of  rule s i s abou t  th e mean s b y whic h thi s behaviou r  i s 

^Thi s ha s consequence s fo r  Kripke' s (1982 )  clai m tha t  state -
ment s abou t  rule-followin g ar e no t  statement s o f  fact ,  se e Hah n 
(1996) . 

^  I t  seem s questionabl e whethe r  on e woul d wan t  t o cal l  al l 
function s "rules" ;  function s whic h succinctl y captur e a  regular -
ity ,  e.g. ,  x=2y ,  ar e perceive d a s typica l  rules ,  a n un-computabl e 
functio n whic h consist s o f  a  rando m mappin g betwee n element s 
of  th e domai n an d th e rang e i s a  functio n (a s lon g a s th e map -
pin g i s unique )  bu t  i t  ha s n o succinc t  description .  Th e infinit e 
"look-up "  tabl e i t  constitute s doe s no t  accor d wit h ou r  intuition s 
about  "rule" .  Thes e tw o example s ar e merel y th e extreme s o f  a 
continuum . 

achieved .  Equatin g "havin g rules "  wit h th e behavio r  o f  th e 
networ k (th e approximate d function )  mean s tha t  planet s to o 
"have "  th e law s o f  gravitation .  Bu t  the n "havin g rules "  o r 
not  cease s t o b e a  question . 

Rule-followin g ha s t o b e a t  stak e i f  debat e abou t  rule s i s 
t o hav e an y substance .  T o sho w thi s i n a  network ,  require s 
identifyin g a  representatio n forma t  whic h on e i s willin g t o 
cal l  "rule "  presen t  withi n th e network .  I t  mus t  b e decide d 
what  kind s o f  representationa l  format s coun t  a s "rules "  an d 
whethe r  o r  no t  a  networ k exhibit s them .  Thi s i s a  tas k whic h 
require s rathe r  mor e spac e tha n w e hav e availabl e her e (bu t 
see Hahn ,  1996 ;  Hah n &  Chater ,  1998 )  s o w e wil l  limi t 
ourselve s t o a  fe w genera l  comments .  Th e first  i s  that ,  re-
gardles s o f  wha t  decision s on e make s o n requisit e formats , 
ther e i s no t  likel y t o b e a  generi c answe r  fo r  al l  connection -
is t  nets ,  du e t o th e generalit y o f  th e criteri a definin g connec -
tionis m an d th e flexibility  the y allow .  Accordingly ,  w e wil l 
limi t  ou r  o w n comment s t o on e particula r  architecture , 
namely ,  standar d backpropagatio n networks .  Eve n withou t 
attemptin g an y definitio n o f  "rule" ,  w e ca n as k what ,  i n suc h 
networks ,  i s  availabl e a s a  candidat e fo r  "rule" .  Becaus e rule -
followin g i s a  matte r  o f  causa l  effica y o f  a  particula r  repre-
sentationa l  format ,  a  prerequisit e i s tha t  putativ e candidate s 
be representational . 

Unfortunately ,  thos e part s o f  th e networ k whic h undoubt -
edl y ar e representationa l  i n natur e fai l  t o b e appropriat e can -
didate s fo r  othe r  reasons .  Bot h inpu t  an d outpu t  unit s i n a 
networ k clearl y satisf y th e "representational "  constraint ,  bu t 
the y ar e no t  th e component s tha t  matter :  an y cognitiv e 
model  assume s representation s o f  input s an d outputs ,  th e 
debat e i s entirel y abou t  wha t  i s i n between . 

Th e tw o candidate s "i n between "  ar e hidde n unit s an d 
weigh t  vectors .  Hidde n unit s see m a  poo r  candidat e fo r  rules , 
partl y becaus e the y simpl y rerepresen t  th e inpu t  i n a  wa y 
tha t  allow s proble m t o b e solve d b y linea r  mappin g from 
hidde n t o output .  Intuitively ,  hidde n unit s appea r  t o merel y 
be encodin g th e result s o f  intermediat e calculation s involve d 
i n mappin g fro m th e inpu t  t o th e output .  Bu t  th e questio n o f 
whethe r  a  syste m ha s rule s seem s t o b e concerne d wit h th e 
natur e o f  th e transformation s betwee n input ,  intermediat e 
representation s an d output ,  no t  wit h intermediat e representa -
tion s themselves .  Thus ,  hidde n unit s woul d see m t o b e th e 
wron g kin d o f  thin g t o b e candidat e rules .  Finally ,  i f  hidde n 
unit s representation s ar e candidat e rules ,  thi s woul d mea n 
tha t  network s wit h a  singl e laye r  o f  weight s coul d no t  follo w 
rules .  Thi s ha s th e puzzlin g consequenc e tha t  a  multilaye r 
networ k follow s rules ,  bu t  consist s o f  a  concatenatio n o f 
singl e laye r  network s whic h d o not . 

Th e standar d suggestio n concernin g rule s i n a  network ,  i s 
tha t  the y ar e encode d no t  i n th e hidde n units ,  bu t  i n th e 
weigh t  vectors .  Th e questio n here ,  however ,  i s  whethe r 
weigh t  vector s shoul d reall y b e viewe d a s representationa l  a t 
all .  I t  i s  c o m m o n t o spea k o f  "knowledge "  implici t  i n th e 
weigh t  vector ,  bu t  i s  ther e reaso n t o assum e tha t  a  purel y 
causal ,  non-representationa l  stor y abou t  weigh t  vector s i s no t 
enough ? Weight s ensur e tha t  activatio n flo w i s appropriate , 
i.e. ,  such ,  tha t  th e networ k get s th e mappin g right .  W h y 
shoul d thi s b e take n t o involv e a  statemen t  o f  th e regularity ? 
W h at  additiona l  generalization s abou t  networ k behavio r  be -
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c o me availabl e i f  on e wer e t o adop t  thi s view ? T o ou r 

knowledge ,  non e hav e bee n pu t  forward .  Thi s i s i n stron g 
distinctio n fro m a  classica l  rule-followin g system ,  lik e a n 
exper t  system ,  wher e th e rule s whic h th e syste m use s i n 
inferenc e provid e a  completel y differen t  leve l  o f  explanatio n 
from  th e causa l  stor y abou t  th e working s o f  th e underlyin g 
machinery . 

Thi s lead s t o th e genera l  questio n o f  w h y th e rule -
guided/rule-describal e distinctio n reall y matters .  F ro m th e 
poin t  o f  cognitiv e theory ,  ther e appear s t o b e a  consisten t  se t 
of  generalization s concernin g th e behavio r  whic h classica l 
rule-base d syste m exhibit :  e.g. ,  i t  i s  possibl e discretel y t o 
add i n extr a piece s o f  knowledg e t o a  rule-base d system , 
whic h wil l  the n interac t  wit h previousl y store d rules ;  th e 
syste m ca n lear n b y bein g "told "  suc h knowledge ,  rathe r  tha n 
learnin g fro m experience ;  an d i t  i s eas y t o achiev e generaliza -
tio n acros s extremel y disparat e items .  N o n e o f  thes e proper -
tie s appl y t o standar d backpropagatio n networks ,  whic h hav e 
a differen t  se t  o f  abilities ,  learnin g primaril y fro m experi -
ence ,  wher e informatio n i s accrue d incrementally ,  rathe r  tha n 
i n discret e packets ,  an d mos t  easil y generalizin g acros s simi -
la r  items .  Conversely ,  rule-base d system s hav e problem s i n 
Iccimin g from  experience ,  an d hav e difficult y learnin g "quasi -
regular "  mapping s whic h involv e regula r  an d exceptiona l 
cases ,  particularl y i f  suc h mapping s ar e governe d b y subtl e 
effect s o f  similarity .  Connectionis t  network s exce l  i n thes e 
domains .  Overall ,  then ,  i t  i s  no t  clea r  tha t  an y o f  th e impor -
tan t  theoretica l  generalization s associate d wit h rule-base d 
system s carr y ove r  t o standar d backpropagatio n networks ; 
hence ,  sayin g tha t  thes e network s "follow "  rule s inappropri -
atel y suggest s tha t  th e tw o kind s kind s o f  syste m shar e prop -
ertie s o n whic h the y actuall y differ . 

Ther e i s on e furthe r  interestin g assumptio n i n th e Elma n 
et  al .  quotation ,  namely ,  th e remar k tha t  fo r  merel y rule -
describabl e behavior ,  behavio r  onl y "accidentally "  accord s 
wit h th e rule .  O f  course ,  ther e nee d b e n o acciden t  abou t  th e 
fac t  tha t  behavio r  correspond s t o th e rule ;  planet s d o no t  ac -
cidentl y hav e th e orbit s posite d b y th e law s o f  physics .  I t  i s 
jus t  tha t  the y d o no t  us e a  statemen t  o f  thes e law s t o com -
put e thei r  orbits . 

Assumin g tha t  rule-descriptio n i s alway s onl y 
"accidentally "  connecte d t o observabl e behavio r  marginalize s 
th e explanator y impor t  tha t  rule-descriptio n to o ca n have . 
Issue s o f  explanator y relevance ,  seem ,  t o us ,  t o underl y th e 
misunderstanding s surroundin g Chomskia n linguistics ,  ou r 
secon d an d fma l  example . 

We hav e repeatedl y stresse d tha t  rule-followin g i s abou t  a 
particula r  kin d o f  explanatio n and ,  above ,  w e introduce d 
Searle' s comment s tha t  th e us e o f  rule s i n psychologica l 
explanatio n i s distinc t  fro m tha t  i n th e natura l  sciences . 
Thes e issue s deserv e furthe r  elaboration .  I t  i s tru e that ,  a s th e 
cas e o f  th e motio n o f  planet s shows ,  concis e statement s o f 
regularitie s ar e centra l  t o th e natura l  science s an d ther e at e 
unquestionabl y perceive d a s "explanatory" .  Crucia l  t o th e 
explanator y powe r  i s th e reductio n o f  a  comple x behavio r  t o 
a limite d numbe r  o f  variables .  Contrar y t o wha t  Searl e seem s 
t o suggest ,  thi s typ e o f  explanatio n ha s a  rol e i n psycholog y 
and Cognitiv e Scienc e a s well .  Shepard' s Universa l  L a w o f 
Generalizatio n (1987 )  claim s a  universa l  functio n underlyin g 

generalizatio n i n human s an d a  rang e o f  non-huma n specie s 

on a  variet y o f  tasks .  Similarly ,  "rationa l  analysis " 
(Anderson ,  1990 )  provide s a  for m o f  explanatio n no t  imme -
diatel y concerne d wit h mechanism .  Mos t  frequently ,  how -
ever ,  descriptiv e statement s o f  regularities ,  "weak "  use s o f 
rule ,  provid e a  for m o f  explanatio n whic h i s onl y partia l 
and ,  hence ,  incomplete . 

We ca n illustrat e thi s latte r  categor y wit h a  linguisti c ex -
ample ,  tha t  o f  th e Germa n gende r  system .  Linguisti c stud y 
and connectionis t  modellin g (se e Koepcke ,  1993 )  hav e iso -
late d phonolog y a s th e ke y facto r  determinin g th e assignmen t 
of  gende r  t o Germa n nouns .  Thi s ha s mad e i t  clea r  tha t  Ger -
m an gender ,  whic h wa s previousl y though t  t o b e arbitrary , 
is ,  i n fact ,  highl y systematic .  A  highl y comple x syste m an d 
correspondin g linguisti c behavio r  ar e reduce d t o a  singl e 
critica l  variable .  Discoverin g an d statin g thi s regularit y doe s 
"explain "  Germa n gender . 
•  F ro m a  cognitiv e perspective ,  however ,  w e hav e sai d tha t 
thi s i s alway s onl y a  first  step .  Statin g th e regularit y i s no t  a 
ful l  cognitiv e account ,  i.e. ,  a n accoun t  whic h explain s be -
havio r  i n term s o f  menta l  representation s an d procedures , 
simply ,  because—a s see n above—thi s regularit y migh t  b e 
exploite d b y th e cognitiv e syste m i n a  myria d o f  ways . 

Th e cognitiv e architectur e underlyin g knowledg e o f  gende r 
migh t  b e simpl e exempla r  storage ,  schema s whic h abstrac t 
familie s o f  simila r  word s int o mor e abstrac t  interna l  repre -
sentation s (Koepcke ,  1993 )  o r  set s o f  rules .  Al l  o f  thes e ar e 
conceptuall y distinc t  an d giv e ris e t o differen t  secondar y pre -
dictions .  I t  i s precisel y becaus e o f  thes e differen t  furthe r  pre -
diction s tha t  thes e issue s matte r  t o th e stud y o f  behavior . 
Finally ,  thi s ste p t o interna l  representation s an d procedure s 
matters ,  becaus e i t  provide s a  lithmu s tes t  fo r  th e regularit y 
i n question .  Th e "wrong "  regularity ,  e.g. ,  a  spuriou s cortela -
tion ,  wil l  ultimatel y yiel d onl y unsatisfyin g cognitiv e ac -
counts ,  hence ,  theorie s i n term s o f  representatio n an d proces s 
fee d bac k i n t o th e evaluatio n o f  particula r  descriptiv e ac -
counts . 

Al l  o f  thes e issue s pla y a  rol e i n th e continue d debat e 
abou t  Chomsky .  Chomskia n linguistics ,  whic h Chomsk y 
explicitl y  hold s t o b e concerne d wit h th e psycholog y o f  th e 
individua l  (Chomsky ,  1980 ,  1986) ,  aim s t o answe r  ques -
tion s abou t  th e natur e o f  linguisti c knowledg e throug h th e 
specificatio n o f  a  grammar ,  i.e. ,  a  descriptiv e accoun t 
(Chosmky ,  1986) .  Suc h a  gramma r  i s viewe d a s a  putativ e 
"bes t  theory "  fro m whic h w e ar e allowe d t o infe r  th e entitie s 
postulate d ar e "real" .  Thi s ste p from  descriptio n o f  regularity 
(grammar )  t o menta l  representation s i s jus t  th e ste p from 
regularit y t o rule-base d account ,  which ,  a s w e hav e seen ,  i s 
an inferenc e whic h require s furthe r  evidenc e t o b e justified . 
Whil e C h o m s k y doe s no t  se t  ou t  an y bound s o n "allowe d 
evidence "  fo r  wha t  constitute s ou r  bes t  theory ,  h e als o show s 
no positiv e sig n o f  interes t  i n th e typ e o f  additiona l  dat a on e 
need s t o resolv e architectura l  i n othe r  area s o f  cognition . 

I n fact ,  Chomsky' s "Knowledg e o f  Language "  (1986 ) 
show s considearbl e disdai n fo r  th e rule-guided/rule -
describeabl e distinction ,  a  stanc e whic h seem s t o ste m from 
th e assumptio n tha t  al l  th e har d work ,  a t  leas t  whe n i t  come s 
t o syntax ,  i s  discoverin g an d describin g th e salien t  regulari -
ties .  However ,  i f  successful ,  suc h a n accoun t  woul d hav e 
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explanator y value ,  bu t  i t  woul d stil l  no t  provid e al l  th e ex -
planatio n th e cognitiv e psychologit s desires .  Wha t  remains , 
th e secon d ste p fro m describin g regularit y t o bes t  model ,  i s 
substantive . 

Psychology' s experienc e wit h modelling ,  th e capacit y o f 
many model s t o produc e th e sam e over t  behaviour ,  ha s 
shown u s tha t  th e ste p fro m regularit y t o bes t  mode l  i s fa r 
fro m trivial ;  i t  i s  no t  a  mino r  lea p fro m regularit y t o interna l 
rule .  Understandin g cognitio n i n term s o f  mechanism s i s 
bot h harde r  an d mor e interestin g tha n onc e assume d an d re-
main s a  centra l  issu e o f  practica l  consequence—fo r  makin g 
sens e o f  behaviora l  dat a a s wel l  a s designin g artificia l  intelli -
gent  systems .  Fo r  thi s reason ,  th e rule-guided/rule -
describeabl e distinctio n continue s t o matter . 

Summary 

We hav e clarifie d an d justifie d th e distinctio n betwee n rule -
guide d an d rule-describeabl e behavior ,  a  distinctio n which , 
thoug h classical ,  continue s t o promp t  misunderstanding . 
Specifically ,  w e hav e argue d tha t  rule-followin g implie s tha t 
our  "bes t  theory "  o f  th e behavio r  i n questio n invoke s menta l 
representation s o f  th e salien t  regularit y governin g thi s behav -
io r  represente d i n requisit e format .  W e hav e discusse d wha t 
type s o f  evidenc e ar e relevan t  i n determin g ou r  "bes t  theory " 
and stresse d th e nee d fo r  commitmen t  t o a  particula r  leve l  o f 
descriptio n i f  debat e i s t o remai n substantive .  W e hav e note d 
tha t  thi s criterio n applie s equall y t o "public "  an d "private" , 
explici t  an d taci t  rules .  W e hav e als o show n h o w thi s classi c 
issu e surroundin g rule s is ,  i n fact ,  no t  particula r  t o rules ; 
rathe r  i t  i s a  genera l  corollar y o f  cognitiv e theories .  I t  i s  jus t 
tha t  i t  i s  particularl y confusin g i n th e context s o f  rules ,  be -
caus e th e distinctio n betwee n regularit y an d statemen t  o f 
regularit y i s easil y overlooke d ~ a fac t  whic h i s  exacerbate d 
by th e fac t  tha t  w e ca n s o easil y describ e regularitie s and , 
fro m there ,  generat e complet e rule-base d accounts .  W e hav e 
shown ho w th e rule-guided/rule-describeabl e distinctio n re-
late s t o explanatio n i n psychology .  Finally ,  w e hav e dis -
cusse d rule-followin g i n th e contex t  o f  connectionis t  net -
works ,  arguin g tha t  standar d backpropagatio n network s see m 
t o lac k suitabl e representationa l  candidate s an d w e empha -
size d tha t  i t  i s  th e carry-ove r  o f  empirica l  generalizations , 
gathere d i n year s o f  computationa l  an d experimenta l  research , 
tha t  i s  a t  stak e an d whic h make s th e distinctio n betwee n rule -
guide d an d rule-describeabl e wort h preserving . 
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Abstrac t 

Inflectiona l  morpholog y ha s figured  prominentl y no t  onl y i n 
debat e abou t  th e natur e o f  linguisti c knowledge ,  bu t  als o i n 
th e foundationa l  debat e betwee n proponent s o f  symboli c an d 
of  connectionis t  account s o f  cognition .  W e presen t  tw o ex -
periment s designe d t o tes t  prediction s o f  Tinker' s (1991 )  dual -
rout e accoun t  o f  inflection ,  th e centra l  componen t  o f  whic h i s 
a symboli c rule .  Contrar y t o th e prediction s o f  th e dual-rout e 
account ,  w e find  evidenc e o f  bot h frequenc y an d similarit y ef -
fect s o n th e regularizatio n o f  nove l  item s (i.e. ,  pseud o words) . 

I n t r o d u c t i o n 

Th e natur e o f  th e computationa l  processe s underlyin g inflec -

tiona l  morpholog y —e.g. ,  formin g th e pas t  tens e o r  a  plural — 

has bee n th e subjec t  o f  intens e debat e fo r  ove r  te n years . 

Rumelhar t  an d McClelland' s (1986 )  mode l  o f  pas t  tens e ac -

quisitio n challenge d lon g hel d view s abou t  th e natur e o f  lin -

guisti c knowledge .  A s a  connectionis t  model ,  i t  suggeste d 

an alternativ e t o th e notio n o f  symboli c rule s a s underlyin g 

linguisti c competence .  Rathe r  tha n generat e pas t  tens e form s 

throug h th e applicatio n o f  a  rul e suc h a s V  - > /ed /  th e net -

wor k learne d t o associat e ste m an d pas t  tens e form s throug h 

change s t o th e se t  o f  weighte d connection s linkin g ste m an d 

pas t  tens e representin g units .  Furthermore ,  thi s kin d o f  pat -

ter n associatio n governe d bot h regula r  (e.g. ,  wal k -  walked ) 

and irregula r  (e.g. ,  sin g -  sang )  forms ;  bot h wer e produce d 

withi n a  single ,  unifor m networ k architecture .  B y contrast , 

th e rul e accoun t  (i n it s  simples t  form )  assume d tha t  irregular s 

wer e store d i n lexica l  m e m o r y a s rote-learne d exception s an d 

thus ,  unlik e regula r  pas t  tens e forms ,  wer e no t  th e resul t  o f  a 

generativ e proces s a t  all . 

I n th e ensuin g debat e abou t  th e adequac y o f  a  connection -

is t  accoun t  o f  pas t  tens e acquisitio n an d productio n (Pinke r 

& Prince ,  1988 ;  Pinker ,  1991 ;  MacWh inne y &  Leinbach , 

1991;Plunkett&Marchman ,  1991,1993)[tonamebutafew] , 

Pinke r  (1991 )  propose d a  revise d versio n o f  th e rule-base d 

accoun t  whic h incorporate d aspect s o f  th e connectionis t  ex -

planation .  Specifically ,  Pinker' s "dual-rout e account "  o f  in -

flectional  morpholog y retain s th e ide a tha t  regula r  past-tens e 

productio n proceed s throug h applicatio n o f  a  symboli c rule , 

and tha t  irregula r  pas t  tens e form s ar e base d o n looku p i n lex -

ica l  memory ,  bu t  th e notio n o f  lexica l  m e m o r y i s enriche d b y 

an additiona l  patter n associato r  component .  Thi s patter n as -

sociato r  componen t  allow s phonologicall y  (i.e ,  sound- )  base d 

generalizatio n o f  irregula r  form s t o accoun t  fo r  th e empirica l 

finding  tha t  speaker s wil l  occasionall y produc e nove l  irregu -

la r  forms ,  suc h a s fo r  instanc e splin g -  splang ,  i n analog y t o 

sin g -  sang ,  rin g -  rang,... ,  whe n presente d wit h "nonce- "  o r 

"pseudo- "  word s (Bybe e &  Moder ,  1983) . 

Thus, the dual-route account assumes that regular and ir-

regula r  productio n proceed s vi a tw o separat e route s o r  sys -

tems :  irregula r  form s deriv e fro m lexica l  memory ,  wherea s 

regula r  pas t  tens e form s ar e no t  store d i n lexica l  memory ,  bu t 

generate d b y a  symboli c rule .  I n processing ,  th e tw o route s 

interac t  i n th e followin g way :  give n a  ste m t o inflect ,  lex -

ica l  m e m o r y i s first  searche d fo r  a n irregula r  entry ,  i f  non e 

i s foun d th e rul e i s use d t o generat e a  regula r  a s th e default . 

Becaus e o f  th e patter n associato r  component ,  a n irregula r  re -

spons e whic h block s rul e applicatio n ca n aris e eve n i f  ther e i s 

no specifi c  entr y fo r  th e ste m i n question ,  i f  th e wor d i s suffi -

cientl y simila r  t o othe r  store d irregular s t o elici t  a n irregula r 

respons e throug h generalization .  Consequently ,  th e accoun t 
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i s no t  onl y dual-rout e bu t  als o computationall y hybrid . 

I t  i s  th e debat e abou t  computationa l  architectur e — 

symboli c  vs .  connectionist — whic h ha s mos t  fuelle d inter -

est  i n inflectiona l  morpholog y an d ha s elevate d ih e issu e no t 

jus t  t o a  microcos m fo r  inquir y int o th e natur e o f  linguisti c 

knowledge ,  bu t  t o a  foca l  poin t  fo r  th e challeng e o f  Cognitiv e 

Science' s foundin g vie w o f  cognitio n a s symbo l  manipulatio n 

and mor e recen t  view s o f  cognitiv e computatio n i n connec -

tionis t  term s (Smolensky ,  1988 ;  Fodo r  &  Pylyshyn ,  1988) . 

Over  th e las t  decade ,  researc h ha s pu t  fort h a  variet y o f 

ways i n whic h th e dual-rout e accoun t  an d th e connectionis t 

single-rout e explanatio n migh t  b e empiricall y distinguished . 

We summariz e thes e i n th e nex t  section ,  befor e presentin g ou r 

own experiment s whic h see k t o addres s thi s issue . 

Previous Work 

Empirical support for single- or dual-route accounts has been 

sough t  i n a  numbe r  o f  ways .  Initia l  computationa l  wor k trie d 

t o demonstrat e tha t  adequat e performance ,  bot h wit h respec t 

t o accurac y o f  learnin g an d wit h respec t  t o putativ e develop -

menta l  pattern s —i.e. ,  so-calle d U-shape d learning — coul d 

be achieve d b y a  connectionis t  mode l  (Rumelhar t  &  M c -

Clelland ,  1986 ;  MacWhinne y &  Leinbach ,  1991 ;  Plunket t  & 

Marchman ,  1991 ,  1993) .  Replie s t o thi s wor k b y proponent s 

of  th e dual-rout e accoun t  ha s take n th e for m o f  detaile d cri -

tique s o f  mode l  performanc e (Pinke r  &  Prince ,  1988 )  an d o f 

ne w linguisti c dat a though t  problemati c o r  eve n impossibl e 

fo r  connectionis t  model s (Marcus ,  Pinker ,  Ullman ,  Rosen ,  & 

Xu,  1992 ;  Marcus ,  Brinkmann ,  Clahsen ,  Wiese ,  Woest ,  & 

Pinker .  1995 ;  X u &  Pinker ,  1995) . 

Most  recently ,  computationa l  researc h ha s provide d direc t 

comparison s o f  implemente d single -  an d dual-rout e models , 

result s o f  whic h fo r  a  variet y o f  language s favore d single -

ove r  dual-rout e model s (Nakis a &  Hahn ,  1996 ;  Hahn ,  Nakisa , 

& Plunkett ,  1997 ;  Nakisa ,  Plunkett ,  &  Hahn ,  1998) .  Thi s 

wor k ha s als o challenge d th e validit y o f  som e o f  th e intuitiv e 

argument s fro m linguisti c dat a provide d b y th e dual-rout e ac -

coun t  (Hah n &  Nakisa,) . 

The othe r  mai n lin e o f  empirica l  wor k ha s sough t  t o estab -

lis h differenc e betwee n regular s an d irregulars ,  whic h ar e t o 

be reflectiv e o f  th e tw o route s o n whic h the y depend .  Ver y 

recentl y thi s ha s involve d imagin g studie s whic h see k corre -

late s o f  regula r  an d irregula r  productio n directl y a t  th e leve l 

of  brai n functio n (Jaeger ,  Lockwood ,  Kemmerer ,  Valin ,  Mur -

phy ,  &  Khalak ,  1996 ;  Penke ,  Weyerts ,  Gross ,  Zander ,  Munte , 

& Clahsen ,  1997 ;  Seidenber g &  Hoeffner ,  1998) . 

However ,  mos t  o f  th e researc h seekin g t o establis h differ -

ence s betwee n regular s an d irregular s ha s focuse d o n lexi -

cal  variable s suc h a s frequenc y effect s (Clahsen ,  Eisenbeiss , 

& Sonnenstuhl-Henning ,  1997 ;  Ullman ,  1993 ;  Daughert y & 

Seidenberg .  1992) .  Becaus e th e dual-rout e accoun t  assume s 

lexica l  storag e onl y fo r  irregular ,  bu t  no t  fo r  regula r  inflecte d 

forms ,  onl y irregula r  pas t  tens e form s shoul d sho w frequenc y 

effect s o n th e tim e necessar y t o produc e them ,  i n lexica l  deci -

sio n task s o r  i n rating s o f  thei r  "naturalness" .  Thi s patter n o f 

result s ha s widel y bee n obtained ,  thoug h apparentl y no t  with -

out  exceptio n ((Seren o &  Jongman ,  1992 )  cite d i n Marcu s e t 

al .  1995) . 

Generalizatio n task s hav e als o bee n used .  Th e dual-rout e 

accoun t  invoke s similarity-base d generalizatio n (vi a th e pat -

ter n associato r  component )  onl y fo r  irregulars ,  wherea s ap -

plicatio n o f  th e symboli c rul e governin g regular s i s blin d t o 

th e particula r  soun d o f  a  word .  Thu s single -  an d dual-rout e 

prediction s fo r  suitabl y chose n nove l  word s differ .  Specif -

ically ,  irregula r  generalization ,  i.e. ,  productio n o f  irregula r 

form s fo r  nove l  items ,  shoul d sho w clea r  similarit y effects , 

give n tha t  generalizatio n i s base d o n simila r  soundin g irregu -

lar s i n th e lexicon .  B y contrast ,  regula r  generalizatio n shoul d 

lac k similarit y effects .  First ,  simila r  soundin g regula r  form s 

shoul d hav e n o influenc e o n generalizatio n becaus e the y ar e 

not  store d i n th e lexicon ,  an d thu s canno t  lea d t o th e lexicall y 

drive n generalizatio n vi a th e patter n associato r  componen t 

tha t  characterize s irregula r  generalization .  Second ,  becaus e 

th e symboli c rul e i s blin d t o wor d sounds ,  simila r  soundin g 

word s ca n hav e n o influenc e o n th e rule-rout e either .  Conse -

quently ,  regula r  generalizatio n shoul d b e independen t  o f  th e 

phonologica l  neighborhoo d o f  a n ite m (i.e. .  thos e word s sim -

ila r  i n sound )  an d shoul d b e possibl e eve n fo r  nonc e word s 

whic h bea r  n o similarit y t o know n word s suc h a s "ploamph" . 

Here ,  conflictin g result s hav e bee n obtained .  Th e first  stud y 

of  thi s kind ,  b y Prasad a an d Pinke r  (1993) ,  foun d significan t 

effect s o f  similarit y onl y fo r  irregular s bu t  no t  fo r  regulars ,  i n 

accordanc e wit h th e dual-rout e model .  A  furthe r  stud y b y Le e 

(1995) ,  however ,  foun d evidenc e o f  similarity-base d gener -

alizatio n bot h fo r  irregular s an d regulars ,  s o contradictin g th e 

dual-rout e predictions . 

I n summary ,  th e weigh t  o f  th e experimenta l  evidenc e wit h 

respec t  t o bot h frequenc y an d similarit y effect s seem s t o favo r 

th e dual-rout e account ,  thoug h result s hav e no t  bee n entirel y 

unequivocal .  Thi s i s somewha t  i n contras t  wit h th e result s 

of  ou r  ow n computationa l  investigation s o f  th e dual-rout e ac -

coun t  (Nakis a &  Hahn .  1996 ;  Hah n e t  al. ,  1997 ;  Nakis a e t  al. . 

1998 )  whic h hav e consistentl y faile d t o provid e evidenc e i n 

favo r  o f  th e dual-rout e account .  Thu s w e sough t  t o addres s 

thes e issue s wit h tw o experimenta l  studie s o f  ou r  own . 

Experiment 1 

The questio n addresse d i n thi s experimen t  wa s whethe r  o r  no t 

generalizatio n o f  regular s show s similarit y effects .  Specifi -

cally ,  doe s generalizatio n decreas e wit h increasin g distanc e 

of  th e phonologicall y closes t  know n regular .  Th e dual-rout e 

predictio n i s tha t  ther e shoul d b e similarit y effect s onl y fo r 

irregularization .  bu t  no t  fo r  regularization ,  becaus e regular s 

ar e generate d independentl y o f  th e lexico n vi a th e symboli c 

rout e (Prasad a &  Pinker .  1993) . 

Participants 

Participant s wer e 3 2 Warwic k Universit y undergraduate s o f 

w h o m 2 3 wer e female .  O n e participan t  wa s droppe d fro m 

th e stud y afte r  reportin g influence s o f  knowledg e o f  othe r  lan -

guages . 
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Mater ia l s 

Nonc e word s wer e automaticall y generate d base d o n 

phoneme transitio n probabilitie s fo r  ver b stem s i n English . 

For  th e entir e se t  o f  nonc e word s th e phonologica l  distanc e t o 

th e 1 5 neares t  verb s i n th e Englis h lexico n wa s established . 

Phonologica l  distanc e wa s measure d a s Euclidea n distanc e 

betwee n th e word s represente d a s vector s o f  phonologica l 

features .  Fo r  th e tes t  set ,  onl y item s fo r  whic h al l  o f  thes e 

15 neares t  neighbor s wer e regula r  wer e selected .  Further -

more ,  tes t  item s wer e selecte d t o for m 3  categories ,  'near' , 

'intermediate' ,  an d 'far' ,  dependin g o n th e distanc e o f  th e 

singl e neares t  neighbor .  Phonotacti c "goodness '  (phonem e 

transitio n probability )  wa s matche d i n sprea d acros s al l  thre e 

categories . 

Th e resultan t  tes t  se t  comprise d 7 2 nonc e word s wit h 2 4 

item s a t  eac h distance . 

Procedure 

Th e nonc e word s wer e presente d i n a  writte n elicitatio n task . 

The y wer e embedde d i n shor t  stor y passage s whic h ha d a n 

underline d blan k spac e a t  a n appropriat e poin t  o f  th e text . 

Participant s wer e aske d t o fill  i n thi s blan k wit h whateve r  in -

flected  for m o f  th e nonc e word ,  supplie d a t  th e beginnin g o f 

th e text ,  the y fel t  wa s appropriate .  Th e entir e questionnair e 

consiste d o f  eigh t  separat e passages ,  eac h accompanie d b y a 

lis t  o f  nin e nonc e word s (thre e fro m eac h clas s assigne d ran -

domly) .  Eac h nonc e wor d wa s accompanie d b y a  m a d e u p 

definitio n whic h fitted  th e text .  Onl y regula r  verb s wer e use d 

withi n th e definition .  Th e onl y irregula r  pas t  tens e use d i n th e 

stor y passage s wa s "was" .  Ther e wer e eigh t  differen t  version s 

of  th e questionnair e t o ensur e tha t  response s wer e no t  deter -

mine d b y th e orde r  o f  th e nonce-words ,  thei r  'definitions '  o r 

th e stor y passages :  eac h lis t  o f  nonce-word s wa s presente d 

wit h fou r  differen t  passage s an d definition s an d eac h lis t  ha d 

tw o differen t  rando m orders .  Apar t  fro m bein g liste d i n th e 

margi n o f  th e text ,  th e word s wer e als o presente d aurall y vi a 

audio-cassette . 

Results 

Contrar y t o th e prediction s o f  th e dual-rout e account ,  ther e 

wer e significantl y fewe r  regula r  response s fo r  item s o f  th e 

fa r  grou p tha n o f  th e nea r  grou p accordin g t o a  Wilcoxo n 

signe d rank s test ,  Z  =  3.882 ;  p  <  .001 .  Als o significan t  wer e 

th e difference s betwee n nea r  an d intermediat e group ,  Z  = 

3.163; p <  .05. ,  an d intermediat e an d far ,  Z  =  2.622 p <  .05 . 

Tha t  is ,  nonc e word s fo r  whic h th e neares t  (regular )  neigh -

bor  wa s close ,  elicite d mor e regula r  response s tha t  word s fo r 

whic h thi s neighbo r  wa s distant . 

Th e effec t  o f  distanc e wa s carrie d primaril y b y a n increas e 

i n "no-change "  form s (analogou s t o hi t  - > hit ,  a s oppose d to , 

e.g. ,  gri t  - ¥ gritted) -  Th e proportio n o f  no-chang e form s in -

crease d fro m 1 3 . 7 % t o 2 5 . 1 % fro m th e nea r  t o the/a r  group , 

Z =  2.948 ,  p  <  .05 ,  Wilcoxon' s signe d ranks . 

However ,  a n item s analysi s reveale d tha t  thi s effec t  wa s 

carrie d b y (an d significan t  onl y for )  thos e nonc e word s endin g 

i n denta l  stop s (/t /  an d /d/) .  Ther e wer e n o significan t  effect s 

onc e thes e item s wer e removed ,  thoug h result s approache d 

significance . 

Discussion 

W h at  doe s thi s resul t  imply ? First ,  eve n i n it s restrictio n t o 

denta l  stop s i t  contradict s th e dual-rout e account .  A s outline d 

above ,  th e rule-rout e i s blin d t o phonology .  Thu s word s end -

in g i n denta l  stop s shoul d b e treate d n o differen t  tha n an y 

othe r  sequenc e o f  sounds .  Consequently ,  ther e shoul d b e n o 

effec t  o f  distanc e t o th e neares t  (regular )  neighbor . 

No-chang e forms ,  th e respons e tha t  primaril y drive s th e ef -

fec t  i n ou r  data ,  ar e strang e i n tha t  the y migh t  see m t o indi -

cat e no t  a  particula r  irregula r  respons e (a s found ,  fo r  instance , 

wit h hi t  - > hit )  bu t  a  failur e t o inflect .  However ,  her e the y 

canno t  plausibl y b e pu t  d o w n t o a  simpl e failur e t o understan d 

th e task ,  becaus e thi s provide s n o rational e fo r  w h y the y occu r 

mor e frequentl y a s a  functio n o f  distanc e t o th e neares t  neigh -

bor .  If ,  however ,  the y ar e viewe d a s a  simpl e refusa l  t o inflect , 

the n thi s to o contradict s th e prediction s o f  th e account ,  agai n 

becaus e al l  string s ar e equa l  a s potentia l  regulars . 

I t  r S wort h mentionin g agai n tha t  th e Englis h lexico n doe s 

contai n regular s endin g i n denta l  stops ,  suc h a s pi t  - ^  pitte d 

or  fli t  - > flitted ,  thoug h m a n y ar e irregular ,  eithe r  involv -

in g interna l  vowe l  changes ,  sit ,  spit ,  o r  nochang e hit ,  slit , 

split .  I t  i s  als o wort h emphasising ,  tha t  thes e result s d o no t 

see m explicabl e a s arisin g fro m analogie s t o know n irregu -

lars ,  a t  leas t  a t  th e leve l  o f  stem-similarity ,  give n tha t  th e 1 5 

neares t  neighbor s o f  eac h ite m wer e regular . 

Th e mos t  likel y explanatio n fo r  th e particula r  sensitivit y 

wit h respec t  t o denta l  stop s seems ,  a t  leas t  t o us ,  t o b e tha t 

item s endin g i n denta l  stop s alread y loo k lik e pas t  tens e 

forms ,  an d tha t  th e reluctanc e t o ad d th e regula r  affi x  i s  no t 

base d o n confusio n bu t  o n wha t  th e literatur e ha s calle d prod -

uct  oriente d considerations .  O n e stran d o f  recen t  wor k o n 

inflectiona l  morpholog y (e.g. ,  Koepcke ,  1993 ;  Bybee ,  199 5 ) 

has emphasise d tha t  inflectio n i s characterize d no t  onl y b y 

analog y betwee n sourc e (i.e. ,  stem )  forms ,  bu t  als o influ -

ence d b y consideration s abou t  "goodness "  o f  outpu t  o r  prod -

uct  an d b y analogie s betwee n produc t  (i.e. ,  inflected )  form s 

suc h a s know n pas t  tenses .  Trace s o f  product-orientatio n 

hav e bee n identifie d i n diachroni c contexts ,  bu t  hav e als o 

bee n invoke d fo r  explanation s o f  productio n (Bybee ,  1995 ; 

Koepcke ,  1993) .  W e hav e als o note d improve d model-fit s 

throug h th e incorporatio n o f  outpu t  oriente d consideration s i n 

our  modellin g o f  Germa n inflectio n (Hah n an d Nakisa ,  1997) . 

Th e dat a w e presente d her e strik e u s a s evidenc e o f  product -

oriente d consideration s i n a n experimenta l  setting . 

Becaus e the y ar e on e contributin g factor ,  produc t  oriente d 

consideration s ca n b e overridde n b y similaritie s betwee n 

stems ,  thu s leadin g t o a  lesse r  proportio n o f  no-chang e form s 

among th e item s wit h clos e regula r  phonologica l  neighbor s 

as foun d i n ou r  dat a set . 

I f  on e accept s thi s explanatio n o f  ou r  results ,  the n the y si -

multaneousl y provid e a  secon d sourc e o f  evidenc e agains t 

th e dual-rout e account .  Th e dual-rout e accoun t  i s base d 

entirel y o n th e ide a o f  inflectiona l  processe s operatin g o n 
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stems .  Ther e i s n o plac e i n th e accoun t  wher e consideration s 

abou t  product s (outputs )  coul d com e int o play .  Crucially ,  thi s 

stem+proces s orientatio n i s  share d b y connectionis t  model s 

i n tha t  they ,  too ,  typicall y mode l  inflectio n a s th e tas k o f  as -

sociatin g inpu t  (stem )  an d outpu t  (pas t  tense )  forms . 

Viewe d i n thi s ligh t  ou r  result s woul d see m ad d t o a n in -

creasin g bod y o f  evidenc e fo r  th e rol e o f  product-oriente d 

considerations ,  an d thu s sugges t  a  reorientatio n i n th e con -

ceptio n o f  th e tas k whic h affect s bot h dual-rout e accoun t  an d 

curren t  connectionis t  single-rout e models . 

I n summary ,  th e experimenta l  result s sho w distanc e effect s 

(albei t  fo r  denta l  stop s only )  whic h contradic t  th e dual-rout e 

account ,  and ,  furthermor e th e particula r  patter n obtaine d her e 

—prevalenc e o f  no-chang e f o r m s — w e interpre t  a s evidenc e 

of  "product-oriented "  considerations ,  whic h themselve s con -

tradic t  th e stem+proces s orientatio n o f  th e dual-rout e ac -

count . 

Experiment 2 

The question addressed by our second experiment is whether 

or  no t  regularizatio n o f  nonc e word s i s  affecte d b y th e fre -

quenc y o f  th e mos t  simila r  rea l  regula r  ite m i n th e lexicon . 

Becaus e regula r  productio n i n th e dual-rout e accoun t  i s in -

dependen t  o f  th e lexico n (regula r  form s ar e generate d b y th e 

symboli c rule )  th e propertie s o f  extan t  regula r  words ,  suc h 

as thei r  frequency ,  shoul d b e irrelevan t  t o th e productio n o f 

regula r  form s fo r  bot h word s an d nonce-words . 

The specifi c wa y w e addres s thi s questio n i s b y examinin g 

whethe r  rating s o f  "naturalness "  fo r  regularize d nonc e word s 

ar e influence d b y th e frequenc y o f  thei r  mos t  simila r  lexica l 
neighbor . 

Participants 

The participant s wer e 4 7 Universit y o f  Oxfor d undergradu -

ates ,  wit h approximatel y equa l  number s o f  mal e an d femal e 
students . 

Materials 

Nonce word s wer e generate d b y changin g phonologica l  fea -

ture s o f  rea l  monosyllabi c word s ('prototypes') .  Word s wer e 

generate d fro m bot h regula r  an d irregula r  prototypes .  Th e 

chose n prototype s displaye d a  rang e o f  differen t  frequencie s 

as documente d i n th e C E L E X database .  ̂  Nonc e word s wer e 

forme d a t  tw o level s o f  distance :  eithe r  throug h chang e o f  a 

singl e phonologica l  featur e ('distanc e 1') ,  o r  throug h chang e 

of  tw o phonologica l  feature s ('distanc e 2') -  17 1 nonc e word s 

wer e generate d i n total ,  o f  whic h eac h participan t  sa w 36 .  O f 

thes e 36, 9 eac h wer e word s wit h irregular-prototype/distanc e 

1,  irregular-prototype/distanc e 2 ,  regular-prototype/distanc e 

1,  an d regular-prototype/distanc e 2 .  Withi n eac h o f  thes e 

4 group s o f  9  nonc e words ,  3  wer e generate d fro m a  high -

frequenc y prototype ,  3  fro m a  medium-frequenc y prototyp e 

and 3  from  a  low-frequenc y prototype . 

'CELE X ca n b e obtaine d b y contactin g celex@mpi.nl . 

Procedur e 

Stimul i  wer e presente d i n writte n form ,  i n a  questionnair e 

whic h wa s sen t  ou t  t o participants .  Th e questionnair e pro -

vide d a  brie f  sententia l  contex t  fo r  eac h word ,  alon g wit h a n 

irregula r  optio n an d a  regula r  optio n fo r  eac h word .  Fo r  ex -

ample , 

• At the moment I spling 

L a s t  y e a r  I  splun g 

L a s t  y e a r  I  splinge d 

Participant s wer e aske d t o indicat e th e naturalnes s o f  th e 

soun d o f  bot h o f  th e pas t  tens e form s b y circlin g th e appro -

priat e numbe r  o n a  ratin g scal e fro m 1  ("reall y bad "  o r  "un -

natural" )  t o 7  ("sound s perfectl y goo d an d natural") . 

Results 

The crucia l  questio n t o b e aske d wa s whethe r  th e frequenc y 

of  th e regula r  prototyp e affecte d th e regula r  ratin g o f  a  nonc e 

word .  Thu s w e restric t  ou r  analysi s her e t o regula r  prototype s 

and regula r  ratings . 

Stepwis e multipl e regressio n reveale d significan t  effects ,  a t 

th e leve l  o f  p  <  .01 ,  fo r  distance ,  an d log-frequency ,  a s wel l 

as a n interactio n betwee n distanc e an d frequency :  first,  th e 

mai n effec t  o f  distance ,  t  =  2.84 ,  p  <  .0045 ,  an d bot h log -

frequenc y t  =  3.81 ,  p  <  .000 2 an d square d log-frequenc y 

as a  non-linea r  term ,  t  =  -4.43, p <  .000 0 and ,  finally,  a 

significan t  linea r  interactio n betwee n frequenc y an d distanc e 

t  =  -2.52,p<.0121 . 

Accordin g t o thi s interaction ,  i f  a  nonc e wor d i s ver y close , 

i.e. ,  on e phonologica l  featur e awa y fro m th e prototyp e (dis -

tanc e 1) ,  goodnes s rating s increas e togethe r  wit h prototyp e 

frequency .  Fo r  nonc e word s tha t  ar e slightl y les s clos e t o 

thei r  mos t  simila r  neighbor ,  i.e. ,  2  phonologica l  feature s fro m 

th e prototyp e (distanc e 2) ,  goodnes s rating s decreas e a s fre -

quenc y increases . 

Discussion 

Thes e findings,  too ,  contradic t  th e prediction s o f  th e dual -

rout e account .  Becaus e regula r  past-tens e form s ar e no t  as -

sumed t o b e store d i n th e lexico n a t  all ,  bu t  generate d vi a th e 

rule-route ,  frequenc y o f  th e regula r  prototyp e shoul d hav e n o 

impact . 

The frequency-distanc e interaction ,  too ,  i s  interestin g a s 

i t  provide s a  rational e fo r  wh y significan t  result s migh t  b e 

misse d i n studie s o f  thi s kind ,  simpl y becaus e overal l  effect s 

acros s differen t  phonologica l  distance s migh t  cance l  out .  Fur -

thermore ,  i t  raise s interestin g question s a s t o it s cause .  O n e 

possibl e explanatio n i s tha t  generalizatio n gradient s becom e 

steepe r  wit h increase d frequenc y a s illustrate d i n Fig .  1 . 

Thi s coul d b e a  wa y o f  interpretin g Bybee' s (1995 )  sug -

gestion s tha t  lexica l  representatio n varie s a s a  functio n o f  to -

ke n frequency .  Bybe e (1995 )  suggest s tha t  lexica l  entrie s dif -

fe r  i n lexica l  strengt h whic h affect s eas e o f  access ,  abilit y t o 

serv e a s th e basi s o f  morphologica l  relations ,  an d resistanc e 
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Figur e 1 :  Effect s o f  frequency  an d distanc e o n generalization . 

to change. Bybee relates this to morphological generalization 

throug h th e ide a o f  lexicall y base d schemas ,  whic h emerg e 

from  lexica l  connection s betwee n lexica l  items .  Set s o f  word s 

wit h simila r  pattern s o f  semanti c an d phonologica l  connec -

tion s reinforc e eac h othe r  t o creat e emergen t  genera l  pattern s 

or  schema s t o whic h nove l  item s ca n b e assimilated .  Th e 

greate r  lexica l  strengt h o f  hig h token-frequenc y item s lead s 

t o greate r  lexica l  autonomy ,  whic h i s reflecte d i n weake r  lex -

ica l  connection s t o othe r  items ,  yieldin g onl y a n extremel y lo -

calize d an d specifi c  schema ,  wit h th e ne t  resul t  o f  depresse d 

generalization . 

The specific s o f  ou r  result s  ar e no t  compatibl e wit h sugges -

tion s tha t  regula r  productivit y  i s base d o n a n entirel y open , 

genera l  /ed /  schem a (Bybee ,  1995 )  whic h applie s virtuall y 

independentl y  o f  lexica l  distributio n Bu t  the y ar e compatibl e 

wit h th e ide a tha t  highe r  frequenc y lead s t o greate r  'speci -

ficity'  o f  lexica l  representatio n an d thu s a  narrowe r  neighbor -

hood o f  potentia l  generalization . 

Thes e issue s clearl y requir e furthe r  exploration ,  bu t  agai n 

the y sugges t  tha t  futur e researc h migh t  profitabl y mov e be -

yon d th e broa d dual-rout e vs .  single-rout e debat e t o mor e 

intricat e model s o f  lexically-base d generalization . 

Conclusions 

We describe d tw o experimenta l  studie s whic h reveale d simi -

larit y effect s (experiment s 1  an d 2 )  an d frequenc y effect s (ex -

perimen t  2 )  o n regula r  generalization .  Thes e effect s conflic t 

wit h th e dual-rout e account' s clai m tha t  regular s ar e produce d 

independentl y o f  th e lexico n vi a a  separat e rule-route . 

We hav e als o foun d interaction s betwee n toke n frequenc y 

and phonologica l  distanc e an d propose d a n intuitiv e accoun t 

fo r  thi s  i n th e spiri t  o f  Bybee' s (1995 )  proposal s abou t  lexica l 

strength . 

Finally ,  w e hav e argue d tha t  Experimen t  1  provide s exper -

imenta l  evidenc e fo r  product-oriente d consideration s i n par -

ticipants '  treatmen t  o f  nonc e word s endin g i n denta l  stops . 

These consideration s conflic t  wit h th e genera l  stem+proces s 

orientatio n o f  th e dual-rout e account ,  a n orientatio n tha t  i t 

share s wit h curren t  connectionis t  modellin g o f  inflection . 

Thi s seems ,  t o us ,  t o coincid e wit h a n increasin g bod y o f 

evidenc e fo r  product-oriente d considerations ,  bot h fro m the -

oretica l  analysi s an d fro m computationa l  modelling ,  an d t o 

sugges t  a  ke y directio n fo r  futur e wor k o n inflection . 
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Abst rac t 

We describe an experimental investigation of the 
developmen t  o f  children' s knowledg e stmcture s whic h aim s 
t o provid e dat a fo r  connectionis t  modelling .  16 7 childre n 
betwee n 5  an d 1 1 year s o f  ag e complete d tw o categor y 
fluenc y task s wher e the y wer e aske d t o produc e a s man y 
names o f  a )  animal s an d b )  part s o f  th e body ,  a s the y coul d 
i n on e minute .  Similarit y score s wer e derive d base d o n 
distance s betwee n concept s i n th e list s produced .  Thes e 
wer e analyse d usin g th e ADDtre e algorith m (Sattat h & 
Tversky ,  1977 )  t o buil d structure s representin g th e 
organisatio n o f  th e children' s knowledg e o f  animal s an d 
bod y parts .  Th e result s showe d tha t  anima l  knowledg e wa s 
generall y organise d i n term s o f  environmenta l 
context/habitat ,  however ,  ther e wa s evidenc e fo r  subtl e 
change s i n knowledg e organisatio n betwee n ag e groups. 
Mor e pronounce d change s wer e observe d i n th e 
organisatio n o f  knowledg e o f  bod y part s whic h gav e som e 
suppor t  t o th e assertio n tha t  childre n progres s fro m 
makin g coarse r  t o makin g fme r  distinction s betwee n 
concept s (se e Keil ,  1979 )  an d reflecte d th e progressio n 
observe d i n knowledg e structur e developmen t  i n a 
connectionis t  mode l  o f  semanti c memor y discusse d b y 
McClelland ,  McNaughto n an d O'Reill y  (1995) .  Ou r  ai m i s 
t o exten d thi s wor k t o provid e dat a enablin g connectionis t 
modellin g o f  semanti c memor y withi n a  developmenta l 
framework . 

Introduction—Connectionist Modelling of 

Semanti c M e m o r y Developmen t 

Recent  year s hav e see n muc h interes t  i n th e us e o f 
connectionis t  modellin g t o investigat e th e structur e an d 

functio n o f  semanti c m e m o r y (e.g .  Hinto n &  Shallice , 

1991 ;  McClelland ,  McNaughto n &  O'Reilly ,  1995 ;  M c R a e , 

de S a &  Seidenberg ,  1997 ;  Plaut ,  1995 ;  Rumelhart ,  1990 ; 

Rumelhar t  &  Todd ,  1992) .  Thi s wor k ha s bee n base d o n 

knowledg e o f  adul t  semanti c memory ,  wit h trainin g set s 

derive d fro m adul t  data ,  an d ha s investigate d th e organisatio n 

and functionin g o f  th e establishe d semanti c syste m an d th e 

effect s o f  brai n damag e o n thi s syste m (e.g .  Fara h & 

McClelland ,  1991 ;  Hinto n &  Shallice ,  1991 ;  Plau t  & 

Shallice ,  1986) .  Thi s i s  valuable ,  insofa r  a s i t  aid s 

understandin g o f  a n adult' s  semanti c system ,  however ,  i t 

generall y shed s littl e ligh t  o n h o w thi s syste m develop s i n 

children .  O n e exceptio n i s th e wor k o f  McClellan d e t  al . 

(1995 )  w h o dra w parallel s betwee n th e developmen t  o f  a n 

interna l  knowledg e structur e i n thei r  mode l  ( a replicatio n o f 

Rumelhar t  &  Todd ,  1992 )  an d observation s fro m 

developmenta l  psycholog y (se e later) .  Thes e parallel s ar e 

draw n pos t  hoc ,  however ,  a s thi s mode l  wa s no t  designe d o r 

traine d wit h th e expres s intentio n o f  investigatin g 

developmen t  i n semanti c memory .  Th e valu e o f 

connectionis t  modellin g technique s i n investigatin g 

developmenta l  processe s i s  wel l  recognise d (Elma n e t  al. , 

1996) .  I t  i s  clea r  tha t  th e stud y o f  semanti c memor y wit h 

connectionis t  model s ca n benefi t  fro m a  developmenta l 

perspectiv e usin g dat a firo m wor k o n chil d memor y fo r 

networ k trainin g an d behaviou r  comparison . 

A developmenta l  approac h t o semanti c memor y modellin g 

shoul d als o improv e ou r  understandin g o f  th e effec t  o f  a 

child' s knowledg e bas e o n learnin g processe s an d cognitiv e 

performanc e (se e Bjorklund ,  1987 ;  Schneider ,  Korke l  & 

Weinert ,  1989 ;  Schneider ,  Korke l  &  Weinert ,  1990) .  A s 

Grub e an d Hasselhor n (1996 )  poin t  out ,  althoug h th e impac t 

of  change s i n th e knowledg e bas e ar e wel l  documented ,  littl e 

i s understoo d abou t  h o w exactl y suc h change s exer t  thei r 

effect .  O n e possibilit y i s  tha t  quantitativ e increase s i n a 

child' s knowledg e bas e lea d t o qualitativ e change s i n th e 

structur e o f  interna l  knowledg e representations ,  i n tur n 

affectin g th e child' s performanc e o n task s tappin g thi s 

knowledge .  Ther e i s  m u c h evidenc e fo r  suc h change s 

betwee n 4  an d 1 0 year s o f  age .  Children' s conceptua l 

representation s underg o shift s fro m bein g concret e t o mor e 

abstrac t  betwee n thes e age s (e.g .  Keil ,  1989 ;  Vygotsky , 

1962) .  Care y (1985 )  observe d marke d change s i n th e 

inductiv e inference s childre n wil l  mak e abou t  biologica l 

kinds ,  whil e Kei l  (1979 )  demonstrate d a  gradua l  chang e from 

childre n makin g coarse r  t o thei r  makin g finer  distinction s 

betwee n concepts ,  reflecte d i n thei r  abilit y  t o correctl y decid e 

whic h term s (o r  features )  coul d b e attribute d t o certai n 

concepts .  I t  wa s t o th e latte r  progressio n tha t  McClellan d e t 

al .  (1995 )  dre w parallel s wit h th e developmen t  o f  conceptua l 

knowledg e structure s i n thei r  connectionis t  model .  Figur e 1 
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illustrate s ou r  o w n replicatio n o f  thi s stud y w h i c h use d th e 

s a me th e networ k architectur e an d trainin g schedul e a s 

reporte d b y McClel lan d e t  al .  T o ai d compar iso n wit h dat a 

f ro m developmenta l  studie s reporte d late r  i n th e paper ,  a n 

A D D t r e e analysi s (Sattat h &  Tverksy ,  1977 )  i s  s h o w n her e 

fo r  th e relationship s be twee n concep t  representation s forme d 

i n th e hidde n uni t  weight s o f  th e network .  A s illustrate d i n 

th e figur e ther e i s a  clea r  progressio n f ro m coarse r  t o finer 

distinction s betwee n concept s a s trainin g proceeds .  Thi s i s 

indicate d b y th e distinc t  cluster s o f  animal s an d plant s wh ic h 

ar e no t  presen t  a t  5 0 epochs ,  develo p b y 10 0 epochs ,  an d ar e 

m o st  pronounce d a t  2 0 0 epochs .  B y th e final  stage s o f 

trainin g th e conceptua l  structur e i s  als o furthe r  refine d wit h 

birds ,  fish,  trees ,  an d flowers  clearl y differentiated . 

epoc h 5 0 

pin e 

oak 
dais y 

• sunfish 
canar y 

robi n 
salmo n 

epoc h 10 0 

oak 
pin e 

dais y 
-  canar y 

robi n 
salmo n 

sunfis h 

epoc h 20 0 

oak 
pme 

dais y 
canar y 
robi n 

salmo n 
sunfis h 

Figur e 1 :  A D D t r e e analysi s o f  hidde n uni t  weight s i n a 

connectionis t  m o d e l  o f  semanti c m e m o r y .  T h e distanc e 

betwee n item s i s  indicate d b y th e lengt h o f  th e horizonta l 

arc s i n th e pat h joinin g them .  T h e lengt h o f  th e ar c joinin g 

a cluste r  t o th e res t  o f  th e tre e give s a n indicatio n o f  th e 

distinctivenes s o f  tha t  cluster .  T h e roo t  i s chose n t o giv e th e 

most  balance d tre e possible .  Se e Sattat h &  Tverks y (1977 ) 

fo r  a  ful l  descriptio n o f  A D D t r e e s ,  an d McCle l lan d e t  al . 

(1995 )  fo r  descriptio n o f  networ k architectur e an d trainin g 

schedule . 

The method used to judge concept similarity is quite 

different ,  however ,  i n thi s connectionis t  m o d e l  (comparin g 

interna l  distribute d representations )  f r o m tha t  use d i n Keil' s 

(1979 )  developmenta l  stud y (askin g childre n t o judg e 

whethe r  a  featur e applie s t o a  concept ,  e.g .  'ca n mi l k b e 

alive?' ,  the n compar in g featur e attributions) .  Th i s renders 

th e compar iso n betwee n th e t w o studie s s o m e w h a t  indirect . 

O ur  implementatio n o f  th e m o d e l  w a s extende d t o includ e a 

measur e o f  respons e latenc y (th e cascad e m e c h a n i s m 

develope d b y McCle l land ,  1979 )  tha t  allowe d u s t o 

investigat e semanti c pr imin g effect s (fo r  detail s se e Hartley , 

i n prep.) .  Thes e experiment s demonstrate d tha t  semanti c 

pr imin g i n th e m o d e l  i s  particularl y sensitiv e t o th e 

type/toke n distribution s o f  conceptua l  an d featura l 

informatio n i n th e trainin g s e t — inappropriat e distribution s 

generat e pr imin g effect s quit e differen t  f r o m thos e describe d 

i n th e h u m a n pr imin g literature .  T h e dat a se t  use d fo r 

trainin g th e ne twor k b y McC le l l an d e t  al .  an d ourselve s w a s 

no t  influence d a t  al l  b y distribution s obtaine d f ro m eithe r 

adul t  o r  chil d data .  T h e s e observation s sugges t  tha t  th e 

curren t  m o d e l  ca n provid e onl y limite d insigh t  int o th e 

operatio n an d deve lopmen t  o f  chil d semanti c m e m o r y . 

O ur  proposa l  i s  t o investigat e connectionis t  m o d e l s o f 

semanti c m e m o r y withi n a  m o r e explicitl y  developmenta l 

f ramework—tra in in g m o d e l s o n dat a collecte d f r o m studie s 

wit h children ,  an d evaluatin g t h e m b y direc t  compar iso n 

wit h behaviora l  measures .  T h e m a i n stud y describe d i n thi s 

pape r  present s th e result s o f  a  categor y fluency  stud y 

illustratin g th e deve lopmen t  o f  children' s know ledg e 

structure s fo r  th e animal s an d bod y part s categories .  T h e 

result s o f  thi s stud y ar e currentl y bein g extende d wit h a 

serie s o f  experiment s o n children' s concep t  an d featur e 

know ledg e i n orde r  t o provid e developmenta l  dat a fo r  futur e 

connectionis t  modelling . 

The Category Fluency Task 

Th e categor y (semantic )  fluency  tas k ha s bee n use d i n 

severa l  studie s investigatin g th e developmen t  o f  knowledg e 

organisatio n i n childre n (e.g .  Grub e &  Hasselhom ,  1996 ; 

Kai l  &  Nippold ,  1984 ;  Storm ,  1980) .  Thi s procedur e 

require s participant s t o generat e a s man y exemplar s o f  a 

categor y a s possibl e i n a  give n lengt h o f  time .  I t  m a y b e 

assume d tha t  whe n a  wor d o r  concep t  i s activate d (generated) , 

i t  wil l  i n tur n activat e othe r  word s o r  concept s whic h ar e 

semanticall y simila r  o r  associativel y relate d t o it .  Suc h a n 

assumptio n i s wel l  supporte d b y evidenc e fro m numerou s 

semanti c primin g studie s (se e Neely ,  1991) .  Th e orde r  i n 

whic h word s ar e recalle d ca n therefor e b e assume d t o indicat e 

th e psychologica l  proximit y o f  th e item s produced .  Henle y 

(1969 )  provide d evidenc e t o suppor t  thi s assumptio n b y 

demonstratin g tha t  animal s o f  clos e psychologica l  proximit y 

ar e name d i n close r  proximit y i n lists . 

Fluenc y studie s hav e generall y concentrate d o n th e 

categor y o f  animals ,  a s on e whic h i s familia r  t o mos t 

children .  I n additio n t o increase d productio n frequency  wit h 

age ,  th e findings  hav e typicall y show n a  tendenc y fo r  th e 

children' s response s t o b e clustere d base d o n 

habitat/environmenta l  contex t  (e.g .  thos e whic h liv e o n 

farms ,  thos e f ro m tropica l  place s etc. )  an d fo r  olde r  childre n 

t o produc e large r  clusters .  G r u b e an d Hasselhor n (1996) ,  an d 

Sto r m (1980 )  observe d olde r  childre n t o us e a  greate r  n u m b e r 

o f  stron g inter-ite m association s (e.g .  lion-tiger )  i n thei r 
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responses .  Thes e result s certainl y sugges t  quantitativ e 

change s i n th e child' s knowledg e base ,  bu t  provid e limite d 

insigh t  int o change s i n knowledg e structures .  Stor m (1980 ) 

attempte d t o find  evidenc e fo r  developmenta l  chang e i n th e 

structur e o f  children' s knowledg e o f  animals ,  however ,  sh e 

was unabl e t o sho w an y substantia l  difference s i n 

organisatio n o f  concep t  cluster s betwee n age s 5  t o 1 1 years . 

Th e presen t  stud y wa s stimulate d b y th e nee d t o provid e 

dat a o n th e developmen t  o f  interna l  knowledg e structure s t o 

be compare d t o tha t  obtaine d fro m existin g an d futur e 

connectionis t  models .  However ,  i t  wa s als o motivate d b y 

th e curiou s fac t  tha t  Storm' s (1980 )  stud y ha d faile d t o sho w 

any progressio n (fro m coarse r  t o finer  detail )  i n childre n aki n 

t o tha t  describe d b y McClellan d e t  al .  (1995) ,  o r  tha t  migh t 

be expecte d give n Keil' s  (1979 ,  1989 )  findings.  Ther e ar e 

severa l  reason s w h y thi s migh t  hav e bee n th e case . 

First ,  Stor m analyse d concept s whic h a  majorit y o f 

childre n wer e show n t o b e abl e t o name ,  i n a  separat e pictur e 

namin g task ,  rathe r  tha n thos e whic h ha d occurre d wit h hig h 

frequenc y durin g th e fluenc y task .  Sinc e pictur e namin g 

involve s somewha t  differen t  memoria l  processe s (visua l 

recognitio n an d wor d recall )  tha n concep t  generatio n thi s 

coul d hav e a n influenc e o n th e patter n o f  result s obtained . 

Th e presen t  stud y therefor e focuse s o n th e mos t  frequen t 

response s mad e durin g th e categor y fluency  tas k acros s ag e 

groups . 

Second ,  knowledg e o f  animal s develop s earl y i n childre n 

(Clark ,  1995) ,  s o i t  i s  possibl e that ,  b y th e tim e Stor m 

teste d he r  subjects ,  a  developmenta l  progressio n i n 

conceptua l  knowledg e ha d alread y take n place ,  eve n fo r  th e 

younges t  children .  Late r  change s m a y b e somewha t  subtl e 

and therefor e mor e difficul t  t o detect .  T o addres s thi s issue , 

some researcher s hav e attempte d t o asses s th e conceptua l 

knowledg e o f  childre n belo w schoo l  ag e an d o f  infant s (e.g . 

Gelman ,  1988 ;  Mandler ,  1993 ;  Oakes ,  Coppag e &  Dingel , 

1997) .  Althoug h th e result s o f  thes e studie s hav e bee n o f 

grea t  value ,  ther e ar e recognise d difficultie s i n assessin g th e 

breadt h o f  a  child' s knowledg e give n th e communicatio n 

problem s tha t  aris e wit h childre n o f  thi s age .  Th e curren t 

stud y therefor e too k a  differen t  approach ,  whic h wa s t o 

investigat e a  secon d categor y o f  conceptua l  knowledge ,  tha t 

of  huma n bod y parts ,  whic h m a y continu e t o develo p late r 

i n childhoo d (Meadows ,  1993) . 

Third ,  th e hierarchica l  cluste r  analysi s metho d use d b y 

Stor m impose s sever e constraints ,  suc h tha t  wit h disjoin t 

clusters ,  al l  intra-cluste r  distance s ar e smalle r  tha n inter -

cluste r  distances ,  an d al l  inter-cluste r  distance s ar e equal . 

Similarit y measure s derive d ft-om  categor y fluency  dat a 

generall y violat e suc h constraints .  Th e ADDtre e algorith m 

(Sattat h &  Tversky ,  1977 )  provide s a  mor e flexible 

clusterin g metho d allowin g representatio n o f  differen t  inte r 

and intra-cluste r  distances ,  leadin g t o a  mor e faithfu l 

representatio n o f  th e data .  ADDtre e analysi s ha s bee n 

successfull y employe d t o investigat e conceptua l  structur e i n 

adul t  semanti c m e m o r y (  Cha n e t  al. ,  1993 ;  Sattat h & 

Tversky ,  1977) .  Th e presen t  p^je r  use s th e ADDtre e 

algorith m an d demonstrate s ho w thi s techniqu e m a y b e use d 

t o loo k a t  change s i n th e structur e o f  conceptua l  knowledg e 

as indicate d b y performanc e i n th e fluency  task . 

Method 

Participant s 16 7 childre n fro m tw o schools ,  on e i n 

Sheffield ,  U K ,  th e othe r  i n Cheshire ,  U K ,  wer e involve d i n 

th e study .  Thre e group s o f  childre n participate d i n schoo l 

year s 1  (equivalen t  t o U S first  grade) ,  3 ,  an d 5 .  Ther e wer e 

6 0 childre n i n th e yea r  1  group ,  mea n ag e 6: 1 years ,  rang e 

5: 7 t o 6:6 ;  5 4 i n yea r  3 ,  mea n ag e 8:4 ,  rang e 7:1 0 t o 8:10 ; 

and 5 3 i n yea r  5 ,  mea n ag e 10:1 ,  rang e 9: 3 t o 10:9 .  Al l  o f 

th e childre n spok e Englis h a s thei r  first  language . 

Administration of the BPVS and Category 

Fluenc y T a s k s Th e childre n wer e teste d individuall y a t 

school ,  i n a  quie t  area .  Th e shor t  for m Britis h Pictur e 

Vocabular y Scal e ( B P V S )  (Dunn ,  1982 )  wa s administere d t o 

al l  childre n t o asses s receptiv e vocabulary .  Eac h chil d the n 

complete d tw o tasks ,  whic h wil l  b e hencefort h referred  t o a s 

th e 'animal s task '  an d th e 'bod y part s task' .  Hal f  o f  th e 

childre n i n eac h clas s wer e aske d t o complet e th e animal s 

tas k first  followe d b y th e bod y part s task ,  th e othe r  hal f  vic e 

versa .  Fo r  th e animal s task ,  th e chil d wa s aske d nam e a s 

many differen t  animal s a s the y coul d thin k o f  i n on e minute , 

similarl y fo r  th e bod y part s task ,  the y wer e aske d t o nam e a s 

many differen t  part s o f  th e bod y a s the y coul d i n on e 

minute . 

Obtaining Similarity Scores The fluency task 

provide d separat e list s o f  animal s an d bod y part s produce d b y 

eac h child ,  i n productio n order .  Targe t  concept s wer e chose n 

fo r  analysi s (1 3 animal s an d 1 2 bod y parts )  o n th e basi s tha t 

the y occurre d withi n th e to p twent y mos t  frequently 

produce d response s fo r  al l  ag e groups .  Si x matrice s ( 3 yea r 

group s x  2  categories )  o f  distanc e measure s betwee n pair s o f 

term s wer e derive d usin g th e followin g algorith m (modifie d 

fro m Cha n e t  al ,  1993) ,  t o contro l  fo r  difference s i n 

productio n frequenc y betwee n term s an d ag e groups : 

^ij k=i "t 

Here ,  fo r  term s /  an d j ,  D, j  i s  th e distanc e recorded  i n th e 

matri x fo r  th e tw o terms ,  d̂ t  i s  th e measure d distanc e 

betwee n th e term s fo r  participan t  k  (proportiona l  t o th e 

number  o f  intervenin g terms) ,  T̂ j  i s  th e tota l  numbe r  o f 

subject s w h o response s containe d th e pai r  i  m d j ,  an d n ^  i s 

th e tota l  numbe r  o f  response s fo r  subjec t  k .  Furthe r  detail s 

of  thi s algorith m ar e give n i n Cha n e t  al .  (1993 )  an d Hartle y 

(i n prep.) . 

Results and Discussion 

Production frequency 1 factor ANOVA revealed highly 

significan t  overal l  increase s wit h ag e i n th e tota l  numbe r  o f 

response s give n fo r  bot h th e animal s (F(2,164)=67.731 ; 
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ixO.OOOl )  an d bod y part s (F(2,164)=62.204 ;  p<0.0001 ) 

task s (se e tabl e 1) .  Th e ra w B P V S score s an d productio n 

frequenc y showe d a  significan t  positiv e correlatio n 

(p<0.0(X)l )  suggestin g tha t  th e increas e i n productio n 

frequenc y i s related  t o increase d vocabular y size .  I n othe r 

words ,  th e increas e i n productio n frequenc y suggest s tha t  th e 

children' s conceptua l  knowledg e bas e i s  increasin g ove r  th e 

age rang e investigated . 

Representing category structure ADDtree analysis 

was applie d t o th e distanc e measure s t o buil d a 

representatio n o f  th e categor y structur e o f  th e children' s 

knowledg e o f  animal s an d bod y parts .  Th e ADDtre e progra m 

use d wa s tha t  writte n b y Corte r  (1982) .  Th e resultin g tree s 

ar e show n i n figure s 2  an d 3 .  Not e tha t  th e signal-to-nois e 

rati o i s highe r  tha n fo r  th e artificia l  dat a show n i n figur e 1 

(thi s i s indicate d b y th e generall y shorte r  length s o f  interna l 

arc s i n th e ADDtrees) .  Thi s i s t o b e expecte d give n th e 

natur e o f  th e task ,  th e us e o f  chil d subjects ,  an d th e large r 

number  o f  concept s analysed . 

yea r  1 

dog 
— tige r 
-  lio n 
elephan t 

giraff e 
cat 

rabbi t 

— fis h 

-  hors e 
co w 

shee p 

bir d 

P'g 

year s 

cat 

^ 

tige r 
elephan t 

-  lio n fis h 
dog 

cow 

•CE 

hors e 
rabbi t 

— giraff e 

shee p 

bir d 
pi g 

year s 

dog 
cat 

lio n 
tige r 

-  rabbi t 
fis h 
bir d 

— hors e 
co w 

elephan t 
giraff e 

pi g 
•  shee p 

Tabl e 1 :  M e a n numbe r  o f  responses  fo r  categor y fluency 

task s (standar d deviation s i n brackets ) 

Year Animal s Body Part s 

1 9.20 0 (2.730 )  9.45 0 (3.520 ) 

3 13.037(3.376 )  12.574(4.183 ) 

5 16.37 7 (3.834 )  17.98 1 (4.555 ) 

pig) in years 1 and 5 and to a lesser degree in year 3. There 

was som e evidenc e fo r  chang e i n th e organisatio n o f 

concepts ,  however ,  possibl y reflectin g th e broadenin g o f 

children' s knowledge .  Fo r  example ,  'cat '  i s  close r  t o th e 

cluste r  o f  bi g cat s (tige r  an d lion )  withi n th e wil d animal s 

cluster ,  fo r  yea r  5  children ,  tha n fo r  younge r  children .  Thi s 

m ay sugges t  a  developmen t  o f  taxonomi c association s i n 

additio n t o thos e o f  habita t  outline d i n previou s studies .  I n 

yea r  5 ,  elephan t  an d giraff e for m a  mor e distinc t  cluste r 

possibl y because ,  i n additio n t o bein g exotic ,  the y ar e 

recognise d a s bein g larg e animals .  Analyse s o f  adul t  dat a 

hav e ofte n foun d siz e t o b e th e secon d mos t  significan t 

facto r  afte r  environmen t  i n determinin g conceptua l 

relationship s betwee n animal s (Cha n e t  al. ,  1993 ;  Henley , 

1969;) . 

ar m 

yea r  1 

han d 
elbo w 

kne e 

ar m 

yea r  3 

han d 
elbo w 

ar m 

han d 
elbo w 

year s kne e 

Figur e 2 :  ADDtre e showin g difference s i n conceptua l 

structur e o f  anima l  knowledg e fo r  childre n i n differen t  ag e 

group s (year s 1 ,  3 ,  an d 5  correspon d t o mea n age s o f 

approximatel y 6 ,  8  an d 1 0 years) . 

In accordance with the results of Storm (1980), analysis of 

th e anima l  dat a reveale d majo r  cluster s o f  wild/exoti c (tiger , 

lion ,  elephant ,  giraffe )  an d far m animal s (horse ,  cow ,  sheep . 

Figur e 3 :  ADDtre e showin g difference s i n conceptua l 

structur e o f  bod y par t  knowledg e fo r  childre n i n differen t  ag e 

groups . 

Progressive change in conceptual structure was perhaps 

mor e eviden t  fo r  bod y part s tha n fo r  animal s (se e figur e 3) . 

Th e childre n i n al l  year s distinguishe d a  cluste r  o f  sens e 

organ s (eye ,  ea r  an d nose) ,  however ,  thi s become s 
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progressivel y mor e distinctiv e wit h ag e formin g a  well -

define d majo r  cluste r  i n th e yea r  5  group .  Th e yea r  1  childre n 

showed additiona l  sub-cluster s o f  digit s (toe ,  finger)  an d ar m 

part s (hand ,  elbow) ,  an d th e yea r  3  childre n a  cluste r  o f 

joint s (knee ,  elbow) ,  however ,  overal l  th e yea r  5  grou p 

agai n show s th e greates t  differentiatio n o f  concept s wit h a 

larg e cluste r  o f  'limb s an d attachments '  sub-dividin g int o 

cluster s o f  limb s (ar m an d leg) ,  attachment s (foo t  an d hand) , 

and joint s (elbo w an d knee) . 

General Discussion 

The result s provid e stron g suppor t  fo r  observation s i n 

previou s studie s tha t  childre n produc e mor e exemplar s wit h 

increasin g age .  Thu s a n importan t  developmenta l  tren d tha t 

needs t o b e capture d i n th e modellin g wor k i s th e 

quantitativ e increas e i n conceptua l  knowledg e wit h age . 

Wit h respec t  t o th e anima l  dat a th e curren t  stud y confirm s 

previou s report s (e.g .  Corter ,  1982 ;  Grub e &  Hasselhora , 

1996 ;  Kai l  &  Nippold ,  1984 ;  Storm ,  1980 )  tha t  anima l 

concept s ar e generall y clustere d i n term s o f 

habitat/environmenta l  context .  Th e result s showe d n o clea r 

evidenc e o f  a  tren d towar d finer  discriminatio n betwee n 

concept s wit h age ,  however ,  som e evidenc e o f  subtl e 

development s i n conceptua l  structure s wit h ag e wer e foun d 

whic h coul d b e followe d u p i n futur e studie s (fo r  instance , 

th e suggestio n tha t  olde r  childre n ma y b e mor e influence d b y 

taxonomi c categor y o r  ma y mak e finer  discrimination s o n 

th e basi s o f  anima l  size) . 

Thi s i s th e first  stud y t o loo k a t  children' s semanti c 

memory fo r  bod y part s usin g th e categor y fluency  task .  Th e 

result s fo r  thi s domai n sho w som e clusterin g o f  bod y part s 

wit h simila r  functiona l  statu s i n al l  thre e group s whic h i s 

much bette r  define d i n yea r  5  wher e ther e ar e mor e 

pronounce d cluster s fo r  sens e organs ,  limbs ,  attachments , 

and joints .  Thes e change s provid e som e suppor t  fo r  th e 

notio n o f  a  progressio n fro m childre n makin g coarse r  t o 

thei r  makin g finer  distinction s wit h age . 

Bjorklun d (1985 )  ha s argue d tha t  whe n differen t  ag e 

group s hav e equa l  knowledg e o f  a  conceptua l  domai n ther e 

wil l  b e n o differenc e observe d i n performanc e o n task s whic h 

investigat e knowledg e structure .  Sinc e knowledg e o f  animal s 

develop s early ,  i t  i s  likel y tha t  t o a  greate r  exten t  th e 

knowledg e o f  th e olde r  an d younge r  childre n i s similar . 

Althoug h knowledg e o f  som e bod y part s i s acquire d a t  a n 

earl y ag e mor e knowledg e i s acquire d late r  durin g schoolin g 

(Meadows ,  1993) .  Thi s coul d explai n wh y ther e i s mor e 

evidenc e o f  conceptua l  chang e i n th e bod y part s data . 

I t  i s  possibl e tha t  usin g onl y thos e concept s name d 

frequentl y b y childre n i n al l  thre e yea r  group s yield s result s 

tha t  d o no t  d o justic e t o th e diversit y o f  th e olde r  children' s 

knowledge .  Preliminar y analyse s o f  th e to p 2 0 response s 

fi-om  eac h yea r  grou p ha s therefor e als o bee n carrie d out . 

Thes e result s illustrat e furthe r  subtl e change s withi n th e 

categorie s o f  animals ,  an d th e developmen t  o f  structure d 

knowledg e o f  interna l  bod y part s (e.g .  heart ,  lung ,  brai n 

etc.) .  Categor y fluency  dat a ha s als o bee n collecte d fro m a 

rang e o f  othe r  semanti c domains ,  an d i s bein g analyse d fo r 

developmenta l  change s i n knowledg e structures .  W e hav e 

als o investigate d children' s explici t  similarit y judgement s 

fo r  anima l  concep t  pairs .  ADDtre e analysi s o f  th e result s 

reveal s a n almos t  identica l  clusterin g patter n a s tha t  obtaine d 

fro m categor y fluency,  showin g ou r  result s t o b e robus t 

wit h a n independen t  measur e o f  concep t  relatedness . 

Ther e i s muc h evidenc e t o suppor t  th e assumptio n tha t  th e 

orderin g o f  item s produce d i n a  categor y fluency  tas k reflect s 

interna l  knowledg e structure s (se e earlie r  summary) .  I t  ha s 

been suggested ,  however ,  tha t  change s i n wor d generatio n 

behavio r  coul d reflec t  th e developmen t  o f  metamemoria l 

skill s  (Hasselhorn ,  1992 )  rathe r  tha n a  chang e i n th e 

underlyin g knowledge .  I n othe r  words ,  olde r  childre n may 

use specifi c  strategie s t o mak e thei r  recal l  mor e efficient — 

e.g .  the y ma y purposefull y decid e t o produc e a s man y far m 

animal s a s the y can ,  nam e part s o f  th e face ,  etc .  Bjorklun d 

(1985 )  ha s investigate d thi s possibilit y  an d suggest s tha t 

althoug h olde r  childre n ar e abl e t o us e strategie s t o ai d thei r 

recall ,  th e us e o f  thes e strategie s depend s upon ,  an d i s 

supporte d by ,  thei r  conceptua l  knowledg e structures .  Ou r 

result s fro m th e similarit y judgement s stud y provid e furthe r 

suppor t  fo r  this .  I t  i s  unlikel y then ,  tha t  th e change s i n 

categor y knowledg e note d fo r  th e categor y fluency  dat a ar e 

due solel y t o th e developmen t  o f  metamemoria l  skills . 

The difficultie s involve d i n interpretin g empirica l  findings 

illustrat e th e nee d fo r  model s o f  semanti c memor y 

development .  Initia l  comparison s betwee n th e curren t  result s 

and thos e o f  McClellan d e t  al .  ar e promising .  Specifically , 

ther e ar e similaritie s betwee n th e developmenta l  trajectorie s 

i n th e connectionis t  mode l  an d th e bod y par t  dat a presente d 

her e (compar e figures  1  an d 3 )  bot h showin g mor e distinc t 

conceptua l  categorie s wit h training/age .  Muc h mor e coul d b e 

done ,  however ,  t o brin g th e modellin g wor k close r  t o th e 

empirica l  studies .  Th e presen t  stud y constitute s par t  o f  a n 

ongoin g projec t  whic h aim s t o provid e developmenta l  dat a 

fo r  constructin g futur e models .  Theoretica l  account s o f 

semanti c memor y generall y suppos e tha t  concept-relatednes s 

derive s fro m share d feature s o r  properties ,  an d mos t 

modellin g approache s begi n wit h thi s premise .  Fo r  example , 

i n th e McClellan d e t  al .  mode l  interna l  concep t 

representation s ar e derive d b y trainin g th e networ k wit h 

concept/relation/feature-lls t  triple s (e.g .  robin/isa/animal -

bird-etc) .  Therefor e i n additio n t o collectin g concep t  norm s 

and similarit y judgement s w e ar e als o investigatin g propert y 

norms an d children' s attribution s o f  propertie s t o concepts . 

These experiment s shoul d provid e a  furthe r  mean s fo r  testin g 

th e hypothesi s tha t  childre n mak e finer  distinction s betwee n 

concept s wit h age ,  an d wil l  allo w th e constructio n o f 

connectionis t  model s tha t  bea r  mor e direc t  compariso n wit h 

developmenta l  data . 
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Abstrac t 

Given that the single most important mathematical skill for 
student s wh o wis h t o stud y beyon d arithmeti c i s th e abilit y 
t o tak e a  proble m situatio n (usuall y state d i n words )  an d 
formulat e a  mathematica l  mode l  (usuall y a n equation) ,  w e ar e 
workin g o n a  cognitiv e developmenta l  mode l  o f  thi s skil l  t o 
be use d i n a n intelligen t  tutorin g system .  W e cal l  thi s skil l 
symbolization .  Hig h schoo l  student s d o i t  poorl y an d 
improv e slowly .  W e ar e usin g a  Difficult y Factor s 
Assessmen t  a s a n efficien t  methodolog y fo r  identifyin g th e 
critica l  cognitiv e factor s tha t  distinguis h competen t  fro m 
les s competen t  symbolizers .  W e presen t  a  developmenta l 
model  identifyin g thre e majo r  transition s throug h whic h a 
studen t  mus t  pass .  Underlyin g th e developmenta l  mode l  ar e 
empirica l  result s whic h suggest ,  contrar y t o prio r  researc h 
and c o m m o n belief ,  th e difficult y i n algebr a wor d proble m 
solvin g i s les s abou t  th e difficultie s o f  comprehendin g th e 
wor d problems ,  an d mor e abou t  th e difficult y o f  speakin g i n 
th e foreig n languag e o f  algebra .  Man y o f  students '  error s ar e 
analogou s t o th e error s peopl e mak e whe n learnin g t o spea k 
i n a  ne w language .  Whil e i t  ma y b e tha t  mathematicall y 
algebr a symbolizatio n i s a  generalizatio n o f  arithmetic , 
cognitivel y i t  i s  mor e accurat e t o sa y algebr a symbolizatio n 
i s th e articulatio n o f  arithmetic . 

Introduction 

W h en a  studen t  i s  presente d wit h a n algebr a wor d proble m 
suc h a s proble m C S i n Tabl e 1  an d aske d t o provid e a 
symboli c expressio n (rathe r  tha n a  numerica l  answer) ,  sh e i s 
doin g wha t  w e refe r  t o a s symbolizing .  Fo r  instance ,  th e 
symboli c expressio n fo r  C S i s  "(72-m)/4. "  I n studyin g 
symbolizatio n skill s w e hav e focuse d o n algebr a stor y 
problem s bu t  ou r  result s m a y als o b e relevan t  mor e generall y 
t o symbolizatio n skill s  neede d i n usin g a  calculato r  o r 
programmin g a  spreadshee t  o r  computer .  A s thes e 
computationa l  device s tak e ove r  mor e o f  th e symbo l 
manipulatio n o f  algebra ,  symbolizatio n deserves ,  an d i s 
receiving ,  increasin g instructiona l  emphasis .  W e ar e tryin g t o 
understan d h o w student s lear n t o symbolize .  T o tes t  tha t 
understandin g w e ar e buildin g a  cognitiv e developmenta l 
model  whic h wil l  b e use d i n a n intelligen t  tutorin g system . 

M u ch o f  th e prio r  wor k ( C u m m i n s et .  al. ,  1988 ;  LeBlan c 
& Weber-Russell ;  1996 ,  Lewi s &  Mayer ,  1987 ;  Paig e & 
Simon ,  1979 )  o n wor d proble m solvin g ha s focuse d o n 
students '  comprehensio n abilities .  C u m m i n s et .  al .  "sugges t 

tha t  m u c h o f  th e difficult y childre n experienc e wit h wor d 
problem s ca n b e attribute d t o difficult y i n comprehendin g 
abstrac t  o r  ambiguou s language. "  Th e genera l  conclusio n 
fro m th e abov e researc h i s tha t  comprehensio n rule s ar e ke y 
knowledg e component s student s mus t  acquir e t o becom e 
competen t  proble m solvers . 

Generalization/Comprehension Hypothesis 

Thi s bring s u s t o th e firs t  naturall y intuitiv e hypothesi s 
abou t  wha t  make s algebr a symbolizatio n difficult .  Wha t  w e 
cal l  th e generalizatio n hypothesi s flow s naturall y fro m th e 
previou s literatur e tha t  ha s focuse d o n comprehensio n 
difficultie s cause d b y abstrac t  language .  A n importan t 
conceptua l  lea p fo r  student s i s  t o m o v e fro m th e concret e 
grounde d worl d o f  arithmeti c problem s t o th e mor e abstrac t 
wori d o f  algebr a problem s wit h variables .  Accordin g t o thi s 
hypothesis ,  wha t  i s har d abou t  algebr a i s th e generalizatio n 
abilit y  neede d t o thin k abou t  a  proble m wit h a n abstrac t 
variable ,  a s oppose d t o a  concret e known . 

But  mor e recen t  researc h b y Koedinge r  &  Anderso n (i n 
press )  foun d evidenc e tha t  acquirin g suc h comprehensio n 
skill s i s  no t  sufficien t  fo r  symbolizatio n competence .  The y 
reporte d tha t  i n 3 6 % o f  problem s tha t  student s comprehende d 
wel l  enoug h t o find  a  numerica l  answer ,  student s nevertheles s 
faile d t o correctl y symbolize .  W e cal l  th e differenc e betwee n 
th e students '  performanc e o n symbolizatio n problem s an d o n 
simila r  arithmeti c problem s th e symbolizatio n effect . 

Previous Results on this Problem 

T o determin e i f  th e symbolizatio n effec t  i s  well-explaine d 
by th e generalizatio n hypothesi s w e (1997 )  performe d a n 
assessmen t  i n whic h w e compare d students '  performanc e o n 
symbolizatio n problem s (lik e proble m C S )  wit h thei r 
performanc e o n arithmeti c symbolizatio n problems .  W e 
coul d tur n proble m C A int o a n arithmeti c symbolizatio n 
proble m simpl y b y changin g th e final  questio n t o "Writ e a n 
singl e expressio n tha t  show s al l  th e computation s yo u woul d 
nee d t o d o i n orde r  t o find  h o w m u c h sh e ca n spen d o n eac h 
sister. "  Th e correc t  answe r  fo r  thi s proble m woul d b e "(72 -
32)/4. "  Arithmeti c symbolizatio n problem s ar e a  specia l  typ e 
of  symbolizatio n proble m tha t  hav e n o variables .  W e foun d 
no statisticall y significan t  differenc e betwee n student s 
performanc e o n thes e tw o type s o f  problems .  Thi s suggest s 
tha t  th e presenc e o f  a  variabl e di d no t  increas e difficulty ,  thu s 
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CS: 

CA: 

DSl 

DS2 

DAI 

DA2 

Sue mad e 7 2 dollar s b y washin g car s t o bu y holida y presents .  Sh e decide d t o spen d "m "  dollar s o n a  presen t  fo r  he r  mo m an d the n us e th e 
remainde r  t o bu y present s fo r  eac h o f  he r  4  sisters .  Sh e wil l  spen d th e sam e amoun t  o n eac h sister .  Ho w muc h ca n sh e spen d o n eac h sister ? 
Sue mad e 7 2 dollar s b y washin g car s t o bu y holida y presents .  Sh e decide d t o spen d 3 2 dollar s o n a  presen t  fo r  he r  mo m an d the n us e th e 
remainde r  t o bu y present s fo r  eac h o f  he r  4  sisters .  Sh e wil l  spen d th e sam e amoun t  o n eac h sister .  Ho w muc h ca n sh e spen d o n eac h sister ? 

Sue mad e 7 2 dollar s b y washin g car s t o bu y holida y present s fo r  eac h o f  he r  "s "  sisters .  Sh e wil l  spen d (h e sam e amoun t  o n eac h sister .  Ho w 
much ca n sh e spen d o n eac h sister ? 
Sue mad e 7 2 dollar s b y washin g car s t o bu y holida y presents .  Sh e decide d t o spen d "m "  dollar s o n a  presen t  fo r  he r  mo m an d the n us e th e 

remainde r  t o bu y present s fo r  he r  sisters .  Ho w muc h ca n sh e spen d o n he r  sisters ? 
Sue mad e 7 2 dollar s b y washin g car s t o bu y holida y present s fo r  eac h o f  he r  4  sisters .  Sh e wil l  spen d th e sam e amoun t  o n eac h sister .  Ho w 
much ca n sh e spen d o n eac h sister ? 
Sue mad e 7 2 dollar s b y washin g car s t o bu y holida y presents .  Sh e decide d t o spen d 3 2 dollar s o n a  presen t  fo r  he r  mo m an d the n us e th e 
remainde r  t o bu y present s fo r  he r  sisters .  Ho w muc h ca n sh e spen d o n he r  sisters ? 

Tabl e 1 :  Th e 4  Proble m Types :  Compose d Symbolization(C5) ,  Compose d Arithmetic(C4) ,  Decompose d Symbolizatio n 
(DSl  an d DS l  together) ,  an d Decompose d Arithmetic(D/i y an d DA2. ) 

callin g int o questio n th e usefulnes s o f  th e generalizatio n 
hypothesis' s focu s o n th e variabl e pe r  s e a s th e facto r  tha t 
cause s th e symbolizatio n effect . 

An alternativ e hypothesi s wa s suggeste d b y anothe r  facto r 
we tested .  W e foun d wha t  w e calle d th e compositio n effect . 
The compositio n effec t  i s  th e differenc e i n studen t 
performanc e o n wha t  w e cal l  compose d problems ,  lik e C S , 
and thei r  decompose d analog s {DS l  an d DSl) ,  whic h ar e tw o 
separat e problem s fro m th e student' s poin t  o f  view ,  bu t  fo r 
analysi s purpose s the y ar e treate d a s a  singl e proble m an d th e 
proble m i s correc t  onl y i f  bot h part s ar e correct .  Th e 
decompose d versio n o f  a  compose d proble m i s mad e b y 
dividin g th e compose d proble m int o tw o separat e question s 
tha t  eac h as k fo r  on e o f  th e step s require d t o solv e th e 
compose d version .  Ou r  result s showe d tha t  ther e wa s a 
significan t  compositio n effec t  becaus e man y student s coul d 
correctl y answe r  bot h part s o f  a  decompose d proble m bu t  fai l 
t o correcd y answe r  th e compose d version .  I n othe r  words ,  i n 
thi s case ,  th e whol e i s greate r  tha n th e su m o f  it s  parts .  Th e 
siz e o f  thi s compositio n effec t  overshadowe d th e smal l  an d 
not  statisticall y significan t  difference ,  mentione d above , 
betwee n arithmeti c symbolizatio n an d symbolization . 

Articulating Composition Hypothesis 

We suspecte d tha t  th e caus e o f  th e symbolizatio n effec t  wa s 
actuall y th e compositio n effect .  W e wil l  illustrat e wit h a n 
actua l  studen t  w h o answer s "72-m=n/4= "  fo r  C S .  Thi s 
studen t  demonstrate s tha t  sh e kne w th e tw o step s sh e woul d 
need t o perfor m i f  sh e ha d bee n give n th e arithmeti c versio n 
CA.  Thi s studen t  mus t  lear n ho w t o correctl y represen t  thes e 
tw o steps .  Sh e use s a  placeholde r  variable ,  possibl y becaus e 
she doe s no t  kno w ho w t o represen t  anythin g bu t  a  singl e 
operatio n a t  a  time .  Fo r  th e exper t  i t  i s  obviou s tha t  "72-m " 
can b e treate d i n th e sam e wa y an y numbe r  i s treated .  Bu t 
th e novice ,  w h o look s a t  "72-m "  a s a  recip e an d no t  a s a n 
objec t  o f  reflection ,  doe s no t  kno w tha t  sh e ca n operat e o n 
thi s quantit y directl y b y addin g parenthese s an d "/4" .  W e cal l 
thi s missin g skil l  articulatin g compositio n an d w e suspec t 
tha t  i t  i s  thi s difficult y tha t  explain s w h y symbolizatio n 
problem s ar e s o muc h harde r  the n arithmetic . 

An importan t  distinctio n betwee n th e articulatio n 
compositio n hypothesi s an d th e generalizatio n hypothesi s i s 
on wher e i n th e translatio n proces s a  studen t  ha s difficulty : 
th e comprehensio n o f  th e sourc e language ,  o r  th e 
production/articulatio n o f  th e targe t  language .  Th e 

generalizatio n hypothesi s suggest s tha t  student s ar e havin g 
difficult y o n th e comprehensio n sid e o f  th e translatio n 
process .  Th e articulatin g compositio n hypothesi s suggest s 
th e difficult y i s o n th e productio n side .  T o investigat e i f  thi s 
"articulatin g composin g hypothesis "  i s a  goo d explanation , 
we performe d th e curren t  difficultie s factor s assessmen t 
(Koedinge r  &  MacLaren ,  1997) . 

Experimental Design and Predictions 

The tw o factor s w e studie d wer e 1 )  arithmeti c vs . 
symbolizatio n (C A vs .  C S an d D S vs .  D A )  crosse d wit h 2 ) 
compose d vs .  decompose d (C S vs .  D S an d C A vs .  D A ) . 
Remember  tha t  th e decompose d proble m D S i s actuall y on e 
problem s fro m th e analysi s poin t  o f  view ,  bu t  tw o separat e 
problem s fro m th e student' s poin t  o f  view .  I n ou r  previou s 
stud y (1997 )  w e ma y hav e eve n underestimate d th e siz e o f  th e 
compositio n effect ,  becaus e w e ha d a  fe w student s w h o woul d 
answer  "(72-m)/4 "  fo r  D A 2 .  Thes e student s ha d notice d th e 
superficia l  similarit y o f  th e tw o problem s part s o f  a 
decompose d proble m an d interprete d th e secon d on e t o b e 
linke d t o th e first.  T o avoi d suc h misinterpretatio n b y 
student s w e superficiall y  change d a  fe w aspect s o f  th e secon d 
par t  o f  th e decompose d problem s includin g th e participant s 
name.  W e als o change d th e number s (makin g sur e no t  t o no t 
decreas e th e difficult y o f  th e arithmetic )  t o ensur e tha t  th e 
result s o f  th e first  par t  o f  a  decompose d proble m di d no t 
appea r  a s a  give n i n th e secon d par t  o f  th e problem .  Fo r 
example ,  D A 2 wa s change d t o "Rebecc a mad e 8 1 dollar s 
workin g a t  th e grocer y store .  Sh e decide d t o giv e he r  m o m 
25 dollar s fo r  Mother' s Da y an d pu t  th e remainde r  i n he r 
saving s account .  H o w muc h ca n sh e pu t  i n th e saving s 
account? "  W e foun d thi s strateg y worke d wel l  an d student s 
di d no t  thin k th e tw o problem s wer e connected . 

The articulatin g compositio n hypothesi s suggest s tha t 
ther e shoul d b e n o compositio n effec t  fo r  arithmetic ,  bu t  a 
larg e compositio n effec t  fo r  symbolization .  Th e reasonin g 
behin d thi s i s tha t  student s kno w h o w t o combin e step s i n a n 
arithmeti c problem ,  bu t  the y don' t  kno w h o w t o say ,  i n 
symbols ,  h o w t o pu t  tw o step s together .  Therefore ,  i t 
predict s tha t  ther e shoul d b e man y student s w h o kno w h o w t o 
do bot h compose d arithmeti c problem s an d decompose d 
symbolizatio n problem s bu t  fai l  t o d o compose d 
symbolizatio n problems .  Th e tw o hypothese s diffe r  i n thei r 
prediction s becaus e th e articulatin g composin g hypothesi s 
predict s a n interactio n betwee n thes e tw o factors ,  whil e th e 
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generalizatio n hypothesi s doe s no t  predic t  a n interactio n an d 

instea d predict s on e broa d symbolizatio n effect . 

Procedure 

Given the two binary factors that were studied, there were four 
differen t  proble m types :  compose d symbolization ,  compose d 
arithmetic ,  decompose d symbolizatio n an d decompose d 
arithmetic .  Thes e 4  proble m type s wer e crosse d wit h 8  differen t 
cove r  storie s an d distribute d i n a  Lati n squar e desig n amon g 4  tes t 
form s tha t  wer e balance d fo r  eac h factor .  Therefor e eac h for m ha d 
tw o problem s o f  eac h type .  Give n tha t  student s ten d t o perfor m 
wors e o n item s nea r  th e en d o f  a  test ,  th e orde r  o f  variou s proble m 
type s wa s systematicall y varie d o n eac h form .  Th e cover-storie s 
wer e no t  a  variabl e o f  critica l  interest ,  an d fro m ou r  previou s DF A 
we kne w th e performanc e o n th e cove r  storie s woul d var y 
considerably .  W e use d 6  o f  th e 8  cove r  storie s use d previousl y 
and adde d tw o ne w cove r  storie s t o replac e th e tw o easies t  cove r 
storie s fro m th e prio r  study .  Becaus e w e wante d t o b e abl e t o 
compar e th e performanc e o f  student s o n cove r  storie s w e mad e 
tw o version s o f  eac h for m tha t  differe d onl y i n th e orde r  o f  th e 
problems .  Th e subject s wer e 7 6 nint h grad e student s i n th e firs t 
mont h o f  a  regular-leve l  algebr a cours e fro m a n urba n hig h 
schoo l  i n Pittsburgh .  T w o subject s wer e droppe d fo r  lac k o f 
participatio n i n th e test .  Eac h studen t  wa s randoml y give n on e o f 
th e 8  differen t  tes t  form s an d enoug h tim e t o complet e th e test . 
Each tes t  wa s the n grade d an d n o partia l  credi t  wa s given .  A 
decompose d proble m wa s considere d correc t  onl y i f  bot h part s 
wer e answere d correctly . 

Analysis and Results 

T o tes t  fo r  th e effec t  o f  th e tw o factor s w e performe d bot h 
an ite m analysi s an d a  ite m analysi s a s recommen d b y Clar k 
(1973) .  W e performe d a  subjec t  analysi s o n th e student s 
m e an scor e fo r  eac h o f  th e fou r  proble m types .  W e performe d 
a ful l  two-facto r  (2*2 )  repeate d measure s A N O V A wit h eac h 
facto r  a s a  within-subjec t  variable .  W e foun d significan t 
effect s o f  symbolizatio n (F (  1,73) = 170.8 ,  p<.0001 )  an d o f 
compositio n (F(l,73)=22.4 ,  p<.0001. )  bu t  no t  th e expecte d 
interactio n (F (  1,73)^1.024 ,  p>.31) .  T o verif y tha t  thes e 
effect s generaliz e acros s item s a s wel l  a s acros s subjects ,  w e 
performe d a n ite m analysi s o n students '  mea n performanc e o n 
th e 3 2 differen t  item s ( 8 cove r  storie s an d 4  proble m types ) 
appearin g o n th e test .  W e performe d a  ful l  two-facto r  (2*2 ) 
A N O VA o n th e ite m means .  Eac h facto r  wa s treate d a s a 
repeate d measure .  W e foun d significan t  effect s o f 
symbolizatio n (F(l,28)=55.476 ,  p<.0001 )  an d a  smalle r  effec t 
of  compositio n (F(l,28)=13.26 ,  p<.0083) .  Th e siz e o f  th e 
symbolizatio n effec t  wa s m u c h large r  the n th e siz e o f  th e 
compositio n effect .  Contrar y t o th e predictio n o f  th e 
articulatin g compositio n hypothesis ,  ther e wa s no t  a 
significan t  interactio n (F(l,28)=.821 ,  p>.395) ,  an d thi s wil l 
be addresse d below .  Sinc e th e subjec t  an d th e ite m analysi s 
agree ,  w e ca n b e confiden t  tha t  bot h effect s ar e rea l  an d 
generaliz e acros s th e large r  population s o f  bot h simila r 
student s an d simila r  items . 

We wer e initiall y  surprise d a t  th e absenc e o f  th e expecte d 
interaction ,  bu t  upo n investigatio n w e sa w tha t  th e individua l 
variation ,  a s show n b y th e histogra m i n Figur e 1 ,  wa s ver y 
large .  Figur e 1  show s h o w averag e studen t  performanc e 
change s a s thei r  abilit y  leve l  increases .  Th e lower-performin g 
students ,  wit h tota l  score s o f  1 ,  2  an d 3 ,  ar e al l  a t  th e floo r 

fo r  symbolization .  The y als o sho w a  compositio n effec t 

durin g arithmeti c problems .  Thi s i s th e exac t  opposit e 
interactio n w e wer e expectin g t o see ,  bu t  it s caus e i s 

intuitivel y sensible .  Student s firs t  lea m t o dea l  wit h th e 
easie r  arithmeti c problems ,  an d th e lower-performin g student s 

wil l  sho w competenc e onl y i n these .  Th e fac t  tha t  ther e i s a 
compositio n effec t  a m o n g th e arithmeti c problem s wil l  b e 
explore d below .  Th e middle-performin g grou p (tota l  score s o f 
4 )  sho w tha t  th e compositio n effec t  fo r  arithmeti c problem s 
i s goin g awa y a s overal l  performanc e improves .  Th e high -
performin g student s ,wit h tota l  score s o f  5 ,  6  an d 7 ,  ar e doin g 
equall y wel l  o n bot h type s o f  arithmeti c problem s an d ar e 
improvin g o n symbolizatio n bu t  primaril y decompose d 
symbolization .  I n othe r  words ,  th e student s sho w th e 
interactio n tha t  th e articulatin g compositio n hypothesi s 

predicted . 
T o statisticall y characteriz e th e individua l  variatio n w e 

witnessed ,  w e classifie d th e subjec t  populatio n int o a  top -
performin g hal f  an d a  bottom-performin g hal f  (usin g tota l 
score) .  W e performe d a  ful l  three-facto r  (2*2*2 )  A N O V A o n 
th e averag e o f  students '  means ,  agai n treatin g ou r  tw o 
difficult y factor s a s within-subjec t  repeate d measures ,  an d 
treatin g th e facto r  o f  "to p hal f  vs .  botto m hal f  a s a  betwee n 
subject s factor .  Agai n w e ha d highl y significan t  effect s o f 
symbolizatio n (F(l,280)=172.5 ,  p<.0001 )  an d compositio n 
(F(l,280)=22.1 ,  p<.0001) .  N o n e o f  th e thre e possibl e two -
w ay interaction s wer e clos e t o statistica l  significanc e (P>.2 4 
i n al l  cases) ,  bu t  w e di d fin d a  highl y significan t 
(F(l,280)=14.0 ,  p<.0004 )  three-wa y interaction .  Again ,  t o 
verif y tha t  thes e effect s occurre d acros s item s a s wel l  a s acros s 
subjects ,  w e di d a  three-facto r  (2*2*2 )  A N O V A o n th e ite m 
means,  treatin g al l  thre e factor s a s withi n ite m repeate d 
measur e factors .  Again ,  th e onl y significan t  effect s wer e th e 
tw o mai n effect s fo r  symbolizatio n (F(l,56)=50.1 ,  p<.0002 ) 
and compositio n (F (  1,56) = 11.7 ,  p<.012 )  an d th e three-wa y 
interactio n (F(l,56)=9.4 ,  p<.0183) . 

We wil l  speculat e belo w a s t o whethe r  o r  no t  th e 
compositio n effect s see n i n arithmetic(a t  th e lo w end )  an d i n 
symbolizatio n (a t  th e hig h end )  ar e cause d b y a  singl e effec t 
or  tw o separat e effects .  Ou r  articulatin g compositio n 
hypothesi s suggest s tha t  the y ar e differen t  effect s an d thi s wil l 
be explore d now .  W e wil l  the n explor e th e othe r  transition s 
we observed ,  whic h wer e no t  th e mai n focu s o f  th e 
experiment ,  bu t  nevertheles s provid e u s wit h insigh t  int o th e 
composit e skill s  fo r  compose d symbolization . 

Why are Composed Symbolization Problems 
Hard ? 

Our  articulatin g compositio n hypothesi s predicte d tha t  ther e 
woul d b e a n additiona l  cognitiv e hurdl e fo r  student s t o b e abl e 
t o solv e compose d symbolizatio n problems .  W h e n w e loo k 
at  th e top-performin g hal f  o f  th e student s w e se e th e 
interactio n whic h suggest s tha t  compose d symbolizatio n 
problem s ar e undul y difficult .  Bu t  h o w i s tha t  w e ge t  thi s 
averag e performance ? Ar e mos t  o f  thes e student s 
demonstratin g th e sam e effects ? Th e answe r  i s "some ,  bu t 
not  all. "  Le t  u s cal l  th e prerequisite s t o bein g abl e t o d o a 
compose d symbolizatio n proble m th e abilit y  t o d o bot h 
decompose d symbolizatio n an d compose d arithmeti c 
problems .  The n 4 0 % o f  th e student s w h o hav e me t  th e 
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prerequisite s fo r  compose d symbolization ,  faile d t o solve d a 
compose d symbolizatio n problem .  W h e n w e sa y a  studen t 

has me t  th e prerequisites ,  w e mea n tha t  a  studen t  wa s abl e t o 
do a t  leas t  on e compose d arithmeti c problem ,  a s wel l  ;i s  on e 
decompose d symbolizatio n problem ,  ther e wer e 4 3 student s 
w ho me t  thi s criterion ,  an d 1 7 o f  the m faile d t o solv e a 
compose d symbolizatio n problem .  W e thin k tha t  thes e 1 7 
student s ar e missin g th e knowledg e o f  h o w t o compos e tw o 
symboli c expressio n together . 

Thes e 1 7 student s mad e a  tota l  o f  3 4 error s o n compose d 
symbolizatio n problem s an d w e woul d lik e t o se e i f  thes e 
error s ar e consisten t  wit h th e articulatin g compositio n 
hypothesis .  Th e larges t  categor y o f  error s ar e th e 8  example s 
of  error s wher e student s wrot e onl y th e firs t  ste p (i.e .  on e 
studen t  wrot e "72-m "  fo r  proble m CS. )  Thes e error s ar e 
consisten t  wit h th e articulatin g compositio n hypothesis , 
becaus e a  studen t  tha t  doesn' t  k n o w h o w t o pu t  tw o step s 
togethe r  migh t  simpl y sto p onc e sh e get s t o a  poin t  wher e 
she doesn' t  kno w h o w t o continue .  Ther e wer e 3  error s o f 
missin g parenthese s an d on e studen t  w h o incorrectl y use d 
parentheses .  Thes e error s ar e als o consisten t  wit h wha t  on e 
woul d expec t  fro m a  perso n w h o ca n bot h symboliz e singl e 
step s an d d o th e arithmeti c fo r  tw o ste p wor d problems ,  bu t 
doesn' t  ye t  kno w h o w t o pu t  tw o symbolization s together .  I t 
i s als o goo d t o se e tha t  th e missing-parenthese s error s ar e 
responsibl e fo r  a  smal l  portio n o f  thi s effect .  M a n y o f  th e 
othe r  error s ar e no t  easil y categorizabl e an d don' t  giv e u s 
much insigh t  int o wha t  th e studen t  wa s thinking .  I t  i s  tru e 
tha t  abou t  a  thir d o f  th e error s o f  student s w h o appeare d t o b e 
tryin g t o overcom e thi s hurdl e ar e thos e tha t  th e articulatin g 
compositio n hypothesi s woul d predict . 

Our  articulatin g compositio n hypothesi s i s  wha t 
Newell(1990 )  woul d hav e calle d a  knowledge-leve l 
explanatio n a s oppose d t o a  symbol-leve l  explanation .  W e 
hypothesiz e tha t  student s ar e missin g a  certai n bi t  o f 
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Figur e 1 :  Th e tw o mai n effect s acros s abilit y  level s 

knowledg e (e .  g. ,  productio n rules )  tha t  w e ca n poin t  to .  Bu t 
an alternativ e explanatio n o f  th e additiona l  difficult y o f 
compose d symbolizatio n problem s coul d b e mad e a t  th e 

symbol  level .  Fo r  example ,  mayb e bot h symbolizatio n 
problem s an d compose d problem s pu t  a  burde n o n workin g 
memory,  an d whe n thes e tw o factor s combine ,  ther e i s  a 
stron g interaction .  W e looke d fo r  evidenc e o f  suc h a  symbol -
leve l  explanatio n b y seein g i f  th e compositio n effec t  whil e 
doin g symbolizatio n problem s increase d unde r  a  workin g 
memory load .  Convenientl y w e hav e dat a t o mak e thi s 
comparison ,  fro m ou r  previou s difficult y factor s assessment . 
I n thi s w e studie d bot h compositio n whil e symbolizin g a s 
wel l  a s th e effec t  o f  distracto r  numbers .  T o illustrate ,  w e ha d 
studie d proble m D S l  wit h an d withou t  a  distracto r  phras e 
wher e w e change d th e proble m t o rea d " 6 cars "  rathe r  the n jus t 
"cars. "  W e foun d a  larg e effec t  fo r  thes e distracto r  phrases , 
and w e clai m tha t  thi s m a y b e du e t o a n increase d workin g 
memory load .  I f  th e compositio n effec t  i n symbolizatio n 
problem s i s a  workin g m e m o r y phenomeno n w e shoul d 
expec t  t o se e th e compositio n effec t  increas e fo r  distracto r 
problems .  Unfortunately ,  th e result s ar e inconclusive .  Figur e 
2 show s a  tren d toward s th e predicte d interactio n bu t  i t  i s  no t 
significan t  (F (  1,250) = 1.48 ,  p=.23) . 

But  w e d o hav e evidenc e tha t  conclusivel y show s tha t  a 
knowledge-leve l  componen t  i s  definitel y present .  I n ou r 
previou s wor k (1997 )  w e conjecture d tha t  i f  th e har d par t  i s 
composin g step s together ,  the n instructio n focuse d o n 
teachin g student s jus t  th e missin g knowledg e shoul d improv e 
thei r  performance ,  eve n i f  divorce d fro m practic e o n wor d 
problems .  W e haven' t  spac e fo r  a  ful l  reporting ,  bu t  i n short , 
we traine d 3 9 student s o n problem s lik e "Le t  X = 72-m .  Le t 
B= X/4 .  Writ e a  ne w expressio n fo r  B  tha t  compose s thes e 
tw o steps. "  W e the n looke d fo r  transfe r  fro m th e learnin g o f 
thi s skil l  t o students '  improvemen t  o n algebr a symbolizing . 
I n a  singl e hou r  o f  trainin g o n thi s skill ,  w e sa w statisticall y 
significan t  increase s i n studen t  performanc e o n algebr a 
symbolizatio n a s a  resul t  o f  trainin g o n symboli c 
substitution ,  eve n factorin g ou t  gain s du e t o usin g 
parenthese s correctly .  Thi s i s possibl y th e stronges t  evidenc e 
we coul d presen t  i n favo r  o f  th e articulatin g compositio n 
hypothesis .  Thi s resul t  als o support s th e mor e genera l  ide a 
tha t  ther e i s greate r  difficult y o n th e productio n sid e rathe r 
the n th e comprehensio n sid e o f  translation ,  sinc e thes e 
student s improve d withou t  practic e readin g algebr a wor d 
problems ;  th e onl y practic e the y ha d wa s composin g 
expression s together . 

Symbolization Effect among Decomposed Problems 

We n o w conside r  on e o f  th e transition s student s mus t  mak e 
befor e bein g abl e t o dea l  wit h compose d symbolizatio n 
problems .  Thi s transitio n occur s whe n student s lea m 
decompose d symbolizatio n problems .  Th e evidenc e suggest s 
tha t  thi s transitio n i s difficult .  Full y one-thir d o f  th e student s 
w ho demonstrate d competenc e (a t  leas t  on e correct )  i n th e 
decompose d arithmeti c problem s coul d no t  d o ge t  an y o f  th e 
decompose d symbolizatio n problem s correc t  (le t  alon e th e 
compose d one) .  Thi s i s a  substantia l  effec t  tha t  result s i n a n 
additiona l  10 8 error s occurrin g (15 2 error s o n decompose d 
symbolizatio n problem s whil e onl y 4 4 error s o n decompose d 
arithmeti c problems) .  W h a t  i s  th e explanatio n fo r  thi s 
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Figure 2. A possible working memory induced interaction. 
symbolizatio n ga p o f  10 8 errors ? W e not e tha t  ther e wer e 
m a ny mor e "n o answers "  increasin g fro m 1 2 t o 57 ,  bu t  thes e 
"n o answer "  response s d o no t  giv e u s m u c h insigh t  int o wha t 
i s causin g th e difficulty .  W e n o w loo k a t  fou r  differen t 
explanation s tha t  migh t  accoun t  fo r  w h y ther e ar e s o man y 
mor e errors . 

Th e first  hypothesi s t o explai n th e symbolizatio n effec t  i n 
decompose d problem s i s simila r  t o th e articulatin g 
compositio n hypothesi s i n tha t  w e focu s o n difficultie s 
student s hav e wit h productio n an d no t  wit h comprehension . 
We wil l  introduc e tw o type s o f  error s tha t  ar e analogou s t o 
th e sort s o f  error s mad e whe n learnin g a  natura l  language . 
O ne suc h erro r  i s t o sa y word s i n th e wron g order ,  fo r 
instance ,  writin g "m-72 "  whe n "72-m "  i s intended .  W e cal l 
thes e reversa l  errors .  A  secon d languag e productio n erro r  i s 
t o us e th e wron g verb .  Fo r  instance ,  writin g " 7 2 + m "  whe n 
"72-m "  i s intended .  W e cal l  thes e wron g ver b errors .  Bu t  jus t 
becaus e a  perso n ha s writte n " 7 2 + m "  doe s no t  mea n w e ca n 
assume the y mean t  "72-m "  s o w e wil l  hav e t o compar e th e 
erro r  rate s o n symbolizatio n problem s wit h th e numbe r  o f 
analogou s error s o n arithmeti c problems(fo r  instanc e th e 
number  o f  peopl e w h o adde d 72+3 2 t o ge t  10 4 fo r  proble m 
D A2 i n Tabl e 1 )  I t  turn s ou t  tha t  ther e ar e 7  error s o f 
student s usin g th e wron g ver b t o arriv e a t  a  arithmeti c 
answer .  I n contrast ,  fo r  symbolizatio n problems ,  ther e ar e 3 1 
suc h errors .  Th e increas e i n thes e wron g operato r  error s i s 
du e t o th e fac t  tha t  tha t  students '  difficultie s aris e no t  s o 
m u ch i n Englis h comprehensio n bu t  i n symboli c production . 
We se e a  simila r  patter n fo r  th e reversa l  errors ,  wit h n o suc h 
error s occurrin g fo r  arithmeti c problem s (nobod y answer s " -
4 0 "  fo r  D S 2 )  whil e ther e ar e 1 2 suc h error s fo r  symbolizatio n 
problems .  Th e differenc e i n thes e simpl e articulatio n error s 
account s fo r  abou t  4 0 % o f  th e symbolizatio n gap . 

A secon d explanatio n i s a  possibl e consequenc e o f  th e 
generalizatio n hypothesis .  Conside r  th e 6t h grad e studen t  w h o 
has neve r  see n a  variabl e befor e an d i s suddenl y confronte d 
wit h a  proble m wit h a  variabl e fo r  th e first  time .  Sh e woul d 
probabl y b e totall y confuse d an d b e inhibite d fro m usin g tha t 
variabl e i n he r  answer .  Sh e migh t  b e muc h mor e likel y t o 
randoml y guessin g usin g th e mor e familia r  number s fro m th e 
problem .  O r  sh e migh t  answe r  a s on e studen t  o f  our s di d o n 
severa l  o f  th e symbolizatio n problems :  "No t  enoug h info" . 
Thi s lead s t o th e predictio n tha t  novice s ar e inhibite d fro m 
usin g a  variable .  O f  th e student s w h o gav e a n answe r  3 8 
answer s di d no t  contai n th e give n variabl e eve n thoug h i n a 
decompose d proble m ther e ar e onl y tw o numbers .  Thi s 

account s fo r  3 5 % o f  th e symbolizatio n gap .  Bu t  ther e i s a 
consistenc y proble m wit h thi s variabl e inhibitio n 
hypothesis .  I n previou s researc h w e (1997 )  foun d tha t 
students '  abilit y  t o d o arithmeti c symbolizatio n (e.g . 
answerin g wit h "72-32 "  rathe r  the n "40" )  wa s no t 

significantl y differen t  (F(l,30)=.9 ,  p>.35 )  fro m thei r  abilit y 
t o d o algebrai c symbolizatio n (e.g .  answe r  wit h "72-m") . 
However ,  w e d o not e tha t  th e tren d i n th e dat a wa s 
particularl y larg e an d i n th e predicte d direction :  th e absolut e 
performanc e o n decompose d problem s rises  fro m 5 8 % fo r 
arithmeti c symbolizatio n problem s t o 6 8 % fo r  symbolizatio n 

problem s wit h a  variable .  Furthermore ,  th e student s i n th e 
curren t  stud y wer e generall y a t  a  lowe r  leve l  wher e variabl e 
inhibitio n m a y b e greater .  O n th e 6  cover-storie s tha t  th e tw o 
population s ha d i n c o m m o n th e percentag e correct ,  o n 
average ,  fo r  symbolize d problem s wa s significantl y differen t 
(F(l,10)=7.292 ,  p<.02 )  wit h thi s presen t  grou p averagin g a 
lo w 2 7 . 2 % whil e th e previou s grou p average d a  highe r 
42 .8% . 

A thir d hypothesi s i s tha t  th e symbolizatio n effec t  fo r 
decompose d problem s i s cause d b y th e fac t  tha t  student s ma y 
be usin g back-u p strategie s (lik e repeate d addition : 
40+40+40 )  fo r  th e arithmeti c problem s instea d o f  th e direc t 
arithmeti c strateg y (e.g .  3*40 )  tha t  i s  necessar y fo r 
symbolization .  W e looke d a t  al l  o f  th e response s student s 
gav e t o th e arithmeti c problem s t o se e i f  w e sa w an y evidenc e 
tha t  student s wer e usin g an y mat h operation s othe r  tha n thos e 
expected ,  an d foun d n o evidenc e t o suppor t  thi s hypothesis . 
At  th e sam e time ,  sinc e student s di d no t  alway s sho w thei r 
work ,  w e ca n no t  rul e thi s out . 

A fourt h explanatio n fo r  th e presenc e o f  a  symbolizatio n 
effec t  i n decompose d problem s i s wha t  w e cal l  th e semanti c 
suppor t  hypothesis .  I f  a  studen t  actuall y ha s number s tha t 
the y ca n us e t o comput e answer s the y hav e th e advantag e o f 
bein g abl e t o loo k a t  th e answe r  t o detec t  violation s wit h th e 
semantic s o f  th e problem .  W e discusse d abov e tha t  ther e 
wer e n o reversa l  error s o n arithmeti c problem s bu t  1 2 o n 
symbolizatio n problem .  M a y b e th e reaso n reversa l  error s 
don' t  occu r  o n decompose d problem s i s tha t  i f  a  studen t 
calculate s "-40 "  sh e wil l  quickl y detec t  tha t  a  negativ e numbe r 
of  dollar s t o giv e t o th e sister s doe s no t  mak e sense .  Th e 
semanti c suppor t  hypothesi s als o suggest s tha t  eve n withou t 
doin g an y o f  th e arithmetic ,  i t  migh t  b e easie r  fo r  a  studen t 
t o figure  ou t  whic h operato r  t o us e i f  the y kno w th e relativ e 
siz e o f  th e number s given :  student s see m t o hav e heuristic s 
lik e "i f  on e numbe r  i s m u c h large r  the n th e other ,  the n 
divisio n i s likely" ,  i n additio n t o heuristic s lik e "alway s 
subtrac t  th e smalle r  numbe r  fro m th e larger. "  S o a  studen t 
migh t  benefi t  mor e b y havin g number s rathe r  the n variable s 
eve n befor e sh e actuall y doe s an y math .  I n ou r  previou s 
work ,  thoug h w e faile d t o find a  significan t  differenc e 
(F(l,30)=.9 ,  p>.35 )  betwee n th e performanc e o n arithmeti c 
symbolizatio n vs .  algebrai c symbolizatio n problem s (a s 
mentione d i n th e introduction) ,  ther e wa s a  differenc e o f 
averag e percentag e correc t  o f  abou t  1 0 % fro m 5 8 % correc t  t o 
6 8 % correct .  Thi s suggest s tha t  ther e migh t  b e a  rol e fo r  th e 
semanti c suppor t  hypothesi s tha t  help s student s us e heuristic s 
base d o n th e siz e o f  number s a s wel l  a s heuristic s tha t  chec k 
th e resul t  o f  arithmeti c computation s fo r  semanti c violations . 
Neithe r  o f  thes e strategie s i s possibl e i f  th e proble m ha s a 
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variabl e present .  Furthe r  researc h i s neede d t o conclusivel y 
distinguis h betwee n th e merit s o f  thes e explanations . 

Comprehension Effect in Arithmetic Problems: 

The thir d developmenta l  transitio n w e detecte d wa s th e ga p 

shown b y student s w h o coul d no t  d o compose d arithmeti c 
problem s a s wel l  a s decompose d arithmeti c proble m (whic h 
lead s t o wha t  w e cal l  a  compositio n effec t  i n th e decompose d 
problems) .  Th e ga p i s no t  large ;  ther e wer e 4 2 error s o n 
decompose d problem s whil e compose d problem s ha d 52 . 
Agai n w e notic e tha t  1 0 o f  th e answer s fo r  compose d 
problem s wer e th e resul t  o f  doin g jus t  th e firs t  o f  tw o require d 
steps .  Thes e student s possibl y sto p earl y becaus e the y ar e 
not  readin g th e questio n carefully .  Ther e wer e onl y 5  student s 
who wer e abl e t o ge t  a  decompose d proble m correc t  bu t  faile d 
t o ge t  an y othe r  typ e o f  proble m includin g compose d 
arithmeti c problem s correct .  Mor e generally ,  ther e wer e 2 4 
student s whos e performanc e o n compose d arithmeti c 
problem s wa s wors e tha n thei r  performanc e o n decompose d 
arithmeti c problems .  W e woul d assum e tha t  thi s 
compositio n effec t  i s  partl y explaine d b y referenc e t o 
cognitiv e model s lik e LeBlan c an d Russel l  (1996 )  tha t 
attemp t  t o explai n arithmeti c wor d proble m performanc e 
base d o n workin g memor y loa d considerations .  Tha t  is , 
compose d problem s ar e somewha t  harde r  t o read .  I t  als o 
migh t  b e tha t  som e student s d o no t  bothe r  t o re-rea d suc h 
problem s eve n i n th e fac e o f  thi s hig h workin g memor y load . 

A Sketch of a Developmental Model 

Based o n thes e result s o f  ou r  difficultie s factor s assessmen t 
(her e an d i n Heffema n &  Koedinger ,  1997) ,  w e hav e begu n t o 
creat e a  developmenta l  mode l  o f  h o w student s lear n t o 
symbolize .  Contrar y t o c o m m o n belie f  an d th e emphasi s o f 
prio r  cognitiv e scienc e research ,  student '  difficult y i n algebr a 
word  proble m solvin g appear s les s relate d t o comprehensio n 
difficultie s an d mor e relate d t o difficultie s i n producin g 
symboli c expressions ,  particularl y expression s tha t  involv e 
more tha n on e operator .  W e wil l  summariz e thre e mai n 
transition s thi s model .  A t  th e star t  o f  th e developmenta l 
progressio n ar e student s (tw o i n thi s study )  w h o fai l  t o ge t 
any o f  th e problem s correc t  an d w e wil l  ignor e them .  A t  th e 
first  non-trivia l  level ,  w e sa w five  subject s w h o showe d 
competenc e i n decompose d arithmeti c problem s (wher e 
competenc e i s a t  leas t  on e o f  th e tw o problem s correct )  bu t 
faile d t o sho w competenc e i n an y othe r  proble m type .  W e 
speculate d tha t  thei r  poore r  performanc e o n compose d 
problem s migh t  b e du e t o workin g memor y limitation s o r 
relate d t o difficultie s comprehendin g mor e complicate d 
compose d stories .  Th e student s a t  thi s leve l  sho w evidenc e 
predicte d b y th e generalizatio n hypothesis .  I n goin g t o th e 
nex t  leve l  student s mus t  lear n t o dea l  wit h compose d 
arithmeti c problems .  The y mos t  likel y nee d t o improv e thei r 
readin g skill s  an d mak e sur e the y answe r  th e questio n asked . 
Twenty-fou r  student s ha d mad e thi s transitio n t o competenc e 
i n compose d arithmeti c bu t  w e no t  successfu l  o n an y 
symbolizatio n problems . 

The nex t  hurdl e student s surmoun t  i s learnin g ho w t o dea l 
wit h decompose d symbolizatio n problems .  I t  i s  interestin g t o 
not e tha t  n o studen t  wa s competen t  i n decompose d 
symbolizatio n problem s w h o wa s no t  als o competen t  i n 

compose d arithmetic .  Thi s i s mos t  likel y du e t o th e fac t  tha t 
student s se e compose d arithmeti c problem s i n elementar y 
school ,  bu t  mos t  se e variable s muc h later .  Ther e wer e a t  th e 
leve l  o f  showin g competenc e i n bot h compose d arithmeti c 
and decompose d symbolization ,  bu t  wer e no t  successfu l  o n 
any o f  th e compose d symbolizatio n problems .  W e considere d 
fou r  altemativ e hypothesi s regardin g wha t  student s nee d t o 
lea m t o mak e thi s transitio n t o competenc e o n simpl e 
decompose d symbolizatio n problems . 

At  th e highes t  leve l  ther e wer e 2 5 student s w h o wer e abl e 
t o ge t  on e o f  th e compose d symbolizatio n problem s correc t 
(onl y on e studen t  go t  bot h compose d symbolizatio n problem s 
correct) .  I n makin g thi s transitio n t o competenc e i n 
compose d symbolizatio n problems ,  student s lea m h o w t o 
combin e th e articulatio n o f  individua l  steps . 

We wil l  limi t  ourselve s t o on e instructiona l  desig n 
suggestio n tha t  ca n b e derive d for m thi s developmenta l 
model .  I n helpin g student s transitio n fro m competenc e a t 
symbolizin g on e operato r  problem s t o competenc e a t 
symbolizin g multipl e operato r  problems ,  w e recommen d 
practic e o n symboli c substitutio n problems .  A t  th e fac e o f 
it ,  suc h problem s see m totall y unrelate d t o translatin g won J 
problem s t o symbols .  However ,  ou r  cognitiv e analysi s an d 
difficult y factor s assessment s hav e identifie d substantia l 
overia p i n th e skill s  require d fo r  thes e apparentl y unrelate d 
tasks .  Furthermore ,  w e hav e preliminar y evidenc e tha t 
trainin g o n substitutio n transfer s t o symbolization . 
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Abstrac t 

A model of the productive sound-spelling mapping in 
Englis h i s  described ,  base d o n previou s wor k o n th e 
analogou s proble m fo r  readin g (Zorzi ,  Houghto n & 
Butterworth ,  1998a ,  1998b) .  I t  i s  foun d tha t  a  two-laye r 
networ k ca n robustl y extrac t  thi s mappin g fro m a 
representativ e corpu s o f  Englis h monosyllabi c sound-spellin g 
pairs ,  bu t  tha t  goo d performanc e require s th e us e o f 
graphemi c representations .  Performanc e o f  th e mode l  i s 
discusse d fo r  bot h word s an d nonwords ,  direc t  compariso n 
bein g mad e wit h th e spellin g o f  surfac e dysgraphi c M P 
(Behrman n &  Bub ,  1992) .  Th e mode l  show s appropriat e 
contextua l  effect s o n spellin g an d exactl y reproduce s man y o f 
th e subject' s  spellings .  Effect s o f  sound-spellin g consistenc y 
ar e examined ,  an d result s arisin g fro m th e interactio n o f  thi s 
syste m wit h a  lexica l  spellin g syste m ar e compare d wit h 
norma l  subjec t  data . 

Introduction 

Th e stud y o f  readin g ha s recentl y bee n m u c h enlivene d b y 
th e developmen t  o f  explici t  computationa l  model s o f 
readin g alou d an d wor d recognitio n (Coltheart ,  Curtis , 
Atkin s &  Haller ,  1993 ;  Grainge r  &  Jacobs ,  1996 ;  Plaut , 
McClelland ,  Seidenber g &  Patterson ,  1996 ;  Seidenber g & 
McClelland ,  1989 ;  Zorzi ,  Houghto n &  Butterworth ,  1998a) . 
At  th e sam e time ,  progres s ha s bee n m a d e i n th e relate d 
proble m o f  spelling ,  bot h fro m m e m o r y (Glasspoo l  & 
Houghton ,  submitted ;  Houghton ,  Glasspoo l  &  Shallice , 
1994 )  an d b y sound-sjjellin g conversio n (Glasspool , 
Houghto n &  Shallice ,  1995 ;  Olso n &  Caramazza ,  1994 ; 
Shallice ,  Glasspoo l  &  Houghton ,  1995) . 

I n thi s paper ,  w e loo k a t  result s produce d b y a  particula r 
model  o f  th e sound-spellin g mappin g fo r  Englis h 
monosyllables .  Th e basi c architectur e o f  th e mode l  i s base d 
on th e readin g mode l  o f  Zorzi ,  Houghto n an d Butterwort h 
(1998a ,  1998b) .  Th e particula r  aspect s o f  spellin g whic h ar e 
examine d ar e (I )  th e natur e o f  orthographi c outpu t 
representation s an d thei r  rol e i n facilitatin g th e learnin g o f 
th e productiv e sound-spellin g mappin g fo r  English ,  (2 )  th e 
minima l  computationa l  requirement s fo r  a n adequat e 
learnin g o f  thi s mapping ,  wit h th e emphasi s o n 
generalizatio n t o nonwor d spelling ,  (3 )  direc t  compariso n o f 
model  outpu t  wit h nonwor d spellin g i n surfac e dysgraphia . 

and (4 )  th e model' s treatmen t  o f  word s an d it s interactio n 
wit h th e lexica l  spellin g mechanisms . 

Division of labor in reading and spelling 

Skille d proble m solvin g generall y involve s th e interactio n 
of  a t  leas t  tw o kind s o f  knowledge ,  whic h w e wil l  refe r  t o 
as "generative "  an d "case-specific "  knowledge .  Th e firs t 
type ,  generativ e knowledge ,  exploit s regularitie s foun d t o 
appl y acros s specifi c  example s o f  th e proble m class ,  and ,  i n 
principle ,  m a y b e applie d t o an y proble m instance ,  i n 
particula r  nove l  examples .  Case-specifi c  knowledg e onl y 
applie s t o particula r  instance s an d i s base d o n memor y fo r 
previousl y experience d examples .  Thi s latte r  for m o f 
recognition-base d proble m solvin g m a y hav e th e advantag e 
of  relativ e efficiency ,  an d i n particula r  ca n b e applie d t o 
non-regula r  o r  exceptiona l  case s whe n th e proble m domai n 
i s onl y "quasi-regular" . 

Wit h respec t  t o spellin g (an d reading )  thi s genera l 
perspectiv e translate s int o th e ide a tha t  ther e wil l  b e a 
distinctio n betwee n "rote "  performance ,  base d o n memor y 
fo r  th e spellin g o f  a  word ,  an d a  mor e productiv e capacit y 
fo r  mappin g fro m th e constituen t  sound s o f  a  wor d t o 
constituen t  letter s (an d vic e vers a fo r  reading) .  Th e 
problem s o f  readin g an d spellin g Englis h ar e goo d example s 
of  a  quasi-regularity .  Thu s Englis h spellin g t o soun d 
relationship s ar e basicall y systemati c bu t  wit h man y 
inconsistencie s an d specifi c  exceptio n words .  However , 
skille d speller s ca n als o easil y spel l  ne w o r  non -  words ,  an d 
generall y d o s o i n a  wa y whic h conform s t o th e dominan t 
regularitie s whic h exis t  amongs t  th e word s the y know .  Th e 
ide a tha t  th e regularitie s employe d i n spellin g an d readin g 
nonword s (th e generativ e route )  m a y b e separatel y 
represente d fro m knowledg e o f  individua l  word s (case -
specifi c  route )  ha s a  lon g histor y (se e e.g. ,  Baro n & 
Strawson ,  1976 ;  Coltheart ,  1978) .  Wit h respec t  t o spelling , 
specifi c  evidenc e fo r  distinc t  lexica l  an d generativ e route s 
has c o m e fro m neuropsychologica l  studie s o f  dissociation s 
(Beauvoi s &  Derouesne ,  1981 ;  Shallice ,  1981) . 

However ,  beginnin g wit h th e wor k o f  Rumelhar t  an d 
McClellan d (1986 )  o n learnin g th e pas t  tens e o f  Englis h 
verbs ,  studie s wit h neura l  network s hav e le d t o th e 
psychologica l  validit y o f  thi s distinctio n bein g questioned , 
at  leas t  fo r  som e domains .  I t  i s  argue d tha t  a  neura l  networ k 
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wit h a  single ,  homogenou s rout e fro m inpu t  t o outpu t  ca n 
handl e bot h th e regula r  an d irregula r  case s an d stil l  b e abl e 
t o generaliz e th e regularitie s t o nove l  case s (e.g. ,  Plunket t  & 
Marchman ,  1993 ;  Plau t  e t  al. ,  1996 ;  Rumelhar t  & 
McClelland ,  1986 ;  Seidenber g &  McClelland .  1989) .  I n th e 
cas e o f  reading ,  however ,  i t  ha s becom e clea r  tha t  n o singl e 
rout e mode l  ca n accoun t  fo r  bot h experimenta l  an d 
neuropsychologica l  dat a (Plau t  e t  al. ,  1996 ;  Zorz i  e t  al. , 
1998a) . 

Connectionis t  modelin g mus t  no t  necessaril y  commi t  t o a 
singl e rout e approac h (see ,  e.g. .  Jacobs ,  Jorda n &  Barto , 
1991) .  I n fact .  Zorz i  e t  al .  (1998a .  1998b )  describ e a 
connectionis t  mode l  o f  readin g wher e a  dual-rout e 
processin g syste m emerge s fro m th e interactio n o f  tas k 
demands an d initia l  networ k architectur e i n th e cours e o f 
readin g acquisitio n (fo r  brevit y w e wil l  hencefort h refe r  t o 
thi s a s th e Z H B model) .  I n thi s model ,  th e distinctio n 
betwee n generativ e (phonologica l  assembly )  an d case -
specifi c  (lexica l  retrieval )  knowledg e i s realize d i n th e for m 
of  th e connectivit y (eithe r  direc t  o r  mediated )  betwee n 
orthographi c inpu t  an d phonologica l  outpu t  patterns .  I n 
particular ,  i t  wa s foun d that ,  whe n spellin g an d soun d ar e 
directl y connecte d i n a  two-laye r  networ k (i.e. ,  interaction s 
ar e no t  mediate d b y hidde n units) ,  the n thi s direc t  pathwa y 
learn s th e mos t  reliabl e spelling-soun d correspondences, 
withou t  formin g representation s o f  individua l  trainin g item s 
(i.e. ,  lexica l  representation s thes e wil l  for m i n th e 
mediate d pathway ,  i.e. ,  on e containin g a  laye r  o f  hidden 
units) .  Thi s i s s o eve n thoug h th e trainin g se t  contain s 
numerou s inconsisten t  an d exceptio n pairs .  Thi s tw o laye r 
model ,  traine d wit h th e Delt a rule ,  wa s thu s foun d t o 
implemen t  a  phonologica l  assembl y mechanism .  I t 
generate s correc t  pronunciation s o f  regula r  words ,  an d tend s 
t o regulariz e irregula r  word s (wit h a  patter n simila r  t o tha t 
of  a  surfac e dyslexi c patient) .  O n nonwor d reading ,  th e 
model  closel y matche s dat a fro m norma l  subjects .  Furthe r 
studie s (Zorz i  e t  al. ,  1998b )  showe d tha t  a  multilaye r 
networ k wit h n o direc t  connectivit y betwee n inpu t  an d 
output ,  whe n give n th e sam e training ,  perform s m u c h les s 
wel l  a s a  phonologica l  assembl y mechanism ,  tendin g t o 
simpl y memoriz e it s trainin g se t  (i.e. ,  ac t  a s a  lexica l  route) . 
Zorz i  e t  al .  conclud e tha t  i t  i s  no t  necessar y t o specif y a 
prior i  th e functiona l  role s o f  th e differen t  route s i n readin g 
but  tha t  the y ca n emerg e a s th e optima l  us e o f  specifi c 
computationa l  resources ,  viz .  direc t  vs .  mediate d 
connectivity . 

Mapping sound onto spelling 

Followin g th e Z H B mode l  results ,  Glasspoo l  an d colleague s 
(Glasspoo l  e t  al. .  1995 ;  Shallic e e t  al. ,  1995 )  looke d a t  th e 
capabilitie s o f  two-laye r  network s o n th e soun d t o spellin g 
mapping .  I n thi s mode l  inpu t  phoneme s arriv e seriall y  usin g 
a "slidin g window "  techniqu e (cf .  Olso n &  Caramazza , 
1994 ;  Sejnowsk i  &  Rosenberg ,  1988) .  Durin g learning ,  th e 
spellin g o f  th e wor d i s als o presente d seriall y  a s a  time -
varyin g patter n o f  activatio n ove r  a  singl e se t  o f  node s 
representin g grapheme s (lette r  group s correspondin g t o 
phonemes ,  e.g. ,  T H ,  E A ,  S H ,  etc.) .  Graphem e positio n wa s 
not  explicitl y  represented .  Afte r  6 0 epoch s o f  trainin g o n a 
set  o f  395 7 spelling-soun d pair s th e mode l  achieve d abou t 

8 0 % acceptabl e (i.e. ,  phonologicall y plausible )  spellings . 
The result s o f  Glasspoo l  e t  al .  ar e encouraging ;  howeve r  a 

lowe r  rat e o f  implausibl e spelling s i s desirable .  I n th e mode l 
reporte d here ,  w e dispens e wit h th e seria l  aspect s o f  th e 

Glasspoo l  e t  al .  mode l  an d describ e result s fro m a n 
"inverse "  versio n o f  th e Z H B model . 

Description of the model 

The Z H B mode l  o f  phonologica l  assembl y use s a  slo t  base d 
representatio n fo r  inpu t  an d output ,  wit h a  distinctio n 
betwee n onse t  an d rime .  Inpu t  unit s represen t  th e presenc e 
of  individua l  letter s i n particula r  position s i n th e 
orthographi c onse t  an d rime .  Onl y representation s o f 
individua l  letter s wer e use d (i.e. ,  n o comple x graphemes) . 
Letter s occurrin g befor e th e vowe l  lette r  fil l  successiv e 
onse t  slot s (u p t o a  m a x i m u m o f  3) .  Letter s followin g th e 
first  vowe l  lette r  fil l  successiv e rim e slots .  Outpu t 
phonolog y i s represente d i n th e sam e way .  I n th e firs t 
versio n o f  thi s mode l  w e simpl y inverte d th e Z H B assembl y 
model  an d traine d i t  fro m soun d t o spelling .  W e foun d fo r 
thi s mode l  tha t  th e leve l  o f  acceptabl e spellin g produce d 
was rathe r  lo w (aroun d 7 0 % )  an d m u c h o f  th e proble m wa s 
du e t o th e mode l  producin g blend s o f  alternativ e 
"graphemes "  fo r  a  give n sound ,  e.g. ,  fo r  th e soun d /f/ , 
blendin g F  an d P H ,  t o produc e F H (not e tha t  P H i s no t 
represente d a s a  singl e unit) .  Thi s suggeste d tha t  graphem e 
unit s shoul d b e use d i n th e outpu t  representation . 
Interestingly ,  Barr y an d Seymou r  (1988 )  presen t  dat a fro m 
primin g studie s whic h suppor t  th e us e o f  grapheme s i n 
spelling .  W e therefor e develope d a  secon d mode l  wit h th e 
same onset-rim e structur e i n th e orthograph y bu t  wit h th e 
additio n o f  node s fo r  comple x graphemes . 

I n thi s mode l  th e outpu t  representatio n require s 7  group s 
of  graphem e units ,  consistin g o f  thre e successiv e onse t 
groups ,  an d 4  rim e group s startin g wit h th e orthographi c 
vowel .  Th e grapheme s use d (i n additio n t o th e standar d 
singl e letters )  ar e show n i n tabl e 1 . 

Table 1 - Graphemes used in orthographic output 
representation . 

Onset 
Vowel 

Coda 

CH K N P H K N Q U S H T H W H W R 
Al  A R A U A W A Y E A E E E I  E R E W 
EY I E I R O A O E 0 1 O O O U O R O W 
OY U A U E U I  U R U Y Y E 
CH C K D D DGE F F G H GH T GU E 
LL M B N G P H QU E S H S S TC H T H 
I' l  Z Z 

Most  onse t  grapheme s ar e initia l  an d henc e onl y occu r  i n 
th e first  orthographi c position .  Thi s schem e produce s outpu t 
representation s suc h as :  th e =  T H -  -  E  ;  churc h =  C H 

U R C H -  - ;  strengt h =  S  T  R  E  N G T H - ;  wher e a  hyphe n 
indicate s a n empt y slo t  (n o grapheme s activated) .  Th e 
architectur e o f  th e mode l  i s  depicte d i n Figur e I . 
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Phonologica l  Inpu t 

Onset 

m // / 

Rime 

/9 / 

1 2 3 

Learne d I  Weight s led a V\ 
Orthographi c Lexico n 

1 2 3 1 4 k 

TH I NG 

Rime Onset 

Orthographic Output 

Figure 1. Structure of the model. The direct soutid-
spellin g networ k map s fro m a  (slot-based )  onset/rim e 
representatio n o f  phonolog y t o a n onset/rim e 
representatio n o f  spellin g vi a a  singl e se t  o f  learne d 
weights .  Th e outpu t  representatio n use s grapheme s an d 
th e figur e illustrate s th e representation s i n th e mappin g 
from  / T I  9 /  t o T H I N G (se e Tabl e 1  fo r  graphem e set , 
Tabl e 2  fo r  phonem e symbols) .  Inpu t  an d outpu t  ma y 
als o b e linke d b y a  lexica l  route . 

The network was trained on a set of 2500 monosyllabic 
sound-spellin g pair s usin g th e Delt a rul e erro r  correctin g 
algorith m (Widro w &  Hoff ,  1960) .  Fo r  eac h spelling-soun d 
pai r  i n th e trainin g set ,  a n appropriat e phonologica l  inpu t  i s 
established ,  settin g eac h activate d phonem e nod e t o a  valu e 
of  1 .  Activation s propagat e t o th e outpu t  layer ,  usin g th e do t 
produc t  ne t  inpu t  rul e t o calculat e th e input s t o eac h 
graphem e unit .  Connectio n weight s ar e al l  initialize d t o 
zero ,  an d unit s hav e n o bia s term .  Phonemi c activation s ar e 
a sigmoida l  function/o f  thei r  ne t  input ,  boundin g phonem e 
activation s i n th e rang e [0,1] ,  an d with/fO j  =  0  (n o input ,  n o 
output) .  Thi s outpu t  activatio n i s  compare d wit h th e targe t 
activatio n (node s tha t  shoul d b e o n hav e a  targe t  activatio n 
of  1 ,  node s tha t  shoul d b e of f  a  targe t  o f  0) .  Th e erro r  fo r 
eac h graphem e uni t  i s  th e differenc e betwee n th e targe t  an d 
actua l  activations .  Wher e error s occur ,  weight s t o th e 
offendin g unit s ar e change d accordin g t o th e delt a rule ,  i.e. , 

A%=^,(^-«; ) 

wher e w ^  i s th e weigh t  fro m inpu t  uni t  u ,  t o outpu t  uni t  Uj ,  a , 
and a ^  ar e activation s o f  th e inpu t  an d outpu t  unit s 
respectively ,  t ^  i s th e targe t  activatio n fo r  outpu t  unit) ,  an d X 
i s a  learnin g rat e parameter .  Trainin g stoppe d whe n th e 
mean erro r  reache d asymptote .  Thi s wa s typicall y afte r 
aroun d 20-3 0 epoch s o f  training .  Followin g thi s th e model' s 
performanc e o n word s an d nonword s wa s tested .  Testin g 
consist s o f  presentin g th e phonemi c representatio n a t  th e 
inpu t  an d the n readin g ou t  th e spellin g b y selectin g th e mos t 
activ e graphem e abov e a  threshol d a t  eac h outpu t  graphem e 
positio n (thi s selectio n ca n b e achieve d usin g latera l 
inhibitio n betwee n node s withi n a  "slot" ,  bu t  w e ignor e thi s 

complicatio n here ;  se e Zorz i  e t  al. ,  1998a ,  fo r  th e 
descriptio n o f  a  simila r  competitiv e outpu t  system) .  Th e 
threshol d wa s se t  a t  0.2 . 

Results 

Basic performance After learning reached asymptote the 

model' s spellin g wa s teste d o n 50 0 randoml y selecte d 
word s fro m th e trainin g set .  O f  these ,  abou t  9 6 % wer e 

judge d t o b e phonologicall y plausibl e spellings ,  i n th e sens e 
tha t  th e pronunciatio n coul d b e reliabl y retrieve d fro m th e 
model' s spelling .  Thi s wa s clearl y a  grea t  improvemen t  ove r 
th e invers e Z H B model ,  showin g tha t  th e us e o f  comple x 
graphem e representation s i s highl y functiona l  fo r  thi s basi c 
architecture .  Thi s support s th e Barr y an d Seymou r  (1988 ) 
primin g result s showin g th e us e o f  grapheme s b y adult s 
spellin g nonword s t o dictation .  Th e mode l  als o perform s 
bette r  tha n th e Glasspoo l  e t  al .  (1995 )  mode l  i n term s o f 
avoidin g implausibl e spellings .  W e tak e thi s improvemen t 
t o b e du e t o th e explici t  provisio n o f  orthographi c syllabl e 
structur e i n th e outpu t  representation . 

For  regula r  word s {plank ,  match ,  bill ,  etc. )  th e model' s 
spellin g wa s correct ,  whil e irregula r  an d inconsisten t  word s 
wer e regularized ,  e.g .  soa p -  sope ;  sauc e sorse ;  spea r  -
speer .  Thi s aspec t  o f  th e model' s performanc e i s 
investigate d mor e systematicall y below . 

Many o f  th e error s involve d addin g a n unlikel y final  "E " 
on word s wit h shor t  vowel s an d a  final  /s /  o r  /z/ ,  s o fo r 
instance ,  / s  w  I  s /  wa s spel t  swisse .  Althoug h thes e wer e 
score d a s errors ,  w e suspec t  man y woul d b e pronounce d 
correctly . 

Nonword spelling Of particular interest is the model's 
nonwor d spellin g (generalization) .  A s a  simpl e tes t  o f  th e 
model' s nonwor d spelling .  Tabl e 2  provide s a  compariso n 
of  th e model' s spellin g o f  a  se t  o f  5 8 nonword s wit h thos e 
produce d b y M P (Behrman n &  Bub ,  1992) ,  a  surfac e 
dyslexi c subjec t  wh o showe d nea r  perfec t  performanc e o n 
nonwor d spellin g an d reading . 

The mode l  make s on e clea r  error ,  / g e  d/— > gd .  I n thi s 
cas e n o vowe l  graphem e ha s bee n activate d abov e th e 0. 2 
threshold .  However ,  th e mos t  activ e subthreshol d vowe l 
lette r  i s  e .  Apar t  fro m thi s th e mode l  show s th e tendenc y 
mentione d abov e t o overus e a  final  e ,  e.g. ,  i n noode ,  degse . 
draite ,  althoug h thi s doe s no t  generall y lea d t o unacceptabl e 
spellings .  I n genera l  thi s i s  du e t o th e fac t  tha t  "silen t  e " 
spellings ,  a s i n late ,  pole ,  mul e etc. ,  ar e no t  represente d i n 
th e mode l  a s distinc t  (orthogonal )  outpu t  option s an d henc e 
canno t  compet e wit h alternativ e spellin g a s a  singl e 
coheren t  "group" .  S o fo r  instance ,  i n th e cas e o f  draite , 
ther e i s competitio n betwee n th e alternativ e spelling s droi t 
and drate .  However ,  th e final  e  doe s no t  for m a  grou p (o r 
discontinuou s grapheme )  wit h th e a  o f  drat e wit h th e resul t 
tha t  whe n th e a  lose s th e competitio n i n th e vowe l  positio n 
t o th e graphem e ai ,  th e fina l  e  i s no t  affecte d an d i s  stil l 
produced .  T o th e exten t  tha t  peopl e d o no t  produc e suc h 
spellings ,  i t  suggest s tha t  th e vowe l  +  e  optio n shoul d b e 
represente d a s a  singl e uni t  whic h ca n b e selecte d o r 
rejected . 
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Tabl e 2 :  Compariso n of  model' s nonwor d spellin g wit h tha t  of  surfac e dyslexi c 
subjec t  M P (Behrman n &  Bub ,  1992 ,  appendi x 2) . 
Key .  Vowels :  / & /  a s i n cAt ,  I d a s i n bEt ,  I V a s i n hit ,  /O /  a s i n hOt ,  N l  a s i n hUt , 
/I /  a s i n bEAt ,  Iv J a s i n bOOt ,  AJ /  a s i n pUt .  10 1 a s i n d O O R,  / @ U /  a s i n grOve , 
/al /  a s i n file ,  /el /  a s i n wAIt ,  /3 /  a s i n bURn ,  /I@ /  a s i n chEER . 
Consonants :  mos t  hav e standar d values ,  e.g. ,  /d /  a s i n Door .  Als o /S /  a s i n Shed , 
191 a s i n siNG ,  H I  a s i n Thin .  (. )  =  subthreshol d response ;  *  denote s respons e 
marke d a s a n erro r  b y Behrman n an d Bu b (1992) . 

Word 

/bll / 
/sek / 
/me l / 
/sp«&l / 
/ked / 
/flelt / 
/neld / 
/k@Ub/ 
/bOs / 
/ d I  m p / 
/w@Ul / 
/lim / 
/selt / 
/kOdZ / 
/frim / 
/nllt / 
/ t  r  I  s  t / 

/ f l i p / 
/ b l im / 
/ged / 
/rllt / 
/ris / 
/ m a l  s / 
/ fent / 
/rel / 
/p i  O k / 
/rOg / 
/bi lk / 
/ f  r  i  tS / 

MP 
bee l 
sek 
mell 
spal 
ked 
flat e 
nel d 
cob e 
bauc e 
dim p 
wol e 
lee m 
sat e 
cudge * 
fri m 
nil t 
tris t 
flee p 
b lea m 
ged 
ril t 
rees e 
mis e 
fen t 
rel l 
pluck * 
ro g 
blic k 
freec h 

Model 

beel 
seek 
mel l 

spal l 
ked 
flat e 
nel d 
cob e 
bors e 
dim p 
wol e 
lea m 
sat e 
codg e 
fri m 
nil t 
tris t 
flee p 
b lea m 
g(e) d 
ril t 
reas e 
mic e 
fen t 
rel l 
ploc k 
ro g 
blic k 
freac h 

Word 
/bl@Um/ 
/kOm/ 
/tS&m / 
/hin / 
/ d i  tS / 
/ d r  e l  t / 
/ d 0  1  d / 
/fl&m / 
/l&ts / 
/sVf / 
/wVS / 
/ d r  i  s / 
/ s k 3 1 / 
I n i  tS / 
/swim / 

/mup / 
/telz / 

/holl / 
/ b r  i  s / 
/ w i  tS / 
/ p l i k / 

/ h o l  s / 
/ k e l  1 / 
/ d e  g  s / 
/ s 1 0 1 d / 
/skim / 
/ p e  tS / 
/lOt / 
/nud / 

MP 
blom e 
cau m 
cha m 
bee n 
deetc h 
drat e 
dol d 
fla m 
lat s 
suf f 
wush 
dreec e 
skir l 
neec h 
swea m 
moop 
taz e 
hoi l 
breas e 
weech 
plea k 
hoi s 
kai l 
degs 
stol d 
ski m 
petc h 
lo t 
noo d 

Model 

bloam e 
cor m 
cha m 
been 
deac h 
drait e 
dol d 
fla m 
lats e 
suf f 
wush 
dries e 
skir l 
neac h 
swea m 
m o o pe 
tas e 
hoi l 
breas e 
weac h 
plea k 
hoic e 
cal e 
degs e 
stol d 
ski m 
petc h 
lo t 
nood e 

Apar t  fro m this ,  th e mode l  clearl y perform s well ,  an d i n 
particula r  i t  produce s identica l  spelling s t o M P i n thos e 
case s wher e th e soun d t o spellin g mappin g i s  highl y 
consistent ,  e.g. ,  dimp ,  wush ,  fent ,  cham ,  etc .  Wher e ther e 
i s mor e inconsistency ,  th e mode l  m a y produc e a n 
alternativ e acceptabl e spelling ,  e.g. ,  freec h vs .  freach , 
cau m vs .  corm ,  kai l  vs .  cale .  I n man y o f  thes e cases , 
inspectio n o f  th e activation s o f  th e graphem e laye r  prio r 
t o outpu t  competitio n sho w tha t  th e spelling s produce d b y 
MP hav e bee n activate d bu t  hav e no t  w o n th e outpu t 
competition .  Fo r  instance ,  i n spellin g / /  r  i  tS I  th e 
graphem e e e ha s a n initia l  activatio n o f  0.3 ,  bu t  i s 
suppresse d b y th e mor e activ e e a grapheme .  Not e als o 
tha t  th e mode l  exhibit s a n appropriat e degre e o f  contex t 
sensitivit y i n performin g th e mapping .  Fo r  instanc e M P 
spell s a n initia l  Ik J a s k  i n ked ,  bu t  a s c  i n cobe ,  caum , 
cudge ;  sh e spell s fina l  /k J si S k  i n pleak ,  bu t  a s c k i n blick . 
T h e mode l  produce s exactl y th e s a m e results . 

Consistenc y effect s i n w o r d spellin g Effect s o f  th e 
spelling-soun d consistenc y o f  particula r  word s o n suc h 
measure s a s R T s hav e bee n importan t  fo r  mode l s o f 
readin g aloud .  Unfortunately ,  equivalen t  dat a regardin g 
possibl e effect s o f  sound-spellin g consistenc y d o no t 
appea r  t o exis t  fo r  writin g (thoug h se e Glove r  &  B r o w n , 
1994 ,  fo r  s o m e result s o n ora l  spelling) .  H o w e v e r ,  w e 
believ e thi s wil l  prov e importan t  i n furthe r  studie s o f 
spelling ,  fo r  instanc e o f  error s an d problem s i n learnin g t o 
spell .  I n addition ,  i t  m a y tur n ou t  t o prov e importan t  i n 
model in g subtl e aspect s o f  reading ,  a s Stone ,  V a n h o y an d 
V a n Orde n (1997 )  hav e produce d evidenc e tha t  sound -
spellin g (a s oppose d t o spelling-sound )  consistenc y ca n 
effec t  visua l  lexica l  decision . 

T o m a k e a  m o r e systemati c compariso n betwee n th e 
model' s spellin g o f  consisten t  an d inconsisten t  word s 
(wit h consistenc y define d wit h respec t  t o th e sound -
spelling ,  rathe r  tha n spelling-soun d m a p p i n g )  w e use d 
w o r d list s f ro m th e stud y b y Ston e e t  al .  (1997 ) 
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mentione d above .  Ston e e t  al .  produce d lis t  o f  word s 
base d specificall y o n thei r  sound-spellin g consistenc y 
(als o se e Ziegler ,  Ston e &  Jacobs ,  1997) .  S o m e word s 
whic h hav e a  "consistent "  pronunciation ,  give n thei r 
spellin g (e.g. ,  "bean") ,  m a y b e inconsisten t  i n term s o f  th e 
spelling ,  give n th e pronunciatio n (i.e. ,  th e syllabl e l b i  n l 
migh t  b e spel t  bean ,  been ,  o r  eve n bene) .  Word s suc h a s 
plank ,  march ,  loft ,  however ,  ar e considere d sound -
spellin g consistent ,  a s ther e i s (putatively )  n o othe r 
plausibl e wa y t o spel l  them .  I f  th e mode l  ha s extracte d th e 
basi c regularitie s o f  th e sound-spellin g mappin g fo r 
English ,  i t  shoul d sho w a  clea r  differenc e betwee n thes e 
set s o f  words ,  spellm g th e consisten t  word s th e wa y the y 
ar e actuall y spelt ,  bu t  producin g alternativ e spelling s fo r 
mor e o f  th e inconsisten t  words .  Th e result s ar e show n i n 
Figur e 2 . 
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Figur e 2 :  Percentage s o f  canonica l  (i.e. ,  correct )  an d 
non-canonica l  (i.e. ,  phonologicall y plausible ) 
spelling s produce d b y th e mode l  o n sound-spellin g 
consisten t  an d inconsisten t  word s (fro m Ston e e t  al. , 
1997 ,  experimen t  1) . 

Of the 25 Stone et al. (1997) consistent words the model 
spelle d 2 2 o f  the m canonicall y  (88%) .  Th e thre e "errors " 
wer e belc h spel t  bellch ,  fluk e spelle d flooke ,  an d loa f 
spelle d loafe .  Th e las t  2  sho w th e fina l  "e "  proble m 
allude d t o earlier ,  whil e th e firs t  produce s a  double d I  i n 
an (orthographically )  inappropriat e position .  Howeve r  th e 
spelling s remai n phonologicall y acceptable .  O f  th e 2 5 
inconsisten t  words ,  th e mode l  onl y spel t  6  canonicall y 
(24% )  whil e al l  2 5 spelling s wer e phonologicall y 
acceptable .  Th e mode l  thu s show s clea r  sensitivit y t o th e 
dominan t  sound-spellin g regularitie s o f  Englis h whe n 
spellin g word s o n whic h i t  ha s bee n trained .  I f  th e wor d i s 
an inconsisten t  o r  exceptio n wor d thi s coul d i n principl e 
act  a s a  sourc e o f  interferenc e wit h respec t  t o lexica l 
(case-specific )  spelling .  Thi s raise s th e issu e o f  th e 
interactio n wit h lexica l  spelling . 

Interaction with lexical spelling The two-layer model 
(whic h wil l  refe r  t o her e a s th e "assembl y route" ) 
regularize s exceptio n an d inconsisten t  words ,  eve n i f  i t 
has bee n repeatedl y traine d o n them ,  e.g. ,  soa p i s spelle d 
sope .  A  mor e genera l  mode l  mus t  therefor e b e abl e t o 
represen t  learne d spellin g o f  specifi c  words ,  whic h w e 

argu e (Zorz i  e t  al. .  1998a ,  1998b )  i s bes t  don e b y a 
separat e se t  o f  unit s (e.g. ,  a  lexicon )  layin g betwee n inpu t 
and output .  W e hav e implemente d suc h a  rout e a s a 
localist ,  lexica l  network ,  individua l  unit s bein g accesse d 
fro m phonolog y an d sendin g activatio n t o thei r 
constituen t  grapheme s i n th e sam e competitiv e outpu t 
laye r  tha t  th e assembl y mode l  uses .  Th e mode l  ca n 
generat e a  spellin g whe n inpu t  arrive s fro m bot h route s i n 
parallel .  Fo r  regula r  words ,  th e input s ar e generall y th e 
same an d simpl y reinforc e eac h othe r  (thoug h se e th e 
exampl e o f  belc h above )  .  Fo r  inconsisten t  an d exceptio n 
word s ther e ca n b e varyin g degree s o f  "interference "  du e 
t o th e assembl y rout e tryin g t o regulariz e som e par t  o f  th e 
spellin g (mos t  ofte n th e vowel) .  However ,  th e lexica l 
spellin g wil l  dominat e i f  it s  inpu t  i s sufficientl y strong . 
Thi s i s because ,  whe n th e assembl y rout e i s "uncertain " 
regardin g a  spellin g (du e t o inconsistenc y i n th e mappin g 
i n th e trainin g set) ,  i t  produce s a  se t  o f  competin g 
candidate s a t  th e poin t  o f  uncertainty .  Eac h o f  thes e 
candidate s achieve s a  lowe r  activatio n tha n letter s fo r 
whic h ther e i s n o uncertainty .  I n addition ,  on e o f  th e 
candidate s wil l  ofte n b e th e lexicall y correc t  spelling , 
whic h support s th e lexica l  input .  Thi s permit s th e lexica l 
inpu t  t o inhibi t  th e regularizin g effec t  o f  th e assembl y 
procedure .  However ,  th e conflictin g inpu t  stil l  cause s 
interferenc e i n th e competitio n process ,  an d tim e take n 
fo r  th e networ k t o produc e a n unambiguou s spellin g ca n 
var y a s a  result .  Th e mode l  thu s predict s effect s o f 
regularit y i n spellin g productio n if ,  fo r  instance ,  tim e t o 
initiat e a  spellin g depend s o n havin g a  "clean " 
orthographi c spellin g pla n activate d befor e spellin g 
begin s (a s i s require d b y model s o f  th e seria l  operatio n o f 
th e graphemi c outpu t  buffer ,  e.g. ,  Houghto n e t  al. ,  1994) . 

Glove r  an d B row n (1994 )  measure d bot h respons e 
initiatio n tim e an d respons e duratio n i n ora l  spellin g o f 
k n o w n words ,  an d foun d significan t  effect s du e t o th e 
sound-spellin g consistenc y o f  individua l  words , 
inconsistenc y tendin g t o increas e bot h respons e initiatio n 
and duratio n times ,  i n lin e wit h th e model .  Glove r  an d 
B row n conclude d tha t  adul t  spellin g o f  know n word s doe s 
make us e o f  sound-to-spellin g constraints ,  suggestin g tha t 
acces s t o th e assembl y procedur e m a y b e automatic . 

Conclusions 

Th e abov e result s sho w tha t  a  tw o laye r  networ k wit h 
structure d input-outpu t  representations ,  includin g 
graphem e nodes ,  wil l  extrac t  th e basi c regularitie s o f  th e 
sound-spellin g mappin g fo r  Englis h whe n traine d o n a 
representativ e sampl e o f  monosyllabi c sound-spellin g 
pairs ,  includin g numerou s exception s an d inconsistencies . 
We sugges t  tha t  thi s i s  probabl y th e "minima l 
architecture "  necessar y fo r  acceptabl e performanc e o n 
thi s task .  D u e t o it s absenc e o f  hidde n units ,  th e mode l 
canno t  lear n th e trainin g set ,  an d i n tryin g t o minimiz e it s 
erro r  o n th e word s i t  sees ,  i t  extract s th e mos t  reliabl e 
sound-spellin g relationships .  Thes e generaliz e wel l  t o 
nonwords ,  an d caus e regularizatio n error s o n inconsisten t 
and exceptio n words .  I n short ,  th e network ,  thoug h 
traine d o n words ,  en d up s behavin g a s a  mode l  fo r 
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assemble d spelling ,  mirrorin g th e result s o f  Zorz i  e t  al . 
(1998a )  fo r  reading .  W h e n combine d wit h a  lexica l 
spellin g rout e th e mode l  produce s interferenc e effect s i n 
th e tim e take n t o generat e a n unambiguou s spellin g 
"plan" ,  whe n th e tw o route s ar e i n disagreement .  Thi s fit s 
wit h wha t  dat a i s currentl y available .  W e conclud e tha t 
th e distinctio n outline d a t  th e beginning ,  betwee n 
generativ e an d case-specifi c  knowledge ,  i s applicabl e t o 
spelling ,  an d tha t  th e generativ e knowledg e ca n aris e a s 
th e resul t  o f  trainin g o n actua l  word s i n a  networ k no t 
capabl e o f  learnin g the m individually . 
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T h e Variatio n o f  Ideationa l  Productivit y ove r  Shor t  Timescale s 

a n d th e Influenc e o f  a n Instructiona l  Strateg y t o Defocu s Attentio n 
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Abstrac t 

This paper descnbes psychometric investigations that have 
been carrie d ou t  a s a  prelud e t o developin g ne w approache s t o 
learnin g structure s vnthi n education ,  base d o n connectionis t 
concepts .  I n Experimen t  A ,  th e abilit y o f  1 5 subject s t o 
produc e differen t  interpretation s o f  a n imag e fonne d from 
abstrac t  geometri c shape s wa s studie d ove r  a  3 0 mmut c perio d 
of  obscr\in g th e diagra m Th e rat e a t  whic h thes e subjec t 
produce d idea s wa s show n t o initial K declin e an d the n becom e 
constant .  Experimen t  B  investigate d th e effec t  o f  a  strateg y 
tha t  encourage d 1 6 subject s t o defocu s theu -  thinkin g befor e 
attemptin g t o fui d anothe r  ne w interpretation .  O n returnin g t o 
th e problem ,  th e averag e tim e take n t o produc e anothe r 
interpretatio n wa s significantl y reduced .  Bot h set s o f  result s 
ar e discusse d m term s o f  connectioms t  modelling ,  th e nee d t o 
broade n one' s attentio n durin g creativ e problem-solvin g an d 
th e neura l  mechanis m o f  'latera l  inhibition' .  Furthe r  evidenc e 
fo r  th e potentia l  effectivenes s o f  'chance '  strategie s i s  als o 
reference d i n th e work ,  technique s an d philosoph y o f  well -
know n an d recognise d artist s 

Introduction 

The generation of ideas through the combination of elements 

has bee n emphasise d a s a n essentia l  par t  o f  creativ e proble m 

solving .  Campbel l  (1960 )  propose d tha t  underlyin g thi s 

abilit y  i s a  proces s o f  "blin d variatio n an d selectiv e retention ' 

He argue d tha t  a  spontaneou s constructio n o f  ideationa l 

combination s take s plac e i n a  mor e o r  les s unpredictabl e 

fashion ,  a  smal l  proportio n o f  whic h ar e selecte d fo r  furthe r 

elaboration .  Other s hav e successfijll y  use d thi s theor y t o 

model  th e caree r  trajectorie s o f  creativ e geniuse s (Simonton , 

1997 )  an d scientifi c  communitie s (Kantorovich,1993 ) 

Fink e ,  W a r d an d Smit h (1992 )  hav e develope d a  mode l 

whic h suggest s tha t  ther e i s alternatio n betwee n a  generativ e 

phas e i n whic h 'pre-inventive '  structure s ar e produce d 

throug h combinin g elements ,  an d a n exploratio n phas e i n 

whic h thes e structure s ar e interpreted .  I n thi s 'geneplor e 

model' ,  constraint s m a y b e involve d a t  bot h stages .  Base d o n 

empirica l  evidenc e Fink e e t  a l  (1992 )  sugges t  tha t 

broadenin g th e focu s o f  attentio n m a y improv e creativity . 

T h e abilit y  t o acces s a  larg e numbe r  o f  element s fo r  possibl e 

combinatio n inevitabl y involve s element s whic h m a y b e onl y 

remotel y associate d wit h th e problem .  Mednic k (1962 ) 

investigate d th e associativ e strengt h o f  differen t  word s i n 

individuals .  H e considere d a  non-creativ e perso n a s bein g 

characterize d a s possessin g stee p associativ e hierarchie s o f 

ideas .  I n othe r  words ,  suc h a n individua l  coul d a t  firs t 

respon d quickl y wit h 2  -  3  stereotype d association s t o a 

particula r  stimulu s wor d Thereafter ,  however ,  th e strengt h 

o f  thei r  association s woul d rapidl y diminis h and ,  althoug h a 

fe w furthe r  response s migh t  b e produce d wit h difficulty , 

thes e individual s woul d the n quickl y dr y up .  A  creativ e 

individual ,  Mednic k explained ,  ha s m u c h flatte r  associativ e 

hierarchie s Thei r  behaviou r  i n wor d associatio n task s i s 

characterize d b y a  slowe r  bu t  mor e continuou s rat e o f 

productio n Sinc e a  flatte r  associativ e hierarch y mean s tha t 

th e relativ e strength s o f  associatio n betwee n clos e an d 

remot e association s ar e less ,  suc h individual s ar e mor e abl e 

t o produc e association s whic h ar e les s stereotype d I t  ca n b e 

argue d tha t  t o combin e remotel y associate d element s 

require s one' s attentio n t o b e unfocused ,  an d tha t  a  wid e 

focu s o f  attentio n increase s th e probabilit y  o f  findin g a  nove l 

and usefu l  combinatio n I n term s o f  Mednick' s ideas ,  i t  i s 

easie r  t o wide n th e focu s o f  attentio n i f  on e ha s a  fla t 

associativ e hierarchy ,  sinc e th e firs t  an d mor e obviou s 

association s ar e weake r  an d les s distracting . 

As earl y a s 1926 ,  Walla s labelle d th e stage s o f  creativ e 

problem-solvin g wit h th e term s preparation ,  incubation . 

illuminatio n an d insight .  Thi s sequenc e ha s ofte n bee n 

referre d t o b y late r  writer s an d researcher s w h o hav e bee n 

struc k b y th e nee d fo r  a  perio d o f  incubation ,  an d als o b y th e 

apparentl y effortless ,  sometime s inspirational ,  arriva l  o f 

illuminatio n wit h a  solutio n tha t  ofte n involve s knowledg e 

onl y remotel y associate d wit h origina l  proble m Th e 

phenomeno n o f  fixatio n (e g Jansso n &  Smith ,  1991 )  ca n b e 

explaine d i n term s o f  difficult y i n broadenin g th e focu s o f 

attentio n awa y fro m a  particula r  are a t o discove r  ne w 

association s fo r  combinatio n Fink e e t  a l  (1992 )  describ e 

incubatio n a s merel y th e 'dissipatio n o f  fixation' ,  suggestin g 

tha t  a  broadenin g o f  th e focu s o f  attentio n ma y pla y som e 

par t  i n al l  creativ e problem-solvin g 

Ther e appears ,  then ,  t o b e a  genera l  agreemen t  tha t  th e 

defocusin g o r  broadenin g o f  attentio n i s a n essentia l  par t  o f 

th e creativ e process .  I n contrast ,  critica l  analytica l  thinkin g i s 

considere d t o benefi t  fro m sharpl y focuse d attentio n 

Reflectio n upo n a  possibl e dichotom y o f  'reasoning '  le d th e 

psychoanalyti c theoris t  Erns t  Kri s (1952 )  t o propos e tha t 

ther e ar e tw o m o d e s o f  thinking :  primar y proces s an d 

secondar y proces s Wherea s secondar y proces s thinkin g i s 

concerne d wit h conscious ,  focuse d an d logica l  analysis , 

primar y proces s thinkin g i s mor e concerne d wit h defocused , 

unconscious ,  mor e freel y associativ e thinkin g H e suggeste d 

tha t  th e tw o forme d a  continuu m alon g whic h consciousnes s 

varie s Thi s concep t  i s strongl y allie d wit h Wundt' s (1896 ) 

associativ e versu s intellectual ,  an d Werner' s (1948 ) 

dedifferentiate d versu s differentiate d thinkin g Secondar y 
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proces s thinkin g m a y b e essentia l  fo r  th e critica l  exploratio n 

and validatio n o f  nove l  combination s o f  element s 

(correspondin g t o Wallas' s insight ,  o r  Finke' s exploratio n 

phase) ,  bu t  th e initia l  productio n o f  idea s throug h th e 

combinatio n o f  remot e associate s woul d als o requir e primar y 

proces s cognition .  Thus ,  creativit y ma y b e characterize d b y 

an abilit y  t o m o v e freely  betwee n th e tw o mode s o f  thought . 

Advance s i n connectionis t  modeUin g hav e suggeste d way s i n 

whic h primar y proces s thinkin g ca n occu r  i n term s o f  th e 

typ e o f  massivel y paralle l  architecture s associate d wit h th e 

mind .  Artificia l  neura l  network s consis t  o f  larg e number s o f 

node s interconnecte d wit h eac h other .  Connection s betwee n 

adjacen t  node s ar e strengthene d whe n the y ar e activ e 

simultaneousl y (Hull ,  1943) .  Martindal e (1995 )  divide s 

consciousnes s int o attentio n (mos t  activate d nodes )  an d 

short-ter m memor y (node s tha t  ar e activate d bu t  les s s o tha n 

thos e i n th e focu s o f  attention )  Durin g preparation ,  attentio n 

becomes highl y focuse d an d jus t  a  fe w node s dominat e 

consciousnes s Thes e highl y activ e node s exer t  stron g latera l 

inhibitio n (se e Anderso n an d Spellman ,  199 5 fo r  a  revie w o f 

thi s mechanism )  o n othe r  nodes ,  preventin g the m from 

becomin g mor e active .  A s attentio n i s graduall y defocused , 

inhibitio n cause d b y th e previousl y highly-activ e node s tha t 

encode d th e proble m i s decrease d an d thos e othe r  node s 

whic h wer e onl y prime d b y remot e associatio n wit h th e 

proble m becom e mor e activ e If ,  a t  som e stag e durin g thi s 

incubatio n period ,  on e o f  thes e partiall y  activ e node s i s 

relate d t o th e node s tha t  encode d th e proble m the n th e latte r 

become full y  active ,  providin g th e experienc e o f  illumination . 

Attentio n become s focuse d agai n durin g th e verificatio n 

stag e whe n th e ide a i s bein g analyse d fo r  suitabilit y 

Martindal e (1995 )  ha s als o use d neura l  networ k model s 

develope d b y Hopfiel d (1982 )  t o accoun t  fo r  h o w transition s 

betwee n primar y an d secondar y proces s thinkin g ma y tak e 

plac e Th e weightin g o f  th e connection s varie s 

symmetricall y s o tha t  th e strengt h o f  th e connectio n from 

one nod e t o anothe r  i s th e sam e i n bot h direction s Th e 

exten t  t o whic h node s ar e activate d varie s accordin g t o a 

probabalisti c  fianction,  an d th e ter m 'temperature '  i s  use d t o 

describ e th e degre e o f  randomnes s o f  thi s functio n Thus ,  a t 

lo w temperature ,  node s ar e almos t  alway s activated ,  an d t o a 

predictabl e extent ,  whe n adjacen t  node s ar e activate d A t 

hig h temperature ,  node s behav e mor e randoml y 

Hopfiel d borrowe d concept s derive d from  analogou s 

physica l  system s t o sugges t  tha t  suc h network s ma y operat e 

so a s t o minimis e wha t  h e calle d 'energy' .  Energ y i s 

minimize d fo r  an y on e nod e whe n th e constraint s place d o n 

i t  b y othe r  node s ar e satisfied .  Thus ,  fo r  tw o node s whic h ar e 

positivel y connected ,  energ y i s minima l  i f  bot h ar e o n Fo r 

tw o node s whic h ar e negativel y connected ,  on e shoul d b e o n 

and th e othe r  of f  fo r  min imu m energy .  A  larg e variet y o f 

combination s mus t  b e investigate d t o determin e a  'global ' 

energ y minimum .  Thus ,  a  networ k whic h ha s bee n trained , 

by self-adjustmen t  o f  it s  connectio n strengths ,  t o recognis e 

certai n pattern s wil l  recognis e n e w o r  partia l  pattern s b y 

updatin g th e activatio n o f  it s  node s on e a t  a  tim e an d movin g 

toward s th e bes t  solutio n -  identifie d a s th e on e whic h 

minimize s energ y Interestingly ,  Hopfield' s networ k 

occasionall y suffere d from  gettin g caugh t  i n loca l  minim a -

whic h coul d b e considere d a s a  typ e o f  fixation.  Thes e loca l 

minim a ar e configuration s o f  activit y whic h provid e some , 

but  no t  th e greatest ,  minimizin g o f  energ y bu t  whic h 

discourag e th e networ k from  searchin g further .  Hopfiel d 

continue d drawin g o n th e analog y o f  suc h neura l  system s 

wit h physica l  systems ,  b y applyin g a  proces s o f  simulate d 

'annealing '  t o dissipat e th e problem .  T o simulat e annealing , 

th e temperatur e o f  th e networ k i s increase d producin g quasi -

rando m noda l  activity ,  allowin g th e syste m t o craw l  ou t  o f 

loca l  minim a Th e temperatur e i s the n slowl y reduced , 

allowin g th e activit y t o becom e increasingl y mor e 'rational ' 

and les s random ,  unti l  th e globa l  min imu m i s foun d 

Martindal e (1995 )  ha s suggeste d tha t  th e oscillatio n betwee n 

hig h an d lo w temperature s durin g simulate d annealin g i s 

analogou s t o th e oscillatio n betwee n primar y an d secondar y 

proces s thinkin g 

The experimenta l  evidenc e an d model s o f  creativ e problem -

solvin g discusse d abov e sugges t  tha t  broadenin g o f  th e focu s 

of  attentio n i s a n essentia l  par t  o f  al l  creativ e problem -

solving .  Th e experiment s describe d belo w attempte d t o 

investigat e whethe r  suc h concept s m a y provid e th e basi s o f 

classroo m strategie s t o improv e creativ e thinkin g 

Experimen t  A  investigate d h o w ideationa l  productivit y varie s 

ove r  tim e an d Experimen t  B  attempte d t o explor e th e 

hypothesi s tha t  defocusin g ca n b e encourage d b y a n 

instructiona l  strategy . 

Methodology for Experiment A 

16 volunteer subjects in the age range 18- 40 were asked to 

perfor m a  tas k involvin g th e interpretatio n o f  a  diagra m Th e 

experimen t  wa s ru n o n a  P C workstatio n A  simpl e imag e 

was create d from  randomly-selecte d geometri c shape s (se e 

Fi g 1  a )  an d subject s wer e aske d t o identif y wha t  'inventio n 

or  artifact ,  rea l  o r  imaginary '  th e pictur e migh t  represent . 

Subject s wer e tol d tha t  thei r  idea s coul d b e 'a s wil d a s yo u 

lik e an d d o no t  hav e t o b e realistic' .  Subject s wer e requeste d 

t o ente r  thei r  idea s fo r  th e imag e vi a th e keyboar d a s soo n a s 

the y occurre d t o them ,  b y typin g 1  -  2  words .  Havin g 

entere d thei r  response ,  th e sam e imag e woul d reappea r  an d 

subject s wer e require d t o thin k u p anothe r  idea ,  an d s o th e 

tes t  continued .  Subject s wer e aske d no t  t o repea t  an y idea s 

or  word s durin g th e tes t  sessio n Th e tim e spen t  b y th e 

subjec t  observin g th e imag e befor e the y bega n typin g th e 

respons e wa s recorde d fo r  eac h respons e Bot h th e respons e 

and th e tim e take n fo r  th e respons e t o begi n wa s recorde d b y 

th e computer .  Th e tim e take n fo r  th e subject s t o ente r  thei r 

respons e wa s no t  include d i n th e respons e tim e Th e tes t  fo r 

eac h subjec t  wa s halte d whe n thei r  respons e time s totalle d 

3 0 minute s Training ,  invofvin g th e us e o f  a  differen t  patter n 

t o th e on e use d i n th e test ,  wa s provide d prio r  t o th e tes t 

Encouragin g subject s t o ignor e th e qualit y o f  thei r  idea s 

sensitise d th e tes t  t o detec t  efficienc y difference s i n primar y 
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Figure 1; Stimuli for Experiment A (a) and B (a & b) Figure 2: Expt. A; Productivity as (P/P) over 30 minutes 

proces s thinking ,  bu t  i t  ca n als o b e argue d tha t  a  measur e o f 

ideationa l  productivit y whic h take s n o accoun t  o f  qualit y i s 

unhelpfu l  w h e n investigatin g mechanism s o f  creativ e 

problem-solvin g (Fink e e t  al ,  1992) .  However ,  whil e 

quality ,  i n term s o f  originalit y an d usefulness ,  i s essentia l  i n 

judgin g th e final  outcom e o f  a  creativ e problem ,  i t  i s 

generall y considere d tha t  fluenc y o r  th e abilit y t o produc e a 

larg e numbe r  o f  initia l  idea s i s  essentiall y  relate d t o th e 

qualit y o f  th e final  outcom e Thus ,  productivit y ha s forme d 

th e basi s fo r  man y test s o f  creativit y (e g Torrance ,  1974) . 

Furthermore ,  i t  ca n b e argued ,  base d o n th e combinator y 

mechanism s alread y discussed ,  tha t  th e odd s o f  producin g a 

qualit y ide a shoul d b e a  positiv e functio n o f  th e tota l  numbe r 

o f  idea s generated .  Historica l  studie s o f  qualit y sugges t  tha t 

i t  i s a  probabalisti c functio n o f  quantit y (Simonton ,  1997) . 

Indeed ,  experimenta l  evidenc e confirm s suc h a  stron g 

correlatio n betwee n quantit y an d qualit y tha t  th e costl y effor t 

o f  qualit y rating s i s  difficul t  t o justif y (Dieh l  an d Stroebe , 

1987) .  Nevertheless ,  th e procedur e describe d her e shoul d b e 

considere d mor e accuratel y a s a  tes t  o f  'ideationa l 

productivity' ,  tha n o f  genera l  creativity ,  wher e productivit y 

refer s t o rat e o f  productio n o f  idea s irrespectiv e o f  quality . 

Results and Discussion for Experiment A 

Productivity of the subjects over the 30 minute period is 

summarise d i n Fig .  2  (al l  erro r  bar s an d error s quote d ar e 

estimate d standar d error s i n th e mean) .  T o reduc e varianc e 

du e t o individua l  difference s i n productivity ,  ideatio n rate s 

wer e first  normalise d wit h respec t  t o individua l  productivit y 

as measure d ove r  th e entir e 3 0 minute^perio d Th e grap h 

plot s th e mea n ove r  th e grou p o f  (P/P) ,  wher e P  i s th e 

productivit y o f  eac h subjec t  durin g eac h o f  th e period s (0-6 , 

6-12 ,  12-18 ,  18-24 ,  24-3 0 minutes )  an d P  i s  thei r  mea n 

productivit y ove r  th e tota l  period . 

I n thi s study ,  n o subjec t  produce d a  strea m o f  nonsens e an d 

thu s i t  mus t  b e assume d tha t  eac h wa s applyin g thei r  ow n 

qualit y criteri a Whethe r  thes e criteri a wer e applie d 

consistentl y i s  les s certai n However ,  i t  ca n b e postulate d 

tha t  th e rat e o f  productio n o f  idea s shoul d b e proportiona l  t o 

th e numbe r  o f  potentia l  ideationa l  combination s tha t  remai n 

(compar e Simonton ,  1997) .  I f  thi s figure  i s  ver y large ,  a s 

must  b e considere d th e cas e here ,  on e woul d expec t  tha t  th e 

rat e o f  productivit y shoul d b e constan t  i f  criteri a ar e bein g 

applie d consistently . 

I n fact ,  productivit y appear s t o fal l  i n a n approximatel y 

exponentia l  fashio n (Bousfield ,  Sedgewic k &  Cohen ,  1954) , 

toward s a  non-zer o asymptote .  Th e differenc e betwee n 

value s o f  (P/P )  measure d durin g th e first  tw o period s (0- 6 

and 6-1 2 minutes )  i s significan t  a t  th e 1 % level ,  wherea s n o 

significan t  chang e wa s detecte d durin g th e las t  3  period s 

An initia l  dro p i n productivit y ha s bee n discusse d (Mednick , 

1962 )  i n term s o f  th e difficultie s tha t  subject s experienc e i n 

movin g beyon d thei r  first  stron g association s Th e activit y 

encodin g thes e association s reduces ,  throug h th e mechanis m 

of  latera l  inhibitio n (Martindale ,  1995) ,  th e accessibilit y o f 
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other ,  mor e remote ,  association s involvin g short-ter m 

memory encode d a s wea k initia l  activit y I n connectionis t 

terms ,  whe n th e diagra m i s first  see n b y th e subject ,  th e 

node s encodin g th e feature s o f  th e diagra m wil l  becom e 

activ e An y node s connecte d t o thes e an d als o t o other s 

alread y activate d prio r  t o th e experimen t  commencing ,  wil l 

increas e thei r  activit y an d th e subjec t  wil l  begi n t o dra w 

solution s arisin g from a  reservoi r  o f  activ e node s encodin g 

usefu l  associations .  Fo r  example ,  i f  th e subjec t  ha s jus t  bee n 

usin g a  pen ,  the n his/he r  first  solution s m a y b e relate d t o 

pens ,  pencils ,  stationary ,  etc .  Thes e idea s aris e from  wha t 

may b e considere d a  narrowl y focuse d domai n o f  attention . 

The effec t  o f  latera l  inhibitio n b y thes e activ e node s wil l  no t 

yet  b e a  problem ,  becaus e solution s ar e bein g produce d from 

thes e mor e activ e nodes .  W h e n ,  however ,  thi s initia l 

reservoi r  start s t o becom e exhausted ,  mor e remot e 

association s encode d mor e weakl y i n othe r  node s ar e 

require d t o contribut e t o solutions .  Thes e node s ar e sufferin g 

inhibitio n cause d b y th e hig h level s o f  activit y o f  th e node s 

relate d t o th e previou s solutions ,  an d tim e i s require d fo r  thi s 

inhibitio n t o subsid e F ro m thi s poin t  on ,  th e arriva l  o f  ne w 

solution s wil l  b e delaye d a s th e latera l  inhibition ,  o r  fixation, 

arisin g from  previou s solution s dissipates . 

Methodology for Experiment B 

Experiment B attempted to explore the hypothesis that 

instructio n ca n encourag e th e broadenin g o f  attention . 

By considerin g Martindale' s neura l  networ k model ,  i t  ca n b e 

predicte d tha t  th e impac t  o f  suc h a  strateg y wil l  b e 

significantl y influence d b y th e typ e o f  tas k involve d I n 

particular ,  i t  wil l  depen d upo n h o w 'well-defined '  th e 

proble m i s Reitma n (1965 )  classifie s a  well-define d proble m 

as havin g a  start ,  a  goa l  an d se t  o f  processe s b y whic h t o ge t 

from  th e star t  t o th e goa l  I n a  well-define d proble m whic h 

has onl y a  fe w specifi c  answers ,  solutio n m a y rel y mor e 

criticall y upo n th e re-organisatio n o f  activit y initiate d b y 

thos e fe w node s whic h wer e partiall y  activate d durin g th e 

focuse d preparatio n bu t  whic h enjo y renewe d activit y a s 

latera l  inhibitio n subside s R a n d o m stimulus ,  especiall y on e 

whic h arrive s wit h considerabl e emphasis ,  m a y slo w d o w n 

successfu l  reorganisatio n since ,  althoug h i t  ma y successfull y 

reduc e th e amoun t  o f  activit y associate d wit h origina l  foc i 

and thu s reduc e latera l  inhibition ,  i t  ma y als o influenc e th e 

stat e followin g "preparation '  i n a n unpredictabl e an d 

unhelpfu l  fashion .  I t  m a y brea k d o w n thos e trac e activitie s 

whic h woul d hav e bee n essentia l  i n determinin g on e o f  th e 

fe w solutions .  I n suc h a  situation ,  a  rando m stimulu s ma y 

hel p th e thinke r  defocu s from  thei r  origina l  thoughts ,  bu t  wil l 

caus e distractio n awa y from  th e fe w fertil e area s o f  though t 

tha t  ha d begu n t o b e touche d upon . 

However ,  fo r  a n ill-define d proble m tha t  ca n b e satisfie d b y 

an infinit e numbe r  o f  solution's ,  rando m stimulu s ma y 

encourag e th e releas e o f  latera l  inhibitio n withou t  havin g 

suc h a  deleteriou s effec t  upo n th e re-organisatio n o f  th e 

network,sinc e ther e i s a  greate r  numbe r  o f  potentia l  solution s 

and rang e o f  successfij l  route s tha t  ca n b e taken .  Here ,  th e 

rando m stimulu s ma y simpl y encourag e th e problem-solve r 

t o m o v e o n from  hi s o r  he r  previou s thought s int o on e o f 

many othe r  area s o f  potentia l  productivity .  Eve n withi n suc h 

a problem ,  solvin g context ,  th e w a y i n whic h th e rando m 

stimulu s i s introduce d m a y stil l  prov e crucia l  t o it s 

helpfulness .  Grea t  emphasi s upo n th e extr a stimulus ,  suc h a s 

informin g th e thinke r  tha t  i t  i s  a n essentia l  clue ,  m a y simpl y 

brin g abou t  anothe r  stat e o f  fixation .  Thus ,  i n developin g th e 

methodolog y fo r  thi s experiment ,  th e choic e o f  th e proble m 

t o b e solved ,  an d th e typ e an d th e manne r  o f  presentatio n o f 

rando m stimulu s wer e see n a s critica l 

16 voluntee r  subject s i n th e ag e rang e 18 -  4 0 wer e aske d t o 

perfor m tw o tasks .  Th e first  tas k wa s simila r  t o tha t 

describe d i n Experimen t  A ,  excep t  tha t  subject s wer e 

allowe d onl y a  tota l  o f  6  minute s t o observ e th e figure  an d 

determin e thei r  response s Th e othe r  tas k i n Experimen t  B 

agai n involve d interpretin g anothe r  diagra m forme d from 

geometri c shape s Thi s time ,  however ,  a n instructiona l 

strateg y t o encourag e defocusin g o f  attentio n wa s employe d 

befor e eac h attemp t  a t  interpretin g th e diagra m A  partia l 

nonsens e sentenc e appeare d o n th e screen ,  whic h subject s 

wer e aske d t o complet e b y providin g th e las t  wor d Subject s 

wer e tol d "Don' t  worr y abou t  th e sentenc e makin g sens e -  i t 

can't !  Choos e an y wor d tha t  appeal s t o you" .  Havin g entere d 

th e wor d vi a th e keyboard ,  th e diagra m reappeare d an d 

subject s wer e encourage d t o "thin k aroun d idea s associate d 

wit h th e word ,  an d se e i f  an y n e w interpretation s o f  th e 

diagra m occu r  t o you "  I t  wa s als o explaine d tha t  thei r  ide a 

di d no t  hav e t o b e relate d t o th e wor d a t  all ,  an d tha t  th e 

strateg y wa s onl y ther e t o hel p the m thin k u p mor e ideas . 

I t  wa s considere d tha t  encouragin g th e subject s t o arriv e a t  a 

randoml y chose n word ,  rathe r  tha n choosin g i t  fo r  them , 

was importan t  bot h i n term s o f  givin g a  sens e o f  ownershi p 

of  th e proces s involved ,  an d i n maximisin g th e influenc e o f 

th e tas k upo n th e focu s o f  attentio n Again ,  a  shor t  trainin g 

exercis e wa s provide d Orde r  o f  presentatio n o f  th e tw o 

diagram s (Fi g 1  :a,b )  an d th e condition s of'Wit h Instructiona l 

Strategy *  (WIS )  an d N o Instructiona l  Strategy *  (NIS )  wer e 

permutated ,  minimisin g learnin g an d fatigu e effect s 

Results and Discussion for Experiment B 

Afte r  returnin g from  th e exercis e wit h th e nonsens e 

sentence,subject s were ,  o n average ,  significantl y faste r  a t 

completin g th e creativ e tas k (Se e Fi g 3) ,  wit h a  31. 9 (+/ -

6.3 )  % reductio n i n respons e tim e (significan t  a t  th e 2 % 

level) .  Sinc e th e tim e take n t o generat e a  n e w respons e w a s 

reduce d b y simpl y havin g randoml y generate d a  wor d prio r 

t o eac h attempt ,  i t  woul d appea r  tha t  thi s generatio n w a s 

directl y contributin g t o th e ideatio n proces s I f  th e strateg y 

doe s nothin g excep t  encourag e th e subject s t o depar t  from 

thei r  previou s focu s i n anothe r  (randoml y chosen )  direction , 

the n i t  woul d appea r  tha t  thi s encouragemen t  t o defocu s 

contribute s positivel y t o thei r  performanc e w h e n the y retur n 

t o th e creativ e tas k 
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Figur e 3 ;  Expt.B :  Averag e respons e time s fo r  M S (N o 

Instructiona l  Strategy )  an d W I S (Wit h Instruc t  Strategy ) 

If fixation, caused by lateral inhibition, is not evident in the 

W I S condition ,  w e shoul d als o expec t  t o se e n o dro p i n 

productivit y wit h time .  Fig .  4  show s th e quantit y (P/P )  fo r 

th e period s 0-2 ,  2- 4 an d 4- 6 minutes .  A s expected ,  ther e i s a 

significan t  initia l  dro p i n (P/P )  fo r  th e N I S conditio n a s 

latera l  inhibitio n begin s t o influenc e productivity ,  whils t  n o 

significan t  dro p ca n b e see n fo r  th e W I S conditio n 

However ,  a  criticis m o f  suc h a n interpretatio n migh t  b e that , 

by encouragin g th e subjec t  t o sta y wit h th e n e w focus ,  th e 

strateg y goe s fiirther  tha n encouragin g defocusing ,  b y 

directin g th e subjec t  h o w t o approac h th e res t  o f  th e proble m 

solvin g tas k ('thin k aroun d idea s associate d wit h thi s word' ) 

I s th e strateg y helpfij i  simpl y becaus e i t  'appears '  t o provid e 

some extr a guidanc e i n solvin g th e problem ? Thi s guidanc e 

may onl y serv e th e purpos e o f  reassurin g th e subjec t  an d 

reducing  th e anxiet y whic h som e studie s an d writer s hav e 

implicate d a s a  negativ e influenc e o n creativ e performanc e 

(Amabile ,  1983) .  Interestingly ,  however ,  man y subject s 

reporte d tha t  the y foun d th e tas k mor e difficul t  whe n 

encourage d t o us e th e nonsens e sentence s a s a  'jumping-off " 

point' ,  an d fel t  the y performe d les s well ,  eve n thoug h thi s 

was clearl y no t  th e cas e Certainly ,  i f  'placebo '  strategie s d o 

prqduc e results ,  the y woul d stil l  hav e usefii l  applications . 

I f  th e us e o f  sentence s a s stimul i  were ,  i n themselves , 

promptin g simila r  answers ,  i t  coul d b e argue d tha t  th e 

subject s wer e n o longe r  respondin g creatively ,  sinc e ou r 

origina l  definitio n o f  a  creativ e respons e include s originalit y 

Figur e 4 .  Variatio n o f  Productivit y a s (P/P )  ove r  th e 6 

minute s durin g condition s N I S an d W I S o f  Expt .  B 

To measure the originality of responses, the numbers of 

response s tha t  di d no t  contai n a  nou n use d b y an y othe r 

subjec t  durin g th e N I S an d W I S condition s wa s calculate d 

Conditio n Origina l  Response s 

N I S 

W I S 

40. 0 % 

56. 8 % 

Tabl e 1 :  Percentag e origina l  response s 

Also, on only 2.5% of occasions during the WIS condition 

di d tw o differen t  subject s us e th e sam e nou n i n a  respons e 

followin g th e sam e nonsens e sentence .  Thes e result s ten d t o 

impl y tha t  originalit y wa s no t  bein g decrease d b y us e o f  th e 

same nonsens e sentenc e se t  fo r  eac h subject ,  an d provide s 

some evidenc e fo r  i t  havin g bee n increase d A s alread y 

discusse d above ,  however ,  thi s i s primaril y a n investigatio n 

o f  ideationa l  productivit y an d ha s deliberatel y avoide d askin g 

subject s t o appl y selectio n criteri a suc h a s practicalit y an d 

originalit y Whethe r  releasin g fixation  i n thi s wa y influence s 

qualit y o f  idea s canno t  b e determine d from  thi s study . 

Summary and Applications 

The initial drops in rates of ideational productivity observed 

i n Exp t  A  suppor t  th e concep t  o f  fixation  occurrin g eve n i n 

problem s tha t  ma y b e solve d ove r  shor t  time-scales .  W h e n 
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subject s i n Experimen t  B  carrie d ou t  a n additiona l  tas k 

intende d t o dra w the m awa y fro m previou s associations ,  th e 

averag e tim e require d t o arriv e a t  a  ne w solutio n o n returnin g 

t o th e origina l  brie f  wa s reduce d b y abou t  a  third .  N o 

significan t  initia l  dro p i n productivit y wa s observe d whe n 

thi s strateg y wa s employed .  Thes e result s ten d t o sugges t 

difficultie s i n broadenin g th e focu s o f  attentio n ma y accoun t 

fo r  th e phenomeno n o f  fixation  whic h ha s bee n discusse d i n 

term s o f  a  connectionis t  mode l  o f  creativ e cognition . 

Althoug h th e effectivenes s o f  suc h strategie s ma y b e 

limite d t o ill-define d problem s wit h multipl e solution s an d a n 

assessmen t  o f  thei r  efficienc y woul d nee d t o includ e th e tim e 

take n t o carr y ou t  th e strateg y itself ,  application s sugges t 

themselve s i n term s o f  learnin g structure s tha t  ma y boos t 

productivit y within ,  say ,  th e creativ e arts . 

I t  i s  als o wort h notin g tha t  a  numbe r  o f  strategie s t o 

broade n th e focu s o f  attentio n hav e alread y bee n develope d 

pragmatically .  M a n y distinguishe d artist s (e g M a x Ernst , 

1948 )  hav e succeede d i n 'elevatin g th e appea l  t o chanc e an d 

acciden t  int o a  first  principl e o f  creation '  (Hunter ,  194 8 o n 

Jackso n Pollock) .  Th e Surrealis t  artisti c  movemen t  i s 

particularl y ric h wit h artist s attemptin g t o 'liberat e th e 

moder n consciousnes s fro m tha t  terribl e fixation  mania' . 

Many o f  th e technique s use d b y thes e artist s involve d chiefl y 

rando m startin g point s tha t  wer e ordere d onl y b y a  'disdai n 

fo r  thesis '  (Manheim ,  1951) .  Han s Ar p develope d collage s 

wit h title s suc h a s "Object s arrange d accordin g t o th e la w o f 

chance '  an d Kur t  Schwitter s develope d sculpture s fro m th e 

content s o f  hi s waste-bin .  M a x Ernst' s 'frottages '  wer e 

develope d fro m rubbing s o f  variou s roug h surface s i n orde r 

t o "intensif y th e irritabilit y  o f  th e menta l  faculties" .  Th e 

successfu l  us e o f  suc h random '  strategie s tend s t o infe r  tha t 

the y wer e not ,  i n thes e instance s a t  least ,  considere d t o 

diminis h final  quality .  However ,  th e influenc e o f  strategie s 

involvin g randomnes s upo n creativ e qualit y woul d b e a 

usefu l  lin e o f  futur e experimenta l  enquiry ,  bot h i n 

determinin g th e cognitiv e mechanism s o f  creativ e though t 

and i n developin g strategie s fo r  it s enhancement . 
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Abstrac t 

Several theorists in perception, attention, and memory have 
suggeste d tha t  tempora l  correlatio n i n neura l  firin g pattern s 
(synchrony )  coul d pla y a n importan t  rol e i n processin g an d 
learning .  Recen t  neuropsychologica l  evidenc e demonstrate s 
th e wid e sprea d occurrenc e o f  synchron y an d it s  stimulu s 
specifi c  nature .  Numerou s proof s an d simulation s hav e 
demonstrate d th e eas e wit h whic h synchron y develops . 
However ,  eas e o f  developmen t  coul d b e a  proble m sinc e 
synchron y i s th e mechanis m behin d abnorma l  processin g i n 
epilepti c seizures .  Previou s modelin g ignore s th e rol e o f 
spatia l  propagatio n alon g th e axon .  Comparin g simulation s 
wit h an d withou t  propagatio n fo r  a  biologicall y plausibl e 
model  o f  neura l  oscillations ,  I  sho w tha t  synchron y i s fa r  les s 
liabl e t o occur .  Usin g a  gri d o f  full y  activate d cells ,  th e exten t 
of  connectivity ,  impuls e amplitud e an d duration ,  an d natura l 
frequenc y variabilit y ar e examined :  synchron y i s 
substantiall y  diminishe d whe n propagatio n i s included . 

Introduction 

A long standing problem in theories of information 

processin g i s th e lac k o f  adequat e mechanism s fo r  bindin g 

togethe r  separat e component s o f  a  stimulu s o r  memory . 

Traditionally ,  theorist s hav e propose d high-leve l  abstrac t 

model s t o dea l  wit h thi s "bindin g problem "  withou t 

appealin g t o th e neura l  substrat e o f  processin g (Biederman , 

1987 ;  Carpente r  &  Grossberg ,  1988 ;  Treisma n &  Gelade , 

1980) .  Recen t  evidenc e demonstrate s tha t  th e tempora l 

correlatio n o f  neura l  firin g pattern s (synchrony )  exist s i n 

many specie s unde r  condition s o f  norma l  behavio r  an d i s 

stimulu s specifi c i n it s elicitatio n (fo r  a  revie w articl e se e 

Singe r  &  Gray ,  1995) .  Accordingly ,  som e theorist s propos e 

tha t  synchron y i s th e neura l  mechanis m underlyin g bindin g 

withi n thei r  model s (Grossber g &  Somers ,  1991 ;  H u m m el 

& Biederman ,  1992 ;  Treisman ,  1996) . 

I n suppor t  o f  thes e ideas ,  numerou s simulation s an d 

proof s demonstrat e th e eas e wit h whic h couple d oscillator s 

readil y achiev e a  synchronou s state .  Synchron y ha s bee n 

demonstrate d fo r  leak y integrat e an d fir e model s o f  neuron s 

whic h coupl e b y discret e activatio n change s (Gome z & 

Budelli ,  1996 ;  Miroll o &  Strogatz ,  1990) ,  simpl e sinusoida l 

oscillator s couplin g throug h phas e pullin g (Lume r  & 

Huberman ,  1992) ,  tw o variabl e relaxatio n oscillator s wit h 

continua l  couplin g (Grossber g &  Somers ,  1991) ,  an d 

model s implementin g multipl e io n current s throug h 

Hodgkin-Huxle y styl e gatin g term s (Golomb ,  W a n g ,  & 

Rinzel ,  1994 ;  Demir ,  Butera ,  DeFranceschi ,  Clark ,  & 

Byrne ,  1997) . 

The wid e rang e o f  model s an d condition s unde r  whic h 

synchron y result s suggest s tha t  synchronou s oscillation s 

migh t  b e unavoidable .  Virtuall y universa l  synchron y woul d 

not  serv e a  usefu l  functio n an d migh t  predic t  almos t 

universa l  epileps y (fo r  classi c wor k o n synchron y an d 

epileps y se e Jaspe r  &  Kershman ,  1941) .  I n thi s articl e I 

provid e evidenc e tha t  th e buildu p an d propagatio n o f  actio n 

potential s alon g nerv e fiber s substantiall y  limi t  th e rang e o f 

condition s unde r  whic h synchron y develops . 

Behavior of a Single Cell 

Choosing a Model 

Somers and Kopell (1993; 1995) provide mathematical 

proof s tha t  th e grou p o f  model s terme d relaxatio n 

oscillators ,  referrin g t o system s operatin g wit h variable s o n 

differen t  tim e scales ,  synchroniz e mor e readil y tha n othe r 

models .  Thei r  theorem s ar e specifi c t o tw o variabl e 

oscillator s suc h a s th e Morris-Leca r  (Morri s &  Lecar ,  1981 ) 

or  Fitzhugh-Nagum o (Fitzhugh ,  1961 ;  Nagumo ,  Arimoto ,  & 

Yoshizawa ,  1962 )  models ,  bu t  ar e relevan t  t o th e fou r 

variabl e Hodgkin-Huxle y equation s (Hodgki n &  Huxley , 

1952 )  whic h th e tw o variabl e model s approximate . 

Essentiall y  thes e relaxatio n oscillator s easil y synchroniz e 

sinc e smal l  impulse s caus e multipl e cell s t o immediatel y 

and synchronousl y "fire "  du e t o rapi d threshol d 

modulations .  Thi s situatio n ca n aris e eve n betwee n cell s o f 

differin g frequencie s sinc e th e fas t  variabl e (i.e .  N a + gating ) 

i s unchange d wit h frequency . 

I n orde r  t o demonstrat e tha t  inclusio n o f  spatia l 

propagatio n provide s a n importan t  constrain t  o n synchron y 

development ,  I  selec t  on e o f  thes e relaxatio n oscillators . 

Rathe r  tha n workin g wit h th e fou r  variabl e Hodgkin-Huxle y 

equations ,  I  choos e th e tw o variabl e Fitzhugh-Nagum o 

model .  Limitin g th e situatio n t o tw o variable s allow s fo r  a 

qualitativ e accountin g o f  behavio r  throug h phas e portrai t 

analyses . 

Fitzhugh-Nagumo Model without Propagation 

The Fitzhugh-Nagumo model was independently derived 

by Fitzhug h (Fitzhugh ,  1961 )  an d N a g u m o (Nagumo , 

Arimoto ,  &  Yoshizawa ,  1962 )  fro m th e Hodgkin-Huxle y 

equation s b y assumin g tha t  N a + gatin g i s instantaneou s an d 

lumpin g K + gating ,  leakag e currents ,  an d A T P p u m p actio n 
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int o a  singl e recover y variable .  A s a  simplificatio n o f  io n 

currents ,  i t  i s  inadequat e fo r  quantitativ e modelin g ye t 

sufficientl y capture s th e dynamic s fo r  th e presen t  situation . 

The assumptio n fo r  N a + gatin g result s i n a  cubi c 

expressio n fo r  thresholdin g o n membran e potential .  Thi s i s 

th e fas t  variable ,  v ,  whos e action s ar e dictate d b y th e partia l 

differentia l  equation : 

d v 
— =  - v ( v - 0 ) ( v - l ) - w +  {/ }  (1 ) 

in which v is the membrane potential (measured in arbitrary 

unit s s o th e ter m voltag e i s avoided) ,  w  i s a  recover y 

variable ,  6  i s th e threshol d paramete r  (O<0< I  fixe d a t  . 2 fo r 

al l  simulations) ,  an d {/ }  i s an y externa l  drivin g current s o r 

synapti c input .  Th e slo w recover y variable ,  w ,  i s 

determine d b y th e partia l  differentia l  equation : 

dw 
— =  e{v-Yw )  (2 ) 

in which e is the coupling parameter between membrane 

potentia l  an d recover y ( 0 < e « l ) ,  an d yi s a  shun t  paramete r 

(fixe d a t  2. 5 fo r  al l  simulations )  placin g a  m a x i m u m o n 

recover y growth .  Sinc e £  determine s th e tim e scal e fo r  w ,  i t 

i s  use d t o ru n th e mode l  a t  differen t  frequencies . 

One wa y t o analyz e th e behavio r  o f  dynamica l  system s 

i s wit h a  phas e portrait .  Thi s i s  a  grap h (se e Figur e 1 ) 

representin g th e chang e i n eac h variabl e b y a  vecto r  (arrow ) 

as a  functio n o f  th e curren t  value s fo r  eac h variable .  I n thi s 

grap h ther e i s n o m o m e n t u m an d subsequen t  value s fo r  th e 

variable s ar e completel y determine d b y thei r  presen t  values . 
An ai d fo r  interpretin g phas e portrait s i s  th e portraya l  o f 

isoclines .  Thes e ar e line s alon g whic h on e o f  th e variable s 

does no t  change .  Isocline s ar e derive d b y settin g th e partia l 

differentia l  equation s equa l  t o zero .  Fo r  equation s 1  an d 2 , 

thi s produces : 

fo r  th e membran e potentia l  (v )  isoclin e and : 

(3 ) 

(4 ) 

fo r  th e recover y (w )  isocline . 
Figur e 1  show s th e phas e portrai t  whe n th e mode l  i s 

drive n wit h a n inpu t  o f  /=.112 .  Thi s correspond s t o a  rea l 
neuro n whic h i s  full y  activate d b y synapti c lon g lastin g 

input .  Fo r  a  rang e o f  constan t  input s (se e Figur e 2) ,  th e 

model  wil l  displa y thi s limi t  cycl e behavior .  Limi t  cycl e 

behavio r  i s  characterize d b y a  repellin g fixe d point .  A  fixe d 

poin t  i s an y locatio n wher e th e isocline s cros s resultin g i n 

no chang e i n eithe r  variable .  Wit h th e exceptio n o f  startin g 

at  th e fixe d point ,  a  cel l  place d a t  an y othe r  combinatio n o f 

membrane potentia l  an d recover y wil l  ultimatel y rela x ont o 

th e gra y lin e representin g a  pat h o f  continua l  oscillations . 

Thi s i s th e limi t  cycle . 
For  somewha t  lesse r  o r  greate r  value s o f  constan t  input , 

th e membran e potentia l  isoclin e (eq .  3 )  wil l  correspondingl y 

shif t  downward s o r  upward s an d th e cel l  wil l  ente r  a n 

attracto r  state .  I n a n attracto r  state ,  a  cel l  place d a t  an y 

combinatio n o f  membran e potentia l  an d recover y wil l 

ultimatel y en d u p a t  th e fixed  poin t  an d oscillation s wil l 

ceas e (se e Figur e 2) .  A  cel l  a t  res t  (7=0 )  woul d b e a n 

exampl e o f  this .  Th e cel l  wil l  remai n a t  res t  indefinitely . 

However ,  th e cubi c thresholdin g allow s tha t  a  smal l 

temporar y inpu t  t o th e cel l  wil l  caus e i t  t o cycl e a  singl e 

tim e an d the n retur n t o it s restin g point .  Thi s i s i n keepin g 

wit h rea l  neuron s a t  res t  wit h som e spontaneou s firing  du e 

t o rando m fluctuations  i n input . 

y-isoclin e 
H îsocline l 

~ firin g 
criterio n 

-0. 5 0. 0 0. 5 1. 0 

m e m b r a n e potentia l  (»/ ) 

Figur e 1 .  Phas e portrai t  fo r  limi t  cycl e behavio r  i n th e 

Fitzhugh-Nagum o mode l  withou t  propagation .  Th e gra y 

lin e i s th e limi t  cycl e (f^.00216 ;  Period=300 )  an d flow  i n 

th e recover y directio n i s magnifie d lOX . 

In order to measure synchronous behavior or even record 

th e frequenc y o f  a  cell ,  a n explici t  firin g criterio n i s needed . 

I  hav e chose n th e membran e potentia l  correspondin g t o th e 

right  han d pea k o f  th e membran e potentia l  isocline .  Fo r  a 

cel l  t o reac h th e right  han d branc h o f  th e membran e 

potentia l  isocline ,  i t  i s  necessar y t o cros s thi s criterion .  Thi s 

i s analogou s t o recordin g voltag e fluctuations  i n a  rea l 
neuro n an d usin g a  voltag e criterio n fo r  determinin g th e 

exac t  m o m e n t  whe n a  cel l  fires. 

Adding Spatial Propagation 

All of the previously mentioned models (including the 

Fitzhugh-Nagum o model )  ar e expression s o f  inwar d an d 

outwar d current s (i.e .  radia l  currents )  fo r  an y arbitrar y poin t 

alon g th e axon .  Th e model s disregar d curren t  i n th e 

directio n o f  th e axo n (i.e .  axia l  current) .  Radia l  current s ar e 

du e t o voltag e gate d o r  leakag e io n channel s an d th e action s 

of  A T P pumps .  I n orde r  t o relat e thes e radia l  current s t o 

axia l  current ,  a  simpl e tw o ste p derivatio n ha s bee n 

develope d b y applyin g conservatio n o f  charg e an d O h m ' s 
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la w (Fitzhugh ,  1962 ;  Jurisic , 

followin g expression : 

^ (v ) v r 

1987) .  Thi s lead s t o th e 

d \ 

dt 
+ J r (5 ) 

i s  positio n alon g th e axon ,  c  i s wher e th e variabl e v 

membrane capacitanc e (whic h ca n b y a  functio n o f  th e 

membrane potential) ,  r  i s  axo n radius ,  R  i s resistanc e o f  th e 

axoplasm ,  an d J ^  i s radia l  current .  Thi s i s  a  ver y genera l 

expressio n an d an y o f  th e previousl y mentione d model s fo r 

radia l  curren t  coul d b e use d t o replac e /, . 

I n derivin g a n expressio n fo r  radia l  current ,  Hodgki n an d 

Huxle y (1952 )  use d empirica l  dat a obtaine d wit h a  voltag e 

clampe d neuron .  Wit h thi s techniqu e th e voltag e a t  eac h 

positio n alon g th e axo n i s  kep t  a t  a  fixed  valu e throug h a 

feedbac k loop .  Fo r  thi s reaso n di e secon d derivativ e o f  v 

wit h respec t  t o x  i s assume d t o b e zero .  Base d upo n thes e 

condition ,  th e Hodgkin-Huxle y mode l  an d other s simila r  t o 

i t  ar e onl y appropriat e fo r  explainin g th e natur e o f  voltag e 

clampe d data .  I n orde r  t o captur e th e tru e buildu p an d 

propagatio n o f  a n actio n potentia l  i t  i s  necessar y t o conside r 

th e spatia l  variabl e a s well . 

Th e equation s ar e kep t  relativel y simpl e b y assumin g 

capacitanc e i s  minimall y dependen t  upo n membran e 

potentia l  an d i s se t  t o one .  Similarly ,  th e expressio n r/2 R i s 

set  t o on e yieldin g th e followin g equatio n fo r  chang e i n th e 

membrane potentia l  withi n th e Fitzhugh-Nagum o 

framework : 

dv d \ 
-v(v-0) (v- l ) - w +  {/^=o }  (6 ) 

dt  dx " 

Th e axo n hilloc k i s  place d a t  positio n jr=0 .  Thi s i s  th e 

onl y positio n receivin g externa l  input .  Ever y othe r  positio n • 

remain s a t  res t  excep t  fo r  change s initiate d b y axia l 

currents .  Th e equatio n fo r  th e partia l  differentia l  o f 

recover y wit h respec t  t o tim e i s th e sam e a s befor e (e q 2 ) 

an d i s  applie d separatel y a t  eac h positio n alon g th e axon . 

Insulate d boundar y condition s ar e assume d an d th e partia l 

differentia l  wit h respec t  t o x  i s  solve d throug h a  spatiall y 

centere d differenc e schem e wit h ste p siz e 1.0 .  Partia l 

differentia l  equation s wit h respec t  t o tim e ar e calculate d 

usin g a  forwar d differenc e schem e wit h fixed  ste p siz e .25 . 

As show n i n Figur e 2 ,  th e behavio r  o f  th e mode l  fo r 

differen t  amplitud e input s radicall y change s wit h th e 

additio n o f  propagation .  Large r  input s ar e neede d t o yiel d 

constan t  oscillation s du e t o a  spreadin g ou t  o f  injecte d 

charg e a s dictate d b y th e secon d orde r  spatia l  differential . 

Additionally ,  th e rang e ove r  whic h a  cel l  oscillate s i s 

increased .  Withou t  propagation ,  th e Fitzhugh-Nagum o 

model  ha s stron g symmetr y an d it s behavio r  i s simila r  fo r 

differen t  frequenc y cell s (i.e .  differen t  e's) .  Wit h th e 

inclusio n o f  propagation ,  non-linearitie s appea r  fo r  large r 

amplitudes .  Mos t  significantly ,  th e behavio r  i s  n o longe r 

consisten t  fo r  differen t  frequencies . 

Figur e 3  show s tha t  perio d i s proportiona l  t o 1/ e fo r  bot h 

type s o f  simulations .  Th e grap h withou t  propagatio n wa s 

determine d wit h th e frequenc y maximizin g inpu t  of/=.1I2 . 

A rang e o f  e' s wa s chose n base d upo n thi s figure  suc h tha t 

th e slowes t  cei l  ha s a  perio d o f  40 0 tim e unit s an d th e 

fastes t  cel l  a  perio d o f  20 0 tim e units .  Thi s i s  th e rang e 

use d i n th e nex t  sectio n fo r  a  gri d o f  cells .  Fo r  th e inclusio n 

of  propagation ,  i t  i s  no t  clea r  wha t  inpu t  i s appropriat e fo r 

maximizin g frequenc y since ,  a s see n i n Figur e 2 ,  cell s 

respon d differentl y wit h differen t  e's .  Th e valu e o f  /=.2 5 

was chose n becaus e i t  i s  belo w th e first  majo r  non-linearit y 

fo r  bot h th e m a x i m u m an d m i n i m u m e's . 

6x10- 3 

4x10- 3 

2x10- 3 

0-6x10-3  J 

4x10- 3 

2x10- 3 

w i thou t  p ropaga t io n 

W= 0035 7 
... .  E„,„ = .0015 5 

wit h p ropaga t i o n 

0. 0 0. 2 0. 4 0. 6 
constan t  inpu t  {/ } 

Figure 2. Resultant frequencies from driving a cell with a 

rang e o f  constan t  inputs .  Curve s ar e show n fo r  th e 

m a x i m u m (Emax )  an d m i n i m u m (Emin )  frequenc y cells . 

The reason for analyzing behavior in terms of period 

instea d o f  frequenc y i s t o compar e refractor y perio d t o 

baselin e period .  Refractor y perio d i s assesse d b y drivin g a 

cel l  wit h a  sinusoidall y varyin g inpu t  o f  th e sam e amplitud e 

as th e constan t  baselin e input .  Th e perio d o f  oscillatio n fo r 

th e sinusoida l  inpu t  wa s systematicall y varie d fro m zer o u p 

t o a  valu e correspondin g th e baselin e period .  Th e shortes t 

perio d fo r  constan t  firing  wa s recorde d a s a  roug h estimat e 

of  refractor y period .  Fo r  simulation s wit h propagation , 

firing  i s determine d a t  th e en d o f  th e axo n (a:=19) .  A n 

oscillatio n occurrin g a t  x = 0 i s irrelevan t  unles s i t  i s  capabl e 

of  producin g a n actio n potentia l  whic h traverse s th e entir e 

lengt h o f  th e axon . 

For  a  cel l  withou t  propagation ,  th e refractor y perio d i s 

aroun d 5 0 tim e unit s an d remain s a t  thi s leve l  regardles s o f 

e.  Essentially ,  th e cel l  ha s n o refractor y perio d withou t 

propagation .  I f  a  sinusoida l  drivin g inpu t  o f  a  large r 

amplitud e i s  applied ,  th e refractor y perio d ca n b e reduce d 
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further .  Thi s i s no t  th e cas e fo r  a  cel l  wit h propagation . 

Her e th e refractor y perio d i s proportiona l  t o th e baselin e 

perio d an d i s absolute .  Eve n a  ver y larg e inpu t  i s incapabl e 

of  provokin g a n actio n potentia l  durin g th e refractor y 

period .  A t  th e poin t  wher e th e refractor y perio d an d 

baselin e perio d converge ,  th e cel l  become s non-viabl e an d 

oscillation s cease .  A s e  i s se t  t o large r  values ,  recover y ca n 

preven t  th e axo n fro m producin g an y actio n potential s eve n 

thoug h oscillation s ar e stil l  provoke d a t  th e axo n hillock . 

400 

200 

wi thou t  p r o p a g a t i o n 

— constan t  inpu t  (baseline ) 
•  sinusoida l  inpu t  (refractory ) 

E' s use d i n simulation s 

• D 

•8 0 
0) 
Q. 

400 

200 

wit h p r o p a g a t i o n 

200 40 0 60 0 80 0 

Invers e o f  epsilo n (l/e ) 

1000 

Figur e 3 .  Baselin e an d refractor y period s fo r  cell s wit h 

differen t  natura l  frequencie s (i.e .  differen t  e's) . 

Behavior of a Grid of Cells 

For assessing synchrony, a grid of 11 X 11 cells was 

simulate d wit h differen t  degree s o f  connectivity .  A t  on e 

extreme ,  eac h cel l  communicate d wit h it s 8  immediat e 

neighbor s (loca l  connectivity) .  A t  th e othe r  extrem e ever y 

cel l  communicate d wit h ever y othe r  cel l  (ful l  connectivity) . 

For  loca l  connectivit y th e end s o f  th e gri d wer e connecte d 

t o for m a  toru s thu s avoidin g edg e effects .  Al l  th e cell s 

wer e drive n wit h a  constan t  baselin e inpu t  (/=.1I 2 withou t 

propagatio n an d 1=2 5 wit h propagation) .  Fo r  ever y 

simulation ,  cell s wer e place d a t  randoml y determine d 

position s alon g thei r  limi t  cycle s t o plac e th e gri d i n a 

completel y asynchronou s state .  Th e onl y mean s fo r 

synchronizatio n wa s throug h impulse s delivere d betwee n 

cell s wit h eac h passin g o f  thei r  firin g criteria . 
As wit h communicatio n betwee n rea l  neurons ,  thes e 

impulse s wer e exponentiall y  decayin g inputs .  Th e non -

committa l  ter m impuls e i s use d sinc e th e effec t  o f  on e cel l 

on anothe r  migh t  b e du e t o neurotransmitte r  gate d io n 

channel s o r  direc t  electrica l  couplin g (i.e .  ga p junctions) . 

For  eac h cel l  th e totalit y o f  it s  inpu t  {/ }  wa s th e baselin e 

inpu t  plu s th e su m o f  th e incomin g impulses .  Fo r  eac h 

simulation ,  thes e impulse s wer e o f  a  fixed  amplitud e an d 

exponentia l  deca y rate .  Individua l  amplitude s wer e 

determine d b y dividin g tota l  amplitud e b y th e numbe r  o f 

connecte d cells .  I n othe r  words ,  amplitud e wa s divide d b y 

8 fo r  loca l  connectivit y an d 12 0 fo r  ful l  connectivity .  Thi s 

equate s th e connectivit y condition s fo r  a  full y  synchronize d 

grid .  10 0 simulation s wer e performe d wit h variation s o f 

tota l  impuls e amplitud e fro m . 1 t o 1. 0 i n increment s o f  . 1 

combine d wit h variation s i n averag e impuls e duratio n fro m 

25 t o 25 0 i n increment s o f  25 .  Eac h o f  th e bar s show n i n 

Figur e 4  i s average d acros s thes e 10 0 amplitude/duratio n 

combinations . 

Impuls e amplitude s wer e eithe r  excitator y (positive )  o r 

inhibitor y (negative )  an d simulation s wer e ru n wit h 

identica l  (sam e e )  o r  non-identica l  cell s (differen t  £'s) .  Fo r 

th e non-identica l  cells ,  e' s wer e chose n accordin g t o th e 

previousl y mentione d rang e wit h period s fro m 20 0 t o 40 0 i n 

equa l  increments .  Th e actua l  locatio n o f  eac h o f  thes e 

differen t  cell s wa s randoml y determined . 

Synchron y wa s measure d i n th e sam e manne r  foun d i n 

th e singl e cel l  recordin g literature .  Auto-correlogram s wer e 

compute d wit h bin s o f  5  tim e unit s fo r  ever y cel l  an d the n 

averaged .  Cross-correlogram s betwee n ever y cel l  an d ever y 

othe r  cel l  wer e calculate d an d the n averaged .  Afte r  a n 

initia l  100 0 tim e uni t  period ,  cel l  firing  time s wer e recorde d 

fo r  256 0 tim e units .  Recordin g tw o simulation s fo r  eac h 

conditio n allowe d fo r  th e calculatio n o f  shif t  predictor s t o 

normaliz e correlogram s fo r  rando m matchin g (se e Singe r  & 

Gray ,  199 5 fo r  a  discussio n o f  al l  thes e measures) . 

Synchron y wa s determine d b y takin g th e su m o f  th e zer o 

centere d 3  bin s i n th e average d cross-correlogra m an d 

dividin g b y th e zer o centere d bi n o f  th e auto-correlogram . 

I f  al l  th e cell s fire d withi n 1 5 tim e unit s o f  on e another ,  thi s 

woul d b e measure d a s perfec t  synchron y (rati o o f  I) .  I t 

shoul d b e note d tha t  thi s i s a  measur e o f  globa l  synchron y 

fo r  th e entir e gri d an d woul d unde r  represen t  a  situatio n o f 

separat e synchronou s group s o f  neuron s place d a t  evenl y 

space d phas e relationships . 

For  simulation s wit h spatia l  propagation ,  ever y cel l  ha d 

an axo n o f  lengt h 20 .  Perhap s a  mor e realisti c assumptio n 

woul d b e t o var y axo n lengt h wit h th e separat e distance s fo r 
eac h connection .  Thi s woul d serv e t o furthe r  diminis h wha t 

turne d ou t  t o b e greatl y reduce d synchronization . 

The fou r  set s o f  result s see n i n Figur e 4  ste m fro m thre e 

condition s withou t  th e inclusio n o f  propagatio n an d a  fourt h 
wit h propagation .  Th e immediat e conditio n i s th e standar d 

Fitzhugh-Nagum o mode l  wit h immediat e deliver y o f 

impulse s betwee n cells .  Thi s conditio n i s simila r  t o muc h 

of  th e previou s wor k o n synchron y development .  I n th e 

dela y condition ,  th e basi c mode l  i s augmente d wit h a  dela y 

of  6 0 tim e unit s whic h i s approximatel y th e tim e i t  take s fo r 
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propagatio n d o w n a n axo n o f  lengt h 20 .  Th e delay+re f 

conditio n i s a  furthe r  augmentatio n throug h th e inclusio n o f 

refractor y period s a s dictate d b y th e result s i n Figur e 3  fo r  a 

cel l  wit h propagation . 

j C 0. 0 

M 0. 8 

1 ^ 
identica l  cell s 

I L I L 
^ ^ m excitatory<->ful l 
1 = 1 inhibitory<->ful l 
• 1 ^  excitatory<->loca l 

I  inhlbitory<-iloca l 

n 
non-identica l  cell s 

i U „ 
immediat e dela y delay+re f  propagat e 

Figur e 4 .  Synchron y results .  Eac h ba r  i s average d acros s 

10 0 combination s o f  impuls e amplitud e an d impuls e 

duration . 

Variables Affecting Synchronization 

Propagation 

Approximating the full scale propagate simulation with 

th e additio n o f  delay s an d refractor y period s induce d th e 

same orderin g o f  conditions ,  ye t  synchronizatio n i s 

substantiall y  les s fo r  th e propagat e simulation .  Explici t 

delay s an d refractor y period s ar e inadequat e fo r  capturin g 

some o f  th e non-linearitie s involve d i n propagation .  Fo r 

instance ,  refractor y perio d i s mor e appropriatel y a  dynami c 

construct .  Recen t  faile d attempt s a t  propagatio n ca n bloc k 

subsequen t  actio n potential s almos t  a s strongl y a s recen t 

successfu l  actio n potentials .  I n som e sens e ther e i s a 

dynami c m e m o r y t o th e axon .  Anothe r  exampl e o f  dynami c 

non-linearit y i s foun d wit h dela y time .  Whil e a  continuall y 

firin g cel l  ha s a  dela y tim e o f  6 0 tim e units ,  a  full y 

recovere d restin g cel l  i s  capabl e o f  propagatio n i n 4 0 tim e 

units . 

Thes e an d othe r  anecdota l  account s ar e provide d b y 

watchin g tw o rea l  tim e compute r  graphic s program s 

develope d t o analyz e th e cell s withi n a  phas e portrai t  an d a 

X vs .  v/ w plot . 

Inhibitio n vs .  Excitatio n 

Replicating previous work, the grid readily synchronized 

fo r  immediat e excitator y couplin g fo r  bot h identica l  an d 

non-identica l  cells .  Thi s wa s regardles s o f  connectivity .  I n 

contrast ,  an y sor t  o f  inhibitor y couplin g greatl y diminishe d 

synchronizatio n i n th e immediat e condition .  I n retrospec t 

thi s i s no t  surprising .  I f  ther e i s an y distributio n i n firin g 

time s th e messag e b y th e lea d cell s t o th e follower s wil l  b e 

t o no t  fir e makin g coherenc y o f  th e grou p difficult .  Th e 

additio n o f  a  delay ,  whethe r  i t  b e explici t  o r  throug h 

propagation ,  put s excitatio n an d inhibitio n o n equa l  ground s 

fo r  identica l  cells . 

For  non-identica l  cells ,  th e impositio n o f  a  dela y cause s 

inhibitio n t o produc e greate r  synchron y tha n excitation .  Fo r 

variabl e frequenc y cells ,  th e spreadin g ou t  o f  th e grou p 

durin g recover y i s  avoide d wit h inhibition .  Withou t 

inhibitio n th e faste r  cell s woul d recove r  mor e quickl y an d 

fir e earlier ,  wherea s th e dynamic s o f  a n inhibitin g impuls e 

overrid e an d th e grou p i s  quiescen t  unti l  release d fro m 

inhibition . 

Local vs. Full Connectivity 

The overall effect for extent of connectivity is a reduction 

i n synchronizatio n wit h loca l  connections .  Thi s pattern s 

hol d tru e acros s al l  th e variable s an d i s du e t o increase d 

inpu t  variabilit y  wit h loca l  connections .  Fo r  th e cas e o f  ful l 

connectivit y ever y cel l  i n th e gri d experience s exactl y th e 

same inpu t  a t  ever y poin t  i n time .  Thi s i s i n contras t  t o th e 

situatio n fo r  loca l  connectivit y whic h i s equate d i n term s o f 

averag e inpu t  bu t  no t  variability .  Fo r  loca l  connectivit y 

eac h cel l  i s  followin g a  uniqu e dynamic s a s dictate d b y it s 

particula r  collectio n o f  recen t  incomin g impulses . 

Frequency Variability (non-identical cells) 

In general there was a reduction in synchronization for 

th e non-identica l  (variabl e frequency )  simulations .  Thi s 

reductio n i s  mor e pronounce d fo r  th e thre e condition s 

includin g a  dela y (delay ,  del+re f  an d propagate )  wit h th e 

notabl e exceptio n o f  full y  connecte d inhibitor y coupling . 

Th e previousl y mentione d interactio n betwee n frequenc y 

variabilit y an d inhibition/excitatio n account s fo r  thi s 

exception .  Inhibitio n provide s a  mor e consisten t  overridin g 

dynamic s fo r  ful l  connectivit y sinc e i t  i s  guarantee d tha t 

ever y cel l  wil l  b e release d fro m inhibitio n a t  th e sam e time . 

Plausible Correspondences to Real Synapses 

The biologically plausible scenario for coupling through 

chemica l  (i.e .  neurotransmitte r  mediated )  synapse s i s th e 

cas e o f  non-identica l  cell s i n th e propagat e condition .  Fo r 

thes e simulations ,  synchronizatio n wa s almos t  nonexisten t 

fo r  loca l  connectivity .  Furthermore ,  full y  connecte d 

inhibitor y couplin g produce d greate r  synchronizatio n tha n 

excitator y coupling .  Thi s resul t  i s i n keepin g wit h recen t 
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report s implicatin g th e inhibito r  G A B A i n th e developmen t 

of  synchron y (MacLeo d &  Laurent ,  1996) . 

The appropriat e scenari o fo r  electrica l  synapse s (ga p 

junctions )  i s locall y connecte d excitator y couplin g fo r  non -

identica l  cell s i n th e immediat e condition .  Ga p junctio n 

impulse s ar e alway s excitator y an d onl y betwee n neighbors . 

Thi s kin d o f  synaps e result s fro m direc t  link s betwee n 

adjacen t  cel l  bodie s makin g th e simulatio n o f  propagatio n 

irrelevant .  Ga p junction s ar e primaril y foun d i n lo w leve l 

sensor y areas ,  suc h a s th e retina ,  wher e cell s ar e densel y 

packe d together .  I n agreemen t  wit h studie s o f  cell s 

connecte d throug h electrica l  synapse s (Neuenschwande r  & 

Singer ,  1996) ,  synchronizatio n wa s sizabl e fo r  thi s 

simulation . 

Conclusions 

These simulations demonstrate that the buildup and 

propagatio n o f  actio n potential s ar e a n importan t 

consideratio n i n analyzin g boundar y condition s fo r 

synchron y development .  Propagatio n i s marginall y 

approximate d throug h th e inclusio n o f  explici t  dela y time s 

and refractor y periods ,  ye t  onl y a  ful l  simulatio n wit h a 

spatia l  variabl e an d it s resultin g non-linearitie s ca n accoun t 

fo r  th e diminishe d rang e o f  condition s leadin g t o 

synchronization .  N o w tha t  a  plausibl e mode l  ha s bee n 

develope d whic h fail s t o synchroniz e excep t  i n certai n 

situations ,  th e searc h fo r  architecture s resultin g i n stimulu s 

specifi c  synchronizatio n ca n b e initiated . 
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Abs t rac t 

A visuospatial reaction time task was used to gain an on-
lin e measur e o f  learnin g a s subject s responde d manuall y t o 
string s o f  stimul i  containin g embedde d transitiona l 
probabilities .  W e hypothesize d tha t  item s withi n a 
stimulu s sequenc e tha t  hav e lo w transitiona l  probabilitie s 
wil l  b e learne d mor e slowl y tha n item s tha t  hav e hig h 
transitiona l  probabilities .  Subject s wer e instructe d t o mak e 
butto n pres s response s t o stimulu s string s compose d o f 
sequence s o f  lights .  Item s i n th e string s wer e organize d 
int o triplets ,  wit h a  lo w averag e transitiona l  probabilit y 
fo r  th e firs t  ite m i n a  triplet ,  an d transitiona l  probabilitie s 
of  1. 0 fo r  th e secon d an d thir d items .  Result s indicat e tha t 
learnin g i s poore r  fo r  stimulu s item s wit h lo w transitiona l 
probabilitie s tha n fo r  stimulu s item s wit h hig h transitiona l 
probabilities .  Thi s wor k tie s togethe r  a  numbe r  o f  previou s 
investigation s o f  sequenc e learning ,  an d ha s implication s 
fo r  ho w mor e complicated ,  hierarchicall y structure d 
sequentia l  input ,  suc h a s language ,  ma y b e learned . 

Introduction 

Sequenc e learnin g i s o f  interes t  t o cognitiv e scientist s 
becaus e o f  th e wid e variet y o f  h u m a n experience s an d 
behavior s tha t  ar e seria l  i n nature ,  suc h a s languag e 
productio n an d comprehension ,  comple x moto r  tasks ,  an d 
perceptio n o f  sequentia l  regularitie s i n th e environment . 
Despit e th e obviou s conceptua l  link s betwee n studie s o f 
sequentia l  moto r  learnin g an d language ,  thes e literature s 
hav e rarel y intersected .  Studie s o f  artificia l  languag e learnin g 
(e.g. ,  Braine ,  1963 ;  Morgan ,  Meie r  &  Newport ,  1987 )  hav e 
typicall y involve d comple x grammatica l  rule s an d shor t 
string s o f  element s (visua l  and/o r  auditory) .  Subject s ar e 
expose d t o grammatica l  string s an d the n teste d fo r  thei r 
knowledg e o f  th e underlyin g rules .  I n contrast ,  studie s o f 
sequentia l  moto r  learnin g (e.g. ,  Cleereman s &  McClelland , 
1991 )  hav e utilize d reactio n tim e (RT )  measure s t o 
investigat e improvement s ove r  tim e an d exposure ,  a s wel l  a s 
th e relationshi p betwee n sequentia l  dependencie s an d moto r 
performance .  O f  specia l  interes t  i s  th e implici t  natur e o f 
s o me form s o f  sequenc e learning ,  i n whic h subject s ar e 
unabl e t o describ e th e underlyin g structur e o f  a  comple x 
patter n o f  seria l  input s despit e clea r  evidenc e tha t  thi s 
structur e ha s bee n learned . 

I n a n exampl e o f  learnin g base d o n a  fairl y arbitrary , 
artificia l  g ramma r  (i.e. ,  on e tha t  doe s no t  reflec t  m a n y o f  th e 

subtl e complexitie s o f  natura l  languages) ,  Rebe r  (1967 ) 
presente d subject s wit h string s o f  visua l  stimul i  organize d 
accordin g t o a  finit e slat e grammar .  Th e string s consiste d o f 
printe d item s presente d simultaneously ,  rathe r  tha n 
sequentially ,  wit h eac h strin g generate d b y a  singl e pas s 
throug h th e grammar .  Rebe r  demonstrate d tha t  subject s 
expose d t o string s generate d b y suc h a  finite  stat e gramma r 
ca n discriminat e grammatica l  fro m non-grammatica l  tes t 
strings .  Not e tha t  Reber' s us e o f  a  finite  stat e gramma r  t o 
generat e thes e string s introduce d variabilit y i n th e learnin g 
set  tha t  wa s considerabl y greate r  tha n tha t  presente d i n som e 
seria l  R T task s (e.g. ,  Cohen ,  Ivr y &  Keele ,  1990) ,  bu t 
considerabl y les s tha n th e variabilit y  foun d i n natura l 
language s o r  th e stimul i  use d b y othe r  researcher s (e.g. , 
Morgan ,  Meie r  &  Newport ,  1987) . 

Subsequently ,  Rebe r  (1969 )  foun d tha t  changin g th e 
specifi c  symbol s use d i n tes t  string s produce d littl e o r  n o 
interferenc e i n a  transfe r  task ,  wherea s changin g th e "rules " 
of  th e gramma r  did .  H e argue d tha t  wha t  subject s ha d 
become sensitiv e t o wa s no t  th e orde r  o f  specifi c  sequence s 
of  symbols ,  bu t  rathe r  thei r  underlyin g grammatica l 
structure .  Finally ,  Rebe r  (1976 )  foun d tha t  learner s wh o 
wer e informe d tha t  ther e wa s som e kin d o f  structur e i n th e 
inpu t  an d wer e encourage d t o find  i t  performe d les s wel l  o n a 
grammaticalit y judgmen t  tas k tha n di d learner s w h o wer e 
give n neutra l  instructions .  Thes e result s wer e interprete d a s 
evidenc e o f  a n interferenc e effect ,  produce d b y a n explici t 
searc h fo r  rules ,  whic h le d t o th e formatio n o f  fals e 
hypothese s abou t  th e underlyin g structur e o f  th e input . 

Othe r  researcher s hav e utilize d stimul i  containin g fa r  les s 
interna l  variabilit y  tha n stimul i  generate d fro m finite  stat e 
grammar s o f  th e typ e use d b y Reber .  Fo r  example ,  Cohen , 
Ivry ,  an d Keel e (1990 )  use d a  R T paradig m i n whic h short , 
fixed  sequence s wer e cycle d repeatedl y t o asses s th e subject' s 
abilit y t o for m association s betwee n item s i n th e sequence , 
as indicate d b y faste r  R T s ,  whil e the y simultaneousl y 
performe d a  distractio n task .  Subject s use d th e fingers  o f  on e 
han d t o pres s button s correspondin g t o location s o n a 
compute r  scree n wheneve r  a n indicato r  appeare d a t  a  give n 
button' s locatio n o n th e screen .  Individua l  stimul i  wer e 
presente d seriall y  a s rapidl y a s th e subjec t  responded . 

Cohen ,  Ivry ,  an d Keel e (1990 )  reporte d tha t  whe n thes e 
fixed,  repeate d sequence s wer e constructe d wit h uniqu e 
association s betwee n sequenc e element s (e.g. ,  15243) , 
subject s coul d no t  onl y lear n th e sequences ,  bu t  coul d als o 
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do s o i n th e presenc e o f  a  distractio n task .  Moreover , 
subject s develope d onl y a n incomplet e explici t 
representatio n o f  th e sequentia l  structur e o f  th e stimuli . 
However ,  whe n sequence s containe d multipl e association s 
among element s becaus e o f  repetitio n an d change s o f 
positio n withi n a  sequenc e (e.g. ,  132312) ,  the y wer e no t 
learne d i n th e presenc e o f  a  distractio n task .  Thus ,  i t  seem s 
clea r  tha t  i n simpl e seria l  R T task s (i.e. ,  thos e wit h uniqu e 
association s betwee n sequenc e elements )  involvin g a  smal l 
number  o f  items ,  learnin g ca n occu r  despit e distracto r 
interferenc e an d wit h littl e consciou s awarenes s o f  th e 
sequentia l  structure . 

Cleereman s an d McClellan d (1991 )  combine d th e us e o f 
finite  stat e grammar s an d R T measure s t o evaluat e th e 
implici t  learnin g o f  comple x visuospatia l  sequences .  A s i n 
Cohen,  Ivry ,  an d Keel e (1990) ,  subject s wer e presente d wit h 
a positio n indicato r  o n a  compute r  scree n an d responde d b y 
pressin g th e appropriat e ke y o n a  keyboard .  Stimul i  wer e 
generate d fro m a  finite  stat e grammar ,  wit h th e adde d featur e 
tha t  ther e wa s a  15 % chanc e o f  a  randoml y selecte d successo r 
ite m bein g substitute d a t  an y poin t  i n a  give n sequence . 
Thi s sourc e o f  nois e serve d t o preven t  memorizatio n o f  th e 
inpu t  sequence s (whic h wer e maximall y 5  item s i n length ) 
and allowe d fo r  analyse s o f  multipl e sequentia l  dependencie s 
(e.g. ,  R T t o ite m 5  give n ite m 4 ,  give n item s 3  an d 4 , 
give n item s 2 ,  3 ,  an d 4 ,  etc.) .  Subject s produce d faste r  RT s 
t o grammatica l  sequence s tha n t o non-grammatica l 
sequences ,  an d RT s benefite d fro m th e cumulativ e 
predictivenes s o f  th e precedin g context .  A s i n Cohen ,  Ivry , 
and Keele' s (1990 )  experiment ,  subject s reporte d onl y 
limite d knowledg e o f  th e sequentia l  structur e o f  th e stimuli . 
They als o indicate d tha t  the y di d no t  tr y t o us e tha t 
knowledg e durin g trainin g becaus e doin g s o tende d t o 
produc e mor e error s an d slowe r  responses .  Th e author s 
conclude d tha t  explici t  knowledge ,  i f  present ,  playe d a 
minima l  rol e i n th e learnin g process . 

One o f  th e advantage s o f  usin g probabilisti c  sequences , 
such a s thos e generate d b y a  finite  stat e grammar ,  i s  tha t 
the y ar e sufficientl y variabl e t o minimiz e th e likelihoo d o f 
memorization .  I n contrast ,  deterministi c sequences ,  whic h 
have a  fixed  order ,  ma y b e memorize d i f  the y ar e fewe r  tha n 
te n item s long ,  eve n withou t  th e massiv e amoun t  o f 
exposur e require d t o exhibi t  learnin g o f  completel y 
probabilisti c  sequences .  A n alternativ e i s t o generat e stimul i 
tha t  ar e simpl e enoug h t o lear n i n fewe r  tha n th e 60,00 0 
trial s use d b y Cleereman s an d McClellan d (1991) ,  bu t 
comple x enoug h tha t  subject s ar e no t  likel y t o develo p 
explici t  representation s o f  th e sequenc e structur e whe n ther e 
i s n o distractio n task . 

Recent  wor k b y Saffran ,  Newport ,  an d Asli n (1996 )  an d 
Saffran ,  Aslin ,  an d Newpor t  (1996 )  use d sequence s wit h 
bot h deterministi c an d probabilisti c  propertie s t o stud y wor d 
segmentatio n fro m fluen t  speech .  Continuou s sequence s o f 
consonant-vowe l  (CV )  syllables ,  rangin g i n duratio n fro m 2 -
7 minutes ,  wer e constructe d b y concatenatin g syntheti c 
speec h syllable s accordin g t o a  simpl e se t  o f  deterministi c 
and probabilisti c  "rules. "  Th e entir e sequenc e consiste d o f 
rando m ordering s o f  fou r  o r  si x "words" ,  wher e eac h wor d 
was compose d o f  thre e C V syllables .  Eac h wor d consiste d o f 
a uniqu e trisyllabi c string ,  althoug h som e o f  th e syllable s 

occurre d i n mor e tha n on e wor d i n th e Saffran ,  Newport ,  an d 
Asli n (1996 )  stud y o f  adults .  I n th e Saffran ,  Aslin .  an d 
Newpor t  (1996 )  stud y o f  8-month-ol d infants ,  eac h syllabl e 
occurre d i n onl y on e word .  Th e coherenc e o f  syllabl e string s 
withi n word s an d th e unpredictabilit y  o f  wor d ordering s 
enable d bot h adult s an d infant s t o grou p syllable s an d 
segment  word s fro m th e continuou s strea m o f  speech . 

Usin g simila r  artificia l  languag e corpora ,  subsequen t 
researc h ha s show n tha t  wor d segmentatio n ca n procee d 

implicitl y  i n adult s an d 7- 8 yea r  ol d childre n (Saffran , 
Newport ,  Aslin ,  Tunic k &  Barrueco ,  1997) ,  an d tha t  8 -
month-ol d infant s ca n segmen t  word s fro m fluen t  speec h 
based solel y o n th e transitiona l  probabilitie s o f  successiv e 
CV syllable s withi n th e languag e corpu s (Aslin ,  Saffra n & 
Newport ,  1998) .  Transitiona l  probabilities ,  define d a s th e 
frequenc y i n th e corpu s o f  ite m Y  give n X  divide d b y th e 
frequency  o f  ite m X ,  wer e hig h fo r  syllable-pair s withi n 
word s an d lo w fo r  syllable-pair s spannin g a  wor d boundary . 
Sensitivit y t o th e peak s an d trough s i n syllable-pai r 
transitiona l  probabilitie s i s apparentl y sufficien t  fo r  bot h 
infant s an d adult s t o grou p successiv e syllable s an d 
recogniz e the m a s relativel y familia r  i n a  post-exposur e test . 
One limitatio n o f  thi s post-familiarizatio n tes t  paradigm , 
however ,  i s  tha t  i t  doe s no t  provid e a n on-lin e measur e o f 
th e learnin g process . 

I n th e presen t  study ,  w e use d a  seria l  R T tas k t o asses s th e 
time-cours e o f  learnin g whe n stimul i  wer e structure d lik e th e 
trisyllabi c word s use d i n th e studie s o f  Saffra n an d 
colleagues .  Th e fundamenta l  differenc e betwee n ou r  paradig m 
and tha t  o f  Cleereman s an d McClellan d (1991 )  i s tha t  ou r 
sequence s ar e generate d usin g bot h probabilisti c ai d 
deterministi c mechanisms ,  wherea s their s ar e entirel y 
probabilistic .  Ou r  visuospatia l  stimulu s sequence s wer e 
composed o f  unit s analogou s t o words ,  withi n whic h 
transitiona l  probabilitie s wer e perfecd y predictiv e (1.0) , 
wherea s th e rando m orderin g o f  thes e word s rendere d th e 
stimulu s tha t  followe d eac h wor d muc h les s predictabl e 
(transitiona l  probabilitie s average d 0.37) .  Ou r  us e o f  a  R T 
methodolog y provide s u s wit h a n on-lin e metri c o f 
improvemen t  throughou t  th e learnin g phas e o f  th e 
experimen t  fo r  eac h typ e o f  transitiona l  probability ,  thu s 
avoidin g th e limitation s o f  a  post-familiarizatio n testin g 
phase .  Moreover ,  ou r  stimulu s sequence s wer e mor e 
comple x tha n thos e fro m th e studie s tha t  use d fixed  stimulu s 
sequences ,  bu t  no t  a s variabl e a s thos e fro m th e studie s tha t 
generate d stimulu s sequence s usin g finite  stat e grammars . 
Finally ,  th e us e o f  a  visuospatia l  R T tas k o f  moderat e 
complexity ,  wit h n o instruction s t o th e subjec t  abou t  th e 
"rules "  o f  th e embedde d sequences ,  suggeste d tha t  an y 
learnin g woul d likel y b e implicit .  W e predicte d tha t  i f  ou r 
assumption s abou t  th e natur e o f  learnin g i n thi s paradig m 
were correct ,  RT s woul d declin e faste r  fo r  stimulu s element s 
wit h hig h transitiona l  probabilitie s tha n fo r  stimulu s 
element s wit h lo w transitiona l  probabilities . 

Method 

To obtai n a n on-lin e measur e o f  sequenc e learning ,  w e 
constructe d a  button-bo x capabl e o f  recordin g R T response s 
t o visuospatia l  sequence s tha t  varie d i n transitiona l 
probability . 
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A p p a r a t u s 

Th e button-bo x wa s buil t  aroun d a n Appl e Quadr a 65 0 
microcompute r  an d a  hardware/softwar e interfac e (designe d 
by Jame s R .  Sawusc h a t  th e Speec h Researc h Laboratory , 
Stat e Universit y o f  N e w Yor k a t  Buffalo )  fo r  presentin g 
compute r  controlle d stimul i  an d recordin g responses .  Specia l 
hardwar e timer s i n th e interfac e allowe d response s t o b e 
recorde d wit h millisecon d accuracy . 

T o allo w subject s t o interac t  wit h th e computer ,  w e 
designe d a  respons e bo x wit h lighte d buttons .  Th e button s 
wer e house d i n a n aluminu m bo x whos e dimension s wer e 1 0 
X 1 7 X  2  inches .  Th e button s wer e 3/ 4 inc h i n diameter ,  red , 
and th e entir e butto n surfac e wa s illuminate d whe n stimul i 
wer e presented .  Seve n button s wer e arrange d i n a  semicircl e 

wit h a  five-inch  radius ,  wit h a n eight h butto n positione d a t 
th e cente r  o f  th e bas e o f  th e semicircle .  Th e eight h butto n 
serve d a s a  locatio n fo r  a  "home "  orientin g respons e prio r  t o 
th e onse t  o f  eac h stimulus . 

Figur e 1 :  Button-bo x layout . 

Stimuli 

Stimul i  consiste d o f  pair s o f  simultaneousl y illuminate d 
lights .  W e use d pair s o f  light s becaus e th e seve n button s i n 
th e semi-circl e di d no t  provid e a  sufficien t  numbe r  o f  uniqu e 
visuospatia l  stimul i  t o creat e a  comple x sequenc e wit h 
highl y differentiate d transitiona l  probabilities .  B y usin g 
pair s o f  th e seve n non-"home "  buttons ,  twenty-on e uniqu e 
pair s o f  light s coul d b e presente d i n th e semicircle . 

Not e tha t  fo r  convenience ,  w e wil l  adop t  terminolog y 
analogou s t o tha t  use d b y Saffran ,  Aslin ,  an d Newpor t 
(1996 )  t o describ e a  continuou s sequenc e o f  trisyllabi c 
words .  Thus ,  i n th e presen t  study ,  "syllable "  refer s t o a 
singl e pai r  o f  lights ,  an d "word "  refer s t o a  fixed  sequenc e o f 
thre e pair s o f  lights . 

By convention ,  th e button s i n th e semicircl e wer e 
numbere d fro m lef t  t o right ,  an d Figur e 2  illustrate s th e 
button-pai r  tha t  wa s illuminate d simultaneousl y fo r  a 
particula r  syllabl e (2 ,  4) . 

o 
"Home" 

O 6 

O 

The twenty-on e uniqu e "syllables "  (pair s o f  lights )  wer e 
organize d int o seve n uniqu e "words "  (triplet s o f  pairs) . 
Withi n eac h wor d n o individua l  butto n wa s lighte d mor e 
tha n onc e (t o contro l  fo r  repetitio n effects) .  Thus ,  withi n a 
word ,  si x o f  th e seve n button s wer e li t  a t  som e poin t  a s pa n 
of  th e word' s componen t  syllables .  Word s wer e randoml y 
sequence d int o block s o f  seven ,  wit h th e constrain t  tha t  eac h 
wor d ha d t o occu r  onc e withi n an y give n bloc k (t o equat e 
frequenc y o f  exposur e acros s blocks) .  Te n block s wer e the n 
concatenate d int o a  singl e 70-wor d session ,  wit h th e 
constrain t  tha t  word s coul d no t  repea t  a t  th e edge s o f  block s 
(again ,  t o contro l  fo r  repetitio n effects) .  Th e stimul i  wer e 
the n presente d a s a  singl e continuou s sequenc e o f  events . 
Subject s too k par t  i n eigh t  70-wor d session s durin g th e 
cours e o f  one ,  hour-lon g trainin g period ,  wit h 1- 2 minut e 
res t  break s betwee n sessions .  Si x 8-sessio n trainin g period s 
wer e conducte d ove r  th e cours e o f  si x consecutiv e days , 
yieldin g a  tota l  o f  4 8 session s fo r  eac h subject . 

Th e organizatio n o f  word s use d i n th e experimen t  i s 
show n i n Tabl e 1 .  Eac h subjec t  wa s assigne d on e o f  thes e 
"codes "  fo r  syllable s an d word s fo r  al l  session s o f  th e 
experiment .  Word s wer e the n randoml y sequence d int o 
blocks ,  an d block s concatenate d t o for m session s separatel y 
fo r  eac h subject ,  a s outline d earlier . 

Table 1: Unique triplets of button pairs. 

Word Syllable-Butto n Pair s 

Assignmen t  O n e 
A (2 ,  4 )  (3 ,  7 )  (5 ,  6 ) 
B (4,7 )  (1,6 )  (3,5 ) 
C (1,5 )  (3,4 )  (2,6 ) 
D (6,7 )  (2,5 )  (1,3 ) 
E (4,6 )  (1,2 )  (5,7 ) 
F (1,4 )  (2,7 )  (3,6 ) 
G (2,3 )  (1,7 )  (4,5 ) 

Assignmen t  T w o 
A' 
B' 
C 
D-
E' 
F' 
G" 

(3,4 )  (1,7 )  (2,5 ) 
(3,6 )  (2,4 )  (1,5 ) 
(5 ,  6 )  (4 ,  7 )  (2 .  3 ) 
(5,7 )  (2.6 )  (1.4 ) 
(2,7 )  (1,3 )  (4.6 ) 
(1,6 )  (4,5 )  (3,7 ) 
(1,2 )  (3,5 )  (6,7 ) 

Figur e 2 :  Syllabl e stimulu s pai r  (2 ,  4) . 

Usin g on e o f  thes e tw o scheme s t o creat e a  continuou s 
sequenc e o f  button-pairs ,  th e transitiona l  probabilitie s 
withi n word s (i.e. ,  betwee n th e first  an d secon d syllable s an d 
betwee n th e secon d an d thir d syllables )  ar e 1.0 .  Tha t  is , 
becaus e bot h th e identit y an d orde r  o f  syllable s withi n word s 
ar e fixed,  th e las t  tw o syllable s o f  an y wor d ar e completel y 
predictabl e afte r  th e first  syllabl e o f  a  give n wor d ha s bee n 
presented .  Th e secon d an d thir d syllable s always ,  an d only , 
follo w th e first  syllabl e o f  a  give n wor d wheneve r  i t  appear s 
i n th e sequentia l  corpus .  However ,  a t  th e boundarie s betwee n 
words ,  th e transitiona l  probabilitie s ar e muc h lowe r  becaus e 
of  th e rando m orderin g o f  word s withi n blocks ,  s o tha t  ther e 
i s a n average  probabilit y  o f  0.3 7 tha t  th e thir d syllabl e o f  a 
wor d wil l  b e followe d b y th e firs t  syllabl e o f  anothe r  word . 
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Subject s 

Subject s wer e nin e Universit y o f  Rocheste r  undergraduate s 
(thre e male ,  si x female) .  Subject s wer e pai d fo r  thei r 
participation ,  althoug h paymen t  wa s no t  use d a s a  motivato r 
t o improv e performanc e durin g th e experiment .  O n e subjec t 
was left-handed ,  an d al l  subject s eithe r  ha d good ,  uncorrecte d 
visio n o r  wor e correctiv e lense s durin g th e experiment . 

Procedure 

Subject s wer e comfortabl y seate d i n a  soun d attenuate d 
room ,  wit h th e button-bo x place d o n thei r  lap .  Subject s 
wer e instructe d t o pus h button s onl y wit h thei r  preferre d 
han d an d t o stead y th e bo x wit h thei r  othe r  hand .  A t  th e star t 
of  a n experimenta l  session ,  al l  o f  th e button s wer e 
illuminate d fo r  on e secon d t o indicat e tha t  th e sessio n wa s 
abou t  t o begin ,  afte r  whic h al l  th e light s wer e extinguishe d 
excep t  fo r  th e "home "  butto n (se e Figur e 2) .  Subject s wer e 
instructe d t o pres s an d hol d th e "home "  butto n unti l  a  pai r  o f 
button s (correspondin g t o a  syllable )  i n th e semicircl e wa s 
illuminated .  W h e n th e syllabl e button-pai r  wa s illuminated , 
th e "home "  butto n wa s simultaneousl y extinguished . 

Subject s wer e informe d tha t  th e experimen t  involve d R T s , 
but  n o mentio n wa s mad e o f  learnin g o r  o f  pattern s 
embedded i n th e sequentia l  stimuli .  Subject s wer e instructe d 
simpl y t o pres s th e illuminate d pai r  o f  button s a s rapidl y a s 
possibl e whil e maintainin g hig h accuracy .  The y wer e tol d 
tha t  th e orde r  i n whic h the y presse d th e button-pair s wa s 
unimportant ,  but  tha t  th e button s shoul d b e presse d i n 
successio n (t o avoi d an y tendenc y t o simultaneousl y pres s 
tw o adjacentl y li t  buttons) .  Bot h button s i n th e pai r 
remaine d illuminate d unti l  tw o button s i n th e semicircl e ha d 
been pressed .  A t  tha t  point ,  regardles s o f  whic h tw o button s 
had bee n pressed ,  th e illuminate d button-pai r  wa s 
extinguishe d an d th e "home "  butto n wa s simultaneousl y 
illuminated .  Th e subjec t  returne d t o th e "home "  butto n b y 
pressin g i t  an d holdin g i t  d o w n unti l  th e onse t  o f  th e nex t 
stimulu s pai r  (syllable) .  Afte r  returnin g t o th e "home " 
button ,  ther e wa s a  100m s dela y befor e th e onse t  o f  th e nex t 
stimulu s pair .  Thi s dela y perio d wa s include d t o preven t 
subject s fro m leavin g th e "home "  butto n prematurely ,  whic h 
woul d hav e resulte d i n artificiall y  shor t  RTs .  I f  th e subjec t 
anticipate d th e nex t  stimulu s b y releasin g th e "home "  butto n 
befor e illuminatio n o f  th e stimulu s pair ,  th e stimulu s pai r 
was no t  illuminated .  I n suc h cases ,  th e subjec t  wa s require d 
t o retur n t o th e "home "  button ,  th e dela y perio d wa s 
reinitiated ,  an d i f  th e subjec t  correctl y delaye d releas e o f  th e 
"home "  button ,  th e sam e stimulu s pai r  tha t  woul d hav e bee n 
presente d durin g th e previousl y aborte d even t  wa s 
illuminated .  N o feedbac k wa s give n t o subject s a t  an y poin t 
durin g th e six-da y trainin g period .  Subject s wer e give n a  free 
recal l  tes t  prio r  t o bein g debriefe d afte r  th e final  session . 

Data Collection 

RT dat a wer e collecte d throughou t  eac h sessio n b y recordin g 
th e sequenc e o f  al l  butto n presses .  Bot h butto n positio n (1 -
7)  an d R T wer e recorde d fo r  th e first  respons e t o a  stimulu s 
pai r  (syllable) ,  wherea s onl y butto n positio n wa s recorded 
fo r  th e secon d response .  A  tota l  o f  10,08 0 R T measurement s 
wer e possibl e acros s th e entir e si x day s o f  th e experimen t  fo r 

eac h subject .  I f  th e subjec t  presse d a n unilluminate d button , 
eithe r  a s a  first  o r  secon d butto n press ,  th e respons e wa s 
counte d a s a n erro r  an d th e R T fo r  tha t  stimulu s presentatio n 
was discarded .  Subjects '  erro r  rate s wer e belo w thre e percent . 

Subject s wer e classifie d a s implici t  learners ,  explici t 
learners ,  an d non-learner s base d o n R T an d fre e recal l 
pertbrmance .  First ,  fo r  individua l  subjects ,  m e a n reactio n 
time s wer e calculate d fo r  eac h syllabl e withi n eac h sessio n 
fo r  th e las t  eigh t  sessions .  Subject s w h o demonstrate d n o 
differenc e i n reactio n tim e (paire d t-test ,  p  <  .05 )  withi n th e 
las t  eigh t  session s betwee n syllabl e 1  an d syllabl e 2  o r 
betwee n syllabl e 1  an d syllabl e 3  wer e deeme d no t  t o hav e 
learne d th e underlyin g structur e o f  th e input ,  wer e classifie d 
as non-learners ,  an d wer e exclude d fro m th e result s ( N =  1) . 
Second ,  whe n subject s ha d complete d th e final  (48th ) 
session ,  bu t  prio r  t o bein g debriefe d abou t  th e detail s o f  th e 
experiment ,  the y wer e aske d i f  the y ha d an y genera l 
impression s abou t  th e natur e o f  th e task .  Al l  subject s w h o 
showe d R T evidenc e o f  learnin g indicate d tha t  the y though t 
the y occasionall y notice d pattern s i n th e wa y th e pair s o f 
light s wer e presented .  The y wer e aske d t o writ e d o w n an y 
pattern s the y though t  the y coul d remember ,  an d wer e give n 
fre e acces s t o th e button-bo x whil e doin g so .  Thi s wa s use d 
as a  measur e o f  explici t  knowledge .  W e tallie d eac h subject' s 
recal l  o f  correc t  sequence s o f  syllable s fo r  par t  word s 
(sequence s o f  tw o button-pairs )  an d ful l  word s (sequence s o f 
thre e pairs) .  Subject s w h o demonstrate d explici t  knowledg e 
of  mor e tha n 3  par t  word s o r  mor e tha n 1  ful l  wor d wer e 
considere d likel y t o hav e develope d a  stron g explici t 
representatio n o f  th e underlyin g su-uctur e o f  th e input ,  wer e 
classifie d a s explici t  learners ,  an d wer e exclude d fro m th e 
result s ( N =  3) .  Subject s w h o passe d bot h th e R T criterio n 
fo r  learnin g an d th e fre e recal l  criterio n fo r  non-explici t 
knowledg e wer e classifie d a s implici t  learner s an d wer e 
include d i n th e result s ( N =  5 ;  thre e subject s traine d o n 
butto n assignmen t  one ,  an d tw o subject s traine d o n butto n 
assignmen t  two) . 

Results 

We hypothesize d tha t  wit h extende d training ,  subject s w h o 
become implicitl y  sensitiv e t o th e structur e withi n th e 
sequenc e o f  stimulu s syllable s (button-pairs) ,  shoul d reflec t 
thi s sensitivit y throug h differentiall y  faste r  R T s . 
Specifically ,  w e predicte d tha t  R T s fo r  first  syllables ,  whic h 
hav e lo w averag e transitiona l  probability ,  woul d begi n t o 
platea u befor e R T s fo r  secon d an d thir d syllables ,  whic h ar e 
maximall y predictive .  A s show n i n Figur e 3 ,  ou r  result s 
suppor t  thi s hypothesis .  Acros s th e first  fe w sessions ,  ther e 
was genera l  improvemen t  i n R T s fo r  al l  thre e syllables , 
whic h likel y reflect s th e subjects '  adaptatio n t o th e genera l 
tas k o f  makin g rapi d button-pres s response s fro m th e 
"home "  location .  Subsequently ,  R T s fo r  th e secon d an d thir d 
syllable s continue d t o decrease ,  whil e R T s fo r  th e first 
syllabl e bega n t o leve l  off .  B y sessio n forty-eight ,  th e ga p 
betwee n R T s fo r  firs t  versu s secon d an d thir d syllable s wa s 
on th e orde r  o f  60ms . 

A n A N O V A,  wit h tas k exposur e (sessions )  an d syllabl e 
(1 ,  2 ,  o r  3 )  a s repeated  measures ,  indicate d a  significan t 
linea r  mai n effec t  o f  exposure ,  F(l,4 )  =  44.45 ,  p  <  .005 , 
M S,  =  17497.46 ,  an d a  significan t  interactio n o f  linea r  tren d 
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Figure 3: Mean reaction times for syllables 1, 2, and 3 for implicit learners (N = 5). 

of  exposur e wit h syllable ,  F(2 ,  8 ,  Greenhouse-Geisse r 
adjuste d t o 1.18 ,  4.74 )  =  11.67 ,  p  <  .05 ,  M S ,  =  2044.54 . 
Thi s interactio n indicate s no t  onl y tha t  ther e wa s a n overal l 
linea r  decreas e i n R T wit h exposur e t o th e task ,  bu t  als o tha t 
thi s chang e wa s no t  th e sam e fo r  al l  syllables .  Th e A N O V A 
als o revealed  significan t  simpl e effect s o f  linea r  tren d o f 
exposur e fo r  eac h o f  th e differen t  syllables :  syllabl e one , 
f(l,4 )  =  104.80 ,  p  <  .001 ,  M S ,  =  1343.83 ;  syllabl e two , 
F(l,4 )  =  506.98 ,  p  <  .001 .  M S ,  =  896.18 ;  syllabl e three , 
F(l,4 )  =  133.53 ,  p  <  .001 ,  M S ,  =  133608.44 .  Finally ,  ther e 
was a  significan t  interactio n betwee n linea r  tren d o f  exposur e 
fo r  syllabl e on e an d linea r  tren d o f  exposur e fo r  syllable s 
tw o an d thre e combined ,  F(l,4 )  =  12.60 ,  p  <  .05 ,  M S ,  = 
3739.26 ,  bu t  no t  betwee n linea r  tren d o f  exposur e fo r 
syllabl e tw o versu s linea r  tren d o f  exposur e fo r  syllabl e 
three ,  f(l,4 )  =  1.68 ,  p  >  .1 ,  M S ,  =  349.82 .  Thes e las t 
result s indicat e tha t  th e linea r  improvemen t  i n R T wit h 
increase d exposur e t o th e tas k i s differen t  fo r  syllabl e on e 
tha n fo r  syllable s tw o an d three . 

I t  i s  clea r  fro m Figur e 3  tha t  th e rat e o f  improvemen t  fo r 
syllabl e on e i s slowe r  tha n fo r  syllable s tw o an d three ,  an d 
tha t  th e improvemen t  fo r  syllable s tw o an d thre e i s roughl y 
equivalent .  A  fina l  post-hoc ,  non-tren d compariso n revealed 
tha t  th e effec t  o f  exposur e o n R T fo r  syllabl e tw o versu s 
syllabl e thre e wa s no t  different ,  f(47 ,  188 ,  Greenhouse -
Geisse r  adjuste d t o 3.08 ,  12.34 )  =  .91 ,  p  >  .1 ,  M 5 ,  =  47.08 , 

consisten t  wit h th e fac t  tha t  th e transitiona l  probabilitie s 
predictiv e o f  thes e syllable s wer e bot h 1.0 . 

Discussion 

The result s o f  thi s stud y suppor t  th e hypothesi s tha t  wit h 
increasin g amount s o f  exposur e t o sequentia l  stimuli ,  lo w 
probabilit y  transition s ar e learne d mor e poorl y tha n hig h 
probabilit y  transitions .  Th e reactio n tim e methodolog y 
provide s a  detaile d on-lin e measur e o f  learning ,  a s indicate d 
by improvement s i n R T ,  throughou t  a  multi-day ,  multi -
sessio n learnin g process .  Thi s stud y pave s th e wa y fo r  wor k 
on th e learnin g o f  stimulu s sequence s wit h mor e 
complicate d embedde d pattern s o f  transitiona l  probabilities . 

Fro m th e summar y dat a show n i n Figur e 3 ,  a  numbe r  o f 
point s shoul d b e emphasized .  First ,  althoug h ou r  statistica l 
analysi s reveale d a  linea r  effec t  o f  session s o f  exposure ,  i t  i s 
likel y tha t  th e dat a reflec t  th e initia l  portion s o f  non-linea r 
(exponential )  learnin g curves .  W e suspec t  tha t  wit h mor e 
exposur e t o th e tas k (i.e. ,  a  greate r  numbe r  o f  sessions) ,  th e 
rat e o f  R T improvemen t  woul d leve l  of f  fo r  eac h o f  th e 
syllables .  Anecdotally ,  a  pilo t  subjec t  (no t  include d i n th e 
study )  w h o wa s traine d t o 5 8 session s di d sho w a  levelin g 
of f  o f  R T fo r  al l  thre e syllables ,  suggestin g tha t  i t  ma y b e 
profitabl e t o exten d th e lengt h o f  tas k exposur e beyon d 4 8 
sessions . 
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Second ,  i n additio n t o th e R T improvemen t  resultin g fro m 
subject s learnin g th e embedde d syllable-structur e o f  word s 
withi n th e stimulu s sequence ,  ther e wa s som e non-specifi c 
(generalized )  learnin g base d o n adaptatio n t o th e physica l 
requirement s o f  th e task .  Althoug h w e di d no t  asses s non -
specifi c  adaptatio n directly ,  i t  seem s likel y tha t  i t  wa s 
confine d primaril y t o th e initia l  par t  (-1 0 sessions )  o f  th e 
experiment .  Certainl y i t  i s  reflecte d i n th e larg e 
improvemen t  see n fro m sessio n on e t o sessio n two .  Wor k 
i n progres s incorporate s method s t o hel p evaluat e non -
specifi c  improvemen t  i n R T . 

Third ,  fo r  mos t  o f  th e session s afte r  sessio n twenty-four , 
R Ts wer e faste r  fo r  syllabl e thre e tha n fo r  syllabl e two . 
Althoug h thi s differenc e wa s no t  statisticall y significant ,  i t 
i s  temptin g t o speculat e tha t  syllabl e thre e ma y enjo y a n 
enhance d advantag e i n predictabilit y  despit e transitiona l 
probabilitie s equivalen t  t o syllabl e two .  Thi s migh t  occu r  i f 
subject s com e t o us e th e combine d occurrenc e o f  syllable s 
one an d tw o t o predic t  th e occurrenc e o f  syllabl e three .  Mor e 
researc h wil l  b e necessar y t o tes t  thi s hypothesis ,  possibl y 
involvin g greate r  number s o f  syllable s o r  involvin g stimul i 
designe d s o tha t  predictio n o f  syllabl e thre e i s  necessaril y 
dependen t  o n th e combine d sequenc e o f  syllable s on e an d 
two . 

Fourth ,  th e significan t  separatio n o f  R T s base d o n 
transitiona l  probabilitie s demonstrate s tha t  subject s hav e 
learne d som e aspec t  o f  th e sequentia l  structur e o f  th e 
visuospatia l  stimuli .  Th e researc h b y Saffra n an d colleague s 
(Aslin ,  Saffra n &  Newport ,  1998 ;  Saffran ,  Asli n & 
Newport ,  1996 ;  Saffran ,  Newpor t  &  Aslin ,  1996 ;  Saffran , 
Newport ,  Aslin ,  Tunic k &  Barrueco ,  1997 )  o n won d 
segmentatio n fro m fluent  speech ,  whic h use d simila r 
sequentia l  structures ,  employe d a  two-alternativ e forced -
choic e tes t  afte r  familiarizatio n t o th e speec h corpus .  Thi s 
post-familiarizatio n tes t  compare d word s wit h non-word s an d 
part-words ,  an d clea r  evidenc e o f  discriminatio n suggeste d 
tha t  syllable-pair s wit h hig h transitiona l  probabilitie s wer e 
groupe d int o words .  Tha t  is ,  statistica l  learnin g resulte d i n 
segmentatio n o f  word s fro m fluent  speech .  I n th e presen t 
study ,  th e patter n o f  R T s wa s analogou s t o won d 
segmentatio n i n tha t  moto r  response s wer e facilitate d fo r 
predictiv e sequence s o f  visuospatia l  stimuli .  Whil e ther e i s 
no direc t  evidenc e tha t  th e visuospatia l  sub-pattern s makin g 
up word s i n th e presen t  stud y wer e implicitl y  segmented ,  i t 
seems likel y tha t  evidenc e fo r  segmentatio n woul d b e foun d 
i n a  post-familiarizatio n test .  Suc h a  tes t  woul d b e necessar y 
t o dra w thi s kin d o f  inference . 

The result s o f  thi s preliminar y experimen t  hav e 
implication s fo r  mor e comple x stimulu s sequences .  On e 
hundre d year s ago ,  i n thei r  studie s o f  telegrap h operator s 
trainin g t o us e Mors e code ,  Brya n an d Harte r  (1897 ) 
recognize d tha t  th e timecours e o f  learnin g ofte n reflect s th e 
underiyin g hierarchica l  structur e o f  th e sequentia l  "code. " 
The presen t  study ,  despit e theoretica l  linkage s t o languag e 
learning ,  wa s modele d afte r  a  word-segmentatio n tas k i n 
whic h th e sequentia l  structur e wa s no t  hierarchical .  W e ar e 
currentl y expandin g thi s lin e o f  wor k t o determine ,  on-line , 
ho w subject s lear n embedde d structure s tha t  hav e multipl e 
hierarchica l  level s o f  organization .  Th e seria l  R T paradig m 
i s particularl y wel l  suite d t o studie s aime d a t  understandin g 

th e timecourse ,  an d variabilit y  betwee n subjects ,  o f  implici t 
learnin g a t  differen t  level s o f  structura l  complexity . 

Extension s o f  thi s wor k t o studie s o f  transfe r  o f  learnin g 
may als o prov e fruitful .  Fo r  example ,  subject s w h o lear n 
one specifi c  organizatio n o f  syllable s withi n word s m a y 
readil y transfe r  tha t  learnin g t o a  differen t  organization , 
provide d tha t  th e sam e embedde d structur e o f  transitiona l 
probabilitie s i s  maintained .  Thes e empirica l  measure s o f 
learnin g ar e als o eminentl y suitabl e fo r  computationa l 
modeling ,  usin g a  variet y o f  architectures ,  includin g th e 
simpl e recurren t  network s implemente d b y Cleereman s an d 
McClellan d (1991) . 
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Abstrac t 

In this paper we examine the behavior of a human-computer 
syste m fo r  crisi s response .  A s on e instanc e o f  crisi s manage -
ment ,  w e describ e th e tas k o f  respondin g t o spill s  an d fires  in -
volvin g hazardou s materials .  W e the n describ e Inca ,  a n intel -
ligen t  assistan t  fo r  plannin g an d schedulin g i n thi s domain ,  an d 
it s relatio n t o huma n users .  W e focu s o n Inca' s strateg y o f  re -
trievin g a  cas e fro m a  cas e hbrary ,  seedin g th e initia l  schedule , 
and the n helpin g th e use r  adap t  thi s seed .  W e als o presen t  thre e 
hypothese s abou t  th e behavio r  o f  thi s mixed-initiativ e syste m 
and som e experiment s designe d t o tes t  them .  Th e result s sug -
gest  tha t  ou r  approac h lead s t o faste r  respons e developmen t 
tha n user-generate d o r  automatically-generate d schedule s bu t 
withou t  sacrificin g solutio n quality . 

I n t r o d u c t i o n 

Traditional cognitive science has focused on human cognition 
an d intelligen t  artifacts ,  bu t  i t  ha s devote d les s attentio n t o 
combine d human-machin e systems .  Nevertheless ,  th e sam e 
theoretica l  approach—descriptio n i n term s o f  computationa l 
processes—an d th e sam e experimenta l  method—studyin g th e 
effec t  o f  processe s o n measure s o f  performance—applie s 
equall y t o suc h hybri d entities .  Suc h researc h ha s bee n mos t 
prevalen t  i n th e are a o f  intelligen t  tutorin g system s (Sleema n 
& Brown ,  1982) ,  bu t  i t  seem s equall y applicabl e t o th e stud y 
of  h u m a n interactio n wit h intelligen t  assistants . 

I n th e followin g pages ,  w e describ e a  prototyp e intelligen t 
assistan t  fo r  crisi s response .  I n particular ,  w e examin e th e 
tas k o f  respondin g t o chemica l  spill s  an d fires ,  whic h w e de -
scrib e i n th e followin g section .  Crise s exhibi t  thre e primar y 
themes :  threat ,  urgency ,  an d uncertaint y (Gervasi o &  Iba , 
1997) .  I n thi s paper ,  w e ar e primaril y intereste d i n th e ele -
ment  o f  urgenc y an d th e impac t  tha t  a  computationa l  assistan t 
ca n hav e o n th e effectivenes s an d timelines s o f  a  response . 
Th e nee d fo r  a  rapi d respons e t o suc h situation s suggest s a 
case-base d approac h t o computationa l  support ,  i n whic h th e 
human-machin e combinatio n retrieve s an d adapt s structure s 
fro m a  cas e library .  W e presen t  iNCA ,  a n intelligen t  syste m 
tha t  embodie s thi s desig n constraint ,  an d w e evaluat e thi s ap -
proac h t o crisi s respons e throug h experimenta l  studie s wit h 
i N C A an d h u m a n subject s workin g togethe r  t o construc t  a  re -
spons e t o a  crisis .  A s a n interactiv e computationa l  assistant , 
we clai m tha t  I n c a support s th e rapi d developmen t  o f  high -
qualit y responses .  I n closing ,  w e discus s relate d researc h an d 
describ e som e direction s fo r  futur e work . 

T h e H a z a r d o u s M a t e r i a l s D o m a i n 

A hazardou s material s inciden t  occur s whe n a  spil l  o f  som e 
chemica l  wit h hazardou s propertie s endanger s humans ,  prop -
erty ,  o r  th e environment .  Conside r  a  situatio n involvin g a  lea k 
of  a  toxic ,  flammable  liqui d fro m som e old ,  corrode d con -
tainer s i n a  warehouse .  Th e lea k migh t  resul t  i n a  build-u p 
of  noxiou s fume s tha t  coul d prov e fata l  t o an y inhabitants . 
I n addition ,  spark s fro m nearb y electrica l  equipmen t  pos e th e 
threa t  o f  a n explosion .  Th e lea k m a y als o see p int o th e groun d 
and contaminat e th e wate r  supply ,  thu s endangerin g th e resi -
den t  flora  an d faun a a s well . 

To preven t  thes e disastrou s events ,  a  respons e tea m mus t 
be abl e t o effectivel y an d efficientl y eliminat e th e hazard s 
pose d b y th e incident .  A  respons e involve s man y kind s o f 
actions ,  includin g containin g an d neutralizin g th e spille d ma -
terial ,  extinguishin g an y fires,  evacuatin g o r  isolatin g nearb y 
populations ,  an d cleanin g u p th e involve d area .  A  crisi s re -
spons e tea m mus t  decid e o n th e mos t  appropriat e cours e o f 
action ,  base d o n factor s suc h a s th e propertie s o f  th e ma -
teria l  involved ,  th e siz e o f  th e spill ,  an d th e availabl e re -
sources .  Thei r  jo b i s complicate d b y th e urgen t  natur e o f 
th e situation—delay s i n respondin g t o th e situatio n wil l  resul t 
i n mor e negativ e environmenta l  an d economi c consequences . 
Th e inciden t  i s als o fraugh t  wit h uncertainty—incomplet e in -
formatio n abou t  th e materia l  involved ,  imperfec t  informatio n 
abou t  th e locatio n o f  th e containers ,  unpredictabl e duration s 
of  th e differen t  activities ,  etc .  Large-scal e hazma t  incident s 
m ay requir e th e participatio n o f  multipl e agencies ,  introduc -
in g communicatio n an d coordinatio n issues . 

We hav e develope d a  computationa l  assistan t  t o ai d hu -
m an user s i n th e constructio n o f  crisi s responses .  I n orde r 
t o evaluat e th e resultin g mixed-initiativ e system ,  w e devel -
ope d H a z M a t ,  a  simulate d worl d involvin g hazardou s ma -
terial s incidents .  W e designe d thi s syntheti c domai n accord -
in g t o informatio n fro m th e 199 6 Nort h America n Emergenc y 
Respons e Guideboo k ( N A E R G )  (Transpor t  Canada ,  th e U.S . 
Departmen t  o f  Transportation ,  &  th e Secretaria t  o f  C o m m u-
nication s an d Transportatio n o f  Mexico ,  1996) ,  a  handboo k 
fo r  first  responder s tha t  describe s th e appropriat e response s 
fo r  differen t  situations ,  providin g informatio n o n th e classi -
fication  o f  hazardou s material s an d th e differen t  action s an d 
resource s involve d i n a  response . 

The HAZMAT World 

A H a z M a t  inciden t  i s a  spill ,  an d possibl y a  fire,  involvin g 
on e o f  5 0 differen t  classe s o f  hazardou s materials ,  varyin g 
i n for m (sohd ,  liquid ,  gas )  an d i n hazardou s propertie s (e.g. , 
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toxic ,  corrosive ,  an d flammable).  Incident s ar e categorize d 
as bein g larg e o r  smal l  (involvin g n o m o r e tha n 5 0 gallon s 
of  hazardou s material) ,  an d the y m a y occu r  indoor s o r  out -
doors .  Ther e ar e fou r  type s o f  spills ,  varyin g i n th e amoun t 
alread y spille d an d th e rat e o f  spillage ,  an d ther e ar e five  type s 
of  fires ,  varyin g i n th e a m o u n t  o f  spille d materia l  o n fire  an d 
i f  ther e i s a  fire,  th e rat e o f  fire  growth .  H a z M a t  thu s in -
volve s a  spac e o f  4 0 0 0 differen t  inciden t  classes .  Incident s 
als o hav e associate d fire  an d healt h hazard s tha t  respectivel y 
measur e th e probabilit y o f  a  fire  startin g (i f  ther e isn' t  on e 
already )  an d th e leve l  o f  dange r  t o one' s health .  Thes e sec -
ondar y proble m feature s ar e function s o f  th e material ,  spill , 
and fire  comprisin g a n incident . 

H a z M a t  currentl y include s 4 9 differen t  action s fo r  ad -
dressin g a  spil l  o r  a  fir e (e.g. ,  sto p th e leak ,  extinguis h wit h 
alcohol-resistan t  f o a m )  a s wel l  a s th e hazard s presente d b y 
th e spil l  o r  fir e (e.g. ,  absor b wit h dr y sand ,  eliminat e ignitio n 
sources ,  knoc k d o w n vapor s wit h wate r  fro m a  hydrant) .  Eac h 
actio n require s s o m e subse t  o f  th e 2 5 type s o f  resource s cur -
rentl y provide d i n H a z M a t .  Thes e resource s includ e cre w 
members ,  wate r  source s suc h a s pumper s (fir e engines )  an d 
hydrants ,  differen t  kind s o f  extinguishers ,  an d absorben t  m a -
teria l  lik e san d an d sod a ash . 

We ca n evaluat e th e effect s o f  differen t  action s o n a  sit -
uatio n usin g th e H a z M a t  simulator ,  whic h maintain s pro -
cesse s fo r  trackin g an d updatin g th e dynami c characteristic s 
of  th e domai n fo r  a  give n incident .  Specifically ,  th e stat e o f 
th e worl d i s simulate d wit h numeri c variables ,  correspondin g 
t o th e nominal-value d feature s o f  a  H a z M a t  incident .  Thes e 
include :  th e siz e an d rat e o f  th e spill ,  th e siz e an d rat e o f 
any fire ,  an d th e size s an d rate s o f  th e fire  an d healt h hazard . 
Th e value s o f  thes e variable s ar e determine d b y th e simulate d 
processe s suc h a s th e spil l  rat e an d fire  growt h rat e an d eac h 
variabl e m a y als o b e influence d b y particula r  action s initiate d 
by th e crisi s responder . 

The HAZMAT Response Task 

Give n a  particula r  typ e o f  hazardou s material ,  N A E R G de -
fines  a  subse t  o f  action s (whic h w e cal l  th e lega l  actions )  t o 
be use d i n developin g a  response .  Fo r  example ,  a  fire  in -
volvin g a  flammable,  toxi c soli d m a y b e extinguishe d usin g 
a C O 2 o r  dr y chemica l  extinguisher ,  bu t  no t  a  wate r  o r  foa m 
extinguisher .  Eac h H a z M a t  proble m involve s som e num -
ber ,  possibl y zero ,  o f  eac h typ e o f  resource ,  an d sinc e eac h 
actio n require s som e min imu m se t  o f  resources ,  som e lega l 
action s ma y no t  b e applicabl e t o a  proble m either .  I n addi -
tion ,  eac h resourc e i s associate d wit h a  capacit y an d a  quan -
tity ,  th e capacit y bein g th e m a x i m u m numbe r  o f  action s tha t 
may us e th e resourc e simultaneousl y an d th e quantit y bein g 
th e amoun t  o f  tha t  resourc e availabl e fo r  consumption .  Th e 
action s tha t  for m a  respons e mus t  no t  violat e th e capacit y o r 
quantit y constrain t  o f  an y resource . 

The tas k face d b y a  H a z M a t  crisi s responde r  i s t o choos e 
a subse t  o f  th e lega l  action s fo r  a  proble m an d t o schedul e 
the m o n th e availabl e resources ,  withou t  violatin g an y re -
sourc e constraints .  I n ou r  case ,  th e crisi s responde r  i s a  hybri d 
syste m consistin g o f  a  h u m a n use r  an d ou r  intelligen t  c o m p u -
tationa l  assistant . 

Usin g H a z M a t ,  w e ca n var y th e severit y o f  hazma t  crisi s 
problems ,  an d monito r  an d evaluat e th e effect s o f  differen t  re -
sponse s throug h th e simulator .  W e ca n als o introduc e variou s 
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H A Z M AT S IMULATO R 

Figur e 1 :  Mixed-initiativ e respons e t o H a z M a t  crise s in -
volvin g i N C A (th e INteractiv e Crisi s Assistant )  a  h u m a n user . 

type s o f  assistan t  mechan ism s tailore d t o specifi c  aspect s o f 
th e respons e tas k an d evaluat e thei r  utilit y  wit h respec t  t o th e 
overal l  response .  I n ou r  experiments ,  w e use d H a z M a t  t o 
randoml y generat e problem s wit h varie d characteristics ,  an d 
t o evaluat e h u m a n performanc e i n crisi s respons e wit h a  c o m -
putationa l  assistan t  unde r  differen t  conditions . 

HAZMAT Response with INCA 

Crisi s respons e team s ofte n rel y o n standar d operatin g pro -
cedure s t o guid e thei r  decisions .  T h e y als o underg o numer -
ou s trainin g exercise s whic h le t  the m hon e thei r  skill s a s wel l 
as refin e thei r  practices .  Together ,  thes e suggeste d th e case -
base d approac h t o crisi s respons e tha t  w e decide d t o imple -
ment  i n iNCA ,  ou r  INteractiv e Crisi s Assistant .  Recen t  c o m -
putationa l  approache s t o crisi s hav e als o reveale d th e impor -
tanc e o f  maintainin g h u m a n inpu t  i n proble m solving ,  henc e 
we hav e take n a  mixed-initiativ e approac h t o crisi s response . 
Figur e 1  depict s suc h a  hybri d syste m fo r  H a z M a t  respons e 
involvin g i N C A an d a  h u m a n user . 

T o develo p a  solution ,  I n c a first  retrieve s a  cas e fo r  a  sim -
ila r  proble m fro m a  librar y o f  previou s solutions .  i N C A the n 
perform s s o m e initia l  adaptatio n o f  th e solution ,  whic h in -
volve s a  pla n an d a  schedule ,  an d present s thi s candidat e so -
lutio n t o th e user ,  w h o ca n perfor m additiona l  adaptatio n a s 
desired .  Respondin g t o a  H a z M a t  inciden t  thu s involve s 
clos e interactio n betwee n I n c a an d th e h u m a n user ,  w h o to -
gethe r  mus t  decid e o n th e action s t o includ e i n a  respons e an d 
assig n the m t o b e execute d b y specifi c  availabl e resources . 

Case Retrieval and Initial Adaptation 

I n c a i s responsibl e fo r  finding  a  similar ,  previou s cas e f ro m 
it s librar y an d performin g a n initia l  adaptatio n o f  th e retrieve d 
solution .  A  cas e consist s o f  a  problem ,  a  se t  o f  resources ,  a 
set  o f  lega l  actions ,  a  plan ,  an d a  schedule .  Matchin g i s per -
forme d o n th e first  thre e components ,  whic h ar e represente d 
b y a  featur e vector ,  an d th e cas e wit h th e greates t  n u m b e r  o f 
feature s i n c o m m o n wit h th e curren t  situatio n i s retrieved ;  tie s 
ar e broke n arbitrarily. ' 

'i n ou r  experiments ,  w e use d a  simple r  matchin g functio n tha t 
considere d onl y th e lega l  actions ,  whic h w e foun d t o resul t  i n com -
parabl e retrieva l  performance . 
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Afte r  th e mos t  simila r  previou s cas e i s retrieved ,  I nc a per -
form s a n initia l  adaptatio n o f  th e case' s pla n an d schedule . 
Adaptin g th e pla n involve s tw o operations :  deletin g action s 
tha t  wer e lega l  fo r  th e cas e proble m bu t  ar e illega l  fo r  th e 
curren t  problem ,  an d addin g action s tha t  wer e illega l  fo r  th e 
cas e proble m bu t  ar e lega l  fo r  th e curren t  problem .  I n thi s 
way,  I n c a prevent s th e use r  fro m considerin g an y illega l  ac -
tion s an d ensure s tha t  th e use r  i s  awar e o f  al l  th e lega l  actions . 
Adaptin g th e schedul e involve s tw o steps :  matchin g one-to -
on e th e case' s resourc e lis t  t o th e resource s availabl e i n th e 
curren t  problem ,  an d removin g previousl y schedule d action s 
tha t  hav e n o correspondin g resource s i n th e curren t  problem . 
A n y action s withou t  correspondin g resource s an d th e ne w le -
gal  action s ar e lef t  unscheduled . 

Interactive Adaptation 

After Inca retrieves a case and completes its initial adapta-
tio n o f  th e cas e pla n an d schedule ,  i t  present s th e candidat e 
solutio n t o th e h u m a n use r  fo r  additiona l  modification s tha t 
ar e desired .  I n ou r  experiments ,  w e considere d onl y schedul e 
adaptation ,  s o w e wil l  focu s o n tha t  proces s here .  However , 
th e pla n adaptatio n proces s i s als o interactive—th e use r  m a y 
modif y th e hierarchica l  pla n b y expandin g o r  deletin g nodes , 
thereb y affectin g th e action s o r  job s availabl e fo r  scheduling . 

As discusse d earlier ,  ever y actio n ha s a  m i n i m u m resourc e 
requiremen t  an d ever y resourc e ha s associate d capacit y an d 
quantit y constraints .  Allocatin g resource s t o a n actio n in -
volve s choosin g som e numbe r  o f  multiple s o f  it s  m i n i m u m 
requiremen t  an d choosin g th e specifi c  resource s themselves , 
subjec t  t o th e constraint s impose d b y th e resources .  I n addi -
tion ,  th e schedule r  mus t  choos e a  duratio n base d o n th e num -
ber  o f  resource s allocate d t o th e actio n an d whethe r  ther e ar e 
any simultaneou s action s tha t  als o hav e a n effec t  o n th e worl d 
stat e variable s affecte d b y th e action .  Fo r  example ,  th e dura -
tio n fo r  th e actio n o f  extinguishin g a  fir e wit h wate r  fro m a 
hydran t  woul d b e shorte r  wit h mor e m e n an d mor e hose s o r 
i f  anothe r  extinguishmen t  action—say ,  extinguishmen t  wit h 
dr y sand—wil l  als o tak e place . 

A schedule d actio n thu s correspond s t o fou r  decisions :  th e 
number  o f  resource s allocate d t o th e job ,  th e specifi c  re -
source s chosen ,  th e star t  time ,  an d th e duration .  Th e initia l 
candidat e solutio n tha t  iNC A adapt s fro m a  retrieve d cas e an d 
present s t o th e use r  wil l  typicall y contai n som e schedule d 
job s an d som e unschedule d jobs .  B y interactin g wit h Inca , 
th e use r  ca n modif y o r  repai r  thi s schedul e i n five  ways .  Th e 
use r  ca n ad d job s t o th e schedule ,  delet e job s fro m th e sched -
ule ,  shif t  th e star t  tim e o f  a  schedule d job ,  chang e th e duratio n 
of  a  job ,  o r  switc h a  jo b fro m on e resourc e t o another . 

I n c a interact s wit h th e use r  throug h a  menu-drive n graphi -
cal  use r  interfac e an d provide s assistanc e durin g th e schedul e 
adaptatio n proces s i n variou s ways .  Afte r  th e use r  choose s 
a particula r  repai r  operator ,  I nc a take s th e use r  throug h th e 
necessar y se t  o f  decisions .  Fo r  example ,  i f  th e use r  choose s 
t o shif t  th e star t  tim e o f  a n action ,  I nc a first  ask s whethe r  th e 
use r  wishe s t o shif t  th e jo b earlie r  o r  later ,  an d the n i t  ask s fo r 
th e amoun t  b y whic h t o shif t  th e star t  time .  iNC A m a y als o 
sugges t  defaul t  values ,  whic h th e use r  m a y accep t  o r  ignor e 
as desired .  Th e use r  ca n recogniz e a  schedul e tha t  violate s a 
capacit y o r  quantit y constrain t  b y it s graphica l  layou t  a s wel l 
as th e textua l  informatio n provide d i n th e display .  However , 

Inc a als o check s fo r  thi s an d prevent s th e executio n o f  suc h 
illega l  schedules . 

H a z M at  inciden t  respons e i s a  real-tim e problem—th e 
situatio n continue s t o develo p eve n a s th e crisi s responde r 
i s constructin g a  response. ^  A t  an y poin t  durin g proble m 
solving ,  th e use r  m a y decid e t o pos t  th e schedule ,  whic h be -
gin s th e executio n o f  th e schedule d action s a t  thei r  respectiv e 
times .  Th e use r  m a y als o reques t  situatio n update s an d con -
tinu e t o interac t  wit h iNC A t o modif y th e solutio n accordin g 
t o change s i n th e worl d reveale d b y th e updates .  Th e crisi s 
respons e cycl e end s whe n th e crisi s situatio n reache s a  sta -
bl e point—eithe r  whe n th e executio n o f  th e schedule d action s 
successfull y stop s th e spil l  an d an y fire,  o r  al l  th e materia ! 
spill s  an d an y fire  burn s out . 

Empirical Studies 

In designing iNCA, we decided that a case-based approach 
t o crisi s plannin g an d schedulin g woul d suppor t  mor e rapi d 
respons e tha n a  generativ e approach .  Thi s decisio n embodie s 
our  primar y hypothesis ,  whic h w e ca n tes t  experimentally , 
alon g wit h a  secondar y intuitio n tha t  thi s schem e woul d als o 
produc e highe r  qualit y responses .  I n thi s sectio n w e repor t 
preliminar y studie s tha t  examin e bot h o f  thes e claims . 

Experimental Setting and Dependent Measures 

We have already stated our basic hypotheses, but to test 
the m w e mus t  mov e beyon d th e intuitiv e leve l  t o operationa l 
claims .  W e use d th e H a z M a t  domai n an d it s associate d sim -
ulato r  a s ou r  testbed ,  wit h eac h proble m consistin g o f  a  sin -
gl e inciden t  ( a spil l  an d possibl y a  fire).  I n eac h situation ,  w e 
gav e th e subject s a  descriptio n o f  th e inciden t  an d the y use d 
th e graphica l  interfac e t o produc e a  schedul e tha t  addresse s 
th e problem .  However ,  w e als o neede d dependen t  measures , 
independen t  variables ,  an d reasonabl e contro l  conditions . 

Naturally ,  a  case-base d approac h require s a  cas e library . 
We decide d t o utiliz e th e librar y constructio n proces s a s ou r 
contro l  condition .  W e presente d a  sequenc e o f  fifty  problem s 
t o th e subject s w h o wer e require d t o develo p respons e sched -
ule s entirel y fro m scratch .  Subject s selecte d unschedule d 
job s an d assigne d the m t o specifi c  resources ,  als o choosin g 
star t  time s an d durations.Whe n a  subjec t  wa s satisfie d tha t 
thei r  schedul e adequatel y addresse d th e curren t  inciden t  o r 
coul d no t  b e furthe r  improved ,  th e subjec t  qui t  tha t  proble m 
and bega n th e nex t  one .  Th e final  solutio n fo r  eac h proble m 
was stored ,  a s wer e th e adaptation s mad e b y th e use r  t o gener -
at e th e respons e a s wel l  a s th e tim e take n fo r  eac h adaptation ; 
thi s dat a wa s use d fo r  late r  evaluation .  W e collecte d th e solu -
tion s an d store d the m a s cases ,  thereb y formin g th e respectiv e 
cas e librarie s use d i n condition s thre e an d four . 

Our  concer n wit h rapi d respons e t o crise s suggeste d spee d 
as a n obviou s dependen t  variable .  Mor e precisely ,  w e tracke d 
th e tim e a  subjec t  too k t o transfor m a n initia l  schedul e pro -
vide d b y th e syste m int o on e the y foun d acceptabl e enoug h 
t o execute .  Th e secon d issue ,  quality ,  pose d mor e challenges , 
sinc e ther e i s n o righ t  o r  wron g respons e t o a  H a z M a t  inci -

^However ,  i n a n attemp t  t o preven t  a  confound ,  w e di d no t  coun t 
th e tim e take n t o generat e a  respons e whe n evaluatin g th e effective -
ness o f  tha t  response .  Tha t  is ,  w e artificiall y  remove d th e real-tim e 
natur e o f  th e crisi s respons e tas k fo r  th e purpose s o f  ou r  experiments . 
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dent  an d differen t  subject s m a y judg e schedule s accordin g t o 
differen t  subjectiv e standards . 

As a  mean s o f  measurin g quality ,  w e use d th e simulato r 
t o comput e a n improvemen t  metri c reflectin g th e benefi t  o f 
executin g th e user' s respons e compare d t o lettin g th e inci -
dent  procee d withou t  intervention .  Towar d thi s end .  w e ra n 
a give n tes t  proble m throug h th e H a z M a t  simulato r  with -
out  an y response—th e spil l  an d an y fir e wer e allowe d t o pro -
cee d unabate d unti l  al l  th e materia l  wa s spille d and/o r  burned . 
Durin g thi s process ,  w e recorde d particula r  world-stat e pa -
rameter s (e.g. ,  th e amoun t  o f  materia l  spilled ,  th e spil l  rate , 
and th e healt h hazar d level) .  W e the n simulate d th e sam e tes t 
proble m togethe r  wit h th e respons e constructe d b y th e sub -
ject ,  collectin g th e dat a o n th e sam e stat e variables .  W e mea -
sure d th e percen t  improvemen t  fo r  eac h stat e variabl e a s th e 
differenc e betwee n th e variables '  unabate d value s an d thei r 
value s wit h th e respons e generate d b y th e user ,  divide d b y th e 
origina l  unabate d value .  Althoug h user s m a y diffe r  i n th e rel -
ativ e importanc e the y plac e o n respectiv e stat e variable s (an d 
th e correspondin g improvements) ,  fo r  th e sak e o f  uniformit y 
we counte d eac h variabl e equall y b y takin g a  simpl e aver -
age ove r  thes e variables .  Ou r  overal l  percen t  improvemen t 
measur e reflect s th e averag e reductio n i n amoun t  o f  materia l 
spille d an d burne d an d h o w m u c h th e hazard s wer e reduce d 
as a  resul t  o f  th e user' s response . 

Case Seeding vs. Manual Generation 

Our basic prediction is that Inca's seeding of schedules 
wit h retrieve d case s wil l  improv e th e overal l  behavio r  o f  th e 
human-machin e system .  Testin g thi s clai m require s u s t o 
compar e th e standar d versio n o f  Inca ,  i n whic h user s inter -
activel y repaire d a  schedul e tha t  th e syste m retrieve d fro m it s 
cas e library ,  wit h th e contro l  condition ,  wher e th e see d sched -
ul e wa s empt y an d th e use r  wa s require d t o construc t  th e en -
tir e schedul e fro m scratch. ^  Th e intuitio n i s tha t  retrieve d 
cases ,  t o th e exten t  tha t  the y ar e appropriat e t o th e problem , 
giv e user s a  hea d star t  compare d t o startin g wit h a n empt y 
schedule ;  therefore ,  subject s coul d finish  soone r  an d spen d 
mor e tim e improvin g quality . 

The first  an d secon d row s o f  Tabl e 1  sho w th e experimenta l 
result s fo r  thes e tw o condition s o n bot h dependen t  measures , 
base d o n tw o subjects ,  eac h o f  w h o m deal t  wit h thirt y prob -
lem s i n th e seedin g conditio n an d fifty  i n th e contro l  situa -
tion .  First ,  w e se e a  stron g effec t  i n th e tim e take n t o generat e 
a respons e wher e th e case-seede d trial s (ro w 1 )  require d sig -
nificantl y les s tim e tha n th e contro l  conditio n (ro w 2) .  C o m -
parin g qualit y fo r  thes e row s als o show s a  sligh t  advantag e 
fo r  th e case-seede d conditio n bu t  thi s differenc e i s no t  sta -
tisticall y significant .  W e believ e tha t  on e explanatio n fo r  th e 
absenc e o f  a n effec t  i n qualit y i s tha t  th e experimenta l  de -
sig n di d no t  pu t  subject s unde r  tim e pressur e durin g respons e 
generation .  Consequently ,  th e extr a tim e spen t  i n th e contro l 
conditio n m a y hav e bee n use d t o brin g th e leve l  o f  qualit y 
t o tha t  o f  th e case-see d condition .  Thi s suggest s futur e ex -
periment s wher e w e strictl y contro l  respons e tim e s o tha t  w e 
can compar e qualit y acros s condition s a t  corresponding  time s 
durin g respons e generation . 

Tabl e 1 :  Schedulin g tim e an d schedul e qualit y wit h 9 5 % 
confidenc e interval s fo r  eac h experimenta l  condition . 

persona l  cas e seede d 
use r  generate d 
syste m generate d 
othe r  cas e seede d 

tim e 

127.3 5 ± 1 9 . 9 1 
168.9 8 ±  17.0 7 
203.2 7 ± 3 0 . 8 8 
126.5 8 ± 1 5 . 8 2 

qualit y 

34.3 3 ±  4.6 4 
33.6 7 ± 4 . 0 6 
29.5 2 ±  4.4 2 
31.8 3 ± 4 . 5 3 

C a s e Seedin g vs .  A u t o m a t i c Genera t io n 

Although the above comparison provided a clear test of our 
hypotheses ,  th e dua l  facet s o f  th e iNCA-use r  collaboratio n 
sugges t  anothe r  tes t  involvin g a  separat e contro l  condition , 
i n whic h th e intelligen t  assistan t  rathe r  tha n th e use r  gener -
ate s a  schedul e fro m scratch .  Th e intuitio n her e i s tha t  eve n 
thoug h bot h th e schedul e fro m th e retrieve d cas e an d th e on e 
fro m th e autonomou s schedule r  ar e complete ,  th e latte r  wil l 
ten d t o requir e mor e adaptatio n becaus e i t  i s  les s cognitivel y 
compatibl e wit h solution s expecte d an d desire d b y th e user . 
Therefore ,  response s t o problem s i n thi s conditio n shoul d 
tak e longe r  t o complet e an d b e ultimatel y les s effective . 

To conduc t  thi s test ,  w e develope d a n autonomou s sched -
ule r  tha t  use s a  variet y o f  heuristic s t o choos e jobs ,  resourc e 
multiples ,  resources ,  durations ,  an d star t  times .  Job s ar e 
chose n arbitraril y  fro m th e lis t  o f  unschedule d jobs ,  an d re -
source s ar e chose n base d o n m i n i m u m requirement s an d ear -
lies t  availability .  Th e duratio n i s chose n t o b e th e averag e 
expecte d duratio n give n th e proble m an d th e action.' *  Pro -
vide d ther e ar e sufficien t  quantitie s o f  th e chose n resource s 
fo r  th e chose n duration ,  th e job s ar e the n schedule d a s earl y 
as possibl e o n th e chose n resources ,  subjec t  t o capacit y con -
straints .  Wit h thes e heuristics ,  th e autonomou s schedule r 
tend s t o schedul e a s m a n y action s a s earl y a s possible ,  usin g 
th e leas t  numbe r  an d amoun t  o f  resource s a s possible . 

Th e compariso n betwee n th e case-see d conditio n an d th e 
syste m generate d see d (row s 1  &  3  o f  Tabl e 1 ,  respectively ) 
show s a n eve n stronge r  effec t  tha n w e se e betwee n case -
seedin g an d generatio n fro m scratch .  Th e result s i n th e ta -
bl e revea l  tha t  th e user s spen t  m u c h mor e tim e modifyin g th e 
schedul e generate d b y th e syste m tha n the y di d o n th e sched -
ul e fro m th e retrieve d case .  However ,  onc e agai n th e appar -
ent  difference s i n respons e effectivenes s betwee n row s 1  an d 
3 ar e no t  significant ;  w e believ e th e sam e explanatio n applie s 
as before . 

Th e tabl e als o show s tha t  eve n generatin g th e schedul e en -
tirel y fro m scratc h (ro w 2 )  require d m u c h les s tim e tha n re -
pairin g a n autonomousl y generate d one ,  althoug h thi s differ -
enc e wa s no t  significant .  Thi s finding  surprise d u s bu t  tend s t o 
suppor t  ou r  intuitio n tha t  solution s generate d autonomousl y 
ar e cognitivel y incompatibl e wit h thos e desire d b y users .  I t 
als o suggest s th e nee d fo r  improve d heuristic s t o guid e th e 
autonomou s scheduler' s searc h fo r  goo d solutions . 

'Thi s contro l  conditio n consiste d o f  th e sam e run s use d t o con -
struc t  th e cas e libraries . 

"•Th e expecte d duratio n wa s compute d usin g onl y th e equivalen t 
gros s range s fo r  th e proble m featur e values ,  an d no t  throug h an y 
projectio n o r  simulatio n mechanism . 
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Individua l  Difference s 

Th e abov e result s sugges t  tha t  INC A provide s a n appropriat e 
mixtur e o f  h u m a n an d compute r  initiativ e fo r  crisi s responses , 
at  leas t  i n th e H a z M A T domain .  Cas e seedin g combine d wit h 
use r  repai r  fare d better ,  a t  leas t  i n speed ,  tha n eithe r  huma n o r 
syste m generate d schedules .  Bu t  th e result s sa y nothin g abou t 
th e sourc e o f  th e retrieve d schedules .  Thi s suggest s anothe r 

hypothesis :  tha t  user s benefi t  mor e (again ,  i n bot h spee d an d 
quality )  fro m case s the y develope d themselve s tha n the y d o 
from  case s constructe d b y someon e else .  W e teste d thi s pre -
dictio n b y runnin g subject s i n a  fourt h conditio n wher e case s 
wer e retrieve d from  th e othe r  subject' s cas e librar y instea d o f 
thei r  own . 

Th e result s from  thi s stud y d o no t  suppor t  eithe r  o f  ou r  hy -
potheses .  T h e difference s show n i n Tabl e 1  betwee n persona l 
cas e see d (ro w 1 )  an d othe r  cas e see d (ro w 4 )  ar e no t  signifi -
can t  fo r  eithe r  spee d o r  quality .  Separat e analyse s o f  th e dat a 
fo r  th e tw o subject s revea l  a  mai n effec t  o n th e cas e librar y 
tha t  i s  use d rathe r  tha n th e predicte d interactio n betwee n cas e 
librar y an d subject .  Tha t  is ,  on e user' s cas e librar y i s bette r 
i n term s o f  schedulin g tim e fo r  bot h subjects .  (Again ,  ther e 
wer e n o significan t  difference s i n quality. )  Ther e ar e a t  leas t 
tw o explanation s fo r  this ,  th e first  bein g tha t  on e subject' s 
case s wer e simpl y bette r  an d require d les s revisio n fo r  eithe r 
subject .  A n alternativ e explanatio n i s tha t  w e di d no t  suffi -
cientl y eradicat e learnin g effect s an d on e o f  th e subject s wa s 
stil l  improvin g acros s conditions .  Becaus e w e coul d no t  prop -
erl y mi x th e contro l  o r  cas e constructio n condition ,  w e di d 
not  mi x an y o f  th e conditions ;  n o w tha t  w e hav e severa l  cas e 
libraries ,  futur e experiment s wil l  properl y randomiz e presen -
tatio n o f  problem s fro m eac h condition . 

Discussion and Conclusions 

I n th e previou s sections ,  w e describe d ou r  basi c hypothe -
ses an d analyze d dat a fro m preliminar y experiment s usin g 
th e i N C A system .  Th e empirica l  result s supporte d on e o f 
our  primar y hypotheses—case-base d reuieva l  an d adaptatio n 
mechanism s initializ e a  respons e schedul e suc h tha t  i t  ca n b e 
adapte d b y a  crisi s respons e manage r  mor e quickl y tha n i f 
th e schedul e ha d bee n seede d b y anothe r  mechanism .  H o w -
ever ,  w e di d no t  find  statisticall y significan t  suppor t  fo r  ou r 
secon d hypothesis—case-base d initializatio n method s shoul d 
yiel d mor e effectiv e response s tha n alternativ e initializations . 
At  thi s time ,  th e mos t  w e ca n confidentl y clai m i s tha t  case -
base d seedin g allow s faste r  respons e withou t  sacrificin g qual -
ity .  Base d o n this ,  w e als o clai m tha t  iNC A provide s a n ap -
propriate ,  effectiv e an d efficien t  approac h t o crisi s respons e 
deservin g o f  furthe r  investigation . 

Althoug h w e foun d mixe d result s fo r  ou r  mai n hypotheses , 
we ar e no t  ye t  read y t o abando n ou r  predictio n o f  improve d 
qualit y throug h case-seeding .  First ,  w e not e tha t  i n crisi s re -
sponse ,  response s mus t  b e bot h effectiv e an d timel y an d tha t 
thes e issue s ar e inextricabl y entwined .  I f  w e discoun t  im -
provement s i n outcom e b y th e tim e take n t o generat e th e re -
sponse ,  th e result s d o suppor t  significan t  difference s betwee n 
th e tw o case-see d condition s vs .  th e use r  generate d condition . 
M o r e importantly ,  ou r  experimenta l  desig n faile d t o contro l 
fo r  tota l  respons e tim e an d consequentl y ou r  qualit y measur e 
m ay b e revealin g a  ceilin g effect .  A n additiona l  proble m fo r 
our  pilo t  stud y wa s tha t  difference s betwee n proble m inci -

dent s wer e greate r  tha n difference s acros s conditions .  Tha t  is , 
th e difference s i n respons e generatio n tim e betwee n difficul t 
and eas y problem s wa s greate r  tha n tha t  fo r  a  singl e proble m 
unde r  varie d conditions .  Thi s observatio n wa s eve n mor e ap -
paren t  whe n considerin g respons e effectivenes s o r  quality .  I f 
we giv e subject s a  sufficientl y limite d amoun t  o f  tim e acros s 
al l  condition s an d contro l  fo r  proble m difficulty ,  w e ar e confi -
den t  tha t  w e wil l  find  th e difference s i n respons e effectivenes s 

tha t  w e predicted . 
Finally ,  ther e ar e a  fe w additiona l  problem s tha t  w e believ e 

m ay b e confoundin g ou r  result s i n othe r  ways .  First ,  char -
acteristic s o f  th e H a z M a t  crisi s respons e domai n mak e i t 
ver y difficul t  t o develo p heuristic s fo r  effectiv e autonomou s 
schedulin g an d ou r  compariso n t o th e syste m generate d re -
spons e m a y b e to o wea k o f  a  stra w man .  Second ,  iNCA ,  an d 
i n particula r  iNCA' s graphica l  interface ,  place s limitation s o n 
th e user' s abilit y  t o easil y mak e certai n schedul e modifica -
tions ,  potentiall y  increasin g th e tim e require d t o recove r  fro m 
poo r  seeds .  Third ,  interview s wit h th e subject s sugges t  th e 
nee d fo r  explorator y mechanism s tha t  facilitat e a  user' s ex -
ploratio n an d discover y o f  solutions .  Wit h respec t  t o quality , 
i f  w e ar e seein g a n artificiall y  lowere d ceilin g effec t  du e t o 
insufficien t  feedbac k durin g respons e generation ,  suc h tool s 
coul d rais e th e achievabl e leve l  o f  performanc e an d revea l  dif -
ference s betwee n conditions .  Addressin g thes e issue s i s on e 
par t  o f  ou r  futur e work . 

Related Work 

Whil e earl y approache s t o crisi s respons e plannin g wer e pre -
dominantl y autonomou s i n nature ,  mor e recen t  system s pro -
vid e interactiv e mode s that ,  lik e iNCA ,  le t  human s directl y 
contro l  th e pla n developmen t  proces s (e.g. ,  O P L A N - 2 (Tate , 
Drabble ,  &  Kirby ,  1994 )  an d S O C A P (Bienkowski ,  1996)) . 
Unlik e Inca ,  however ,  thes e system s ai d user s i n develop -
in g solution s fro m scratc h rathe r  tha n hel p the m i n adaptin g 
solution s from  previou s cases . 

C L A V I E R (Hinkl e &  Toomey ,  1994) ,  a  case-base d syste m 
fo r  autoclav e loading ,  i s  a n earl y exampl e o f  a  syste m tha t  in -
teractivel y adapt s previou s solutions .  I n th e contex t  o f  case -
base d system s fo r  crises ,  J M C A P (desJardins ,  Francis ,  & 
Wolverton ,  1998 )  use s a  hybri d planne r  fo r  th e developmen t 
of  maritim e evacuatio n operations ,  an d C H A R A DE (Perin i  & 
Ricci ,  1995 )  determine s initia l  interventio n plan s t o contro l 
fores t  fires.  Lik e iNCA ,  thes e system s als o us e a  case-seedin g 
mechanis m t o initializ e th e developmen t  o f  a  response .  iNC A 
differ s i n tha t  i t  i s  a n adaptiv e use r  interfac e (Langley ,  1997 ) 
tha t  ca n acquir e use r  model s t o alte r  it s  behavio r  t o provid e 
personalize d assistanc e (Gervasio ,  Iba ,  &  Langley ,  1998) . 
Thi s pape r  als o focuse d o n a n explici t  evaluatio n o f  th e ben -
efit s o f  cas e seedin g i n a  mixed-initiativ e setting . 

D I A L (Leake ,  1995 )  i s a  case-base d disaste r  respons e plan -
ner  tha t  ca n als o lear n fro m use r  interaction .  I n contras t 
t o iNCA ,  D I A L learn s adaptatio n case s instea d o f  solutio n 
cases ;  D I A L als o take s a  predominantl y automate d approac h 
i n tha t  i t  resort s t o interactiv e adaptatio n onl y i f  i t  doe s no t  al -
read y hav e a n applicabl e adaptatio n case .  Thus ,  D I A L serve s 
as a  learnin g apprentic e whil e iNC A i s mor e o f  a n adaptiv e 
assistant .  C A B I N S (Miyashit a &  Sycara ,  1995 )  i s a n inter -
activ e case-base d assistan t  fo r  job-sho p schedulin g that ,  lik e 
Inca ,  learn s use r  preference s fo r  th e purpos e o f  tailorin g it s 
behavio r  t o individua l  users .  C A B I N S use s case-base d meth -
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ods t o lear n preference s i n th e for m o f  repai r  case s bu t  INC A 
uses case-base d reasonin g t o see d th e respons e proces s an d 
employ s othe r  inductiv e learnin g technique s t o acquir e use r 
preferences . 

Future Work 

The results from this pilot study have been encouraging but 
considerabl e wor k stil l  remains .  Th e mos t  straightforwar d 
tas k involve s refinin g ou r  experimenta l  desig n an d re-runnin g 
th e revise d experiment s wit h additiona l  subjects ,  includin g 
expert s i n th e hazardou s material s domain ,  t o replicat e ou r 
findings  regardin g th e superiorit y o f  case-seede d crisi s re -
sponse s ove r  solution s generate d fro m scratc h o r  initialize d 
by othe r  means .  A n interestin g issu e i s th e degre e t o whic h 
differen t  expert s prefe r  distinc t  solutions ,  whic h wil l  she d 
ligh t  o n th e importanc e o f  personalizatio n i n thi s domain . 

We als o pla n t o exten d iNC A i n variou s directions .  We in -
ten d t o involv e th e use r  i n th e cas e retrieva l  process—whic h 
i s currend y Inca' s sol e responsibility—b y employin g inter -
activ e dialogues ,  a s i n th e adaptatio n process ,  tha t  le t  th e use r 
direc t  retrieva l  t o appropriate ,  preferre d cases .  We hav e als o 
develope d an d ar e testin g advisor y mechanism s fo r  recom -
mendin g repairs/case s tha t  user s ca n accep t  o r  overrid e a s 
the y dee m necessary .  Naturally ,  w e pla n t o desig n an d ex -
ecut e experiment s t o evaluat e th e rat e a t  whic h huma n user s 
accep t  th e recommendations ,  a s wel l  a s reconunendations ' 
objectiv e utilit y  i n term s o f  qualit y  o f  th e resultin g solutions . 
Our  mai n interes t  i s  i n advisor s tha t  wil l  mak e recommenda -
tion s base d o n model s learne d fro m a n individual' s previou s 
interaction s wit h Inca .  We anticipat e tha t  advisor y mecha -
nism s wil l  furthe r  improv e efficiency ,  particularl y  i n th e cas e 
of  learne d models ,  wher e w e expec t  a  greate r  likelihoo d o f 
suggestin g repair s tha t  th e use r  wil l  find  desirable . 

I n th e longe r  term ,  w e hop e t o expan d ou r  softwar e t o sup -
por t  coordinatio n amon g multipl e crisi s managers .  Thi s wil l 
involv e detectin g resourc e conflict s amon g differen t  users ' 
schedule s an d recommendin g step s t o resolv e thos e conflict s 
whil e stil l  meetin g eac h user' s goals .  Trace s o f  suc h con -
flicts  an d thei r  resolution s wil l  agai n provid e dat a fo r  learn -
ing ,  whic h shoul d le t  th e syste m improv e it s abilit y  t o recom -
mend resolution s tha t  ar e likel y t o wor k fo r  particula r  set s o f 
users .  Suc h adaptiv e model s o f  use r  interactio n ar e a  natura l 
extensio n t o th e approac h w e hav e take n wit h individua l  crisi s 
response . 

The result s fro m thi s pilo t  stud y an d othe r  ongoin g wor k 
wit h iNC A indicat e tha t  w e hav e develope d a n exceptionall y 
fertil e framewor k fo r  explorin g issue s o f  interactiv e crisi s  re -
sponse .  The y als o sugges t  tha t  w e hav e a  promisin g candidat e 
fo r  computationa l  assistanc e i n crisi s setting s tha t  merit s ad -
ditiona l  attention . 
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Abstrac t 

This paper reports a miniature language study conducted to 
examin e th e acquisitio n o f  a n ergativ e ver b system .  Th e stud y i s 
designe d t o allo w th e learne r  th e choic e o f  creatin g eithe r  a  natura l 
or  imnatura l  system .  Th e stud y use s a  ne w approac h t o teachm g 
miniatur e language s i n whic h th e learne r  i s  expose d t o th e 
languag e whil e playin g a  compute r  adventur e game .  Th e learne r 
acquire s th e miniatur e languag e b y determinin g it s propertie s whil e 
seein g word s use d i n context .  Afte r  learnin g a  se t  o f  transitiv e an d 
intransitiv e verbs ,  eac h wit h it s ow n se t  o f  subjec t  clitics ,  th e 
learne r  i s require d t o creat e ne w word s wit h objec t  clitics .  Th e 
situatio n i s se t  u p i n suc h a  wa y tha t  th e learne r  ha s thre e options : 
1.  Respon d randomly ,  2 .  us e th e subjec t  clitic s o f  intransitiv e 
verbs ,  creatin g a  syste m typica l  o f  ergativ e languages ,  o r  3 .  us e th e 
subjec t  clitic s o f  transitiv e verbs ,  a  patter n no t  foun d i n natura l 
language .  I t  wa s foun d tha t  mos t  subject s (93% )  di d eithe r  2  o r  3 , 
demonstratin g tha t  the y wer e performin g languag e learnin g b y 
formin g tw o classe s o f  subjec t  clitics .  Mos t  subject s (78% )  use d 
th e thir d option ,  th e unnatura l  one .  Thi s resul t  i s  interprete d a s 
evidenc e agains t  a  modularit y drive n imiversa l  gramma r  vie w o f 
languag e learning .  Instea d i t  support s a  cognitiv e accoun t  i n tha t 
th e unnatura l  patter n require d les s cognitiv e processing . 

Introduction 

A primar y goa l  fo r  languag e acquisitio n researc h i s t o 

identif y th e se t  o f  principles ,  \\iiic h enabl e th e chil d t o 

acquir e an y possibl e languag e i n rea l  time .  Ther e ar e tw o 

genera l  approache s t o d o this ,  leamabilit y  researc h an d th e 

collectio n an d analysi s o f  dat a jfro m languag e learners . 

Withi n th e latter ,  ther e ar e tw o choice s a s well ,  t o stud y th e 

acquisitio n o f  natura l  language s (e.g .  English ,  French) ,  o r  t o 

stud y th e acquisitio n o f  miniatur e languages .  Th e latte r 

observe s learner s acquirin g miniatur e languag e system s 

( M L S s ) .  Thi s stud y explore s th e acquisitio n o f  on e aspec t  o f 

natura l  language ,  i.e .  ergativity ,  a s a n M L S .  Ergativit y i s a 

patter n i n whic h th e subject s o f  transitiv e verbs ,  i.e .  verb s 

tha t  tak e a n object ,  ar e marke d differentl y from  th e subject s 

o f  intransitiv e verbs ,  i.e .  verb s withou t  objects .  Further ,  th e 

subject s o f  intransitiv e verb s wil l  b e marke d i n th e sam e w a y 

as th e object s o f  transitiv e verbs .  Th e stud y i s  structure d 

suc h tha t  learner s acquir e par t  o f  a  M L S syste m an d nee d t o 

generat e n e w utterances .  A  situatio n i s create d whereb y the y 

hav e tw o subconsciou s choices ,  eithe r  t o creat e utterance s 

tha t  hav e th e propert y o f  natura l  languages ,  o r  t o creat e one s 

tha t  hav e a  propert y no t  atteste d i n natura l  language .  Bot h 

potentia l  rul e system s ar e equall y complex ,  bu t  th e unnatura l 

M L S languag e place s les s burde n o n lexica l  processing .  I f 

learner s ar e drive n b y a  universa l  gramma r  tha t  i s  modular , 

the y shoul d prefe r  th e natura l  language-base d M L S .  I f 

languag e learnin g i s a  mor e genera l  cognitiv e operation , 

tha n th e unnatura l  languag e shoul d b e preferred . 

Miniature Language Acquisition 

M L S researc h differ s from  th e stud y o f  natura l  languag e 

acquisitio n i n fou r  ways .  First ,  th e languag e acquire d i s on e 

create d b y th e investigator ;  henc e th e ter m "artificia l 

language "  i s ofte n use d i n referenc e t o thes e studies .  Second , 

th e languag e i s  small ,  typicall y wit h a  tota l  sentenc e 

inventor y unde r  100 ;  henc e th e ter m "miniature" .  Third ,  th e 

languag e i s  taugh t  i n th e laboratory ;  henc e learnin g 

condition s ar e strictl y controlled .  Lastly ,  th e subject s ar e 

usuall y adults ,  o r  olde r  children .  Additiona l  observation s ar e 

tha t  th e language s ar e ofte n difficul t  t o teach ,  an d ofte n us e 

nonsens e words ,  usuall y C V C s . 

Ther e ar e basi c assumption s tha t  underli e M L S research . 

Thes e assumption s ar e tha t  th e M L S i s  comparabl e t o 

natura l  languag e structures ,  tha t  laborator y condition s ca n 

simulat e natura l  languag e acquisition ,  an d tha t  olde r 

childre n an d adult s wil l  acquir e th e M L S wit h sam e 

mechanism s a s use d b y children .  Th e criticis m o f  thes e 

assumption s constitute s a  profoun d proble m wit h th e M L S 

researc h paradigm .  A  revie w o f  M L S studie s (Ingra m & 

Wollitzer ,  1990 )  show s tha t  M L S s ar e no t  comparabl e t o 

natura l  languag e structures ,  an d i n som e case s ar e 

unleamabl e (Brain e 1963) .  Laborator y condition s ar e no t 

comparabl e t o th e contex t  o f  natura l  languag e acquisition . 

Ther e i s n o evidenc e t o sugges t  tha t  th e mechanism s use d t o 

acquir e a n M L S ar e th e sam e a s thos e use d t o acquir e a 

natura l  language .  Lastly ,  th e result s o f  M L S studie s t o dat e 

hav e onl y confirme d previousl y k n o w n findings  o n languag e 

learnin g (Schlesinge r  1977) . 

A revie w o f  jus t  tw o previou s studie s exemplifie s thes e 

problems .  Th e first  M L S sUid y b y Espe r  (1925 )  use d a  M L S 
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whic h consiste d o f  th e followin g rules :  S  - > Colo r  +  Shape , 

Colo r  - > 4  nonsens e words .  Shap e - > 4  nonsens e words . 

Adul t  learner s wer e presente d wit h 1 4 o f  th e 1 6 possibl e 

sentences ,  paire d wit h colore d shqjes .  Th e result s wer e tha t 

th e subject s wer e abl e t o generaliz e an d produc e th e tw o 

sentence s no t  taught .  Brain e (1963 )  use d th e followin g 

language :  S  - ^  A  +  P ,  A  - > Idv ,  juf ;  foj ,  P  - ^  bew ,  inub ,  yag . 

The subject s wer e tea-year-ol d childre n w h o wer e traine d o n 

4 o f  th e nin e possibl e structures .  Th e childre n wer e abl e t o 

generaliz e t o untraine d sentences . 

We propos e tha t  M L S researc h need s t o b e restructure d t o 

overcom e th e problem s identifie d abov e (Ingra m &  Py e 

1993) .  Th e first  chang e i s dia t  th e M L S language s nee d t o 

be miniatur e language s o f  natura l  languag e structures ,  i.e . 

miniatur e rea l  languag e system s ( M R L S ) .  Th e stud y 

reporte d belo w doe s jus t  this ,  creatin g a n M R L S tha t 

contain s verb s wit h ergativ e subjec t  clitics ,  base d o n K'iche , 

a Guatemala n language .  (Ergativ e subjec t  clitic s ar e 

pronomina l  lik e element s tha t  attac h t o th e ver b t o indicat e 

th e perso n o f  th e verb ,  e.g .  first  person ,  secon d person ,  etc.) . 

The presentatio n o f  th e languag e form s need s t o b e 

restricte d t o positiv e evidence ,  i.e .  learner s ca n no t  b e 
correcte d durin g th e acquisitio n process .  Ou r  paradig m 

propose s tha t  w e nee d t o stud y no t  onl y rate s o f  learning ,  bu t 

als o erro r  patterns .  Lastly ,  a  ne w procedur e need s t o b e 

develope d tiiat  ca n mor e accuratel y replicat e th e contex t  o f 

natura l  languag e learning . 

The metho d o f  presentation ,  whic h w e hav e explored , 

consist s o f  creatin g compute r  base d adventur e games .  Th e 

games ar e writte n suc h tiiat  the y involv e th e interes t  o f  th e 

learner .  A n integra l  par t  o f  th e gam e i s learnin g th e M L S . 

The languag e i s presente d i n natura l  contexts ,  i.e .  a s peopl e 

i n th e gam e spea k t o on e anothe r  (se e detail s  below) .  Th e 

benefit s o f  th e approac h includ e th e fac t  tha t  al l  o f  th e 
learners '  response s ca n b e writte n t o a  file  o n a  diskette .  I t 

has th e furthe r  advantag e o f  expandin g th e rang e o f 

languag e structure s tha t  ca n b e examined .  Fo r  example ,  a 

patter n suc h a s ergativit y ca n b e studie d withou t  th e 

extensiv e travel ,  time ,  an d cos t  neede d t o observ e natura l 

languag e learners . 

Kiche Adventures 

The compute r  game s create d ar e calle d Kich e Adventures . 

Kich e Adventure s involv e fou r  mai n characters :  Baltimor e 

Bob,  Pittsburg h ClifiBe ,  Uncl e Dave ,  an d Wicke d Heagar . 

The playe r  i s Baltimor e Bob .  Th e gam e begin s wit h 

Baltimor e Bo b arrivin g a t  th e airpor t  i n Guatemal a City .  H e 

i s goin g t o Guatemal a t o rescu e hi s Uncl e Dav e \\ii o ha s 

been capture d b y Wicke d Heagar .  Baltimor e B o b doe s no t 

kno w Miniatur e Kich e (MKiche) ,  an d wil l  nee d t o lear n i t  t o 

sav e hi s uncle .  MK ich e consist s o f  intransitiv e ver b stem s 

wid i  subjec t  clitic s an d transitiv e ver b stem s wit h subjec t 

and objec t  clitic s (detail s ar e below) .  B o b i s greete d a t  th e 

airpor t  b y Pittsburg h Cliffi e vJh o wil l  b e hi s guide .  A s th e 

tw o trave l  throug h th e cit y an d eventuall y th e jungle , 

Baltimor e B o b hear s MK ich e verb s use d i n a  variet y o f 

circumstances .  B o b i s instructe d a t  th e onse t  tha t  h e ca n 

kee p a  diar y t o hel p hi m acquir e MK ich e words .  Wheneve r 
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he hear s a  MKich e verb ,  h e shoul d writ e i t  dow n i n hi s 

diary .  Thi s i s don e b y th e learne r  typin g "Ge t  <Word>" , 

wiier e W o r d i s th e M K i c h e verb .  A t  an y time ,  B o b ca n cal l 

up hi s diar y b y typin g D L \ R Y .  Thi s show s hi m th e verb s 

tha t  h e ha s heard ,  an d contain s note s o n th e contex t  i n whic h 

i t  wa s used .  A t  critica l  juncture s B o b need s t o us e M K i c h e 

and creat e ne w ver b form s tiiat  h e ha s no t  heard . 

The structur e o f  Kich e Adventure s i s suc h tha t  al l  learner s 

ar e presente d Wit h a  subse t  o f  transitiv e an d intransitiv e 

verb s wit h subjec t  clitics .  A t  a n earl y poin t  i n th e game ,  th e 

learne r  need s t o sho w generalizatio n o f  th e subjec t  clitic s i n 

orde r  t o continu e {subjec t  cliti c  generalization) .  Tha t  is , 

the y nee d t o combin e subjec t  clitic s wit h verb s i n n e w 

combination s tha t  the y haven' t  hear d before .  A t  a  late r  an d 

mor e critica l  point ,  th e learne r  need s t o generat e objec t 

clitic s fi-om  th e subjec t  clitic s tha t  the y hav e learne d (objec t 

cliti c  generalization) .  Tha t  is ,  the y nee d t o creat e nove l  ver b 

form s tha t  indicat e th e objec t  o f  th e action .  Ther e ar e thre e 

possibl e pattern s o f  response .  First ,  di e learne r  coul d 

randoml y selec t  fi-om  th e tw o set s o f  transitiv e an d 

intransitiv e subjec t  clitic s {rando m response) . 

I f  thi s i s  done ,  ther e i s n o evidenc e tha t  th e learne r  ha s 

forme d th e subjec t  clitic s int o classes .  I t  woul d constitut e 

evidenc e tha t  th e tas k i s no t  capturin g learnin g tha t  i s 

consisten t  wit h natura l  languag e learning .  Th e secon d 

possibilit y  i s  tha t  th e learne r  ca n us e th e intransitiv e subjec t 

clitic s a s objec t  clitic s {ergativ e response) .  Thi s respons e 

woul d indicat e tha t  th e learne r  i s creatin g a n ergativ e 

system .  I t  woul d len d itsel f  t o th e interpretatio n tha t  th e 

choic e wa s drive n b y universa l  granmia r  whic h allow s th e 

ergativ e patter n (Dixo n 1980) .  Th e thir d possibilit y  i s  tha t 

th e learne r  wil l  us e th e transitiv e subjec t  clitic s a s objec t 

clitic s {unnatura l  response) .  Thi s syste m o f  perso n markin g 

i s no t  foun d i n an y know n natura l  language ,  i.e .  havin g on e 

set  o f  cUtic s fo r  bot h subjec t  an d object s o f  transitiv e verbs , 

and anothe r  clas s o f  subjec t  clitic s fo r  intransitiv e verbs .  Th e 

reaso n tha t  thi s i s s o i s likel y du e t o th e hig h leve l  o f 

redundanc y foim d i n natura l  language .  Th e unnatura l  syste m 

woul d onl y hav e th e sequenc e o f  th e clitic s t o tel l  wiiic h on e 

mark s th e subjec t  o r  object .  Th e ergativ e system ,  o n th e 

othe r  hand ,  ha s bot h sequenc e an d clas s differences . 

Miniature Kiche 

Four  Kich e Adventur e game s wer e create d ( A throug h D ) , 

eac h usin g a  slightl y differen t  versio n o f  MKiche .  Eac h 

game wa s develope d t o improv e upo n potentia l  confoundin g 

variable s i n th e previou s one .  Th e fou r  language s wer e 

constructe d fi"om  tw o set s o f  ver b stem s an d tw o set s o f 

perso n clitics .  Thes e tw o set s ar e give n below .  Th e ver b 

stem s ar e C V C ,  wit h roug h translation s o f  thei r  meaning s i n 

parentheses .  The y ar e use d i n th e game ,  however ,  m a 

differen t  rang e o f  context s tha n then -  Englis h franslations. 

Perso n i s indicate d b y 1  (firs t  person) ,  2  (secon d person) , 

and 3  (thir d person).  N u m b e r  i s singula r  (s )  an d plura l  (pi) . 

Verbs: 

A Verbs :  wi k (call) ,  re p (read) ,  na z (pull) ,  tur n (pull) . 

B Verbs :  la t  (ask) ,  m u p (see) ,  bi s (push) ,  yo n (shoot) . 
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Clitics : 

A Set :  o n (Is) ,  a w (2s) ,  t e (3s) . 

B Set ;  mi  (Is) ,  a t  (2s) ,  k u (3s) . 

Neutra l  affix :  p a (3pl ) 

The first game was Game A. The MKiche in Game A had 

th e followin g properties :  ( V =  verb ,  su b =  subjec t  clitic ,  ob j 

= objec t  clitic) . 

Game A: (subVobj) 

Set  A  clitic s +  A  Verb s (intransitives ) 

Set  B  clitic s +  B  Verb s (transitives ) 

Intransitiv e verb s presente d first 

This game used a verb structure that mirrored the order of 

subject s an d object s i n English .  I t  use d differen t  ver b stem s 

fo r  transitiv e an d intransitiv e verbs ,  an d taugh t  intransitive s 

first.  Fo r  example ,  th e Mkich e ver b fo r  ' I  call '  i s  O N W I K, 

and th e Mkich e ver b fo r  ' I  as k (someone) '  i s MILAT .  I t  wa s 

late r  decide d tha t  ther e wer e tw o potentiall y  confoundin g 

variable s i n th e game .  First ,  sinc e th e transitiv e subjec t 

clitic s wer e taugh t  afte r  th e intransitiv e ones ,  tha t  coul d 

resul t  i n a  recenc y effect .  Tha t  is ,  th e learner s coul d us e th e 

transitiv e subjec t  clitic s a s th e objec t  clitic s sinc e the y wer e 

th e las t  acquired ,  e.g .  M I L A T A T t o mea n ' I  as k you' . 

Second ,  ther e wer e distinc t  ver b stem s fo r  transitive s an d 

intransitives .  I t  coul d b e tha t  learner s coul d selec t  th e Se t  B 

verb s i n th e objec t  cliti c  generalizatio n tes t  becaus e the y 

associat e th e subjec t  clitic s wit h them .  Fo r  example ,  sinc e 

th e learne r  woul d hav e akead y learne d A T L A T t o mea n 

'yo u ask' ,  the y migh t  associat e th e subjec t  cliti c  A T wit h th e 

ver b ste m L A T an d thu s late r  produc e M I L A T A T t o mea n ' I 

ask you '  i n whic h cas e A T represent s di e object . 

Game B  wa s designe d t o counterbalanc e th e effec t  o f  th e 

ver b stems .  Th e tw o set s o f  ver b stem s wer e reversed ,  i.e . 

Set  B  ver b stem s wer e no w intransitiv e verbs ,  an d Se t  A 

ver b stem s wer e no w transitive . 

Game B: (subVobj) 

Set  A  cUtic s +  A  Verb s (transitives ) 

Set  B  clitic s +  B  Verb s (intransitives ) 

Intransitive s presente d first 

Another concern was raised about the use of the subVobj 

sequencing ,  base d o n English .  K'ich e verb s ar e actuall y o f 

th e for m obj-su b V .  I t  wa s decide d t o alte r  th e gam e t o us e 

tha t  structure .  Thi s wa s don e b y takin g Game A  an d 

changin g th e sequences .  Fo r  example ,  th e learne r  wii o woul d 

produc e M I L A T A T i n Game A  t o mea n ' I  as k you '  woul d 

produc e A T M I L A T i n Game C . 

Game C (obj-subV) 

Set  A  clitic s A  +  A  Verb s (intransitives ) 

Set  B  clitic s +  B  Verb s (transitives ) 

Intransitive s presente d first 

classe s fo r  transitiv e an d intransitiv e verbs .  A  las t  game , 

Game D ,  wa s create d whic h correcte d fo r  these .  I t  use d th e 

same ver b stem s fo r  bot h transitiv e an d intransitiv e verbs .  I t 

als o use d th e obj-su b V  structure . 

Structure Of Game A 

The basi c structur e o f  th e game s ca n b e see n b y examinin g 

Game A .  First ,  ther e i s a  Practic e Game t o acclimat e th e 

learne r  t o th e natur e o f  th e game .  Thi s gam e involve s 

Baltimor e Bob' s arriva l  a t  th e airpor t  an d hi s  earl y 

interaction s wit h Pittsburg h Cliffie .  I t  i s  als o precede d wit h 

some instruction s o n h o w t o m o v e abou t  th e game .  I t  i s 

mostl y don e wit h MKich e verbs ,  bu t  ther e ar e a  handfu l  o f 

othe r  command s tha t  ca n b e used ,  e.g .  direction s (N ,  S ,  E , 

W ) ,  U P ,  D O W N,  etc. .  Th e playe r  ca n als o T A L K T O 

CLIFFI E whe n the y ar e stumped .  Cliffi e sometime s offe r 

hints ,  bu t  no t  always . 

The Practic e G a m e present s 7  intransitiv e verbs ,  an d 

require s 1  generalization .  Th e seve n intransitiv e verb s ar e 

show n belo w i n smal l  letters .  Th e learne r  need s t o generat e 

th e ver b A W T U M 'yo u pull '  t o correctl y complet e th e 

game. 

•call' •reacf •open' 'pull' 

I s  onwi k onre p orma z ontu m 

2s awwd k awre p awna z A W T UM 

Once the Practice Game is completed, the player begins 

th e actua l  Kich e Adventures .  Ther e ar e thre e Kich e 

Adventures ,  eac h constitutin g on e advanc e i n th e overal l 

adventure .  Th e first  adventur e i s "Jungl e Bound" .  I t  take s 

Bob an d Cliffi e fi^om  th e airpor t  an d throug h a  serie s o f 

mishap s i n th e city .  Th e purpos e o f  th e gam e i s fo r  Bo b t o 

acquir e thre e ver b stem s an d thre e subjec t  clitic s o f 

intransitiv e verbs .  Thi s create s a  syste m o f  9  ver b forms . 

Bob hear s 6  o f  th e possibl e intransitiv e verbs ,  an d late r  ha s 

t o mak e 3  generalizations .  Eac h o f  th e si x verb s i s presente d 

i n tw o context s durin g th e game .  Th e verb s ar e show n 

below .  Capital s sho w word s tha t  ar e no t  presente d an d hav e 

t o b e created . 

I s 
2s 
3s 

•call ' 

onwi k 
A W W IK 
tewi k 

•read ' 

onre p 

awre p 

TEREP 

'open ' 

ONNAZ 
awnaz 
tena z 

Thes e thre e game s stil l  containe d th e potentia l  problem s 

wit h th e orde r  o f  presentatio n an d havin g distinc t  ver b 

Th e secon d adventur e i s "Th e Searc h fo r  th e Wicke d 

Witch" .  Her e B o b an d Cliffi e tiavel  throug h th e jungl e 

towar d Wicke d Heagar' s cave .  Th e purpos e o f  thi s gam e i s 

fo r  B o b t o acquir e th e thre e subjec t  clitic s fo r  thre e 

transitiv e ver b stems .  I n thi s game ,  th e ver b root s fo r 

transitive s ar e differen t  tha n th e one s fo r  intransitives .  Bo b 

hear s 6  transitiv e verb s wit h nou n objects ,  an d require s 3 

generalizations .  Eac h ver b i s presente d twice ,  an d practice d 

unti l  acquired .  Thes e ar e show n below ,  wit h th e teste d verb s 

i n capitals . 
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'ask ' 

I s  mila t 

2s ATLA T 

3 s  kula t 

'see ' 

MIMUP 
atmup 
kumup 

'push ' 

mibi s 

atbi s 

KUBI S 

Tabl e 1 :  Respons e pattern s o f  Subjects . 

The thir d adventur e i s "Th e Searc h fo r  th e Magi c Mirror" . 

Here Bo b wil l  reac h th e cav e o f  Wicke d Heaga r  an d attemp t 

t o sav e Uncl e Dave .  Th e purpos e o f  thi s gam e i s t o se e ho w 

Bob wil l  creat e objec t  clitics .  I t  begin s wit h Bo b hearin g 3 

transitiv e ver b stem s wit h a  thir d perso n plura l  cliti c  'pa ' 

wWch mean s 'them' .  Thi s show s hi m wiier e th e objec t 

sufBxe s ar e attached .  Bo b als o practice s thre e o f  th e 

intransitiv e verb s (onwik ,  terep ,  awnaz )  whic h h e learne d i n 

th e fu-s t  adventure .  A t  th e critica l  juncture ,  h e i s instructe d 

tha t  h e need s t o creat e som e n e w forms ,  an d tha t  h e need s t o 

use th e languag e h e ha s acquire d thu s fa r  t o d o so .  H e need s 

t o creat e 9  n e w verb s wit h objec t  suffixes .  Fo r  example ,  h e 

i s asked ,  h o w woul d yo u sa y " I  as k you" .  B o b ha s t o selec t 

from  th e tw o set s o f  subjec t  clitic s tha t  h e ha s learned .  Th e 

game wil l  accep t  eithe r  o f  th e Se t  A  o r  Se t  B  clitic s a s lon g 

as the y ar e th e correc t  person .  Th e answe r  t o " I  as k you "  ca n 

be eithe r  M I L A T A W (ergativ e response )  o r  M I L A T A T 

(unnatura l  response) .  Th e thre e transitiv e verb s wit h th e 3p l 

-p a suffi x ar e show n withou t  parentheses .  Th e nin e tes t 

word s t o b e produce d b y th e subjec t  ar e i n C A P I T A L S .  Al l 

othe r  word s ar e no t  presente d o r  tested .  Thes e ar e place d 

withi n parentheses . 

'ask ' 

Sub I s 

Obj 

I s 

2s MILATAW/A T 

3s (milatte/ku ) 

3pl  (milatpa ) 

Sub2s 

0 

I s (adaton/mi ) 

3s ATLATTE/K U 

3pl  (atlatpa ) 

Sub3s 

0 

I s KULATON/MI 

2s (kulataw/at ) 

3pl  kulatp a 

'see ' 

(mimupaw/at ) 
MIMUPTE/KU 
(mimuppa ) 

ATMUPON/MI 
(atmupte/ku ) 
atmupp a 

(kumupon/mi ) 
KUMUPAW/AT 
(kumuppa ) 

'push ' 

M I B I S A W / A T 

(mibiste/ku ) 

mibisp a 

(atbison/mi ) 

A T B I S T E / K U 

(atbispa ) 

K U B I S O N / MI 

(kubisaw/at ) 

(kubispa ) 

The las t  adventur e i s "Th e Fina l  Quest" .  I t  test s som e furthe r 

miscellaneou s generalizations . 

Results And Discussion 

Tabl e 1  present s th e result s from  8 7 subject s w h o hav e 

playe d th e game .  Thes e consis t  o f  a  rang e o f  adult s from 

teenager s t o middl e age .  Th e majority ,  however ,  ar e 

universit y undergraduates . 

Respons e 

R a n d o m 

Ergativ e 

Unnatura l 

Tota l 

A 

4 

16 

20 

B 

7 

11 

18 

C 
4 

2 

22 

28 

D 
2 

5 

14 

21 

Tota l 

6 

18 

63 

87 
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A first  observatio n i s tha t  onl y 6  subject s use d th e rando m 

response .  W e tak e tha t  a s on e piec e o f  evidenc e tha t  tha t  th e 

learner s wer e applyin g principle s o f  languag e learning .  Th e 

larg e majorit y o f  subject s (93% )  acquire d th e subjec t  clitic s 

as classe s an d use d the m a s a  clas s i n th e objec t  cliti c 

generalizatio n test .  I n fact ,  th e c o m m o n respons e o f  th e 

subject s i n interview s wa s tha t  the y fel t  tha t  ha d give n th e 

'correct '  respons e whe n the y produce d th e objec t  clitics . 

The y wer e generall y quit e surprise d w^e n tol d tha t  th e 

progra m woul d hav e accepte d eithe r  se t  o f  clitics . 

The secon d majo r  finding  wa s tha t  th e unnatura l  respons e 

was mor e highl y favore d i n al l  fou r  game s ( 7 8 % vs .  2 2 % ) 

fo r  thos e subject s v̂ iiic h di d no t  respon d randomly .  Thi s wa s 

despit e th e fac t  tha t  m a n y o f  th e subject s wer e linguistic s 

students ,  an d i n a  fe w cases ,  eve n linguistic s professors .  A 

backgroun d i n linguistic s di d no t  m e a n tha t  th e learne r 

woul d selec t  th e ergativ e system .  Thi s tren d i n th e dat a 

argue s agains t  th e hypotiiesi s tha t  languag e learnin g i s 

modular . 

W hy then ,  woul d th e subject s prefe r  th e urmatura l 

response ? Ou r  accoun t  o f  thi s concern s th e processin g tha t  i s 

involved .  I n th e objec t  cliti c  generalizatio n test ,  th e learne r 

has tw o choices ,  us e th e subjec t  o f  intransitiv e clas s o r  th e 

subjec t  o f  transitiv e class .  Observ e tha t  th e us e o f  th e latte r 

involve s retrieva l  o f  bot h th e subjec t  an d objec t  clitic s from 

th e sam e class .  Th e ergativ e pattern ,  however ,  require s 

retrieva l  from  bot h classe s o f  clitics .  Whil e bot h potentia l 

system s hav e th e sam e linguisti c complexity ,  th e unnatura l 

one involve s les s processin g i n th e productio n o f  transitiv e 

verbs . 

W hy then ,  i s th e preferre d unnatura l  no t  foun d i n natura l 

language ? W e sugges t  tha t  languag e prefer s th e ergativ e 

syste m becaus e i t  involve s mor e redundancy .  Th e listene r 

has tw o set s o f  cue s fo r  identifyin g th e subjec t  an d objec t 

clitics ,  thei r  sequenc e an d thei r  class .  Th e unnatura l  clas s 

has n o redundancy ,  onl y th e sequenc e o f  th e subjec t  an d 

objec t  clitic s t o rel y on .  W e sugges t  tha t  thi s propert y make s 

i t  highl y unpreferred .  B y thi s accoun t  then ,  languag e i s mor e 

shape d b y th e nee d fo r  redimdan t  structur e tha n innat e 

modula r  learnin g mechanisms . 

The las t  issu e t o addres s i s  whethe r  o r  no t  th e subject s 

wer e usin g th e sam e mechanism s t o acquir e M K i c h e a s 

languag e learners .  W e offe r  thre e argument s tha t  the y were . 

First ,  ther e wa s th e resul t  mentione d abov e tha t  th e larg e 

majorit y o f  subject s (93% )  acquire d th e subjec t  clitic s b y 

class .  Ther e wa s n o semanti c basi s t o d o so ;  i t  wa s th e resul t 

of  notin g tha t  on e clas s occurre d wit h verb s tha t  too k object s 

and on e di d not .  Second ,  i t  too k learner s quit e a  lon g tim e t o 

acquir e th e MK ich e verbs .  Th e averag e tim e t o complet e th e 

game wa s betwee n thre e an d fou r  hours .  A n examinatio n o f 



th e response s i n th e compute r  files  showe d a  grea t  dea l  o f 

effor t  t o figure  ou t  th e meaning s o f  th e ver b forms .  A s a 

linguisti c exercise ,  however ,  i t  woul d b e a  trivia l  task .  Thi s 

ca n b e see n b y thinkin g o f  th e version s o f  MKich e abov e a s 

a linguistic s problem .  I t  take s student s a  matte r  o f  second s t o 

solv e i t  whe n presente d thi s way .  Th e fac t  tha t  the y wer e 

involve d wit h contextua l  learnin g o f  thes e forms ,  w e 

suggest ,  triggere d languag e learnin g rathe r  tha n proble m 

solving .  Third ,  i t  wa s noteworth y tha t  traine d linguist s di d 

not  uniforml y conside r  th e ergativ e solution .  Ther e wer e 

thre e PhD s i n linguistic s wii o playe d th e game .  T w o o f  th e 

thre e use d th e uimatura l  response ,  an d wer e surprise d whe n 

we explaine d th e potentia l  ergativit y o f  th e system .  The y 

wer e clearl y no t  usin g thei r  linguisti c knowledg e an d 

proble m solvin g skills .  O n e wa s a  phonologis t  an d on e a 

syntactician .  Th e thir d linguis t  di d mentione d tha t  the y 

assumed i t  wa s a n ergativ e system .  Thi s wa s a  recen t  Ph.D . 

wii o ha d jus t  complete d a  syntacti c dissertatio n o n 

ergativity . 
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Abstrac t 

The cognitiv e map s tha t  human s comput e a s representation s o f 
th e spatia l  environmen t  the y hav e visite d ar e rarel y eve n clos e 
approximation s t o wha t  wa s actuall y experienced .  Whe n w e 
experienc e th e environmen t  w e see m t o se e i t  al l  s o perfectly , 
yet  rarel y ar e w e abl e t o reproduc e fro m memor y a n exac t 
descriptio n o f  th e place s visited .  Ye t  thes e vague ,  muddle d 
description s o f  th e place s visite d ar e adequat e fo r  man y spatia l 
reasonin g tasks .  Bu t  ho w i s suc h a n impoverishe d representa -
tio n compute d fro m wha t  i s initiall y  delivere d b y one' s senses ? 
And wha t  effec t  doe s thi s representatio n hav e o n th e construc -
tio n o f  th e cognitiv e map ? W e presen t  on e metho d fo r  comput -
in g a  vagu e descriptio n o f  eac h loca l  spac e visited .  I t  i s  derive d 
fro m th e initiall y  accurat e descriptio n neede d fo r  th e action s 
th e viewe r  migh t  perfor m withi n th e loca l  space .  W e sho w th e 
effec t  o f  thi s representatio n o n th e structur e o f  th e cognitiv e 
map. 

Introduction 

Urba n planners ,  geographer s an d environmenta l  psycholo -
gist s hav e lon g bee n intereste d i n th e human' s perceptio n o f 
th e environmen t  (e.g .  D o w n s &  Ste a (1973 )  Lync h (I960)) , 
and Artificia l  Intelligenc e researcher s hav e i n th e pas t 
attempte d t o develo p computationa l  model s o f  th e underly -
in g processe s (e.g .  Davi s (1986) ,  Engelso n (1994) ,  Korten -
kamp (1993) ,  Kuiper s (1996) ,  Yea p (1988)) .  Th e ter m 
cognitiv e m a p ha s bee n widel y use d t o describ e th e represen -
tation s whic h resul t  fro m thes e processes .  Sinc e th e ter m wa s 
first  coine d b y Tolma n (1948) ,  ther e hav e bee n numerou s 
theorie s propose d t o describ e thes e representation s (e.g . 
Downs &  Ste a (1973 )  Galliste l  (1989)) . 

I n ou r  o w n laborator y a  computationa l  theor y o f  cognitiv e 
maps ha s bee n develope d whic h seek s t o explai n wha t  infor -
matio n i s mad e explici t  a t  eac h ste p i n th e cognitiv e mappin g 
proces s startin g a t  th e botto m wit h wha t  i s  delivere d b y 
visio n (Yeap ,  1988 ;  Yeap ,  Holmes ,  &  Jefferies ,  1994 ;  Yea p & 
Jefferies ,  1997 ;  Yeap ,  Naylor ,  &  Jefferies ,  1990) .  W e ar e 
intereste d i n h o w spatia l  knowledg e develop s fro m th e mos t 
primitiv e representation s compute d directl y fro m th e sense s 
and o n throug h variou s stage s t o eve r  mor e sophisticate d rep -
resentations . 

Th e predominan t  theor y regardin g th e developmen t  o f  spa -
tia l  knowledg e i s tha t  o f  Siege l  an d Whit e (1975 )  -  i t  sug -
gest s tha t  th e progressio n o f  spatia l  knowledg e i n a  cognitiv e 
m ap i s fro m landmar k t o rout e t o surve y map .  Th e essenc e o f 
thi s theor y i s tha t  landmark s ar e remembere d first  an d thi s i s 
followe d b y a n initia l  topologica l  networ k an d the n a  m u c h 
expande d on e an d finally  euclidea n informatio n become s 
available .  Th e mai n argumen t  i n favo r  o f  thi s theor y i s th e 
experimenta l  evidenc e whic h show s tha t  a s one' s knowledg e 
of  th e spatia l  environmen t  progresse s landmar k knowledg e i s 
fa r  mor e accurat e tha n rout e knowledg e an d likewis e rout e 
knowledg e i s mor e accurat e tha n surve y knowledg e (Cous -
ins ,  Siegel ,  &  Maxwell ,  1983 ;  Le e &  Schmidt ,  1988 ; 
Moeser ,  1988) .  Give n th e complexit y o f  computin g surve y 
knowledg e a s compare d t o landmar k knowledg e suc h a  find-
in g i s no t  surprising .  Howeve r  i t  doe s no t  necessaril y  follo w 
tha t  rout e an d surve y knowledg e canno t  b e compute d simul -
taneousl y alongsid e landmar k knowledg e (se e Yea p &  Jeffer -
ie s (1997 )  fo r  a  detaile d discussion) .  Recently ,  Montell o 
(1993 )  criticize d th e landmark/route/surve y hypothesi s argu -
in g tha t  pur e landmar k o r  rout e knowledg e alway s coexis t 
wit h metri c knowledg e abou t  distanc e an d direction ,  how -
eve r  vagu e the y m a y be .  Metri c knowledg e begin s t o b e 
acquire d th e first  tim e on e encounter s a n environmen t  an d 
lik e al l  spatia l  knowledg e th e quantit y an d qualit y o f  th e 
informatio n store d improve s wit h repeate d exposur e t o it s 
source .  Indee d i f  on e consider s th e informatio n whic h i s 
delivere d b y th e sense s a s fo r  exampl e i n vision ,  the n metri c 
knowledg e i s a s computabl e from  thi s inpu t  a s landmark s o r 
route s an d i s abundantl y availabl e whe n compare d wit h land -
mar k knowledge . 

H u m a ns "see "  th e place s the y visi t  wit h m u c h precision . 
Eve n thoug h w e ca n easil y determin e wher e object s ar e 
when w e ar e lookin g directl y a t  them ,  rarel y ar e w e abl e t o 
reproduc e fro m memor y a n exac t  descriptio n o f  th e place s 
we hav e visited .  No t  ofte n d o w e remembe r  exactl y wher e 
object s ar e whe n w e canno t  physicall y se e them ,  an d no r  d o 
we easil y remembe r  thei r  exac t  siz e an d distanc e t o othe r 
objects .  Ye t  w e ar e abl e t o mak e goo d us e o f  th e vagu e an d 
imprecis e memorie s w e hav e fo r  ou r  environment .  Th e deci -
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sion s w e mak e o n ho w t o ge t  from  on e plac e t o anothe r  ar e 

ofte n base d o n rathe r  sketch y memorie s fo r  th e place s w e 

hav e visite d alon g th e way .  Continuin g o n wit h ou r  bottom -
up approac h t o computin g a  cognitiv e m a p ou r  concer n i s 
wit h h o w representation s o f  suc h poo r  qualit y ar e compute d 
from  one' s seemingl y ric h an d detaile d experienc e o f  th e 

environment . 
Our  recen t  wor k o n cognitiv e mappin g ha s bee n concerne d 

wit h derivin g a  representatio n fo r  th e viewer' s loca l  spac e 
from  visua l  inpu t  (Yeap ,  e t  al. ,  1990 ;  Yeap ,  e t  al. ,  1994 ;  Yea p 
& Jefferies ,  1997) .  Thi s i s a  fundamenta l  ste p i n th e con -
structio n o f  a  cognitiv e m a p an d w e hav e show n ho w thi s 
coul d b e done .  Ou r  curren t  algorith m emphasize s th e impor -
tanc e o f  detectin g exit s i n vie w fro m th e surface s perceived , 
and from  thes e exits ,  a  boundar y o f  th e loca l  spac e i s com -
puted .  Eac h loca l  spac e i s compute d usin g a  cartesia n co -
ordinat e referenc e frame  an d thi s provide s a n adequat e repre -
sentatio n fo r  th e tas k o f  determinin g wher e thing s ar e whe n 
th e viewe r  i s lookin g directl y a t  them .  Th e representatio n i s 
calle d a n Absolut e Spac e Representatio n (ASR) ,  a  ter m 
whic h emphasize s th e independent ,  loca l  natur e o f  eac h loca l 
spac e visited .  Onc e compute d th e individua l  A S R s ca n b e 
connecte d togethe r  i n th e wa y the y ar e experience d t o for m a 
cognitiv e map .  Computin g iJi e loca l  spac e i n thi s wa y i s a 
necessar y first  ste p bu t  onc e on e move s ou t  o f  th e curren t 
space ,  i t  i s evidentl y clea r  that ,  a t  leas t  fo r  humans ,  on e doe s 
not  remembe r  th e exac t  detail s o f  it s shape .  H o w the n woul d 
th e representatio n devolv e int o wha t  th e viewe r  actuall y 
remembers ,  i.e .  a  vagu e representatio n o f  wha t  wa s initiall y 
compute d an d i f  suc h a  representatio n i s computed ,  wha t 
effec t  doe s thi s hav e o n th e constructio n o f  a  cognitiv e map ? 
I n thi s pape r  w e describ e on e metho d w e hav e devise d fo r 
devolvin g th e initia l  descriptio n o f  th e loca l  spac e int o a 
much simplifie d representatio n an d w e sho w th e effec t  o f 
usin g i t  t o buil d a  cognitiv e map .  W e hav e writte n compute r 
program s t o tes t  ou r  ideas .  Th e result s from  tw o experiment s 
whic h simulat e a  viewe r  wit h a  150 °  vie w movin g throug h a 
comple x 2 D environmen t  ar e presented . 

I n recen t  year s th e qualitativ e spatia l  reasonin g (QSR ) 
communit y ha s propose d man y methodologie s fo r  represent -
in g an d reasonin g wit h thi s vagu e an d uncertai n spatia l 
knowledg e (Clementini ,  D i  Felice ,  &  Hernandez ,  1995 ; 
Cohn,  Randell ,  &  Cui ,  1995 ;  Egenhofe r  &  Khaled ,  1992 ; 
Hernandez ,  1993 ;  Rohrig ,  1994) .  I n th e nex t  section ,  o n 
relate d work ,  w e examin e som e o f  thei r  method s an d briefl y 
mentio n on e cognitiv e mappin g implementatio n whic h 
makes us e o f  qualiutiv e representation s an d reasonin g tech -
nique s (Kuipers ,  1996) . 

Related Work 

Cohn &  Gott s (1996b )  stat e that :  "Th e challeng e o f  Q S R i s 
t o provid e calcul i  whic h allo w a  machin e t o represen t  an d 
reaso n wit h spatia l  entitie s o f  highe r  dimension ,  withou t 
resortin g t o th e traditiona l  quantitativ e technique s prevalen t 
in ,  fo r  example ,  th e compute r  graphic s o r  compute r  visio n 
communities" .  M u c h o f  th e motivatio n fo r  Q S R come s from 
th e fac t  tha t  accurat e metri c representation s grossl y over -
specif y th e accurac y whic h i s achievable .  Fo r  a  robo t  th e sen -
sor s employe d ar e incapabl e o f  deliverin g suc h accuracy . 

Humans o n th e othe r  han d ar e abl e t o compensat e fo r  thi s 
wit h hig h leve l  conceptua l  knowledg e abou t  ho w thei r  envi -
ronmen t  shoul d appea r  t o them ,  howeve r  th e proble m fo r 
the m i s tha t  th e representatio n seem s t o quickl y degrad e onc e 
ther e i s n o longe r  immediat e feedbac k from  th e environment . 
A c o m m o n them e i s apparen t  acros s man y o f  th e Q S R mod -

el s -  spatia l  relation s ar e define d i n suc h a  wa y tha t  th e vari -
ous relationship s betwee n object s ca n b e distinguishe d a t  a n 
appropriat e bu t  usuall y coars e granularity .  Give n som e fact s 
abou t  pair s o f  object s th e transitivit y o f  th e spatia l  relation s 
i s exploite d t o infe r  furthe r  facts .  Fo r  example ,  i f  A  i s i n fron t 
of  B  an d B  i s i n fron t  o f  C  the n i t  ca n b e inferre d tha t  A  i s 
als o i n front  o f  C .  Th e possibl e inference s ar e usuall y store d 
i n compositio n tables . 

For  Hernandez ,  Clementin i  an d D i  Felic e (Hernandez , 
1993 ;  Hernandez ,  Clementini ,  &  DiFelice ,  1995) ,  th e ke y t o 
definin g qualitativ e spatia l  relationship s i s t o mak e explici t 
jus t  thos e spatia l  relation s necessar y fo r  a  particula r  context , 
thu s eliminatin g unnecessar y detail .  Withi n th e loca l  spac e 
orientatio n i s expresse d usin g relation s suc h a s left ,  right , 
front ,  an d bac k (fo r  a  leve l  wit h fou r  distinctions) ;  left-back , 
right-back ,  left-front ,  an d right-back ,  woul d b e adde d fo r  a 
leve l  wit h eigh t  distinctions .  I n large-scal e geographi c spac e 
th e absolut e orientatio n relation s north ,  south ,  east ,  west ,  et c 
woul d b e used .  Eigh t  topologica l  relation s ar e define d -dis -
joint ,  tangent ,  overlaps ,  contains-at-border ,  included-at-bor -
der ,  contains ,  included ,  an d equal .  Hernande z (Hernandez , 
1993 )  define s neighborin g structure s t o simplif y th e proces s 
of  calculatin g th e compositio n o f  pair s o f  relations .  I n Her -
nande z e t  al .  (1995 )  a  methodolog y fo r  representin g an d rea -
sonin g wit h qualitativ e distanc e a s i t  pertain s t o large-scal e 
geographi c spac e i s developed .  Th e proble m i n representin g 
distanc e relation s i s tha t  ou r  notion s o f  vagu e term s suc h a s 
fa r  an d nea r  ar e define d b y th e contex t  i n whic h the y ar e 
used .  T o defin e a  distanc e relatio n Hernande z e t  al .  (1995 ) 
specifie s &  primar y object ,  a  referenc e object ,  an d &  frame  o f 
reference .  Distanc e relation s ca n b e specifie d a t  variou s lev -
el s o f  granularity ,  fo r  exampl e a  leve l  wit h fou r  distinction s 
woul d compris e ver y close ,  close ,  fa r  an d ver y fa r  Thu s a 
syste m o f  distanc e relation s i s define d alon g wit h a  se t  o f 
structur e relation s whic h defin e ho w th e distanc e relation s 
relat e t o eac h other .  Th e compositio n o f  spatia l  relation s a s i n 
A.  fa r  B  an d B  clos e C  result s i n a  relatio n betwee n A  an d C 
ove r  som e rang e o f  distance s specifie d b y a  lowe r  an d uppe r 
bound . 

Cohn e t  al.' s  (1995 )  RCC-theor y define s som e basi c rela -
tion s t o specif y th e connectivit y o f  a  pai r  o f  spatia l  regions . 
R C C -5 ha s th e se t  o f  five  relations ,  partiall y  overlapping , 
prope r  part ,  equal ,  prope r  par t  inverse ,  an d distinc t  regions . 
A finer  granularit y o f  relationship s i s achieve d b y splittin g 
individua l  member s i n th e se t  int o tw o o r  mor e disjoin t  rela -
tions .  Fo r  example ,  i n RCC-8 ,  th e se t  o f  eigh t  relations ,  par -
tiall y  overlappin g i s spli t  int o tangentia l  prope r  par t  an d 
non-tangentia l  prope r  part .  I n (Coh n &  Gotts ,  1996a )  th e 
RCC-theor y i s extende d t o encompas s region s wit h indeter -
minat e boundaries .  Whil e Cohn' s grou p ha s mostl y bee n 
concerne d wit h qualitativ e representationa l  issues ,  Bennet t 
(Bennett ,  1994 )  ha s propose d a  metho d fo r  automaticall y 
generatin g th e entrie s i n th e compositio n tabl e o f  R C C rela -
tion s usin g propositiona l  logic . 
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One implementatio n tha t  doe s comput e qualitativ e repre -
sentation s fro m sensor y informatio n i s tha t  o f  Kuiper s 

(1996) .  Hi s Spatia l  Semanti c Hierarch y comprise s five  layer s 
fro m sensorimoto r  t o metri c leve l  wit h th e topologica l  leve l 
bein g immediatel y prio r  t o th e metri c level .  Assimilatio n o f 
knowledg e proceed s fro m laye r  t o laye r  wit h eac h laye r  pro -
vidin g th e propertie s tha t  th e nex t  on e depend s on .  Th e topo -
logica l  laye r  consist s o f  places ,  path s an d region s alon g wit h 
connectivit y an d containmen t  relations .  Followin g o n fro m 
th e topologica l  layer ,  th e metri c laye r  add s metri c attribute s 
so tha t  places ,  path s an d region s ar e linke d b y metri c rela -
tions ,  suc h a s relativ e an d absolut e angle s an d distances , 
accordin g t o som e framework. 

Computing a Qualitative Local Space 

R e p r e s e n t a t i o n 

Determinin g th e ongoin g natur e o f  spatia l  memorie s whe n 
the y ar e n o longe r  receivin g immediat e feedbac k from  th e 
environmen t  i s no t  easy .  Studie s whic h examin e thi s proble m 
ar e mostl y concerne d wit h th e manne r  i n whic h th e represen -
tation s ar e distorte d an d thei r  significanc e altere d onc e the y 
ar e merge d int o th e wide r  "pictur e i n th e head" .  Variable s 
suc h a s size ,  distanc e an d locatio n ar e ofte n systematicall y 
distorte d b y containmen t  relation s an d th e significanc e o f  a n 
objec t  a s compare d wit h other s i t  i s  relate d t o (Hirtl e & 
Jonides ,  1985 ;  Holyoa k &  M a h ,  1982 ;  Sadalla ,  Burroughs , 
& Staplin ,  1980 ;  Tversky ,  1992) .  Bu t  thes e modification s 
resul t  fro m som e top-dow n processing ,  i.e .  th e inpu t  t o th e 
proces s isn' t  onl y wha t  ha s bee n compute d bottom-u p fro m 
th e sense s bu t  als o include s th e result s o f  earlie r  computa -
tions ,  ofte n higher-leve l  representation s whic h ar e conceptu -
all y mor e sophisticated . 

Our  concer n a t  thi s stag e i s onl y wit h wha t  ca n b e com -
pute d bottom-u p from  th e senses .  I t  i s  ou r  contentio n tha t  th e 
initia l  representatio n compute d fo r  a  loca l  spac e i s compute d 
fo r  th e viewer' s immediat e needs ,  t o provid e a  locu s fo r  th e 
object s surroundin g th e viewer ,  an d th e activitie s whic h 
involv e thes e objects .  Bu t  whil e m u c h o f  th e detai l  i s  forgot -
te n o r  goe s unnotice d on e ca n stil l  remai n cognizan t  o f  th e 
loca l  spac e fo r  a  lon g tim e afte r  i t  wa s occupied .  T o encapsu -
lat e a  loca l  spac e i n thi s wa y woul d onl y requir e representin g 
it s exten t  i n ver y roug h terms ,  bu t  th e resultin g representa -
tio n coul d stil l  provid e a  usefu l  framewor k fo r  reasonin g 
abou t  th e loca l  spac e an d coul d the n becom e mor e elaborat e 
as th e viewer' s familiarit y wit h th e environmen t  increases . 
Such a  representatio n i s "qualitative "  i n th e sens e o f  Q S R; 
th e representatio n m a y neve r  b e isomorphi c t o th e actua l 
environmen t  an d th e "quality "  o f  th e informatio n represente d 
woul d b e extremel y variable . 

We comput e suc h a  representatio n b y devolvin g th e initia l 
representatio n compute d int o a  rectangl e whic h roughl y 
approximate s it s extent .  A  straightforwar d algorith m i s use d 
-  point s o n th e surface s formin g th e boundar y o f  th e A S R ar e 
sample d t o firstly  find  a  goo d lengt h fo r  th e rectangl e an d 
the n th e lengt h itsel f  i s  sample d t o find  a  goo d width .  W e cal l 
thi s representatio n a  fuzz y A S R .  Figur e I  (a )  show s a n initia l 
A SR computed ,  it s surface s ar e labelle d s i  -  s 5 an d it s exit s 
e I  -  e 4 (fo r  a  detaile d descriptio n o f  thi s algorithm ,  se e Yea p 
& Jefferie s (1997)) .  Th e fuzz y A S R compute d fro m thi s A S R 

Figur e 1 .  (a )  A n exac t  A S R compute d whil e th e viewe r 
occupie d th e loca l  space ,  (b )  th e fuzz y A S R descriptio n 
whic h devolve s fro m th e A S R i n (a ) 

is shown in Figure 1 (b). No claims are made as to the plausi-
bilit y  o f  ou r  method .  I n realit y man y processe s woul d b e 
operatin g t o modif y th e origina l  A S R an d w e canno t  clai m t o 
full y  understan d these .  Thi s i s bu t  on e metho d fo r  producin g 
a fuzz y A S R .  Ther e wil l  b e many ,  man y more . 

The rea l  significanc e o f  th e fuzz y A S R fo r  ou r  computa -
tiona l  theor y i s th e manne r  i n whic h th e representatio n i s 
abl e t o b e use d t o structur e th e cognitiv e map ,  howeve r 
poorly .  Th e fuzz y A S R doe s no t  compris e actua l  surface s o r 
exits ,  i t  merel y represent s a  portio n o f  spac e onc e occupie d 
by th e viewer .  Bu t  on e woul d expec t  th e viewe r  t o remembe r 
some o f  th e connection s t o neighborin g spaces ,  confuse d 
thoug h the y ma y be .  Thu s w e retai n th e connection s t o 
neighborin g "ASRs" ,  bu t  onl y i n th e looses t  sense .  W e con -
ducte d tw o exf)eriment s wit h th e progra m b y varyin g th e 
amount  o f  knowledg e th e viewe r  retaine d fo r  th e connection s 
betwee n A S R s . W e thu s showe d h o w a  fuzz y cognitiv e m a p 
migh t  b e structure d an d h o w usefu l  suc h a  m a p migh t  be . 

I n th e first  experimen t  th e viewe r  remember s h o w m a n y 
exit s ther e ar e i n a n A S R bu t  n o locationa l  informatio n i s 
retaine d fo r  them .  Fo r  th e fuzz y A S R i n Figur e 1  (b) ,  fo r 
example ,  th e viewe r  remember s jus t  tha t  ther e ar e fou r  exits , 
el ,  e2 ,  e 3 an d e4 .  W h e n th e A S R i s exite d a  connectio n i s 
made t o th e A S R jus t  entere d bu t  th e viewe r  doe s no t  remem -
ber  whic h exi t  wa s used .  Ou r  viewe r  ha s a  ver y poo r  m e m o r y 
indeed !  Th e outcom e o f  thi s i s a  scenari o ofte n face d b y 
humans " I  kno w I'v e bee n her e befor e s o whic h doorwa y 
di d I  us e t o ge t  to... "  Thu s th e informatio n m a d e explici t  i n a 
fuzzy-AS R comprise s th e roug h exten t  o f  th e A S R ,  th e num -
ber  o f  exit s i n th e A S R an d whic h neighborin g A S R s hav e 
bee n experience d a s connecte d t o thi s one .  Th e result s o f  th e 
experimen t  ar e displaye d i n Figur e 2 .  Figur e 2  (a )  show s th e 
portio n o f  th e environmen t  traverse d an d Figur e 2  (b )  a  cog -
nitiv e m a p constructe d fro m th e "exact "  A S R s compute d fo r 
eac h loca l  spac e visited .  Not e tha t  althoug h fo r  displa y pur -
pose s th e A S R s ar e lai d ou t  a s i f  ther e i s on e globa l  coordi -
nat e system ,  i n realit y thi s i s no t  th e case .  Eac h A S R i s 
independen t  o f  al l  other s wit h it s o w n loca l  coordinat e sys -
tem ,  an d th e onl y link s t o othe r  A S R s ar e throug h th e exit s 
use d t o travers e them .  Thu s th e viewe r  know s exactl y wher e 
eac h surfac e an d exi t  i n th e A S R i s located ,  an d exactl y 
whic h exit s ar e use d t o connec t  t o neighborin g A S R s .  Th e 
actua l  structur e o f  th e cognitiv e m a p i s mostl y route-like , 
excep t  wher e previousl y visite d A S R s ar e abl e t o b e recog -
nize d (se e Yeap ,  Jefferies ,  &  Naylo r  (1991)) .  Thes e part s o f 
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Figur e 2 .  (a )  Th e environmen t  traversed ,  (b )  a  cognitiv e m a p compute d fro m exac t  A S R s (c )  th e viewer' s interpretatio n o f 
a cognitiv e m a p compute d fro m fuzz y A S R s wher e th e viewe r  ha s n o locationa l  informatio n fo r  th e exits ,  (d)th e viewer' s 
interpretatio n o f  a  cognitiv e m a p constructe d fro m fuzz y A S R s wher e th e viewe r  know s o n whic h sid e o f  th e fuzz y A S R 
th e exit s ar e locate d bu t  no t  thei r  exac t  position . 

th e m a p exhibi t  a  mor e integrate d structure .  Figure s 2  (c )  an d 
(d )  conve y th e underlyin g structur e o f  th e fiizz y cognitiv e 
m ap mor e realisticall y bu t  thi s i s onl y practica l  fo r  a  smal l 
number  o f  A S R s .  I n al l  th e figure s th e A S R s ar e numbere d i n 
th e orde r  i n whic h the y ar e visited . 

Th e fuzz y cognitiv e m a p constructe d fo r  th e pat h i n Figur e 
2 (a )  woul d comprise : 

fuzzy-AS R 1  wit h fou r  exits ,  connecte d t o A S R 2 
fuzzy-ASR 2 wit h tw o exits ,  connecte d t o A S R 3 ,  A S R 1 
fuzzy-ASR 3 wit h five  exits ,  connecte d t o A S R 4 ,  A S R 2 
fuzzy-ASR 4 wit h thre e exits ,  connecte d t o A S R 5 ,  A S R 3 
fuzzy-ASR 5 wit h fou r  exits ,  connecte d t o A S R 6 ,  A S R 4 
fuzzy-ASR 6 wit h thre e exits ,  connecte d t o A S R 5 

To demonstrat e th e usefulnes s o f  suc h a  map ,  th e viewe r  i s 
tol d t o repea t  th e journe y fro m star t  t o finish  i n it s head .  Fig -
ur e 2  (c )  demonstrate s ho w confuse d a  viewe r  makin g us e o f 
suc h a  m a p coul d become .  A s th e viewe r  imagine s re-enter -
in g A S R 1 ,  it s know s fro m it s fuzz y m a p tha t  on e o f  thes e 

exit s lead s int o A S R 2  bu t  no t  whic h one .  Th e viewe r  ran -
doml y choose s a n exit .  Th e lin e emanatin g fro m th e botto m 
of  fuzz y A S R l ,  rathe r  tha n it s side ,  demonstrate s tha t  th e 
viewe r  mad e a n erroneou s decision .  I t  ca n b e see n fro m th e 
outpu t  fro m ou r  compute r  simulation s displaye d i n thi s fig-
ur e tha t  th e error s mad e her e resul t  i n rotatio n error s i n th e 
cognitiv e m a p an d whil e the y ar e no t  show n i n thi s figure, 
translatio n error s ar e possibl e also . 

I n th e secon d experimen t  w e allowe d th e viewe r  t o 
remember  o n whic h sid e o f  th e fuzz y A S R th e exit s wer e 
locate d an d thu s o n whic h sid e o f  a  fuzz y A S R th e connec -
tio n t o a  particula r  A S R i s located .  Figur e 2  (d )  show s a 
viewer' s attemp t  a t  usin g a  fuzz y cognitiv e m a p constructe d 
usin g thi s strategy .  I n A S R 1  th e viewe r  recall s tha t  A S R 1 
connect s t o A S R 2  vi a a n exi t  o n th e lef t  sid e o f  A S R 1  an d 
sinc e ther e i s onl y on e suc h exi t  th e correc t  choic e i s made . 
However ,  o n th e sid e o f  A S R 3  whic h connect s t o A S R 4 
ther e ar e tw o exits .  On e lead s directl y int o A S R 4  (se e Figur e 
2 (b) )  an d on e lead s int o a n a s ye t  unexplore d regio n o f  th e 
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Figur e 3.(a )  Th e environmen t  traversed ,  (b )  a  cognitiv e m a p compute d fro m exac t  A S R s (c )  th e viewer' s interpretatio n o f 
a cognitiv e m a p compute d from  fuzz y A S R s wher e th e viewe r  ha s n o locationa l  informatio n fo r  th e exits ,  (d)th e viewer' s 
interpretatio n o f  a  cognitiv e m a p constructe d fro m fuzz y A S R s wher e th e viewe r  know s o n whic h sid e o f  th e fuzz y A S R 
th e exit s ar e locate d bu t  no t  thei r  exac t  position . 

environmen t  -  thi s exi t  ca n b e see n a s th e Hghte r  shade d ga p 
i n th e boundar y directl y adjacen t  t o th e exi t  int o A S R 4  i n 
Figur e 2  (b) .  T o visi t  A S R 4  from  A S R 3  th e viewe r  mus t 
choos e betwee n thes e exit s an d doe s s o correctl y (thi s time) . 
I f  th e incorrec t  exi t  ha d bee n chose n a  translatio n erro r 
woul d hav e occurred .  Thi s i s th e cas e i n Figur e 3  (d )  whe n 
th e viewe r  doe s mak e a  wron g decisio n o n whic h exi t  lead s 
from  A S R 3  int o A S R 4 .  Se e th e paragrap h whic h follow s fo r 
a mor e detaile d explanation . 

Figur e 3  show s th e result s o f  applyin g th e strategie s o f 
bot h experiment s t o a  longe r  traversa l  o f  th e environment . 
Agai n Figur e 3  (a )  show s th e environmen t  traversed ,  (b )  th e 
cognitiv e m a p constructe d fro m exac t  A S R s ,  (c )  th e cogni -
tiv e m a p constructe d whe n th e viewe r  ha s n o locationa l 
informatio n fo r  th e exit s i n a  fuzz y A S R ,  an d (d )  th e cogni -
tiv e ma p constructe d whe n th e viewe r  remember s whic h sid e 
of  th e fuzz y A S R th e exit s ar e on .  Not e i n Figure s 3  (b) ,  (c ) 
and (d )  tha t  th e viewe r  fail s  t o recogniz e A S R 3  whe n th e 
loca l  spac e i s re-entere d fro m A S R 4  an d a  ne w A S R ,  A S R 8 
i s constructed .  Thi s i s overlai d o n to p o f  A S R 3  onl y fo r  dis -
pla y convenience .  Ther e i s n o suc h integratio n i n th e 
viewer' s "head "  an d a  on e dimensiona l  route-lik e structur e i s 
a bette r  approximatio n o f  th e actua l  structur e o f  thi s par t  o f 
th e cognitiv e map .  Figur e 3  (c )  ha s th e expecte d rotatio n 

error .  A  translatio n erro r  occur s a t  abou t  fuzz y A S R 3  i n bot h 
Figur e 3  (c )  an d Figur e 3  (d) .  Thi s i s mos t  noticeabl e i n th e 
way i n whic h fuzz y A S R 8  i n particular ,  ha s shifte d i n rela -
tio n t o fuzz y A S R 3  i n th e display .  I n decidin g whic h exi t 
lead s fro m fuzz y A S R 3  int o fuzz y A S R 4  th e viewe r  select s 
an eiToneou s on e whic h i s o n th e sam e sid e o f  th e fuzz y A S R 
as th e correc t  one .  I n Figur e 3  (d )  i t  i s  jus t  possibl e t o mak e 
out  a  corne r  o f  fuzz y A S R 4  underneat h fuzz y A S R 5 .  Unfor -
tunatel y i n Figur e 3  (c )  fuzz y A S R 4  i s completel y hidden . 

Conclusion 

We hav e show n h o w a  representatio n fo r  th e loca l  spac e 
whic h i s littl e mor e tha n a  vagu e descriptio n fo r  it s exten t 
coul d b e compute d fro m a n initia l  accurat e descriptio n o f  th e 
loca l  space .  Als o show n i s th e underlyin g structur e o f  th e 
cognitiv e m a p whic h emerge s a s th e viewe r  explore s it s envi -
ronment ,  computin g thes e mudd y descriptions ,  uncertai n a s 
t o ho w the y ar e connected .  Suc h a  m a p i s no t  a n unrealisti c 
representatio n o f  a  viewer' s initia l  tentativ e exploratio n o f 
th e environment .  Howeve r  a  viewe r  usin g on e o f  thes e map s 
t o navigat e aroun d it s environmen t  woul d soo n becom e lost . 
H o w i s suc h a  m a p enriche d a s th e viewe r  become s mor e 
familia r  wit h it s  environment ,  no t  i n precis e metri c terms ,  bu t 
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merel y i n term s o f  bein g abl e t o wor k ou t  roughl y wher e 
place s an d object s ar e i n relatio n t o others ? On e woul d kno w 

exactl y whic h exit s i n a n A S R lea d t o whic h neighborin g 
A S Rs bu t  stil l  b e n o wise r  a s t o thei r  exac t  coordinat e value s 
i n a  cartesia n fram e o f  reference ,  fo r  example .  I s thi s th e rol e 
of  landmarks ? Th e "fuzz y cognitiv e map "  ha s give n u s a 
framewor k i n whic h w e ca n stud y thes e problems .  Th e fuzz y 
A SR provide s a  structur e i n whic h th e viewer' s experienc e o f 
th e environmen t  ca n b e charted .  Eventuall y importan t  detail s 
wil l  b e recorde d an d significan t  event s remembered ,  som e 
wil l  b e remembere d well ,  som e poorly .  Th e fuzz y A S R wil l 
continu e t o evolv e t o reflec t  th e eve r  changin g memorie s on e 
has fo r  th e spatia l  environment . 
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Abstrac t 

This paper addresses three hypotheses concerning the proce-
dural/declarativ e distinction :  1 )  Procedura l  an d declarativ e 
knowledg e speed-u p a s separate ,  bu t  parallel ,  powe r  curves ;  2 ) 
Procedura l  knowledg e operate s i n on e directio n only—fro m 
conditio n t o action—wherea s declarativ e knowledg e ca n b e 
cued b y an y o f  it s elements ;  an d 3 )  Declarativ e knowledg e i s 
active—i t  ca n resul t  i n behavio r  independen t  o f  procedura l 
knowledge .  Th e pape r  present s a  singl e Act- R mode l  tha t 
closel y fits  th e dat a o f  tw o learnin g an d transfe r  experiment s 
conducte d b y Rabinowit z an d Goldber g (1995) .  Th e mode l 
provide s a  goo d fit  t o th e data ,  furthe r  validatin g Act- R a s a 
model  o f  th e huma n cognitiv e architecture .  I n addition ,  th e 
model  show s tha t  th e tw o experiment s canno t  b e use d t o argu e 
tha t  declarativ e knowledg e ca n b e retrieve d withou t  an y inter -
venin g procedura l  knowledge . 

Introduction 

Recent  result s sugges t  tha t  th e retrieva l  o f  declarativ e knowl -
edge an d th e applicatio n o f  procedura l  knowledg e spee d u p 
as separat e powe r  law s o f  practic e (se e VanLehn ,  199 6 fo r  a 
review) .  I n othe r  words ,  th e tim e t o retriev e a  declarativ e 
memory elemen t  speed s u p a s a  powe r  functio n o f  th e num -
ber  o f  retrievals ,  wherea s th e tim e t o appl y a  procedur e 
speed s u p a s a  powe r  functio n o f  th e numbe r  o f  applications . 
Anothe r  se t  o f  result s indicate s tha t  procedura l  knowledg e 
operate s i n on e directio n only—fro m conditio n t o action — 
wherea s declarativ e knowledg e ca n b e cue d b y an y o f  it s  ele -
ment s (Anderson ,  1993) . 

Rabinowit z an d Goldber g (1995 )  conducte d tw o experi -
ment s tha t  nicel y illustrat e thes e phenomena .  Thes e experi -
ment s us e a  learnin g an d transfe r  paradig m t o examin e 
learnin g o f  declarativ e an d procedura l  knowledge ,  an d thei r 
differen t  retrieva l  characteristics .  I n addition ,  the y use d th e 
result s t o argu e tha t  declarativ e knowledg e i s active—i t  ca n 
resul t  i n behavio r  independen t  o f  procedura l  knowledge . 
Furthermor e the y argue d tha t  Act- R (Anderson ,  1993 )  coul d 
not  accoun t  fo r  thes e findings,  becaus e it s declarativ e m e m-
or y i s iner t  an d ca n b e retrieve d onl y i n th e servic e o f  a  pro -
ductio n rule . 

Thi s pape r  present s a  singl e Act- R mode l  tha t  account s fo r 

th e dat a i n th e tw o Rabinowit z an d Goldber g experiments .  I n 
addition ,  th e pape r  present s protoco l  result s fro m a  ne w 
experimen t  designe d t o furthe r  tes t  th e assumption s o f  th e 
experiment s an d th e model .  Trafto n (1996 )  ha s describe d a n 
Act- R mode l  fo r  on e o f  Rabinowit z an d Goldberg' s experi -
ments ,  bu t  a  bigge r  challeng e i s t o construc t  a  singl e Act- R 
model  tha t  ca n accoun t  fo r  th e result s fro m bot h experi -
ments . 

Rabinowitz and Goldberg's Experiments 

Bot h experiment s use d a n alphabe t  arithmeti c task ,  whic h 
consist s o f  problem s o f  th e for m letter ]  +  numbe r  =  letter! , 
wher e letter !  i s  numbe r  letter s afte r  lette r  1 .  Fo r  example , 
A + 2 = ? i s C ,  becaus e C  i s 2  letter s afte r  A . 

I n Experimen t  1 ,  on e grou p o f  participant s (th e consisten t 
group )  receive d trainin g o n 1 2 differen t  alphabe t  additio n 
problem s tha t  wer e repeate d fo r  3 6 blocks .  Anothe r  grou p o f 
participant s (th e varie d group )  receive d trainin g o n 7 2 differ -
ent  problem s tha t  wer e repeate d fo r  6  blocks .  Th e problem s 
use d addend s fro m 1  t o 6 .  Consisten t  problem s ha d tw o 
occurrence s o f  eac h addend ,  wherea s varie d problem s ha d 
12 occurrences . 

I n th e transfe r  phase ,  bot h group s receive d 1 2 ne w addi -
tio n problems ,  repeate d 3  times .  Rabinowit z an d Goldber g 
reasone d tha t  durin g trainin g th e consisten t  grou p woul d 
quickl y acquir e declarativ e knowledg e o f  th e answer s an d 
switc h t o retrieval ,  wherea s th e varie d grou p woul d continu e 
t o coun t  u p th e alphabet .  Thu s th e consisten t  grou p woul d 
get  a  lo t  o f  practic e a t  retrievin g th e answer s t o th e sam e 1 2 
problems ,  bu t  relativel y littl e practic e o n th e procedura l 
knowledg e neede d t o coun t  u p th e alphabet .  I n contrast ,  th e 
varie d grou p woul d receiv e littl e o r  n o practic e retrievin g 
declarativ e knowledge ,  bu t  a  grea t  dea l  o f  practic e countin g 
up th e alphabet .  W h e n transferre d t o th e 1 2 ne w additio n 
problems ,  th e consisten t  grou p shoul d rever t  t o countin g u p 
th e alphabet ,  resultin g i n a  dramati c decreas e i n speed .  H o w -
ever ,  th e varie d grou p shoul d sho w perfec t  transfe r  fro m th e 
trainin g problem s t o th e ne w problems . 

Th e trainin g result s ar e show n i n Figur e 1 .  Eac h poin t  o n 
th e grap h i s th e mea n o f  th e media n respons e time s fo r  al l 
subject s o n a  bloc k o f  1 2 problems .  Th e differen t  asymptote s 
suppor t  th e assertio n tha t  varie d participant s practice d proce -
dura l  knowledge ,  wherea s consisten t  participant s practice d 
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Figur e 1 :  Observe d an d predicte d mea n respons e time s durin g alphabe t  arithmeti c trainin g a s a  functio n o f  trainin g 
grou p an d practic e block .  Observe d dat a replotte d from  Rabinowit z an d Goldber g (1995) . 

retrieval . 
Th e transfe r  result s suppor t  th e prediction s (se e Figur e 2) : 

th e varie d grou p showe d perfec t  transfe r  (fro m 246 3 m s t o 
242 7 m s ) ,  bu t  th e consisten t  grou p showe d considerabl e 
slo w d o w n (fro m 129 4 m s t o 285 8 ms) . 

Althoug h Experimen t  1  support s th e predictions ,  i t  i s  als o 
consisten t  wit h a  procedural-onl y long-ter m store .  Th e con -
sisten t  subject s migh t  hav e acquire d problem-specifi c  proce -
dura l  knowledg e tha t  directl y produce s th e answe r  t o eac h 
problem .  Fo r  example ,  knowledg e o f  th e for m "I f  proble m i s 
A + 2 ,  the n typ e C. "  Sinc e thi s knowledg e i s specifi c  t o th e 1 2 
trainin g problems ,  i t  woul d no t  hav e helpe d th e participant s 
durin g th e transfe r  phase .  Thi s issu e i s  examine d i n 
Rabinowit z an d Goldberg' s secon d experiment . 

Th e secon d experimen t  attempt s t o determin e whethe r 
consisten t  trainin g lead s t o specifi c  procedura l  knowledge , 
or  t o declarativ e knowledge .  I t  i s  base d o n th e hypothesi s 
tha t  declarativ e an d procedura l  knowledg e hav e differen t 
retrieva l  characteristics .  Declarativ e knowledg e i s though t  t o 
be subjec t  t o symmetri c retrieval ,  meanin g tha t  an y par t  o f  a 
declarativ e m e m o r y elemen t  ca n ac t  a s a  cu e fo r  th e retrieva l 
of  tha t  element .  Procedura l  knowledg e i s though t  t o b e sub -
jec t  t o symmetri c access ,  meanin g tha t  a  procedur e operate s 
i n onl y on e direction :  fro m conditio n t o action . 

Trainin g i n Experimen t  2  wa s identica l  t o Experimen t  1 , 
however ,  i n th e transfe r  phase ,  bot h group s wer e give n 1 2 
subtractio n problem s repeate d 3  times .  A  subtractio n prob -
le m i s o f  th e for m letter l  numbe r  -  letter! .  Fo r  example , 
C-2=A .  Th e 1 2 subtractio n problem s wer e inverte d version s 
of  th e additio n problem s tha t  bot h group s ha d see n durin g 
training .  I f  th e consisten t  grou p acquire s declarativ e knowl -

edg e o f  th e additio n problems ,  th e participant s i n thi s grou p 
shoul d b e abl e t o solv e th e subtractio n problem s b y retriev -
in g an d invertin g additio n problems .  However ,  i f  thi s grou p 
has acquire d problem-specifi c  procedura l  knowledge ,  the y 
wil l  nee d t o develo p a  ne w procedur e fo r  countin g dow n th e 
alphabet ,  a s wil l  th e varie d participants—wh o presumabl y 
strengthe n thei r  procedura l  knowledg e durin g training . 

Trainin g result s ar e simila r  t o thos e fo r  Experimen t  1 .  Th e 
transfe r  result s ar e consisten t  wit h th e predictions :  th e varie d 
grou p require s considerabl y mor e tim e tha n th e consisten t 
grou p (se e Figur e 3) .  Th e consisten t  grou p wen t  fro m H O C 
ms t o 455 7 ms ,  wherea s th e varie d grou p wen t  fro m 250 0 m s 
t o 768 9 ms . 

Take n together ,  Experiment s 1  an d 2  suppor t  th e speed-u p 
of  bot h declarativ e knowledg e retrieva l  an d procedura l 
knowledg e application ,  a s wel l  a s symmetri c acces s t o 
declarativ e knowledg e an d asymmetri c acces s t o procedura l 
knowledge . 

An Act-R Model 

Act- R (Anderson ,  1993 )  seem s wel l  suite d fo r  modelin g 
thes e results ,  becaus e i t  contain s procedura l  an d declarativ e 
long-ter m stores ,  alon g wit h learnin g mechanism s tha t  alte r 
th e spee d o f  element s i n th e tw o store s a s a  functio n o f  expe -
rience .  Suc h a  mode l  wil l  serv e thre e purposes .  First ,  i t  wil l 
act  a s a n additiona l  tes t  fo r  severa l  o f  Act-R' s theoretica l 
assumptions .  Second ,  althoug h eac h o f  Act-R' s mechanism s 
has bee n teste d i n isolation ,  thi s mode l  wil l  tes t  th e interac -
tio n o f  severa l  mechanisms .  Third ,  th e mode l  wil l  provid e a n 
explici t  accoun t  o f  declarativ e an d procedura l  learnin g an d 
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Figur e 2 :  M e a n respons e time s fo r  Experimen t  1  a s a 
functio n o f  tas k an d group . 

transfe r  tha t  migh t  the n b e use d t o analyz e a  wid e rang e o f 
more comple x cognitiv e tasks .  Th e mode l  presente d her e 
uses Act- R 4. 0 (Anderso n &  Lebiere ,  i n press) . 

The alphabe t  arithmeti c mode l  ha s thre e mai n productio n 
rule s fo r  th e mai n goa l  (se e Tabl e 1) .  R E T R I E V E - P L U S -
R E S U LT attempt s t o solv e a n additio n proble m b y retrievin g 
a fac t  fro m declarativ e memor y tha t  matche s th e problem , 
but  als o contain s th e answer .  I f  successful ,  i t  use s th e 
retrieve d answe r  a s th e solution .  R E T R I E V E - M I N U S -
R E S U LT attempt s t o solv e a  subtractio n proble m b y retriev -
in g a n additio n declarativ e memor y elemen t  ( D M E )  tha t  i s 
th e invers e o f  th e subtractio n problem .  I n othe r  words ,  i f  th e 
curren t  proble m i s C-2=? ,  thi s rul e wil l  attemp t  t o retriev e a 
fac t  o f  th e for m lette r  +  2  =  C .  S U B G O A L - C O U NT create s a 
subgoa l  t o solv e th e curren t  proble m b y countin g u p o r  dow n 
th e alphabet . 

Table 1: The English version of the model's main production 
rules . 

Retrieve-Plus-Resul t 

I F th e goa l  i s t o d o a n alphabe t  A D D I T I O N arithmeti c 
proble m o f  th e for m letter !  +  numbe r  = ,  bu t  th e answe r 
has no t  bee n determined,  an d ther e i s a  fac t  i n memor y 
statin g tha t  lette r  1  +  numbe r  =  letter 2 

T H EN not e letter 2 a s th e answe r 

Retrieve-Minus-Resul t 

I F th e goa l  i s t o d o a n alphabe t  S U B T R A C T I ON arith -
meti c proble m o f  th e for m letter !  -  numbe r  - ,  bu t  th e 
answer  ha s no t  bee n determined,  an d ther e i s a  fac t  i n 
memory statin g tha t  letter 2 -i -  numbe r  =  letter ! 

T H EN not e letter 2 a s th e answe r 

Subgoal-Coun t 

I F th e goa l  i s t o d o a n alphabe t  arithmeti c problem ,  bu t  th e 
answer  ha s no t  bee n determine d 

T H EN se t  a  subgoa l  t o comput e th e answe r  b y countin g 

The mode l  first  trie s t o retriev e a n answe r  b y usin g th e 
appropriat e retrieva l  rule .  I f  th e retrieva l  fails ,  the n S U B -
G O A L - C O U NT wil l  fire  t o creat e th e computatio n subgoal . 

The mode l  switche s fro m computatio n t o retrieva l  b y 
acquirin g declarativ e representation s o f  problem s tha t  i t  ha s 
solved .  W h e n th e mode l  begin s t o solv e problem s i t  wil l  no t 
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Figur e 3 :  M e a n respons e time s fo r  Experimen t  2  a s a 
functio n o f  tas k an d group . 

hav e an y D M E s t o retrieve ,  s o i t  wil l  alway s us e S U B -
G O A L - C O U N T.  However ,  eac h tim e i t  solve s a  problem ,  i t 
automaticall y remember s th e proble m an d solutio n a s a 
D M E.  Thes e D M E s ar e the n availabl e fo r  recal l  i n futur e tri -
als .  Detail s o f  thi s memorizatio n proces s ar e give n below . 

The computatio n subgoa l  work s b y countin g eithe r  u p o r 
down th e alphabet .  I t  use s a  se t  o f  declarativ e m e m o r y ele -
ment s tha t  represen t  th e alphabe t  usin g th e chunks : 

ABCD EF G HIJ K LMNOP QRS TU V W X YZ 
Each chun k i s a  D M E containin g u p t o five  letter s an d a 

pointe r  t o thf e nex t  chunk . 
The subgoa l  contain s 2 6 rule s tha t  implemen t  countin g 

forwar d an d backwar d throug h th e alphabet .  T o d o this ,  i t 
must  first  retriev e th e alphabe t  chun k tha t  contain s th e start -
in g lette r  (e.g. ,  A  fo r  A-i-2=?) .  Nex t  i t  step s forwar d alon g th e 
chun k unti l  i t  finds  th e startin g letter .  Finally ,  i t  count s alon g 
th e alphabe t  (eithe r  forwar d o r  backward )  th e require d num -
ber  o f  letters .  I f  i t  reache s a  chun k boundary ,  i t  mus t  retriev e 
eithe r  th e nex t  o r  previou s chun k befor e continuin g th e 
count . 

The subgoa l  automaticall y produce s a  declarativ e m e m o r y 
trac e o f  th e proble m an d it s solution .  Goal s i n Act- R ar e 
D M Es tha t  hav e bee n pushe d ont o th e goa l  stack .  Yo u ca n 
thin k o f  a  goa l  a s problem-specifi c  workin g memory , 
becaus e i t  encode s th e problem ,  th e solution ,  an d possibl y 
intermediat e results .  W h e n th e subgoa l  i s  achieved ,  a  rul e 
pop s th e goa l  of f  o f  Act-R' s goa l  stack ,  bu t  th e goa l  remain s 
i n declarativ e memor y a s a  D M E representin g th e proble m 
and it s solution . 

Th e mode l  use s thre e o f  Act-R' s mechanisms :  base-leve l 
learning ,  whic h speeds  u p acces s t o commonl y retrieve d 
D M E s,  strengt h learning ,  whic h speed s u p rule s tha t  ar e 
commonl y used ,  an d th e m e m o r y retrieva l  threshold ,  whic h 
prevent s th e retrieva l  o f  D M E s belo w a  specifie d activation . 

To understan d h o w thes e mechanism s produc e th e speed -
up an d transfe r  show n i n th e data ,  yo u mus t  first  understan d 
h o w Act- R predict s latencies .  Th e tota l  tim e fo r  a  tria l  i n 
Act- R i s th e su m o f  th e time s neede d t o fir e eac h productio n 
rul e durin g tha t  trial .  Th e tim e t o fir e a  rul e i s th e su m o f  th e 
tim e neede d t o retriev e th e D M E s i t  matche s plu s th e tim e t o 
execut e th e rule' s action .  Th e tim e t o retriev e a  D M E i s 
inversel y proportiona l  t o D M E activatio n an d productio n 
strength : 
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t i  =  F e 
-f(A ,  +  S J 

Equatio n 1 

Here ,  F  an d f  ar e constants .  A ,  i s  th e activatio n o f  D M E / , 

and S p i s th e strengt h o f  productio n p . 

Th e activatio n o f  a  D M E i s th e su m o f  it s  bas e leve l  acti -
vatio n an d th e spreadin g activatio n fro m othe r  D M E s : 

Ai  =  B ,  +  XWjS j i Equatio n 2 

J 
wher e B i  i s  th e bas e leve l  activation ,  W.  i s th e sourc e activa -

tio n o f  D M E J ,  an d 5, ,  i s  th e strengt h o f  associatio n from ;  t o 

i .  A  singl e uni t  o f  sourc e activatio n i s divide d amon g al l 
D M Es tha t  fill  slot s o f  th e curren t  goal .  Fo r  th e presen t 
model ,  thi s mean s tha t  element s o f  th e curren t  proble m (i.e. , 
th e letter ,  operator ,  an d number )  wil l  sprea d activatio n t o 
D M Es representin g pas t  solutions .  Fo r  example ,  i f  th e cur -
ren t  goa l  i s  t o solv e A + 2 ,  the n A  wil l  sprea d activatio n t o al l 
D M Es o f  previou s problem s tha t  contai n A  eithe r  a s th e first 
lette r  o r  a s th e answer .  Th e sam e i s tru e fo r  th e operato r  an d 
th e number .  Hence ,  th e D M E tha t  represent s th e pas t  solu -
tio n t o th e curren t  proble m wil l  receiv e activatio n fro m al l 
thre e element s an d will ,  mos t  likely ,  b e th e mos t  activ e 

DME. 
Th e bas e leve l  activatio n o f  a  D M E reflect s th e lo g prio r 

odd s tha t  th e D M E wil l  b e matche d b y a  productio n rule . 
Act- R assume s tha t  thes e odd s increas e a s a  functio n o f  us e 
and decreas e a s a  functio n o f  delay .  Thi s i s give n b y th e opti -
mize d base-leve l  learnin g equation : 

-d x 

B .  = I n 
n L 

1- d + P Equatio n 3 

wher e P  represent s th e initia l  base-level ,  d  i s th e deca y rate , 
L i s th e tim e sinc e th e D M E wa s created ,  an d n  i s th e numbe r 
of  time s th e D M E ha s bee n used . 

Th e us e coun t  o f  a  D M E i s incremente d wheneve r  th e 
D ME i s matche d b y a  rul e o r  whe n a  duplicat e D M E i s cre -
ated .  A s note d above ,  w h e n a  goa l  i s  poppe d fro m th e stac k i t 
remain s i n declarativ e memory .  However ,  i f  Act- R detect s 
tha t  a  newl y create d D M E i s identica l  t o a n existin g D M E , 
the n i t  destroy s th e n e w D M E an d increment s th e us e coun t 
of  th e ol d D M E .  Thi s increase s th e D M E ' s chance s o f  recal l 
i n futur e trials . 

A D M E tha t  matche s a  rule' s conditio n wil l  b e success -
full y retrieve d wheneve r  it s activatio n exceed s th e globa l 
retrieva l  threshold .  W h e n a  D M E i s first  created ,  it s base -
leve l  activatio n i s se t  t o a  bas e leve l  constan t  plu s a  perma -
nent  activatio n noise . 

We ca n n o w se e h o w th e mode l  migh t  lear n t o retriev e 
declarativ e trace s i n th e consisten t  trainin g condition ,  bu t  no t 
i n th e varie d trainin g condition .  I n th e consisten t  condition , 
th e mode l  i s expose d t o eac h proble m 3 6 times .  Thes e fre -
quen t  exposure s boos t  th e base-leve l  activatio n o f  th e m e m-
or y traces ,  allowin g th e retrieva l  rule s t o directl y recal l  th e 
solutions .  I n contrast ,  i n th e varie d conditio n th e mode l  i s 
expose d t o eac h proble m onl y si x times .  I n addition ,  th e var -
ie d conditio n take s longe r  becaus e th e first  7 2 trial s ca n onl y 
be solve d b y counting .  I n th e consisten t  conditio n ther e i s a 
chanc e o f  recallin g on e o r  mor e answer s afte r  th e first  1 2 tri -

als .  Eve n i f  w e assum e tha t  bot h condition s ca n b e don e i n 
th e sam e amoun t  o f  time ,  Equatio n 3  predict s majo r  differ -

ence s i n final  base-leve l  activations . 
The speed-u p o f  participant s i n th e consisten t  conditio n i s 

predicte d b y Equatio n 1 ,  whic h predict s tha t  retrieva l  latenc y 
i s inversel y proportiona l  t o activatio n an d rul e strength . 
Withou t  considerin g rul e strengt h w e ca n se e tha t  a n increas e 
i n D M E activatio n wil l  lea d t o lowe r  predicte d retrieva l 
time s an d henc e lowe r  tria l  time s i n th e consisten t  condition . 

The mode l  predict s tha t  speed-u p i n th e varie d conditio n 
and par t  o f  th e spee d u p i n th e consisten t  conditio n i s du e t o 
speed-u p o f  procedura l  knowledge .  A s discusse d earlie r  i n 
thi s section ,  Act- R assume s tha t  th e latenc y o f  a  rul e applica -
tio n i s inversel y proportiona l  t o it s strengt h an d th e activa -

tio n o f  th e D M E s tha t  i t  matche s (se e th e discussio n 
surroundin g Equation s 1  an d 2) .  Rul e strengt h i s governe d 
by th e sam e equatio n tha t  govern s base-leve l  learnin g (Equa -
tio n 3 )  excep t  tha t  L  i s th e tim e sinc e th e rul e wa s created ,  d 
i s a  separat e strengt h deca y constant ,  an d n  i s th e numbe r  o f 
time s th e rul e ha s bee n fired . 

Strengt h learning ,  combine d wit h th e latenc y equation s 
(Equation s 1  an d 2) ,  predic t  th e speed-u p i n th e varie d condi -
tio n an d w h y varie d trainin g produce s perfec t  transfe r  t o ne w 
additio n problems ,  wherea s consisten t  trainin g show s n o 
transfer .  I n th e varie d condition ,  th e mode l  receive s a  lo t  o f 
practic e usin g th e rule s fo r  countin g u p th e alphabe t  an d 
thes e sam e rule s ar e als o use d i n transfer .  I n contrast ,  whe n 
th e mode l  i s  give n consisten t  training ,  i t  learn s t o retriev e th e 
answer s t o th e 1 2 problems ,  so  i t  rarel y use s th e countin g 
rules .  Onc e th e mode l  reache s th e transfe r  phas e i t  mus t 
begi n t o us e th e countin g rule s again ,  bu t  thei r  strength s wil l 
be eithe r  a t  o r  belo w thei r  initia l  values ,  producin g th e dra -
mati c slowdow n observe d i n th e data . 

The mode l  als o account s fo r  th e subtractio n transfe r 
results .  I n th e consisten t  condition ,  th e mode l  acquire s an d 
strengthen s D M E s representin g eac h proble m an d it s solu -
tion .  W h e n transferre d t o subtraction ,  thes e D M E s hav e a 
hig h enoug h activatio n t o b e retrieve d an d inverte d b y 
R E T R I E V E - M I N U S - R E S U L T.  Th e mode l  predict s tha t  per -
formanc e wil l  b e slowe r  tha n a t  th e en d o f  training ,  becaus e 
i t  ha s no t  ye t  strengthene d R E T R I E V E - M I N U S - R E S U L T I n 
contrast ,  whe n th e mode l  i s i n th e varie d trainin g condition , 
th e D M E s rarel y becom e activ e enoug h t o retrieve ,  s o the y 
ar e no t  availabl e durin g transfer .  Althoug h th e mode l  ha s 
strengthene d it s rule s fo r  countin g u p th e alphabet ,  ver y fe w 
of  thes e rule s ar e use d t o coun t  down ,  s o th e mode l  mus t  us e 
countin g d o w n rule s tha t  hav e no t  ye t  bee n used ,  an d henc e 
ar e muc h slowe r  t o fire. 

Th e abov e discussio n illustrate s h o w th e mode l  ca n mak e 
th e righ t  qualitativ e predictions .  Th e remainde r  o f  thi s sec -
tio n discusse s th e quantitativ e prediction s an d thei r  fit  t o th e 
observe d data . 

Four  parameter s wer e estimate d t o fit  th e mode l  t o th e 
data .  Thes e wer e th e base-leve l  learnin g deca y paramete r  ( d 
i n Equatio n 3) ,  productio n strengt h deca y parameter , 
retrieva l  threshold ,  an d permanen t  activatio n noise .  Thes e 
fou r  parameter s ar e critica l  t o fitting  th e data .  Th e rul e 
strengt h deca y paramete r  affect s th e learnin g rat e o f  proce -
dura l  knowledge .  Th e interactio n o f  th e retrieva l  threshol d 
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wit h th e thre e othe r  parameter s determine s th e amoun t  o f 
practic e neede d befor e th e mode l  ca n switc h fro m computa -
tio n t o retrieval .  T o fit  th e data ,  thes e parameter s mus t  b e se t 
so tha t  consisten t  trainin g lead s th e mode l  t o reU-icv c th e 
answers ,  wherea s varie d trainin g lead s th e mode l  t o continu e 
t o comput e th e answers .  I n addition ,  th e parameter s mus t 
als o produc e th e right  learnin g curve s fo r  th e tw o conditions . 

The fit  reporte d her e wa s obtaine d wit h base-leve l  learnin g 
deca y se t  t o .7 ,  strengt h deca y se t  t o .5 ,  retrieva l  threshol d se t 
t o .55 ,  an d permanen t  activatio n nois e varianc e se t  t o .15 .  I n 
addition ,  th e tota l  tim e t o rea d th e proble m an d typ e a  lette r 
was estimate d a t  a  constan t  1.2 5 sec .  Thi s define s th e lowe r 
boun d o f  th e model' s respons e times .  T o reflec t  familiarit y 
wit h th e alphabet ,  al l  alphabe t  D M E s wer e give n initia l  base -
leve l  activation s o f  .974 ,  reflectin g 10 0 use s i n th e las t  100 0 
seconds .  Productio n rul e strength s wer e initiall y  se t  t o .486 , 
reflectin g 2 5 use s i n th e pas t  100 0 seconds .  Al l  othe r  param -
eter s use d th e defaul t  Act- R 4. 0 values . 

The model' s prediction s fo r  th e trainin g phas e i n Experi -
ment  1  ar e show n i n Figur e 1  alon g wit h th e observe d data . 
The mode l  prediction s wer e produce d b y simulatin g 1 5 sub -
ject s i n eac h condition .  Th e sam e mode l  an d paramete r  val -

ues wer e use d fo r  bot h conditions .  Th e R ^  fo r  th e consisten t 
conditio n wa s .8 9 an d fo r  th e varie d conditio n .78 .  Thi s i s 
prett y goo d considerin g tha t  tw o differen t  group s o f  subject s 
wer e modele d usin g th e sam e parameters .  I n addition ,  th e 
model  capture s th e qualitativ e trend s i n th e data—consisten t 
simulation s ge t  m u c h faste r  tha n varie d simulations . 

The transfe r  result s ar e show n i n Figure s 2  an d 3 .  Th e 
model  closel y fits  th e quantitativ e an d qualitativ e result s fo r 
alphabe t  additio n transfer :  consisten t  trainin g lead s t o a  larg e 
slo w d o w n i n th e transfe r  phase ,  wherea s varie d trainin g 
result s i n perfec t  transfer .  Th e subtractio n transfe r  simulatio n 
matche s th e qualitativ e results ,  bu t  not  th e quantitativ e ones : 
consisten t  trainin g lead s t o bette r  performanc e o n subtractio n 
tha n doe s varie d training ,  but  th e mode l  underestimate s th e 
latenc y o f  subU-actio n problems . 

The poo r  fit  o f  th e mode l  t o th e quantitativ e subtractio n 
dat a fo r  th e varie d conditio n i s eas y t o fix .  I t  i s  possibl e t o 
increas e th e tim e t o comput e a  subtractio n proble m answe r 
by eithe r  decreasin g th e strengt h o f  th e subtractio n countin g 
rule s o r  b y switchin g t o a  differen t  techniqu e t o solv e th e 
problems .  A  decreas e i n th e rules '  strength s i s justifiabl e 
becaus e mos t  peopl e rarel y nee d t o recit e th e alphabe t  back -
wards .  However ,  i t  i s  als o possibl e tha t  peopl e us e a  differen t 
strategy ,  suc h a s guessin g a n answe r  an d the n countin g for -
war d t o se e i f  i t  i s  th e right  one .  Th e nex t  sectio n furthe r 
explore s thi s issue . 

The poo r  matc h t o th e subtractio n latenc y i n th e consisten t 
conditio n i s m u c h mor e puzzling .  Specifically ,  w h y d o th e 
participant s nee d ove r  4  second s t o solv e eac h problem ? I f 
the y ar e reall y recallin g a n alphabe t  additio n proble m an d 
invertin g it ,  the n the y shoul d b e close r  t o th e predicte d times , 
but  instea d thei r  time s ar e mor e tha n doubl e th e predictions . 
One possibilit y  i s  tha t  onl y a  subse t  o f  varie d participant s 
actuall y switche d t o retrieval ,  wherea s th e remainde r  use d 
computation .  Thi s hypothesi s i s furthe r  explore d i n th e nex t 
section . 

The model' s goo d fit  t o th e dat a show s tha t  activ e declara -

tiv e knowledg e i s not  neede d t o accoun t  fo r  th e results .  Thus , 
th e tw o experiment s d o no t  discriminat e betwee n declarativ e 
knowledg e bein g iner t  o r  active .  However ,  i t  i s  possibl e tha t 
protoco l  dat a migh t  provid e evidenc e concernin g thi s issue . 

Protocol Analysis 

To bette r  understan d th e strategie s tha t  peopl e us e fo r  alpha -
bet  arithmetic ,  particularl y wit h respec t  t o subtraction ,  a 
varian t  o f  Rabinowit z an d Goldberg' s Experimen t  2  wa s ru n 
at  Th e Ohi o Stat e University .  Participant s wer e 4 2 under -
graduat e student s w h o receive d cours e credi t  fo r  thei r  effort . 
Th e mai n chang e t o th e experimen t  wa s tha t  participant s 
wer e require d t o answe r  a  questionnair e tha t  aske d the m t o 
describ e th e strategie s the y use d t o solv e th e problem s dur -
in g trainin g an d the n durin g transfer . 

Th e analysi s considere d th e thre e issue s discusse d a t  th e 
end o f  th e las t  section :  1 )  strategie s fo r  computin g subtrac -
tio n answers ;  2 )  whethe r  onl y a  subse t  o f  consisten t  trainin g 
participant s use d retrieva l  i n th e subtractio n transfe r  phase ; 
and 3 )  iner t  versu s activ e declarativ e knowledge . 

Thre e mai n strategie s wer e mentione d durin g th e trainin g 
phase :  countin g only ,  countin g plu s recall ,  an d computin g (i n 
an unspecifie d w a y )  plu s recall .  M a n y mor e strategie s wer e 
mentione d i n th e transfe r  phase :  countin g backward s only , 
recal l  an d inversio n only ,  countin g backward s o r  computin g 
initiall y  the n switchin g t o recal l  an d inversion ,  generat e an d 
test ,  an d a  mixtur e o f  countin g bac k an d generat e an d test . 
Tabl e 2  show s th e percentag e o f  participant s i n eac h cate -
gory .  Th e result s clearl y suppor t  th e assumptio n tha t  varie d 
trainin g lead s t o mor e counting ,  wherea s consisten t  trainin g 
lead s t o direc t  retrieval .  9 5 % o f  th e participant s i n th e con -
sisten t  grou p reporte d usin g recal l  durin g training ,  versu s 
onl y 3 2 % o f  thos e i n th e varie d condition .  Mos t  participant s 
i n th e varie d grou p (68% )  reporte d tha t  the y use d onl y count -
in g throughou t  th e entir e trainin g phase ,  i n contras t  t o onl y 
5 % o f  participant s i n th e consisten t  group . 

Th e transfe r  protoco l  result s ar e consisten t  wit h th e 
hypothesi s tha t  varie d trainin g lead s t o strengthene d asym -
metricall y accessibl e procedura l  knowledg e fo r  countin g up , 
wherea s consisten t  trainin g lead s t o symmetricall y accessi -
bl e declarativ e knowledge .  7 0 % o f  th e consisten t  grou p 
reporte d recallin g an d invertin g th e additio n problems ,  ver -
sus onl y 5 % o f  th e varie d group .  Likewise ,  onl y 1 5 % o f  th e 
consisten t  grou p reporte d countin g bac k only ,  versu s 3 6 % o f 
th e varie d group .  Anothe r  1 8 % o f  th e varie d grou p use d th e 
generat e an d tes t  strategy . 

Thes e result s hel p clarif y th e model' s problem s o f  under -
estimatin g th e difficult y o f  subtraction .  First ,  the y sho w tha t 
at  leas t  1 5 % o f  th e consisten t  grou p use d computatio n 
instea d o f  recall ,  offerin g a  possibl e explanatio n fo r  th e 
highe r  tha n predicte d respons e time s fo r  thi s grou p o n th e 
transfe r  task .  Second ,  th e result s indicat e tha t  th e model' s 
strateg y o f  countin g backwar d i s consisten t  wit h th e majorit y 
of  participant s i n th e varie d group ,  bu t  tha t  th e mode l  i s sim -
pl y underestimatin g th e tim e require d t o coun t  back .  I n fact , 
tw o participant s w h o use d generat e an d test ,  mentione d tha t 
the y switche d t o thi s metho d becaus e countin g bac k wa s to o 
difficult . 
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Tabl e 2 :  Reporte d strateg y us e base d o n trainin g grou p an d 
task . 

Trainin g 

Countin g onl y 

Count  +  Recal l 

Compute +  Recal l 

IVansfe r 

Countin g bac k onl y 

Recal l  an d Inver t 

Count  bac k the n 

recal l  an d inver t 

Compute the n Recal l 

and Inver t 

Generat e an d Tes t 

Count  bac k +  Gener -

at e an d Tes t 

Othe r 

Not  codabl e 

Conditio n 

Consisten t 

( n =  20 ) 

5%(1) 
80 % (16 ) 

15 % (3 ) 

15 % (3 ) 

60 % (12 ) 

5 % (1 ) 

5 % (1 ) 

5%(1) 

0 % 

5 % (1 ) 

5%(1) 

Varie d 

( n =  22 ) 

6 8 % (15 ) 

3 2 % (7 ) 

0 % 

3 6 % (8 ) 

5 % (1 ) 

0 % 

0 % 

1 8 % (4 ) 

9 % (2 ) 

5 % (1 ) 

2 7 % (6 ) 

The protoco l  dat a provide s littl e evidenc e o f  whethe r 
declarativ e knowledg e i s iner t  o r  active .  Onl y 1 0 % o f  th e 
consisten t  grou p mentione d computin g th e answer s t o a  fe w 
subtractio n problem s befor e recognizin g the m a s inverte d 
additio n problems .  Fo r  thes e tw o subjects ,  i t  seem s tha t 
switchin g t o recal l  an d inversio n wa s a  consciou s activit y 
tha t  require d a n initia l  recognitio n step .  I f  declarativ e mem-
or y i s trul y active ,  th e answer s t o th e subtractio n problem s 
shoul d com e t o min d immediately ,  withou t  a  consciou s rec -
ognitio n process .  Althoug h thes e result s ar e inconclusive , 
the y d o sugges t  tha t  a  follow-u p stud y usin g concurren t  ver -
bal  protocol s durin g th e transfe r  phas e migh t  resolv e thi s 
issue . 

Conclusion 

Thi s pape r  ha s thre e mai n results .  Th e first  i s  tha t  th e suc -
cessfu l  fit  o f  th e mode l  t o th e alphabe t  arithmeti c result s 
shows tha t  th e tw o experiment s fai l  t o discriminat e betwee n 
activ e o r  iner t  declarativ e memory .  Declarativ e memor y i n 
Act- R i s inert—i t  ca n onl y b e retrieve d i n th e servic e o f  a 
productio n rule .  Althoug h th e protoco l  dat a provide d littl e 
insigh t  int o thi s issue ,  i t  doe s sugges t  tha t  som e kin d o f  rec -
ognitio n proces s i s neede d befor e som e participant s ca n 
switc h t o recal l  an d inversion .  Recen t  wor k o n feeling-of -
knowin g (i.e. ,  th e feelin g tha t  yo u kno w a n answe r  t o a  prob -
lem )  provide s som e suppor t  fo r  thi s view .  Schunn ,  e t  al . 

(1997 )  hav e show n tha t  feeling-of-knowin g i s base d o n simi -

larit y  o f  th e proble m t o previousl y see n problems ,  no t  o n th e 
availabilit y  o f  a n answe r  t o th e problem .  Sinc e subtractio n 
problem s ar e s o differen t  fro m th e inverte d additio n prob -
lems ,  i t  seem s likel y tha t  solvin g on e o r  tw o subtractio n 
problem s migh t  lea d t o a  feelin g o f  knowin g base d o n simi -
larit y betwee n th e solve d subtractio n proble m an d previousl y 

seen additio n problems .  Thi s feeling-of-knowin g migh t  the n 
prompt  a  perso n t o consciousl y explor e th e similarities . 

Second ,  th e model' s successfu l  fit  t o th e dat a an d th e pro -
toco l  result s provid e additiona l  suppor t  fo r  separat e declara -

tiv e an d procedura l  long-ter m memor y stores .  I n addition , 
th e mode l  als o show s tha t  th e separat e strengthenin g o f  pro -
cedura l  an d declarativ e knowledg e ca n produc e th e observe d 
results . 

Third ,  th e pape r  show s tha t  Act- R i s sufficien t  t o captur e 
bot h th e qualitativ e an d quantitativ e detail s  o f  th e acquisitio n 
and transfe r  o f  procedura l  an d declarativ e memory .  Mor e 
importantly ,  th e mode l  show s tha t  severa l  Act- R mecha -
nism s workin g togethe r  ca n predic t  whethe r  trainin g wil l 
lea d t o procedura l  strengthenin g o r  th e recal l  o f  declarativ e 
knowledge . 
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Abstrac t 

Development of powerful brain imaging techniques has 
revolutionise d ou r  knowledg e o f  th e pattern s o f  cerebra l 
activatio n whic h underli e th e performanc e o f  cognitiv e 
tasks .  Particularl y strikin g i s th e exten t  t o whic h 
cognitiv e performanc e ha s bee n show n t o b e accompanie d 
by moto r  processin g eve n i n th e absenc e o f  physica l 
movement ,  consisten t  als o wit h considerabl e behaviora l 
evidence .  B y definition ,  left-hande d an d right-hande d 
peopl e exhibi t  systemati c difference s i n moto r  processing . 
I t  i s  thu s possibl e i n principl e tha t  handedness-dependen t 
difference s i n pattern s o f  moto r  activatio n ma y exer t 
observabl e effect s upo n cognitiv e performance .  N e w 
evidenc e suggest s tha t  thi s i s indee d th e case .  I t  ha s bee n 
shown tha t  people' s handednes s ca n significantl y influenc e 
th e accurac y o f  wha t  the y remember .  Cognitiv e Scienc e 
thu s need s a  chira l  component .  Th e result s o f  experiment s 
suppor t  th e hypothesi s tha t  handednes s effect s ar e linke d 
directl y t o specifi c  pattern s o f  moto r  activation ,  rathe r 
tha n indirectl y t o genera l  difference s i n hemispheri c 
processing . 

Motor Activation in Cognition 

I n recen t  years ,  neuroimagin g an d behaviora l  method s o f 
investigatio n hav e provide d tw o separat e line s o f  evidenc e 
fo r  moto r  activatio n durin g cognitiv e perfonnance . 

Brain Activation 

The mappin g o f  pattern s o f  brai n activatio n ha s produce d 
evidenc e o f  th e occurrenc e o f  moto r  processin g durin g th e 
perfonnanc e o f  task s whic h hing e upo n menta l  activit y 
rathe r  tha n upo n physica l  movement .  Fo r  example ,  Decet y 
and colleague s hav e show n i n positro n emissio n 
tomograph y (PET )  studie s tha t  whe n a  perso n imagine s 
graspin g a n objec t  (Decet y e t  al. ,  1994 )  o r  observe s a  han d 
actio n tha t  the y hav e bee n aske d t o imitat e (Decet y e t  al. , 
1997 )  ther e i s stron g activatio n o f  cerebra l  region s involve d 
i n th e plannin g an d generatio n o f  movements . 

Similarly ,  Cohe n e t  aJ .  (1996 )  use d functiona l  magneti c 
resonanc e imagin g ( fMRI )  t o examin e cortica l  activit y 
durin g th e performanc e o f  menta l  rotation ,  employin g th e 
classi c ta.s k o f  Shepar d an d Metzle r  (1971) .  Participant s 
wer e show n pair s o f  two-dimensiona l  picture s o f  three -
dimensiona l  bloc k shapes ,  an d ha d t o decid e whethe r  th e 
shape s wer e identica l  o r  mirror-images .  I n th e experimenta l 
condition ,  th e member s o f  eac h pai r  o f  shape s wer e presente d 

at  differen t  orientations .  Participant s wer e instructe d "t o 
visualiz e th e right-hand  stimulu s rotatin g unti l  i t  wa s 
aligne d wit h th e left-han d stimulus ,  an d the n wer e t o decid e 
whethe r  th e tw o shape s wer e identica l  o r  mirro r  reversed " 
(Cohe n e t  al. ,  1996 ,  p .  92) .  I n a  contro l  condition ,  th e 
members o f  eac h pai r  o f  shape s wer e presente d a t  th e sam e 
orientation ,  an d participant s thu s di d no t  hav e t o perfor m 
menta l  rotatio n prio r  t o makin g th e sam e decision ;  a s 
before ,  th e respons e conveyin g th e outcom e o f  th e decisio n 
(i.e. ,  identica l  vs .  mirror-image )  consiste d o f  pressin g on e o f 
tw o buttons .  Cohe n e t  al .  compare d th e f M R I  dat a yielde d 
by th e tw o condition s fo r  eac h participant .  The y foun d that , 
fo r  a t  leas t  hal f  th e participants ,  menta l  rotatio n wa s 
associate d wit h increase d activit y i n han d somatosensor y 
corte x an d i n premoto r  corte x (thoug h i t  shoul d als o b e 
note d tha t  increase d activit y i n som e othe r  cortica l  area s wa s 
eve n mor e widesprea d amon g participants) . 

Inner Scribe 

Brai n activatio n finding s rais e th e questio n o f  whethe r  i t  i s 
possibl e t o detec t  th e influenc e o f  moto r  processe s withi n 
behaviora l  dat a tha t  emanat e fro m cognitiv e task s fo r  whic h 
performanc e i s ostensibl y determine d b y abstrac t  processe s 
unrelate d t o movement .  A  paradigmati c cas e i s tha t  o f  recal l 
fro m memory .  Here ,  ther e i s  indee d evidenc e tha t  th e 
retentio n o f  spatia l  informatio n ca n b e influence d b y 
underlyin g moto r  processes ,  sinc e i t  suffer s interferenc e fro m 
concurren t  lim b m o v e m e n t  (e.g. .  Farmer ,  Berman ,  & 
Fletcher ,  1986 ;  Quinn ,  1994 ;  Smyt h &  Pelky .  1992) . 

T o accoun t  fo r  suc h findings ,  Logi e ha s develope d furthe r 
th e concep t  o f  th e visuo-spatia l  store ,  hypothesise d b y 
Baddele y (1986 )  t o b e on e o f  th e thre e principa l  component s 
of  workin g memory .  I t  i s  propose d (e.g. ,  Logie ,  1995 ; 
Logi e &  Pearson ,  1997 )  tha t  th e visuo-spatia l  stor e itsel f 
has tw o parts ,  th e inne r  scrib e an d th e visua l  cache .  Th e 
inne r  scrib e i s a  dynamic ,  motor-linke d syste m whic h allow s 
th e content s o f  th e visua l  cache ,  a  stati c visua l  store ,  t o b e 
redrawn .  B y thi s means ,  th e inne r  scrib e support s th e 
rehearsal ,  manipulation ,  an d transformatio n o f  visua l  an d 
spatia l  informatio n (cf .  als o Kossly n e t  al. ,  1988) .  Th e 
concep t  o f  th e inne r  scrib e provide s a  bridg e betwee n th e 
genera l  indication s fro m brai n activit y mappin g o f  a  moto r 
componen t  i n cognitiv e performanc e an d a  specifi c  issu e t o 
be focusse d o n here .  Th e possibilit y t o b e investigate d i s 
tha t  th e outcom e o f  som e form s o f  m e m o r y retrieva l  m a y 
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depen d upo n th e hiuidedncs s o f  th e perso n concerned . 

Handedness and Cognition 

A strikin g characteristi c  o f  th e huma n specie s i s th e 
predominan t  preferenc e fo r  movement s o f  on e limb ,  th e 
right  hand ,  rathe r  tha n it s symmetri c counterpart ,  th e lef t 

hand .  Preferenc e fo r  th e us e o f  a  righ t  o r  lef t  lim b i s 
widesprea d amon g individua l  member s o f  nonhuma n species . 
For  thes e species ,  however ,  th e preferenc e appear s i n genera l 
t o reflec t  chanc e factors ,  sinc e left-limbe d an d right-limbe d 
members o f  a  specie s occu r  wit h approximatel y equa l 

frequencie s (thoug h evidenc e o f  th e exceptio n provide d b y 
primatolog y i s considere d later) .  I n contrast ,  approximatel y 

9 0 % o f  human s ten d t o favou r  us e o f  th e righ t  hand .  Th e 
ubiquit y o f  th e preferenc e fo r  th e right  han d acros s tim e an d 
plac e suggest s tha t  i t  ha s a  geneti c origi n (e.g. ,  Corballis , 
1997 ;  M c M a n u s &  Bryden .  1992) ,  althoug h socia l  an d 
cultura l  factor s als o pla y a  rol e (e.g. ,  Harris ,  1990 ;  Provins , 
1997) . 

By definition ,  left-hande d an d right-handed  peopl e diffe r  i n 
some o f  thei r  pattern s o f  moto r  processing .  The y ten d als o 
t o diffe r  i n th e exten t  t o whic h languag e function s ar e 
lateralise d withi n th e cerebra l  hemisphere s (e.g. ,  Lorin g e t 
al. ,  1990) .  Bu t  th e questio n t o b e examine d her e i s tha t  o f 
whethe r  the y diffe r  i n thei r  norma l  pattern s o f  cognitiv e 
performanc e a s well .  I t  ha s bee n argue d tha t  i t  i s difficul t  t o 
establis h an y empirica l  lin k a t  al l  betwee n handednes s an d 
cognitio n (e.g. .  Bishop ,  1990) .  thoug h a n associatio n 
betwee n left-handednes s an d developmenta l  readin g 
difficultie s ha s ofte n bee n hypothesised .  Thi s associatio n 
has als o bee n hypothesise d t o exten d t o a  numbe r  o f 
manifestation s o f  immun e diseas e (e.g. ,  Geschwin d & 
Behan ,  1982 ;  Geschwin d &  Galaburda .  1987) ,  althoug h 
agai n a  numbe r  o f  problem s i n assemblin g empirica l 
suppor t  fo r  th e proposa l  hav e bee n note d (e.g. ,  Bryden , 
M c M a n u s,  &  Bulman-Fleming .  1994) . 

What  o f  th e cor e cognitiv e domai n o f  memory ? Unti l 
recently ,  memor y performanc e ha d generall y bee n assume d 
t o b e independen t  o f  handedness .  However ,  ther e i s no w 
reliabl e evidenc e that ,  a t  leas t  i n on e area ,  wha t  a  perso n 
remember s i s influence d b y th e person' s handedness . 

Handedness and a Mnemonic Illusion 

The coi n hea d illusio n (Jones ,  1990 ;  Jone s &  Martin ,  1992 ; 
Marti n &  Jones ,  1995 )  wa s identifie d whe n participant s 
attempte d t o recal l  th e directio n tha t  th e hea d o f  Quee n 
Elizabet h I I  face s o n Britis h coins .  Al l  coin s currentl y i n 
circulatio n (an d al l  thos e minte d sinc e th e star t  o f  he r  reig n 
i n 1953 )  depic t  th e Queen' s hea d facin g t o th e viewer' s right. 
However ,  th e majorit y o f  peopl e recal l  incorrectl y tha t  th e 
hea d face s t o thei r  left ,  wit h overal l  performanc e s o ba d tha t 
i t  constitute s systemati c misremembering .  Tha t  is , 
performanc e i s significantl y wors e eve n tha n th e baselin e 
leve l  o f  5 0 % correc t  recal l  whic h i s expecte d t o occu r  b y 
chance .  Rubi n an d Konti s (1983 )  ha d earlie r  propose d tha t 
coi n recal l  i s  schem a based ,  an d thu s th e explanatio n o f  th e 
illusio n initiall y  offere d (Jones ,  1990 ;  Jone s &  Martin , 
1992 )  wa s tha t  th e Britis h coi n hea d schem a wa s influence d 
by experienc e o f  postag e stamps ,  o n whic h th e Queen' s hea d 
face s i n th e opposit e directio n (i.e. ,  t o th e viewer' s  left) .  I t 

no w appears ,  however ,  tha t  thi s explanatio n wa s incomplet e 

becaus e i t  di d no t  allo w fo r  th e inlluenc e o f  a  person' s 
handedness . 

The norma l  procedur e i n huma n memor y researc h i s o f 
cours e t o tes t  a  populatio n unselecte d a s t o handednes s an d 
thu s i n practic e almos t  entirel y right-handed .  However ,  tw o 

recen t  studie s (Jone s &  Martin ,  1997 ;  McKelvi e &  Aikins , 
1993 )  hav e examine d coi n hea d recal l  separatel y fo r  left -
hande d an d right-hande d participants .  Bot h studie s foun d tha t 
left-hande d participant s wer e no t  pre y t o th e coi n hea d 
illusion .  Th e proportion s o f  left-hande d participant s wh o 
incorrectl y recalle d tha t  th e hea d face d t o thei r  lef t  wer e 

41 .3 % (McKelvi e &  Aikins) ,  53 .7 % (Jone s &  Martin , 
Experimen t  I) ,  an d 55.1 % (Jone s &  Martin ,  Experimen t  2) , 
and correc t  recal l  di d no t  fal l  significantl y belo w th e baselin e 
of  5 0 % i n any  instance .  I n contrast ,  fo r  right-hande d 
participant s th e correspondin g proportion s o f  incorrect ,  left -
facin g recal l  wer e 61.9% ,  73.7% ,  an d 65.9% ,  respectively . 
For  thes e right-hande d participants ,  correc t  recal l  di d fal l 
significantl y belo w th e ba.selin e o f  5 0 % i n eac h instanc e 
(marginall y s o i n th e cas e o f  th e McKelvi e an d Aikin s 
study) ,  an d als o fel l  significantl y belo w th e correspondin g 
left-hande d percentag e i n eac h o f  th e thre e cases . 

I f  w e aggregat e th e thre e set s o f  data ,  th e proportion s o f 
left-facing ,  incorrec t  recal l  (weighte d averages )  ar e 52.1 % fo r 

left-hande d participant s an d 6 7 . 0 % fo r  right-hande d 
participants .  Thi s differenc e i n performanc e betwee n left -
hande d an d right-handed  participant s i s highl y significant , 
X ^ d ,  N  =  679 )  =  15.48 ,  p  <  .001 .  Also ,  wherea s 
performanc e fo r  left-hande d participant s di d no t  diffe r 
significantl y fro m 5 0 % ,  x^(l ,  A ^  =  328 )  =  0.60 ,  performanc e 
fo r  right-handed  participant s wa s significantl y wors e tha n th e 
5 0 % baseline ,  x H h N  =  351 )  =  40.34 ,  p  <  .001 . 

I n chemistry ,  a  chira l  compoun d (Gree k x^ip .  hand )  i s 
one whic h exist s i n tw o differen t  form s (enantiomers )  tha t 
are ,  lik e pair s o f  hands ,  mirro r  image s o f  eac h othe r  bu t  ar e 
not  superimposable .  I n th e presen t  context ,  w e ma y thu s 
refe r  t o th e variatio n i n coi n hea d recal l  wit h handednes s a s 
an instanc e o f  chira l  cognitiv e performance :  Onl y right -
hande d peopl e reliabl y displa y systemati c misrememberin g 
of  hea d orientation .  Wha t  i s th e origi n o f  thi s phenomeno n 
and wha t  ar e it s implications ? T o addres s thes e issues ,  w e 
need bot h t o investigat e ho w widesprea d ar e th e effect s o f 
handednes s upo n cognitiv e performanc e an d als o t o evaluat e 
possibl e explanation s fo r  suc h effects .  W e need ,  i n short ,  a 
chira l  cognitiv e science .  Here ,  w e repor t  som e initia l  step s 
i n thi s direction . 

Theoretically ,  a t  leas t  tw o genera l  mechanism s b y whic h a 
person' s handednes s coul d influenc e th e outcom e o f  thei r 
though t  processe s ma y b e distinguished .  The y wil l  b e 
referre d t o her e a s th e hemispheri c an d th e moto r  activatio n 
hypotheses . 

Hemispheric Hypothesis 

The hemispheri c hypothesi s note s tha t  left-hande d an d right-
hande d peopl e ten d t o hav e differen t  pattern s o f  cerebra l 
dominanc e (e.g. ,  M c M a n u s &  Bryden ,  1993) .  Th e 
performanc e o f  a  cognitiv e tas k ma y rel y upo n processin g 
whic h i s predominantl y supporte d b y a  singl e cerebra l 
hemisphere ,  an d th e hypothesi s assert s tha t  i t  i s  th e 
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differenc e betwee n left-hande d an d right-hande d peopl e i n 
thei r  utilisatio n o f  th e hemispher e whic h i s responsibl e fo r 
difference s i n overal l  tas k performance .  Thi s explanatio n 
has bee n advance d concernin g handednes s effect s bot h i n 
memory performanc e (McKelvi c &  Aikins .  1993 )  an d als o 
i n chimeri c perceptio n (e.g. .  Gilber t  &  Bakan .  1973 ;  Lev y 

et  a!. ,  1983 ;  Luh .  Redl ,  &  Levy .  1994) . 
I n th e chimeri c perceptio n paradig m introduce d b y Gilber t 

and Baka n (1973) ,  participant s ar e presente d wit h picture s 
whic h combin e th e lef t  sid e fro m on e fac e wit h th e righ t  sid e 
fro m anothe r  face ,  an d aske d t o matc h the m t o face s 
compose d o f  eithe r  th e lef t  sid e plu s it s mirro r  imag e o r  th e 
right  sid e plu s it s mirro r  image ,  Gilber t  an d Baka n foun d 
tha t  right-hande d participants ,  bu t  no t  left-hande d 
participants ,  displaye d a  significan t  tendenc y t o selec t  a s a 
matc h th e fac e tha t  ha d bee n constructe d fro m th e lef t  sid e o f 
th e origina l  stimulus . 

The hemispheri c hypothesi s whic h ha s bee n advance d t o 
accoun t  fo r  th e influenc e o f  handednes s upo n memor y an d 

chimeri c perceptio n ha s severa l  distinc t  components .  I t  i s 
hypothesise d tha t  th e visua l  worl d t o th e lef t  o f  th e observe r 
tend s t o b e processe d b y th e righ t  hemisphere ,  tha t  facia l 
informatio n als o tend s t o b e processe d b y th e righ t 
hemisphere ,  tha t  thi s join t  utilisatio n o f  th e righ t 
hemispher e i s advantageous ,  an d finall y tha t  th e advantag e i s 
more pronounce d fo r  right-hande d peopl e becaus e the y ten d 
t o hav e greate r  lateralisatio n o f  functio n tha n d o left-hande d 
people . 

A majo r  weaknes s o f  th e hemispheri c hypothesi s concern s 
it s firs t  premise ,  namel y tha t  th e visua l  worl d t o th e 
observer' s lef t  tend s t o b e processe d b y th e right  hemisphere . 
The handednes s effect s aris e unde r  fre e presentatio n 
conditions .  Thi s unrestricte d mobilit y  i n ey e fixatio n mean s 
tha t  bot h th e lef t  an d right  side s o f  stimul i  ar e encountere d 
i n bot h th e lef t  an d righ t  visua l  field s o f  th e observer .  Thu s 
th e premis e doe s no t  refe r  t o th e well-establishe d relatio n 
betwee n righ t  hemispher e an d lef t  visua l  field .  Instead ,  i t  i s 
necessar y t o posi t  th e existenc e o f  a n additiona l  tendenc y 
induce d b y th e righ t  hemispher e t o atten d mor e t o th e lef t 
side s o f  stimuli ,  irrespectiv e o f  th e stimuli' s  position s i n th e 
visua l  field . 

Motor Activation Hypothesis 

The moto r  activatio n hypothesis ,  i n contrast ,  note s tha t  th e 
performanc e o f  cognitiv e task s m a y b e accompanied ,  a s 
indicate d earlier ,  b y activatio n o f  area s o f  th e brai n associate d 
wit h moto r  processes .  Left-hande d peopl e an d right-hande d 
peopl e diffe r  b y definitio n i n som e o f  thei r  majo r  pattern s o f 
movement  an d associate d neura l  processing ,  an d th e proposa l 
i s  tha t  i t  i s  thi s differenc e i n pattern s o f  moto r  activatio n 
betwee n th e tw o group s whic h i s responsibl e fo r  difference s 
i n memor y an d perceptio n betwee n them .  O f  course ,  thi s 
moto r  activatio n durin g th e performanc e o f  m e m o r y o r 
perceptio n task s doe s no t  necessaril y  resul t  i n actua l 
physica l  movement .  Moto r  activatio n i n th e absenc e o f 
physica l  movemen t  i s characteristi c o f  moto r  imager y (e.g. . 
Jeannerod .  1994 .  1997) .  thoug h ou r  introspectiv e awarenes s 
of  moto r  imager y appear s t o b e considerabl y les s extensiv e 
tha n i n th e cas e o f  visua l  imagery . 

Ar e handednes s effect s explaine d bette r  i n term s o f 
hemispheri c difference s o r  i n term s o f  moto r  imagery ? 
Recen t  wor k provide s considerabl e corroboratio n fo r  th e 
latte r  possibility .  Fo r  example ,  i n a  neuropsychologica l 
stud y o f  a  grou p o f  patient s w h o suffere d fro m asymmetrica l 
Parkinson' s disea.s e whic h affecte d onl y on e sid e o f  th e body , 
Dominc y c t  al .  (1995 )  showe d tha t  no t  onl y rea l  bu t  als o 
imagine d movemen t  o f  th e han d o n tha t  sid e wa s slowed . 
Similarly ,  i n a  P E T stud y Marti n e t  al .  (1996 )  reporte d 
activatio n o f  th e cerebra l  lef t  premoto r  are a a s a  resul t  no t 
onl y o f  imaginin g han d movement s bu t  als o o f  generatin g 
th e nam e o f  a  tool ,  an d i n anothe r  P E T stud y Parson s e t  al . 
(1995 )  reporte d activatio n o f  fronta l  moto r  corte x a s a  resul t 
not  onl y o f  rea l  an d imagine d movemen t  bu t  als o o f  visuall y 
di.scriminatin g pair s o f  mirro r  shapes ,  suc h a s pair s o f  hands . 
Corroboratio n o f  th e hemispheri c hypothesi s appear s mor e 
difficult .  Fo r  example ,  Kossly n e t  al .  (1993 )  studie d a  split -
brai n patient' s identificatio n o f  previousl y see n picture s fro m 
among distractor s consistin g o f  thei r  mirror-reversals ,  an d 
foun d n o consisten t  differenc e betwee n th e patient' s tw o 
hemisphere s i n thei r  recognitio n performance . 

Althoug h suggestive ,  th e previou s wor k cite d bear s onl y 
indirectl y o n th e issu e o f  handedness .  I t  ca n b e argue d 
therefor e tha t  i t  doe s no t  allo w a  conclusiv e choic e t o b e 
m a de betwee n th e hemispheri c an d moto r  activatio n 

hypotheses .  Th e issu e o f  contralaterality ,  however ,  appear s 
mor e promisin g i n thi s respect . 

Contralaterality 

A basi c featur e o f  th e hemispheri c hypothesi s i s it s 
predictio n that ,  becaus e cerebra l  lateralisatio n o f  functio n i s 
les s pronounce d i n left-hande d tha n i n right-hande d people , 
any asymmetr y i n cognitiv e performanc e fo r  left-hande d 
peopl e shoul d b e o f  reduce d magnitud e bu t  th e sam e 
directio n compare d t o tha t  fo r  right-handed  people .  I n 
contras t  t o thi s predictio n o f  ipsilateralit y b y th e 
hemispheri c hypothesis ,  th e moto r  activatio n hypothesi s 
predict s tha t  contralateralit y m a y b e observe d (i.e. ,  a  chang e 
i n handednes s produce s a  reversa l  i n th e sig n o f  a n associate d 
effect) .  Fo r  example ,  rathe r  tha n possessin g a  les s stron g 
versio n o f  a  right-handed  person' s tendenc y t o produc e a  left -
facin g response ,  a  left-hande d perso n m a y posses s a  tendenc y 
of  comparabl e strengt h t o produc e a  right-facin g response . 
Moto r  activatio n pattern s underlyin g suc h response s m a y 
ech o a  tendenc y i n physica l  drawin g t o avoi d obscurin g 
eariie r  detail .  Ther e i s evidenc e (Shanon ,  1979 )  tha t  right-
hande d peopl e ten d t o dra w head s facin g t o th e left ,  an d vic e 
versa ,  an d i t  m a y b e tha t  thi s i s becaus e facia l  detail s ar e 
entere d firs t  and ,  t o avoi d obscurin g th e fac e whe n drawin g 
th e bac k o f  th e head ,  a  righ t  han d i s the n move d awa y t o th e 
right,  an d a  lef t  han d awa y t o th e left . 

Recentl y complete d wor k (e.g. ,  Marti n &  Jones ,  1998 ) 
provide s considerabl e evidenc e o f  th e occurrenc e o f 
contralaterality .  I n on e experiment ,  participant s wer e 
instructe d t o recal l  tw o Britis h road-signs ,  on e depictin g a 
left-facin g perso n diggin g (roa d works )  an d th e othe r 
depictin g a  right-facin g perso n walkin g (pedesuia n crossing) . 
The percentag e accurac y o f  verba l  recal l  o f  figur e directio n 
fo r  eac h stimulu s a s a  functio n o f  participan t  handednes s i s 
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Tabi c 1 :  Recal l  o f  figur e dircclioi i  ( % correct ) 

Figur e directio n 

Left-facin g 
Right-facin g 

Participan t  handednes s 

Left-hande d Right-hande d 

44. 2 
59. 6 

64. 0 
48. 2 

show n i n Tabl e 1 .  Statistica l  analysi s confirme d tha t  th e 
accurac y o f  right-hande d participant s wa s significantl y highe r 
tha n tha t  o f  left-hande d participant s (an d significantl y abov e 

th e 5 0 % ba.selin e level )  whe n recallin g th e orientatio n o f  th e 

left-facin g figure ,  wherea s th e accurac y o f  left-hande d 
participant s wa s significantl y highe r  tha n tha t  o f  right -
hande d participant s (an d significantl y abov e th e 5 0 % 
baselin e level )  whe n recallin g th e right-facin g figure . 

I f  th e effect s o f  handednes s upo n cognitiv e performanc e ar e 
indee d bein g exerte d b y mean s o f  moto r  activation ,  the n a 
furthe r  implicatio n i s tha t  simila r  effect s m a y b e expecte d t o 
occu r  i n over t  moto r  behavio r  a s well .  I n free-drawin g 
experiments ,  thi s predictio n als o ha s bee n confirmed .  Th e 
result s o f  othe r  experiment s hav e demonstrate d tha t  th e 
observatio n o f  contralateralit y i s no t  confine d t o semanti c 

m e m o r y ,  i f  multipl e m e m o r y system s ar e distinguishe d (se e 

Gardine r  &  Java .  1993 ;  Tulving ,  1995) .  No r  i s i t  confine d 
t o recall ,  a s oppose d t o alternativ e method s o f  retrieva l  (se e 
Jones ,  1987) . 

I t  shoul d i n additio n b e confirme d tha t  th e presen t  result s 
ar e robus t  wit h respec t  t o th e wa y i n whic h a  participant' s 
handednes s i s established .  Th e result s show n i n Tabl e 1 
relat e t o a  dichotomou s measur e o f  handednes s (namely , 
preferre d han d fo r  drawing) .  A s a n alternative ,  th e 
questionnair e o f  Annct t  (1985 )  wa s u.se d t o obtai n a 
pseudocontinuou s measur e o f  handedness .  Thi s instrumen t 
elicit s on e o f  thre e response s (right ,  cither ,  an d left ) 
concernin g han d preferenc e fo r  eac h o f  1 2 activities ; 
allocatin g score s o f  1,2 ,  an d 3 ,  respectively ,  t o th e thre e 
response s yield s overal l  handednes s score s rangin g fro m 1 2 
t o 36 .  Usin g Annet t  scor e t o predic t  percentag e correc t 
recall ,  logisti c regressio n analysi s confirme d tha t  fo r  bot h 
left-facin g an d right-facing  figure s ther e wer e significan t 
relationships ,  an d tha t  thes e wer e o f  opposit e polarity . 
Dichotomou s an d pseudocontinuou s measure s o f  handednes s 
hav e yielde d consisten t  conclusion s i n a  scrie s o f 
experiment s providin g evidenc e o f  conu-alatcrality . 

Finally ,  i t  i s  interestin g t o not e tha t  th e presen t 
observatio n o f  conualalcralit y  i n cognitiv e scienc e find s a n 
apparen t  paralle l  i n chemica l  science .  A  cardina l  featur e o f  a 
chira l  molecul e i s it s  effec t  upo n th e orientatio n o f  polarize d 
light ,  tw o enantiomer s rotatin g th e plan e o f  polarizatio n b y 
an equa l  amoun t  i n opposit e directions .  Nevertheless ,  th e 
apparen t  similarit y betwee n thi s effec t  an d tha t  o f  handednes s 
upo n m e m o r y fo r  orientatio n presumabl y doe s no t  attes t  t o 
an y commonali t y i n mechanis m beyond ,  perhaps ,  th e 
abstrac t  geometrica l  lin k betwee n mirro r  reflectio n an d 
angula r  displacemen t  exemplifie d b y left-hande d an d right-
hande d helices . 

Scope of Chiral Cognitive Science 

I n additio n t o th e area s focusse d o n here ,  th e rol e o f 
handednes s m a y b e explored  no t  onl y amon g othe r  form s o f 

human cognitiv e performanc e bu t  also ,  potentially ,  amon g 
nonhuman primates . 

Human Cognition Thus far, handedness has been shown 
t o influenc e people' s performanc e o f  onl y a  smal l  numbe r  o f 
cognitiv e tasks .  I t  i s  possible ,  however ,  tha t  th e smallnes s 
i s deceptiv e i n tha t  i t  ma y primaril y reflec t  th e limite d rang e 
of  task s fo r  whic h handednes s ha s bee n examined ,  rathe r  tha n 

th e actua l  scop e o f  chira l  influence .  Th e limite d rang e i s 
likel y t o reflec t  th e pragmati c circumstanc e that ,  becaus e o f 

thei r  relativ e scarcity ,  i t  i s  relativel y difficul t  t o arrang e th e 
participatio n i n experiment s o f  left-hande d peopl e i n 
number s comparabl e t o thos e o f  right-handed  people .  If ,  a s 
a result ,  th e usua l  procedur e i s followe d o f  plannin g th e 
appropriat e statistica l  powe r  o f  a n experimenta l  desig n i n 
term s o f  a n overal l  numbe r  o f  participant s w h o ar e 
unselecte d a s t o handedness ,  the n th e imbalanc e i n number s 
of  left-hande d an d right-handed  participant s wil l  ten d t o mak e 
th e detectio n o f  an y effec t  o f  handednes s relativel y unlikely . 

I n additio n t o th e basi c element s o f  cognitiv e processin g 
focu-sse d o n here ,  mor e comple x cognitiv e performanc e ma y 
als o b e examined .  Fo r  example ,  i t  ha s bee n reporte d 
(Benbow ,  1986 ;  O'Boyl e &  B e n b o w ,  1990 )  tha t  th e 
incidenc e o f  left-handednes s i s unusuall y hig h amon g 

student s wit h exceptionall y hig h level s o f  scholasti c 
aptitude .  Ther e i s thu s scop e fo r  futur e exploratio n o f  a 
chira l  dimensio n i n a  wid e rang e o f  cognitiv e activity . 

Cognition in Primates Finally, although the research 
considere d her e ha s focusse d upo n handednes s i n humans ,  i t 
has bee n suggeste d (e.g. ,  MacNeilage ,  Studdert-Kennedy ,  & 
Lindblom .  1987 )  tha t  handednes s i s a n attribut e o f  primate s 
i n general .  I n particular ,  MacNeilag e e t  al .  hav e propose d 
tha t  primate s ten d t o posses s a  postur e whic h involve s 
reachin g wit h th e lef t  han d an d manipulatin g wit h th e right 
hand .  Similariy ,  i t  ha s bee n suggeste d b y Da y an d 
MacNeilag e (1996 )  tha t  huma n moto r  asymmetr y ma y als o 
be describe d mor e full y wit h referenc e t o overal l  posture ,  i n 
term s o f  a  combinatio n o f  han d an d foo t  preferences .  Recen t 
wor k ha s provide d empirica l  suppor t  fo r  th e genera l 
hypothesi s o f  handednes s a m o n g primates ,  althoug h no t 
alway s i n accordanc e wit h th e predicte d pattern .  Thu s 
Diamon d an d M c G r e w (1994 )  foun d tha t  cotton-to p tamarin s 
exhibite d a  unifor m preferenc e fo r  usin g th e right  han d i n a 
rang e o f  activities ,  wherea s Lask a (1996 )  foun d tha t  spide r 
monkey s exhibite d a n equall y unifor m preferenc e fo r  th e lef t 
hand . 

I f  nonhuma n primate s shar e wit h human s th e attribut e o f 
handedness ,  th e possibilit y  als o arise s tha t  thei r  cognitiv e 
performanc e i s influence d b y handednes s i n a  manne r  whic h 
i s analogou s t o tha t  fo r  humans .  Practica l  difficultie s i n 
testin g n o n h u m a n primate s suggest ,  however ,  tha t 
exploratio n o f  th e potentia l  chira l  dimensio n i n primat e 
cognitio n ma y prov e les s rapi d tha n i n th e huma n case . 

Conclusion 

Cognitiv e scienc e ha s tende d t o neglec t  th e possibilit y  tha t 
cognitiv e performanc e m a y b e significantl y influence d b y 
handedness .  Ther e i s evidence ,  however ,  o f  a  chira l 
dimensio n t o s o m e aspect s o f  h u m a n m e m o r y an d 
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perception .  Fo r  example ,  i t  appear s tha i  cerebra l  moto r 
activatio n occurrin g i n th e absenc e o f  movemcn l  i s 

responsibl e fo r  th e observe d rol e o f  handednes s i n 
determinin g th e accurac y o f  recal l  o f  oricnialion .  A  chir;i l 
cognitiv e scienc e woul d embrac e furthe r  exploratio n o l  th e 
exten t  an d origi n o f  suc h phenomena . 
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Abstrac t 

In order to ground our understanding of cognitive 
developmen t  w e hav e starte d t o creat e a  mode l  o f  ho w 
childre n an d adult s solv e a  well-studie d three -
dimensiona l  puzzle .  W e starte d wit h a  mode l  tha t  fits  th e 
adul t  behaviou r  o n th e puzzle .  W e the n modifie d th e 
model' s cognitiv e architectur e (ACT-R )  an d it s 
perceptual/moto r  architectur e (th e Nottingha m 
Interactio n Architecture )  i n thre e way s t o simulat e a 
younge r  proble m solve r  by :  (a )  reducin g th e accurac y o f 
vision ,  (b )  reducin g workin g memory ,  an d (c )  doin g 
both .  Th e modifications ,  particularl y reduce d workin g 
memory (an d it s  combinatio n wit h reduce d visua l 
accuracy) ,  allo w th e mode l  t o approximate ,  o n som e 
measures ,  th e behaviou r  o f  seve n yea r  old s o n th e puzzle . 
The result s sugges t  tha t  cognitiv e model s an d thei r  archi -
tecture s ca n hel p answe r  th e questio n o f  "Wha t 
develops?" . 

Introduction 

As childre n develop ,  the y ar e mor e abl e t o lear n ne w 
strategie s an d tasks ,  an d becom e mor e efficien t  a t  th e 
strategie s an d task s the y alread y kno w (e.g .  Siegler , 
1986) .  Wha t  change s occu r  i n orde r  fo r  thi s t o happen ? I t 
has lon g bee n note d tha t  i t  woul d b e usefu l  t o b e abl e t o 
specif y i n informatio n processin g term s h o w th e be -
haviou r  see n a t  eac h ag e i s achieved ,  an d therefor e wha t 
th e difference s ar e betwee n age s (e.g .  Simon ,  1962) . 

Computationa l  modellin g allow s behaviou r  t o b e 
specifie d i n informatio n processin g terms .  Th e firs t  ste p 
i n computationa l  modellin g acros s age s i s definin g th e 
behaviour s tha t  occu r  a t  eac h age .  A  mode l  tha t  matche s 
th e observe d behaviou r  ca n sugges t  wha t  knowledg e an d 
procedure s childre n m a y b e using .  T o th e exten t  tha t  th e 
behaviou r  ha s no t  o r  canno t  b e measured ,  th e mode l  ca n 
make prediction s abou t  th e missin g elements .  Thi s 
provide s a  wa y t o examin e t o wha t  exten t  change s i n tas k 
performanc e ca n b e attribute d t o difference s i n knowledg e 
and t o wha t  exten t  i t  ca n b e attribute d t o difference s i n 
processin g du e t o development . 

A Task to Study Development 

The Towe r  o f  Nottingha m (Woo d &  Middleton ,  1975 ) 
tas k i s t o buil d a  pyrami d fro m 2 1 woode n block s (show n 
i n Figur e 1) .  Ther e ar e si x  layer s t o th e pyramid ;  th e 
lowe r  five  consis t  o f  fou r  blocks ,  wit h a  singl e bloc k a s 
th e to p layer .  Th e block s i n th e lowe r  layer s al l  shar e th e 
same characteristics ,  differin g onl y i n size .  Eac h laye r  i s 
normall y forme d vi a tw o set s o f  paire d blocks .  Fo r 

example ,  placin g th e pe g o f  bloc k A  int o th e hol e o f 
bloc k B  bring s th e tw o hal f  hole s togethe r  t o for m a  pai r 
havin g a  hol e ( a hole-pair) .  Similarly ,  placin g bloc k C 
and bloc k D  togethe r  form s a  pai r  wit h a  pe g ( a peg-pair) . 
A laye r  i s the n forme d b y fitting  th e pe g o f  th e peg-pai r 
int o th e hol e o f  th e hole-pair .  Othe r  strategie s fo r  creatin g 
a laye r  als o exist ,  suc h a s fittin g a  hal f  pe g int o a  hal f 
hol e t o for m a  pai r  havin g tw o peg s (block s A  an d C ) ,  an d 
a pai r  havin g tw o hole s (block s B  an d D ) . 

Why Use This Task? 

The Towe r  o f  Nottingha m i s a  physica l  proble m solvin g 
puzzle .  A  detaile d analysi s o f  tas k behaviou r  i s possibl e 
vi a videotape .  M a n y strategie s ar e readil y visible ,  reducin g 
th e nee d fo r  th e experimente r  t o infe r  menta l  structure s an d 
strategies .  Thi s enable s a  mor e accurat e computationa l 
model  t o b e created . 

Th e Towe r  i s  als o a  suitabl e tas k i n whic h t o stud y 
development ,  becaus e performanc e improve s wit h age . 
Olde r  childre n accomplis h mor e correc t  operafions , 
produc e les s errors ,  an d tak e les s tim e tha n thei r  younge r 
counterpart s (Murph y &  W o o d ,  1981 ;  W o o d & 
Middleton ,  1975) .  Thi s allow s th e stud y o f  children' s 
proble m solvin g behaviour s o n th e Towe r  acros s ages .  W e 
star t  t o develo p her e a  w a y t o specif y h o w thes e 
behaviour s ar e generated . 

Simulating Development 

Ther e ar e tw o natura l  way s t o creat e a  serie s o f  devel -
opmenta l  models .  O n e wa y i s t o mode l  a  lowe r  perfor -
mance leve l  (tha t  o f  children )  an d modif y th e mode l  t o fit 
highe r  performanc e levels .  Th e othe r  wa y i s t o begi n a t 
th e highes t  performanc e leve l  (tha t  o f  adults) ,  an d the n 
modif y th e mode l  t o fi t  lowe r  performanc e levels .  W e 
hav e chose n t o star t  wit h th e simple r  (adult )  behaviou r  an d 
wor k toward s th e mor e chaoti c (child-like )  behaviour . 

We wil l  attemp t  t o mode l  behaviou r  (includin g learn -
ing )  a t  differen t  age s b y makin g modification s withi n a 
fixed  architectur e (i.e .  th e term s o f  referenc e fo r  th e 

^ 

Figur e 1 :  Th e blocks ,  left ,  tha t  mak e u p eac h layer ,  whic h 
ar e the n stacke d t o creat e a  tower ,  right . 
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change s ar e determine d b y th e architecture) .  Ther e ar e fe w 
previou s model s tha t  sugges t  wha t  change s t o mak e t o 
thi s architecture .  I n fact ,  th e firs t  definition s an d 
implementation s o f  cognitiv e architecture s stresse d tha t 
architecture s d o no t  chang e acros s task s (Newell ,  1990 ,  p . 
81) .  Mos t  model s o f  chil d developmen t  mode l  devel -
opment  a s jus t  learnin g (e.g .  McClellan d &  Jenkins , 
1991 ;  Siegle r  &  Shipley ,  1995 )  o r  difference s i n 
knowledg e (Klah r  &  Wallace ,  1976 ;  Young ,  1973) . 

The mode l  o f  adul t  behaviou r  whic h w e begi n wit h ha s 
bee n improve d sinc e i t  wa s firs t  reporte d (i n Jone s & 
Ritter ,  1997) .  Th e mode l  no w fit s th e adul t  dat a better , 
and ca n b e modifie d i n mor e theoreticall y motivate d ways . 
We wil l  modif y th e mode l  an d architectur e i n thre e ways . 
For  eac h o f  th e change s w e describ e wh y the y ar e 
suggeste d b y developmenta l  data ,  ho w the y hav e bee n 

implemente d (eithe r  i n A C T - R o r  th e Nottingha m 
Interactio n Architecture) ,  an d th e effec t  th e chang e ha s o n 
th e model' s behaviour . 

The Simulation and tlie Adult Model 

Figur e 2  show s th e Towe r  simulation ,  whic h i s writte n i n 
Garne t  (Myers ,  e t  al. ,  1990) .  Th e simulatio n contain s a 
ful l  graphica l  representatio n o f  th e tas k (al l  block s an d 
features) ,  whic h i s 2  1/ 2 dimensional—block s canno t  b e 
turne d o n thei r  sid e o r  hel d i n mid-air ,  bu t  ca n b e face-u p 
or  face-down . 

The simulatio n als o include s a n ey e an d tw o hands .  Th e 
ey e an d hands ,  a s a n instantiatio n o f  th e Nottingha m 
Interactio n Architecture ,  ar e designe d t o mee t  a  se t  o f 
requirements  identifie d fo r  creatin g a  psychologicall y 
plausibl e architectur e fo r  interactin g wit h multipl e 
externa l  task s (Baxte r  &  Ritter ,  1996) .  Th e architectur e 
has bee n implemente d severa l  time s i n a  variet y o f  use r 
interfac e managemen t  system s an d graphic s programmin g 
language s (Baxte r  e t  al. ,  1997) .  Th e ey e i s abl e t o saccad e 
and fixate ,  an d passe s t o th e mode l  wha t  block s an d 
construction s i t  see s (e.g .  a  peg-pai r  wil l  b e represente d a s 
a constructio n o f  tw o block s flus h o n thei r  oute r  edge s 
wit h thei r  quarte r  circle s an d hal f  peg s aligned) . 

The visua l  informatio n passe d t o th e mode l  depend s 
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Figur e 2 :  Th e Towe r  o f  Nottingha m simulation . 

upo n wher e block s ar e positione d i n relatio n t o th e 

simulate d eye .  Thre e area s ar e defined :  fovea ,  parafovea , 
and periphery .  Ful l  informatio n i s passe d fo r  block s o r 
feature s i n th e fove a an d parafovea ,  thoug h th e parafove a 
adds nois e t o feature s an d t o bloc k sizes .  Fo r  item s i n th e 

periphery ,  th e ey e onl y return s a  bloc k ID .  Th e hand s ar e 
abl e t o pic k up ,  drop ,  rotate ,  tur n over ,  fit ,  an d disas -
sembl e blocks . 

The cognitiv e aspect s o f  th e model s ar e base d o n th e 
A C T - R cognitiv e architectur e (Anderson ,  1993) .  Th e 
adul t  mode l  contain s 26 4 A C T - R rule s includin g tas k 
knowledg e an d knowledg e abou t  ho w t o direc t  th e ey e an d 
th e hands .  Withi n th e model ,  al l  block s an d bloc k feature s 
hav e a n associate d activatio n level .  W h e n severa l  o f  th e 
same rul e ar e instantiate d i n ACT-R ,  th e on e wit h th e 
highes t  activatio n i s selected .  I n general ,  rule s fir e whos e 
condition s hav e th e mos t  activ e block s an d bloc k feature s 
i n them .  Th e activatio n level s ar e subjec t  t o deca y eac h 
cycle .  W h e n the y fal l  belo w a  specifie d leve l  (th e retrieva l 
threshold )  the y ca n n o longe r  b e matche d i n rul e 
conditions .  Activatio n i s raise d base d o n th e curren t  goal s 
of  th e mode l  an d b y wha t  block s th e mode l  i s currentl y 
focusin g on. 

Ther e ar e tw o learnin g mechanism s i n th e model .  First , 
a simpl e metho d o f  increasin g th e chance s o f  choosin g t o 
fi t  block s b y specifi c  feature s i f  a  previou s fit  usin g th e 
same feature s wa s perceive d t o b e a  success .  Succes s i s 
determine d b y th e block s i n th e constructio n bein g flus h 

on thei r  oute r  edge s an d havin g thei r  quarte r  circle s aligne d 
(thi s i s consisten t  wit h adul t  dat a o n th e task) .  O n som e 
occasion s th e mode l  ma y believ e a  successfu l  constructio n 

has bee n mad e whe n i n fac t  i t  ha s no t  (e.g .  alignin g th e 
quarte r  circle s o f  block s A  an d B  bu t  leavin g th e block s 
unconnected) .  Thi s learnin g mechanis m help s th e mode l 
t o fit  adul t  dat a (Jone s &  Ritter ,  1997) .  Second ,  th e mode l 
learn s tas k specifi c  knowledg e base d o n th e perceive d 
success .  If ,  fo r  example ,  th e mode l  fitted  a  pe g i n a  hole , 
and deeme d thi s successful ,  the n ne w declarativ e 
knowledg e i s acquire d notin g tha t  fitting  peg s i n hole s i s a 
tas k appropriat e behaviour .  Thi s ca n the n b e use d t o direc t 
late r  fi t  attempts . 

The mode l  contain s workin g memor y (i n A C T - R )  an d 
visua l  m e m o r y (i n th e Nottingha m Interactio n 
Architecture) .  Workin g memor y contain s al l  block s an d 
bloc k feature s tha t  ar e activ e enoug h t o b e matche d b y 
rule s (i.e .  thei r  activatio n i s abov e retrieva l  threshold) . 
The numbe r  o f  element s i n workin g memor y varie s base d 
on th e activatio n o f  th e block s an d bloc k features .  Visua l 
memory allow s th e mode l  t o remembe r  th e detail s o f 
some o f  th e block s tha t  hav e bee n looke d a t  previousl y 
eve n thoug h the y ar e no w i n th e periphery .  Visua l 
memory i s stati c (i t  i s  se t  a t  seve n items) ,  an d 
complement s workin g memor y becaus e block s i n visua l 
memory tha t  ar e no t  i n workin g memor y ca n als o b e 
matche d i n condition s o f  rules . 

Comparison of the Model to Adult Data 

We us e th e A C T - R defaul t  timin g o f  5 0 m s pe r  produc -
tio n firing .  Fo r  ey e movement s (saccades) ,  thi s timin g i s 
consistent ,  bu t  w e increas e i t  t o 25 0 m s fo r  production s 
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involvin g fixation s (Baxte r  &  Ritter ,  1996) .  Fo r  moto r 
action s (fitting ,  rotating ,  moving ,  an d disassemblin g 
blocks )  w e increas e th e timin g t o 55 0 m s (Jone s &  Ritter , 
1997) .  Thus ,  th e tim e prediction s mad e b y th e mode l  ar c 
absolut e predictions ;  the y ar e no t  scale d o r  otherwis e 

adjuste d i n th e analyse s an d graph s reporte d below . 
Productio n firing  latencie s i n A C T - R als o tak e int o 

accoun t  activatio n o f  memor y elements .  I n orde r  fo r  th e 
influenc e o f  m e m o r y element s o n productio n firing 
latencie s t o b e negligibl e (sinc e w e manipulat e activatio n 
as par t  o f  th e learnin g mechanism) ,  th e bas e leve l 
activatio n o f  m e m o r y element s wa s se t  t o 10. 0 (th e 
defaul t  i s  0.0) .  Othe r  applicabl e A C T - R parameter s (e.g . 
retrieva l  threshold )  wer e se t  t o th e suggeste d defaul t 
settings . 

The adul t  mode l  begin s wit h th e initia l  knowledg e o f 
th e tas k tha t  subject s had ,  suc h a s block s o f  th e sam e siz e 
go together ,  peg s g o i n holes ,  checkin g tha t  intende d 
construction s ar e flush  o n thei r  oute r  edges ,  an d s o on . 
Thi s knowledg e wa s take n fro m vide o analysi s o f  adul t 
behaviou r  (e.g .  adult s produc e 3 3 peg-pai r  o r  hole-pai r 
constructions ,  1 3 two-pe g o r  two-hol e constructions ,  an d 
neve r  conside r  producin g construction s tha t  ar e no t  flush 
on thei r  oute r  edges) . 

The adul t  subject s (N=5 ,  fro m Jone s &  Ritter ,  1997 ) 
had complete d th e tas k once .  Th e A C T - R activatio n nois e 
paramete r  wa s se t  t o 0.0 5 (th e default )  s o tha t  nois e i s 
added ,  o n eac h cycle ,  t o th e activatio n o f  construction s an d 
features .  Thi s cause s behaviou r  t o var y acros s trials .  W e 
therefor e compar e 5  run s o f  th e mode l  t o th e 5  adul t 
subjects . 

The adul t  mode l  fits  th e adul t  subject s reasonabl y wel l 
as show n i n Tabl e 1 .  Th e mode l  als o fit s  th e adul t 
subject s o n othe r  measures ,  suc h a s strategies ,  bu t  w e d o 
not  conside r  thes e othe r  measure s whe n comparin g t o 
seve n yea r  old s late r  on .  Th e reliabl e difference s w e repor t 
(usin g t-tests )  fo r  time s an d error s betwee n th e mode l  an d 
subject s ar e fo r  aidin g th e reade r  i n understandin g th e 
variance s i n familia r  terms .  The y ar e no t  offere d i n an y 
way a s a  proo f  o f  th e model . 

We includ e layer-by-laye r  analyse s becaus e ther e i s 
within-tas k learning .  Figur e 3  compare s th e time s t o 

Table 1: Mean measures (standard deviations) for adult 
model  an d adul t  subjects .  Reliabl e difference s betwee n 

model  an d subject s (p<.05 )  ar e indicate d wit h a n * . 

Measur e 

Completio n tim e 

Number  o f  error s 

Adul t  Subject s 

80. 6 s *  (13.3 ) 

0. 2 (0.5 ) 

Adul t  Mode l 

97. 6 s  (8.0 ) 

1.0(1.2 ) 

Adul t 
Subject s 

Adul t 
Model 

Size 6 Size s Size 4 Slze 3 Size 2 

Figur e 3 :  T im e take n t o complet e eac h laye r  fo r  th e 
adul t  mode l  an d th e adul t  subjects . 

complet e eac h laye r  fo r  th e adul t  mode l  an d th e adul t 
subject s (r2=0.98 ;  R M S error=4. 5 s) .  Th e constructio n 
attempt s pe r  laye r  b y th e adul t  mode l  i s als o simila r  t o 
adul t  subject s (t^=0.19 ;  R M S error=0.15) ,  althoug h w e 
thin k thi s coul d b e improved . 

An exac t  fit  o n ever y measur e i s no t  essentia l  becaus e 
we ar e mor e intereste d i n ho w th e behaviou r  change s a s a 
resul t  o f  ou r  alterations .  W e ca n therefor e brea k th e mode l 
t o se e t o wha t  exten t  w e ca n accoun t  fo r  th e behaviou r  o f 
younge r  childre n (seve n yea r  olds )  o n th e Towe r  o f 
Nottingham . 

Creating a Child Model 

I n orde r  t o begi n examinin g h o w proble m solvin g coul d 
chang e wit h development ,  w e create d thre e ne w version s 
of  th e adul t  model .  Eac h ne w versio n i s create d b y makin g 
one o r  mor e modification s t o th e origina l  adul t  model . 
The modification s ar e perhap s th e mos t  plausibl e base d o n 
developmenta l  literatur e an d ou r  knowledg e o f  children' s 
performanc e o n thi s task .  The y ar e als o usefu l 
exploration s i n h o w t o implemen t  developmen t  withi n a 
fixed  architecture .  W e :  (a )  altere d th e accurac y o f  siz e 
informatio n i n th e parafovea l  (b )  reduce d th e workin g 
memory capacity ;  (c )  combine d th e two .  Ther e ar e furthe r 
change s tha t  shoul d b e explore d a s well ,  suc h a s basi c 
processin g spee d an d fove a size .  Removin g o r  changin g 
knowledg e i s als o possible ,  an d a n initia l  attemp t  i s 
reporte d i n Jone s an d Ritte r  (1998) . 

We wil l  compar e th e modifie d model s agains t  seve n 
yea r  old s (N=5) .  Th e childre n wer e assiste d o n thei r  first 
attemp t  a t  completin g th e Towe r  (contingentl y tutored : 
W o od &  Middleton ,  1975) ,  an d s o w e re-analyse d th e 
performanc e o f  thei r  second ,  unsupporte d attempt . 
Children' s behaviou r  o n th e tas k i s mor e varie d tha n 
adults .  On e seve n yea r  ol d i n ou r  analyse s take s a  lo t 
longe r  t o produc e th e siz e 5  laye r  tha n th e othe r  children . 
We leav e thi s chil d i n ou r  analyses ,  bu t  not e tha t  furthe r 
childre n wil l  hav e t o b e analyse d s o tha t  th e ful l  rang e o f 
seve n yea r  ol d behaviou r  ca n b e identifie d an d examined . 

Reduced Parafovea Accuracy (RPA) Model 

W hy Childre n find  i t  difficul t  t o selec t  block s b y siz e i n 
th e Towe r  o f  Nottingha m tas k (Murph y &  W o o d ,  1981) . 
The seve n yea r  old s attempte d 1. 8 constructions ,  o n 
average ,  involvin g differen t  size d blocks ;  th e adult s d o no t 
attemp t  an y construction s involvin g differen t  size d blocks . 
Reducin g th e accurac y o f  th e parafove a i s on e 
manipulatio n tha t  m a y caus e thi s effect . 

How The parafovea noise parameter for size in the 
Nottingha m Interactio n Architectur e wa s se t  t o 3 0 % (fro m 
0 % ) .  Thi s represent s a  3 0 % chanc e tha t  a  bloc k i n th e 
parafove a wil l  hav e a  perceive d siz e differen t  t o it s actua l 
size . 

Predicted Effect The increased noise for block size 
shoul d lea d t o incorrec t  construction s attempt s involvin g 
block s o f  differen t  sizes .  Thes e error s shoul d als o increas e 
th e tim e take n t o construc t  eac h layer . 
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Tabl e 2 :  Compariso n betwee n th e RP A mode l  an d th e 
seve n yea r  ol d subjects .  Reliabl e difference s betwee n 
model  an d subject s (p<.05 )  ar e indicate d wit h a n * . 

Measur e 

Completio n tim e 

Number  o f  error s 

R PA Mode l 

109. 6 s * 

(11.8 ) 

1.2(1.3) * 

7 y o Subject s 

214. 4 s 
(95.8 ) 

7. 6 (2.4 ) 

. £ 2 0 • 

7yo' s RPA Mode l Adul t  Mode l 

E 0-11 — 
Slze 6 Size s 

1— 
Size 4 

— I — 
Size s Slze 2 

Figur e 4 :  T im e take n t o complet e eac h laye r  fo r  th e R P A 
model  an d th e seve n yea r  olds . 

Effect Table 2 shows the summary statistics for the 
R PA mode l  an d th e seve n yea r  ol d subjects .  Figur e 4 
shows tim e comparison s o n a  laye r  b y laye r  basis . 

Th e result s g o agains t  ou r  mai n predictio n tha t  ther e 
wil l  b e a  greate r  numbe r  o f  construction s mad e involvin g 
block s o f  differen t  size s (neithe r  th e origina l  adul t  mode l 
or  th e R P A mode l  produc e any) .  I n hindsight ,  thi s 
happen s becaus e whe n pickin g u p a  block ,  th e mode l 
fixate s upo n it .  A t  thi s poin t  th e bloc k i s i n th e fovea ,  th e 
correc t  siz e i s returned ,  an d i f  th e bloc k i s th e wron g siz e 
i t  i s  replaced .  Th e tim e take n t o complet e th e tas k 
increase s becaus e incorrec t  block s ar e picke d u p (bu t  ar e 
not  assembled) .  Thi s ca n b e quantifie d i n th e numbe r  o f 
fove a fixation s (105. 0 fo r  th e R P A mode l  versu s 92. 4 fo r 
th e adul t  model )  an d th e numbe r  o f  block s picke d u p (36. 8 
versu s 31.0) .  Th e R P A mode l  correlate s wel l  wit h th e 
seve n yea r  old s (t^=0.93 )  i n tim e take n t o construc t  eac h 
layer ,  bu t  th e timing s ar e wel l  belo w tha t  o f  th e subject s 
( R MS error=21.1s) . 

Reducin g th e parafove a siz e accurac y make s a n 
interestin g prediction .  I t  suggest s tha t  seve n yea r  old s 
eithe r  d o no t  examin e th e bloc k agai n onc e the y hav e 
decide d t o pic k i t  u p o r  thei r  fove a visio n i s no t  a s 
accurat e a s adults .  Th e visua l  strategie s employe d b y 
adult s ma y diffe r  fro m thos e o f  children . 

Reduced Working Memory Capacity (RWMC) 
Model 

W hy Severa l  developmenta l  theorie s sugges t  workin g 
memory capacit y ma y influenc e tas k performanc e (e.g . 
Case,  1985 ;  Halford ,  1993) .  O n th e Towe r  o f 
Nottingham ,  childre n hav e bee n note d t o searc h wit h 
replacemen t  (D.Wood ,  persona l  correspondence ,  1996) ,  a 
characteristi c whic h ma y wel l  b e linke d t o workin g 
memory i f  childre n forge t  whic h block s the y hav e trie d t o 
fit .  Thi s behaviou r  woul d lea d t o mor e incorrec t 
construction s usin g th e sam e blocks .  O n th e Tower ,  seve n 
yea r  ol d childre n fi t  th e sam e block s togethe r  a n averag e o f 
3. 7 times ,  wherea s thi s behaviou r  neve r  occur s i n adults . 

H o w Ou r  mode l  provide s a n eas y wa y t o manipulat e 

workin g memor y t o se e ho w i t  influence s performance . 
We implemente d a  reduce d workin g memor y capacit y b y 
alterin g thre e parameter s (th e firs t  tw o ar e parameter s i n 
A C T - R an d th e thir d i s a  parameter  i n th e Nottingha m 
Interactio n Architecture) :  (a )  Increasin g th e retrieva l 
threshol d require s construction s t o b e highe r  i n activatio n 

i n orde r  t o b e matche d b y rules ,  (b )  Increasin g th e deca y 
rat e mean s construction s ar e forgotte n mor e quickly . 
(c )  Reducin g th e numbe r  o f  visua l  memor y item s mean s 
tha t  visua l  memor y provide s les s suppor t  t o workin g 
memory. 

I n orde r  t o explor e th e effec t  o f  thes e parameter s w e use d 
tw o set s o f  values .  Firs t  (th e R W M Cl  model) ,  w e 
increase d th e retrieva l  threshol d fro m 0. 0 t o 2.5 ,  increase d 
th e deca y rat e fro m 0.0 5 t o 0.15 ,  an d reduce d th e numbe r 
of  item s i n visua l  memor y fro m 7  t o 3 .  Secon d (th e 
R W M C2 model) ,  w e furthe r  increase d th e retrieva l 
threshol d an d deca y rat e (t o 4  an d 0.22 5 respectively )  an d 
furthe r  reduce d th e numbe r  o f  visua l  memor y item s (t o 1) . 
Th e A C T - R workin g m e m o r y mechanism s tha t  w e 
manipulat e hav e als o bee n use d b y Lovett ,  Rede r  an d 
Lebier e (1997 )  i n thei r  A C T - R mode l  o f  workin g memor y 
differences . 

Predicted Effect Less working memory should lead to 
mor e searc h wit h replacement—th e sam e pair s o f  block s 
shoul d b e fi t  togethe r  mor e often .  Thi s shoul d mea n th e 
tas k wil l  tak e longe r  an d involv e mor e errors . 

Effect Table 3 shows summary statistics for the RWMC 
model s an d seve n yea r  ol d subjects .  Figur e 5  show s tim e 
comparison s o n a  laye r  b y laye r  basis . 

Reducin g th e workin g memor y capacit y i n th e adul t 
model  doe s no t  lea d t o fittin g th e sam e block s togethe r 
mor e ofte n ( 0 fo r  bot h R W MC models) .  However ,  whe n 
we includ e "mental "  fit s  (checkin g tha t  intende d 
construction s ar e flus h o n thei r  edge s withou t  actuall y 
fittin g th e blocks) ,  fittin g th e sam e block s i s considere d 

Table 3: Comparison between the RWMC models and 
seve n yea r  ol d subjects .  Reliabl e difference s betwee n 
model  an d subject s (p<.05 )  ar e indicate d wit h a n * . 

Measur e 

Completio n 
Tim e 

Number  o f 
Error s 

R W MC 
Model  1 

117. 6 s 
(27.5 ) 

0. 8 (0.8) * 

R W MC 
Model  2 
193. 8 s 
(59.9 ) 

1.4(0.9) * 

7 y o 
Subject s 

214. 4 s 
(95.8 ) 

7. 6 (2.4 ) 

RWMCl  Mode l  •  RWMC2 Mode l  "  Adul t  Model 
•oBOt 

Size s Size s Size 4 Size 3 Size 2 

Figur e 5 :  Tim e take n t o complet e eac h laye r  fo r  th e 
R W MC model s an d th e seve n yea r  olds . 
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3. 5 lime s fo r  th e R W M Cl  model ,  an d 11. 8 time s fo r  th e 
R W M C2 model ,  compare d wit h 2. 4 time s fo r  th e adul t 
model . 

Althoug h constructio n tim e increases ,  error s remai n 
fairl y  constan t  becaus e o f  th e menta l  fits ,  sinc e potentia l 
construction s mus t  b e flus h o n thei r  oute r  edge s (sinc e 
adult s neve r  produc e an y construction s tha t  ar e not) .  O n a 
laye r  b y laye r  basis ,  th e R W MC model s hav e clea r 
difference s fro m th e seve n yea r  ol d dat a ( R M S erro r  of 
20. 4 s  an d 17. 0 s  fo r  th e R W M Cl  an d R W M C2 model s 
respectively) . 

Reducin g th e workin g memor y capacit y ha s allowe d th e 
model  t o mov e close r  t o th e seve n yea r  ol d dat a fo r  overal l 
tim e taken ,  bu t  a t  th e sam e tim e reducin g th e fi t  o n a 
layer-by-laye r  basis .  Th e R W MC model s (particularl y 
R W M C 2)  d o no t  sho w a  stead y declin e i n tim e fo r  eac h 
subsequen t  laye r  constructed .  W e sugges t  thi s i s becaus e 
th e mode l  doe s no t  emplo y a  strateg y o f  gatherin g sam e 
size d block s togethe r  (subject s ofte n do) .  Thi s doe s no t 
affec t  behaviou r  fo r  th e adul t  model .  However ,  whe n 
workin g memor y i s reduce d i t  mean s tha t  th e furthe r  int o 
th e task ,  th e mor e sprea d ou t  th e block s become ,  an d th e 
greate r  th e relianc e i s upo n workin g memor y t o remembe r 
bloc k details .  Thi s increase s visua l  search ,  whic h i s wh y 
th e tim e rise s fo r  late r  layer s (ther e ar e 13 7 mor e fixation s 
fo r  th e las t  thre e layer s i n th e R W M C2 tha n fo r  th e adul t 
model) . 

Reduced Parafovea Accuracy and Reduced 
Workin g Memor y Capacit y ( R P A - R W M C) 
Model 

Why We hav e show n tha t  manipulatin g singl e variable s 
(a t  leas t  thes e variables )  i s no t  enoug h t o fi t  th e behaviou r 
of  seve n yea r  old s o n th e Towe r  o f  Nottingham .  Alterin g 
mor e tha n on e variabl e a t  a  tim e coul d lea d t o mor e 
interestin g behaviou r  a s i t  allow s interactio n betwee n 
variables . 

How We included both changes—the reduced parafovea 
accurac y an d reduce d workin g m e m o r y capacity .  Fo r  th e 
workin g m e m o r y changes ,  w e use d th e averag e o f  th e 

Table 4: Comparison between the RPA-RWMC model 
and 7  y o subjects .  Reliabl e difference s betwee n mode l  an d 

subject s (p<.05 )  ar e indicate d wit h a n * . 

Measur e 

Completio n tim e 

Number  o f  error s 

RPA-RWMC 
Model 

148. 2 s  (31.4 ) 

1.6(1.5) * 

7 y o Subject s 

214. 4 s  (95.8 ) 

7. 6 (2.4 ) 

•  7yo' s RPA-RWMC Mode l  •  Adul t  Mode l 

S40' 

£20-
o 
E oi l  ,  ,  1  1 

Size s Size s Slze 4 Slze 3 Size 2 
Figur e 6 :  Tim e take n t o complet e eac h laye r  fo r  th e RPA -

R W MC mode l  an d th e seve n yea r  olds . 

alteration s i n R W M Cl  an d R W M C2 (retrieva l  threshol d 
of  3 ,  deca y rat e o f  0.2 ,  an d 2  visua l  memor y items) . 

Predicted Effect The behaviour of the model should be 
consisten t  wit h tha t  of  th e independen t  reduce d parafove a 
accurac y an d reduce d workin g memor y capacit y models , 
althoug h w e expec t  tha t  th e effect s wil l  interact . 

Effect Table 4 shows summary statistics for the RPA-
R W MC mode l  an d th e seve n yea r  ol d subjects .  Figur e 6 
shows tim e comparison s o n a  laye r  b y laye r  basis .  Th e 
R P A - R W MC mode l  take s longe r  tha n th e adul t  model , 
but  no t  lon g enough .  I t  doe s no t  produc e enoug h error s 
either .  W h e n examine d o n a  layer-by-laye r  basis ,  th e 
R P A - R W MC model' s timing s d o no t  fi t  th e seve n yea r 
old s (r2=0.19 ;  R M S error=17. 1 s) . 

The interactio n of  th e reduce d parafove a accurac y an d 
reduce d workin g memor y ha s no t  lea d t o a  substantiall y 
differen t  mode l  ove r  an d abov e th e respectiv e individua l 
models .  Furthe r  modification s an d interaction s wil l  nee d 
t o b e explored .  Particula r  emphasi s shoul d b e aime d a t 
alteration s tha t  increas e th e error s tha t  th e mode l  makes . 

Summary 

We too k a n initia l  adul t  mode l  an d modifie d i t  t o simulat e 
a younge r  proble m solver :  perceptuall y (reducin g 
parafove a accuracy) ,  cognitivei y (reducin g workin g 
m e m o ry capacity) ,  an d i n combination .  Thes e change s 
impaire d th e performanc e o f  th e mode l  t o differin g degree s 
and i n differen t  ways .  N o n e o f  th e alteration s w a s 
sufficien t  t o produc e behaviou r  simila r  t o seve n yea r  olds . 

Thes e result s sugges t  tha t  simpl e change s m a y no t  b e 
enough .  Th e mos t  modifie d adul t  mode l  i s  stil l  s o m e 
distanc e fro m appearin g lik e a  younge r  proble m solver . 
However ,  th e change s hav e highlighte d behaviour s o f  th e 
model  tha t  shoul d b e investigate d further ,  suc h as  th e 
fixatio n strateg y w h e n a  bloc k i s  picke d up ,  an d th e 
strateg y o f  collectin g togethe r  al l  same-siz e blocks .  Th e 
modification s als o indicat e tha t  th e tw o learnin g mecha -
nism s use d m a y no t  b e sufficien t  t o mode l  children :  fo r 
most  o f  th e modification s made ,  th e layer-by-laye r  tren d 
doe s no t  matc h th e children . 

Althoug h th e change s hav e no t  enable d th e modifie d 
model s t o fit  th e seve n yea r  ol d data ,  ther e ar e m a n y othe r 
modification s tha t  w e ca n m a k e t o bot h th e Nottingha m 
Interactio n Architectur e an d th e mode l  (suc h a s change s i n 
processin g speed) .  Mak in g thes e change s an d examinin g 
thei r  effect s i s n o w straightforward . 

We wil l  als o hav e t o loo k furthe r  a t  combination s o f 
modifications .  Interactiv e effect s shoul d revea l  mor e abou t 
performanc e a t  differen t  ages ,  althoug h independen t 
change s ar e stil l  usefu l  fo r  ou r  understandin g o f  th e effect s 
the y have . 

Thi s wor k wil l  eventuall y lea d t o model s o f  h o w five 
and seve n yea r  old s solv e th e Towe r  tha t  ar e base d o n th e 
adul t  model .  W e hop e tha t  thes e model s wil l  b e abl e t o 
explai n individua l  difference s withi n ag e group s a s wel l  a s 
t o explai n th e progressio n betwee n age s (i n term s o f 
difference s betwee n th e model s rathe r  tha n transitio n 
mechanisms ,  fo r  th e momen t ) .  I n bot h cases ,  w e shoul d 
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be abl e t o highligh t  th e knowledg e difference s o r  architec -
tura l  change s tha t  lea d t o th e difference s i n behaviour . 

Furthe r  learnin g mechanism s ar e als o required .  Th e model s 
must  lear n o n a  layer-by-laye r  basi s bu t  th e learnin g 
mechanism s mus t  no t  b e impede d b y th e modification s 
tha t  ar e mad e t o th e model s (a s the y see m t o b e fo r  th e 
modification s reported) . 

We ar e no w i n a  positio n t o loo k a t  ho w proble m solv -
in g change s acros s developmen t  o n thi s task .  W e hav e a 
cognitiv e mode l  tha t  perform s th e task .  W e ca n ad d an d 
remov e knowledg e fro m th e cognitiv e mode l  an d w e ca n 
modif y th e architectur e t o represen t  developmenta l  change s 
i n cognitio n (th e cognitiv e mode l  base d i n ACT-R )  an d 
perceptio n (th e Nottingha m Interactio n Architecture) .  Thi s 
typ e o f  wor k wil l  hel p u s mor e directl y answe r  th e 
questio n "Wha t  develops?" . 
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Abstrac t 

Children acquire noun inflections before they acquire 
ver b inflections .  Nou n inflection s ar e ds o les s affecte d 
by languag e disorder s tha n ver b inflections .  We describ e 
a single-syste m connectionis t  mode l  o f  Englis h nou n an d 
ver b inflectio n whic h capture s thes e fact s o f  acquisitio n 
and atrophy ,  a s wel l  a s othe r  well-establishe d develop -
menta l  characteristic s suc h a s U-shape d learnin g an d th e 
abilit y  t o generalis e t o nove l  forms .  Th e mode l  make s 
th e nove l  experimenta l  predictio n tha t  irregula r  noun s 
ar e les s affecte d b y damag e tha n irregula r  verbs ,  eve n 
thoug h irregula r  noun s ar e harde r  t o learn . 

Int roduct io n 

The acquisitio n o f  pas t  tens e i n Englis h ha s bee n lon g 
studie d a s a  genera l  touchston e fo r  th e developmen t  o f 
morpholog y an d productiv e linguisti c rule s i n children . 
The genera l  patter n o f  pas t  tens e formatio n fo r  Englis h 
i s wel l  understood ;  th e overwhelmin g majorit y o f  En -
glis h verb s hav e a  simpl e pas t  tens e for m whic h ca n b e 
describe d a s th e additio n o f  on e o f  thre e variant s o f  th e 
'-ed '  suffi x  t o a  bas e stem .  A  significan t  minority ,  par -
ticularl y o f  relativel y commo n verbs ,  tak e a  so-calle d 
"irregular "  form ,  whic h ma y o r  ma y no t  b e systemat -
icall y relate d t o th e ste m for m o r  t o th e form s o f  othe r 
words .  Th e developmenta l  cours e i s nearl y a s wel l  un -
derstood ;  childre n typicall y begi n b y correctl y producin g 
a smal l  numbe r  o f  bot h regula r  an d irregula r  forms ,  the n 
produc e characteristicall y "overregularized "  form s fo r  a 
smal l  bu t  significan t  fractio n o f  thei r  ver b forms .  The y 
the n appea r  t o re-lear n th e correc t  form ,  producin g th e 
classi c "U-shape d development "  (Berko ,  1958 ;  Meircu s 
et  al ,  1992) .  Englis h nou n plural s appea r  t o shar e man y 
of  th e sam e characteristic s a s ver b pas t  tenses .  Ther e 
i s a  simila r  genera l  rul e an d a  small ,  semi-regula r  grou p 
of  common exceptions .  Brow n (1973) ,  Marcu s (1995) , 
Marchman,  Plunkett ,  an d Goodma n (i n press )  hav e de -
scribe d broadl y simila r  tim e course s fo r  th e acquisitio n o f 
plura l  nouns ,  includin g th e U-shape d curv e an d approx -
imatel y simila r  overal l  rate s o f  overregularization .  Man y 
of  th e sam e phonotacti c feature s (suc h a s voicin g assim -
ilatio n and/o r  epenthesis )  ar e relevan t  t o th e acquisitio n 
of  bot h noun s an d verbs . 

Interpretation s an d model s o f  thi s phenomeno n vary ; 
Marcu s e t  al .  (1992 )  (amon g others )  hav e suggeste d tha t 
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th e emergenc e o f  th e overregularize d form s i s indicativ e 
of  th e developmen t  o f  " a menta l  operatio n implement -
in g th e -ed-sufiixatio n rul e posite d b y grammarians "  [pg . 
8]  capturin g th e formatio n o f  pas t  tens e an d th e memo-
rizatio n o f  specifi c  lexica l  exception s t o th e genera l  rule . 
Othe r  researcher s (Daughert y &  Seidenberg ,  1992 ;  Plun -
ket t  & :  Marchman ,  1991 )  hav e argue d instea d tha t  a  sin -
gl e connectionis t  networ k i s capabl e o f  producin g thi s 
pattern ,  an d thu s tha t  a  singl e rout e suffice s t o explai n 
th e evidence . 

Her e w e presen t  a  single-system ,  feedforward ,  connec -
tionis t  mode l  t o compar e th e acquisitio n o f  nou n an d 
ver b inflectio n head-to-head .  T o thi s end ,  w e hav e con -
structe d a  mode l  tha t  simultaneousl y acquire s nou n plu -
ral s an d ver b pas t  tenses .  W e us e thi s mode l  t o deter -
min e th e pattern s o f  master y (an d errors )  produce d b y a 
networ k whic h onl y ha s acces s t o phonologica l  represen -
tation s o f  stem s an d thei r  inflecte d forms ,  an d thei r  typ e 
and toke n frequencies .  Th e pattern s o f  performanc e i n 
th e networ k ar e the n compare d directl y wit h th e acqui -
sitio n dat a fo r  youn g children .  W e furthe r  describ e th e 
effect s o f  damagin g thi s networ k t o compar e performanc e 
wit h th e dat a o n impaire d adul t  performance . 

The Model 

Networ k configuratio n 

The connectionis t  simulatio n use s a  multi-laye r  percep -
tro n networ k usin g backpropagatio n o f  erro r  (Rumel -
hart ,  Hinton ,  &  Williams ,  1986) .  Th e simulatio n wa s 
buil t  usin g th e PlaNe t  simulato r  (Miyata ,  1991 )  usin g 
130 unit s fo r  th e inpu t  layer ,  16 0 unit s fo r  th e outpu t 
layer ,  an d 20 0 unit s a s th e hidde n layer .  Th e syste m 
was traine d wit h a  learnin g rat e (r? )  o f  0. 1 an d n o mo -
mentu m ( a - O ) .  TVainin g wa s performe d vi a a  patter n 
updat e schedule ,  wher e eac h patter n wa s presente d indi -
viduall y t o th e networ k (i n rando m order )  an d trainin g 
performe d o n eac h pattern . 

Training corpus and representation 

The trainin g dat a fo r  th e simulation s wer e take n fro m 
th e C E L E X corpu s (Baayan ,  Piepenbrock ,  &  Rijn , 
1993) ;  w e extracte d fro m thi s databas e al l  word s whic h 
wer e monosyllabic ,  whic h containe d n o "foreign "  sound s 
i n thei r  pronunciatio n an d fo r  whic h w e ha d evidenc e 
tha t  the y coul d b e use d a s noun s o r  verbs .  Thi s yielde d 
a tota l  corpu s o f  262 6 stems ,  whic h encompasse d 322 6 
tota l  inflecte d type s (228 0 noun s an d 94 6 verbs) .  O f 
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thes e types ,  2 6 wer e irregula r  noun s an d 12 2 wer e irreg -
ula r  verbs .  Fo r  thes e words ,  w e too k th e correspondin g 
toke n frequencie s (o f  th e stems )  fro m th e Brow n corpu s 
(Kucer a &  Francis ,  1967 )  a s a  roug h measur e o f  toke n 
frequencie s i n runnin g speech .  Th e toke n frequencie s o f 
word s wer e individuall y tabulate d a s noun s an d verbs , 
the n th e functio n log2(/req ^  +  1 )  applie d t o thes e fre -
quencie s t o flatte n the m int o somethin g mor e presentabl e 
t o th e network .  Th e fina l  v£iricmc e wa s betwee n 1  an d 2 1 
tokens/inflecte d type ,  meanin g tha t  th e mos t  frequen t 
word s appeare d jus t  ove r  twent y time s a s ofte n a s th e 
least .  Th e fina l  toke n frequencie s wer e heavil y domi -
nate d b y nouns ;  o f  th e 1712 9 token s i n th e trainin g set , 
1304 5 wer e nou n token s (20 4 o f  the m irregular )  an d 408 4 
wer e ver b token s (99 7 o f  the m irregular) . 

The trainin g corpu s wa s prepare d b y convertin g th e 
Moby symboli c pronunciatio n (Ward ,  1997 )  int o a  larg e 
binar y vecto r  usin g a  modificatio n o f  th e PGPfon e al -
phabe t  representatio n (Juol a &  Zimmermann ,  1996) . 
Each phonem e wa s represente d a s a  cluste r  o f  1 6 binar y 
phoneti c feature s includin g aspect s suc h a s place ,  man -
ner ,  an d heigh t  o f  eurticulation .  Eac h wor d Wci s divide d 
int o onset-nucleus-cod a constituent s an d right-justifie d 
withi n a  C C C V V C CC templat e (e.g .  th e wor d "cat " 
(/kAt/ )  woul d b e represente d b y th e trainin g patter n 
# # k # A # # t ,  wher e '# '  represent s a n absen t  sound) . 
To thi s 128-bi t  pattern ,  tw o additiona l  bit s wer e ap -
pende d representin g th e syntacti c for m t o b e inflecte d 
into ,  eithe r  th e pas t  tens e (o f  a  verb )  o r  th e plura l  (o f 
a noun) .  Th e desire d output s wer e a  similau :  encodin g 
of  th e phonolog y o f  th e inflecte d form ,  includin g a n op -
tiona l  epentheti c vowe l  an d final  consonant . 

Simulation s wer e ru n unde r  tw o trainin g schedules ; 
mass trainin g an d incrementa l  training .  I n mas s train -
ing ,  al l  th e stem s an d inflecte d form s ar e availabl e t o th e 
networ k throughou t  th e trainin g process .  I n incremen -
ta l  training ,  trainin g start s ou t  wit h a  smal l  numbe r  o f 
hig h frequenc y word s (2 0 types) .  Th e trainin g se t  i s  the n 
graduall y expande d (5 % ne w type s pe r  epoch )  t o includ e 
word s o f  decreasin g frequency  unti l  th e entir e corpu s i s 
absorbed .  Thes e tw o trainin g schedule s ar e intende d t o 
captur e th e distinctio n betwee n inpu t  t o th e chil d an d 
uptak e b y th e chil d (Plunket t  &  Marchman ,  1993) . 

Analysis techniques 

All simulations were performed with five different ran-
do m startin g seed s t o asses s th e reliabilit y  o f  th e find-
ings .  Unles s otherwis e stated ,  al l  result s reflec t  th e mea n 
over  thes e five  simulations .  A t  th e en d o f  ever y epoc h 
(whic h recal l  ma y contai n ove r  seventee n thousan d indi -
vidua l  patter n trials) ,  th e syste m wa s evaluate d t o de -
termin e what ,  an d ho w much ,  ha d bee n learned .  Ever y 
outpu t  patter n wa s examine d t o determin e th e neares t 
lega l  phonem e i n eac h templat e positio n an d the n com -
pare d wit h th e "correct "  sequence .  W e specificall y focu s 
her e o n th e numbe r  o f  correc t  inflections ,  an d o n th e 
overregularizatio n rate ,  define d a s 

( -

overregularize d type s 

(overregularize d type s -1 -  correc t  types ) 
*  100 % 

Each o f  th e five  startin g point s yielde d a  uniqu e weigh t 
configuratio n afte r  11 5 increment s an d wa s use d a s th e 
basi s fo r  th e lesionin g experiments .  Incremen t  11 5 i s th e 
earlies t  poin t  a t  whic h th e networ k ha d see n th e entir e 
trainin g corpu s and ,  ei s migh t  b e expected ,  i s th e poin t 
wit h th e wors t  overal l  performanc e o n th e trainin g cor -
pus .  Becaus e o f  th e hig h erro r  rat e unde r  "normal "  cir -
cumstances ,  i t  i s  reasonabl e t o assum e tha t  i t  woul d b e 
th e mos t  sensitiv e t o damag e an d therefor e a n appropri -
at e tim e t o lesio n i n searc h o f  interestin g erro r  patterns . 

Each o f  th e five  network s wa s lesione d b y randoml y 
removin g individua l  weight s whil e leavin g th e basi c net -
wor k topolog y intact .  Th e lesionin g wa s performe d a t 
eightee n differen t  levels ,  consistin g o f  singl e percentage s 
fro m 1 % (leavin g 9 9 % o f  th e networ k weight s unchanged ) 
t o 9%,  an d a t  increment s o f  te n percen t  fro m 10 % t o 
90%.  Eac h networ k w£i s lesione d fou r  time s a t  eac h level , 
yieldin g a  tota l  o f  36 0 separat e experimenta l  "subjects. " 
(Al l  lesio n level s ar e hencefort h referre d t o b y percentag e 
of  connection s remaining. ) 

We normalize d lesione d performanc e b y calculatin g i t 
as a  percentag e o f  bciselin e performanc e o f  th e undam -
aged networ k use d a s a  bjis e fo r  eac h subject .  Becaus e 
i n memy cases ,  especiall y fo r  irregula r  noun s an d verbs , 
th e bciselin e performanc e include d errors ,  i t  occasionall y 
happene d tha t  th e performanc e o f  a n individua l  subjec t 
on a n individua l  categor y woul d excee d th e baseline , 
resultin g i n apparentl y paradoxica l  performanc e level s 
tha t  excee d 100% .  I n othe r  words ,  unde r  certai n cir -
cumstances ,  damag e ca n actuall y improv e performance . 

We furthe r  analyze d al l  36 0 "subjects "  agains t  a  se t 
of  propertie s w e believ e t o b e completel y psycholinguis -
ticall y unsalient .  Specifically ,  fo r  eac h wor d token ,  w e 
determine d whethe r  th e first  pronounce d phonem e wa s 
fro m th e first  o r  secon d hal f  o f  th e alphabet ,  an d whethe r 
i t  wa s represente d i n ASCI I  b y a n od d o r  eve n numbe r 
(od d o r  eve n "parity") .  Thi s analysi s provide s u s wit h 
a baselin e agains t  whic h t o compar e breakdown s i n per -
formanc e alon g linguisticall y salien t  lines . 

Acquisition Results 

Figur e 1  show s tha t  a  singl e syste m i s capabl e o f  learn -
in g bot h nou n plura l  an d ver b pas t  tens e morphology ; 
i n fact ,  performanc e o n th e regula r  type s i s near-perfec t 
afte r  th e first  ful l  epoc h o f  training .  Performanc e o n 
irregula r  type s lag s significantly ;  performanc e afte r  20 0 
epoch s o f  trainin g yielde d 8 0 % o f  irregula r  nou n type s 
and 9 5 % o f  irregula r  ver b type s tha t  wer e correctl y in -
flected. 

An importan t  consideratio n i n th e simulatio n o f  U -
shape d learnin g curve s i s th e initia l  acquisitio n o f  th e 
correc t  form s fo r  som e irregula r  forms .  Becaus e th e 
learnin g o f  a  connectionis t  syste m i s strongl y influence d 
by th e typ e frequenc y o f  trainin g patterns ,  rar e form s 
ar e generall y onl y learne d wel l  whe n the y ar e mad e es -
peciall y salien t  t o suc h systems .  Th e statisticz d dom -
inanc e o f  regula r  form s tend s t o mcik e thes e mor e in -
fluential  unles s irregula r  form s ar e someho w mad e mor e 
salient .  I n particular ,  th e initia l  error-fre e perio d o f  ir -
regula r  productio n ca n b e problemati c fo r  connectionis t 
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Figur e 2 :  % o f  know n type s correc t  b y increment . 

system s (an d doe s not ,  fo r  instance ,  appea r  i n figur e 1) . 
I n analysi s o f  incrementa l  training ,  i t  i s  importan t 

t o kee p i n min d th e differenc e betwee n performanc e o n 
word s alread y presente d t o (an d know n by )  th e network , 
and word s tha t  wil l  eventuall y b e pas t  o f  th e treiinin g cor -
pus bu t  hav e no t  ye t  bee n added .  Accordingl y w e displa y 
th e mea n numbe r  o f  know n type s correctl y inflecte d a t 
eac h increment . 

As trainin g progresses ,  th e networ k learn s t o inflec t 
correctl y th e entir e trainin g corpus .  A s i n above ,  w e se e 
tha t  performanc e o n regula r  noun s eventuall y dominate s 
regula r  verbs ,  a s wel l  a s irregular s o f  al l  sorts ,  an d tha t 
irregula r  noun s ar e th e mos t  difficul t  overall .  However , 
figur e 2  clearl y demonstrate s a n th e characteristi c initia l 
perio d wher e th e networks '  performance s o n irregula r 
form s i s perfect ,  (an d bette r  a s a  percentag e o f  tota l  vo -
cabular y tha n tha t  o f  regula r  forms) .  Overregularizatio n 
performanc e (figur e 3 )  show s a  simila r  curve . 

Studie s o f  th e tim e cours e an d erro r  rat e o f  nou n in -
flections  i n childre n ar e unfortuatel y rathe r  rare ;  th e 
best  know n i s probabl y Marchma n e t  al .  (i n press )  an d 
thei r  respons e t o th e claim s o f  Marcu s (1995 )  abou t  rel -
ativ e rate s o f  overregularizatio n o f  noun s an d verbs .  Th e 
Marchman e t  al .  (i n press )  stud y i s unfortunatel y rathe r 
limite d i n tha t  the y focuse d o n th e developmen t  o f  onl y 
five  noun s an d sixtee n verbs ,  compare d t o th e nearl y 17 0 
irregula r  form s modelle d here .  Nonetheless ,  ou r  result s 

Figur e 4 :  Regularizatio n o f  nonc e word s b y epoc h o r 

incremen t  acros s trainin g regimes . 

ar e broadl y simila r  i n that ,  a s foun d b y M a r c h m a n e t  al . 
(an d predicte d b y Marcus) ,  overregularization s o f  noun s 
happene d bot h earlie r  an d mor e frequentl y tha n thos e 
of  verbs .  A  significan t  finding  i s tha t  th e mos t  frequen t 
irregula r  word s wer e remarkabl y resisten t  t o overregular -
ization ;  n o wor d wit h a  toke n frequenc y o f  greate r  tha n 
243 (15 ,  i n ou r  trainin g set )  wa s eve r  overregularized . 
Thus ,  moderatel y c o m m o n word s lik e "keep, "  "tell, "  an d 
"let "  (a s wel l  a s extremel y c o m m o n form s lik e "see "  an d 
"man" )  wer e immun e t o overregularization ,  whil e onl y 
marginall y les s c o m m o n word s lik e "wife, "  "child, "  an d 
"hold "  wer e overregularize d upo n occasion . 

Th e developmenta l  cours e o f  generalizatio n t o nove l 
stem s i s depicte d i n figure  4 .  Fo r  purpose s o f  comparison , 
we als o includ e th e generalizatio n profil e unde r  th e mas s 
trainin g schedul e o f  Simulatio n 1 . 

Figur e 4  show s tha t  th e networ k i s abl e t o generaliz e 
th e correc t  suffi x  t o nove l  noun s an d verbs .  B y th e en d 
of  trainin g ove r  9 0 % o f  al l  nove l  noun s ar e inflecte d wit h 
th e correc t  suffi x  a s ar e ove r  8 0 % o f  al l  nove l  verbs .  Sec -
ondly ,  th e flnal  leve l  o f  generalizatio n o f  th e networ k i s 
independen t  o f  th e trainin g regim e adopte d (mas s ver -
sus incremental )  indicatin g tha t  generalizatio n i s deter -
mine d mor e b y th e trainin g corpu s tha n b y th e trainin g 
method . 
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Figur e 6 :  Normalize d performanc e level s a s a  functio n 

of  networ k remainin g afte r  lesio n 

Generalizatio n £ils o show s a  pronounce d developmen -
ta l  profil e fo r  th e incrementa l  trainin g regime .  Durin g 
earl y training ,  th e networ k i s unabl e t o ad d a n appro -
priat e suffi x  t o a  nove l  form .  A s th e trainin g vocabular y 
expand s th e generalizatio n performanc e increase s expo -
nentiaJl y unti l  i t  asymptote s a t  th e level s indicate d i n 
figure  4 .  However ,  th e developmenta l  profil e o f  general -
izatio n differ s fo r  noun s an d verbs .  Th e networ k regu -
larize s nove l  verb s considerabl y late r  tha n nove l  nouns . 

Th e profile s o f  developmen t  depicte d i n figure 4  sug -
ges t  tha t  a  critica l  mas s o f  noun s an d verb s i s require d 
i n th e trainin g se t  befor e hig h level s o f  generalizatio n ar e 
achieved .  Similarly ,  th e sudde n onse t  o f  overregulariza -
tio n error s depicte d i n figure 3  indicat e a  mas s actio n 
eflFec t  a t  work .  Thes e findings  ar e commensurat e wit h 
earlie r  wor k (Plunket t  &  Meirchman ,  1993 ;  Ma rchma n 
& Bates ,  1994) .  However ,  i n th e curren t  simulation s 
ther e i s substantia l  dela y betwee n sudde n increase s i n 
th e variou s performanc e measure s fo r  noun s an d verbs . 
T h e critica l  mas s hypothesi s predict s tha t  thes e delay s 
ar e directl y relate d t o th e numbe r  o f  noun s an d verb s i n 
th e corpu s a t  differen t  point s i n training . 

Figur e 5  show s th e relationshi p betwee n th e averag e 
number  o f  nove l  form s regularize d an d th e numbe r  o f 
type s o f  a  give n syntacti c categor y presen t  i n th e train -
in g se t  a t  eac h point .  I n conjunctio n wit h figure  4 ,  i t 
provide s suppor t  fo r  thi s critica l  mas s hypothesi s i n sev -
era l  ways .  First ,  th e curve s ax e highl y nonlinear ,  showin g 
a rapi d increas e i n regularizatio n rat e unti l  th e numbe r 
of  syntacti c type s i n th e trainin g se t  reache s aroun d 10 0 
th e rat e o f  generalizatio n increeise s dramatically .  Thi s 
i s compatibl e wit h th e ide a o f  a  threshhol d effect .  Sec -
ondly ,  th e curve s fo r  noun s am d verb s i n figure 5  ar e 
nearl y identical ,  showin g tha t  a  simila r  proces s o f  mas s 
actio n i s operatin g fo r  bot h syntacti c types .  Th e de -
velopmenta l  dela y betwee n noun s an d verb s show n i n 
figure  4  reflect s th e compositio n o f  th e inpu t  vocabu -
lar y a t  differen t  stage s i n training .  Th e smal l  advantag e 
of  noun s ove r  verb s i n figure 5  reflect s th e relativ e ho -
mogeneit y o f  nou n inflection s compare d t o verb s (recal l 
tha t  ther e ar e m a n y mor e irregula r  verb s tha n irregula r 
nouns) . 

L e s i o n i n g R e s u l t s 

M e an performanc e level s fo r  eac h combinatio n o f  regu -
larity ,  syntacti c category ,  an d damag e leve l  i s  presente d 
as figure  6 .  Eac h dat a poin t  i s  th e normalize d mea n per -
formanc e fo r  2 0 subject s ove r  th e subse t  o f  trainin g dat a 
correspondin g t o eac h categor y (e.g .  regula r  nouns) . 

Individua l  performanc e leve l  wer e analyze d unde r  a 
four-wa y anadyi s o f  varianc e ( A N O V A ) ,  wit h damag e 
level ,  syntacti c category ,  an d regularit y treate d a s withi n 
group s factor s an d bas e networ k treate d a s a  betwee n 
group s factor .  Th e singl e mos t  significan t  predicto r 
of  networ k performanc e wa s th e amoun t  o f  damage ; 
greate r  damag e resulte d i n lowe r  performanc e (F(3,17 ) 
= 422.093) .  Ther e wer e als o significan t  mai n effect s fo r 
regularit y (regula r  form s wer e mor e resistan t  t o damage ; 
F(3,l )  =  251.328 )  an d fo r  synta x (noun s wer e mor e re -
sistan t  t o damage ;  F(3,l )  =  37.357 ,  1) .  N o significan t 
mai n effec t  o f  underlyin g networ k wa s noted .  Al l  o f  th e 
abov e eflfect s wer e significan t  a t  p  <  0.001 . 

Significan t  interaction s wer e note d betwee n damag e 
leve l  an d regularity ,  an d betwee n damag e leve l  an d syn -
tacti c categor y (bot h significan t  a t  p  « :  0.001 )  (F(3,17 ) 
= 15.238 ,  4.330) ,  althoug h thes e interaction s disap -
peare d whe n w e controlle d fo r  floor  an d effects. .  A  fur -
the r  interactio n wa s observe d betwee n synt£w;ti c categor y 
an d regularit y a t  a  lowe r  bu t  stil l  highl y significan t  leve l 
(F(3,l )  =  12.064 ,  p  <  0.003) .  Thi s interactio n represent s 
th e fac t  tha t  regulei r  form s ar e mor e strongl y influence d 
by syntacti c categor y (regula r  noun s ar e mor e superio r 
t o regula r  verb s tha n irregula r  noun s ar e t o irregula r 
verbs) .  N o significan t  three-wa y (o r  greater )  interaction s 
wer e observed . 

I n th e lst/2n d odd/eve n experiment ,  w e foun d simila r 
mai n effect s o f  damage .  W e als o foun d highl y significan t 
(F(3,l )  =  66.612,1 ;  p  <  0.001 )  effect s o f  first  hal f  o f 
th e alphabe t  superiorit y (whic h m a y reflec t  underlyin g 
distribution ,  a s discusse d below) ,  bu t  n o significan t  mai n 
effec t  o f  parit y o r  o f  network . 

Th e syntcix-by-regularit y interactio n i s somewha t  sur -
prising ,  a s w e hav e foun d tha t  irregula r  verb s are ,  i n 
general ,  learne d mor e accuratel y an d faste r  tha n irregu -
la r  nouns .  Th e lesionin g dat a presente d her e indicat e a n 
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opposit e tren d fo r  atrophy .  Althoug h irregula r  verb s ar e 
learne d faste r  tha n irregula r  nouns ,  the y ar e mor e sen -
sitiv e t o damag e an d mor e easil y lost .  Th e reason s fo r 
thi s ar e a s ye t  unclear ,  althoug h on e migh t  expc (  t  a  ce- i  -
tai n contributio n fro m th e highe r  word-for m frequciicir s 
of  irregulci r  noun s i n compariso n wit h irregula r  verbs . 

We hav e argue d elsewher e tha t  typ e and/o r  toke n fre -
quenc y ca n b e on e o f  th e mos t  importan t  determinin g 
factor s i n connectionis t  learning .  Thi s als o m a y ex -
plai n som e o f  th e statistica l  odditie s i n th e alphabet -
half/p£irit y  analysi s (i f  on e bi n contain s m a n y more ,  o r 
mcin y mor e frequent ,  words) .  T o examin e thi s possibility , 
we divide d th e trainin g se t  int o frequenc y quartile s (ap -
proximatel y 2 5 % o f  type s i n eac h quartile ,  irrespectiv e o f 
syntacti c categor y o r  regularity )  an d performe d a  simila r 
5-wa y A N O V A.  I n thi s reanalysis ,  damag e remaine d sig -
nifican t  (F(4,17 )  =  415.847 ,  p  <  0.001) ,  whil e frequenc y 
quartil e wa s als o strongl y significan t  (F(4,3) = 162.442 ,  p 
< 0.001) .  Th e mai n effec t  o f  regularit y remaine d signifi -
can t  (F(4,l )  =  312.416 ,  p  « :  0.001) ,  whil e th e mai n effec t 
of  syntacti c categor y evaporate d int o non-significance . 

Discountin g th e damag e interaction s (which ,  a s above , 
can b e attribute d t o floor  effects) ,  w e foun d significan t 
interaction s betwee n synta x an d regularit y (F(4,l )  = 
385.872 ,  p  «  0.001) ,  synta x an d frequenc y (F(4,3 )  = 
18.204 ,  p  « :  0.001) ,  an d regularit y an d frequenc y (F(4,3 ) 
= 95.427 ,  p  < C 0.001) .  Noun s appea r  t o b e mor e sensitiv e 
t o frequenc y effect s tha n verbs ,  an d irregular s appea r  t o 
be mor e sensitiv e t o frequenc y effect s tha n regulars . 

Becaus e Englis h word s ar e no t  uniforml y distribute d 
throughou t  th e alphabet ,  ther e isn' t  a  unifor m distribu -
tio n o f  wor d type s t o th e variou s bins .  I n fact ,  ther e 
ar e mor e noun s tha n verbs ,  an d mor e regula r  tha n ir -
regula r  forms .  Similarly ,  ther e ar e mor e word s i n th e 
first  hal f  o f  th e alphabe t  tha n i n th e second ,  a s wel l 
as mor e word s o f  eve n parit y tha n o f  odd .  I f  w e pos -
tulat e a  subse t  o f  "difficult "  (i.e. ,  har d t o learn ,  sensi -
tiv e t o damage )  wor d types ,  i t  i s  unlikel y tha t  the y wil l 
be evenl y distribute d amon g an y particula r  typ e taxon -
omy,  wit h th e resul t  tha t  th e taxo n wit h fewe r  difficul t 
word s woul d presumabl y perfor m better ,  perhap s signif -
icantl y so .  I t  woul d appea r  tha t  verb s ar e th e "difficult " 
form s (base d o n thei r  relativ e inferiorit y wit h respec t  t o 
nouns) .  Certainly ,  th e absenc e o f  significan t  three-wa y 
interaction s woul d b e predicte d i f  difficul t  form s wer e 
uniforml y distribute d withi n th e individua l  categorie s o f 
irregula r  noun ,  irregula r  verb ,  an d s o forth .  However , 
th e frequenc y analysi s suggest s tha t  th e "difficult "  form s 
ar e i n man y case s simpl y th e rar e ones ;  c o m m o n ver b 
form s ar e happil y learne d (an d strongl y retained) ,  whil e 
uncommon nou n form s ar e lost .  Althoug h eve n whe n fre -
quenc y i s controlle d for ,  a  regular-superiorit y mai n effec t 
i s  stil l  present ,  arguin g that ,  i n lin e wit h c o m m o n sense , 
irregular s m a y b e mor e "difficult "  tha n irregulars . 

Psycholinguistic comparison 

As far as we are aware, the simulations reported here are 
th e first  t o trac k th e developmenta l  trajector y o f  a  neura l 
networ k traine d o n a  realisti c corpu s o f  Englis h noun s 

(228 0 types )  o r  verb s (94 6 types)^ .  Indeed ,  th e mode l 
incorporate d al l  th e monosyllabi c noun s an d verb s fro m 
th e Brow n corpus . 

Th e performanc e o f  th e network s mimic s tha t  o f  chil -
dre n an d adult s i n a  numbe r  o f  importan t  respects . 
First ,  al l  sinmlation s (mas s an d incremental )  ar e abl e 
t o lear n th e trainin g corpu s t o near-perfectio n (abov e 
9 9 % fo r  bot h noun s an d verbs) .  Second ,  th e profil e 
of  overregularizatio n error s fo r  bot h noun s an d verb s 
i n th e networ k mimic s th e well-documente d U-shape d 
profil e o f  developmen t  i n children .  Fo r  ver b pas t  tens e 
forms ,  thi s resul t  replicate s an d extend s th e findings  re -
porte d fo r  model s traine d o n smalle r  vocabularie s (Plun -
ket t  &  Marchman ,  1993 ,  1996) .  However ,  thi s i s th e 
first  demonstratio n i n whic h a  neura l  networ k mode l 
has simulate d th e well-know n U-shape d developmen t  fo r 
nou n plurals ,  i n particula r  producin g a  initia l  phas e o f 
error-fre e performance .  Thi s finding flatly  contradict s 
th e clai m o f  Marcu s (1995) : 

'Because irregular nouns plurals are so rare, there 
i s unlikel y t o eve r  b e a  stag e i n whic h irregula r  plu -
ral s dominat e regula r  plurals ;  henc e th e Rumelhar t 
& McClellan d mode l  woul d probabl y overregulaxiz e 
eve n it s earlies t  plurals. '  (p .  450 ) 

Our model not only produces initial error-free perfor-
mance o n nou n plural s bu t  doe s s o i n th e contex t  o f 
initia l  error-fre e performanc e o n ver b pas t  tens e forms . 

Third ,  th e onse t  o f  overregularizatio n error s o n noun s 
tend s t o occu r  earlie r  tha n overregularizatio n error s o n 
verb s i n th e network .  Thi s resul t  i s  als o consisten t  wit h 
th e dat a reporte d i n M a r c h m a n e t  al .  (i n press) .  T h e 
dat a fo r  th e fou r  childre n analyse d i n Marcu s (1995 ) 
ar e heterogenou s i n thi s respect—Ada m overregularize s 
noun s befor e h e overregularize s verbs .  Ev e an d Sara h 
sho w th e revers e patter n an d A b e start s overregulariz -
in g noun s an d verb s aroun d th e sam e time^ .  However , 
bot h studie s demonstrat e tha t  th e rat e o f  overregular -
izatio n fo r  noun s i s greate r  tha n tha t  fo r  verbs .  Thi s i s 
als o tru e o f  th e simulatio n a s ca n b e see n i n figure  3 . 
Overregularizatio n error s ar e als o les s hkel y t o occu r  o n 
form s wit h a  hig h toke n frequency .  Again ,  thi s replicate s 
th e result s o f  earlie r  wor k wit h smalle r  ver b vocabularie s 
an d demonstrate s tha t  th e frequenc y effec t  scale s u p t o 
large r  vocabularie s an d extend s t o nou n morphology . 

As y e rise ,  s o shal l  y e fall .  Ther e i s unfortunatel y 
rathe r  littl e dat a o n expecte d los s afte r  injury ,  althoug h 
(Bishop ,  1997 )  suggest s tha t  developmenta l  disorder s hi t 
ver b acquisitio n harde r  tha n nouns .  T h e networ k sim -
ulation s agre e t o th e exten t  tha t  verb s ar e generall y 
mor e impaire d fo r  a  particula r  leve l  o f  lesioning .  Reg -
ula r  form s ar e mor e robus t  i n th e fac e o f  damag e tha n 
irregula r  form s i n thes e networks .  Result s fro m human s 

^MacWhinne y an d Leinbac h (1991 )  describ e a  simulatio n 
incorporatin g a n eve n large r  corpu s o f  verb s an d a  wide r 
rang e o f  inflections .  However ,  thei r  pape r  doe s no t  provid e a 
detaile d analysi s o f  th e developmenta l  trajector y o f  th e net -
work' s performance .  I n peirticular ,  the y provid e n o accoun t 
of  earl y U-shape d learning . 

^Onset s o f  ver b overregularizatio n fo r  thes e fou r  childre n 
ar e take n fro m Marcu s e t  al .  (1992) . 
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(adult s aji d children )  cils o sho w thi s patter n o f  atroph y 
thoug h th e opposit e patter n o f  defici t  ca n b e observed , 
i.e .  ther e i s a  double-dissociatio n betwee n regula r  an d ir -
regula r  forms .  I t  migh t  als o b e predicte d tha t  aspect s o f 
languag e whic h ax e difficul t  t o lear n ar e th e mos t  fragile . 
Our  networ k generall y support s thi s statement ,  wit h th e 
exceptio n tha t  irregula r  nouns ,  whic h ar e mor e difficul t 
t o lear n thcu i  irregula r  verbs ,  ar e nonetheles s bette r  pre -
served .  W e awai t  wit h interes t  t o se e whethe r  thi s cils o 
hold s i n humans . 

Conclusions 

We hav e thu s presente d a  single-rout e or ,  mor e accu -
rately ,  single-proces s model ,  base d o n cu i  associativ e net -
work ,  tha t  i s  capabl e o f  inflectin g ver b stem s t o produc e 
pas t  tense s o r  nou n stem s t o produc e plurals .  I t  han -
dle s bot h regula r  an d irregula r  form s wit h reasonabl e 
accuracy ,  despit e havin g a  muc h lau-ge r  vocabular y tha n 
many relate d project s e.g .  Daughert y an d Seidenber g 
(1992) ,  Plunket t  an d Marchma n (1991 ,  1993) .  I t  pro -
duce s linguisticcdl y plausibl e generalizations ,  capturin g 
aspect s suc h a s performcuic e o n nonc e words .  I n furthe r 
anjilyses ,  w e hav e als o show n tha t  thes e network s pro -
vid e generalizatio n o f  voicin g assimilatio n eve n i n th e 
absenc e o f  syntacti c information ,  an d regularize d inflec -
tio n o f  cross-categoria l  processe s suc h a s denomina l  verb s 
or  deverba l  nouns . 

Thi s syste m thu s demonstrate s tha t  a  singl e rout e t o 
inflectiona l  morpholog y i s capabl e o f  producin g th e per -
formanc e necessar y fo r  a  psycholinguisticall y meaningfu l 
model  o f  nou n an d ver b inflection ,  eve n o n a  ver y lim -
ite d se t  o f  informatio n (excludin g semantic s entirely ,  fo r 
excimple )  an d provide s a  baselin e describin g wha t  ca n 
be don e i n thi s limite d domai n aji d t o whic h ne w per -
formanc e ca n b e compared ,  a s representation s an d infor -
matio n improve . 
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Abstrac t 

Traditionally, regularity in a data set is assessed by fit-
tin g a  mode l  t o th e dat a an d examinin g th e exten t  t o 
whic h th e variamc e accounte d fo r  b y th e mode l  i s larg e 
compare d t o th e overal l  varianc e i n th e system .  Suc h 
approaches ,  however ,  d o no t  addres s th e complementcur y 
questio n o f  ho w muc h regulcirit y  i s presen t  i n th e data , 
i n th e first  place ,  an d ho w muc h wor k i s expecte d t o b e 
require d t o captur e a  pcirticula x amoun t  o f  regularity . 
I n thi s wor k w e us e th e notio n o f  Kolmogoro v complex -
it y t o deriv e a  measur e o f  syste m regularit y independen t 
of  an y particula r  model .  Thus ,  i n ou r  framework ,  th e 
explanator y adequac y o f  a  mode l  ca n b e readil y quan -
tified ,  s o tha t  on e ca n examin e th e exten t  t o whic h th e 
model  i s  satisfactory ,  o r  whethe r  additiona l  mechanism s 
need b e postulated . 

I n t r o d u c t i o n 

Readin g [English ]  alou d — th e proces s o f  convertin g 
printe d letter s int o sound s — i s a  classi c an d well-studie d 
exampl e o f  a  quasi-regula r  syste m (e.g .  Plaut ,  McClel -
land ,  Seidenberg ,  &  Patterson ,  1996) .  Mos t  o f  th e dat a 
can b e capture d ver y simply ,  bu t  ther e ar e stil l  a  larg e 
number  o f  irregula r  "exceptions "  o f  varyin g degree s o f 
subregularit y themselves ,  an d a  ful l  accoun t  o f  th e read -
in g proble m mus t  tak e thes e int o account .  Differen t 
model s o f  readin g wil l  addres s irregularit y i n differen t 
ways ,  an d a  reasonabl e questio n i s ho w muc h regular -
it y mus t  b e take n int o account ,  o r  jus t  ho w irregula r  i s 
th e particula r  syste m o f  readin g aloud ? Simila r  quasi -
regularit y ca n b e foun d i n m a n y othe r  systems ,  suc h a s 
th e productio n o f  morphologicall y inflecte d form s fro m 
thei r  stems ,  th e acquisitio n an d descriptio n o f  syntaoc , 
similarit y judgements ,  o r  almos t  an y non-trivia l  psycho -
logica l  process . 

Traditiona l  statistica l  technique s tha t  addres s suc h is -
sues provid e a  mecisur e o f  variance ,  no t  regularity ,  i n th e 
absenc e o f  a  specifi c  model .  Regularit y itsel f  ca n usu -
jJl y onl y b e measure d afte r  th e fact .  O n e develop s a 
model ,  confirm s tha t  i t  account s (o r  doe s no t  account ) 
fo r  enoug h o f  th e dat a t o b e interesting ,  an d the n de -
clare s a  syste m o r  relatio n t o b e regula r  i f  th e dat a i s 
wel l  describe d an d th e mode l  i s  simpl e enough .  Nei -
the r  o f  thes e determination s ar e particularl y objectiv e 
or  quantifiable ;  no r  ar e the y eas y t o compar e betwee n 

'Curren t  address :  Depeirtmen t  o f  Mathematic s an d Com-
pute r  Science ,  Duquesn e University ,  Pittsburgh ,  P A 1528 2 
(JU0LA@MATHCS.DUQ.EDU) 

differen t  models .  Furthermore ,  ther e i s littl e insigh t  o n 
th e tota l  regularit y presen t  and ,  crucially ,  o f  th e propor -
tio n o f  regularit y accounte d fo r  b y an y give n model . 

I n thi s work ,  w e us e th e notio n o f  "Kolmogoro v com -
plexity "  (L i  &  Vitanyi ,  1997 ;  Chaitin ,  1995/1996 )  t o sug -
ges t  a  framewor k unde r  whic h regularit y ca n b e directl y 
and quantitativel y measured .  Thi s pape r  develop s a  nu -
merica l  theor y tha t  ca n b e use d t o measur e th e com -
plexit y o f  a  cognitiv e o r  computationa l  functio n (suc h a s 
readin g alou d o r  inflectin g wor d stem s t o othe r  forms ) 
i n term s o f  th e expecte d performanc e o f  a n estimate d 
bes t  possibl e model ,  an d thu s independen t  o f  an y spe -
cifi c  mode l  tha t  th e researche r  m a y choos e t o employ . 
Thi s wil l  allo w researcher s t o addres s previousl y unan -
swerabl e question s suc h a s th e degre e o f  irregularity ,  o r 
th e degre e t o whic h an y mode l  coul d predic t  a  se t  o f  data , 
or  th e amoun t  o f  additiona l  informatio n tha t  woul d nee d 
t o b e provide d t o allo w accurat e predictions .  I t  furthe r 
provide s a  theory-neutra l  c o m m o n groun d fo r  th e discus -
sio n o f  th e performanc e o f  variou s model s o n th e sam e 
task ,  o r  th e sami e mode l  o n differen t  tasks . 

Background 

Syste m Regularit y 

W h at  i s meant ,  i n thi s context ,  b y "syste m regularity" ? 
Focusin g fo r  th e m o m e nt  o n th e proble m o f  readin g alou d 
(i n Enghsh) ,  a  simpl e letter-to-soun d conversio n tabl e 
wil l  produc e good ,  bu t  no t  superb ,  results .  Performanc e 
ca n b e improve d b y addin g mor e comple x rules ,  fo r  ex -
ampl e tha t  'c '  i s  pronounce d /s /  i n fron t  o f  a n 'e '  'i '  o r 
'y' ,  o r  b y enumeratin g exception s wit h irregula r  pronun -
ciation .  Th e mor e comple x th e rule s nee d t o be ,  o r  th e 
mor e exception s tha t  nee d b e tabulated ,  th e greate r  i s 
th e complexit y o f  th e syste m described . 

Thi s notio n shoul d no t  b e confuse d wit h simpl e vari -
ance ;  a  syste m m a y produc e widel y varyin g output s 
base d o n subtl e bu t  ver y simpl e change s i n th e inputs . 
For  example ,  dialin g telephon e number s a t  rando m i s 
likel y t o produc e extrem e variatio n i n wher e th e cal l 
goes .  However ,  inspectio n o f  th e first  fe w digit s (th e 
are a cod e o r  th e exchange )  wil l  allo w someon e t o predic t 
th e call' s  destinatio n t o withi n a  smal l  area ,  capturin g 
much o f  th e geographi c varianc e b y a  relativel y simpl e 
system .  Withou t  th e insigh t  t o loo k fo r  are a code s an d 
exchanges ,  however ,  predictin g o f  destination s (perhap s 
as a  functio n o f  th e factor s o f  th e telephon e numbers? ) 
woul d b e ver y difficult . 
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I n man y cases ,  a  determinatio n o f  th e exac t  rule s un -
derlyin g a  particula r  tas k i s no t  eas y o r  possibl e — fo r 

exaimple ,  i n th e telephon e syste m abov e o r  i n artificia l 
grcunmai -  learnin g [se e later ,  a s wel l  (Reber ,  1967 ;  Potho s 
& Beiiley ,  1997)] .  However ,  a  syste m ca n stil l  b e regarde d 
as mor e regula r  i f  a  few ,  common ,  eas y rule s ca n captur e 
more o f  it s  varianc e tha n rule s o f  comparabl e complex -
it y coul d captur e o f  another .  I n thi s framework ,  then , 
syste m regularit y ca n b e regarde d a s a  measur e o f  th e 
ease o f  expressin g a  se t  o f  dependen t  dat a i n term s o f  a n 
associate d se t  o f  independen t  observations .  I f  thi s "dif -
ficulty "  ca n b e suitabl y formalized ,  thi s yield s a  theory -
neutrj d measur e o f  syste m regularity . 

Kolmogorov Complexity 

Even given a highly predictable system, the prediction 
tas k ma y b e non-trivial ,  a s th e system/dat a ma y no t 
reduc e t o a n obviou s mode l  — fo r  example ,  a  high-degre e 
polynomia l  i s  ver y predictable ,  bu t  attempt s t o fin d a 
lo w degre e (o r  linear )  fi t  t o tha t  polynomia l  wil l  resul t 
i n abjec t  failures .  I t  i s  usefu l  t o hav e a n ide a o f  ho w 
redundan t  — o r  predictabl e — a  syste m is ,  i n orde r  t o 
figur e ou t  whethe r  a  particula r  mode l  seem s t o b e abl e 
t o captur e a  meaningfu l  generalizatio n o f  th e data ,  o r  t o 
determin e whe n on e i s doin g pointles s curve-fitting . 

To thi s end ,  w e us e th e information-theoreti c con -
cept  o f  Kolmogoro v complexit y (L i  &  Vitanyi ,  1997 ; 
Chaitin ,  1995/1996) .  Fo r  an y sequenc e o f  symbols ,  th e 
Kolmogoro v complexit y i s th e lengt h o f  th e shortes t  ed -
gorith m (compute r  program )  tha t  wil l  exactl y generat e 
tha t  sequenc e (an d the n stop) .  A  sequenc e o f  a  mil -
lio n questio n marks ,  fo r  example ,  woul d hav e a  ver y lo w 
Kolmogoro v complexity ,  a s i t  coul d b e generate d fro m a 
simpl e loo p an d a  counter .  O n th e othe r  hand ,  a  univer -
sit y telephon e book ,  althoug h probabl y containin g fewe r 
tha n a  millio n characters ,  woul d hav e a  muc h highe r  Kol -
mogoro v complexity ,  i n par t  becaus e th e assignmen t  o f 
names t o telephon e number s i s difficul t  t o predic t  (an d 
woul d hav e t o b e heind-code d i n t o an y program) .  A t 
th e extreme ,  a  sequenc e o f  rando m digit s ha s th e highes t 
Kolmogoro v complexit y o f  all ,  a s ther e i s n o algorith m 
(b y definition )  tha t  ca n exactl y reconstruc t  a  sequenc e 
of  rando m digit s shorte r  tha n hand-copyin g the m fro m 
memory. 

Conditiona l  Kolmogoro v complexit y measure s th e 
minima l  amoun t  o f  informatio n (th e shortes t  program ) 
require d t o generat e a  strin g o f  dependen t  dat a fro m 
a strin g o f  independen t  dat a (conditiona l  complexit y i s 
closel y relate d t o "informatio n distance" ,  bu t  th e forme r 
i s asymmetri c whil e th e latte r  i s  symmetric ;  cf .  L i  an d 
Vitany i  (1997) ,  ch .  8.3) .  Chate r  an d Hah n (1997 )  hav e 
argued ,  mor e generally ,  tha t  conditiona l  Kolmogoro v 
complexit y capture s th e psychologica l  aspect s o f  distor -
tio n an d similarity .  Specifically ,  th e amoun t  o f  wor k nec -
essar y t o transfor m on e menta l  representatio n int o an -
othe r  ca n b e linke d bot h t o th e computationa l  complex -
ity ,  broadl y defined ,  o f  th e transformatio n a s wel l  a s th e 
perceptua l  similarit y betwee n th e tw o representations . 

Juol a ha s similarl y argue d tha t  Kolmogoro v complex -
it y ca n b e use d a s a  metri c fo r  th e amoun t  o f  informa -

tio n containe d i n a  give n text ,  an d tha t  thi s complexit y 
can b e use d t o directl y measur e cultura l  effect s an d ex -

plicitnes s i n translatio n (Juola ,  1997 )  an d indirectl y t o 
asses s morphologica l  complexit y (Juola ,  i n press) .  B y 
systematicall y distortin g morphologica l  regularities ,  on e 
can determin e th e degre e o f  importanc e o f  morphologi -
cal  regularitie s b y th e amoun t  tha t  th e tota l  complexit y 
changes .  A  simila r  techniqu e i s use d her e t o systemati -
call y distor t  functiona l  relationship s a s a n assessmen t  o f 
syste m regularity . 

Specifically ,  w e assum e tha t  th e dat a describin g a  sys -
te m ca n b e encode d int o a n (ordered )  strin g o f  <  X i  > , 
F{ < X i  > )  pairs ,  wher e <  l i  >  an d F( < n  > )  migh t 
be,  fo r  instance ,  a  strin g o f  character s t o b e rea d alou d 
and th e correc t  pronunciatio n o f  tha t  string .  Appendin g 
many spelling-pronunciatio n pair s togethe r  (i n som e or -
der )  wil l  yiel d a  ver y lon g strin g definin g th e globa l  dat a 
set .  Thi s strin g describe s ever y dat a poin t  tha t  need s t o 
be fitted  i n a  mode l  o f  th e dat a — an d thu s th e mos t 
regula r  mode l  fo r  tha t  strin g wil l  b e ver y clos e t o a  mos t 
regula r  mode l  fo r  th e dat a itself . 

A regula r  syste m i s jus t  on e i n whic h eac h F( < X j  > ) 
i s  predictabl e fro m <  X j  > .  W e ca n furthe r  identif y sub -
categorie s o f  regularity ,  includin g a  regularit y impose d 
by lac k o f  varianc e (i f  ever y F{ < x  > )  wer e constant) ,  o r 
mappin g regularity ,  wher e F( < X j  > )  i s  predictabl e fro m 
< X j  >  bu t  not ,  i n general ,  fro m an y (random )  <  X j  >) . 
I n othe r  words ,  i n a  regula r  system ,  eac h <  X i  >  contain s 
a lo t  o f  informatio n abou t  th e correspondin g F( < x i  >) , 
informatio n whic h i s no t  necessaril y  triviall y  availabl e 
but  whic h depend s o n th e relationshi p define d i n th e 
pairing . 

Measuring Kolmogorov Complexity 

Working directly with the Kolmogorov complexity of ob-
ject s i s difficult .  First ,  Kolmogoro v complexit y itsel f  is , 
strictl y  speaking ,  uncomputabl e — althoug h th e ques -
tio n "doe s thi s strin g hav e a  complexit y o f  les s tha n N " 
can b e definitivel y answere d affirmativel y (b y showin g 
suc h a  program) ,  ther e i s n o wa y t o prov e a  "no "  an -
swer  withou t  provin g tha t  n o progra m shorte r  tha n N 
print s th e strin g an d the n stops .  Provin g tha t  a  progra m 
stop s i s th e well-know n an d unsolvabl e "haltin g prob -
lem. "  Thus ,  finding  a n exac t  measur e o f  Kolmogoro v 
complexit y i s als o unsolvable .  Secondly ,  Kolmogoro v 
complexit y i s onl y well-define d fo r  strings ,  an d not ,  fo r 
example ,  fo r  functions .  Th e relate d notio n (conditiona l 
Kolmogoro v complexity ,  o r  informatio n distance )  tha t 
can b e use d t o describ e th e complexit y o f  functions ,  i s 
no mor e computable .  Nevertheless ,  Kolmogoro v com -
plexit y ca n b e estimated . 

I n fact ,  an y successfu l  file  compression ,  a s don e b y an y 
number  o f  standar d tool s suc h a s gzip ,  ca n b e regarde d 
as a n estimat e o f  th e Kolmogoro v complexit y o f  a  give n 
file.  Th e proo f  (foun d i n L i  & :  Vitanyi ,  1997) ,  ca n b e see n 
intuitivel y b y observin g tha t  a  decompressio n progra m 
plu s th e compresse d file  serv e a s a  compute r  progra m t o 
(re)generat e th e origina l  file.  Becaus e th e decompressio n 
progra m itsel f  i s  hel d constant ,  complexit y difference s i n 
th e origina l  string s (t o b e compressed )  ca n onl y appea r 

556 



as difference s i n th e lengt h o f  th e compresse d data .  Mos t 
moder n compressio n algorithms ,  suc h a s Zi v an d Lem -
pel  (1977 ,  1978) ,  caj i  b e prove n t o b e "asymptoticall y 
optimal, "  o r  i n othe r  words ,  t o converg e t o withi n an y 
desire d degre e o f  accurac y give n enoug h dat a t o wor k 
with . 

The Compressivity Test 

We apply compression to get estimates of the system reg-
ularitie s presen t  i n a  se t  o f  data .  Specifically ,  w e assum e 
tha t  th e dat a ca n b e encode d int o a n (ordered )  strin g o f 
< X  > ,  F { < X  > )  pairs ,  a s describe d above .  Compress -
in g thi s strin g yield s a n estimat e o f  th e collectiv e com -
plexitie s o f  th e data ,  th e orderin g o f  th e data ,  an d th e 
functiona l  relationshi p F .  Accidenta l  effect s produce d 
by th e orderin g o f  th e dat a ar e eliminate d b y repeatedl y 
permutin g th e se t  o f  pair s prio r  t o compressio n (i n othe r 
words ,  appendin g th e pair s i n differen t  orders )  an d tak -
in g th e mea n valu e o f  th e complexit y estimates .  Thi s 
mean value ,  whic h w e denot e b y C ,  i s  a n estimat e o f  th e 
order-independen t  complexit y o f  th e dat a set .  Specifi -
cally ,  C  ca n b e interprete d a s a n estimat e o f  th e tota l 
complexit y o f  th e distributio n o f  independen t  variable s 
< X  > ,  th e dependen t  variable s F ( < x  > ) ,  an d th e map -
pin g betwee n them . 

To estimat e th e degre e t o whic h mappin g regularity , 
i n particular ,  play s a  par t  i n th e overal l  complexit y mea -
surement ,  w e brea k th e (fixed )  mappin g b y reassignin g 
th e se t  o f  dependen t  variable s randomly .  Th e degre e o f 
thi s sor t  o f  regularit y ca n b e quantifie d i n term s o f  th e 
differenc e i n complexit y betwee n th e strin g o f  <  X j  > , 
F ( < X j  > )  pair s an d th e strin g o f  scramble d <  X j  > , 
F { < X j  > )  pair s (mappin g regularit y i s relate d to ,  bu t 
distinc t  fro m "algorithmi c information "  a s define d b y L i 
and Vitany i  (1997) ,  ch .  2.8) .  I n othe r  words ,  w e pro -
duc e a  ne w strin g o f  <  x ^  > ,  F ( < X j  > )  pairs ,  wher e 
< X j  >  i s som e elemen t  chose n randoml y (withou t  re -
placement )  fro m th e se t  o f  al l  stimuli .  Compressin g thi s 
string ,  o f  course ,  wil l  yiel d a  slightl y differen t  complex -
it y estimat e o f  a  differen t  functio n ove r  th e sam e domai n 
and range ,  bu t  wit h th e causa l  an d statistica l  connec -
tion s betwee n domai n an d rang e broke n (an d replace d 
by rando m "noise") .  Again ,  permutin g th e pair s an d 
takin g th e mea n complexit y yield s a n overal l  estimat e o f 
th e complexit y o f  th e scramble d data ;  averagin g acros s 
differen t  scramble d pairing s (thi s mea n valu e wil l  b e de -
note d R )  yield s a n estimat e o f  th e complexit y (an d pre -
dictability )  o f  th e scramble d dat a itsel f  irrespectiv e o f 
any syste m regularitie s tha t  ca n b e use d t o predic t  th e 
origina l  F  <  x  >  fro m <  x  > .  Thus ,  R  i s estimate s th e 
tota l  complexit y o f  th e dat a unde r  th e assumptio n tha t 
th e mappin g i s rando m (an d henc e maximall y complex) . 
The differenc e betwee n thes e tw o measure s { R — C )  esti -
mate s th e th e degre e t o whic h th e mappin g fro m <  x  > 
t o F  <  X  >  differ s fro m a  completel y rando m assign -
ment ,  i.e .  th e degre e o f  syste m regularit y describe d b y 
F.  I t  ma y see m od d t o tak e th e mea n o f  a  serie s o f  over -
estimates ,  instea d o f  th e min imum ,  bu t  fo r  simpl e com -
parison s betwee n tw o set s o f  semi-reliabl e estimate s (a s 
don e here) ,  th e mea n differenc e i s a  mor e consisten t  dis -

tanc e measur e tha n th e min imum .  Th e followin g sectio n 
describe s tw o pilo t  compute r  simulation s t o demonstrat e 
th e applicatio n o f  thi s technique . 

Simulations 

S imu la t i o n 1 

Th e first  simulatio n i s a  demonstratio n o f  th e correspon -
denc e betwee n intuitiv e notion s o f  "regularity "  an d th e 
result s o f  th e compressio n techniqu e describe d above . 
Th e dat a se t  ca n b e regarde d a s a  ver y simpl e versio n 
of  readin g aloud ,  wit h a  simpl e (regular )  task ,  an d a 
graduall y increasin g numbe r  o f  "exceptions "  whic h re -
quir e somethin g slightl y differen t  (althoug h stil l  self -
consistent )  t o b e done . 

For  independen t  variables ,  w e use d a  collectio n o f  ten -
plac e binar y vector s an d include d al l  vector s wit h exactl y 
one o r  tw o bit s se t  t o 1  (an d th e rest ,  o f  course ,  se t  t o 
zero) .  Thi s yielde d a n experimental  se t  o f  fifty-five  vec -
tors .  Wit h eac h vector ,  w e associate d a s th e dependen t 
variabl e eithe r  th e vecto r  itsel f  (identit y  output) ,  o r  th e 
bitwis e invers e o f  th e vecto r  (s o th e vecto r  010010000 0 
woul d b e associate d eithe r  wit h th e vecto r  010010000 0 
or  wit h 1011011111) .  Intuitively ,  on e ca n thin k o f  ten -
bi t  image s an d producin g eithe r  a  positiv e o r  a  negativ e 
image .  Th e choic e betwee n th e vecto r  o r  it s invers e Wci s 
made randoml y (pe r  datum) ,  wit h som e probabilit y  p 
betwee n zer o an d one .  (Alternately ,  w e assigne d som e 
number  N  betwee n 0  an d 55 ,  inclusive ,  o f  th e vector s t o 
thei r  inverses) . 

We furthe r  analyz e th e tota l  complexit y (C )  o f  th e 
of  th e resultin g file  a s compose d o f  thre e factor s — th e 
complexit y o f  th e domai n (whic h i s constant) ,  th e com -
plexit y o f  th e rang e a s distinc t  fro m th e domai n (whic h 
wil l  graduall y an d monotonicall y increas e a s p  increases , 
reflectin g th e gradua l  additio n o f  mor e an d mor e nove l 
rang e elements) ,  an d th e complexit y o f  th e mappin g be -
twee n th e domai n an d rang e (whic h intuitivel y i s th e 
difficult y o f  decidin g whethe r  o r  no t  t o inver t  an y par -
ticula r  domai n element) . 

Intuitively ,  settin g p  (N )  equa l  t o 0  describe s a  ver y 
simpl e tas k o f  copyin g input s t o outputs ,  requirin g n o 
processin g a t  al l  fo r  F .  Thi s produce s a n extremel y sim -
ple ,  regula r  file  wit h relativel y lo w Kolmogoro v complex -
ity .  Settin g p  equa l  t o 1  ( N =  55 )  will ,  intuitively ,  resul t 
i n a  slightl y les s compressabl e file  — althoug h th e func -
tio n itsel f  i s  o f  approximatel y equa l  complexity ,  th e com -
plexit y o f  th e domai n an d th e range ,  take n a s a  se t  union , 
i s greater .  Thus ,  th e overal l  complexit y o f  th e file  woul d 
be increased .  Fo r  intermediat e value s o f  p ,  however ,  w e 
expec t  t o se e greatl y increase d complexit y resultin g fro m 
th e indeterminac y o f  whethe r  o r  no t  an y individua l  da -
tu m take s a  positiv e o r  negativ e image .  A t  th e tw o ex -
tremes ,  th e tas k o f  decidin g whethe r  o r  no t  t o inver t 
th e datu m i s ver y simpl e a s i t  i s  eithe r  always ,  o r  never , 
done .  I n th e middle ,  however ,  th e proble m o f  decidin g 
whethe r  a  particula r  patter n i s inverte d i s simpl y on e o f 
decidin g betwee n tw o rando m subsets .  Fo r  p  =  0.5 ,  thi s 
decisio n i s maximall y diflRcul t  (an d maximall y complex) , 
droppin g symmetricall y t o zer o a t  th e extremes .  C o m -
binin g thes e tw o prediction s suggest s tha t  C  wil l  b e a t  a 
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tilimalK )  C 

Figur e 1 :  Mea n value s o f  C  fo r  increasin g numbe r  o f 

"inverse "  production s 

globa l  minimu m a t  p  =  0 ,  a  relativ e minimu m a t  p  =  1 , 
and achiev e a  max imu m somewher e jus t  abov e p  =  0. 5 
(wher e th e near-maximu m decisio n complexit y combine s 
wit h th e smoothl y increasin g domain/rang e complexit y 
t o achiev e a  maximum) . 

Figur e 1  show s th e mea n valu e o f  C  fo r  10 0 trial s a t 
eac h valu e o f  N .  Graphin g N  agains t  C  show s th e ex -
pecte d concave-downwar d patter n tha t  achieve s a  stabl e 
maximu m jus t  pas t  th e hjilfwa y point .  Th e increasin g 
complexit y observe d i n th e lef t  hal f  o f  th e grap h reflect s 
th e increasin g complexit y o f  th e rang e a s additiona l  ex -
ceptio n item s ar e added ,  combine d wit h th e increasin g 
complexit y o f  th e mappin g fro m domai n t o rang e a s th e 
mappin g become s les s predictable .  Th e decreas e i n C  a s 
N increase s pas t  abou t  3 0 show s that ,  eve n thoug h th e 
complexit y o f  th e rang e continue s increasin g a s mor e aji d 
more exceptio n item s ar e added ,  thi s i s  mor e tha n offse t 
by th e increase d regularit y wit h whic h th e decisio n t o 
inver t  i s  predicted .  I n othe r  words ,  th e overal l  complex -
it y o f  thi s quasi-regula r  syste m i s measurabl y decreasin g 
(a t  N  >  30) .  , 

Simulation 2 

The second simulation was a replication of the analy-
si s o f  th e artificia l  gramma r  learnin g (hencefort h A G L ) 
dat a fro m (Potho s &  Bailey ,  1997) .  A s i s typica l  i n A G L 
experiments ,  subject s i n thi s experimen t  wer e presente d 
wit h a  se t  o f  trainin g image s generate d b y a  standar d 
finite-stat e language .  (Strictl y speaking ,  subject s wer e 
expose d t o a  se t  o f  neste d geometri c shape s converte d 
vi a a  simpl e transformatio n fro m a  standar d finite-stat e 
language) .  Subject s wer e the n asked ,  first ,  whethe r  a  se t 
of  nove l  stimul i  complie d wit h th e "rules "  o f  th e finite -
stat e languag e (whethe r  th e nove l  stimul i  wer e "gram -
matical") ,  an d secondly ,  t o mak e pairwis e judgement s 
abou t  th e similarit y betwee n a n individua l  subse t  o f  th e 
tes t  an d trainin g items . 

The questio n asked ,  an d answered ,  b y Potho s an d Bai -
ley ,  W81S whethe r  th e collectiv e se t  o f  pairwis e similaritie s 

was a  significan t  predicto r  o f  th e grammaticalit y judge -
ments .  The y measure d th e exten t  t o whic h a  Nosofsk y 
classifie r  (Nosofsky ,  1992 )  woul d correctl y predi c t  th e 
subjects '  grammaticalit y judgement s o n th e basi s o f  thei r 
(independent )  similarit y judgements .  Thei r  results ,  i n 
brief ,  ar e tha t  similarit y — o r  mor e accurately ,  th e sor t 
of  similarit y t o whic h a  Nosofsk y classifie r  i s  sensitiv e — 
can accoun t  fo r  a  significan t  amoun t  o f  th e varianc e i n 
grammaticalit y judgements . 

Of  course ,  a  failur e t o fin d an y similarit y effect s woul d 
not  hav e demonstrate d tha t  similarit y wa s no t  predic -
tiv e o f  grammaticalit y judgements ,  onl y tha t  th e mode l 
tha t  the y applie d (th e particula r  versio n o f  th e Nosof -
sk y classifier )  wa s no t  sensitiv e t o th e type s o f  simi -
larit y tha t  wer e presen t  i n th e experimen t  an d predic -
tive .  Fo r  instance ,  t o find  thi s effec t  require d a  certai n 
amount  o f  analysi s an d tunin g o f  th e paramete r  space , 
suc h a s determinin g th e optimu m numbe r  o f  dimension s 
i n whic h t o projec t  th e similarit y judgements ,  an d th e 
optima l  metri c t o use .  A  se t  o f  suboptima l  parameter s 
woul d hav e resulte d i n a  wors e fit,  possibl y eve n a  non -
significan t  fit,  wit h correspondin g implication s abou t  th e 
effect s o f  similarit y judgement s o n classification .  Simi -
larly ,  som e classificatio n problem s migh t  b e structure d 
suc h tha t  n o Nosofsk y mode l  wil l  captur e th e variance , 
whil e stil l  bein g (i n theory )  predictiv e accordin g t o a 
more appropriat e model .  A n exampl e o f  suc h a  proble m 
i s give n i n th e followin g section . 

We applie d th e compressivit y tes t  t o determin e 
whethe r  o r  no t  Kolmogoro v complexit y woul d con -
firm  tha t  similarit y predict s grammaticality ,  withou t 
th e necessit y o f  derivin g o r  developin g a  model .  B y 
testin g whethe r  C  (th e overal l  complexit y o f  empiri -
cal  similarity-grammaticalit y pairs )  differ s significan t  l y 
fro m R  (th e complexit y o f  a  rando m mappin g betwee n 
similarit y an d grammaticalit y  judgements) ,  on e ca n de -
termin e if ,  i n principle ,  ther e i s an y structur e o r  predic -
tivit y t o b e discovered .  Becaus e o f  th e limite d amoun t 
of  dat a availabl e [onl y 47 2 dat a points ,  eac h describ -
in g th e behavio r  o f  on e subjec t  (o f  16 )  o n on e partic -
ula r  nove l  patter n (o f  31)] ,  th e similarit y matri x an d 
grammaticalit y endorsement s wer e thermomete r  coded . 
Each numbe r  wa s replace d b y a  strin g o f  asterisk s ('*' ) 
of  lengt h proportiona l  t o it s magnitude .  Thi s codin g 
scheme make s explici t  th e similarit y structur e assum e d 
t o exis t  betwee n numericall y similarit y ratings .  W e ex -
pecte d thi s woul d facilitat e compressio n i n general ,  mak -
in g th e resultin g estimate s o f  complexit y mor e reliabl e 
and sensitiv e t o syste m regularit y i f  i t  wa s there . 

The se t  o f  similarit y judgement s wei s treate d a s th e 
independen t  variabl e vector ,  th e grammaticalit y judge -
ment s wer e treate d a s th e dependen t  variabl e vector ,  an d 
th e pairing s permute d (o r  rearrange d an d permuted )  t o 
yiel d estimates ,  a s above ,  o f  C  {R ,  respectively) . 

Simpl e statistica l  method s wer e applie d t o determin e 
whethe r  R  wa s significantl y large r  tha n C .  W e estimate d 
th e valu e o f  C  b y takin g th e mea n o f  40,00 0 permutation s 
of  th e dat a points ,  an d compare d thi s wit h a n estimat e o f 
R calculate d b y takin g 20 0 separat e rando m mappings , 
and estimatin g thei r  complexit y 20 0 time s each .  Thi s 
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yielde d a  sampl e o f  20 0 "random "  complexit y estimates , 
fro m whic h w e calculate d mean s an d deviations .  Consis -
ten t  wit h th e finding s o f  Potho s an d Bailey ,  a  one-taile d 
t-tes t  yielde d significan t  diflference s (t(198 )  =  2.17.'i ,  p 
< .025) .  W e conclud e tha t  ther e i s a  significan t  amoun t 
of  informatio n i n th e similarit y judgement s tha t  ca n b e 
applie d t o th e grammaticalit y judgemen t  task ,  an d thu s 
— withou t  developin g a  mode l  o f  ho w similarit y deter -
mine s grammaticalit y — w e kno w tha t  ther e i s a t  leas t 
a partijJl y regula r  mappin g betwee n th e two . 

Discussion 

So why go to all this trouble of taking complexity es-
timate s whe n a  simpl e Nosofsk y classifie r  wil l  alread y 

sho w tha t  similarit y an d grammaticalit y judgement s ar e 
related ? A s hinte d above ,  th e Nosofsk y classifie r  wil l 
captur e differen t  amount s o f  variance ,  dependin g upo n 
th e dimension s an d metric s used .  Furthermore ,  th e gen -
eralize d Nosofsk y mode l  i s itsel f  sensitiv e t o particula r 
aspect s o f  similarity ,  derive d fro m specifi c  assumption s 
about  th e wa y similcirit y  i s  determined .  Thi s i s ver y use -
fu l  fro m a  theoretica l  perspectiv e a s i t  ma y tel l  u s some -
thin g abou t  th e wa y th e huma n min d determine s simi -
larity .  However ,  i t  wil l  obviousl y no t  captur e aspect s o f 
systemati c regularit y tha t  d o no t  fit  thos e assumptions . 

Par t  o f  th e reaso n fo r  applyin g th e compressivit y tes t 
migh t  simpl y b e econom y o f  effor t  — rathe r  tha n care -
full y developin g an d tunin g a  se t  o f  parameter s t o find 
th e bes t  model ,  complexit y estimate s ca n provid e a  sim -
ple ,  model-fre e descriptio n o f  ho w muc h regularit y i s  i n 
a particula r  dat a se t  t o find.  Thi s ca n b e use d a s a n 
upper  boun d t o compar e wit h th e regularitie s foun d un -
der  an y give n model ,  o r  mor e simpl y a s a  smok e tes t  t o 
determin e whethe r  regularitie s ar e ther e t o find. 

Anothe r  proble m wit h th e model-base d analyses ,  o f 
course ,  i s  th e ris k o f  pickin g th e wron g model .  Consider , 
fo r  a  moment ,  a  hypothetica l  problem-spac e wher e th e 
high-scorin g tes t  item s ar e th e one s o f  intermediat e sim -
ilarit y fro m th e trainin g items .  A  physica l  exampl e o f 
thi s migh t  b e a  mode l  o f  judges '  opinion s o f  artwor k o r 
essay s — a n essa y to o clos e t o an y particula r  trainin g 
datu m coul d b e regarde d a s derivative ,  o r  eve n plagia -
ristic ,  whil e a n essa y to o fa r  awa y fro m al l  trainin g dat a 
i s irrelevant ,  misguided ,  o r  simpl y unacceptable .  How -
ever ,  a  Nosofsky-styl e classifie r  develope d a s a  mode l  fo r 
thi s sor t  o f  judgemen t  distributio n woul d no t  describ e 
i t  particularl y well .  Offhand ,  it' s  no t  clea r  wha t  sor t  o f 
well-understoo d an d accepte d mode l  woul d captur e thi s 
distribution .  Th e regularit y estimatio n techniqu e devel -
oped above ,  b y generalizin g ove r  al l  models ,  woul d pro -
vid e a  wa y o f  demonstratin g th e existenc e an d degree ,  i f 
not  th e type ,  o f  regularity . 

More generally ,  th e unit s i n whic h Kolmogoro v com -
plexit y ar e measure d ar e th e sam e "bits "  correspondin g 
t o real-worl d yes/n o questions ,  an d ca n b e regarde d a s a 
descriptio n no t  o f  ho w muc h varianc e ther e is ,  bu t  ho w 
how predictabl e th e vau-ianc e is ,  an d thu s o f  ho w muc h 
wor k migh t  b e expecte d t o b e necessar y t o captur e th e 
variance .  I n thi s sense ,  on e ca n i n principl e us e thi s a s a 
guid e t o determin e wha t  sor t  o f  model s ar e overcomple x 

and overdctermined ,  an d als o a s a  well-under s too d uni t 
fo r  describin g ho w overdetermine d the y are . 

Anothe r  majo r  advantag e o f  thi s framewor k i s tha t 
i t  provide s a  commo n currenc y fo r  comparin g differen t 
sort s o f  irregularit y an d complexity .  Th e artisti c exam -
pl e above ,  fo r  instance ,  ca n b e argue d t o b e th e super -
positio n o r  o f  tw o (nested )  judgements ,  on e o f  original -
ity ,  an d a  muc h broade r  on e o f  relevance .  Similarly , 
th e dat a use d i n th e first  simulatio n abov e coul d b e a 
ver y simpl e mode l  o f  som e sor t  o f  morphology .  Fro m a 
ver y structure d vocabular y o f  fifty-five  words ,  ther e ar e 
N "irregular "  form s tha t  ar e inverte d upo n inflection , 
whil e th e res t  ar e ("regular" )  identit y mappings .  Intu -
itively ,  on e woul d conside r  a  languag e lik e this ,  wit h tw o 
inflectiona l  paradigms ,  t o b e les s comple x tha n a  lem -
guag e wit h thre e o r  fou r  separat e paradigms .  However , 
one woul d als o conside r  a  languag e wit h fou r  ver y rar e 
paradigm s an d on e ver y commo n on e t o b e mor e regula r 
tha n a  languag e wit h tw o equall y commo n paradigms . 
Thi s formalism ,  then ,  ca n provid e a  unifie d structur e 
t o examin e question s suc h a s th e complexit y o f  Englis h 
past  tens e morphology ,  wit h it s dominan t  "regular "  (ad d 
"ed" )  paradig m an d man y semi-regula r  paradigm s suc h 
as identit y mappings ,  vowe l  changes ,  an d s o forth . 

Future Work 

One obviou s futur e developmen t  fo r  thi s wor k woul d b e 
th e developmen t  an d adaptatio n o f  bette r  compressio n 
or  complexit y estimatio n techniques ;  althoug h gzi p i s 
asymptoticall y optimal ,  ther e ar e algorithm s wit h faste r 
convergenc e rate s tha t  migh t  b e applie d t o achiev e mor e 
accurat e estimates ,  especiall y o n smal l  dat a sets .  Also , 
th e gzi p progra m i s mor e sensitiv e t o short-rang e (o r 
adjacent )  dependencie s tha n t o longer-distanc e relation -
ships .  Some mor e genera l  framewor k [suc h a s mutua l 
informatio n o r  Kc-complexit y (L i  &  Vitanyi ,  1997) ]  ma y 
ultimatel y provid e bette r  results . 

The thermomete r  codin g introduce d i n th e secon d sim -
ulatio n wa s intende d t o cu e th e compressio n algorith m 
t o numerica l  structur e whic h i s no t  explici t  i n digita l 
codings .  A s yet ,  i t  i s  unclea r  t o wha t  exten t  th e result -
in g complexit y estimate s ar e dependen t  o n assumption s 
buil t  int o a  particula r  codin g scheme . 

Perhap s mos t  importantl y fo r  practica l  applications , 
some normalizatio n techniqu e shoul d b e develope d t o 
addres s th e issu e o f  th e dat a size ;  a s develope d here , 
a large r  se t  o f  dat a point s wil l  almos t  certainl y hav e a 
large r  complexit y tha n a  smalle r  se t  o n th e sam e func -
tion .  Thi s i s intuitiv e i n tha t  th e dat a point s themselve s 
shoul d ad d complexity ,  an d als o tha t  addin g dat a point s 
constrain s th e functio n furthe r  (an d thu s make s i t  mor e 
complex) . 

Conclusions 

Kolmogoro v complexit y ca n b e regarde d a s th e ultimat e 
measur e o f  th e degre e o f  (lac k of )  structur e o f  a  give n 
symbol-string ,  eve n whe n on e particula r  mode l  o r  ap -
proac h ca n find  n o structure .  Despit e th e computationa l 
intractability ,  i t  ca n b e reliabl y an d quickl y estimate d b y 
any standar d compressio n technique .  W e presen t  her e a 
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metho d fo r  applyin g Kolmogoro v complexit y t o captur e 
th e notio n o f  syste m regularit y a s a  unifie d measur e fo r 
th e computationa l  — and ,  a s ha s bee n suggeste d (Chate r 
& Hahn ,  1997) ,  cognitiv e — difficult y o f  a  particula r  sys -
tem. 

I n particular ,  w e hav e applie d thi s techniqu e i n tw o 
small-scal e simulations .  Th e result s easil y an d clearl y 
captur e standar d intuition s an d psychologica l  results . 
The stron g difference s i n th e area s measure d (o n th e on e 
hand ,  complexit y ari d regularit y o f  a  functiona l  trans -
formation ,  an d o n th e other ,  th e degre e o f  predictabilit y 
and regularit y capture d b y a  particula r  se t  o f  data )  in -
dicat e tha t  thi s techniqu e ca n b e widel y an d easil y ap -
plie d a s a  model-fre e metho d o f  determinin g wha t  sor t 
of  performanc e ca n b e expecte d fro m an y (o r  th e opti -
mal )  mode l  befor e actuall y developin g th e model .  I t  fur -
the r  provide s a  fundamental ,  theory-neutra d framewor k 
fo r  describin g th e difficult y an d complexit y o f  a  tas k an d 
Cei n b e use d a s commo n groun d fo r  comparin g widel y dif -
ferin g task s i n a  controlle d environmen t  — fo r  example , 
comparin g th e degre e o f  irregularit y presen t  i n pas t  tens e 
acquisitio n vs .  graphem e t o phonem e acquisition ,  bot h 
of  whic h hav e bee n presente d a s quintessentia l  complex , 
irregula r  systems .  Finally ,  th e unit s o f  measurements , 
bits ,  ar e themselve s meaningfu l  an d ca n b e directl y re -
late d t o real-worl d behaviora l  an d information-theoreti c 
data . 

Furthe r  wor k i s require d t o sharpe n th e tool s use d t o 
measur e an d t o determin e wher e th e limit s o f  applica -
tio n are .  Ou r  results ,  however ,  demonstrat e a  nove l  an d 
powerfu l  techniqu e fo r  th e measuremen t  an d compari -
son o f  syste m regularit y i n a  general ,  model-free ,  an d 
theory-neutra l  environment . 
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Abstrac t 

The conventional interpretation of double dissociations 
i s tha t  the y ar e almos t  irrefutabl e evidenc e o f  distinc -
tion s i n bot h functio n an d typ e o f  menta l  processes ,  o r 
of  separatio n o f  cognitio n int o modules .  W e presen t  a 
connectionis t  mode l  tha t  demonstrate s apparen t  dou -
bl e dissociation s withi n a  single-route ,  single-mechanis m 
networ k an d argu e tha t  thes e apparen t  dissociation s ar e 
simpl y th e expecte d tail s o f  a  standcir d bel l  curv e de -
scribin g networ k performance .  W e conclud e tha t  withi n 
a connectionis t  model ,  th e appearanc e o f  doubl e disso -
ciation s ma y no t  be  evidenc e fo r  functiona l  o r  mecha -
nisti c separation ,  an d tha t  simila r  caveat s appl y t o th e 
interpretatio n o f  doubl e dissociation s i n huma n cogni -
tiv e behaviour . 

I n t r o d u c t i o n 

Dissociations ,  an d specificall y doubl e dissociations ,  ar e 
widel y considere d t o b e on e o f  th e mor e powerfu l  tool s 
i n a  cognitiv e neuropsychologist' s  arsenal .  Thi s phe -
nomenon occur s whe n "[cognitiv e psychologists ]  ca n fin d 
one patien t  w h o ca n perfor m tas k A  bu t  no t  tas k B  an d a 
secon d patien t  w h o ca n perfor m tas k B  bu t  no t  tas k A. " 
(McLeod ,  Plunkett ,  &  Rolls ,  1998 ,  p.254 )  Th e philosoph -
ica l  positio n i s  simple ,  bu t  far-ranging .  B y examinin g 
behaviour ,  an d specificall y ho w behaviou r  break s down , 
th e goa l  i s  t o fractionat e th e component s o f  cognitio n 
int o thei r  logica l  an d behavioura l  constituents .  I f  tw o 
style s o f  processin g ar e logicall y an d behaviourall y  sep -
arabl e (fo r  example ,  th e recognitio n o f  peopl e b y thei r 
face s an d th e person-independen t  recognitio n o f  facia l 
expressions) ,  on e i s  tempte d t o conclud e tha t  th e tw o 
processe s ar e independen t  an d don' t  rel y o n on e an -
other .  Furthermore ,  i f  th e tw o processe s appea r  t o d o 
radicall y differen t  things ,  o r  t o d o thing s i n radicall y 
differen t  ways ,  on e ca n argu e fo r  a  complet e processin g 
difference .  Thi s ca n furthe r  b e argue d t o b e no t  jus t 
a differenc e betwee n separat e system s doin g th e sam e 
sor t  o f  processing ,  bu t  betwee n separat e system s doin g 
completel y differen t  kind s o f  processing ,  a s th e need s o f 
th e separat e constituent s deman d — fo r  example ,  th e 
basi c feature s relevan t  t o facia l  recognitio n ar e differen t 
fro m th e basi c feature s fo r  expressio n recognition ,  an d 
so there' s reaso n t o thin k tha t  th e tw o processe s operat e 
i n completel y differen t  ways . 

'Curren t  address :  Departmen t  o f  Mathematic s an d Com-
pute r  Science ,  Duquesn e University ,  Pittsburgh ,  P A 1528 2 
(JUOLA@MATHCS.DUQ.EDU) 

Inflectiona l  morpholog y i n Englis h ha s bee n a  fruitfu l 
are a fo r  thi s sor t  o f  stud y an d analysis .  I t  i s  relativel y 
eas y t o fractionate ,  fo r  example ,  th e proces s o f  inflec -
tio n int o tw o separat e processe s o f  regula r  an d irregu -
la r  inflection .  Eve n withi n a  singl e syntacti c category , 
th e inflectio n o f  regula r  form s (e.g .  hous e - ^  houses ) 
seems intuitivel y differen t  fro m th e inflectio n o f  irregu -
la r  form s (mous e - ^  mice) .  Regula r  inflection s appea r  t o 
generaliz e easil y t o nove l  o r  nonwor d forms ,  t o unusua l 
productions ,  an d eve n t o wor d form s tha t  ar e usuall y 
irregula r  bu t  ar e use d i n unusua l  o r  atypica l  ways .  I n 
contrast ,  irregular s see m t o generaliz e significantl y les s 
when the y generaliz e a t  al l  (fe w peopl e ar e tempte d t o 
produc e *hic e a s th e plura l  o f  house) . 

Daughert y an d Seidenber g (1992 )  hav e demonstrate d 
tha t  irregula r  form s ar e m u c h mor e sensitiv e t o frequenc y 
effect s i n readin g alou d tha n ar e regula r  forms .  Prasad a 
an d Pinke r  (1993 )  hav e show n difference s i n similarit y 
effect s betwee n regula r  an d irregula r  form s i n term s o f 
generalizatio n performanc e levels .  T h e crownin g piec e 
of  evidenc e fo r  som e sor t  o f  separation ,  o r  agains t  an y 
theor y o f  a  unifie d mechanism ,  shoul d b e th e produc -
tio n o f  cas e studie s showin g a  doubl e dissociatio n — fo r 
example ,  studie s o f  William s syndrom e patient s (Bel -
lugi ,  Hoeck ,  Lillo-Martin ,  &  Sabo ,  1988 )  see m t o sho w 
tha t  regula r  form s ar e relativel y preserve d (i n compari -
so n wit h performanc e o n irregula r  forms) ,  whil e studie s 
of  SL I  patient s (Gopni k &  Crago ,  1994 )  sho w tha t  ir -
regula r  form s ar e relativel y preserved .  Finally ,  Marslen -
Wilso n an d Tyle r  (1997 )  presen t  a  cas e o f  tw o aphasic s 
wit h differen t  lexica l  decisio n performance s o n regula r 
an d irregula r  words ,  an d claim ,  specifically ,  tha t  "thi s i s 
evidenc e fo r  functiona l  an d neurologica l  distinction s i n 
th e type s o f  menta l  computatio n tha t  suppor t  thes e dif -
feren t  aspect s o f  linguisti c an d cognitiv e performance. " 
Thi s i s th e classi c for m an d conclusio n o f  a  doubl e dis -
sociation . 

Thi s argument ,  w e claim ,  i s incorrect .  Plan t  an d Shal -
hc e (1994 )  hav e produce d a  connectionis t  networ k tha t 
doe s sho w functiona l  separatio n betwee n variou s set s o f 
units ,  an d thu s damag e t o on e particula r  se t  o f  unit s 
(o r  interconnectin g weights )  produce s predictabl y differ -
ent  erro r  pattern s tha n damag e t o othe r  sets .  Simila r 
effect s coul d b e expecte d t o b e foun d in ,  fo r  instance , 
th e (Mareschal ,  Plunkett ,  &  Harris ,  1995 )  mode l  o f  ob -
jec t  permanenc e o r  th e (Miikkulainen ,  1993 )  mode l  o f 
stor y understanding .  I n general ,  an y o f  th e generalize d 
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pipe-fittin g comple x connectionis t  model s sho w a s muc h 
functioiici l  separatio n betwee n thei r  unit s an d connec -
tion s a s th e box-and-arro w diagrajn s tha t  underl y the m 

and ar e ofte n use d t o explai n thei r  functioning .  Despit e 
thi s degre e o f  functiona l  separation ,  however ,  thi s sor t  o f 

structur e doe s no t  provid e evidenc e fo r  "distinction s i n 
th e type s o f  .. .  computation, "  a s th e typ e o f  processin g 
i s th e sam e fo r  al l  unit s withi n thi s typ e o f  network . 

We presen t  her e a  mode l  cm d associate d connection -
is t  sinmlatio n tha t  ma y explai n som e form s o f  double -
dissociatio n a s simpl e varianc e fro m a  stochcisti c nor m 
withi n a  single-system ,  single-mechanism ,  associator .  I n 

thi s model ,  th e effect s o f  damag e ar e unpredictable ,  an d 
further ,  thes e effect s ma y differentiall y  affec t  differen t 
word s o r  wor d categories .  Ou r  experiment s show ,  fo r  ex -
ample ,  tha t  a  singl e networ k ca n b e damage d randoml y 
i n suc h a  wa y a s t o hav e ver y goo d performanc e o n a  par -
ticula r  clas s o f  words ,  o r  ver y ba d performance ,  despit e 
th e leve l  o f  damag e bein g th e sam e i n eithe r  case .  W e 
argu e tha t  th e mer e observanc e o f  a  doubl e dissociation , 
particularl y a s a  rar e o r  pathologica l  case ,  i s no t  suf -
ficien t  evidenc e t o conclud e a  separatio n o f  processing , 
especiall y i n case s wher e th e damag e itsel f  ca n onl y b e 
observe d crudel y an d th e functio n los t  i s  highl y complex . 

Simulation 

Network definition 

The networ k tha t  w e chos e t o damag e i s a  standar d con -
nectionis t  simulation ,  constructe d a s a  multi-laye r  per -
ceptro n networ k usin g backpropagatio n o f  erro r  (Rumel -
hart ,  Hinton ,  &  Williams ,  1986) .  Th e simulatio n wa s 
buil t  usin g th e PlaNe t  simulato r  (Miyata ,  1991 )  usin g 
130 unit s fo r  th e inpu t  layer ,  16 0 unit s fo r  th e outpu t 
layer ,  cm d 20 0 unit s a s th e hidde n layer . 

Fiv e rando m set s o f  startin g weight s wer e traine d ove r 
a graduall y expandin g corpu s o f  trainin g dat a eventu -
all y encompassin g 228 0 nou n type s an d 94 6 ver b type s 
of  varyin g frequencie s representin g thei r  toke n frequen -
cie s a s foun d i n th e Brow n corpu s (Kucer a &c Francis , 
1967) .  Th e trainin g dat a fo r  th e simulation s wer e take n 
firo m th e C E L E X corpu s (Baayan ,  Piepenbrock ,  &  Rijn , 
1993) ;  w e extracte d fro m thi s databas e al l  word s whic h 
wer e monosyllabic ,  whic h containe d n o "foreign "  sound s 
i n thei r  pronunciatio n (accordin g t o th e Mob y Pronun -
ciato r  databas e (Ward ,  1997)) ,  an d fo r  whic h w e ha d ev -
idenc e tha t  the y coul d b e use d a s noun s o r  verbs .  Thi s 
yielde d a  tota l  corpu s o f  262 6 stems ,  whic h encompasse d 
3226 tota l  inflecte d type s (228 0 noun s an d 94 6 verbs) .  O f 
thes e types ,  2 6 wer e irregula r  noun s an d 12 2 wer e irreg -
ula r  verbs .  Fo r  thes e words ,  w e too k th e correspondin g 
toke n frequencie s (o f  th e stems )  fro m th e Brow n corpu s 
(Kucer a &  Francis ,  1967 )  a s a  roug h measur e o f  toke n 
frequencie s i n runnin g speech .  Th e toke n frequencie s o f 
word s wer e individuall y tabulate d a s noun s an d verbs , 
the n th e functio n Xog l̂freq ^  +  1 )  applie d t o thes e fre -
quencie s t o flatten  the m int o somethin g mor e presentabl e 
t o th e network .  Th e final  varianc e wa s betwee n 1  an d 2 1 
tokens/inflecte d type ,  meanin g tha t  th e mos t  frequen t 
word s appeare d jus t  ove r  twent y time s a s ofte n a s th e 
least .  Thes e toke n frequencie s wer e als o heavil y domi -

nate d b y nouns .  O f  th e 1712 9 token s i n th e trainin g se t 
13045 wer e nou n token s (20 4 o f  the m irregular )  an d 408 4 
wer e ver b token s (99 7 o f  the m irregular) . 

The trainin g corpu s wa s prepare d b y convertin g th e 
Moby symboli c pronunciatio n (Ward ,  1997 )  int o a  larg e 
binar y vecto r  usin g a  modificatio n o f  th e PGPfon e al -
phabe t  representatio n (Juol a &  Zimmermann ,  1996) . 
Each phonem e wa s represente d ci s a  cluste r  o f  1 6 binar y 
phoneti c feature s includin g aspect s suc h a s place ,  man -
ner ,  an d heigh t  o f  articulation .  Eac h wor d wa s divide d 
int o onset-nucleus-cod a constituent s an d right-justifie d 
withi n a  C C C V V C CC templat e (e.g .  th e wor d "cat " 
(/kAt/ )  woul d b e represente d b y th e trainin g patter n 
# # k # A # # t ,  wher e '# '  represent s a n absen t  sound) . 
To thi s 128-bi t  pattern ,  tw o additiona l  bit s wer e ap -
pende d representin g th e syntacti c for m t o b e inflecte d 
into ,  eithe r  th e pas t  tens e (o f  a  verb )  o r  th e plurj j  (o f 
a noun) .  Th e desire d output s wer e a  simila r  encod -
in g o f  th e phonolog y o f  th e inflecte d form ,  includin g a n 
optiona l  epentheti c vowe l  an d final  consonant .  A n in -
crementa l  trainin g regim e wa s applied ,  wher e trainin g 
starte d ou t  wit h a  smal l  numbe r  (2 0 types )  o f  hig h fre -
quenc y words .  Th e trainin g se t  wa s the n graduall y ex -
pande d (5 % typ e expansio n pe r  epoch )  t o includ e word s 
of  decreasin g frequenc y unti l  th e entir e corpu s i s ab -
sorbed .  Thi s trainin g schedul e i s intende d t o captur e 
th e distinctio n betwee n inpu t  t o an d uptak e b y th e chil d 
(Plunket t  &  Marchman ,  1993) . 

Each o f  th e five  startin g point s yielde d a  uniqu e weigh t 
configuratio n afte r  11 5 trainin g increment s an d wa s use d 
as th e basi s fo r  th e lesionin g experiments .  Incremen t  11 5 
i s th e earlies t  poin t  a t  whic h th e networ k ha d bee n ex -
pose d t o th e entir e trainin g corpu s and ,  a s migh t  b e ex -
pected ,  i s th e poin t  wit h th e wors t  overjd l  performanc e 
on th e trainin g corpus .  Becaus e o f  th e hig h erro r  rat e 
unde r  "normal "  circumstances ,  i t  i s  reasonabl e t o as -
sume tha t  i t  woul d b e th e mos t  sensitiv e t o damag e an d 
therefor e a n appropriat e tim e t o lesio n i n searc h o f  inter -
estin g erro r  patterns .  Th e exac t  detail s o f  th e acquisitio n 
and los s profile s ar e reporte d elsewher e i n thi s volume , 
but  ca n b e briefl y summarize d b y th e result s tha t  noun s 
are ,  i n general ,  superio r  t o verb s an d regular s superio r 
t o irregulars ,  i n keepin g wit h thei r  relativ e frequencie s 
withi n th e corpus .  W e focu s her e no t  o n th e averag e 
leve l  o f  loss ,  bu t  instea d o n th e variatio n i n loss . 

Analysis 

Each (lesioned) subject was presented with the training 
corpu s an d th e output s interprete d b y takin g th e closes t 
phoneme strin g t o th e outpu t  units '  activatio n pattern . 
Thi s patter n wa s simpl y evaluate d a s "correct "  o r  "in -
correct, "  an d th e numbe r  o f  correc t  type s o f  eac h cate -
gor y (e.g .  regula r  nouns ,  irregula r  nouns ,  regula r  verbs , 
and irregula r  verbs )  wa s taJce n a s a  measur e o f  networ k 
performance . 

We first  not e tha t  th e leve l  o f  performanc e i s "ran -
dom, "  i n a t  leas t  th e limite d sens e o f  no t  entirel y pre -
dictable .  Becaus e o f  thi s unpredictability ,  w e therefor e 
can "expect "  unexpecte d behaviour ,  bot h unexpectedl y 
good an d unexpectedl y bad . 
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Figur e 1 :  Histogra m o f  regula r  ver b performanc e (per -

centag e o f  "normal" ) 

To confir m this ,  w e performe d 106 5 separat e lesions , 
ai l  a t  th e 9 7 % leve l  (i n othe r  words ,  leavin g a  rando m 
9 7 % o f  th e connection s intact )  o f  on e o f  th e network s 
develope d i n th e prio r  experiment .  I n a  medica l  con -
text ,  thi s migh t  represen t  a n exploratio n o f  th e rang e o f 
damage tha t  coul d b e expecte d afte r  a  particula r  patien t 
receive d a n injur y o f  som e particula r  severity . 

Some degre e o f  normalizatio n i s necessary ,  a s th e 
trainin g se t  itsel f  onl y include d 2 6 irregula r  nou n type s 
but  225 4 regula r  nou n type s — an d th e undamage d net -
work s correctl y inflecte d a  highe r  percentag e o f  regula r 
noun token s tha n irregula r  ones .  (Th e network ,  fo r  ex -
ample ,  achieve d 9 9 % o n regula r  nouns ,  9 7 % o n regula r 
verbs ,  bu t  onl y 9 0 % o n irregula r  verb s an d onl y 7 7 % 
[2 0 ou t  o f  26 ]  o n irregula r  nouns .  Thi s i s typica l  fo r  al l 
network s w e studied. )  W e therefor e normalize d perfor -
mance b y calculatin g i t  a s a  percentag e o f  "baseline "  per -
formanc e o f  th e undamage d networ k use d a s a  bas e fo r 
each subject .  Becaus e i n man y cases ,  especiall y  fo r  irreg -
ula r  noun s an d verbs ,  th e baselin e performanc e include d 
errors ,  i t  occasionall y happene d tha t  th e performanc e o f 
an individua l  subjec t  o n a n individua l  categor y woul d 
excee d th e baseline ,  resultin g i n apparentl y paradoxica l 
performanc e level s tha t  excee d 100% .  I n othe r  words , 
under  certai n circumstances ,  damag e no t  onl y doe s no t 
degrad e performance ,  bu t  wil l  actuall y increas e it . 

Results 

Figur e 1  present s a  histogra m o f  th e performanc e leve l  o n 
th e inflectio n o f  regula r  ver b types .  Eve n afte r  variatio n 
i n patien t  an d physica l  severit y o f  damag e hav e bee n 
controlle d for ,  th e outline s o f  a  skewe d bel l  curv e ca n b e 
seen .  I n othe r  words ,  dependin g upo n th e exac t  natur e 
of  th e lesion ,  a n individua l  network/patien t  ma y displa y 
"little "  impairmen t  o r  "severe "  impairment ,  relativ e t o 
th e expecte d performanc e level ,  althoug h mos t  network s 
wil l  displa y "moderate "  o r  "average "  impairments .  A 
simila r  curve ,  althoug h wit h a  diflFeren t  mea n an d media n 
leve l  o f  impairment ,  ca n b e see n i n figure  2 ,  showin g th e 
same lesions '  performanc e o n irregula r  nou n types . 

Furthermore ,  thes e performanc e levels ,  althoug h cor -
related ,  ar e a t  leas t  partiall y  independent ,  a s ca m b e see n 

Figur e 2 :  Histogra m o f  irregula r  nou n performanc e (per -

centag e o f  "normal" ) 
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100 120 

Figur e 3 :  Scatte r  plo t  o f  irregula r  nou n vs .  regula r  ver b 

performance s (%ages) . 

o n th e scatter-plo t  (Figur e 3) .  Obviously ,  th e lesion s a t 
th e uppe r  lef t  corne r  o f  th e grap h wil l  displa y a n ap -
paren t  dissociatio n o f  performsmc e o n irregula r  noun s 
relativ e t o regula r  verbs ,  an d th e convers e hold s fo r 
th e lesion s i n th e lowe r  right .  However ,  thes e represen t 
identically-sever e lesion s fo r  th e s a m e network !  Thes e 
lesion s demonstrat e a  "doubl e dissociation "  withi n th e 
same,  unified-route ,  unified-mechanis m processor . 

Thes e dissociation s ca n b e see n m o r e clearl y i n th e 
followin g se t  o f  figures  (figure s 4-8) .  I n al l  thes e figures, 
point s a t  th e uppe r  lef t  o f  th e figure  ar e doubl y dissoci -
ate d wit h point s a t  th e lowe r  right .  Suc h pair s ar e eas y 
t o find  i n al l  figures  excep t  fo r  figure  7 ,  whic h appear s 
t o b e relativel y emp t y a t  th e extrem e lowe r  righ t  corner . 
Thi s apparen t  emptiness ,  however ,  i s  onl y a n emptines s 
at  th e extreme ;  point s stil l  exis t  wher e th e performanc e 
on irregula r  verb s i s "significantly "  bette r  tha n o n regu -
la r  verbs . 

Discussion 

Thi s argument ,  then ,  ma y explai n bot h th e occurrenc e 
as wel l  a s th e rarit y o f  som e neurologica l  impairments . 
I f  on e consider s th e cas e o f  a  neurologis t  sittin g i n a n 
emergenc y war d an d examinin g patient s a s the y com e 
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in ,  i t  shoul d b e eviden t  tha t  mos t  "close d hea d injur y 
patients "  wil l  no t  presen t  wit h a n interestin g collectio n 

of  symptoms .  Th e patient s tha t  receiv e interes t  (an d 
journa l  writeups )  ar e somewha t  vai e example s tha t  sho w 
how thing s ca n g o wrong ,  an d no t  necessaril y  ho w the y 
ar e expecte d t o g o wrong .  I n particular ,  th e chang e i n 
outpu t  behaviou r  o f  a  sufficientl y comple x syste m migh t 
not  appropriatel y b e describe d a s jus t  a  performanc e 
"loss" .  A  bette r  descriptio n woul d b e a  chang e o r  alter -
atio n i n performance ;  a s w e describ e above ,  sometime s 
th e chang e ca n improv e (som e aspect s of )  performanc e 
by eliminatin g factor s tha t  hav e contribute d t o errors . 
Ther e appeeir s t o b e n o har d an d fas t  boundar y betwee n 
routes ,  o r  modules ,  suc h tha t  th e modul e fail s  t o func -
tio n — instead ,  th e output s ar e subtl y altere d (b y th e 
insertio n o f  unpredictabl e "noise" )  an d th e nois y output s 
themselve s ma y b e subjec t  t o furthe r  nois y processing . 

I n particular ,  thi s mode l  demonstrate s tha t  doubl e dis -
sociation s ma y b e possible ,  eve n i n th e absenc e o f  spe -
cifi c  modula r  difference s i n typ e an d functio n o f  process -
ing .  Thes e doubl e dissociation s ar e instea d th e resul t  o f 
stochasti c processes .  Th e appearanc e o f  suc h a  dissocia -
tio n ma y no t  b e sufficien t  evidenc e t o conclud e tha t  suc h 
a separatio n exists .  B y extension ,  thi s sor t  o f  evidenc e 
i n human s ma y no t  b e sufficien t  evidenc e t o conclud e 
tha t  a n equivalen t  functiona l  o r  neurologica l  separatio n 
exists . 

Conclusions 

We have presented a model and explanation for some 
kind s o f  doubl e dissociatio n tha t  doe s no t  requir e a  dif -
feren t  metho d o f  processin g o r  eve n a  functiona l  sep -
aratio n betwee n module s i n th e underlyin g processing . 
We argu e instea d that ,  becaus e th e effect s o f  deunag e 
t o £L S comple x a  syste m a s inflectionei l  morpholog y ar e 
somewhat  unpredictable ,  i n som e case s "random "  dam -
age wil l  resul t  i n surprisingl y goo d performanc e o n som e 
aspect s o f  a  tas k an d surprisingl y ba d performanc e o n 
othe r  aspects ,  merel y a s a  resul t  o f  th e tas k complexit y 
exceedin g ou r  understandin g o f  th e syste m underlyin g 
it .  Specifically ,  becaus e w e ar e unabl e t o understan d th e 
exac t  difference s betwee n th e representatio n o f  on e typ e 
and anothe r  i n connectionis t  networks ,  th e difference s i n 
representatio n ma y occasionall y conspir e (unde r  dam -
age)  t o produc e varianc e amon g som e representationa l 
groups ,  whethe r  thes e group s ar e "irregula r  nouns "  o r 
"word s wit h eve n parity. "  Thes e apparen t  conspiracie s 
wil l  (stochastically )  produc e doubl e dissociation s a t  th e 
extrem e tail s o f  th e probabilit y  distribution ,  irrespectiv e 
of  th e functiona l  an d computationa l  makeu p o f  th e sys -
tem. 

Thi s argumen t  migh t  b e extende d a s a  suggestio n 
agains t  th e extensiv e us e o f  individua l  cas e studie s i n 
th e genera l  psychologica l  literature ;  i f  connectionis t  net -
work s ar e regarde d a s complex ,  ho w muc h mor e s o i s 
th e huma n brain ? I t  woul d b e unusua l  indee d i f  w e 
coul d predic t  th e exac t  behavioura l  resul t  fro m a  par -
ticula r  injur y o r  geneti c makeup ,  meanin g tha t  i n som e 
cases ,  th e result s wil l  b e surprisingl y devastating ,  whil e 
i n othe r  case s (o r  othe r  tasks )  th e result s wil l  b e surpris -

ingl y preserved .  B y sortin g throug h enoug h patient s o r 
networks ,  on e ca n "expect "  tha t  one' s expectation s wil l 
sometime s b e woefull y misleading .  S o th e appearanc e o f 
individua l  cases ,  absen t  som e analysi s o f  ho w character -
isti c o r  uncharacteristi c the y are ,  ma y no t  b e significan t 
i n th e fractionatin g o f  cognition .  Paradoxicall y enough , 
then ,  th e doubl e dissociation s produce d b y neura l  net -
work s ma y actuall y b e bette r  evidenc e fo r  ho w menta l 

processe s migh t  brea k down ,  becaus e th e networ k de -
veloper s ca n lesio n th e sam e networ k ove r  an d ove r  unti l 
th e result s ca n b e described ,  no t  i n term s o f  idiosyncrati c 
cases ,  bu t  i n term s o f  mean s an d expectations . 
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Abstrac t 

We present a computer model for the acquistion of program-
min g language s fro m textbooks .  Startin g fro m a  verba l  de -
scriptio n o f  th e notationa l  convention s tha t  ar e use d t o describ e 
th e syntacti c for m o f  programmin g commands ,  a  met a gram -
mar  i s generate d tha t  parse s concret e comman d description s 
and build s u p gramma r  rule s fo r  tha t  commands .  Thes e rule s 
ar e realize d a s definit e claus e gramma r  rule s tha t  capture s th e 
synta x o f  thes e commands .  The y ca n b e use d t o pars e an d 
generat e syntacticall y correc t  example s o f  a  command .  How -
ever ,  t o solv e rea l  programmin g problem s als o th e semantic s 
of  a  comman d an d o f  it s  parameter s need s t o b e acquired .  Thi s 
i s accomplishe d b y th e natura l  languag e parsin g o f  th e expla -
nation s give n i n th e tex t  an d th e augmentatio n o f  th e definit e 
claus e comman d grammar s wit h semanti c stmcmres . 

In t roduct io n 

The acquisitio n o f  a  programmin g languag e fro m textbook s 

i s a  comple x cognitiv e tas k tha t  comprise s tw o subtasks :  th e 

acquistio n o f  th e synta x o f  th e forma l  expression s o f  th e 

languag e an d th e acquistio n o f  th e correspondin g (opera -

tional )  semantics .  Syntacti c knowledg e i s necessar y t o gen -

erat e well-formed ,  compute r  executabl e expressions .  H o w -

ever ,  programmin g i s a  goal-directe d tas k an d expression s ar e 

generate d t o solv e specifi c  problems .  Thus ,  th e semantic s o f 

thes e expression s i s crucia l  a s well .  A  well-forme d comman d 

expressio n onl y accomplishe s it s tas k i f  i t  realize s a n appro -

priat e for m (syntax )  fo r  th e intende d actio n (semantics) . 

Accordingly ,  textbook s giv e a  syntacti c an d semanti c de -

scriptio n fo r  eac h command .  Thi s i s don e i n a  heterogeneou s 

format :  b y a  forma l  specificatio n o f  th e synta x an d a  ver -

bal  descriptio n o f  th e semantic s (th e genera l  function ,  th e 

meanin g an d typ e o f  th e parameter s etc.) .  T o understan d th e 

syntacti c descriptio n th e use r  need s t o kno w th e notationa l 

conventio n use d i n th e textbook ,  e.g .  function s ar e enclose d 

i n bracket s wit h th e first  elemen t  denotin g th e functio n nam e 

(Lisp) ,  o r  optiona l  parameter s ar e enclose d i n squar e brack -

et s ( M S - D O S comman d syntax) .  Thes e convention s ar e give n 

at  th e beginnin g o f  suc h textbooks ,  bu t  ofte n the y ar e incom -

plete .  However ,  suc h met a knowledg e i s necessar y t o under -

stan d (i.e .  parse )  th e forma l  descriptio n o f  singl e commands , 

e.g .  t o recogniz e tha t  pat h i n C D [device:][path ]  i s a n op -

tiona l  paramete r  o f  th e comman d C D .  Th e resul t  o f  thi s pars -

in g proces s i s a  pars e tre e o f  th e forma l  conmian d expressio n 

whic h need s t o b e operationalized .  I n ou r  mode l  thi s  i s don e 

by a  rul e constructo r  tha t  generate s a  comman d gramma r  i n 

for m o f  a  Definit e Claus e Gramma r  ( D C G ) .  Suc h a  definit e 

claus e comman d gramma r  ca n b e use d t o pars e an d generat e 

instance s o f  th e command ,  e.g .  c d a.user . 

Nothin g ha s bee n sai d s o fa r  abou t  th e acquisitio n o f  th e 

meanin g o f  commands ,  o f  whic h a  verba l  explanatio n i s give n 

i n th e accompanyin g tex t  togethe r  wit h th e c o m m a n d syntax . 

I n thi s way ,  th e genera l  meanin g o f  th e c o m m a n d (e.g .  C D 

change s th e curren t  directory )  an d it s parameter s i s provided . 

The semanti c interpretation s mus t  b e relate d t o th e syntacti c 

construction s the y explain .  Onl y suc h a  couplin g guarantee s 

tha t  semanti c conten t  an d syntacti c for m wil l  wor k togethe r 

correctl y i n a  proble m solvin g environment .  Th e semanti c 

knowledg e i s necessar y fo r  th e plannin g an d reasonin g pro -

cess ,  th e syntacti c knowledg e fo r  th e realizatio n stage .  Learn -

in g failure s ca n occu r  a t  eac h o f  th e followin g stages :  th e 

acquisitio n o f  th e met a grammar ,  th e acquisitio n o f  th e com -

mand gramma r  an d th e acquistio n o f  th e syntactic-semanti c 

interface . 

We assum e tha t  th e learne r  i s a  novic e wit h respec t  t o th e 

programmin g languag e t o b e acquired .  W e confin e ourselve s 

t o th e acquisitio n o f  a n operatin g syste m languag e ( M S - D O S ) 

whic h w e thin k i s easie r  t o lear n tha n a  full-fledge d program -

min g languag e lik e Lis p o r  Prolog . 

We distinguis h fou r  learnin g stage s i n th e acquistio n o f  a 

programmin g language : 

• construction of a meta granmiar from the notational con-

vention s tha t  ar e introduce d (verbally )  i n th e text . 

•  parsin g o f  th e forma l  c o m m a n d synta x wit h th e met a gram -

mar  an d constructio n o f  a n initia l  c o m m a n d granmia r  fro m 

th e derivatio n tree . 

•  natura l  languag e parsin g o f  th e c o m m a n d definition s an d 

modificatio n o f  th e c o m m a n d gramma r  t o incorporat e th e 

correspondin g semanti c information . 

•  parsin g o f  c o m m a n d example s wit h th e c o m m a n d gramma r 

and parsin g o f  th e correspondin g verba l  explanations .  Thi s 

lead s t o furthe r  refinement s o f  th e c o m m a n d grammar . 

Operationalization of Notational Conventions 

Let  th e discussio n becom e mor e concrete .  I n Figur e 1 ,  th e 

notationa l  convention s o f  a  textboo k tha t  introduce s th e op -

eratin g syste m M S - D O S an d it s command s ar e given .  Thes e 

sentence s ca n b e viewe d a s instruction s t o buil d u p a  (meta ) 
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1.  Al l  D O S command s ar e give n i n uppe r  cas e letters . 
2.  Th e parameter s o f  a  comman d ar e specifie d i n lowe r  cas e letters . 
3.  Th e nam e o f  a  paramete r  ofte n characterize s it s function . 
4.  Optiona l  parameter s ar e enclose d i n squar e bracket s ([parame -

ter]) . 
5.  Multiple ,  bu t  mutuall y exclusiv e parameter s ar e enumerate d i n 

angl e brackets . 
Figur e 1 :  Notationa l  convention s fro m a  textboo k 

grammar  fo r  M S - D O S commands .  Wit h th e ai d o f  thi s gram -

mar ,  c o m m a n d s lik e C D o r  C O P Y ca n b e understood ,  i.e .  th e 

learne r  ca n determin e wha t  th e c o m m a n d nam e is ,  whethe r  it s 

parameter s ar e optiona l  o r  mutuall y exclusive ,  etc .  Eve n in -

formatio n regardin g th e typ e o f  paramete r  i s give n (sentenc e 

3) .  However ,  ther e i s stil l  som e informatio n lef t  implici t  an d 

some necessar y convention s ar e eve n missing .  T o giv e a n ex -

ample :  Th e concep t  o f  a  paramete r  i s  introduce d withou t  an y 

clea r  distinctio n o f  wha t  differen t  type s o f  parameter s ther e 

are .  Fo r  example ,  optiona l  parameter s ar e introduced ,  bu t 

doe s tha t  impl y th e existenc e o f  mandator y parameters ? A n d 

h o w wil l  thes e parameter s b e marked ? Also ,  n o informatio n 

abou t  linearizatio n i s given :  doe s th e c o m m a n d nam e preced e 

it s parameter s o r  vic e versa ? Additionally ,  specia l  character s 

(includin g th e whit e spac e character s lik e blan k an d tab )  ar e 

not  eve n mentioned . 

T h e questio n is :  H o w ca n thes e notationa l  convention s b e 

utilize d t o understan d an d acquir e th e synta x o f  commands ? 

T h e answe r  is :  I t  mus t  b e operationalize d i n for m o f  a  synta x 

recognize r  (e.g.. a context-fre e gramma r  an d a  parser )  tha t  ca n 

pars e concret e syste m commands . 

I n Figur e 2 ,  w e giv e a  sketc h o f  th e met a knowledg e neces -

sar y t o buil d u p a  context-fre e gramma r  ( C F G )  fro m natura l 

languag e input . 

1.  a  C F G rul e consist s o f  a  hea d an d a  bod y separate d b y a n expan -
sio n symbo l  (  -> ) 

2.  th e bod y consist s o f  terminal s an d /  o r  nonterminal s 
3.  nonterminal s ar e realize d a s C F G rule s 
4.  terminal s ar e singl e character s lik e "A "  or"[ " 
5.  optionalit y o f  rule s i s expresse d b y a t  leas t  tw o alternativ e rules , 

wher e on e rul e expand s t o [ ]  (zer o expansion) ;  i.e .  th e inpu t  strin g 
i s no t  decremente d 

6.  exclusivenes s o f  rule s i s realize d b y alternativ e rule s withou t  a 
zer o expansio n 
Figur e 2 :  Knowledg e abou t  th e constructio n o f  a  C F G 

The module responsible for the translation from the in-

structiona l  text ,  i.e. ,  th e notationa l  conventions ,  t o a  C F G i s 

calle d th e met a rul e constructor .  Th e met a rul e constructo r  i s 

base d o n a  Definit e Claus e G r a m m a r  fo r  th e Englis h construc -

tion s whic h ar e use d t o specif y th e notationa l  conventions .  I t 

use s a  Montagu e styl e rule-by-rul e approac h t o m a p th e En -

glis h sentence s t o context-fre e rules ,  th e logica l  languag e w e 

use .  Ever y syntacti c constituen t  receive s a  semanti c valu e 

whic h i s compositionall y constructe d fro m th e semanti c val -

ues o f  th e immediat e subconstituent s (th e detail s o f  h o w thi s 

i s don e wil l  b e give n i n a  moment ) .  Th e semanti c valu e as -

signe d t o a  syntacti c constituen t  N  i s a  pai r  < E , R > wher e 

•  £ •  i s  a n expressio n o f  th e utilize d logica l  languag e ( a con -

stan t  o r  a  lambd a term ) 
•  / ? i s th e se t  o f  rule s constructe d fo r  th e constituen t  whic h 

consist s o f  th e unio n o f  th e rul e set s assigne d t o th e subcon -

stituent s o f  N ,  plu s th e valu e o f  E  i n cas e N  i s th e sentenc e 

symbol . 

Consider the notational conventions from Figure 1 and the 

resultin g C F G i n Figur e 3  a s i t  wa s buil t  b y th e met a rul e 

constructor .  Correspondin g number s betwee n Figur e 3  an d 

Figur e 1  indicat e tha t  th e gramma r  rul e wa s derive d fro m th e 

respectiv e sentence . 

la) dosjcommand -^ uppercaseJetters 
lb )  upperjcaseJetter s - ^  upper-caseJette r 
Ic )  upperjcaseJctter s - > uppercaseJette r  upperxaseJetter s 

2a) parameter -^ lower.case Jetters 
2b)  parameter s -> •  paramete r 
2c )  parameter s -> ^  paramete r  parameter s 
2d)  lower.caseJetter s —>̂  lower.caseJette r 
2e)  lower.caseJetter s - ¥ lower.caseJette r  lowerxaseJetter s 

4a) optional-parameter -^ ' [' parameters' ]' 
4b)  optionaLparameter s - ¥ optional4)aramete r 
4c )  optional̂ jarameter s - ^  optional_paramete r  optional̂ jarameter s 

5a)  exclusive t̂arameter s -> '  < '  parameters '  > ' 
5b)  exclusive-parameter s —¥ exclusive-paramete r 
5c )  exclusive-parameter s —̂  exclusive-paramete r 

exclusive ĵarameter s 

Figur e 3 :  Met a gramma r 

We cannot go through each rule, but will nevertheless com-

ment  o n som e interestin g translations .  Sentenc e 1  mainl y 

give s ris e t o rul e la ,  i.e. , 

(E\-l )  dosjcomman d —> upper.cas e Jetters . 

But  ther e ar e a  numbe r  o f  othe r  rule s whic h wer e triggere d b y 

thi s sentenc e (l b an d Ic) ,  whic h w e wil l  n o w explai n i n mor e 

detail . 

Th e semanti c valu e o f  a  singula r  nou n lik e uppe r  cas e lette r 

i s  th e pai r 

(Ex-2 )  <upper.case-letter ,  {  upper.caseJette r  —^  A , 

upper-caseJetter— ^  B ,  .. .  }> , 

i.e, the set of all lexical insertion rules for a single upper case 

letter .  B y contrary ,  noun s lik e " D O S c o m m a n d "  hav e th e se -

manti c valu e <dos_conunand, 0 > ,  tha t  i s  th e se t  o f  asscoci -

ate d rule s i s empty .  Th e reaso n fo r  thi s differenc e lie s i n th e 

differen t  grammatica l  statu s o f  th e correspondin g nontermi -

nals ,  upper-case-lette r  i s  a  nonbranchin g preterminal ,  whic h 

dominate s exactl y on e termina l  symbol .  Sinc e th e objec t  lan -

guag e consist s o f  sequence s o f  singl e letter s o r  symbols ,  no t 

of  preparse d token s (findin g thes e token s i s on e o f  th e goal s 

of  ou r  approach) ,  th e operationa l  meanin g o f  suc h a  nou n i s 

th e se t  o f  rule s use d t o recogniz e th e correspondin g termina l 

symbols .  O n th e othe r  hand ,  D O S c o m m a n d i s translate d int o 

a nontermina l  symbo l  fo r  whic h w e hop e t o find  th e relevan t 

expansio n rule s i n subsequen t  steps ,  therefor e th e associate d 

rul e se t  i s  empty .  I n othe r  words :  th e huma n learne r  obviousl y 
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know s wha t  uppe r  cas e letter s ar e bu t  (s)h e (a s a  novice )  ha s 

no ide a abou t  th e natur e o f  D O S commands . 

I t  i s n o w interestin g t o se e h o w th e recursiv e rule s 1  b  an d 

I c i n Figur e 3 ,  whic h ar e use d t o recogniz e sequence s o f  up -

per  cas e letters ,  ar e built .  W e thin k th e trigge r  conditio n lo r 

recursiv e rule s i s thep/Mra/o f  th e noun s occurrin g i n th e nota -

tiona l  conventions ,  i n ou r  exampl e uppe r  cas e letters .  There -

fore ,  w e assum e th e followin g plura l  formatio n DCG-rule : 

n(pl,NPl^em )  - > n(sg,NSg^em) ,  [s] , 

{  plural_semantics(NSg.Sem,NPLSem )  } 

That  is :  th e plura l  o f  a  nou n i s forme d b y appendin g th e 

lette r  s  t o th e singula r  form .  Th e predicat e plural^emantics/ 2 

i s define d i n Prolog ^  a s follows : 

plura l  jemantics(<C l  ,Rule s 1  >  ,<C2,Rules2 » : -
concat( C 1  ,s,C2 )  % e.g. ,  concatfletter.s.letters ) 
NewRule s =  [C 2 ̂  CI ,  C 2 - > C I  C2] , 
union(Rule s 1  ,NewRules,Rules2) . 

Figur e 4 :  Plura l  formatio n rul e i n Prolo g 

An example will illustrate this matter. The semantic value 

of  upper.caseJette r  wa s specifie d i n (Ex-2 )  above .  Plu -

ral-sema n tics/ 2 n o w introduce s tw o ne w rule s base d o n thi s 

value : 

Rul e 1 .  upper.case.letter s - > upper_case.lette r 

Rul e 2 .  upper_case-letter s —> upper_case_lette r 

uppe r  .case-letter s 

tha t  i s upperjcaseJetter s i s use d t o recogniz e th e lan -

guag e {A ,  B ,  ... ,  Z  }+ .  Th e semanti c valu e o f  th e plu -

ra l  nou n uppe r  cas e letter s the n consist s o f  th e pai r  <  up -

per-case-letters, {  Rul e 1 ,  Rul e 2  }  U  {  al l  lexica l  insertio n 

rule s fo r  upper^caseJette r  }  > . 

Let  u s n o w se e h o w rul e Ex- 1 wa s constructed .  Th e gram -

mar  fo r  th e notationa l  convention s ha s tw o furthe r  rule s (se e 

fig.  5) . 

v(sg, < Xy\x{ x - ^  y) ,  0  > )  -> •  [are,given,in] . 
vp(Num, < VPSem,VPRules » - > v(Nuni, < VSem,VRules» , 

np(_<NPSem,NPRules» , 
{  apply(NPSem,VSem.VPSem) , 
union(VRules,NPRules,VPRules) } 

Figure 5: Two rules of the Meta Rule Constructor 

We regard verb complexes such as "are given in" as man-

ifestation s o f  a  genera l  definitio n operato r  whic h i s repre -

sente d b y th e context-fre e arro w - ^  .  Th e first  componen t  o f 

th e semanti c valu e o f  th e V P ar e give n i n uppe r  cas e letter s 

i s therefor e reconstructe d a s A  x  ( x —> upper.case.letters) . 

A final  sentenc e rul e (no t  show n here )  applie s th e meanin g 

of  th e subjec t  N P t o th e meanin g o f  th e VP ,  take s th e unio n 

of  th e rul e set s o f  th e N P an d th e V P an d finally  add s th e rul e 

(Ex-1 )  dos.command s - ^  upperjcaseJetter s t o thi s set̂ . 

'  W e us e a  slightl y modifie d Prolo g synta x fo r  th e purpos e o f 
expositio n 

^Th e additio n o f  th e las t  rul e i s covere d b y th e specia l  conditio n 
i n th e definitio n o f  R  regardin g sentenc e symbol s (se e th e definitio n 
of  th e 2-tupl e <E,R>,above) . 

As i s easil y seen ,  thi s gramma r  fragmen t  i s a  bi t  to o gen -

eral ,  bu t  thi s doe s no t  matte r  becaus e th e met a gramma r  con -

structe d i n th e first  learnin g stag e wil l  late r  b e refine d b y pars -

in g th e actua l  D O S c o m m a n d s whic h w e assum e t o b e cor -

rectl y specified .  I n othe r  words :  i n principl e w e d o no t  hav e 

th e proble m o f  ungrammatica l  input ,  an d therefor e "wrong " 

granmia r  rule s wil l  neve r  b e use d i n th e secon d learnin g stag e 

and ca n b e remove d fro m th e gramma r  afte r  thi s stage . 

Closing Knowledge Gaps in the Meta Grammar 

Afte r  th e derivatio n o f  th e met a gramma r  fro m th e notationa l 

conventions ,  th e learne r  shoul d b e abl e t o pars e th e forma l 

conunan d description s o f  th e operatin g syste m languag e (e.g . 

CD[device:][path]) .  However ,  no t  onl y misconception s o f 

th e learne r  bu t  als o incomplet e explanation s give n i n text -

book s ca n imped e this .  I n ou r  example ,  a  to p leve l  rul e i s 

missing ,  i.e. ,  th e rul e tha t  provide s th e informatio n abou t  th e 

sequenc e o f  th e c o m m a n d n a m e an d it s parameters .  Addi -

tionally ,  n o rul e fo r  th e interpretatio n o f  specia l  character s 

(e.g .  th e colo n i n device: )  ha s bee n introduced .  W e us e a  ro -

bus t  botto m u p char t  parse r  an d a  rul e inductio n componen t 

t o overcom e suc h knowledg e gaps .  Knowledg e gap s a t  th e 

rul e leve l  (e.g .  th e missin g to p rule )  ar e close d b y investigat -

in g th e resultin g chart .  Th e char t  parse r  assign s partia l  pars e 

tree s t o c o m m a n d expression s an d a  rul e inductio n compo -

nent  generate s al l  possibl e char t  completion s (se e belo w fo r 

an example) .  Knowledg e gap s a t  th e characte r  leve l  (e.g .  ':' ) 

ar e labele d unknow n (e.g .  unknown(:) )  an d integrate d accord -

in g t o th e followin g heuristic :  an y pretermina l  rul e allow s a 

categor y unknow n t o b e integrate d (gap s ar e close d o n th e 

deepes t  leve l  o f  a  pars e tree) . 

Th e outpu t  o f  th e parse r  fo r  th e M S - D O S c o m m a n d 

CD[device:][path ]  i s give n i n Figur e 6 . 

Edges Partia l  Pars e Tree s 
1 - 2 do s jcommand(upperxas e Jetters C CD')) , 
2- 9 optional4)arameters ( 
2- 3 •[ ' 
3 - 4 optionaLparameter(parameters ( 

parameter(lowerxaseJetters(device)) , 
.  4- 5 parameter(unknown(;))) , 

5- 7 •]"[ • 
7- 8 optional.parameters(optional4)arameter(parameters ( 

parameter(lower_caseJetters(path))) , 
8- 9 ']• ) 

Figure 6: Trace of CD[device:][path] 

This parse tree is slightly simplified for ease of readabil-

it y  (w e remove d th e node s fo r  lowerjcaseJette r  an d up -

per.caseJette r  an d contracte d th e letter s t o words) .  Th e 

char t  parse r  identifie s tw o constituents :  a  simpl e constituen t 

dosjcomman d (CD) ,  an d a  mor e comple x constituen t  op -

tionalparameter s wit h th e terminal s device ,  :  an d path . 

No connectio n ca n b e establishe d betwee n thes e tw o con -

stituent s du e t o th e missin g to p rule .  However ,  th e char t 

edge s provid e linearizatio n information ,  i.e. ,  edg e 1- 2 cov -

erin g dosjcomman d precede s edg e 2- 9 coverin g th e optiona l 

parameters .  I n thi s case ,  th e completio n o f  th e pars e tre e 
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i s a  simpl e task ,  a  n e w edg e 1- 9 calle d c o m m a n d i s  intro -

duce d tha t  cover s dos . comman d an d optiona l  parameters . 

Th e corresponin g to p rul e i s c o m m a n d —^  dos .comman d op -

tional^arameters .  Thi s rul e complete s th e met a grammar . 

I t  is ,  however ,  to o restrictive ,  sinc e exclusiv e .parameter s ar e 

not  captured .  I n orde r  t o generaliz e it ,  a  ne w expression , 

say ,  command^parameters ,  tha t  replace s optiona l  .parameter s 

i n th e c o m m a n d rule ,  need s t o b e introduced .  Thi s wil l 

the n expan d t o al l  k n o w n rule s fo r  parameter s (e.g. ,  op -

tiona l  parameter s an d exclusive.parameters) .  W e wil l  no t 

furthe r  elaborat e o n this . 

Generating Grammars from Parse IVees 

Give n a  derivatio n tre e buil t  fro m parsin g a  comman d expres -

sio n wit h th e met a grammar ,  th e learne r  i s abl e t o construc t  a 

context-fre e Definit e Claus e Grammar  representatio n o f  tha t 

command expression .  I n ou r  example ,  CD[device:][path ] 

was assigne d th e pars e tre e give n i n Figur e 6  befor e th e miss -

in g edge ,  1-9 ,  wa s induce d b y th e system .  I n Figur e 7  th e 

complete d pars e tre e i s given . 

Edges Pars e Tre e 
1- 9 command ( 

dos^ommandC CD') , 
optiona l  _parameter(device) , 
unknown(:) , 
optional_parameter(path) ) 

Figure 7: Completed and pruned trace of CD[device:][path] 

TTiis parse tree has been pruned (compared to fig. 6) accord-

in g t o th e followin g operationalizatio n criterion : 

1.  th e roo t  nod e i s operationa l  (here :  c o m m a n d ) 
2.  th e head s o f  recursiv e rule s ar e no t  operationa l 
3.  th e mos t  specifi c  domai n concept s ar e operationa l  (here : 

dosj:ommand ,  optionaljtarameter ) 
4.  al l  leave s o f  non-branchin g preterminal s ar e operationa l  (here : 

path ,  device ,  bu t  not"[" ) 
5.  th e labe l  u n k n o w n i s operationa l 

The notion of an operationalization criterion is adopted 

fro m Explanation-base d Learnin g ( E B L ,  Mitchel l  &  Kedar -

Cabell i  (1986)) .  I n general ,  onl y thos e nod e label s (i.e. ,  rul e 

heads )  tha t  ar e crucia l  fo r  th e definitio n o f  th e c o m m a n d 

g rammar  ar e operational .  Thi s principl e i s bes t  exemplifie d 

by criterio n 3  whic h state s tha t  onl y th e mos t  specifi c  domai n 

concept s ar e operational .  T o giv e a n example :  Al thoughpa -

ramete r  i s a  domain-specifi c  concept ,  optiona l  paramete r  i s 

as a  subconcep t  o f  paramete r  -  mor e specifi c an d thu s pa -

ramete r  i s  no t  operationa l  whil e optiona l  paramete r  is .  O n 

th e othe r  hand ,  lower.caseJette r  i s surel y no t  domai n spe -

cifi c a t  al l  an d thu s i s no t  operational .  Remember ,  however , 

tha t  domain-specifi c  concept s ar e no t  par t  o f  th e backgroun d 

knowledg e o f  a  novice .  S o the y nee d t o b e identifie d an d 

acquire d durin g tex t  understanding .  Thi s i s  accomplishe d 

throug h th e specializatio n o f  alread y existin g concept s (e.g . 

dos comman d i s a  command ,  wher e c o m m a n d a s a  con -

cep t  i s  k n o w n i n advance )  o r  throug h th e integratio n o f  un -

k n o w n word s (concepts )  withou t  furthe r  semanti c classifica -

tion .  Note ,  tha t  ou r  operationalizatio n criterio n i s structurall y 

defined ,  sinc e th e requiremen t  t o b e th e mos t  specifi c  concep t 

i s a  taxonomi c property . 

Befor e goin g int o th e detail s o f  th e learnin g algorithm ,  le t 

us discus s th e learnin g result ,  i.e. ,  th e resultin g D C G o f  C D 

(fig .  8) .  Not e tha t  th e generate d D C G accept s lis t  represen -

tation s lik e ['CD',a,:,user ]  rathe r  tha n a  strea m o f  character s 

lik e ['C, '  D', '  '  ,a,:,u,s,e,r] .  W e assum e tha t  stream s o f  char -

acter s ar e preprocesse d an d groupe d (b y humans )  accordin g 

t o th e followin g principles : 

1. characters of the same type (e.g., lower case letters) are concate-
nate d (e.g .  [d,e,v,i,c,e,: ]  i s  transforme d t o [device,:] ) 

2.  character s o f  differen t  type s (e.g., '  a '  and '  [' )  indicat e transitions , 
the y separat e characte r  groups ,  thu s [ '  C, '  D', '  [ '  ,d,e,v,i,c,e,:, '  ] '  ]  i s 
transforme d t o [ '  CD', '  [ '  .device,:, '  ] '  ] 

3.  blank s ar e separator s an d ca n b e remove d 

The command grammar derived from the pruned explana-

tio n tre e (fig .  7 )  i s  give n i n Figur e 8 . 

command -^ dosjcommand, opt-param_l, opt4)aram_2. 
d o s x o m m a n d ^  ['CD'] . 

•  [Var] ,  {device(Var)} ,  [:] . 
[] • 

opt4)aram- l 
opt-param. l 
opt43aram ^ 
opt-param ^ 
device(_) . 

^  [Var] ,  {path(Var)} . 
-^ [ ] . 

path(_) . 
Figur e 8 :  C o m m a nd gramma r  o f  C D 

The gramma r  read s a s follows :  A  D O S conrmian d i s real -

ize d a s a  rul e dos.comman d (whic h expand s t o th e termina l 

'  CD' )  followe d b y tw o nonterminials ,  i.e .  th e optiona l  pa -

rameters .  Th e first  optiona l  paramete r  i s eithe r  a  devic e (th e 

first  rul e o f  opt^aram.l )  o r  i s no t  realize d a t  al l  (th e secon d 

rul e oiopt^yaram.l) .  Th e secon d optiona l  paramete r  i s eithe r 

a pat h (th e first  rul e o f  opt.paramJ. )  o r  i s no t  realize d a t  al l 

(th e secon d rul e o f  opt.paramJ2) . 

Now,  wha t  a  devic e i s an d wha t  a  pat h i s ar e initiall y 

unknow n t o th e learner ,  althoug h (s)h e ma y alread y hav e 

some backgroun d knowledg e abou t  suc h domain-specifie d 

concepts .  I n som e textbook s th e notio n o f  a  pat h i s itsel f 

explaine d a t  som e length ,  whil e i n other s i t  i s  onl y intro -

duce d i n passing .  W e assum e her e tha t  devic e an d pat h ar e 

lef t  unspecifie d initially ,  an d thu s asser t  tw o non-restrictiv e 

(i.e. ,  alway s succeeding )  typ e predicate s {device(.) ,  path(.) ) 

t o th e knowledg e base .  A s tex t  understandin g proceeds ,  thes e 

knowledg e gap s wil l  eventuall y b e closed ,  fo r  exampl e fro m 

appositio n phrase s lik e devic e a  i n star t  th e progra m fro m de -

vic e a .  A s a  result ,  device(a )  i s asserte d t o th e knowledg e 

bas e ( a Prolo g knowledg e base ,  thu s assert a i s used) . 

The learnin g algorith m t o generat e a  comman d gramma r 

fro m a n pars e tre e i s give n i n Figur e 9 .  I t  i s  restricte d t o thos e 

part s tha t  ar e relevan t  t o ou r  example .  Inpu t  i s a  pars e tre e 

suc h a s th e on e fro m Figur e 7 ,  outpu t  i s a  D C G comman d 

grammar  lik e th e on e give n i n Figur e 8 .  Not e tha t  th e knowl -

edge specifie d i n Figur e 2  i s als o relevan t  t o th e constructio n 

a D C G grammar . 

I n general ,  eac h nontermina l  nod e o f  th e pars e tre e ha s 

one o f  tw o rul e type s attache d t o it :  optiona l  o r  exclusive . 
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cf .  Figur e 2 .  Currently ,  onl y optiona l  paramete r  i s o f 

typ e optional .  Thi s typ e infonnatio n i s  learne d durin g th e 

constructio n o f  th e met a grammar ,  especiall y whil e parsin g 

phrase s lik e "optiona l  parameters' *  (cf .  ite m 4  o f  fig.  1) . 

Al l  othe r  rul e label s ar e marke d b y defaul t  a s exclusiv i 

(e.g .  dosjcommand) .  Additionally ,  eac h pretermina l  nod e 

has a  lea f  typ e attache d t o it .  Ther e ar e tw o lea f  types : 

consian t  an d variable .  Fo r  exampl e i n dos .command(CD ) 

th e typ e o f  C D i s constan t  sinc e dos-comman d i s a  com -

m a nd an d c o m m a n d s ar e k n o w n t o hav e uniqu e names .  Con -

versely ,  optiona l  paramete r  i s a  paramete r  an d parameter s 

denot e variables .  Give n a  tre e wit h th e tre e structur e tre e = 

node(..,subtreeJ,..) ,  wher e i  >  0 ,  an d subtree J i s  eithe r  a 

nontermina l  wit h a  tre e structur e o r  a  terminal ,  i.e. ,  a  leaf : 

1.  transfonii(tree): each nonterminal node forms the head of a new 
rule .  Th e rul e skeleto n i s <nodeJabel > - > . .  (nodeJabe l  i s a 
uniqu e identifier ,  i f  nod e i s unambigou s i n tree ,  nodeJabe l  = 
node ,  e.g .  c o m m a n d i s uniqu e wit h respec t  t o th e tre e fro m fig. 
7 thu s comman d ->. .  an d no t  e.g .  comman d J  - ¥ .. ) 

2.  i f  nod e i s (also )  a  preterminal ,  i.e. ,  tre e =  node(subtree )  wher e 
subtre e denote s a  terminal ,  the n 

(a )  i f  th e lea f  typ e o f  nod e i s constan t  (thi s i s  als o tm e fo r  th e la -
bel  u n k n o w n )  the n construc t  th e bod y i n th e followin g man -
ner :  pu t  th e lea f  entr y i n squar e bracket s t o b e rea d of f  fro m 
th e inpu t  strin g (e.g .  dosxomman d - ^  I'CD'J) . 

(b )  i f  th e lea f  typ e o f  nod e i s variabl e the n expan d th e bod y t o 
IVar} ,  {TypeiVar)} ,  wher e TVp e i s th e nam e o f  leaf .  Asser t 
Type(Var )  t o th e knowledg e bas e a s a  predicate .  Fo r  exam -
ple :  optional-parameter(path )  i s  expande d to :  opt^aram- 2 - > 
[Var] ,  {path(Var) } 

3.  i f  th e rale  typ e o f  nod e i s optiona l  (additionally )  generat e a  hea d 
wit h a n empt y bod y (i.e. ,  <  nodeJabel > - ^  [] ) 

4.  i f  nod e i s no t  a  pretermina l  the n fo r  al l  subtree ,  o f 
node{.. ,  subtree,,.. )  generat e a  uniqu e label ,  attac h i t  t o th e rale 
fo r  nodeJabe l  suc h tha t  th e labe l  o f  subtrea ,  label, ,  appear s i n 
th e rale  bod y befor e th e labe l  o f  subtree,+i ,  label, + i ,  an d cal l 
transform(su6tree,) . 

Figure 9: A sketch of the learning algorithm 

Acquiring the Semantics of System Commands 

So far ,  a  context-fre e gramma r  o f  th e synta x o f  a  comman d 

has bee n acquired .  However ,  reasonin g an d plannin g pro -

cesse s depen d o n th e semantic s o f  command s a s well .  Th e 

semantic s o f  a  comman d suc h a s C D o r  C O P Y normall y can -

not  b e explaine d i n a  brie f  sentence .  Th e genera l  functio n o f 

th e command ,  it s precondition s an d effects ,  th e rol e o f  eac h 

paramete r  an d th e dependencie s amon g the m -  al l  thes e thing s 

need t o b e introduced . 

We captur e thi s b y augmentin g th e comman d D C Gs wit h 

semanti c an d conceptua l  structure s b y mean s o f  a  componen t 

calle d th e D C G refiner .  Thi s module ,  however ,  i s  no t  ye t  a 

stabl e par t  o f  ou r  model ,  w e ar e stil l  explorin g an d experi -

mentin g wit h variou s approache s an d dat a formats .  T o giv e 

an impressio n o f  th e learnin g task s an d th e problem s tha t  nee d 

t o b e solved ,  w e describ e th e model' s presen t  state . 

I n th e followin g w e distinguis h th e comman d parse r  ( C O M 

parser) ,  whic h -  give n a  comman d gramma r  lik e th e C D gram -

mar  i n Figur e 8  -  parse s comman d example s lik e ['CD' , 

a,: ]  fro m th e natura l  languag e parse r  (N L parser) ,  whic h 

i s a  unificatio n based ,  FUG-styl e parse r  (Kay ,  1985 )  tha t 

par.sc s th e Englis h explanatio n o f  th e give n D O S c o m m a n d 

e.g .  C D change s th e ... .  Th e C O M parse r  assign s pars e 

tree s t o comman d examples ,  whil e th e N L parse r  assign s 

(semantic )  featur e structure s t o sentences .  Bot h result s ar e 

combine d t o construc t  augmente d D C G rule s o f  th e form : 

rule(SemanticStructure )  - ^  .. .  .  SemanticStructur e i s a  com -

m on featur e structur e compose d o f  attribute-valu e pair s (writ -

ten :  attribute=value )  tha t  captur e morpho-syntacti c informa -

tio n bu t  ar e als o use d t o incorporat e th e lexica l  semantic s o f 

words .  Featur e structure s ar e manipulate d wit h a  singl e oper -

atio n calle d unification .  W e us e a  tw o plac e unificatio n pro -

cedur e calle d merge :  merge(A,B )  combine s A  an d B  suc h tha t 

-  i f  unificatio n wa s successfu l  -  bot h denot e exactl y th e sam e 

set  o f  featureŝ . 

Conside r  onc e agai n th e C D c o m m a n d an d it s def -

inition :  C D change s th e curren t  directory .  Th e 

C OM parse r  yield s th e pars e tre e d o s . c o m m a n d ( C D ) . 

Th e ^f L parse r  generate s th e followin g featur e structur e 

(onl y th e relevan t  feature s ar e kept) :  [type=changeJoc , 

source=[directory=Dir,property=current|-]|_] .  Thi s featur e 

structur e i s  derive d fro m th e semantic s o f  th e ver b chang e 

and th e nomina l  elemen t  curren t  directory .  Chang e denote s 

a chang e Joc(ation )  situatio n wit h a  sourc e objec t  tha t  i s a  di -

rectory .  W e currentl y d o no t  incorporat e plannin g knowledg e 

(e.g .  th e precondition s an d effect s o f  th e chang e J o e situa -

tion )  int o thes e representations ,  althoug h thi s i s  planne d fo r 

th e nea r  future .  Figur e 1 0 show s th e augmente d D C G fo r  C D . 

Eac h rul e ha s receive d a  semanti c argumen t  (SemC ,  S e m O l , 

S e m O I ) ,  whic h ar e merge d t o a n overal l  semanti c structur e 

SemC. 

dosjcommand(SemC) -> ['CD'], ;;; replaces dosxommand -^ ['CD'] 
{merge(SemC,[type=changeJoc , 

source=[directory=Dir,property=current|_) , 
opt.param- 1 = S e m O 1 ,  opt-param_2=Sem02 1 - ]  |  -])} , 

opt_param_ l  (Sem O 1) , 
opt-param^(Sem02) . 

opt4)aram.l([device=Var|-]) -^ [Var],{device(Var)},[:]. 
opt4)aram-l([device=unspec|-] )  —̂  [] . 
opt4)aram-2([path=Var|.] )  -> •  [Var] ,  {path(Var)} . 
opt-param_2([path=unspec |  J )  - ^  [] . 

device:(_) .  path(_) . 

Figure 10: DCG with semantic structures 

Note that the variable Var in the optional rules is not yet 

connecte d t o an y variabl e a t  th e to p leve l  rul e c o m m a n d .  W e 

ca n giv e onl y a  brie f  an d incomplet e descriptio n o f  th e D C G 

refiner . 

Feature s structure s ar e assigne d t o a  rul e leve l  (to p rule , 

embedded rules )  accordin g t o th e followin g principles : 

^Featur e stracture s ar e modele d i n for m o f  ope n prolo g lists ,  i.e. , 
[...|.] .  Prolo g variable s ar e writte n i n initia l  caps . 
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1.  initializatio n stag e (th e first  augmentatio n o f  a  comman d D C G 
wit h semanti c structures) : 

(a )  th e to p leve l  rul e i s augmente d wit h thos e feature s tha t  com e 
fro m th e ver b concep t  (e.g. ,  chang e Joe) . 

(b )  Th e (optional )  rule s ar e assigne d thei r  tes t  predicate s (thos e 
enclose d i n braces )  a s features .  Fo r  example ,  rul e opt^aram J 
receive s device=Va r  a s a  feature . 

2.  refinemen t  stag e (subsequen t  modification s o f  a  D C G ) : 

(a )  featur e structur e augmentation :  FeaUire s ar e attache d t o th e 
leas t  genera l  leve l  unde r  th e conditio n tha t  al l  alread y encoun -
tere d (stored )  positiv e example s ca n stil l  b e capture d b y th e 
command grammar . 

(b )  featur e liftin g an d featur e lowering :  Feature s ca n b e lifte d 
fro m deepe r  t o highe r  rule s an d vic e versa .  If ,  fo r  example , 
a ne w comman d instanc e i s encountere d tha t  doe s no t  matc h 
th e semantic s a t  a  give n level ,  th e mismatche d part s ar e pushe d 
down t o compatibl e rules . 

(c )  gramma r  specializatio n an d gramma r  generalization :  Exam -
ple s migh t  als o trigge r  th e assertio n o f  ne w rule s (rul e order : 
more specifi c  rule s preced e mor e genera l  rules) .  Thi s i s a 
granmia r  specialization .  Also ,  rul e generahzatio n i s possibl e 
i f  tw o o r  mor e rule s broadl y shar e th e sam e featur e structures . 

Related Work 

I n thi s paper ,  th e acquisitio n o f  a  forma l  languag e i s focuse d 

on.  However ,  ou r  approac h differ s fro m othe r  approache s 

fro m computationa l  learnin g theor y (e.g. .  Gol d (1967)) .  I n 

our  cas e th e gramma r  i s no t  learne d b y wa y o f  inductio n fro m 

th e processin g o f  exhaustiv e examples .  Instead ,  th e granmia r 

itsel f  i s provide d accordin g t o som e verball y introduce d no -

tationa l  convention s an d furthe r  explanation s i n th e for m o f 

natura l  languag e texts . 

Othe r  approache s t o knowledg e acquisitio n fro m text s ar e 

concerne d wit h th e extractio n o f  declarativ e knowledg e nec -

essar y t o defin e ne w concept s (e.g .  G o m e z (1995) ,  Hah n e t  al . 

(1996)) .  I n thi s paper ,  however ,  w e ar e concerne d wit h th e 

acquisitio n o i  procedura l  knowledg e a s Norto n (1983 )  is .  I n 

hi s work ,  a  paragrap h o f  a n elementar y textboo k o n program -

min g wa s manuall y simplifie d an d automaticall y translate d 

by a  parse r  int o Prolo g clauses .  I n hi s system ,  however ,  learn -

in g i s reduce d t o natura l  languag e understanding ,  whic h i s no t 

sufficien t  i n ou r  learnin g scenario . 

Anothe r  syste m concerne d wit h th e acquisitio n o f  proce -

dura l  knowlegd e i s S I E R R A (VanLehn ,  1987 )  whic h model s 

th e acquisitio n o f  basi c mathematica l  skill s  lik e subtraction . 

VanLeh n demonstrate s tha t  th e technique s o f  to p dow n an d 

botto m u p parsin g ca n b e use d t o fix  knowledg e gap s i n a 

procedura l  networ k (representin g th e subtractio n procedure) . 

He conclude s fro m hi s experiment s tha t  thos e sequence s o f 

lesson s tha t  onl y provok e minima l  gap s i n th e procedura l  net -

wor k ar e best ,  sinc e thes e gap s ca n the n b e easil y identifie d 

and fixed  (VanLehn' s felicit y condition s a  ter m borrowe d 

fro m Austin' s speec h ac t  theory) .  I n ou r  system ,  th e gramma r 

t o pars e th e trainin g example s first  need s t o b e learne d fro m 

natura l  languag e inpu t  an d forma l  cottmian d descriptions ,  a 

comple x learnin g tas k i n it s o w n righ t  whic h ha s no t  bee n 

considere d relevan t  fo r  S I E R R A .  Additionally ,  eac h trainin g 

exampl e i n ou r  cas e i s accompanie d b y verba l  description s 

whic h guid e th e learnin g process .  A  goo d verba l  descriptio n 

migh t  establis h a  kin d o f  felicit y conditio n i n ou r  learnin g en -

vironment . 

Conclusion and Outlook 

Our  mode l  i s a  multi-strateg y approac h whic h seek s t o ex -

plai n ho w prograimnin g novice s acquir e programmin g skill s 

fro m textbooks .  Whil e w e d o no t  expec t  th e learne r  t o 

hav e an y domain-specifi c  knowledge ,  (s)h e i s considere d t o 

hav e th e ful l  natura l  languag e competenc e o f  a n adult .  Ou r 

model  incorporate s variou s analysis-base d learnin g methods . 

Knowledg e abou t  th e operationalizatio n o f  knowledg e (ho w 

t o buil d C F G s fro m text )  i s  use d t o induc e met a grammar s 

(fro m notationa l  conventions) .  Thes e met a grammar s ar e of -

te n incomplet e du e t o omission s i n th e explanator y text .  I n 

th e sens e o f  explanation-base d learning ,  a n incomplet e do -

mai n theor y ha s bee n acquired .  C o m m a nd graimnar s ar e the n 

acquire d b y applyin g th e learne d met a grammar s (botto m up ) 

t o forma l  conmian d expression s i n th e textbook .  A n explana -

tio n structur e i s buil t  whil e parsin g th e comman d expressions . 

Knowledg e gap s i n th e met a gramma r  ar e close d b y th e in -

ductio n o f  rule s tha t  complet e th e explanatio n trees .  Next , 

thes e complete d explanatio n tree s ar e translate d t o comman d 

grammar s i n D C G format .  Again ,  backgroun d knowledg e 

abou t  th e constructio n o f  procedura l  knowleg e i s used .  Wit h 

th e ai d o f  cotmnan d grammars ,  comman d instance s an d thei r 

textua l  explanation s ar e parse d an d use d t o furthe r  refin e th e 

command granmiar .  Th e D C G rul e refine r  augment s th e com -

mand D C G wit h semanti c structure s whic h ar e generalize d 

and specialize d a s ne w example s ar e integrated .  Eventually , 

th e comman d gramma r  capture s (programmin g languag e spe -

cific )  syntactic ,  semanti c an d conceptua l  knowledg e tha t  ca n 

be use d i n understandin g an d plannin g processe s i n th e field 

of  programming .  A  lo t  o f  wor k remain s t o b e done ,  however . 

Especially ,  a n empirica l  evaluatio n o f  th e mode l  i s pressing . 
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Abstrac t 

Two experiments on spatial relational inference investigated 
effect s know n fro m relationa l  an d syllogisti c reasoning .  (1 ) 
Continuit y effect ;  n-term-serie s problem s wit h continuou s (Wr j 
X,Xr2Y,Yr 3 Z )  an d semi-continuou s (Xr2Y, y  ̂  Z ,  W r /  X ) 
premis e orde r  ar e easie r  tha n task s wit h discontinuou s orde r 
(Yv iZy J r i  X ,  X  r j  Y) .  (2 )  Figura i  bias :  th e orde r  o f  term s i n 
th e premise s (XrY .  Y  rZo r  Y r X ,  Z r  Y )  effect s th e orde r  o f 
term s i n th e conclusio n ( X r Z o r Z r  X) .  I n th e first  experimen t 
subject s mad e mor e error s an d too k mor e tim e t o proces s th e 
premise s whe n i n discontinuou s order .  I n th e secon d experi -
ment  subject s showe d th e genera l  preferenc e fo r  th e ter m orde r 
Z r  X  i n th e generate d conclusions ,  modulate d b y a  "figura i 
bias" :  subject s use d X  r Z mor e ofte n i f  th e premis e ter m orde r 
was X r Y ,  Y  r  Z ,  wherea s Z  r  X  wa s use d mos t  ofte n fo r  th e 
premis e ter m orde r  Y  r  X ,  Z  r  Y.  Result s ar e discusse d i n th e 
framewor k o f  menta l  mode l  theor y wit h specia l  referenc e t o 
computationa l  model s o f  spatia l  relationa l  inference . 

I n t roduc t i o n a n d R e l a t e d W o r k 

The genera l  schem e o f  a n importan t  clas s o f  task s studie d 
i n th e psycholog y o f  reasonin g ar e th e s o calle d n-term -
serie s problems ,  i n whic h subject s hav e t o find  a  conclusio n 
on th e basi s o f  give n premises .  I n th e specia l  cas e o f  a  spatia l 
three-ter m serie s proble m (3ts-problem) ,  tw o spatia l  rela -
tiona l  term s X  r j  Y  an d K  r 2 Z  ar e give n a s premise s 
(Johnson-Laird ,  1972) .  Th e goa l  i s  t o find  a  conclusio n X  r j 
Z tha t  i s  consisten t  wit h th e premises .  I n a  four-ter m serie s 
proble m (4ts-problem) ,  thre e premise s W r j  X ,  X  r 2 Y  an d Y 
r j  Z  ar e given ,  an d thre e relation s no t  explicitl y  given , 
namel y W r^Y ,  X  r^ Z an d W r ^  Z ,  ca n b e inferre d (Rau h & 
Schlieder ,  1997) . 

Recent  theoretica l  account s o f  huma n reasonin g hav e bee n 
propose d b y Rip s (1994) ,  w h o view s reasonin g a s a  rule -
base d proo f  procedure ,  an d b y menta l  mode l  theor y 
(Johnson-Laird ,  1983 ;  Johnson-Lair d &  Byrne ,  1991) . 

Our  previou s wor k show s tha t  particula r  spatia l  relationa l 
inferenc e lend s itsel f  wel l  t o a n explanatio n base d o n th e 
constructio n o f  spatia l  menta l  model s (Knauff ,  Rauh ,  & 
Schlieder ,  1995 ;  Rauh ,  Schlieder ,  1997 ;  overvie w in :  Knauff , 
Rauh,  Schliede r  &  Suojbe ,  1998) . 

The c o m m o n denominato r  o f  menta l  mode l  account s fo r 
explainin g th e cognitiv e processe s underlyin g suc h infer -
ence s i s th e conceptio n o f  reasonin g a s a  proces s i n which ,  a t 
first,  unifie d menta l  representation s o f  th e give n premise s ar e 
generate d an d then ,  du e t o th e fac t  tha t  thi s informatio n ca n 

be ambiguous ,  alternativ e model s o f  th e premise s ar e 
sequentiall y  generate d an d inspected . 
I n th e constructio n phas e reasoner s us e thei r  knowledg e 
abou t  th e semantic s o f  spatia l  expression s t o construc t  a n 
interna l  mode l  o f  th e situatio n tha t  th e premise s describe . 
Thi s i s th e stag e o f  th e reasonin g proces s i n whic h th e pre -
mise s ar e integrate d int o a  unifie d menta l  model . 

I n th e inspectio n phase ,  a  parsimoniou s descriptio n o f  th e 
menta l  mode l  i s  constructed ,  includin g a  preliminar y conclu -
sion .  I n othe r  words ,  th e menta l  mode l  i s inspecte d t o find 
relation s whic h ar e no t  explicitl y  given . 

I n th e variatio n phase ,  peopl e tr y t o find  alternativ e m o d -
el s o f  th e premise s i n whic h th e conclusio n i s false .  I f  the y 
canno t  find  suc h a  model ,  th e conclusio n mus t  b e O^e . 

Evidenc e tha t  peopl e construc t  integrate d representation s 
of  th e give n premise s i n th e sens e o f  a  menta l  mode l  ha s 
bee n foun d throug h th e investigatio n o f  premis e order .  T h e 
reporte d resul t  i s  ofte n calle d "continuit y effect "  o r  "orde r  o f 
premise s effect "  i n th e literatur e (Evans ,  Newstead ,  & 
Byrne ,  1993) . 

Importan t  hint s wit h respec t  t o th e inspectio n o f  menta l 
models ,  ca n b e collecte d i n th e investigatio n o f  ter m orde r  i n 
th e premises .  Th e reporte d resul t  i n th e are a o f  syllogisti c 
reasonin g i s  ofte n calle d "figura i  effect "  o r  "figura i  bias " 
(Johnson-Lair d &  Bara ,  1984) . 

Continuity Effect 

Ehrlic h an d Johnson-Lair d (1982) ,  fo r  instance ,  gav e sub -
ject s relationa l  4ts-problem s an d th e thre e premise s W r j  X , 
X r 2 Y , Y rjT L wer e presente d i n continuou s ( W r j  X ,  X  r 2 Y ,  Y 
r j  Z ) ,  semi-continuou s ( X r j  Y ,  Y  r j  Z ,  W r j  X ) ,  an d discon -
tinuou s orde r  { Y r j  Z ,  W r j  X ,  X  r 2 Y) .  Subject s ha d t o infe r 
onl y th e conclusio n X  r ^  Z .  Th e dependen t  measure s wer e 
th e erro r  rate s an d premis e processin g time s fo r  eac h kin d o f 
premis e order . 

Th e result s o f  Ehrlic h an d Johnson-Lair d (1982 ;  Exp .  3 ) 
suppor t  th e predictio n o f  menta l  mode l  theor y tha t  continu -
ous orde r  ( 3 7 % errors )  shoul d b e easie r  tha n discontinuou s 
orde r  ( 6 0 % errors) ,  an d ther e i s n o significan t  differenc e 
betwee n continuou s an d semi-continuou s ( 3 9 % errors )  tasks . 

Menta l  mode l  theor y explain s thes e result s a s a n effec t  o f 
th e difficult y o f  integratin g th e informatio n fro m th e pre -
mises .  I n th e continuou s an d semi-continuou s orders ,  i t  i s 
possibl e t o integrat e th e informatio n o f  th e first  tw o premise s 
directl y a t  th e beginnin g int o on e model ,  wherea s whe n the y 
ar e presente d wit h th e discontinuou s orde r  subject s mus t 
wai t  fo r  th e thir d premis e i n orde r  t o integrat e th e informa -
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lio n i n th e premise s int o a  unifie d representation .  Befor e the y 
get  thi s informatio n the y hav e t o temporaril y  stor e th e infor -
matio n fro m th e firs t  an d secon d premis e separately ,  makin g 
th e tas k m u c h harder . 

Experimen t  1  belo w wa s conducte d t o investigat e th e 
effec t  o f  premis e orde r  i n spatia l  relationa l  inference . 

Figural Bias 

W h en investigatin g th e effec t  o f  premis e orde r  a n obviou s 
questio n i s whethe r  ther e i s a  simila r  effec t  fo r  th e orde r  o f 
object s (terms )  insid e th e premises .  Thi s ha s bee n don e 
extensivel y i n th e are a o f  syllogisti c reasonin g an d research -
er s hav e c o m e u p wit h a n extremel y reliabl e an d ver y robus t 
effec t  tha t  i s  calle d th e "figura l  effect "  o r  "figura l  bias " 
(Hunter ,  1957 ;  D e Soto .  Londo n &  Handel ,  1965 ;  Trabasso , 
Riley ,  &  Wilson ,  1975) .  W e explai n thi s effec t  accordin g t o 
an experimen t  o n relationa l  inferenc e b y Johnson-Lair d an d 
Bar a (1984) .  The y gav e subjec t  3ts-problem s o f  th e follow -
in g types : 

TVpe l : 
X i s relate d t o Y 
Y i s relate d t o Z 

Typ e 2 : 
Y i s relate d t o X 
Z i s relate d t o Y 

Th e resul t  was ,  tha t  i n problem s o f  Typ e 1  subject s ten d t o 
spontaneousl y generat e mor e conclusion s i n th e for m " X i s 
relate d t o Z "  tha n th e othe r  correc t  conclusio n " Z i s relate d 
t o X" ,  wherea s the y ten d t o generat e mor e conclusion s i n th e 
for m " Z i s relate d t o X "  fo r  problem s o f  Typ e 2 .  Accordin g 
t o th e rule-based ,  menta l  proo f  theory ,  th e surfac e feature s o f 
th e premise s determin e th e figural  effec t  (Rips ,  1994) .  H o w -
ever ,  Johnson-Lair d an d Bar a (1984 )  explaine d th e "figura l 
effect "  accordin g t o menta l  mode l  theory .  The y assume d tha t 
th e integratio n o f  th e premise s i n workin g memor y i s mor e 
difficul t  i n TVp e 2  problem s becaus e o f  th e nee d t o brin g th e 
Y ter m int o th e middle .  Accordin g t o thi s view ,  th e construc -
tio n o f  a  menta l  mode l  i s easie r  fo r  premise s tha t  hav e th e 
repeate d ter m a s first  ter m i n th e nex t  premise .  I n thi s case , 
th e informatio n o f  th e give n premise s ca n b e integrate d 
immediatel y an d n o cognitiv e resource s ar e neede d fo r  men -
ta l  operation s tha t  brin g th e middl e ter m int o th e middle . 

Experimen t  2  belo w wa s conducte d t o find  ou t  whethe r  a 
figural  effec t  ca n b e foun d fo r  th e spatia l  domai n a s well . 

Experiment I: Order of Premises Effect 

Th e computer-aide d experimen t  wa s separate d int o thre e 
blocks :  a  definition ,  a  learning ,  an d a n inferenc e phase .  Th e 
reason s fo r  th e procedur e ar e discusse d extensivel y i n 
Knauff ,  Rauh ,  an d Schliede r  (1995) .  Th e mai n ide a wa s t o 
distinguis h betwee n conceptua l  an d inferentia l  aspect s o f  th e 
use d spatia l  relation s an d t o refe r  th e obtaine d result s t o th e 
pur e inferenc e proces s holdin g constan t  th e conceptua l 
aspects . 

Subjects 

36 pai d student s (1 8 female ,  1 8 male )  o f  th e Universit y o f 
Freiburg ,  rangin g i n ag e fro m 2 1 t o 3 3 years . 

Materia l 

As i n ou r  previou s experiment s (fo r  example :  Knauff ,  Rauh , 
& Schlieder ,  1995 ;  Rau h &  Schlieder ,  1997 )  w e use d a  sys -
te m o f  relation s tha t  wa s introduce d b y Alle n (1983) . 
Althoug h Allen' s theor y wa s originall y develope d i n th e are a 
of  tempora l  reasonin g i t  ha s triggere d numerou s researc h 
enterprise s i n spatia l  reasonin g a s wel l  (Freksa ,  1991) .  Th e 
mai n reaso n fo r  preferrin g thi s se t  o f  relation s ove r  natura l 
languag e expression s lik e left-right ,  before-behind ,  east -
west ,  north-sout h (e.g .  Byrn e &  Johnson-Laird ,  1989 ;  Ehr -
lic h &  Johnson-Laird ,  1982 ;  Johnson-Lair d &  Byrne ,  1991 ; 
Maki ,  1981 ;  Man i  &  Johnson-Laird ,  1982 )  i s th e possibilit y 
t o formulat e a  model-theoreti c semantic s o f  th e relations , 
whic h allow s th e exac t  determinatio n o f  wha t  count s a s a 
model  an d wha t  no t  (e.g. ,  Nebe l  &  Burckert ,  1995) . 

Allen' s calculu s i s base d o n intervals ,  qualitativ e relation s 
betwee n thes e intervals ,  an d a n algebr a fo r  reasonin g abou t 
relation s betwee n thes e intervals .  Firstly ,  Alle n (19983 ) 
denote s thirtee n qualitativ e jointl y exhaustiv e an d pairwis e 
disjoin t  relation s describin g th e relativ e positio n o f  tw o 
interval s o n a  line :  befor e (< )  an d it s convers e afte r  (>) , 
meet s ( m )  an d m e t  b y (mi ) ,  overlap s (o )  an d overlappe d b y 
(oi) ,  finishes  (f )  2ta A finished  b y (fi) ,  dur in g (d )  an d contain s 
(di) ,  start s (s )  an d starte d b y (si) ,  a n d equa l  ( = )  tha t  ha s n o 
converse .  Figur e 1  give s pictoria l  e x a m p l e s o f  thes e rela -
tions* . 

Secondly ,  Al le n introduce d a  reasonin g algorith m base d 
o n thes e relations .  Fo r  instance ,  i f  th e syste m receive s th e 
informatio n tha t  X  meet s Y  an d Y  i s durin g Z  i t  i s  compu te d 
tha t  th e followin g relation s b e t w e e n X  an d Z  ar e possible :  X 
overlap s Z o t  X  i s durin g Z  o r  X  start s wit h Z .  T h e se t  o f  al l 
possibl e conclusion s tha t  ha s X  r j  Y  a n d K  r j  Z  a s it s pre -
mise s ca n b e denote d a s c  (r j  r2) .  Sinc e Allen' s theor y con -
tain s thirtee n relations ,  w e ge t  14 4 composit ion s c  (r j  ri) , 
omittin g th e trivia l  " e q u a C relation .  Thi s composit ion s ca n 
b e use d directl y a s 3ts-problem s an d i t  i s  als o possibl e t o 
construc t  4ts-problem s o n th e basi s o f  th e 1 3 relations . 

xnnlt y lomlipi y isMs y ifinithN f 

Figur e 1 :  Th e possibl e qualitativ e relation s tha t  ca n hol d 

betwee n tw o interval s (Allen ,  1983) . 

Method and Procedure 

I n th e definitio n phase ,  subject s rea d description s o f  th e loca -
tion s o f  a  re d an d a  blu e interva l  usin g th e 1 3 qualitativ e rela -
tion s (i n German) .  Eac h verba l  descriptio n wa s presente d 
wit h a  shor t  commentar y abou t  th e locatio n o f  th e begin -
ning s an d ending s o f  th e tw o interval s an d a  pictur e wit h a 
re d an d blu e interva l  tha t  matche d th e description . 

The learnin g phas e consiste d o f  block s o f  trials ,  wher e 
subject s wer e presente d wit h th e one-sentenc e descriptio n o f 
th e re d an d blu e interval .  The y the n ha d t o determin e th e 

'Fo r  empirica l  result s wit h respec t  t o th e concepnia l  adequac y o f 
th e interva l  relation s se e Knauf f  (1997) . 
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startpoint s an d endpoint s o f  a  re d an d a  blu e interva l  usin g 
mouse clicks .  Afte r  confirmatio n o f  her/hi s final  choices ,  th e 
subjec t  wa s tol d whethe r  her/hi s choice s wer e correc t  o r 
false .  I f  the y wer e false ,  additiona l  informatio n abou t  th e 
correc t  answe r  wa s given .  Trial s wer e presente d i n block s o f 
al l  1 3 relation s i n randomize d order .  Th e learnin g criterio n 
fo r  on e relatio n wa s accomplishe d i f  th e subjec t  gav e correc t 
answer s i n 3  consecutiv e block s o f  th e correspondin g rela -
tion .  Th e learnin g phas e stoppe d a s soo n a s th e las t  remain -
in g relatio n reache d th e learnin g criterion .  Subject s neede d 
15 t o 3 0 minute s t o accomplis h th e learnin g phase . 

I n th e inferenc e phas e object s ha d t o solv e 1 2 spatia l  4ts -
problem s i n th e activ e particula r  inferenc e paradigm^ ,  an d 
th e premise s W r j  X ,  X  r 2 Y ,  an d Y t j Z (abbreviate d i n th e 
followin g 3 i s " W - X , X - Y , Y -  Z" )  wer e presente d i n con -
tinuou s ( W -  X ,  X -  Y ,  Y -  Z ) ,  semi-continuou s { X -  Y ,  Y -  Z , 
W - X )  an d discontinuou s ( Y - Z , W - X , X - Y )  order .  The y 
wer e selecte d o n th e basi s o f  ou r  first  4ts-experimen t  (Rau h 
& Schlieder ,  1997) ,  tha t  th e numbe r  o f  correc t  answer s i n 
Rauh &  Schliede r  (1997 )  wer e relativel y hig h an d eac h o f 
th e 1 2 relation s wer e presente d i n th e fiirst  premis e exactl y 
once .  Accordin g t o th e separated-stage s paradig m (Pott s & 
Scholz ,  1975) ,  premise s wer e presente d successivel y i n a 
self-pace d manner ,  eac h o n a n extr a screen . 

Afterward s (i n contras t  t o Ehrlic h &  Johnson-Laird ,  1982 ) 
subject s ha d t o specif y al l  thre e implici t  relation s W - Y , X -
Z,  an d W -  Z ,  eac h o n a n extr a screen ,  b y choosin g th e start -
point s an d endpoint s o f  th e interval s i n lightl y colore d rect -
angula r  region s (a s the y ha d don e i n th e learnin g phase) .  T o 
avoi d th e effect s o f  presentatio n orde r  w e systematicall y var -
ie d th e colo r  o f  th e interval s an d th e orde r  o f  conclusion s 
aske d for .  Thi s mad e th e task s relativel y difficult ,  sinc e sub -
ject s no t  onl y ha d t o specif y th e relation s bu t  als o t o remem -
ber  th e combinatio n o f  color s i n eac h premise . 

The thre e instance s o f  eac h o f  th e 1 2 4ts-problem s 
(12x3=3 6 tasks )  wer e compile d i n differen t  blocks ,  an d ther e 
was als o on e practic e bloc k i n th e beginnin g consistin g o f  6 
othe r  simpl e 4ts-problems .  Th e sequenc e o f  experimenta l 
block s wa s counterbalance d acros s subject s accordin g t o a 
sequentiall y  counterbalance d Lati n square .  Th e experimen t 
too k approximatel y 1. 5 hours . 

Results 

Al l  3 6 subject s successfull y passe d th e learnin g phase ,  an d 
al l  dat a collecte d i n th e inferenc e phas e coul d b e furthe r  ana -
lyzed .  Individua l  performanc e showe d considerabl e varia -
tion ,  rangin g fro m 4 4 % t o 9 5 % correc t  answers . 

As show n i n Figur e 2 ,  di e result s corroborate d ou r  predictio n 
i n tw o ways :  (1 )  ther e wa s n o significan t  differenc e o f  error s 
betwee n continuou s (39.7% )  an d semi-continuou s (40.1% ) 
premis e orde r  [x^(i )  =  017 ,  p  >  .898] ,  bu t  (2 )  bot h wer e sig -
nificantl y easie r  tha n th e discontinuou s orde r  whic h lea d t o 
50.0 % error s o n averag e [X'̂ (\ )  =  9.643 ,  p  <  .001;x^(i )  = 
8.864 ,  p  <  .002.] . 

U. 

Figur e 2 :  Erro r  rate s fo r  continuous ,  semi'Continuou s 
an d discontinuou s premis e orde r  i n th e 4ts-problenis . 

Another important finding is reported in Table 1: the data on 
premis e processin g time s suppor t  th e assumptio n o f  menta l 
model  theor y tha t  a  discontinuou s premis e orde r  wil l 
increas e th e processin g tim e fo r  th e thir d premise ,  becaus e 
informatio n fro m al l  premise s mus t  b e integrate d a t  thi s 
point .  Reliabl e difference s ca n b e foun d i n th e processin g 
time s o f  th e thir d premis e betwee n continuou s an d semi-con -
tinuou s orde r  [F(l,35 )  =  37.61 ,  p  <  .001] ,  semi-continuou s 
and discontinuou s orde r  [F(l,35 )  =  40.44 ,  p  <  .001] ,  an d 
continuou s an d discontinuou s orde r  [F(l,35 )  =  74.87 ,  p  < 
.001] .  Fo r  th e secon d premis e th e difference s betwee n con -
tinuou s an d discontinuou s orde r  [F(l,35 )  =  17.63 ,  p  <  .001] , 
and semi-continuou s an d discontinuou s [F(l,35 )  =  22.89 ,  p  < 
.001 ]  ar e significant .  Al l  othe r  differences ,  i n particula r  i n 
th e first  premise ,  an d th e differenc e betwee n continuou s an d 
semi-continuou s orde r  i n th e secon d premise ,  ar e no t  reli -
able . 

Table 1: Premise processing times for the first, second 
an d thir d premis e i n th e task s wit h continuous ,  semi > 

continuou s an d discontinuou s premis e order . 

premis e orde r 

continuou s 

semi-cont . 

discont . 

Premis e processin g tim e i n sec . 

premis e I  1  premis e 2  1  premis e 3 

13. 0 

13. 6 

12. 4 

11. 2 

11. 0 

13. 9 

10. 9 

14. 4 

19. 5 

I n th e activ e particula r  inferenc e paradig m subject s ha d t o find 
onl y som e conclusion s whic h ar e compatibl e wit h th e give n pre -
mise s (Knauf f  e t  al. ,  1995) . 

D iscuss io n 

Th e experimen t  wa s conducte d t o investigat e th e continuit y 
effec t  i n th e spatia l  domai n wit h th e ai d o f  th e interva l  rela -
tions .  Th e erro r  rate s a s wel l  a s th e premis e processin g time s 
showe d a  stron g continuit y effect .  Subject s mad e mor e error s 
i n task s wit h discontinuou s premis e orde r  tha n i n continuou s 
and semi-continuou s order ,  an d i t  too k mor e tim e t o proces s 
th e thir d premis e i n th e discontinuou s condition .  Thes e 
result s ca n b e see n a s clea r  evidenc e fo r  th e mos t  importan t 
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assumptio n o f  menta l  mode l  theory ,  namel y tha t  th e informa -
tio n o f  th e premise s i s  integrate d int o a  unifie d representa -
tion ,  th e menta l  model .  Th e resul t  ca n tha n b e explaine d a s 
an effec t  o f  th e difficult y o f  integratin g th e informatio n fro m 
th e premises .  Onl y i n th e continuou s an d semi-continuou s 
order ,  i s  i t  possibl e t o integrat e th e premise s immediately , 
wherea s i n th e discontinuou s orde r  th e informatio n fro m th e 
first  an d secon d premis e mus t  b e kep t  temporaril y  separate d 
i n workin g memor y (mayb e i n a  language-lik e propositiona l 
for m o r  a s separat e models )  unti l  th e thir d premis e i s given . 

Thi s interpretatio n i s supporte d b y th e premis e processin g 
time s a s well ,  whic h sho w tha t  i t  take s muc h mor e tim e t o 
proces s th e thir d premis e i n th e discontinuou s orde r  Again , 
thes e result s ar e compatibl e wit h th e assumptio n tha t  sub -
ject s buil d a n integrate d representatio n o f  th e give n premises . 
I n fact ,  th e processin g tim e fo r  th e thir d premis e i n th e dis -
continuou s premis e orde r  mus t  b e longer ,  becaus e a t  thi s 
poin t  i n th e mode l  constructio n process ,  subject s ge t  th e first 
chanc e t o integrat e th e first  tw o premises . 

Experiment II: Order of Terms Effect 

Subjects 

2 4 pai d student s (1 2 female ,  1 2 male )  o f  th e Universit y o f 
Freiburg ,  rangin g i n ag e fro m 2 0 t o 3 3 years . 

Method and Procedure 

Th e sam e interva l  relation s a s i n Experimen t  I  wer e use d an d 
th e computer-aide d experimen t  wa s agai n separate d int o th e 
thre e phases .  Th e definitio n phas e an d th e learnin g phas e 
wer e conducte d a s i n Experimen t  I .  I n th e inferenc e phase , 
subject s ha d t o solv e 12 8 Sts-problem s i n th e activ e particu -
la r  inferenc e paradig m (plu s 1 0 practic e trails) . 

Of  th e 14 4 possibl e 3ts-problems ,  w e selecte d 3 2 indeter -
minat e task s (i.e. ,  multipl e mode l  problems )  tha t  showe d th e 
highes t  degre e o f  preferenc e fro m ou r  preferre d menta l  mod -
el s experimen t  reporte d i n Knauff ,  Rau h &  Schliede r  (1995) . 
For  eac h tas k w e constructe d "twin "  tasks ,  whic h us e th e 
invers e relatio n bu t  describ e th e sam e spatia l  relatio n 
betwee n th e thre e intervals .  Fo r  example ,  th e spatia l  arrange -
ment  o f  " X lie s t o th e lef t  o f Y "  an d "Ylie s t o th e lef t  o fZ "  i s 
identica l  t o " Y lie s t o th e righ t  o f X "  an d " Z lie s t o th e righ t 
OfY" . 

As show n i n Tabl e 2 ,  base d o n th e locatio n o f  th e terms , 
we constructe d task s o f  fou r  differen t  types .  Th e complemen t 
line s i n th e tabl e denot e th e fac t  tha t  th e invers e relatio n wa s 
used .  Wit h respec t  t o th e terminolog y o f  researc h o n syllo -
gisti c reasonin g th e "types "  ca n als o b e calle d "figures" .  I n 
al l  fou r  type s Y  i s th e middl e term ,  whic h occur s i n bot h pre -
mise s o f  th e proble m bu t  o n differen t  locations .  Th e conclu -
sion s connec t  th e tw o en d term s X  an d Z ,  an d occu r  i n th e 
premise s o n differen t  location s a s well . 

Tabl e 2 :  3ts>problem s o f  experimen t  2  wer e constructe d 

i n fou r  differen t  types ,  b y changin g th e ter m order s an d 

usin g th e invers e interva l  relations . 

typ e 

1 

2 

3 

4 

premis e 1 

Xrj Y 

Y'r, X 

Xrj Y 

Y7, X 

premis e 2 

Yr2 Z 

Yr2 Z 

Z~r2 Y 

Z'r2 Y 

possibl e 

conclusion s 

Xrj Z 
or 

ZJj X 

I n eac h trial ,  afte r  readin g th e premises ,  subject s first  ha d t o 
decid e whic h interva l  t o us e t o begi n th e one-sentenc e 
descriptio n o f  th e conclusio n (i n German) .  Thi s wa s don e b y 
pressin g associate d key s o n th e keyboard ,  namel y < B > fo r 
"Th e blu e interva l  ..." ,  < R > fo r  "Th e re d interva l  ... "  an d 
< G> fo r  "Th e gree n interva l  ..." .  Afterward s a  ne w scree n 
was shown ,  wher e th e secon d par t  o f  th e sentenc e wa s dis -
playe d automatically .  Thi s wa s possibl e becaus e th e middl e 
ter m coul d no t  b e use d i n th e conclusion .  If ,  fo r  example ,  th e 
gree n interva l  wa s th e middl e ter m o f  th e task ,  an d th e sub -
jec t  ha d presse d th e ke y < R > initially ,  th e tw o phrase s "Th e 
re d interval.. .  "  an d ".. .  th e blu e interval "  ar e displayed . 
Betwee n these ,  a  lis t  o f  al l  1 3 interva l  relation s wa s dis -
playe d (i n randomize d order) ,  an d th e subjec t  coul d choos e 
one o f  the m wit h th e cursor . 

Results 

As i n ou r  previou s experiment ,  al l  2 4 subject s successfiill y 
passe d th e learnin g phase .  Individua l  performanc e i n thi s (eas -
ier )  experimen t  range d fi-om  4 3 % t o 9 8 % correc t  answers . 

Th e mos t  importan t  resul t  i s  concerne d wit h th e ter m 
order s chose n i n th e conclusions .  Rememberin g tha t  i n gen -
era l  i t  coul d b e predicte d fro m th e result s o f  Johnson-Lair d 
& Bar a (1984 )  tha t  subject s ten d t o choos e th e orde r  X r ^ Z 
(abbreviate d a s " X - Z " )  mor e ofte n tha n th e revers e orde r  Z 
r j  X  (" Z -  AT') .  Thi s assumptio n i s  no t  supporte d b y ou r 
results :  62 .8 % o f  al l  conclusion s give n b y th e subject s wer e 
i n th e orde r  Z - X . 

As show n i n Figur e 3 ,  thi s genera l  bia s i s modulate d b y 
ter m orde r  i n th e premises .  Fo r  th e conclusion ,  th e ter m 
orde r  A ^ - Z wa s chose n i o x X - Y , Y - Z (44.37o )  mor e ofte n 
tha n fo r  r -  A ,  y -  Z  (38.77o )  X - Y , Z - Y ( 3 9 . 6 % ) ,  an d y -
A•,  Z  -  y  (31.1%) .  Th e differenc e betwee n Y - X , Y - Z 2 a i d 
X - Y , Z - Y \ s no t  rehabl e [X (̂i )  =  0.134 ,  p  >  .71] ,  wherea s 
th e othe r  difference s ar e significan t  an d sho w a  clea r  figural 
bias :  Th e conclusio n X - Z wa s use d mor e ofte n fo r  th e 
premis e orde r  X  -  Y ,  Y  - Z  ihonfo r  Y  -  X ,  Y  -  Z  [X (̂i )  = 
4.959 ,  p  <  .0151 ,  a: -  Y , Z - Y [x2(1) = 3.465 ,  p  <  .035 ]  an d Y 
- X , Z - Y [ X (1 )  =  28.259 ,  p  <  .001] ,  an d fo r  th e premis e 
orde r  Y - X , Y - Z mor e ofte n tha n fo r  F -  ;i: ,  Z  -  K  [ X ( n * 
9.640 ,  p  <  .001] .  Th e differenc e betwee n A T -  F ,  Z  -  K  an d ̂  

- X , Z - Y i s als o reliabl e [X^(i) = 12.036 ,  p  <  .001] . 
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For m o f  conclusion :  X  r  Z 

% 

1 

396 

• 

1 

r 

1 
KfY.Yrt , .tfX r̂ l XrV.Zr V YfJCZr Y 

Figur e 3 :  T h e effec t  o f  ter m orde r  i n th e premise s o n th e 
for m o f  conclusions .  T h e figure  show s th e distributio n o f 
X r  Z  conclusion s [i n % ]  fo r  3 2 problem s i n eac h o f  th e 

fou r  types . 

As mentioned above, in an earlier experiment we have found 
preferre d menta l  model s fo r  problem s wit h multipl e solu -
tion s (Knauf f  &  al. ,  1995) .  W e n o w loo k a t  th e solution s o f 
our  3 2 indeterminat e problem s an d compar e th e conclusion s 
wit h thes e preferences .  T w o result s ar e important :  (1 )  th e 
preference s w e foun d i n th e experimen t  wer e independen t 
fro m th e orde r  o f  terms ;  onl y i n on e o f  th e 3 2 task s di d th e 
preference s diffe r  i n th e fou r  ter m orders .  (2 )  i n al l  case s w e 
foun d stron g preferences ,  th e majorit y o f  whic h (2 4 ou t  o f 
32 ,  o r  7 5 % )  wer e identica l  t o thos e foun d i n ou r  previou s 
investigatio n (Knauf f  &  al .  1995) . 

Disctission 

The experimen t  wa s aime d mor e a t  provin g th e existenc e o f 
figural  effect s well-know n from  othe r  domain s o f  reasoning . 
We foun d (i )  contrar y t o th e result s o f  Johnson-Lair d an d 
Bar a (1984 )  n o genera l  bia s toward s X - Z conclusions ,  an d 
(ii )  i n accordanc e wit h Johnson-Lair d an d Bar a a  figural 
effect ,  i.e .  th e figure  X - Y ,  Y - Z favore d .Y -  Z  conclusions , 
wherea s th e figure  Y - X , Z - Y favore d Z  -  A T conclusions . 

The first  contradictor y resul t  o f  th e Z  -  ̂  preferenc e coul d 
be attribute d eithe r  t o th e spatia l  domai n o r  t o th e propert y o f 
th e use d relatio n i n th e Johnson-Lair d an d Bar a study ;  the y 
use d th e relatio n "i s relate d to "  denotin g kinship ,  a  relatio n 
tha t  ha s th e propert y o f  symmetr y i n contras t  t o th e normall y 
use d materia l  i n relationa l  reasonin g studie s ("bette r  than" , 
"talle r  than" ,  ... )  an d als o i n contras t  t o ou r  qualitativ e rela -
tion s tha t  d o no t  hav e di e propert y o f  symmetry .  Th e effec t 
of  abstrac t  propertie s o f  relation s lik e synmietry ,  asymmetry , 
or  anti-symmetry ,  an d th e effec t  o f  th e domai n o f  relation s 
(spatia l  V .  non-spatial )  o n th e preferenc e o f  X  -  Z  conclu -
sion s ha s t o b e determine d i n ̂ tur e experiments .  However , 
th e overal l  effec t  o i a Z - X preferenc e ca n b e explaine d b y a 
cognitiv e proces s tha t  inspect s th e menta l  mode l  b y mean s o f 
a spatia l  focu s an d i s sensitiv e wit h respec t  t o th e outcom e o f 
th e mode l  construction .  Thi s explanatio n i s sketche d i n th e 
genera l  discussio n below . 

The nex t  resul t  wa s tha t  th e typ e o f  preferre d menta l  mode l 
seems t o b e independen t  o f  th e orde r  o f  term s i n th e pre -
mises ,  sinc e i n nearl y al l  o f  th e 3ts-problem s th e sam e rela -
tio n betwee n th e end-term s wa s chose n fo r  al l  fou r  figures 
per  task .  I n addition ,  th e stabilit y  o f  menta l  mode l  prefer -
ence s determine d i n th e stud y o f  Knauf f  e t  al .  (1995 )  wa s no t 
perfect ,  althoug h withi n th e rang e o f  variabilit y  foun d i n a 
replicatio n o f  th e latte r  experimen t  i n KuB ,  Rau h an d Strub e 
(1996) . 

General Discussion 

We reporte d tw o experiment s investigatin g th e "continuit y 
effect "  an d th e "figura l  effect "  i n spatia l  relationa l  inferenc e 
tasks .  Take n together ,  ou r  findings  suppor t  a n accoun t  o f  th e 
inferenc e proces s followin g menta l  mode l  theor y an d pos e 
some problem s fo r  a  syntacticall y oriented ,  rule-base d theo -
ries. 

I n th e first  experimen t  w e foun d evidenc e fo r  premis e inte -
gratio n an d showe d tha t  discontinuou s premis e orde r  i s 
m u ch harde r  tha n semi-continuou s an d continuou s order . 
The resul t  i s  eas y t o explai n o n th e basi s o f  th e difficult y o f 
integratin g th e informatio n o f  th e premises .  Thi s explanatio n 
i s clearl y supporte d b y th e premis e processin g times . 

On th e othie r  hand ,  th e result s o f  th e secon d experimen t 
leav e u s wit h som e ope n questions .  Th e mai n ide a o f  th e 
experimen t  wa s t o investigat e anothe r  facto r  possibl y effect -
in g spatia l  relationa l  inferenc e i n a  simila r  fashio n t o th e wa y 
tha t  premis e orde r  does .  Th e result s o f  thi s experimen t  wer e 
surprising ,  particularl y i n on e point .  Contrar y t o th e result s 
of  Johnson-Lair d an d Bar a (1984) ,  w e foun d n o genera l  bia s 
toward s X - Z conclusions .  I n fact ,  subject s ten d t o generat e 
conclusion s o f  th e for m Z  -  ^ .  A t  first  glance ,  thi s resul t 
seems t o b e counterintuitive ,  bu t  m a y hav e a  plausibl e expla -
nation :  Th e overal l  effec t  o f  a  Z  -  A T preferenc e ca n b e 
explaine d -  i n agreemen t  wit h th e assumption s o f  menta l 
model  theor y -  b y a  cognitiv e proces s tha t  inspect s th e men -
ta l  mode l  b y mean s o f  a  spatia l  focu s (e.g. ,  D e Voogh t  & 
Vandierendonck ,  i n press) .  Accordin g t o th e computationa l 
accoun t  give n fo r  th e constructio n o f  spatia l  menta l  model s 
by (Schlieder ,  1995) ,  afte r  constructin g th e menta l  mode l  th e 
focu s shoul d b e positione d o n th e las t  end-ter m o f  th e 3ts -
problem ,  namel y Z .  I f  thi s i s th e startin g poin t  o f  th e scan -
nin g process ,  i t  i s plausibl e tha t  th e first  ter m i n th e conclu -
sio n i s Z  an d no t  X ,  becaus e fo r  X - Z conclusion s th e focu s 
must  b e shifte d bac k t o th e ter m X  befor e th e scannin g pro -
ces s starts .  I n contrast ,  Z-Xconc lus ion s d o no t  nee d tim e 
consumin g re-focussing ,  whic h explain s w h y ou r  subject s 
preferre d thos e conclusion s i n ou r  secon d experiment .  Th e 
observe d preference s result s directl y fro m th e proces s o f 
model  constructio n a s detaile d i n Schliede r  (1995) .  Th e 
alternativ e computationa l  accoun t  presente d b y Berend t 
(1996) ,  however ,  leave s i t  a n ope n questio n h o w th e presen t 
result s ca n b e modeled . 

A n eve n mor e importan t  resul t  o f  th e secon d experimen t  i s 
tha t  th e ter m orde r  i n th e premise s doe s no t  effec t  th e mode l 
preference s o f  th e subjects .  I n 3 1 o f  th e 3 2 problem s th e 
same preferre d menta l  mode l  wa s chose n fo r  al l  fou r  type s o f 
ter m order . 

Take n together ,  bot h experiment s giv e u s importan t  hint s 
concernin g th e processe s o f  mode l  constructio n an d mode l 
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inspection .  Th e mode l  constructio n proces s seem s t o b e sen -
sitiv e t o th e orde r  o f  premise s an d widel y independen t  o f 
ter m order .  Th e importanc e o f  ter m orde r  emerge s a s so n a s 
th e mode l  i s  inspected ,  becaus e thi s proces s seem s t o b e sen -
sitiv e t o th e positio n o f  th e focus ,  resultin g fro m th e mode l 

constructio n process .  However ,  furthe r  wor k i s neede d t o 
integrat e mode l  inspectio n i n th e existin g computationa l 
account s o f  ho w spatia l  menta l  model s ar e constructed . 
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Abstrac t 

People tend to give subadditive probability judgments 
when aske d t o asses s eac h i n a  se t  o f  thre e o r  mor e 
exclusiv e hypotheses .  Th e degre e o f  subadditivit y i n suc h 
judgment s i s determine d i n larg e par t  b y th e evidenc e upo n 
whic h th e judgment s ar e based ,  bu t  th e characteristic s o f 
th e evidenc e tha t  influenc e subadditivit y hav e ye t  t o b e 
full y specified .  I n th e presen t  experiments ,  thi s issu e wa s 
addresse d usin g a  classificatio n learnin g task ,  i n whic h th e 
relationshi p betwee n th e evidenc e an d th e hypothese s 
under  consideratio n ca n b e controlle d experimentally .  T w o 
potentia l  evidentia l  influence s o n subadditivity-cu e 
conflic t  an d cu e frequency-ar e distinguishe d an d teste d i n 
thre e experiments .  Th e result s indicat e tha t  (a )  people' s 
probabilit y  judgment s ar e systematicall y subadditive~i n 
violatio n o f  standar d probabilit y  theory-eve n whe n th e 
judgment s ar e base d o n cue s learne d withi n th e 
experimenta l  context ,  contrar y t o th e prediction s o f 
"ecological "  theorie s o f  huma n judgmen t  whic h attribut e 
suc h biase s t o nonrepresentativ e ite m selection ;  an d (b ) 
cue conflic t  ha s a  reliabl e influenc e o n th e degre e o f 
subadditivit y exhibite d i n probabilit y  judgments . 

There is substantial evidence that people's probability 
judgment s ar e nonextensional ,  tha t  is ,  no t  consisten t  wit h 
th e rule s o f  se t  inclusion .  Recently ,  a  desciiptiv e theor y o f 
probabilit y  judgmen t  calle d suppor t  theor y (Tversk y & 
Koehler ,  1994 )  ha s bee n develope d t o accoun t  fo r  thes e 
findings .  Suppor t  theor y make s tw o basi c assumptions . 
The firs t  i s  tha t  Judge d probabilit y  reflect s th e relativ e 
suppor t  fo r  th e foca l  an d alternativ e hypotheses : 

siA ) 
(1 )  P i A , B )  =  ^ — 

siA )  +  siB ) 
That  is ,  th e Judge d probabilit y  o f  A  rathe r  tha n B  i s simpl y 
th e evidentia l  suppor t  availabl e fo r  A , s (A ) ,  normalize d 
relativ e t o tha t  availabl e fo r  it s complemen t  B .  Suppor t 
theor y i s  nonextensional ,  allowin g judge d probabilit y t o 
depen d no t  onl y o n th e even t  i n questio n bu t  als o o n h o w i t 
i s described .  Hence ,  A  an d B  refe r  t o description s o f  events , 
calle d hypotheses ,  rathe r  tha n t o th e event s themselves ,  a s i n 
standar d probabilit y  theory . 

Suppor t  theor y distinguishe s betwee n explici t 
disjunctions ,  whic h lis t  thei r  components ,  an d implici t 
disjunctions ,  whic h d o not .  Suppor t  theory' s secon d 
assumptio n i s  tha t  i f  H  i s a n implici t  disjunctio n (e.g. , 
homicide )  tha t  refer s t o th e sam e even t  a s a n explici t 
disjunctio n o f  exclusiv e hypothese s H q an d H g (e.g. , 
homicid e b y a n acquaintanc e o r  homicid e b y a  stranger , 
denote d H a v  //j) ,  the n 
(2 )  s(H )  <  s(H a V  H s )  <  siHa )  +  siHs) . 
That  is ,  th e suppor t  o f  th e implici t  disjunctio n H  i s les s 
tha n o r  equa l  t o tha t  o f  th e explici t  disjunctio n H ^  v  H^ , 

whic h i n tur n i s les s tha n o r  equa l  t o th e tota l  suppor t  o f  it s 
component s whe n assesse d individuall y (Rottenstreic h & 
Tversky ,  1997) .  I n short ,  "unpacking "  th e implici t 
hypothesi s int o it s  component s ca n onl y increas e it s 
support ,  an d henc e it s judge d probabilit y  (cf .  Fischhoff , 
Lichtenstein ,  &  Slovic ,  1978) .  Th e relationshi p betwee n 
th e suppor t  o f  th e implici t  disjunctio n an d tha t  o f  it s 
component s i s sai d t o b e subadditive ,  i n th e sens e tha t  th e 
whol e receive s les s tha n th e su m o f  it s parts . 

Suppor t  theor y implie s that ,  wheneve r  a  singl e well -
specifie d hypothesi s i s  evaluate d relativ e t o al l  o f  it s 
alternative s take n a s a  grou p (referre d t o a s a  "catchall "  o r 
residua l  category) ,  th e specifie d hypothesi s wil l  b e give n 
greate r  weigh t  tha n i f  i t  ha d bee n include d implicitl y  i n th e 
residua l  category .  Conside r  a n exampl e wit h thre e 
hypotheses :  A , B , m d C .  W h e n a  perso n i s aske d t o Judg e 
th e probabilit y o f  hypothesi s A ,  accordin g t o suppor t 
theory ,  th e probabilit y  Judgmen t  i s  determine d b y th e 
evidentia l  suppor t  fo r  hypothesi s A  normalize d relativ e t o 
tha t  fo r  it s  complement .  I n thi s cas e it s complemen t  i s a n 
implici t  disjunctio n o f  hypothese s B  an d C .  Suppor t  theor y 
assume s tha t  th e implici t  representatio n o f  th e alternativ e 
hypothese s decrease s thei r  suppor t  relativ e t o tha t  o f  A , 
thereb y increasin g A' s Judge d probability .  I f  separat e 
Judgment s ar e obtaine d o f  th e probabilit y  o f  hypothese s A , 
B,  an d C ,  th e tota l  probabilit y  assigne d t o th e thre e i s 
predicte d t o excee d one ,  i n violatio n o f  standar d probabilit y 
theory .  Th e degre e o f  subadditivit y i n thi s cas e ca n b e 
measure d b y th e exten t  t o whic h th e tota l  exceed s one . 

Th e degre e o f  subadditivit y observe d depend s o n a  numbe r 
of  factor s (se e Tversk y &  Koehler ,  1994) ,  includin g th e 
compatibilit y o f  th e evidenc e wit h eac h o f  th e hypothese s 
unde r  consideration .  Fo r  example ,  i n on e experimen t 
(Koehler ,  Brenner ,  &  Tversky ,  1997 ,  Exp .  1 )  participant s 
judge d th e probabilit y  tha t  a  colleg e studen t  ha d a  specifie d 
socia l  scienc e majo r  o n th e basi s o f  a  cours e tha t  studen t  ha d 
taken .  Th e course s provide d a s evidenc e varie d i n h o w 
compatibl e the y wer e wit h socia l  scienc e major s i n general , 
wit h tw o o f  the m bein g quit e typica l  (e.g. .  Wester n 
Civilization )  an d tw o bein g fairl y atypica l  (e.g. ,  Frenc h 
Literature) .  Th e degre e o f  subadditivit y o f  th e judgment s 
(measure d b y th e tota l  probabilit y  assigne d t o fou r  exclusiv e 
and exhaustiv e socia l  scienc e majors )  wa s significantl y 
greate r  fo r  th e typica l  course s tha n fo r  th e atypica l  courses ,  a 
resul t  referre d t o a s th e enhancemen t  effect . 

Whil e th e notio n o f  "compatibility "  betwee n evidenc e an d 
hypothese s serve s t o summariz e a  numbe r  o f  manipulation s 
observe d t o influenc e subadditivity ,  th e exac t  characteristic s 
of  th e evidenc e controllin g subadditivit y hav e ye t  t o b e 
explicated .  T o identif y mor e precisel y th e evidentia l 
characteristic s influencin g subadditivity ,  i t  i s  necessar y t o 
hav e direc t  experimenta l  contro l  ove r  th e relationshi p 
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betwee n th e evidenc e an d th e hypotheses .  Thi s wa s 
accomplishe d i n th e presen t  investigatio n throug h th e us e o f 
a simulate d medica l  diagnosi s task ,  whic h ha s bee n use d i n 
m u ch o f  th e recen t  wor k o n classificatio n learnin g (e.g. , 

Estes ,  Campbell ,  Hatsopoulos ,  &  Hurwitz ,  1989 ;  Gluc k & 
Bower ,  1988 ;  Nosofsky ,  Kruschke ,  &  McKinley .  1992) .  I n 
thi s task ,  participant s ar e presente d wit h a  se t  o f  symptom s 
("cues "  whic h serv e a s evidence )  reporte d b y a  "patient "  an d 
ar e aske d t o gues s whic h o f  a  se t  o f  possibl e disease s 
(typicall y two )  th e patien t  migh t  have .  Participant s ar e 
presente d wit h a  larg e numbe r  o f  patients ;  afte r  eac h gues s 
participant s receiv e feedbac k tellin g the m whic h diseas e th e 
patien t  actuall y had .  Durin g o r  afte r  th e learnin g phase ,  tes t 
trial s m a y b e give n (typicall y withou t  feedback) ,  i n whic h 
participant s ar e presente d wit h sympto m pattern s an d aske d 
t o estimat e th e probabilit y  tha t  th e patien t  ha s a  designate d 
disease . 

Thi s tas k wa s use d t o investigat e tw o possibl e 
interpretation s o f  evidentia l  compatibilit y  underlyin g th e 
enhancemen t  effect .  Th e first  possibilit y  involve s overal l 
cu e frequency :  Subadditivit y m a y increas e wit h th e 
frequenc y o f  presentatio n durin g learnin g o f  th e cu e use d a s 
th e basi s o f  judgment .  Tha t  is ,  i f  som e cue s simpl y occu r 
mor e ofte n i n conjunctio n wit h al l  o f  th e categorie s tha n d o 
others ,  presentatio n o f  thes e cue s fo r  judgmen t  m a y yiel d 
greate r  subadditivit y tha n les s frequentl y presente d cues .  Th e 
secon d sens e i n whic h enhancemen t  m a y operat e involve s 
th e degre e o f  conflic t  amon g a  se t  o f  cues .  Researc h o n 
enhancemen t  (Koehle r  e t  al. ,  1997 ;  Tversk y &  Koehler , 
1994 )  suggest s tha t  subadditivit y m a y b e increase d b y th e 
introductio n o f  evidenc e tha t  ha s mixe d o r  conflictin g 
implication s (e.g. ,  Peterso n &  Pitz ,  1988) .  I n th e curren t 
contex t  thi s possibilit y ca n b e examine d b y analyzin g 
differen t  pattern s o f  cues .  Increase d subadditivit y woul d b e 
exjjecte d fo r  thos e pattern s tha t  impl y o r  suppor t  mor e tha n 
one categor y o r  hypothesis . 

I n addition ,  th e presen t  se t  o f  experiment s afford s a n 
opportunit y t o tes t  tw o competin g theorie s o f  huma n 
judgment .  Suppor t  theory ,  wit h it s origin s i n th e heuristic s 
and biase s researc h programm e o f  Tversk y an d Kahnema n 
(e.g. ,  1974) ,  assume s tha t  th e inferentia l  mechanism s 
underlyin g probabilit y  judgmen t  ofte n produc e reasonabl y 
accurat e judgment s bu t  als o caus e systemati c biase s unde r 
certai n circumstances .  I n contrast ,  som e researcher s 
(Bjorkman ,  1994 ;  Gigerenzer ,  Hoffrage ,  &  Kleinbolting , 
1991 ;  Juslin ,  1994 )  hav e recentl y suggeste d tha t  judgmenta l 
biase s observe d i n experimenta l  setting s aris e becaus e 
participant s attemp t  t o appl y cue s the y hav e learne d 
accuratel y fro m experienc e t o a  se t  o f  item s selecte d b y th e 
experimente r  tha t  i s  non-representativ e o f  th e environmen t 
i n whic h th e cue-outcom e relationshi p wa s originall y 
learned .  Thi s clai m i s teste d i n th e presen t  experiments .  I n 
a classificatio n learnin g experiment ,  th e environmen t  i n 
whic h th e cue-outcom e relationshi p hold s i s define d b y an d 
learne d durin g th e trainin g sequenc e o f  th e laborator y tas k 
itself .  Thu s th e "ecological "  approac h lead s t o th e predictio n 
tha t  th e systemati c subadditivit y implie d b y suppor t  theor y 
shoul d no t  b e observe d i n th e presen t  studies ,  i n whic h 
nonrepresentativ e ite m selectio n i s no t  a n issue . 

E x p e r i m e n t  1 

Method 

Participants .  Participant s wer e 1 6 member s o f  th e 
participan t  pane l  a t  th e Medica l  Researc h Counci l  Applie d 

Psycholog y Unit ,  w h o wer e pai d fo r  thei r  participation . 
Dat a fro m thre e additiona l  participant s wer e replaced ;  on e 
participan t  faile d t o complet e th e judgmen t  tas k a s 
instructed ,  an d th e othe r  tw o faile d t o achiev e above-chanc e 
accurac y i n th e learnin g phas e o f  th e experiment . 

Stimuli and Apparatus. The stimuli were "medical 
charts "  consistin g o f  fou r  symptoms :  chills ,  cough , 
headache ,  an d sor e throat .  Eac h sympto m wa s denote d eithe r 
as bein g presen t  (i n upper-cas e letters ,  e.g. ,  C O U G H)  o r 
absen t  (i n lower-cas e letters ,  e.g. ,  n o cough )  o n th e medica l 
chart .  Eac h patien t  wa s t o b e classifie d a s havin g on e o f 
thre e type s o f  flu  strains ,  simpl y labele d #1 ,  #2 ,  an d #3 . 

Design. As in Estes et al. (1989) and Nosofsky et al. 
(1992) ,  al l  participant s wer e presente d wit h a n identica l 
trainin g sequence ,  consistin g o f  24 0 trials .  Thi s sequenc e 
was constructe d b y first  randoml y choosin g on e o f  th e thre e 
flu  strain s (wit h equa l  probabilities) ,  an d the n choosin g th e 
fou r  symp tom s (independently )  wit h conditiona l 
probabilitie s yieldin g th e followin g properties .  First ,  th e 
fou r  symptom s var y systematicall y i n thei r  overal l  frequenc y 
of  occurrence ,  wit h p(A )  =  55.8% ,  p(B )  =  46.3% ,  p(C )  = 
37.1% ,  an d p(D )  =  27.5% .  Second ,  eac h symptom ,  take n 
on it s own ,  ha s th e sam e diagnosticity .  Tha t  is ,  give n th e 
symptom ,  th e flu  strai n i t  i s  associate d wit h increase s i n 
probabilit y t o 6 0 % (wit h som e smal l  variatio n du e t o 
roundin g erro r  fo r  th e finite  serie s o f  learnin g trials )  an d th e 
othe r  tw o flu  strain s decreas e i n probabilit y t o 2 0 % each . 
Figur e 1  indicate s th e mappin g betwee n th e fou r  symptom s 
and th e flu  strai n wit h whic h eac h i s  mos t  strongl y 
associated . 

Th e actua l  sympto m labe l  (e.g. ,  cough )  assigne d t o th e 
fou r  abstrac t  symptom s A - D wa s counterbalance d ove r 
participants ,  a s wa s th e positio n o f  th e fou r  symptom s i n 
th e compute r  display .  Unlik e th e trainin g sequence ,  whic h 
was th e sam e fo r  al l  participants ,  th e orde r  i n whic h th e 
subsequen t  4 8 patter n judgment s wer e mad e wa s determine d 
randoml y fo r  eac h participant . 

Sympto m Fl u Strai n 

Figur e 1 :  Schemati c diagra m o f  symptom-fl u strai n 
mappin g i n Experiment s 1  an d 2 . 
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Procedure .  Participant s wer e tol d tha t  the y woul d b e 
takin g par t  i n a  simulate d medica l  judgmen t  task .  The y 
wer e tol d the y woul d b e presente d wit h a  serie s o f  24 0 
patients ,  eac h o f  w h o m wa s subsequentl y foun d (vi a a  bloo d 
test )  t o hav e on e o f  thre e influenz a strains .  The y wer e 
instructe d tha t  thei r  tas k wa s t o conside r  fou r  symptom s 
(chills ,  cough ,  headache ,  an d sor e throat )  tha t  coul d hel p 
the m determin e whic h o f  th e thre e fl u strain s a  patien t  wa s 
sufferin g from .  Fo r  eac h patien t  the y woul d b e tol d whethe r 
or  no t  th e patien t  ha d reporte d eac h o f  th e fou r  symptoms , 
and the n woul d b e aske d t o gues s whic h o f  th e thre e fl u 
strain s tha t  participan t  had .  Afte r  enterin g thei r  choice ,  the y 
woul d b e tol d whethe r  the y wer e correc t  o r  no t  an d whic h fl u 
strai n th e patien t  i n questio n actuall y had .  I n th e beginning , 
the y wer e told ,  the y woul d b e guessin g essentiall y  a t 
random ,  bu t  a s the y sa w mor e patient s the y shoul d begi n t o 
hav e som e sens e o f  whic h symptom s g o wit h whic h fl u 
strains .  The y wer e warned ,  however ,  tha t  jus t  a s i n rea l 
medica l  practice ,  thes e observabl e symptom s wer e no t 
perfec t  predictor s an d tha t  tw o patient s wit h th e exac t  sam e 
set  o f  symptom s migh t  no t  alway s hav e th e sam e fl u strain . 

Afte r  th e trainin g sequence ,  participant s wer e presente d 
wit h sympto m pattern s (lik e thos e see n durin g training )  an d 
wer e aske d t o judg e th e percentag e o f  patient s wit h tha t 
patter n the y woul d expec t  t o hav e a  designate d fl u strain . 
They wer e instructe d t o giv e number s betwee n 0 % an d 
100%,  wher e 1 0 0 % indicate d tha t  the y expecte d ever y patien t 
wit h tha t  sympto m patter n t o hav e th e designate d fl u strain , 
and 0 % indicate d tha t  the y expecte d non e o f  th e patient s wit h 
tha t  patter n t o hav e th e designate d fl u strain .  Participant s 
wer e aske d t o mak e suc h judgment s fo r  al l  4 8 possibl e 
combination s o f  th e 1 6 differen t  sympto m pattern s wit h th e 
3 differen t  fl u strains . 

Results and Discussion 

Learnin g Data .  Ove r  participants ,  averag e accurac y 
acros s th e 24 0 trainin g trial s wa s 5 5 % ,  a  figure  substantiall y 
greate r  tha n tha t  expecte d b y chance .  Al l  participant s 
include d i n th e sampl e achieve d above-chanc e accuracy .  T o 
determin e whethe r  learnin g wa s a t  asymptot e b y th e en d o f 
th e 24 0 trainin g mals ,  averag e percen t  correc t  wa s compute d 
fo r  fou r  consecutiv e 60-tria l  blocks .  O n th e first  block , 
3 9 % o f  participants '  guesse s wer e correct .  Fo r  th e nex t 
thre e block s th e correspondin g figures  wer e 5 9 % ,  6 2 % ,  an d 
5 8 %,  respectively .  Participants '  performanc e wa s n o longe r 
improvin g afte r  th e first  6 0 o r  s o trainin g trials ,  suggestin g 
tha t  b y th e en d o f  th e trainin g phas e participant s ha d learne d 
al l  the y coul d abou t  th e categor y structure . 

Pattern Judgment Data. Figure 2 displays the mean 
probabilit y  assigne d t o eac h flu  strai n fo r  th e 1 6 possibl e 
sympto m pattern s (presen t  symptom s ar e denote d wit h 
uppercas e letters ,  absen t  symptom s wit h lowercase) . 
Participants '  probabilit y  judgment s wer e strongl y relate d t o 
th e normativ e probabilitie s use d t o construc t  th e trainin g 
sequence .  Th e correlatio n betwee n th e se t  o f  mea n patter n 
judgment s an d th e normativ e value s i s 0.93 ,  showin g tha t 
participant s wer e abl e t o translat e wha t  the y ha d learne d 
durin g th e trainin g sequenc e int o reasonabl y accurat e 
probabilit y  judgments .  A s predicte d b y suppor t  theory , 

tota l  probabilit y 

fi  s  e  ^ 

i H s ^ s 

sympto m patter n 

Figur e 2 :  M e a n judge d probabilit y  o f  eac h flu  strai n an d 
thei r  tota l  fo r  eac h o f  th e possibl e sympto m patterns . 

however,  the probability judgments were clearly subadditive: 

The tota l  probabilit y  assigne d t o th e thre e possibl e fl u 
strain s consistentl y exceede d 100% ,  wit h a n averag e tota l  o f 
1 2 0 % (se e Figur e 2) . 

The degre e o f  subadditivit y varie d substantiall y  ove r  th e 
variou s sympto m patterns ,  allowin g a  tes t  o f  th e rol e o f  cu e 
frequenc y an d cu e conflic t  o n th e degre e o f  subadditivity . 
Firs t  conside r  cu e conflict .  A s a  simpl e comparison ,  th e 
averag e tota l  probabilit y  fo r  thos e pattern s wit h symptom s 
presen t  tha t  impl y eithe r  zer o o r  on e flu  strain s ( n =  6 ;  e.g. , 
abed .  Abed ,  a b C D )  wa s compare d wit h th e averag e fo r  thos e 
pattern s implyin g tw o o r  mor e differen t  flu  strain s ( n =  10 ; 
e.g. ,  ABcd ,  A B C d ,  A B C D ) .  A s predicte d b y th e cu e conflic t 
interpretatio n o f  enhancement ,  th e averag e tota l  wa s 
significantl y highe r  i n th e latte r  cas e ( M =  128% )  tha n i n 
th e forme r  ( M =  107%) ,  t  (254 )  =  4.86 ,  ̂  <  .001 . 

For  th e patter n judgments ,  th e cu e frequenc y interpretatio n 
of  enhancemen t  ca n b e teste d i n tw o ways .  Th e simples t 
way i s t o conside r  onl y th e pattern s wit h a  singl e presen t 
sympto m (i.e. ,  Abed ,  aBcd ,  abCd ,  abcD) .  Th e mea n tota l 
probabilitie s fo r  thes e fou r  pattern s ar e 116% ,  109% ,  105% , 
and 9 3 % ,  respectively ,  showin g tha t  subadditivit y di d 
increas e wit h cu e frequency .  Th e contras t  betwee n th e A  an d 
B symptom s an d th e C  an d D  symptom s i s statisticall y 
significant ,  t  (62 )  =  2.04 ,  g  <  .05 .  A  mor e complicate d 
analysi s involve s comparin g th e averag e total s fo r  th e eigh t 
pattern s tha t  includ e eac h sympto m s o that ,  fo r  example ,  th e 
patter n A B c d i s counte d a s a n A  patter n an d a  B  patter n bu t 
not  a s a  C  o r  D  pattern .  B y thi s analysi s th e averag e total s 
fo r  pattern s includin g symptom s A  throug h D  ar e 126% , 
124%,  124% ,  an d 120% ,  respectively ,  agai n consisten t  wit h 
th e cu e frequenc y interpretation . 

Experiment 2 

The first  experimen t  reveale d substantia l  subadditivit y i n 
probabilit y  judgment s elicite d afte r  learning ,  eve n thoug h 
th e tas k involve d onl y thre e categorie s an d gav e a 
frequentisti c interpretatio n t o th e respons e scal e (cf . 
Gigerenze r  e t  al. ,  1991) .  Th e degre e o f  subadditivit y wa s 
affecte d b y bot h cu e conflic t  an d cu e frequency .  I t  coul d b e 
argued ,  however ,  tha t  ha d probabilit y  judgment s bee n 
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elicite d withi n th e learnin g context ,  instea d o f  afte r  learnin g 

had take n place ,  th e effect s o f  cu e conflic t  an d frequenc y o r 
eve n th e genera l  observatio n o f  subadditivit y migh t  hav e 
bee n eliminated .  Th e feedbac k provide d afte r  eac h trial ,  fo r 
example ,  migh t  dra w participants '  attentio n t o th e fac t  tha t 
thei r  probabilit y  judgment s ar e generall y to o hig h an d henc e 
eliminat e th e subadditivit y foun d i n th e post-learnin g 
judgments .  Thi s possibilit y  wa s teste d i n Experimen t  2  b y 
askin g participant s t o mak e a  probabilit y  judgmen t  o n eac h 
trainin g trial . 

Method 

Pa r t i c i pan t s .  Participant s wer e 3 4 prospectiv e 
psycholog y undergraduat e major s a t  Universit y Colleg e 
London ,  w h o participate d a s par t  o f  a  laborator y 
demonstration .  Dat a fro m 3  o f  thes e participant s wer e 
droppe d a s thei r  learnin g performanc e wa s onl y marginall y 
bette r  tha n tha t  expecte d b y chance ,  leavin g a  tota l  o f  3 1 
participants . 

Design. Participants received the same training sequence 
as i n Experimen t  1 ,  bu t  assigne d a  probabilit y  t o a 
designate d fl u strai n rathe r  tha n choosin g whic h o f  th e thre e 
fl u strain s the y though t  wa s mos t  likel y o n eac h trial .  Th e 
fl u strai n designate d fo r  evaluatio n o n eac h tria l  wa s varie d 
betwee n participant s b y assignin g eac h participan t  t o on e o f 
thre e targe t  groups .  O n an y give n trial ,  th e thre e targe t 
group s eac h evaluate d on e o f  th e thre e possibl e fl u strain s s o 
that ,  acros s groups ,  judgment s wer e obtaine d o f  th e 
probabilit y  o f  eac h fl u strai n o n ever y trainin g trial .  Th e fl u 
strai n designate d fo r  a  give n targe t  grou p wa s determine d 
randoml y suc h tha t  participant s i n eac h grou p wer e assigne d 
eac h fl u strai n wit h approximatel y equa l  frequencie s acros s 
th e trainin g sequence .  Becaus e participant s wer e givin g 
what  wer e referre d t o a s patter n judgment s i n Experimen t  1 
on ever y tria l  o f  Experimen t  2 ,  participant s wer e no t  aske d 
t o giv e final  patter n judgment s a t  th e en d o f  th e learnin g 
sequence . 

Procedure. Instructions regarding the general nature of the 
medica l  judgmen t  tas k wer e simila r  t o thos e give n fo r 
Experimen t  1 .  T h e majo r  differenc e i s tha t  i n thi s 
experimen t  participant s wer e instructe d t o giv e a  probabilit y 
judgmen t  o n ever y trainin g trial .  I t  wa s explaine d tha t  on e 
of  th e thre e fl u strain s woul d b e selecte d arbitraril y  o n eac h 
tria l  a s th e designate d outcom e fo r  judgment .  Becaus e th e 
probabilit y  judgment s wer e obtained  durin g learnin g a s 
individua l  patient s wer e presente d fo r  assessment ,  th e 
judgment s wer e give n a  probabilisti c  interpretatio n (i.e. ,  th e 
probabilit y  tha t  th e patien t  i n questio n ha s th e designate d fl u 
strain) .  Probabilit y  judgment s wer e mad e o n a  scal e runnin g 
from  0 % t o 1 0 0 % i n increment s o f  1 0 % . 

Results and Discussion 

Learning Performance. In this experiment a more 
complicate d analysi s i s necessar y becaus e participant s judge d 
th e probabilit y  o f  a  designate d fl u strai n rathe r  tha n choosin g 
th e fl u strai n the y though t  wa s mos t  likely .  A  standar d 
square d erro r  measur e wa s compute d fo r  eac h participant . 

whic h assume d a  valu e o f  ( 1 -  jj )  o n trial s i n whic h th e 
designate d even t  occur s an d a  valu e o f  J 2 o n trial s i n whic h 
th e designate d even t  doe s no t  occur .  Give n chanc e 
performanc e (i.e. ,  i n th e absenc e o f  an y learning) ,  th e valu e 
of  thi s erro r  measur e depend s o n th e participant' s respons e 
distribution .  T o adjus t  fo r  this ,  a  correcte d performanc e 
scor e wa s compute d fo r  eac h participan t  b y first  calculatin g 
th e expecte d valu e o f  chanc e performanc e give n tha t 
participant' s respons e distribution ,  an d the n subtractin g th e 

resultin g valu e fro m th e participant' s actua l  performanc e 
scor e t o obtai n a  measur e o f  performanc e abov e tha t  expecte d 
by chance .  Th e resultin g measur e wil l  b e referre d t o a s 

correcte d performance . 
Al l  participant s performe d bette r  tha n chance ,  tha t  is ,  ha d 

positiv e correcte d performanc e measures .  Th e mea n 
correcte d performanc e valu e wa s 26. 3 ( S D =  11.8) .  Al l 
subsequen t  analysi s i s base d o n mea n dat a average d ove r 
participant s withi n a  give n targe t  grou p ( n =  9 ,  11 ,  an d 1 1 
fo r  th e thre e groups) .  A s i n th e previou s experiment ,  mea n 
learnin g performanc e wa s examine d fo r  th e fou r  sequentia l 
set s o f  6()-tria l  blocks .  Th e mea n correc t  performanc e valu e 
(compute d separatel y fo r  eac h participan t  an d the n averaged ) 
was 0.8 ,  8.3 ,  8.7 ,  an d 8. 6 fo r  block s I ,  2 ,  3 ,  an d 4 , 
respectively . 

Pattern Judgments. As the above analysis suggests that 
learnin g wa s a t  o r  nea r  asymptot e b y tria l  60 ,  th e patter n 
judgment s wer e obtaine d b y averagin g ove r  trial s 61-240 . 
Figur e 3  display s th e mea n judgmen t  assigne d t o eac h fl u 
strain ,  an d thei r  total ,  fo r  eac h o f  th e 1 6 possibl e sympto m 
patterns .  T h e correlatio n betwee n th e mea n patter n 
judgment s an d th e correspondin g normativ e value s wa s 0.92 , 
whic h i s essentiall y  identica l  t o tha t  obtaine d i n th e first 
experiment .  Th e correlatio n betwee n th e patter n judgment s 
obtaine d i n Experiment s 1  an d 2  i s 0.95 . 

Once again ,  th e probabilit y  judgment s wer e substantiall y 
subadditiv e fo r  al l  1 6 sympto m patterns .  Th e (unweighted ) 
mean tota l  probabilit y  assigne d t o th e thre e possibl e flu 
strain s i s 1 2 4 % ,  whic h i s slightl y greate r  tha n th e 
comparabl e valu e o f  1 2 0 % fo r  th e patter n judgment s o f 

tota l  probabilit y 
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Figure 3: Mean judged probability of each flu strain and 
thei r  tota l  fo r  eac h o f  th e possibl e sympto m pattern s i n 
Experimen t  2 . 
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th e first  experiment .  Participants '  judgment s wer e 
consistentl y subadditive ,  then ,  eve n whe n feedbac k regardin g 
th e actua l  outcom e wa s give n afte r  ever y judgment .  Indeed , 

compariso n wit h th e patter n judgment s o f  Experimen t  I 
suggest s tha t  th e feedbac k di d nothin g a t  al l  t o decreas e th e 
degre e o f  subadditivit y i n th e patter n judgments . 

Cue conflic t  ha d a  significan t  effec t  o n th e degre e o f 
subadditivit y observe d i n th e patter n judgments .  Thos e 
pattern s implyin g onl y a  singl e fl u strai n (o r  none )  receive d 

a weighte d averag e tota l  probabilit y  o f  1 1 5 % whil e thos e 
pattern s implyin g tw o o r  thre e differen t  fl u strain s receive d 
an averag e tota l  o f  132% ,  1  (178 )  =  6.03 ,  p  <  .001 .  Pattern s 
includin g onl y a  singl e presen t  sympto m (i.e. .  Abed ,  aBcd , 
abCd,  abcD )  faile d t o sho w a n effec t  o f  cu e frequency , 
thoug h i t  shoul d b e note d tha t  th e collectio n o f  judgment s 
durin g learnin g allowe d les s tim e fo r  effect s o f  frequenc y t o 
emerge . 

Experiment 3 

A final  experimen t  assesse d th e effect s o f  cu e conflic t  an d 
cue frequenc y usin g a  differen t  categor y structur e tha n tha t 
used i n th e firs t  tw o experiments .  Th e ne w categor y 
structur e wa s intende d t o completel y separat e testin g o f  th e 
tw o effects .  I n th e resultin g design ,  cu e conflic t  coul d b e 
teste d usin g cue s tha t  wer e equate d i n term s o f  frequency ,  an d 
cue frequenc y coul d b e teste d usin g cue s tha t  wer e 
completel y nondiagnosti c wit h regar d t o th e outcom e 
variable .  A s i n th e first  experiment ,  participant s mad e 
choic e decision s rathe r  tha n probabilit y  judgment s o n eac h 
of  th e trainin g trials . 

Method 

Participants .  Participant s wer e 1 6 undergraduate s a t  th e 
Universit y o f  Waterloo ,  wh o participate d i n exchang e fo r 
credi t  i n thei r  introductor y psycholog y course .  Dat a fro m 
tw o additiona l  participant s wer e dropped :  On e whos e 
learnin g performanc e wa s no t  greate r  tha n tha t  expecte d b y 
chance ,  an d on e wh o reporte d t o th e experimente r  tha t  sh e 
had faile d t o complet e th e judgmen t  tas k a s instructed . 

Design and Procedure. Participants were presented with 
informatio n regardin g five  symptoms ,  rathe r  tha n fou r  a s i n 
th e previou s experiments .  Symptom s A ,  B ,  an d C  wer e 
equall y diagnostic ,  an d wer e associate d wit h fl u strain s #1 , 
#2,  an d #3 ,  respectively .  Th e likelihoo d o f  th e sympto m 
associate d wit h a  flu  strai n (e.g. ,  o f  sympto m A  give n flu 
strai n #1 )  increase d t o 7 5 % i n th e presenc e o f  tha t  flu  strai n 
and decrease d t o 2 5 % i n it s absence .  A s i n th e first  tw o 
experiments ,  then ,  th e likelihoo d o f  a  flu  strai n give n th e 
presenc e o f  it s  associate d sympto m (e.g. ,  o f  flu  strai n # 1 
give n sympto m A )  wa s 6 0 % ,  wit h th e remainin g tw o flu 
strain s havin g a  probabilit y  o f  2 0 % each .  Symptom s D  an d 
E wer e nondiagnosti c an d differe d onl y i n term s o f  thei r 
overal l  frequency .  Regardles s o f  th e patient' s flu  strain , 
sympto m D  wa s presen t  wit h a  probabilit y  o f  7 5 % ,  whil e 
sympto m E  wa s presen t  wit h a  probabilit y  o f  2 5 % .  Not e 
tha t  thi s represent s a  greate r  differenc e i n cu e frequenc y tha n 
tha t  investigate d i n th e first  tw o experiments ,  allowin g a 
stronge r  tes t  o f  cu e frequency' s influenc e o n judge d 
probability . 

The trainin g sequenc e agai n consiste d o f  24 0 trials .  Thi s 
sequenc e wa s constructe d b y first  randoml y choosin g on e o f 
th e thre e flu  strain s (wit h equa l  probabilities) ,  an d the n 

choosin g th e five  symptom s (independently )  wit h th e 
appropriat e probabilitie s fo r  tha t  flu  strain .  I n contras t  t o 
th e fixed  trainin g sequenc e use d i n th e previou s experiments , 
th e orde r  i n whic h th e 24 0 patient s wer e presente d i n th e 
trainin g sequenc e wa s determine d randoml y fo r  eac h 
participan t  t o ensur e th e result s wer e no t  attributabl e t o 
some idiosyncras y o f  th e particula r  trainin g sequenc e bein g 
employed .  Th e introductio n o f  a  fift h sympto m 
("dizziness" )  increase d th e numbe r  o f  patter n judgment s mad e 
by eac h participan t  t o 96 ,  th e orde r  o f  whic h wa s determine d 
randoml y fo r  eac h participant .  Participant s mad e thei r 
judgments-whic h wer e give n a  probabilisti c  interpretation -
usin g a  probabilit y  judgmen t  scal e runnin g fro m 0 % t o 
1 0 0 % i n increment s o f  1 0 % . 

Results and Discussion 

Learnin g Performance .  Ove r  participants ,  averag e 
accurac y acros s th e 24 0 trainin g trial s wa s 4 7 % . 
Participant s wer e les s accurat e i n th e trainin g phas e o f  thi s 
experimen t  tha n the y wer e i n th e previou s two ,  a s woul d b e 
expecte d give n th e change s i n th e categor y structur e 
introduce d i n thi s experiment :  Participant s ha d t o conside r 
fiv e symptom s (rathe r  tha n fou r  a s i n th e previou s 
experiments) ,  onl y thre e o f  whic h wer e diagnostic .  Al l 
participant s include d i n th e sampl e achieve d significantl y 
above-chanc e accuracy .  Participants '  performanc e showe d 
littl e sig n o f  improvemen t  i n th e secon d hal f  o f  th e trainin g 
sequence ,  suggestin g tha t  b y th e en d o f  th e trainin g phas e 
participant s ha d learne d al l  the y coul d abou t  th e categor y 
structure . 

Pattern Judgment Data. The correlation between the 
mean patter n judgment s an d th e normativ e value s ove r  th e 
32 possibl e sympto m pattern s wa s 0.81 .  A s predicte d b y 
suppor t  theory ,  th e probabilit y  judgment s wer e clearl y 
subadditive :  Th e tota l  probabilit y  assigne d t o th e thre e 
possibl e flu  strain s consistentl y exceede d 100% ,  wit h a n 
averag e tota l  o f  142% .  Th e degre e o f  subadditivit y observe d 
fo r  thes e judgment s appear s t o b e considerabl y greate r  tha n 
tha t  o f  th e previou s experiments ,  perhap s becaus e th e 
inclusio n o f  a n additiona l  sympto m induce d a  greate r  sens e 
of  conflic t  o r  uncertainty . 

The averag e tota l  probabilit y  fo r  thos e pattern s wit h 
symptom s presen t  tha t  impl y eithe r  zer o o r  on e flu  strain s 
( n =  48 ;  e.g. ,  Abcde ,  aBcDE ,  abcde )  wa s compare d wit h th e 
averag e fo r  thos e pattern s implyin g tw o o r  mor e differen t  flu 
strain s ( n =  48 ;  e.g. ,  ABcde ,  ABCde ,  A B C D e ) .  A s predicte d 
by th e cu e conflic t  interpretatio n o f  enhancement ,  th e mea n 
tota l  wa s significantl y highe r  i n th e latte r  cas e ( M =  150% ) 
tha n i n th e forme r  ( M =  135%) ,  F(l ,  15 )  =  13.30 ,  g  <  .01 . 

Recal l  tha t  symptom s D  an d E  wer e introduce d t o provid e 
a tes t  o f  cu e frequency' s role .  Compariso n o f  sympto m 
pattern s abcD e an d abcd E reveale d n o significan t  difference , 
wit h mea n tota l  probabilitie s o f  1 2 2 % an d 1 2 7 % , 
respectively ,  1(15 )  =  0.26 ,  m -  Thi s differenc e i s i n th e 
opposit e directio n o f  tha t  predicte d b y th e cu e frequenc y 
interpretatio n o f  enhancement .  Note ,  however ,  tha t  thi s 
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analysi s i s base d o n onl y a  singl e observatio n pe r 
participant .  T o overcom e thi s problem ,  th e sympto m 
pattern s wer e divide d int o fou r  classe s o f  8  pattern s each :  d e 

(neithe r  D  no r  E) ;  d E ( E bu t  no t  D) ;  D e ( D bu t  no t  E) ;  an d 
DE (bot h D  an d E) .  Th e averag e tota l  probabilit y  assigne d 
t o thes e fou r  classe s wa s 134% ,  139% ,  146% ,  an d 148% , 
respectively .  Thes e fou r  classe s differe d significantl y b y a n 
omnibu s A N O V A,  £(3 ,  45 )  =  5.01 ,  c  <  .01 ;  mor e 
importantly ,  th e contras t  betwee n d E an d D e wa s a t  leas t 

marginall y significant ,  £(1 ,  45 )  =  2.85 ,  p  <  .10 .  Ther e i s 
some indication ,  then ,  tha t  cu e frequenc y play s a  rol e eve n 
when th e cue s i n questio n ar e completel y nondiagnostic . 

General Discussion 

Ther e ar e tw o majo r  empirica l  findings  i n th e presen t  se t  o f 
experiments .  First ,  whe n mor e tha n tw o categorie s ar e used , 
people' s probabilit y  judgment s i n th e contex t  o f 
classificatio n leaming-a s ha s bee n foun d i n othe r  domains -
ar e substantiall y  subadditive .  Furthermore ,  us e o f  th e 
probabilit y  judgmen t  tas k durin g (rathe r  tha n after )  th e 
trainin g sequenc e wa s insufficien t  t o eliminat e thi s effect : 
Participant s continue d t o giv e subadditiv e judgment s despit e 
th e provisio n o f  potentiall y  correctiv e outcom e feedbac k o n 
ever y trial .  Contrar y t o th e claim s o f  researcher s suc h a s 
Gigerenze r  e t  al .  (1991 )  an d Jusli n (1994) ,  systemati c biase s 
i n probabilit y  judgmen t  ar e no t  necessaril y  eliminate d b y 
design s whic h exclud e th e possibilit y  o f  non-representativ e 
ite m selection . 

The secon d majo r  empirica l  observatio n i s tha t  th e degre e 
of  subadditivit y i n people' s probabilit y  judgment s varie d 
substantiall y  a s a  functio n o f  th e evidenc e bein g use d t o 
make th e judgment .  Evidenc e tha t  implicate s o r  support s 
more tha n on e categor y tend s t o induc e greate r  subadditivit y 
tha n doe s evidenc e implicatin g onl y a  singl e category .  Thi s 
"cu e conflict "  interpretatio n o f  wha t  Tversk y an d Koehle r 
(1994 )  referre d t o a s th e enhancemen t  effec t  wa s strongl y 
supporte d i n bot h experiments .  (Th e rol e o f  cu e frequenc y i s 
les s clear. )  Whe n on e categor y i s specifie d fo r  judgmen t  an d 
th e alternative s ar e include d implicitl y  i n a  residua l  category , 
introductio n o f  "mixed "  evidenc e implicatin g multipl e 
categorie s i s interprete d b y participant s a s supportin g 
differentiall y  th e categor y designate d fo r  judgmen t  (cf . 
Peterso n &  Pitz ,  1988) .  Koehle r  e t  al .  (1997 )  sugges t  tha t 
categorie s o r  hypothese s include d implicitl y  i n th e residua l 
do no t  utiliz e th e suppor t  availabl e fro m th e evidenc e a s 
efficientl y  a s doe s th e specified ,  foca l  hypothesi s becaus e th e 
way i n whic h th e evidenc e support s th e specifie d hypothesi s 
i s mor e readil y apparen t  tha n i s th e wa y i n whic h i t  support s 
it s  negatio n throug h th e alternative s include d i n th e residual . 
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Abstrac t 

Differential calculus provides various ways to conceptualize 
change ,  an y o f  whic h ca n b e employe d wit h applie d 
problems .  Expert s associate d wit h differen t  academi c 
discipline s (chemistry ,  physics ,  mathematics )  wer e aske d 
t o thin k ou t  lou d whil e workin g o n a  proble m requirin g a 
differentia l  equatio n fo r  it s exac t  solution .  Thes e expert s 
used strikingl y differen t  representation s i n solvin g th e 
problem .  Comparison s betwee n thei r  protocol s ar e base d 
on a  historical-cognitiv e approac h tha t  tie s present-da y 
representationa l  practice s o f  differentia l  calculu s t o th e 
histor y an d conceptua l  developmen t  o f  th e calculus . 
Agency ,  her e define d a s th e tas k assigne d t o th e proble m 
solve r  b y th e representation ,  i s  a t  th e hear t  o f  thi s lin k 
betwee n pas t  an d presen t  practices .  Wherea s th e agenc y 
characteristi c o f  th e Leibnizia n calculu s i s  choice ,  th e 
agenc y characteristi c o f  Newtonia n calculu s i s 
transformation ,  an d tha t  o f  th e moder n function-base d 
calculu s may ,  i n applie d contexts ,  b e characterize d a s 
observatio n an d manipulation . 

Multiple Representations 

Contemporar y us e o f  calculu s i s  characterize d no t  onl y b y 
multipl e notations ,  dy/dx ,  f ' ( x ) ,  y ,  an d s o on ,  bu t  als o 
by multipl e representations .  Thi s representationa l 
multiplicit y o f  th e differentia l  calculu s goe s beyon d th e 
distinctio n betwee n graphica l  an d symbolica l  mathematica l 
representatio n an d implicate s th e centra l  concept s o f  th e 
differentia l  calculus ,  i n particular ,  th e derivativ e an d it s 
conceptua l  precursors .  I n fact ,  th e existenc e o ? multipl e 
representation s i s no t  uniqu e t o th e differentia l  calculu s bu t  a 
featur e o f  calcul i  i n genera l  (Kurz ,  Gigerenzer ,  &  Hoffrage , 
i n press) .  Representationa l  multiplicit y ha s bee n 
characteristi c o f  differentia l  calculu s sinc e it s ver y inceptio n 
i n th e lat e 17t h centur y an d wa s alread y presen t  i n th e 
mathematica l  writing s o f  th e tw o eminen t  figure s credite d 
wit h it s  breakthrough ,  Isaa c Newto n (1642-1727 )  an d 
Gottfrie d Wilhel m Leibni z (1646-1716) .  Fo r  a  considerabl e 
tim e th e natur e o f  th e mathematica l  representatio n o f  chang e 
and th e associate d method s wer e th e cente r  o f  controversy .  I n 
th e secon d hal f  o f  th e 19t h centur y thes e debate s wer e settle d 
and question s concernin g rigorou s mathematica l 
representatio n o f  chang e becam e t o a  larg e exten t  merel y o f 
historica l  interest .  I n anothe r  sense ,  however ,  calculu s neve r 
lef t  it s  histor y behind . 

I n th e historica l  literatur e i t  i s  frequently  acknowledge d 
tha t  i n th e cours e o f  hi s work ,  Newto n employe d variou s 
algebrai c an d geometri c method s t o justif y th e ne w calculus ; 
moreover ,  Newto n als o employe d variou s way s t o 
conceptualiz e change ,  usin g moments ,  fluxions ,  an d th e 
ultimat e rati o (Boyer ,  1949 ;  Kitcher ,  1973) .  I n th e 
Leibnizia n calculus ,  b y contrast ,  differential s wer e centra l 

(Bos ,  1993) .  Althoug h thes e variou s way s t o conceptualiz e 
chang e employe d b y Newton ,  Leibniz ,  an d thei r  respectiv e 

follower s le d t o equivalen t  solution s o f  particula r  problems , 
the y stil l  entaile d differen t  representation s o f  change .  Th e 
subsequen t  conceptua l  developmen t  o f  calculu s has  adde d ne w 
representations ,  specifically ,  representation s base d o n explici t 
definition s o f  th e mathematica l  concep t  o f  limit ,  eventuall y 
includin g a  purel y arithmeti c representation~th e "epsilon -
delta "  formulation .  However ,  i n applie d context s th e 
historicall y recen t  an d rigorous  e - S formulatio n i s  usuall y 
not  th e representatio n o f  choice .  I n a n introductor y calculu s 
textboo k writte n b y th e mathematicia n Morri s Klin e (1967) , 
thi s poin t  wa s mad e explicit :  "Th e reader  m a y conclud e tha t 
th e mathematicia n constantl y applie s th e e  -  5  definitio n 
t o decid e whethe r  a  functio n has  a  give n numbe r  a s a  limit . 
[... ]  Th e workin g mathematicia n an d certainl y th e theoretica l 
physicis t  an d enginee r  d o no t  appl y th e rigorou s definition s 
and proofs .  The y reaso n o n th e basi s o f  th e geomeuica l 
interpretation ,  physica l  evidence ,  intuitiv e arguments ,  an d 
relativel y loos e analytica l  procedures. "  I n effect ,  Klin e wa s 
raisin g a  cognitiv e question :  W h a t  ar e th e mathematica l 
representation s o f  chang e use d i n applie d contexts ? 

Expert s associate d wit h differen t  academi c discipline s 
(chemistry ,  physics ,  mathematics )  wer e aske d t o solv e a 
proble m requirin g a  differentia l  equatio n fo r  it s  exac t 
solution .  Thes e expert s use d strikingl y differen t 
representation s i n solvin g th e problem .  I n th e followin g I 
wil l  first  characteriz e th e solution s worke d ou t  b y th e exper t 
participants .  The n I  wil l  sugges t  systemati c comparison s 
base d o n a  historical-cognitiv e approac h (Kurz ,  1997) .  Thi s 
approac h tie s present-da y representationa l  practice s o f 
differentia l  calculu s t o it s  histor y an d conceptua l 
development .  Agency ,  s o m y argumen t  goes ,  i s  a t  th e hear t 
of  thi s lin k betwee n pas t  an d presen t  representationa l 
practices . 

Calculus Experts at Work 

Calculu s experts ,  a s define d fo r  th e purpose s o f  thi s project , 
ar e peopl e w h o hav e gon e throug h th e kin d o f  mathematica l 
trainin g obligatory ,  fo r  instance ,  fo r  mos t  o f  th e natura l 
sciences ,  an d w h o encounte r  calculu s o n a  regula r  basi s i n 
thei r  are a o f  specialization .  Thre e suc h expert s wer e aske d t o 
thin k ou t  lou d whil e solvin g a  mixtur e proble m calle d th e 
Flas k Problem .  Th e proble m wa s adopte d fro m Problem s i n 
differentia l  equation s b y Brenne r  (1963) .  Th e followin g 
proble m statemen t  wa s presente d t o th e exper t  participants : 
" A flask  contain s 1 0 liter s o f  wate r  an d t o i t  i s  bein g adde d a 
sal t  solutio n tha t  contain s 0. 3 kilogram s o f  sal t  pe r  liter . 
Thi s sal t  solutio n i s bein g poure d i n a t  a  rat e o f  2  liter s pe r 
minute .  Th e solutio n i s bein g thoroughl y mixe d an d draine d 
off ,  an d th e mixtur e i s draine d of f  a t  th e sam e rat e s o tha t  th e 
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flask  contain s 1 0 liter s a t  al l  times .  H o w m u c h sal t  i s  i n th e 
flask  afte r  5  minutes? "  Th e Flas k Proble m ca n b e modele d b y 

a first-orde r  linea r  ordinar y differentia l  equation ,  whic h state d 
i n Newtonia n notation ,  is :  i  =  0. 6 -  0.2x .  Solvin g th e 
equatio n an d takin g int o accoun t  tha t  initiall y  ther e i s n o sal t 
i n th e flask  th e answe r  t o th e proble m i s x  =  3  -  Se"""" ^  o r 
1. 9 kilogram s (rounde d t o on e decima l  position) . 

W h at  make s th e Flas k Proble m a  suitabl e problem ? A 
most  importan t  featur e o f  th e Flas k Proble m wit h respec t  t o 
th e objectiv e o f  thi s project-namely ,  th e stud y o f  th e 
representationa l  practic e o f  calculus-i s tha t  th e proble m 
require s a  conceptualizatio n o f  instantaneou s change . 
Consider ,  fo r  example ,  th e followin g "mutilation "  o f  th e 
problem :  " A flask  contain s 1 0 liter s o f  wate r  an d t o i t  i s 
bein g adde d a  sal t  solutio n tha t  contain s 0. 3 kilogram s o f 
sal t  pe r  liter .  Thi s sal t  solutio n i s bein g poure d i n a t  a  rat e o f 
2 liter s pe r  minute .  H o w m u c h sal t  i s  i n th e flask  afte r  5 
minutes? "  Th e answe r  is ,  o f  course ,  3  kilograms ,  almos t 
onl y a n exercis e i n multiplication .  I n thi s versio n th e 
proble m stil l  require s us e o f  th e rat e o f  chang e o f  incomin g 
salt ,  bu t  ther e i s n o nee d (cognitivel y speaking! )  t o operat e 
wit h th e concep t  o f  instantaneou s change .  I n it s  "full " 
versio n th e Flas k Proble m make s i t  necessar y t o 
conceptualiz e instantaneou s chang e an d t o operat e wit h it . 
A n excitin g featur e o f  calculu s i s tha t  i t  provide s mor e tha n 
on e w a y t o d o that . 

Participant s wer e aske d t o thin k ou t  loud ,  usin g 
instructiona l  material s adapte d fro m Ericsso n an d S imo n 
(1993) .  Th e protocol s wer e tape d an d transcribe d (Kurz , 
1997) .  Participant s wer e allowe d t o us e pape r  an d penci l  an d 
a han d calculator ,  bu t  n o acces s t o referenc e book s wa s 
permitted .  Participant s wer e no t  tol d tha t  th e proble m 
require s calculu s fo r  it s  solution .  Th e obtaine d protocol s 
wer e divide d int o proble m solvin g episodes .  Thi s analysi s 
serve s a s th e basi s fo r  th e followin g brie f  description s o f 
participant s T ,  U ,  an d S' s proble m solvin g processes . 

Th e protoco l  obtaine d wit h participan t  T  wa s als o encode d 
and represente d a s a  Proble m Behavio r  Grap h (PBG ;  Kurz , 
1997) .  Th e us e o f  thi s approac h wa s inspire d b y Twene y an d 
Hoffner' s (1987 )  applicatio n o f  protoco l  analysi s t o th e 
scientifi c  workin g diar y o f  th e Britis h physicis t  Michae l 
Faraday .  I n thei r  encodin g o f  portion s o f  Faraday' s scientifi c 
diary ,  Twene y an d Hoffne r  (1987 )  modifie d th e origina l  state -
operato r  schem e (Newel l  &  Simon ,  1972 )  t o accommodat e 
th e complexit y an d multiplicit y o f  relevan t  proble m space s 
(som e o f  whic h ar e bes t  describe d a s bein g open) .  Similarly , 
th e codin g schem e develope d her e consiste d o f  thre e majo r 
categories :  Plans ,  Actions ,  an d Evaluation s (se e als o 
Kilpatrick ,  cite d i n Ericsso n &  Simon ,  1993) .  Wit h thi s 
codin g schem e a n almos t  complet e an d highl y reliabl e 
encodin g o f  T' s protoco l  wa s achieve d (reliabilit y  wa s 
assesse d acros s tw o independen t  coder s fo r  par t  o f  th e dat a an d 
was i n th e rang e o f  9 0 % ) .  Th e encode d protoco l  wa s the n 
use d t o construc t  a  P B G fo r  eac h proble m solvin g episode . 
However ,  thes e graph s wer e largel y uninformativ e wit h 
respec t  t o th e goa l  o f  achievin g a n understandin g o f  th e 
representationa l  us e o f  th e calculus .  Thi s i s no t  surprisin g 
give n th e task-independenc e o f  th e codin g categories .  B y 
contrast ,  th e encodin g o f  Michae l  Faraday' s scientifi c  diarie s 
by Twene y an d Hoffne r  wa s fruitfu l  i n thi s respec t  becaus e 
th e experimenta l  manipulation s tha t  Farada y performe d coul d 

be see n a s analogou s t o operator s o n menta l  states .  N o 
attemp t  wa s mad e t o encod e an d represen t  th e othe r  protocol s 
as P B G s ;  instea d anothe r  "content-oriented "  (Newel l  & 
Simon ,  1972 )  analysi s base d o n th e episodi c structur e o f  th e 
protocol s wa s pursued . 

Participant T: A mathematician 

Participan t  T  i s a  young ,  highl y productiv e mathematicia n 
whos e majo r  field  i s analysis .  T  i s a  facult y member  i n a 
doctora l  leve l  mathematic s department .  H e worke d abou t  2 5 
minute s o n th e Flas k Problem .  Hi s protoco l  consiste d o f  !  1 
episodes . 

Afte r  havin g rea d th e proble m statemen t  (Episod e I) ,  T 
starte d ou t  wit h a  schematize d pictoria l  representatio n o f  th e 
flask  an d th e in -  an d outflo w o f  mixtur e (Episod e II) .  Th e 
flask  wa s depicte d a s a  rectangle ,  fluid flowing  i n an d ou t  a s 
arrows .  Thi s pictur e wa s complemente d b y labelin g th e rat e 
at  whic h solutio n flows  i n an d out ,  an d th e concentratio n o f 
th e sal t  solutio n comin g i n wa s note d nex t  t o th e arro w 
indicatin g influx .  T  proceede d b y assignin g variable s 
(specificall y X (  fo r  "th e concentratio n o f  kilogram s pe r  lite r 
at  an y give n time" )  an d briefl y considere d a  rul e o f  three-lik e 
approac h (Episod e III) .  Bu t  becaus e h e coul d no t  find  anothe r 
tim e t  fo r  whic h h e kne w th e concentration ,  beside s tim e t  = 
0,  h e abandone d th e approach . 

He the n realize d tha t  h e "shoul d probabl y us e som e 
calculus ,  i n th e sens e o f  rate s o f  change "  (Episod e IV) ,  mor e 
specifically ,  tha t  a  "derivativ e wit h respec t  t o time "  wa s 
needed .  Bu t  whe n tryin g t o implemen t  suc h a  calculus-base d 
approac h T  foun d himsel f  i n a  tangl e o f  relate d concepts , 
occurrin g i n th e followin g orde r  (Episode s I V & V ) :  "rate s o f 
change, "  ". 3 kilogram s pe r  lite r  i s  th e rat e of ,  no!, "  "th e rat e 
of  chang e o f  salt ,  "  "th e derivativ e wit h respec t  t o time ,  " 
"th e rat e o f  chang e o f  th e concentration ,  "  "th e rat e o f  chang e 
of  th e concentratio n fo r  th e whol e thing ,  "  an d " a rat e o f  2 
liter s pe r  minute .  "  H e kne w tha t  h e wa s "suppose d t o writ e 
d o wn sor t  o f  a  derivative "  bu t  wa s "no t  seein g h o w t o d o thi s 
right  of f  th e bat, "  a  fac t  tha t  cause d hi m som e consternation . 

As a  wa y ou t  o f  th e dilemma ,  h e retreate d t o „tim e 
increments "  o f  1  minut e (Episod e V ) .  Havin g compute d th e 
amount  o f  sal t  enterin g th e flask  i n 1  minut e i t  struc k hi m 
as to o gros s a n approximatio n t o infe r  from  ther e a n answe r 
t o th e problem ,  namel y th e amoun t  afte r  5  minutes .  H e 
wante d t o giv e a n "accurate "  answer .  Therefore ,  h e re-
introduce d "th e instantaneou s rat e o f  change, "  thi s time , 
however ,  i n a  procedura l  interpretatio n (Episod e VI) : 
"Instea d I  wann a tr y t o figure  ou t  what' s th e instantaneou s 
rat e o f  chang e of ,  wel l  what' s th e salin e solutio n afte r  an y 
give n time .  S o le t  m e g o t o 3 0 seconds. "  Hi s declare d 
conceptua l  stratage m wa s t o wor k wit h decreasin g fixe d tim e 
increments ,  tha t  is ,  t o choos e smalle r  an d smalle r  tim e 
increments .  Thi s procedur e woul d eventuall y lea d t o 
increment s tha t  ar e infinitel y small ,  namely ,  differentials .  T 
neve r  wen t  tha t  far .  Afte r  havin g struggle d throug h 1-minut e 
tim e increment s (Episod e V )  an d 30-secon d tim e increment s 
(Episode s VI-VIII) ,  i t  suffice d fo r  hi m t o conside r  th e 
possibilit y  o f  "refming "  further ,  a s b y usin g 15-secon d 
increment s (Episod e IX) . 

I n fact ,  T' s actua l  computation s neve r  wen t  beyon d th e 
first  minut e o f  th e physica l  process .  Thus ,  whe n considerin g 
30 secon d tim e interval s hi s computation s wer e concerne d 
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wit h th e firs t  an d th e secon d 3 0 second s o f  th e physica l 
process .  A s i t  turne d out ,  thes e computation s wer e riddle d 
wit h difficulty .  I n particular ,  fo r  th e firs t  3 0 second s h e coul d 
assume tha t  pur e v'̂ te r  wa s draine d from  th e flask .  Fo r  th e 
secon d 3 0 seconds ,  however ,  h e ha d t o tak e sal t  los s int o 
account .  Thes e computation s wer e cumbersome ,  includin g 
checkin g an d re-checkin g o f  result s (Episode s VIl-VllI) ,  bu t 
the y pai d off . 

Afte r  th e laboriou s computation s concerne d wit h 30 -
secon d increment s h e fel t  n o particula r  urg e actuall y t o 
continu e suc h a  procedur e wit h 15-secon d tim e increments , 
th e declare d nex t  ste p i n hi s stratage m t o "refin e unti l 
nothing "  (Episod e LX) .  Instea d hi s computation s ha d 
prepare d hi m fo r  a  n e w proble m conceptualization .  H e 
realize d tha t  "th e rat e i n i s alway s th e same "  (Episod e X ) . 
An insigh t  tha t  le d hi m t o th e questio n "no w th e rat e ou t 
shoul d b e what? "  Withou t  m u c h difficult y h e wa s abl e t o 
determin e th e rat e o f  outgoin g sal t  an d h e wa s ver y please d 
at  "comin g u p wit h th e differentia l  equation. "  Onc e 
represente d i n thi s fon n T  quickl y solve d th e formulate d 
differentia l  equatio n (Episod e XI) .  Hi s algorithm s fo r  suc h 
solution s wer e obviousl y well-practiced .  Unfortunately ,  hi s 
differentia l  equatio n wa s no t  entirel y correc t  becaus e th e 
valu e fo r  th e rat e ou t  wa s of f  b y on e decima l  position ;  h e ha d 
not  take n int o accoun t  tha t  th e incomin g sal t  wa s dissolve d 
i n 1 0 liter s o f  fluid .  Consequently ,  hi s final  solutio n wa s no t 
meaningfull y interpretabl e an d remaine d unsatisfactor y t o 
him .  However ,  a t  thi s point ,  bein g bot h frustrate d an d 
presse d fo r  time ,  h e wa s unwillin g t o "debug "  hi s solution . 

Participant U: A chemist 

U i s a  middle-caree r  physica l  chemis t  an d a  facult y member 
i n a  doctoral-leve l  chemistr y department .  Sh e i s ver y activ e 
i n researc h an d ha s publishe d m a n y paper s i n he r  field. U 
spen t  approximatel y 4 0 minute s workin g o n th e problem . 
Her  protoco l  consiste d o f  1 2 episodes . 

U spen t  considerabl e tim e (abou t  1 0 minutes )  i n readin g 
(Episod e I )  an d re-readin g th e proble m (Episod e II) .  He r 
readin g wa s intersperse d b y question s (e.g. ,  "I s tha t  wha t  i t 
say s here?") ,  als o concernin g th e phrasin g an d completenes s 
of  th e proble m statemen t  (e.g. ,  "Wha t  d o yo u mea n 'draine d 
off?" )  an d first  inference s (e.g. ,  ". 6 kilogram s o f  sal t  goin g 
i n an d . 6 kilogram s pe r  minut e goin g out"" a misconceptio n 
she entertaine d briefly) .  A t  th e en d o f  he r  secon d readin g sh e 
single d ou t  "th e critica l  sentenc e here, "  namely ,  tha t  "th e 
solutio n i s bein g thoroughl y mixe d an d draine d of f  (Episod e 
ni) .  Thus ,  "th e concentratio n woul d b e increasin g ove r  a 
perio d o f  a  fe w minutes ,  an d a t  som e poin t  you' d reac h a 
stead y stat e wher e yo u wer e puttin g th e sam e amoun t  o f  sal t 
i n a s wa s goin g out. "  Sh e continue d t o elaborat e th e stead y 
stat e concep t  (Episod e FV) ,  informall y addressin g tw o 
questions :  wha t  th e concentratio n a t  equilibriu m woul d b e 
and h o w lon g i t  woul d tak e t o reac h thi s state . 

Such exploratio n o f  proces s characteristic s prompte d he r  t o 
"dra w a  grap h i n time "  i n a  coordinat e syste m showin g sal t 
concentratio n o n th e ordinat e (Episod e V ) .  Figur e 1  show s 
th e exac t  graph .  U  constructe d he r  grap h b y first  markin g th e 
valu e tha t  th e concentratio n woul d reac h afte r  1  minute : 
"Ove r  th e first  minut e I'v e poure d i n 6  kilogram s s o thi s i s 
gonn a b e abou t  .6. "  (Thi s valu e was ,  i n fact ,  of f  b y on e 
decima l  position ;  accordin g t o th e proble m statemen t  . 6 

kilogra m ar e poure d i n ove r  th e first  minute ,  thu s resultin g 
i n a  concentratio n o f  .0 6 kilogra m pe r  liter. )  Next ,  goin g t o 
2 minutes ,  sh e reasone d tha t  th e sam e amoun t  o f  sal t  woul d 
be poure d i n excep t  n o w "som e o f  i t  i s  comin g out, "  thu s 
"afte r  1  minut e we' d b e a  littl e low. "  Sh e therefor e marke d a 
poin t  slightl y lowe r  tha n 1.2 .  Sh e determine d a  thir d point : 
"A t  3  minutes ,  we'r e u p her e t o 1.8 ,  bu t  stil l  agai n w e ar e 
low ,  we' d b e eve n lower. "  Then ,  knowin g tha t  th e stead y 
stat e concentratio n ha d t o b e .3 ,  sh e realize d tha t  he r  scal e 
was no t  right .  Bu t  sh e nevertheles s establishe d th e genera l 
asymptoti c shap e o f  th e grap h ("s o it' s  gonn a b e comin g u p 
lik e thi s an d the n it' s  jus t  gonn a b e a  straigh t  lin e fo r  th e 
res t  o f  th e time") .  The n sh e reminde d hersel f  o f  wha t  th e 
proble m statemen t  aske d fo r  an d inferre d a  solutio n (Episod e 
VI) .  However ,  give n tha t  he r  scal e wa s wron g an d tha t  sh e 
had no t  mad e a  seriou s attemp t  a t  fixing  thi s proble m sh e 
coul d no t  us e he r  grap h t o "rea d off '  th e solution .  Instea d he r 
solutio n assume d tha t  a t  5  minute s th e syste m ha d reache d 
steady-stat e concentration ,  whic h mad e th e answe r  trivia l  (a t 
equilibriu m th e concentratio n i s equa l  t o th e concentratio n o f 
incomin g sal t  solution ,  0. 3 kg/liter) ,  s o 3. 0 k g wa s he r 
answer . 

R 0.25 -

^  0,20 -

t  0,15 -

d 0.10 -

t(min ) 

Figur e 1 :  H o w sal t  concentratio n i n th e flas k change s 
i n time . 

Somewhat worried that U would declare an end to her 
proble m solving ,  th e experimente r  aske d he r  whethe r  sh e 
woul d b e abl e t o formulat e a n equatio n (Episod e VII) .  Sh e 
answere d i n th e affirmativ e an d immediatel y wrot e th e 
Leibnizia n notation ,  dc/d t  ( c fo r  concentration ,  t  fo r  time) . 
denotin g th e "chang e i n th e concentration. "  Sh e starte d th e 
right-hand  sid e o f  th e equatio n reasonin g tha t  "firs t  th e 
concentratio n i s 0 "  s o "th e intercep t  i s 0. "  Thi s reasonin g 
was flawed,  i n a  sens e confusin g th e differentia l  equatio n 
wit h it s solution ;  i t  migh t  hav e bee n prompte d b y he r  graph , 
whic h had ,  o f  course ,  a n intercep t  o f  zero .  Nex t  sh e adde d a 
ter m denotin g "th e increas e i n th e concentration "  whic h wa s 
0. 6 wit h th e unit s "kilogram s pe r  lite r  pe r  minute. "  Th e 
"concentratio n goin g out ,  "  bein g th e "minu s part, "  create d a 
proble m tha t  sh e approache d b y makin g a  "linea r 
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assumption "  (Episod e VIII) .  Thi s assumption ,  however , 
create d th e anomal y o f  "no t  gettin g a  stead y state, "  a s sh e 
quickl y realized .  Therefor e i t  ha d t o b e a  nonlinea r  function , 
but  sh e wa s unclea r  a s t o it s specifi c  "functiona l  form. "  A s a 
remed y sh e recapitulate d he r  understandin g o f  th e physica l 
process-not e th e mathematica l  terminology-(Episod e IX) : 
"S o it' s  increasin g a t  a  constan t  rate, "  or ,  i n othe r  words , 
"th e concentratio n i s increasin g linearly. '  Sh e wa s certai n 

"tha t  it' s  no t  decreasin g a t  a  constan t  rate, "  an d als o tha t  " a 
constan t  amount"~rea d volume--o f  th e perfectl y mixe d 
solutio n wa s poure d out .  He r  understandin g wa s thu s fairl y 
complet e bu t  no t  represented  i n th e for m o f  a n equation . 
Afte r  havin g silentl y reread  a t  leas t  part s o f  th e proble m 
statemen t  sh e emphasize d tha t  sh e wa s thinkin g abou t  th e 
proces s "i n term s o f  a  continuou s thing "  bu t  tha t  th e 
approximatio n metho d sh e wa s goin g t o propos e nex t  woul d 
be a  "quickie "  w a y t o arriv e a t  a  solution .  "The n [she ]  woul d 
tr y t o wor k bac k s o tha t  [she'd ]  hav e a n instantaneou s pictur e 
of  wha t  wa s goin g on. " 

Her  approximatio n metho d (Episod e X )  worke d b y 
considerin g 1-minut e tim e interval s an d matche d wit h h o w 
sh e ha d constructe d he r  graph .  I n th e first  minut e 0. 6 
kilogra m o f  sal t  wa s adde d t o th e flas k an d sh e assume d agai n 
tha t  durin g th e first  minut e n o sal t  wa s deleted .  I n th e secon d 
minut e anothe r  0. 6 kilogra m wa s adde d an d 1/ 5 o f  th e 
amount  o f  sal t  i n th e flask  afte r  1  minut e wa s subtracte d 
becaus e th e sal t  wa s dissolve d i n 1 0 liters ,  2  o f  whic h wer e 
withdraw n ft-om  th e flask  durin g th e secon d minute .  Wit h th e 
thir d minut e anothe r  0. 6 kilogra m o f  sal t  wa s adde d t o th e 
amount  i n th e flask  an d 1/ 5 o f  th e amoun t  o f  sal t  i n th e flask 
afte r  2  minute s wa s subtracted .  Sh e carrie d thi s procedur e 
throug h t o 5  minute s (Episod e XI) .  I n th e process ,  U  kep t 
checkin g th e obtaine d value s agains t  he r  expectatio n 
concernin g th e stead y stat e o f  th e syste m (e.g. ,  "afte r  3 
minute s I  a m mor e tha n halfwa y there") .  Sh e announce d he r 
solutio n a s "2.1 4 kilogram s i n 1 0 liters ;  that' s 
approximate! " 

As a  final  questio n th e experimente r  aske d wha t  coul d b e 
don e t o improv e thi s approximatio n (Episod e XII) .  Sh e 
responded  tha t  on e woul d hav e t o "tak e smalle r  tim e 
intervals "  an d tha t  sh e ha d trie d "t o d o i t  th e calculu s way " 
but  tha t  sh e coul d no t  "se e h o w to ,  tha t  way ,  now. "  Wit h th e 
calculus ,  o f  course ,  "on e coul d figure  ou t  wha t  th e 
concentratio n wa s a t  an y second "  bu t  sh e though t  tha t  "eve n 
eyeballin g i t  her e [she ]  coul d predic t  tha t  mayb e a t  aroun d 
minut e 7  o r  7  1/ 2 woul d b e whe n you' d reac h stead y state. " 
Thi s estimat e overestimate d th e chang e i n gradien t 
considerably .  (Afte r  8  minutes ,  fo r  example ,  th e amoun t  o f 
sal t  i n th e flask  i s stil l  onl y 2. 4 kilograms ,  rounded. ) 
However ,  tha t  wa s a  projectio n int o th e futur e o f  th e system ; 
fo r  th e tim e interva l  fo r  whic h sh e ha d actuall y compute d th e 
approximation ,  fro m zer o t o 5  minutes ,  he r  intuition s wer e 
quit e refined .  W h e n aske d fo r  he r  bes t  gues s o f  th e precis e 
solutio n he r  answe r  wa s "1. 9 kilograms""th e valu e (rounded , 
of  course )  tha t  i s  obtaine d wit h th e solutio n o f  th e 
differentia l  equation ! 

Participant S: A pliysicist 

Participan t  S  i s a  theoretica l  physicist ,  internationall y 
k n o w n fo r  contribution s t o hi s field.  S  teache s undergraduat e 
and graduat e physic s course s i n a  masters-leve l  physic s 

department .  S  spen t  abou t  5 0 minute s wit h th e Flas k 
Problem .  Hi s protoco l  consiste d o f  1 8 episodes . 

Readin g th e proble m statemen t  (Episod e I )  le d S  t o asser t 
tha t  "thi s proble m i s no t  suc h a  simpl e problem .  "  I t  wa s 

immediatel y clea r  t o hi m tha t  th e proble m implie d a  "rat e 
idea "  an d tha t  "i t  i s  eas y t o figure  ou t  h o w m u c h i s added " 
(Episod e II) .  Th e "complication "  wa s tha t  "som e o f  tha t  sal t 
i s  bein g los t  becaus e it' s  bein g mixe d an d yo u probabl y 
assume tha t  it' s  thoroughl y mixe d an d draine d of f  an d s o yo u 
hav e t o figure  ou t  essentiall y  h o w m u c h i s bein g los t 
becaus e a s mor e i s adde d th e concentratio n increase s an d mor e 
i s bein g lost .  "  Thus ,  hi s tas k wa s "t o pu t  al l  thi s togethe r 
i n som e formula s o r  somethin g an d se e thes e relationships. " 

Althoug h S  showe d immediat e insigh t  int o essentia l 
aspect s o f  th e physica l  proces s a s specifie d b y th e proble m 
statement ,  hi s firs t  computation s ignore d som e o f  it s 
specifications ,  i n particular ,  tha t  th e volum e o f  mixtur e i n 
th e flask  i s constant .  H e compute d tha t  i n 5  minute s 3 
kilogram s o f  sal t  ente r  th e flask  (Episod e III) .  Bu t  the n h e 
proceede d t o comput e th e amoun t  o f  sal t  leavin g i n 5 
minutes ,  basin g thi s computatio n o n th e tota l  volum e o f 
solutio n adde d i n 5  minute s (Episod e IV) :  I n 5  minute s a 
tota l  o f  1 0 liter s o f  sal t  solutio n i s adde d t o th e 1 0 liter s o f 
wate r  alread y i n th e flask  resultin g i n a  tota l  o f  2 0 liter s o f 
mixture .  Thus ,  th e 3  kilogram s o f  sal t  enterin g i n 5  minute s 
are ,  s o h e reasoned ,  dissolve d i n 2 0 liters .  I n 5  minute s a 
tota l  o f  1 0 liter s o f  mixtur e i s withdraw n fro m th e flask. 
Becaus e 1 0 liter s ar e hal f  o f  th e tota l  o f  2 0 liters ,  hal f  o f  th e 
3 kilogram s o f  sal t  dissolve d i n 2 0 liter s i s withdraw n from 
th e flask.  Thi s leave s 1. 5 kilogram s o f  sal t  i n th e flask  afte r 
5 minutes .  H e emphasize d tha t  thi s wa s " a guess, "  an d h e 
(correctly )  suspecte d i t  t o b e wrong .  Fearin g tha t  participan t 

S migh t  a t  thi s poin t  declar e a n en d t o hi s proble m solving , 
th e experimente r  aske d "Ca n yo u c o m e u p wit h a n equation? " 
" A goo d question, "  h e agreed ,  becaus e equation s ha d bee n 
"irt̂ licit "  i n wha t  h e ha d bee n thinkin g bu t  no w th e 
challeng e wa s t o "fin d wha t  the y are. "  I t  wa s clea r  t o hi m 
tha t  i t  woul d nee d t o b e "sor t  o f  a  rat e equation "  (Episod e V ) . 
He starte d t o wonde r  whethe r  h e ha d misse d somethin g befor e 
and therefor e though t  i t  bes t  t o "rea d thi s again "  (Episod e 

VI) . 
Afte r  rereadin g th e proble m h e determine d x  t o b e "th e 

amount  o f  sal t  i n tank "  (Episod e VII) ,  thu s specifyin g th e 
dependen t  variabl e (althoug h h e di d no t  us e thi s 
terminology) .  Th e left-han d sid e o f  th e equatio n ha d t o b e 
"th e tim e derivativ e o f  jc "  whic h wa s note d i n Newtonia n 
notation .  Th e right-han d sid e o f  th e equatio n wa s "rat e a t 
whic h it' s  adde d minu s th e amoun t  tha t  i s  leaving "  (Episod e 
Vni ) .  Th e rat e o f  incomin g sal t  wa s note d a s "0. 6 kg/min " 
and followe d b y a  minu s sign .  H e immediatel y recas t  th e rat e 
of  incomin g sal t  a s "0.3(2), "  als o omittin g th e unit s o f 
measurement .  The n h e proceede d t o th e par t  followin g th e 
minu s sig n tha t  wa s "als o a  functio n o f  time. "  H e kne w tha t 
"th e amoun t  o f  fluid  tha t  i s  flowing  ou t  i s 2. "  Wha t  h e thu s 
wante d t o figure  ou t  wa s h o w th e amoun t  o f  sal t  tha t  wa s 
leavin g depende d upo n th e concentratio n o f  sal t  solutio n i n 
th e flask.  Th e amoun t  o f  sal t  i n th e tan k "i s alway s gonn a b e 
X ove r  10. "  A t  thi s poin t  h e ha d i n effec t  writte n ou t  th e 
complet e differentia l  equation .  Afte r  a  length y paus e (o f  1 2 
seconds )  h e cam e t o th e conclusio n "tha t  thi s migh t  b e th e 
righ t  idea ,  really ,  'caus e thi s say s tha t  th e rat e a t  whic h th e 
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amount  o f  sal t  change s depend s upo n h o w fas t  yo u ad d it. " 
Despit e havin g pu t  th e complet e differentia l  equatio n o n 
paper ,  S  ha d no t  ye t  full y  conceive d o f  i t  a s th e appropriat e 
mathematica l  model .  Ther e wa s n o doub t  fo r  hi m iha l  th e 

rat e o f  incomin g sal t  wa s th e determine d constan t  (Episod e 
IX) .  I t  wa s als o clea r  tha t  "th e rat e a t  whic h i t  flow s ou t  i s 
th e sam e a t  whic h i t  enters ,  s o that' s gonn a b e 2. "  Bu t  "wha t 
abou t  th e change s du e t o th e increasin g concentration? " 
" H o w [di d he ]  k n o w wha t  th e concentratio n o f  sal t  is? "  H e 
admitted ,  h e didn' t  know .  A t  thi s poin t  anothe r  insigh t 
rescue d him .  Checkin g th e unit s o f  measuremen t  fo r  th e 
right -  an d left-han d sid e o f  hi s equatio n (Episod e X )  h e wa s 
jus t  delighte d t o find  tha t  "thi s ha s th e units ,  thi s ha s th e 
righ t  units! "  H e restate d th e equatio n i n a  concis e for m 
as i  =  0. 6 -  0. 2 X . 

N o w h e ha d t o solv e th e equation .  H e anticipate d a  littl e 
bi t  o f  effor t  an d challeng e becaus e h e woul d hav e t o 
"integrat e o r  something "  an d h e woul d "en d u p wit h som e 
kind a exponentia l  function "  (Episod e XI) .  H e reformulate d 
th e equatio n i n Leibnizia n notatio n an d proceede d t o a 
separatio n o f  variables .  Bu t  befor e takin g th e solutio n an y 
further ,  tha t  is ,  proceedin g t o integrate ,  h e wante d t o "think " 
and "see "  onc e mor e whethe r  h e like d "th e wa y thi s i s going " 
(Episod e XII) .  H e wa s "comfortable "  wit h th e "constan t  tim e 
derivativ e whic h i s becaus e ther e i s a  constan t  source. "  Th e 
questio n wa s "ho w d o yo u dea l  wit h a  changin g rat e o f 
outflow? "  H e coul d "see "  tha t  i t  wa s changin g becaus e "sal t 
concentratio n i s risin g an d therefor e mor e i s flowin g out. " 
Ther e wa s n o sal t  i n th e flas k "t o star t  with "  an d i n th e 
"extrem e futur e yo u woul d reac h a n equilibriu m situatio n 
wher e al l  o f  th e origina l  wate r  ha d bee n replace d an d therefor e 
th e concentratio n insid e th e tan k woul d b e 0. 3 kilogram s pe r 
lite r  an d a t  tha t  poin t  yo u woul d hav e 3  kilogram s i n there. " 
"Unfortunatel y th e proble m didn' t  as k abou t  th e extremes, " 
tha t  is ,  th e initia l  amoun t  an d th e amoun t  a t  equilibrium ;  i t 
aske d fo r  "th e middle. "  A n answe r  t o thi s questio n coul d b e 
foun d b y solvin g th e differentia l  equation ;  therefore ,  h e 
thought ,  "it' s  wort h doing. " 

He proceede d wit h th e solutio n b y employin g a 
substitutio n procedur e an d afte r  severa l  step s arrive d a t  th e 
followin g intermediar y resul t  0. 6 -  0. 2 j :  =  e  ""̂ '  (Episod e 
XIII) .  H e solve d fo r  th e dependen t  variabl e x  an d checke d hi s 
solutio n b y evaluatin g th e equatio n a t  t-O .  I t  turne d ou t  tha t 
" x i s no t  equa l  t o 0" ,  thu s th e initia l  conditio n accordin g t o 
whic h initiall y  pur e wate r  wa s i n th e flas k wa s no t  met . 
Clearl y somethin g wa s "no t  right "  (Episod e X F V ) .  H e 
diagnose d th e problem :  " U h oh ,  I  thin k I  se e that' s becaus e I 
didn' t  d o th e righ t  integration. "  Nevertheles s h e recognize d 
"element s o f  truth "  becaus e i n th e "long-ter m limit "  h e 
woul d "ge t  th e righ t  answer ,  "  h e woul d ge t  th e 3  kilograms . 
He ha d t o "figur e ou t  h o w t o d o th e integrals, "  thu s handlin g 
th e "initia l  an d final  condition s correctly. "  H e starte d ove r 
afte r  hi s substitutio n procedur e notin g definit e integral s t o b e 
evaluate d betwee n 0  an d a :  an d 0  an d t ,  respectivel y (Episod e 
X V ) .  N o w h e wa s convince d h e wa s o n th e righ t  track :  "Al l 
right,  s o I  k n o w I  hav e som e goo d stuf f  goin g o n here ,  I  jus t 
didn' t  ge t  enoug h o f  i t  int o m y equation. "  Evaluatin g th e 
definit e integral s h e arrive d a t  x{ t )  =  3 { \  -  e'̂ ^ '  ) .  Thi s 
was a  resul t  h e "liked, "  becaus e "a s t  approache s infinit y x 
approache s 3 "  an d a t  " t  equal s 0 ,  x  i s equa l  t o 0 "  (Episod e 
XV I )  .  Everythin g wa s read y fo r  "th e questio n w e wan t  t o 

answer, "  namely ,  "wha t  i s x  o f  5? "  (Episod e XVI I ) .  H e use d 

a pocke t  calculato r  t o determin e th e numerica l  solutio n 
(Episod e XVIII )  an d declare d "1.89 6 kilograms "  t o b e hi s 
answe r  t o th e problem . 

Agency and Disciplinarity 

At  th e outset ,  i t  i s  wort h notin g tha t  th e proble m wa s 
seriousl y demandin g fo r  th e exper t  participants-whil e thi s i s 
a prerequisit e fo r  rich  verba l  protocols ,  i t  wa s somewha t 
surprisin g a t  first,  unti l  th e effor t  necessar y t o initiall y 
represen t  th e proble m becam e apparent .  Participant s T  an d U , 
bot h retreate d t o approache s utilizin g discret e tim e interval s 
when face d wit h difficult y o n a  conceptua l  level .  However , 
thei r  approximatio n procedure s wer e ver y differen t  i n 
character .  Participan t  S  employe d a  genuin e modelin g 
approach .  I  wil l  concentrat e her e o n difference s i n thei r 
representation s o f  chang e a s such ,  particularl y o n th e agenc y 
implicate d b y thes e representations . 

Participan t  T  buil t  hi s representatio n o f  th e proble m b y 
means o f  finite  tim e interval s wit h th e inten t  t o develo p 
eventuall y a n "instantaneou s picture. "  I n th e limitin g cas e 
thi s approac h coul d conside r  infinitel y smal l  intervals ,  o r 
differentials ;  a s suc h hi s approac h wa s Leibnizian .  B y 
contrast ,  th e representatio n tha t  participan t  U  employe d ca n 
be characterize d a s Newtonian .  Newton' s an d Leibniz '  calcul i 
wer e concerne d wit h variabl e quantities ,  bu t  the y conceive d 
the m ver y differentl y (Bos ,  1980) .  Wit h Leibni z a  variabl e 
quantit y range d ove r  a  sequenc e o f  infinitel y clos e values . 
Wit h Newton' s fluxionary  calculu s variabl e quantitie s wer e 
conceive d a s changin g i n time ,  an d thu s a s dynami c (se e 
Freyd ,  1987) .  I n Newton' s o w n word s (cite d fi"om  hi s 
Tractatu s d e quadmtur a curvaru m o f  170 4 a s translate d an d 
reprinte d i n Struik ,  1969) :  " I  conside r  mathematica l 
quantitie s i n thi s plac e no t  a s consistin g o f  ver y smal l  parts ; 
but  a s describe d b y a  continue d motion .  Line s ar e described , 
and thereb y generate d no t  b y th e appositio n o f  parts ,  bu t  b y 
th e continue d motio n o f  points ;  superficie s [surfaces ]  b y th e 
motio n o f  lines ;  solid s b y th e motio n o f  superficies ;  angle s 
by rotatio n o f  sides ;  portion s o f  tim e b y a  continua l  flux: 
and s o i n othe r  quantities. "  Fluxions ,  th e fundamenta l 
concep t  i n Newton' s calculus ,  ar e th e velocitie s o r  rate s o f 
chang e o f  thes e variabl e quantities .  I n Leibniz '  calculus ,  o n 
th e othe r  hand ,  differential s wer e fundamenta l  (Bos ,  1974) .  A 
differentia l  i s  th e infinitel y smal l  differenc e betwee n 
successiv e value s i n a  sequenc e o f  infinitel y clos e values , 
tha t  is ,  th e variabl e quantity . 

T chos e tim e intervals ,  first  o f  1  minute ,  the n o f  3 0 
second s an d finally  (a t  leas t  hypothetically )  o f  1 5 second s i n 
an attemp t  t o "refin e unti l  nothing, "  unti l  th e differences -
rea d tim e intervals-ha d vanished .  I n thi s sens e choic e wa s 
fundamenta l  t o hi s representatio n o f  change .  Similarly ,  th e 
choic e o f  infinitel y clos e value s o f  a  variabl e quantit y wa s a t 
th e hear t  o f  Leibniz '  calculus .  Bo s (1993 )  ha s emphasize d 
tha t  Leibni z di d no t  conceiv e o f  differential s b y mean s o f  a 
loca l  limi t  proces s (lik e th e derivative) .  Leibniz '  limi t  takin g 
was global .  Wit h respec t  t o a  curve ,  fo r  instance ,  thi s mean t 
tha t  th e curv e remaine d compose d o f  th e side s o f  a  polygo n 
eve n afte r  extrapolatio n t o th e infinit e cas e o f  a n 
infinitangula r  polygon .  T' s pla n t o "refin e unti l  nothing " 
migh t  therefor e no t  hav e bee n Leibnizia n i n intent ,  however , 
hi s realizatio n i n term s o i  fixed  increment s was . 
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U transforme d th e chang e i n sal t  int o th e continuou s 
motio n o f  a  poin t  creatin g a  grap h i n time .  Thi s 

transformatio n wa s th e resul t  o f  he r  knowledg e abou t  proces s 
characteristic s (th e stead y state )  an d a  particula r  wa y o f 
constructin g a n asymptoti c grap h i n a  Cartesia n coordinat e 
system .  He r  approximatio n metho d finall y parallele d he r 
constructio n o f  thi s graph ;  Firs t  sh e detennine d ho w muc h 
was added ,  the n sh e mad e sur e tha t  sh e wa s " a littl e low, " 
tha t  is ,  tha t  sh e subtracte d abou t  th e righ t  amount ,  the n sh e 
use d thes e point s a s referenc e point s fo r  th e extrapolatio n o f 
th e correspondin g "motion. "  Similarly ,  Newto n conceive d o f 
mathematica l  quantitie s a s motio n o f  geometrica l  objects . 

Mathematica l  representation s o f  change ,  lik e thos e 
employe d b y participant s T  an d U ,  includ e representatio n o f 
th e proble m solver' s o w n agenc y (Kur z &  Twenty ,  1998) . 
Agenc y i s  her e understoo d a s th e tas k assigne d t o th e 
proble m solve r  b y th e representation .  Th e agenc y entaile d i n 
participan t  T' s Leibnizia n representatio n ca n b e characterize d 
as choice ,  th e agenc y i n th e cas e o f  participan t  U' s 
Newtonia n representatio n a s transformation .  I n th e sens e tha t 
th e proble m solve r  "knows "  th e representatio n h e o r  sh e i s 
buildin g an d employing ,  h e o r  sh e ha s "knowledge "  abou t 
th e entaile d agency .  A s Goodin g ha s pointe d ou t  (1992) , 
agenc y i s a  matte r  o f  skill . 

What  kin d o f  agenc y wa s implicate d b y participan t  S' s 
modelin g approach ? Participan t  S' s  protoco l  wa s largel y 
concerne d wit h finding  a  matc h betwee n a  mathematica l 
model  an d a n understandin g o f  th e physica l  process .  Thi s i s 
i n lin e wit h th e fac t  tha t  h e ha d formulate d th e appropriat e 
differentia l  equatio n lon g befor e h e recognize d th e equatio n a s 
th e appropriat e mathematica l  model .  I n workin g ou t  thi s 

matc h h e mad e th e physica l  proces s "observable "  an d 
"manipulable "  i n hi s  mind' s eye .  Thi s mental  "simulation " 
of  th e physica l  proces s "observed "  a  physica l  proces s i n 
time ,  firom  "n o sal t  i n ther e t o star t  with "  t o a n "extrem e 
future "  i n whic h "yo u woul d reac h a n equilibrium. "  S' s 
model ,  mathematica l  an d physical ,  describe d a  physica l 
proces s changin g i n real-time .  I n som e sens e descriptio n wa s 
observatio n i n thi s case ;  thi s i s  paralle l  t o wha t  Nersessia n 
(1992 )  ha s pointe d ou t  fo r  though t  experiments .  Th e agenc y 
of  observatio n an d manipulation ,  th e unit y o f  whic h Twene y 
(1992 )  an d Goodin g (1990 )  hav e emphasize d i n thei r 
account s o f  Michae l  Faraday' s experimenta l  investigations , 
occurre d a t  th e interfac e o f  S' s understandin g o f  th e physica l 
proces s an d o f  hi s mathematica l  model .  I t  coul d b e argue d 
tha t  th e differentia l  equatio n i s th e physica l  proces s model . 
Thi s i s th e cas e i n a  stric t  sense ;  however ,  th e identificatio n 
of  th e understandin g o f  th e physica l  proces s wit h th e 
mathematica l  mode l  stoo d a t  th e en d o f  S' s solutio n process ; 
thi s i n fac t  wa s hi s primar y achievement . 

Th e wid e sprea d applicatio n o f  calculu s i n th e science s 
seems t o sugges t  tha t  th e calculu s doe s no t  recogniz e 
disciplinar y boundaries .  Th e representationa l  practic e o f 
calculus ,  however ,  ha s alway s recognize d boundaries .  I n th e 
18t h century ,  whe n Newtonia n calculu s wa s predominan t  o n 
th e Britis h Isle s an d Leibnizia n calculu s o n th e Continent , 
th e Englis h Channe l  wa s suc h a  boundary .  A s muc h a s 
participant s T ,  U  an d S' s approache s ar e typica l  o f  particula r 
academi c discipline s o r  fields ,  th e calculu s stil l  seem s t o 
acknowledg e boundaries-nowadays ,  thos e tha t  ma p ou r 
academi c specializations . 
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Abstrac t 

How d o my menta l  state s compar e t o yours ? We sugges t 
that ,  whil e w e ma y no t  b e abl e t o compar e experiences ,  w e 
can compar e neura l  representations ,  an d tha t  th e correc t  wa y 
t o compar e neura l  representation s i s throug h analysi s o f  th e 
distance s betwee n them .  I n thi s paper ,  w e presen t  a  tech -
niqu e fo r  measurin g th e similaritie s betwee n representation s 
at  variou s layer s o f  neura l  networks .  W e the n us e th e measur e 
t o demonstrat e empiricall y tha t  differen t  artificia l  neura l  net -
work s traine d b y backpropagatio n o n th e sam e categorizatio n 
task ,  eve n wit h differen t  representationa l  encoding s o f  th e in -
put  pattern s an d differen t  number s o f  hidde n units ,  reac h state s 
i n whic h representation s a t  th e hidde n unit s ar e similar . 

I n t roduc t io n 

Many psychologist s hav e postulate d model s o f  semanti c 
memory tha t  identif y semanti c similarit y wit h proximit y i n 
a high-dimensiona l  spac e o f  concepts .  S o m e us e technique s 
fro m psychophysics ,  performin g multidimensiona l  scalin g o n 
larg e number s o f  huma n similarit y judgement s (Rip s e t  al. , 
1973) .  Other s hav e extracte d cooccurrenc e matrice s wit h se -
manti c propertie s fro m larg e tex t  corpor a (Lun d e t  al. ,  1995) . 
Paul  Churchlan d ha s argue d tha t  th e activatio n stat e spac e o f 
neura l  network s capture s semanti c similarit y b y th e proxim -
it y o f  activatio n vector s (Churchland ,  1989) .  Thi s vie w ha s 
much t o b e sai d fo r  it .  I t  explain s th e psychometri c dat a tha t 
human judgement s o f  similarit y ten d t o b e robus t  acros s sub -
jects ;  i t  explain s th e dat a fro m lexica l  decisio n experiment s 
tha t  semantically-relate d pair s o f  word s presente d sequen -
tiall y  ar e identifie d mor e quickl y tha n non-relate d words ;  an d 
i t  explain s man y prototypicalit y effect s i n categorization . 

Callin g Churchland' s vie w "state-spac e semantics" ,  how -
ever ,  Jerr y Fodo r  an d Ernes t  Lepor e hav e mounte d a  power -
fu l  argumen t  agains t  i t  (Fodo r  an d Lepore ,  1992) .  The y argu e 
tha t  state-spac e semantic s entail s semanti c holism ,  an d tha t 
semanti c holis m i s intolerable .  Semanti c holis m i s th e vie w 
tha t  th e conten t  (meaning )  o f  eac h on e o f  a  particula r  per -
son' s thought s depend s o n th e conten t  o f  ever y othe r  on e o f 
tha t  person' s thought s (wha t  I  mea n whe n I  thin k That' s a 
dog depend s o n wha t  I  mea n whe n I  thin k That' s a  lightbulb , 
and s o on) .  Fodo r  an d Lepor e argu e tha t  semanti c holis m i s 
intolerabl e o n th e ground s tha t  i t  woul d entai l  tha t  c o m m u -
nication ,  languag e learning ,  psychologica l  explanation ,  an d 
scientifi c  progres s ar e impossible ' 

' We will not go into the details of their arguments against holism. 
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Fodo r  an d Lepor e argu e tha t  state-spac e semantic s i s per -
niciousl y holisti c becaus e i t  postulates :  (1 )  tha t  th e meaning s 
of  representation s i n semanti c spac e ar e determine d b y thei r 
relation s t o othe r  representation s i n semanti c space ;  an d (2 ) 
tha t  w e coul d neve r  determin e whethe r  tw o semanti c space s 
exhibi t  identical ,  o r  eve n similar ,  set s o f  relations .  W e agre e 
wit h (1 )  bu t  den y (2) .  I n thi s paper ,  w e presen t  a  concret e 
metho d fo r  measurin g th e similarit y betwee n tw o seman -
ti c space s an d w e demonstrat e empiricall y tha t  th e semanti c 
space s o f  differen t  neura l  network s traine d o n simila r  prob -
lem s ar e ofte n similar ,  eve n whe n thei r  inpu t  encoding s o r 
number  o f  hidde n unit s ar e different . 

Fodo r  an d Lepor e stat e thei r  argumen t  a s follows : 

What  Churchlan d ha s o n offe r  i s th e ide a tha t  tw o con -
cept s ar e simila r  insofa r  a s the y occup y simila r  position s 
i n th e sam e stat e space .  Th e questio n thu s present s it -
self :  Whe n ar e S \  an d S 2 th e sam e stat e space ? W h e n , 
fo r  example ,  i s you r  semanti c spac e a  toke n o f  th e sam e 
semanti c spac e stat e typ e a s mine ? Well ,  clearl y a  nec -
essar y conditio n fo r  th e identit y o f  stat e space s i s th e 
identit y  o f  thei r  dimensions ;  specifically ,  identit y o f  thei r 
semanti c dimensions ,  sinc e th e curren t  proposa l  i s  tha t 
concept s b e locate d b y referenc e t o a  spac e o f  seman -
ticall y relevan t  properties .  W e ar e thu s face d wit h th e 
questio n o f  whe n x  an d y  ar e th e sam e semanti c dimen -
sions....Bu t  thi s i s surel y jus t  th e ol d semanti c identit y 
proble m bac k agai n (Fodo r  an d Lepore ,  1992 ,  pp .  197 -
8) . 

Putting the argument explicitly in terms of neural networks, 
i t  goe s lik e this :  suppos e yo u hav e tw o networks ,  possibl y 
wit h differen t  number s o f  node s (i.e. ,  differen t  dimensionalit y 
of  th e activatio n space )  an d differently-weighte d connections 
(i.e. ,  differen t  dimension s i n th e activatio n space) .  H o w the n 
ca n yo u tel l  whe n th e network s ar e representin g thei r  input s 
th e sam e way l 

We propos e th e followin g answer :  becaus e state-spac e se -
mantic s claim s tha t  th e proximitie s o f  point s i n activatio n 
spac e captur e semanti c content ,  point s i n tw o differen t  se -
manti c space s represen t  th e sam e thin g jus t  i n cas e the y con -
for m t o th e sam e se t  o f  distanc e relations .  Thus ,  w e needn' t 

becaus e w e inten d t o sho w tha t  state-spac e semantic s i s no t  perni -
ciousl y holistic .  Se e (Fodo r  an d Lepore ,  1992 ,  pp .  8-16 )  fo r  th e 
detail s o f  thei r  arguments . 
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determin e whethe r  th e dimension s o f  th e space s ar e th e same , 
but  onl y whethe r  point s i n tw o space s hav e th e sam e distance s 
relativ e t o eac h oUier .  Th e questio n the n becomes :  ho w d o w e 
determin e whethe r  tw o differen t  activatio n space s hav e th e 
same se t  o f  distanc e relation s amon g thei r  points ,  regardles s 

of  th e numbe r  o f  dimension s the y m a y hav e o r  th e interpreta -
tion s o f  thos e dimensions ? 

Assumin g tha t  w e hav e labele d point s (tha t  is ,  tha t  w e ca n 
labe l  eac h representatio n b y th e stimulu s tha t  induce d it) ,  on e 
approac h i s t o us e cluste r  analysi s t o visualiz e th e relation -
ship s betwee n points .  I n th e applicatio n o f  cluste r  analy -
si s t o networks ,  pattern s o f  activatio n a t  th e hidde n unit s ar e 
measure d fo r  eac h input ;  th e pattern s ar e the n progressivel y 
matche d wit h eac h othe r  accordin g t o thei r  proximity .  Th e 
resul t  i s  a  dendogram ,  o r  tre e structure ,  whic h show s th e 
proximitie s o f  th e inpu t  pattern s a s the y ar e represente d a t 
th e hidde n layer .  I n th e first  applicatio n o f  cluste r  analysi s 
t o representatio n i n artificia l  neura l  networks ,  Sejnowsk i  an d 
Rosenber g showe d tha t  similaritie s amon g hidden-laye r  rep -
resentation s i n thei r  NETTal k networ k matche d th e phono -
logica l  similaritie s tha t  human s perceiv e i n spoke n phonemes . 
For  example ,  hard-'c '  an d 'k '  sound s wer e groupe d together , 
and a t  th e highes t  level ,  consonant s wer e groupe d together ,  a s 
wer e vowels .  (Sejnowski  an d Rosenberg ,  1987) .  Give n tw o 
networks ,  then ,  on e coul d d o cluste r  analyse s o f  th e sam e in -
put s t o eac h an d compar e th e resultin g dendograms .  Thi s i s 
fine  i f  al l  w e wan t  t o d o i s "eyeball "  th e similarity ,  bu t  i t  doe s 
not  yiel d a  numbe r  tha t  tell s  u s h o w simila r  th e tw o repre -
sentation s are .  W e kno w o f  n o accepte d wa y o f  rigorousl y 
assessin g th e similarit y o f  differen t  dendograms . 

Hence ,  instea d o f  usin g cluste r  analysis ,  w e propos e a  dif -
feren t  metho d o f  measurin g representationa l  similarity :  cor -
relatio n betwee n inter-poin t  distance s i n th e respectiv e net -
works .  W e star t  b y computin g th e Euclidea n distanc e be -
twee n pair s o f  point s i n eac h o f  th e tw o activatio n spaces . 
By comparin g onl y distance s betwee n points ,  w e achiev e in -
varianc e t o unifor m globa l  translation ,  rotation ,  an d reflectio n 
of  representationa l  space . 

Next ,  w e calculat e correlatio n betwee n th e tw o set s o f  dis -
tances .  Suppos e th e row s o f  a  matri x X  ar e th e activatio n 
pattern s generate d b y variou s stimul i  i n Networ k X .  X ,  desig -
nate s th e patter n o f  activatio n (ro w o f  th e matrix )  correspond -
in g t o stimulu s i  a s i t  i s represente d b y Networ k X .  Likewise , 
suppos e th e representatio n o f  th e sam e stimul i  fro m a  differ -
ent  networ k i s encode d i n th e matri x Y .  The n fo r  m stim -
uli ,  w e calculat e th e distance s betwee n th e hidde n activatio n 
vector s i n th e tw o networks ,  givin g tw o lengt h m{T n -  l)/ 2 
vector s o f  distances .  W e tha n comput e similarit y betwee n th e 
tw o representation s b y calculatin g correlatio n betwee n thes e 
tw o vectors .  Takin g correlatio n als o give s u s on e mor e invari -
ance :  correlatio n i s invarian t  t o difference s i n scal e betwee n 
th e tw o spaces . 

We believ e tha t  calculatin g correlatio n betwee n distance s 
among point s i n th e hidden-uni t  representation s i n tw o neura l 
network s give s u s a  numbe r  whic h tell s  u s h o w simila r  th e 
"semanti c structures "  ar e i n th e tw o networks .  Correlatin g 
distance s betwee n point s answer s Fodo r  an d Lepore' s chal -

lenge :  w e needn' t  kno w th e meaning s o f  th e dimension s i n 
th e tw o network s and ,  indeed ,  th e numbe r  o f  dimension s nee d 
not  eve n b e th e sam e s o lon g a s the y preserv e th e distance s 
betwee n points . 

Experiment 1 

As a n exampl e o f  ho w ou r  techniqu e fo r  measurin g similari -
tie s i n networ k representation s ca n b e used ,  w e modele d colo r 
categorizatio n i n artificia l  neura l  network s usin g a  variet y o f 
inpu t  encodings .  Th e differen t  encoding s migh t  b e though t 
of  a s way s i n whic h differen t  "species "  encod e th e impac t  o f 
variou s wavelength s o f  ligh t  o n thei r  sensor y systems .  W e 
wer e intereste d i n tw o questions .  First ,  t o wha t  exten t  woul d 
differen t  "species "  agre e abou t  thei r  interna l  representation s 
of  th e concept s whe n the y al l  carve d u p th e worl d i n th e sam e 
way (i.e. ,  al l  agree d abou t  th e colo r  labels) ? Second ,  t o wha t 
exten t  woul d member s o f  th e sam e specie s agree ,  give n tha t 
the y ma y hav e differen t  number s o f  neuron s (whil e al l  ha d 
sufficien t  number s t o d o th e task) ? 

Procedure 

We traine d a  numbe r  o f  network s o n a  colo r  categorizatio n 
task ;  input s wer e base d o n spectrophotomete r  readings ,  an d 
output s wer e localis t  representation s o f  5  colo r  categorie s 
(red ,  yellow ,  green ,  blue ,  an d purple) .  Fo r  inputs ,  w e use d 
a databas e o f  spectrophotomete r  reading s fro m colo r  sample s 
(anonymous ,  1995) .  Th e origina l  dat a wer e 61-elemen t  vec -
tor s o f  integer s betwee n 0  an d 4095 ,  rea d a t  5 n m interval s o f 
th e visua l  spectru m betwee n 400n m an d 700nm .  W e use d th e 
red ,  yellow ,  green ,  blue ,  an d purpl e patterns ,  scale d th e in -
put s t o 0-25 5 integers ,  an d selecte d ever y 5t h field  fro m th e 
origina l  data ,  leavin g 1 2 inpu t  elements .  W e use d a  localis t 
encodin g fo r  th e output s (re d = 1 0 0  0  0 ,  yello w =  0 1 0 0 0 , 
and s o on) . 

Fro m thi s bas e dat a set ,  w e create d fou r  differen t  encoding s 
of  th e inpu t  pattern s t o b e use d i n trainin g th e networks :  Th e 
rea l  encodin g wa s forme d b y scalin g th e 0-25 5 intege r  input s 
t o decima l  representation s betwee n 0  an d 1 .  Thus ,  eac h pat -
ter n ha d 1 2 inpu t  element s i n th e rea l  encoding ,  eac h elemen t 
a rationa l  numbe r  betwee n 0  an d 1 .  Fo r  example ,  th e rea l 
representatio n o f  th e first  patter n wa s <0.82745 1 0.83529 4 
0.82745 1 0.81568 6 0.79607 8 0.82745 1 0.87451 0 0.87451 0 
0.86274 5 0.8470590.82745 1 0.815686> .  Th e fcrnary  encod -
in g wa s forme d b y representin g th e 0-25 5 intege r  input s a s 
8-bi t  binar y numbers .  Thus ,  eac h patter n ha d 9 6 (=12x8 ) 
inpu t  element s i n th e binar y encoding ,  eac h elemen t  value d 
eithe r  0  o r  1 .  Fo r  example ,  th e binar y representatio n o f  th e 
first  patter n wa s < 1 1  0  I  0  0  1  1  1  1  0  1  0  1  0  1  1  1  0 
1 0 0 1 1 1 1 0 1 0 0 0 0 1 1 0 0 1 0 1 1 1 1 0 1 0 0 1 
1 1 1 0 1 1 1 1 1 1 1 0 1 1 1 1 1 1 1 0 1 1 1 0 0 1 1 0 
1 I 0 0 0 1 1 0 1 0 0 1 1 1 1 0 1 0 0 0 0 > .  Th e gaus -
sia n encodin g wa s forme d b y dividin g th e interva l  betwee n 
0 an d 25 5 int o quarters ,  an d usin g five  unit s t o represen t  th e 
endpoint s o f  th e intervals .  A  particula r  valu e wa s code d a s 
a Gaussia n "bump "  o n thi s interval ,  wit h a  standar d devia -
tio n o f  3 2 an d mea n a t  th e poin t  t o b e represented .  Th e inpu t 
gaussian s wer e thu s centere d a t  0 ,  63.75 ,  127.5 ,  191.2 5 an d 
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Figur e 1 :  Representativ e clustering s o f  hidden-uni t  activation s from  tw o o f  th e five  network s traine d o n th e "real "  encodin g (3 1 

of  62 7 pattern s shown) . 

255 .  Fo r  example ,  th e gaussia n representatio n o f  th e first  pat -
ter n wa s <0.{)0000 0 0.00000 4 0.00302 4 0.19348 1 0.97635 8 
.. .  0.00000 0 0.00000 6 0.00414 3 0.22831 0 0.992218> .  Th e 
sequentia l  encodin g wa s forme d b y numberin g th e pattern s 
sequentiall y  wit h 3-digi t  decima l  number s fro m 00 1 t o 627 . 
Each 3-digi t  numbe r  wa s the n represente d b y a  singl e uni t 
wit h a n activatio n betwee n 0  an d 1 .  Fo r  example ,  th e sequen -
tia l  representatio n o f  th e first  patter n wa s <0. 0 0. 0 0. 1 > .  Be -
caus e th e inpu t  pattern s i n th e dat a se t  wer e ordere d b y color , 
thi s representatio n make s mor e sens e tha n i t  m a y appea r  a t 
first. 

From each representation, we selected every sixth line for 
th e holdou t  se t  (10 4 patterns )  an d lef t  th e res t  fo r  th e trainin g 
set  (52 3 patterns) .  Becaus e w e wer e no t  explorin g general -
izatio n i n thi s experiment ,  w e di d no t  us e a  testin g set . 

Using backpropagation, we trained 3-layer networks, each 
wit h 3  hidde n units ,  o n eac h inpu t  encodin g fo r  a  m a x i m u m 
of  10,00 0 cycle s usin g a  learnin g rat e o f  0.25 .  Trainin g wa s 
stoppe d befor e epoc h 10,00 0 i f  th e roo t  mean-square d erro r 
of  th e holdou t  pattern s ha d no t  decline d i n a s man y epoch s a s 
take n t o reac h th e previou s low .  Fo r  example ,  i f  a  m in imu m 
roo t  mean-square d erro r  wa s reache d afte r  epoc h 2,50 0 an d 
no subsequen t  epoc h ha d a  lowe r  error ,  the n trainin g woul d b e 
stoppe d afte r  epoc h 5,000 .  Fo r  eac h encoding ,  th e experimen t 
was repeate d wit h 5  networks ,  eac h startin g wit h a  differen t 
set  o f  initia l  rando m weights . 

Using the best learned weights (the ones between the be-
ginnin g an d en d o f  trainin g wit h th e bes t  erro r  o n th e holdou t 
set) ,  w e compute d activation s a t  th e hidde n node s o n eac h in -
put  pattern ,  thereb y obtainin g eac h network' s representatio n 
of  th e inpu t  pattern s a t  it s  hidde n layer .  W e the n compute d 
th e Euclidea n distances ,  fo r  eac h activatio n matrix ,  betwee n 
eac h patter n an d eac h othe r  patter n i n tha t  matrix .  W e the n 
compute d correlatio n betwee n eac h se t  o f  distance s an d ev -
er y othe r  se t  o f  distances . 

Result s 

In the input encodings, the clustering of the intensities of light 
at  variou s wavelength s d o no t  matc h ver y wel l  wit h ou r  quali -
tativ e perception s o f  colo r  similarities .  Hence ,  th e cluste r  dia -
gram s fo r  th e real ,  binary ,  an d gaussia n inpu t  pattern s appea r 
disorganized ,  i n th e sens e tha t  color s tha t  w e woul d grou p to -
gethe r  (e.g. ,  greens )  wer e intersperse d wit h othe r  color s (dat a 
not  shown) .  Thus ,  w e expecte d th e differen t  inpu t  encoding s 
t o no t  b e ver y highl y correlated .  Contrar y t o ou r  expectations , 
th e binary ,  rea l  an d gaussia n inpu t  encoding s wer e highl y cor -
relate d wit h eac h othe r  (se e Figur e 2 ,  par t  a) .  Th e correlatio n 
betwee n th e rea l  an d gaussia n encoding s wa s nearl y 1 ,  an d 
th e binar y encodin g ha d a  correlatio n o f  abou t  0. 6 wit h bot h 
th e rea l  an d th e gaussia n encodings .  Th e sequentia l  encoding , 
on th e othe r  hand ,  wa s almos t  completel y uncorrecte d wit h 
th e othe r  encodings . 

Th e measure d differenc e betwee n th e sequentia l  inpu t  en -
codin g an d th e othe r  inpu t  encoding s m a y b e du e t o th e fac t 
tha t  th e origina l  dat a wer e groupe d b y color .  Tha t  is ,  th e 
first  11 5 pattern s wer e reds ,  th e nex t  12 0 pattern s wer e yel -
lows ,  an d s o on .  Becaus e th e pattern s t o whic h th e sequen -
tia l  encodin g wa s applie d wer e ordere d b y thei r  colo r  cate -
gory ,  th e sequentia l  number s wit h whic h the y ar e encode d 
contai n som e informatio n abou t  thei r  category .  Mos t  color s 
tha t  shoul d b e categorize d togethe r  ar e nearb y i n th e inpu t 
patter n space ,  bu t  ther e ar e tw o kind s o f  exceptions .  Th e first 
i s  tha t  pattern s differin g i n th e orderin g b y a s m u c h a s 10 0 
ca n b e a s clos e togethe r  a s pattern s differin g b y onl y on e i n 
th e ordering .  Fo r  example ,  patter n 34 5 (represente d a s <0.3 , 
0.4 ,  0. 5 > )  i s a s clos e t o patter n 24 5 «0 .2 ,0 .4 ,0 .5 » a s 24 5 
i s t o 24 4 « 0 . 2 ,  0.4 ,  0 .4» . 

Th e secon d exceptio n i s cause d b y th e fac t  tha t  al l  neigh -
bor s  i n th e orderin g ar e 0. 1 apar t  i n th e encodin g excep t  point s 
wit h a  0  element .  Eac h patter n wit h a  0  elemen t  i n th e se -
quentia l  encodin g come s righ t  afte r  on e wit h a  0. 9 elemen t 
(an d henc e th e tw o ar e a t  leas t  0. 9 unit s apart) .  Fo r  example . 
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Figur e 2 :  Hinto n diagram s showin g correlatio n amon g inpu t  pattern s (Par t  (a) ,  o n th e left) ,  an d amon g hidde n uni t  activation s 

(Par t  (b) ,  o n th e right) .  Par t  (a )  show s correlatio n amon g th e inpu t  pattern s use d i n trainin g th e networks .  Par t  (b )  show s mea n 

correlatio n betwee n hidde n uni t  activation s o f  5  network s traine d o n eac h encodin g an d hidde n uni t  activation s o f  5  network s 

traine d o n eac h othe r  encodin g (e.g. ,  binar y vs .  real) ,  a s wel l  a s mea n correlatio n betwee n hidde n uni t  activation s amon g th e 5 

network s traine d o n eac h encodin g (e.g. ,  binar y vs .  binary) .  Th e side s o f  th e boxe s ar e proportiona l  t o th e values . 

althoug h pattern s 458 ,  459 ,  an d 46 0 ar e right  nex t  t o eac h 
othe r  i n th e dat a set ,  th e sequentia l  representatio n o f  patter n 
45 9 (<0.4 ,  0.5 ,  0.9> )  i s m u c h close r  t o tha t  o f  patter n 45 8 
(<0.4 ,  0.5 ,  0.8>) ,  tha n i t  i s  t o tha t  o f  patter n 46 0 (<0.4 ,  0.6 , 
0 .0» . 

Correlation s betwee n th e hidde n uni t  activation s fo r  eac h 
of  th e fiv e network s traine d o n th e sam e representation s wer e 
al l  greate r  tha n 0.87 .  Differen t  networks ,  startin g fro m dif -
feren t  rando m initia l  weights,  foun d simila r  solution s t o th e 
colo r  categorizatio n proble m fo r  eac h inpu t  encoding .  Th e 
similaritie s ar e reflecte d i n thei r  cluste r  diagrams ,  whic h sho w 
color s groupe d i n human-lik e way s (se e Figur e 1) .  Eve n mor e 
striking ,  th e hidde n uni t  representation s o f  network s traine d 
on differen t  inpu t  representation s wer e als o highl y correlate d 
(se e Figur e 2  par t  b) .  Correlation s betwee n hidde n uni t  acti -
vation s o f  network s traine d o n th e binary ,  gaussian ,  an d rea l 
inpu t  encoding s ar e al l  greate r  tha n 0.8 ,  whil e correlation s o f 
thes e network s wit h network s traine d o n th e sequentia l  en -
codin g ar e somewha t  lower . 

E x p e r i m e n t  2 

We als o conducte d a  secon d se t  o f  experiments ,  varyin g th e 
number s o f  hidde n unit s i n th e networks ,  an d usin g onl y th e 
rea l  encodin g an d a  variatio n o n th e sequentia l  encoding ,  i n 
orde r  t o determin e whethe r  network s wit h differen t  number s 
of  hidde n unit s woul d develo p simila r  representationa l  struc -
tures . 

Procedur e 

We use d th e sam e colo r  categorizatio n tas k fo r  th e secon d ex -
perimen t  a s fo r  th e first ,  bu t  th e inpu t  representation s wer e 
slighd y different .  Fo r  th e rea l  encoding ,  w e use d al l  6 1 el -
ement s o f  th e origina l  dataset ,  rathe r  tha n samplin g a t  1 2 
evenly-space d intervals .  W e di d no t  us e th e gaussia n o r  bi -
nar y encodings ,  becaus e the y ha d prove d i n th e first  experi -
ment  t o b e highl y simila r  t o th e rea l  encoding .  W e als o ran -
domize d th e orde r  o f  presentatio n o f  th e pattern s durin g eac h 
trainin g epoch ,  an d use d a  separat e testin g se t  i n additio n t o 
th e trainin g an d holdou t  set s o f  th e first  experiment . 

Th e mos t  importan t  differenc e betwee n th e first  an d sec -
on d experiments ,  however ,  wa s tha t  w e varie d th e numbe r  o f 
hidde n unit s i n th e secon d experiment .  Wherea s i n th e first 
experiment ,  al l  o f  th e network s ha d 3  hidde n units ,  i n th e sec -
on d experiment ,  th e numbe r  o f  hidde n unit s wa s varie d fi-om 
1 t o 10 .  Fo r  eac h o f  th e tw o inpu t  encoding s (rea l  an d se -
quential) ,  w e traine d 3-laye r  network s wit h 1  t o 1 0 hidde n 
units .  Eac h networ k wa s traine d a  m i n i m u m o f  50 0 epochs , 
and trainin g wa s stoppe d afte r  th e 500t h epoc h wheneve r  th e 
roo t  mean-square d erro r  o n th e holdou t  se t  ha d no t  decrease d 
i n 5 0 epochs .  W e als o replicate d th e trainin g regim e o n 1 0 ad -
ditiona l  network s wit h 5  hidde n unit s each ,  i n orde r  t o demon -
strat e tha t  th e result s wit h network s wit h differen t  initia l  ran -
d o m weight s wer e robus t  an d t o compar e th e ne w procedure s 
wit h th e previou s ones . 

Results 

Network s wit h 1  an d 2  hidde n unit s faile d t o learn ,  an d s o 
wil l  no t  b e considere d further .  Network s wit h 3  t o 1 0 hidde n 
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encodin g (Par t  (b) ,  o n th e right). 

unit s traine d o n th e rea l  inpu t  encodin g agai n learne d hidden -
laye r  representation s tha t  wer e ver y simila r  t o eac h other ,  re -
gardles s o f  th e numbe r  o f  hidde n unit s i n th e network .  Cor -
relation s betwee n hidden-uni t  activation s an d inpu t  pattern s 
wer e lo w (mean=0.232 ,  sd=0.040) ,  bu t  averag e correlation s 
betwee n hidden-uni t  activation s ove r  network s wit h differen t 
number s o f  hidde n unit s wer e hig h (mean=0.934 ,  sd=0.020) . 

The sam e wa s tru e o f  network s traine d o n th e sequentia l 
encodin g (se e Figur e 3) .  Correlation s betwee n hidden-uni t 
activation s an d inpu t  pattern s wer e low ,  althoug h highe r  tha n 
the y wer e fo r  th e "real "  encodin g (mean=0.333 ,  sd=0.061) , 
but  averag e correlation s betwee n hidden-uni t  activation s ove r 
network s wit h differen t  number s o f  hidde n unit s traine d 
on th e "sequential "  encodin g wer e stil l  hig h (mean=0.934 , 
sd=0.013) .  Th e correlatio n betwee n th e hidde n uni t  activa -
tion s o f  network s traine d o n th e rea l  encodin g an d network s 
traine d o n th e sequentia l  encoding ,  however ,  wa s eve n lowe r 
tha n i n th e first  experiment s reporte d her e (abou t  0.3) ,  mos t 
likel y du e t o th e reduce d amoun t  o f  trainin g i n thi s experi -
ment . 

For  network s wit h 5  hidde n units ,  1 0 replication s start -
in g fro m differen t  initia l  rando m weight s confirme d tha t  net -
work s wit h differen t  weight s traine d o n th e sam e encod -
in g foun d ver y simila r  solution s t o th e problem .  Averag e 
correlatio n amon g th e 1 0 differen t  network s traine d o n th e 
rea l  encodin g wa s 0.929 ,  whil e averag e correlatio n amon g 
th e 1 0 differen t  network s traine d o n th e sequentia l  encod -
in g wa s als o 0.944 ,  demonstratin g tha t  network s wit h differ -
ent  weight s traine d o n th e sam e encodin g foun d ver y simila r 
solution s t o th e proble m regardles s o f  whic h encodin g the y 
used .  Averag e correlatio n betwee n th e hidde n uni t  activation s 
of  th e 1 0 5-uni t  network s traine d o n th e sequentia l  encodin g 
and th e sequentia l  encodin g itsel f  wa s 0.325 ,  wherea s aver -
age correlatio n betwee n th e hidde n uni t  activation s o f  th e 1 0 
5-uni t  network s traine d o n th e rea l  encodin g an d th e rea l  en -
codin g itsel f  wa s 0.202 ,  demonstratin g tha t  th e hidde n uni t 

representations ,  whil e no t  completel y unrelate d t o th e inpu t 
patterns ,  wer e no t  simpl y copie s o f  th e inpu t  patterns . 

Discussion 

I t  i s  wel l  k n o w n tha t  differen t  network s traine d o n th e sam e 
proble m m a y partitio n thei r  activatio n space s i n simila r  ways . 
We hav e presente d a  wa y t o measur e this .  Ou r  result s indicat e 
tha t  i t  i s  als o possibl e fo r  network s fro m differen t  "species " 
(i.e. ,  traine d fro m differen t  inpu t  encodings )  t o partitio n thei r 
activatio n space s i n simila r  ways .  Eve n thoug h w e traine d ou r 
network s o n differen t  inpu t  representations ,  th e hig h corre -
lation s betwee n thei r  hidden-laye r  representation s sho w tha t 
the y partitio n thei r  activatio n space s similarly .  Evidently ,  i t  i s 
possibl e fo r  th e representationa l  state s  o f  tw o individual s w h o 
categoriz e thei r  input s th e sam e wa y t o b e simila r  eve n thoug h 
the y hav e differen t  "sensor y systems "  (i.e. ,  inpu t  encodings ) 
and differen t  number s o f  units .  Finally ,  i t  i s  remarkabl e tha t 
individual s fro m th e sam e "species" ,  wit h differen t  number s 
of  hidde n units ,  al l  achiev e essentiall y  identica l  representa -
tiona l  structure s whe n the y agre e o n th e categor y structure . 
Ther e i s som e hop e fo r  communicatio n betwee n us ,  eve n i n 
th e worl d o f  stat e spac e semantics . 

Conclusions 

I n respons e t o Fodo r  an d Lepore' s challeng e t o state-spac e se -
mantics ,  w e hav e argue d tha t  representationa l  similarit y ca n 
be measure d b y correlatio n betwee n inter-poin t  distance s i n 
any tw o activatio n stat e spaces .  Moreover ,  w e hav e give n 
a techniqu e fo r  measurin g representationa l  similarity .  Ou r 
measur e i s a  robus t  criterio n o f  conten t  similarity ,  o f  jus t 
th e sor t  tha t  Fodo r  an d Lepor e demande d i n thei r  critiqu e 
of  Churchland .  I t  ca n b e use d t o measur e similarit y o f  in -
terna l  representation s regardles s o f  h o w input s ar e encoded , 
and regardles s o f  numbe r  o f  hidde n units .  Furthermore ,  w e 
hav e use d ou r  measur e o f  state-spac e similarit y t o demon -
strat e empiricall y tha t  differen t  individuals ,  eve n individual s 
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wit h differen t  "sensor y organs "  an d differen t  number s o f  neu -
rons ,  ma y represen t  th e worl d i n simila r  ways . 
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Abstrac t 

Cooper and Shallice (1995) raise many issues regarding the 
unifie d theorie s o f  cognitio n researc h progra m i n general , 
and Soa r  i n particular .  I n thi s paper ,  w e examin e on e 
specifi c  criticis m o f  Newell' s  (1990 )  treatmen t  o f 
immediat e behavio r  an d us e i t  t o explai n th e notio n o f  th e 
modelin g idio m withi n a  cognitiv e architecture .  W e 
compar e a  dual-tas k mode l  usin g Newell' s  architectur e an d 
idio m t o tw o othe r  model s tha t  us e differen t  architecture s 
and idiom s (EPI C an d a n experimenta l  versio n o f  Soar) .  W e 
als o loo k a t  th e models '  dependenc y o n thei r  respectiv e 
cognitiv e architectures ,  an d th e theory/implementatio n 
gap als o identifie d b y Coope r  an d Shallic e (1995) . 

Introduction 

Unifie d theorie s o f  cognitio n see k t o provid e a  unique , 
consisten t  framework  fo r  modelin g al l  type s o f  cognitive , 
perceptual ,  an d moto r  activities .  Severa l  unifie d theories ,  o r 
cognitiv e architectures ,  hav e bee n proposed :  amon g the m ar e 
Soar  (Newell ,  1990 )  ,  A C T - R (Anderson ,  1993 )  an d E P I C 
(Meye r  &  Kieras ,  1995) .  Coope r  an d Shallic e (1995 )  rais e 
many issue s regardin g th e unifie d theorie s o f  cognitio n 
researc h progra m i n general ,  an d Soa r  i n particula r  (althoug h 
we believ e thes e objection s appl y t o othe r  architecture s a s 
well) .  I n thi s paper ,  w e examin e som e o f  Coope r  an d 
Shallice' s issue s b y modelin g dual-tas k behavior . 

Newel l  (1990 )  describe d a n idiom ,  o r  styl e o f  modelin g 
tha t  i s  possibl e withi n a n architectur e bu t  no t  require d b y th e 
architecture ,  calle d P E A C T I D M fo r  immediat e behavio r 
tasks .  P E A C T I D M i s a n acrony m fo r  th e operator s th e 
idio m allow s a t  th e immediat e behavio r  leve l  (withou t 
problem-solving) :  Perceive ,  Encode ,  Attend ,  Comprehend , 
Task ,  /ntend .  Decode ,  an d Motor ,  (pronounce d pee-ack-ti -
dim) .  Accordin g t o Coope r  an d Shallic e (1995) , 
Soar /PEACTID M "woul d see m t o provid e onl y a  rigidly 
singl e channe l  mod e o f  operation... "  and ,  therefore ,  i n a 
model  o f  a  dua l  tas k "...th e primar y tas k wil l  inevitabl y b e 
slowe d b y u p t o 12 0 m s "  (p .  134-135) ,  whic h i s no t 
confirme d b y dat a the y cite .  T o investigat e th e criticism ,  w e 
chos e a  specifi c  dua l  tas k tha t  allow s u s t o compar e a 
Soar /PEACTID M mode l  t o tw o othe r  existin g model s o f  th e 
task :  on e writte n i n EP I C an d on e i n a n experimenta l 
versio n o f  Soa r  wit h a  differen t  idiom . 

I n additio n t o examinin g Soar /PEACTIDM' s 
appropriatenes s fo r  immediat e behavior ,  w e als o discus s th e 
dependenc e o f  eac h model' s behavio r  o n it s  underlyin g 

cognitiv e architecture ,  an d th e theory/implementatio n ga p 
identifie d b y Coope r  an d Shallice . 

The Wickens's Task & Modeling Results 

The Wickens' s tas k (Martin-Emerso n &  Wickens ,  1992 ) 
illuminate s phenomen a associate d wit h heads-u p display s i n 
aviation .  I t  consist s o f  a  continuou s trackin g tas k interrupte d 
by a  choice-reactio n task .  Th e Wickens' s tas k displa y i s 
show n i n Figur e 1 .  Th e uppe r  par t  o f  th e displa y show s a 
targe t  an d a  curso r  i n th e trackin g window .  Th e curso r 
moves randoml y an d th e participan t  mus t  kee p th e curso r 
insid e th e targe t  b y movin g a  joystic k wit h hi s right  hand . 
Whil e th e participan t  perform s th e trackin g task ,  a  left -  o r 
right-pointin g arro w appear s a t  rando m interval s i n th e 
informatio n display ,  belo w th e trackin g window .  Th e 
stimulu s i s  displaye d fo r  on e second .  Th e participan t  mus t 
repl y t o thi s stimulu s b y pressin g on e o f  tw o key s wit h hi s 
lef t  hand ,  whil e stil l  attemptin g t o kee p th e curso r  i n th e 
target .  Experiment s wer e ru n wit h differen t  separation s o f 
th e targe t  an d informatio n displa y t o stud y h o w thi s affect s 
tw o performanc e measures .  Trackin g erro r  i s th e R M S erro r 
measure d onl y durin g th e tw o second s afte r  th e stimulu s i s 
displayed .  Reactio n tim e i s  th e tim e differenc e betwee n th e 
onse t  o f  th e stimulu s an d th e respons e o f  th e user . 

T wo previou s model s o f  thi s task ,  on e writte n i n E P I C , 
wit h th e P P S cognitiv e processo r  (Kiera s &  Meyer ,  1995 ) 
and on e writte n i n a n experimenta l  versio n o f  Soa r  (calle d 
"Soar-Operand" )  usin g EPIC' s peripheral s (Chon g &  Laird , 
1997) ,  giv e result s ver y clos e t o h u m a n performance .  W e 
wrot e a  thir d model ,  base d o n th e existin g models ,  usin g th e 
curren t  Soar ? releas e an d Newell' s  P E A C T I D M idiom , 
whic h als o matche s wel l  (Figur e 2) .  Fo r  eac h model ,  eac h 

Trackin g windo w 

o 

Curso r 
t 

Vertica l 
separatio n 

Informatio n displa y 

© 

Figur e 1 :  Th e Wickens' s tas k environmen t 
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poin t  o n Figur e 2  represent s a n averag e ove r  3 0 0 trials .  T h e 
observe d performanc e i s a n averag e ove r  2 4 participants .  T h e 
absolut e averag e erro r  fo r  al l  thre e model s i s  alway s les s 

tha n 1 0 % fo r  bot h th e choic e an d th e trackin g tasks . 
Clearly ,  th e S o a r / P E A C T I D M mode l  i s n o wors e tha n th e 

othe r  t w o models ,  wh ic h d o no t  shar e th e "rigidl y singl e 
channe l  m o d e o f  operation "  tha t  wonrie d Coope r  an d 
Shallice .  I n examinin g th e commonalit ie s an d difference s 
betwee n thes e models ,  w e wil l  illustrat e t w o othe r  issue s 
brough t  u p b y C o o p e r  an d Shallice ,  h o w littl e th e behavio r 
o f  thes e model s depend s o n th e cognitiv e aspec t  o f  th e 
architectur e alone ,  an d th e theory/implementatio n gap . 

30 
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Figur e 2 :  trackin g erro r  an d reactio n time s o f  th e thre e 
model s an d observe d huma n dat a 

th e cognitiv e processo r  vi a th e workin g memor y ( W M ) . 
The y wor k independently ,  i n paralle l  wit h eac h othe r  an d 

wit h th e cognitiv e processo r  i n al l  th e models .  Th e 
Wickens' s tas k model s us e th e visua l  perception ,  th e tactil e 
perception ,  th e oculomoto r  an d th e manual-moto r 
processors .  Thes e processor s d o no t  perfor m an y actua l 
informatio n processing ;  the y provid e precis e timing s fo r  th e 
function s the y simulate .  Fo r  example ,  whe n a n objec t 
appear s o n EPIC' s "retina" ,  it s  locatio n wil l  b e reporte d b y 

th e visua l  perceptua l  processo r  t o W M wit h a  5 0 m s 
latency ,  an d i f  th e objec t  i s i n EPIC' s "fovea" ,  it s  shap e wil l 
be appea r  i n W M afte r  a n additiona l  5 0 m s latenc y (Kiera s & 
Meyer ,  1996) .  Thes e delay s mimi c thos e o f  th e huma n 
processe s fo r  localizatio n an d shape-recognition ,  bu t  th e 
feature s ar e provide d a s inpu t  t o th e visua l  processo r  b y th e 
simulatio n o f  th e environment . 

S o me processor s ca n perfor m action s b y themselves ;  fo r 
exampl e th e oculomoto r  processo r  ca n produc e smal l 
centerin g saccade s t o kee p a  slowl y movin g objec t  i n th e 
fovea .  Th e moto r  processor s "jam "  i f  the y receiv e mor e tha n 
one c o m m a n d a t  a  time ,  i .  e. ,  the y wil l  ignor e al l  o f  them . 
The manual-moto r  processo r  doe s no t  requir e cognitio n t o 
calculat e a  specifi c  directio n t o pus h th e joystic k (pushin g 
th e joystic k i n an y directio n i s  assume d t o tak e th e sam e 
time) .  However ,  i t  require s th e nam e o f  th e butto n t o pres s 
(LEF T o r  RIGHT )  becaus e th e finger  m a y o r  ma y no t  hav e t o 
move t o th e ne w button ,  changin g th e tim e t o execut e th e 
operation . 

Finally ,  th e moto r  processor s hav e a  separat e preparatio n 
and executio n phase .  Tha t  is ,  unde r  certai n conditions ,  th e 
preparatio n o f  a  moto r  movemen t  ca n b e overlappe d wit h th e 
executio n o f  th e previou s movement .  I n addition ,  th e 
preparatio n phas e ca n b e skippe d altogethe r  i f  a  movemen t  i s 
identica l  t o th e immediatel y previou s movemen t  (Kiera s & 
Meyer ,  1996) . 

Eye-Movement Hypothesis All three models are based 
on th e assumptio n (formulate d b y Kiera s &  Meyer ,  1995 ) 
tha t  th e ey e mus t  b e kep t  o n th e curso r  t o ensur e successfu l 
tracking ,  an d tha t  th e ey e mus t  b e move d t o th e choic e 
stimulu s i n orde r  t o discriminat e it . 

Th e Thre e Model s 

Commonalities of the Models 

EPIC Perceptual and Motor Processors EPIC is a 
cognitiv e architectur e originall y intende d t o mode l  multipl e 
task s performanc e (Meye r  &  Kieras ,  1997) .  I t  i s  compose d 
of  a  specifi c  cognitiv e processor ,  PP S (discusse d below )  aix l 
of  a  se t  o f  perceptua l  an d moto r  processors .  EPIC' s 
perceptua l  an d moto r  processor s ar e use d fo r  al l  thre e 
models .  Thes e processor s ar e nativ e t o EPI C an d wer e 
adapte d t o communicat e wit h Soar' s cognitiv e processo r  b y 
Chong an d Lair d (1997) .  Thi s unio n answere d a  c o m m o n 
criticis m o f  Soa r  (e.g. ,  Coope r  &  Shallice ,  1995 ;  Vincent e 
& Kirlik ,  1992 )  tha t  i t  doe s no t  tak e moto r  an d perceptua l 
constraint s int o account . 

Th e perceptua l  an d moto r  processor s communicat e wit h 

Tas k S imu la t io n Th e simulatio n o f  th e tas k i s don e i n 
an EPI C "devic e processor "  fo r  al l  thre e models .  Thi s 
processo r  inform s th e perceptua l  processor s o f  change s i n 
th e environmen t  (e.g. ,  th e onse t  o f  th e stimulus) ,  an d 
respond s t o moto r  command s fro m th e models . 

Human Data Finally, all three models are matched against 
th e sam e huma n performanc e data .  Th e dat a i s  aggregate d 
ove r  2 4 participant s w h o wer e instructe d t o perfor m a s wel l 
as the y could .  Th e collectio n procedur e i s  describe d i n 
(Martin-Emerso n &  Wickens ,  1992) . 

Differences Between the Models 

Execution Traces for the Three Models Figure 3 
shows th e executio n trace s o f  th e thre e i n P E R T charts .  Th e 
model s hav e bee n trackin g th e curso r  prio r  t o thi s figure  an d 
th e first  stimulu s come s u p a t  wha t  we'v e labele d 0  ms . 
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Stimulu s perceptio n 

Figur e 3 :  th e execut io n trace s o f  th e thre e m o d e l s .  T h e critica l  pat h fo r  th e a n s w e r  tas k i s g rayed . 

Complet e operatio n o f  th e manual-moto r  an d oculomoto r 
processor s ar e shown ,  a s wel l  a s visua l  perceptio n delays . 
Onl y critica l  operation s o f  th e cognitiv e processor s ar e 
shown (describe d below) .  Cognitiv e operation s tha t  sen d 
commands t o th e moto r  processor s ar e i n italic s an d 
underlined .  Th e gra y boxe s denot e th e critica l  pat h (th e 
longes t  pat h throug h th e task )  fo r  th e choic e reaction-tim e 
task . 

Not  surprisingly ,  give n th e goo d fit  t o th e huma n data , 
th e thre e model s tak e simila r  moto r  action s a t  simila r  time s 
(thoug h eac h mode l  ha s a  slightl y differen t  initializatio n 
phas e an d ar e therefor e no t  i n perfec t  sync h o n th e trackin g 
task) .  Mor e precisely ,  durin g th e I s interva l  show n i n 
Figur e 3 ,  eac h mode l  move s th e joystic k thre e times ,  an d 
th e moto r  action s tha t  respon d t o th e choic e tas k ar e 
execute d wit h a t  mos t  on e cycl e difference .  However ,  thei r 
interna l  cognitiv e operation s ar e different ,  reflectin g th e 
differen t  cognitiv e processor s an d idiom s the y use . 

Cognitive Processors and Idioms Each model uses a 
differen t  cognitiv e processor ,  SoarV ,  Soar-Operand ,  o r 
EPIC(PPS )  an d a  differen t  modelin g idiom .  Al l  thre e 

cognitiv e processor s ar e productio n system s an d eac h 
decisio n cycl e i s estimate d t o approximat e 5 0 m s o f  huma n 
behavior .  Th e cognitiv e processor s an d idiom s diffe r  o n 
othe r  aspect s liste d below . 

SoarV' s cognitiv e processo r  an d th e P E A C T I D M idiom . 
I n Soa r  (bot h Soar ? an d Soar-Operand) ,  a n operato r  i s 
implemente d b y a  se t  o f  fine-grain  production s tha t  propose , 
appl y an d terminat e it .  A t  th e en d o f  eac h decisio n cycle ,  a n 
operato r  i s selected ,  whic h wil l  typicall y b e applie d (i.e. , 
make change s t o W M )  a t  th e beginnin g o f  th e nex t  decisio n 
cycle .  Operator s tha t  reques t  moto r  actions ,  however ,  m a y 
not  b e applicabl e i n th e ver y nex t  decisio n cycl e becaus e th e 
periphera l  processo r  m a y b e bus y completin g th e las t 
request .  Soar' s architectur e allow s th e applicatio n o f  a n 
operato r  t o b e separate d i n tim e fro m it s selection ,  a s lon g 
as nothin g intervene s t o m a k e it s condition s invalid .  Th e 
distinctio n i s show n i n th e Soar V mode l  i n Figur e 3  b y 
plai n fon t  (motor-operator-selectio n withou t  immediat e 
application )  an d italic s (motor-operator-applicatio n eithe r 
immediatel y afte r  it s selectio n o r  fro m a  previously-selecte d 
and stil l  vali d operator) . 
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I f  appropriat e knowledg e i s no t  availabl e t o selec t  o r  t o 

appl y a n operator ,  a n impass e occurs ,  an d a  ne w stat e i s 
create d wher e mor e knowledg e ca n b e brough t  int o play . 
W h en th e impass e i s solved .  Soar' s learnin g mechanis m 
create s a  ne w productio n tha t  associate s th e condition s unde r 
whic h th e impass e occurre d wit h th e action s tha t  resolve d it . 
I f  thi s situatio n arise s again ,  th e newl y learne d productio n 
ca n ofte n preven t  anothe r  impasse .  I n Figur e 2  (t o avoi d 
clutter )  impasse s ar e implici t  i n th e gap s betwee n cognitiv e 
operators .  Fo r  instance ,  th e ga p betwee n a  plain-fon t  m o v e -
JOYSTlCK operato r  an d it s italicize d applicatio n i s a n 
impasse ,  wher e th e "missin g knowledge "  i s tha t  th e manua l 
processo r  i s fre e an d th e "solution "  i s t o wai t  fo r  th e manua l 
processo r  t o finish  wha t  i t  wa s doing .  Thi s typ e o f  impass e 
ca n neve r  b e eliminate d throug h learning ;  i t  i s  th e Soa r 
architecture' s respons e t o a  constrain t  dictate d b y th e 
periphera l  processors . 

Th e Soar ? mode l  ha s n o explici t  contro l  process .  Th e 
action s t o b e take n ar e determine d b y th e stat e o f  curren t 
perception s an d moto r  processo r  state s i n W M.  Ther e i s n o 
explici t  record  o f  whic h procedura l  step s hav e bee n 
accomplished . 

Th e Soar ? mode l  use s th e P E A C T I D M idio m propose d b y 
Newel l  (1990 )  fo r  immediat e behavio r  tasks .  Newel l 
successfull y applie d thi s idio m o n severa l  suc h tasks ,  bu t  n o 
dua l  tasks .  Th e P E A C T I D M idio m assume s tha t  reactio n t o 
event s i n th e rea l  worl d begin s wit h a  Perceiv e operatio n 
tha t  i s handle d b y EPIC' s perceptua l  processors .  Encod e 
production s translat e th e signal s delivere d b y EPIC' s 
percepma l  processor s int o meaningfu l  symbol s i n W M (no t 
show n i n Figur e 3) .  Onc e i n centra l  cognition ,  th e 
P E A C T I DM idio m allow s onl y fou r  type s o f  elementar y 
cognitiv e operator s t o b e selecte d an d applie d withou t 
impasse :  Atten d operator s direc t  perceptio n t o a  ne w 
stimulu s (e.g .  WATCH-CURSOR);  Comprehen d operator s 
interpre t  th e perceptua l  input s (e.g .  recognize-arrow) ; 
Tas k operator s selec t  th e nex t  tas k t o b e don e (non e appea r 
i n Figur e 3 ;  thes e happe n a t  th e star t  o f  th e trial ,  befor e thi s 
timelin e begins) ;  /nten d operator s initiat e a  moto r  respons e 
(e.g .  MOVE-JOYSTICK) .  Afte r  centra l  cognitio n ha s intende d a 
moto r  command .  Decod e production s translat e thi s 
c o m m a nd int o symbol s recognize d b y th e EPI C moto r 
processo r  (no t  show n i n Figur e 3) ,  whic h the n perfor m th e 
A/oto r  actions . 

A Soa r  mode l  usin g th e P E A C T I D M idio m send s outpu t 
commands sequentiall y  fro m centra l  cognitio n t o th e moto r 
processors ,  n o mor e tha n on e c o m m a n d pe r  decisio n cycle . 
Therefore ,  ther e i s n o ris k o f  jammin g th e EPI C peripherals . 

Our  Soar ? mode l  learn s whe n t o propos e moto r  operators . 
Befor e learning ,  th e mode l  know s th e availabl e moto r 
operators ,  bu t  no t  whe n the y ar e applicabl e i n th e rea l  world . 
Therefore ,  i t  generate s a n impass e a t  eac h decisio n cycl e an d 
reason s abou t  operator s i n a n interna l  "imagined "  worl d t o 
detenmin e whic h operato r  t o propose .  Afte r  learning ,  i t 
know s whe n eac h actio n i s applicabl e an d propose s 
appropriat e operator s withou t  impasse .  Figur e 3  show s 
performanc e afte r  learning . 

Soar-Operand' s cognitiv e processo r  an d th e hierarchical -
operato r  idiom .  Soar-Operan d i s a n experimenta l  versio n o f 
Soar  tha t  wa s develope d i n respons e t o a  perceive d difficult y 

wit h th e interactio n betwee n Soar' s learnin g mechanism , 

actio n i n th e rea l  world ,  an d a  modelin g idio m tha t  use s a 
hierarchica l  operato r  structur e (John ,  1996). '  I n certai n cases , 
a mode l  wit h a  hierarchica l  operato r  structur e woul d lear a t o 
perfor m string s o f  action s tha t  wer e n o longe r  appropriat e b y 
th e tim e the y wer e learned .  T o avoi d thi s problem ,  Soar -
Operan d i s restricte d t o makin g onl y on e roun d o f  persisten t 
change s t o W M pe r  decisio n cycle .  Althoug h multipl e 
persisten t  change s t o W M ca n b e mad e i n a  singl e decisio n 
cycle ,  n o chang e ca n depen d o n a  previou s chang e bein g 
made (i.e. ,  n o string s o f  change s ar e allowed) .  Sinc e 
initiatin g a  moto r  actio n require s a  persisten t  chang e t o 
W M,  thi s restrictio n affect s th e behavio r  o f  dua l  task s lik e 
th e Wicken s task . 

As wit h th e Soar? ,  th e Soar-Operan d mode l  ha s n o 
executiv e control .  Th e hierarchical-operato r  modelin g idio m 
use d wit h Soar-Operan d propose s a  dual-tas k operato r  tha t 
i s  alway s selecte d i n thi s task .  Befor e learning ,  th e mode l 
doe s no t  kno w h o w t o appl y th e DUAL-TASK ,  s o a n impass e 
arises .  Unde r  differen t  perceive d condition s i n th e tas k 
environment ,  th e mode l  leam s t o appl y th e dual-tas k 
operato r  b y takin g differen t  moto r  action s (watchin g th e 
cursor ,  movin g th e joystick ,  etc.) .  Afte r  learning ,  th e sam e 
operato r  i s  alway s selected ,  bu t  th e automati c applicatio n o f 
tha t  operato r  differ s dependin g o n th e cunren t  environmenta l 
conditions . 

Wit h thi s approach ,  th e Soar-Operan d mode l  ca n mak e 
simultaneou s request s t o th e sam e moto r  processo r  an d ja m 
EPIC' s peripherals .  Thi s conflic t  als o cause s a n impass e t o 
aris e and ,  usin g tas k knowledg e (i.e. ,  th e choic e tas k ha s 
priorit y ove r  th e trackin g task) ,  th e Soar-Operan d mode l 
leam s h o w t o avoi d jamming .  Figur e 3  show s th e 
application s o f  th e DUAL-TAS K operato r  alon g th e Cognitio n 
line .  Th e selectio n o f  th e dual - tas k operato r  itsel f  i s  no t 
show n becaus e i t  i s  ubiquitou s an d it s differin g application s 
displa y th e model' s actua l  behavior . 

EPIC' s P P S cognitiv e processo r  an d th e executiv e contro l 
idiom .  P P S (parsimoniou s productio n system )  i s th e 
cognitiv e processo r  use d b y th e EPI C model .  PP S i s a  full y 
paralle l  productio n system :  a s soo n a s th e condition s o f  a 
productio n rul e ar e satisfie d b y th e content s o f  th e W M,  it s 
action s wil l  b e executed ,  withou t  an y conflic t  resolutio n 
mechanism .  A n y numbe r  o f  production s ca n b e execute d 
simultaneously .  A n operatio n i n P P S (suc h a s issuin g a 
command t o a  moto r  processor )  i s  implemente d b y on e 
singl e production ,  s o PPS' s production s ar e simila r  t o 
Soar' s operators .  PP S ha s n o learnin g mechanism . 

Th e EPI C modelin g idio m emphasize s th e executiv e 
proces s tha t  coordinate s betwee n th e tw o tasks .  Executive -
proces s production s explicitl y  kee p trac k o f  whic h procedura l 
ste p i s currentl y bein g worke d o n i n orde r  t o decid e o n th e 
nex t  procedura l  ste p o r  t o switc h t o a  tas k wit h highe r 
priority .  I n addition ,  executiv e contro l  knowledg e i s hand -
code d s o tw o moto r  command s wil l  neve r  b e sen t  t o th e 
same moto r  processor .  Thus ,  th e EPI C model' s peripheral s 

'  I n contrast ,  PEACTID M use s a  fla t  operato r  structur e 
consistin g onl y o f  th e A ,  C ,  T  &  I  operator s describe d above . 
The proble m doe s no t  aris e i n th e model s usin g th e PEACTID M 
idiom . 
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neve r  jam .  Kiera s an d Meye r  (1995 )  sho w h o w a  strongl y 
interleave d executiv e contro l  wa s necessar y t o obtai n goo d 
matc h t o th e data . 

Parallelism issues The main difference in liic three 
architecture/idio m combination s i s h o w the y handl e 
parallelism .  Bot h PP S an d Soar-Operan d allo w thei r  model s 

t o initiat e severa l  task-relate d action s i n a  singl e cycle :  fo r 
exampl e th e EPI C mode l  send s tw o moto r  command s a t 
tim e 10 0 ms ;  th e Soar-Operan d mode l  send s a  comman d an d 
perform s a n interna l  cognitiv e operatio n a t  tim e 55 0 m s 
(Figur e 3) . 

Althoug h S o a r 7 / P E A C T I D M ha s completel y sequentia l 
operato r  selectio n i t  stil l  provide s a  goo d matchin g t o th e 
data .  Thi s ca n b e explaine d b y th e stron g interruptibilit y o f 
thi s mode l  accomplishe d throug h Soar' s separatio n betwee n 
selectio n an d applicatio n o f  a n operator .  Fo r  instance ,  a t 
100 ms ,  th e S o a r 7 / P E A C T I D M mode l  initiate s a  m o v e -
JOYSTICK comman d bu t  i t  canno t  b e applie d righ t  away . 
T wo decisio n cycle s late r  th e mode l  realize s tha t  it s ey e i s 
no longe r  o n th e cursor ,  s o i t  shoul d no t  m o v e th e joystic k 
t o tr y t o trac k th e cursor .  I t  interrupt s th e MOVE-joystic k 
operato r  i n favo r  o f  a  wa tch-curso r  operator .  Thus ,  a 
highly-interruptibl e S o a r V / P E A C T I D M mode l  ca n functio n 
as effectivel y i n thi s tas k a s th e othe r  mor e paralle l  models . 
Onl y a t  tw o cycle s i n EPIC ,  an d on e cycl e i n Soar-Operan d 
i s th e parallel-actio n featur e o f  th e respectiv e architecture s 
used .  I n th e end ,  i t  appear s tha t  parallelis m i n cognitio n i s 
not  require d t o perfor m eve n a s rapi d an d tightl y measure d a 
tas k a s th e Wicken s task . 

Discussion 

The PEACTIDM Idiom 

Contrar y t o Coope r  an d Shallice' s (1995 )  concer n tha t  th e 
PEACTIDM idiom' s singl e channe l  mod e o f  operatio n 
woul d b e inappropriat e fo r  dual-tas k situations ,  ou r 
SoarV/PEACTID M mode l  provide s a s goo d fi t  t o th e dat a a s 
th e mor e paralle l  Soar-Operan d an d EPI C models .  W e 
believ e thi s i s  evidenc e tha t  th e P E A C T I D M idiom , 
sequentia l  thoug h i t  m a y be ,  shoul d no t  b e dismisse d ou t  o f 
hand fo r  dual-tasks . 

As note d i n previou s wor k wit h comple x real-tim e task s 
(e.g. .  Nelson ,  Lehman n &  John ,  1994) ,  th e behavio r  o f  th e 
P E A C T I DM idio m i n thi s mode l  ca n b e explaine d b y th e 
smal l  granularit y o f  th e operators ,  b y thei r  tigh t 
interieaving ,  an d b y th e featur e o f  th e Soa r  architectur e tha t 
operato r  selectio n an d operato r  applicatio n ca n b e separated . 
Thi s enable s th e selectio n o f  anothe r  operato r  befor e th e 
applicatio n o f  th e curren t  on e i s completed ,  a s wel l  a s th e 
abilit y t o b e interrupte d i n reactio n t o change s i n th e 
environment .  Thus ,  th e P E A C T I D M idio m provide s mor e 
parallelis m tha t  Coope r  an d Shallic e realized . 

Exploitin g th e selection/applicatio n separatio n capabilit y 
of  th e Soa r  architectur e i s essentia l  t o obtainin g a  goo d fit  t o 
th e huma n dat a wit h th e P E A C T I D M idiom .  A  preliminar y 
versio n o f  ou r  model ,  whic h differe d fro m th e final  versio n 
onl y i n tha t  i t  di d no t  exploi t  thi s separation ,  ha d a  tracking -
erro r  twic e a s hig h a s reporte d here .  Althoug h w e believ e ou r 
model  demonstrate s tha t  th e Soa r  architectur e wit h th e 

P E A C T I DM idio m i s  mor e flexible  tha n Coope r  an d 
Shallic e thought ,  thi s als o demonstrate s anothe r  o f  Coope r 
and Shallice' s points .  Th e complexit y o f  thes e architecture s 
(an d Soa r  i s  no t  alone )  require s a  substantia l  effort , 
programmin g a s wel l  a s readin g th e theory ,  t o mak e vali d 
pronouncement s o f  wha t  the y ca n an d canno t  do . 

Role of the Architecture and the Idiom 

I n th e cas e o f  thes e specifi c  models ,  i t  seem s tha t  th e 
choic e o f  th e architectur e an d o f  th e modelin g idiom , 
togethe r  wit h matchin g h u m a n data ,  impose d enoug h 
constrain t  t o lea d t o specifi c  model s whos e outpu t  i s 
similar .  Eac h mode l  ha s a  histor y o f  successiv e version s tha t 
wer e quit e fa r  fro m h u m a n performance ,  an d ha d t o b e 
improve d upon .  Kiera s an d Meye r  (1995 )  presen t  a n earlie r 
model  wit h a  simple r  executiv e proces s tha t  gav e 
unsatisfactor y result s (correc t  reactio n times ,  bu t  trackin g 
erro r  mor e tha n 1 0 0 % highe r  tha n huma n data) .  Chon g an d 
Lair d (1997 )  giv e th e whol e pat h fro m th e first  preliminar y 
Soar-Operan d model s (wit h result s simila r  t o th e first  E P I C 
model )  t o th e final  mode l  discusse d here .  The y describ e 
successiv e smal l  modification s (sometime s a s smal l  a s on e 
conditio n adde d t o a  production )  tha t  strongl y improve d th e 
results .  I n ou r  o w n model ,  th e dissociatio n betwee n 
selectio n an d applicatio n o f  operators ,  leadin g t o mor e 
interruptibilit y  an d interleaving ,  shrun k th e trackin g erro r  b y 
mor e tha n 5 0 % . 

Thi s answer s a n objectio n t o Soa r  brough t  u p b y Hun t 
and Luc e (1992) ,  tha t  tw o Soa r  modeler s coul d com e u p 
wit h tw o differen t  model s o f  a  sam e task .  Thi s i s  certainl y 
true .  Fo r  example ,  a  P E A C T I D M mode l  coul d hav e bee n 
implemente d i n Soar-Operan d wit h th e sam e result s a s th e 
Soar V model .  Alternatively ,  executive-proces s knowledg e 
coul d b e hand-code d int o eithe r  versio n o f  Soa r  t o mak e 
thos e model s simila r  t o EPIC's .  However ,  whe n th e 
architecture/idio m coupl e i s considered ,  thi s m a y no t  remai n 
true ,  th e field  o f  th e possibl e model s seem s t o b e muc h 
mor e restrained .  Th e rol e o f  th e modelin g idio m m a y tur n 
out  t o b e a s importan t  a t  tha t  o f  th e architectur e itself . 

Role of the Cognitive Processor 

Copper  an d Shallic e note d tha t  performanc e o f  Newell' s 
immediat e behavio r  model s di d no t  depen d heavil y o n th e 
Soar  cognitiv e architecture .  W e se e tha t  al l  thre e model s o f 
Wickens' s tas k als o suffe r  fro m thi s complaint .  I n eac h o f 
th e thre e models ,  mor e tha n a  thir d o f  th e cognitiv e cycle s 
ar e spen t  waitin g o r  doin g nothing .  Fo r  th e choic e task , 
wher e participant s wer e instructe d t o respon d a s quickl y a s 
possible ,  cognitio n i s o n th e critica l  pat h (i n gra y o n Figur e 
3)  onl y 2 0 t o 3 0 % o f  th e time .  O n th e othe r  hand ,  th e 
perceptua l  an d moto r  processor s (identica l  fo r  th e thre e 
models )  ar e th e mos t  importan t  contributors .  Fo r  example , 
th e ascendin g slop e o f  th e trackin g erro r  wit h targe t 
separatio n result s fro m th e fac t  that ,  i n eac h model ,  trackin g 
i s disable d whil e th e ey e move s an d i t  take s mor e tim e fo r 
th e ey e t o m o v e betwee n th e choic e stimulu s an d th e curso r 
when the y ar e furthe r  apart . 

Our  experienc e modelin g immediat e behavio r  i n thes e 
thre e architecture s lead s u s t o questio n whethe r  i t  i s  possibl e 
t o find  a  tas k tha t  woul d she d mor e ligh t  o n th e underlyin g 
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cognitiv e architecture .  T o differentiat e betwee n architectures , 
we nee d a  tas k wit h a  highe r  percentag e o f  cognitiv e 
operation s o n th e critica l  path .  However ,  i f  th e tas k i s  eve n 
faster ,  bu t  stil l  require s perceptio n an d moto r  response ,  th e 
behavio r  o f  th e peripheral s wil l  likel y dominate .  I f  th e tas k 

i s slowe r  bu t  mor e comple x s o mor e cognitio n i s  needed , 
the n thi s introduce s opportunit y fo r  individua l  difference s i n 
tas k execution .  Eve n wha t  see m lik e rapi d tasks ,  a  video -
game lik e th e Kanfer-Ackerma n A T C task © (Joh n & 
Lallement ,  1997) ,  o r  sentenc e verificatio n (Reder ,  1988) ,  o r 
a simpl e arithmeti c tas k (Siegler ,  1996) ,  hav e bee n show n 
t o hav e substantia l  difference s i n th e strateg y peopl e us e t o 
perfor m th e task .  Thus ,  th e effect s o f  a n individual' s prio r 
knowledge ,  problem-solvin g skill ,  visual-searc h skill ,  etc . 
wil l  dominat e ove r  th e effect s o f  th e underlyin g cognitiv e 
architecture .  Thi s migh t  b e addressabl e b y makin g model s o f 
individual s rathe r  tha n o f  aggregat e data ,  bu t  the n th e 
modelin g wor k multiplie s intractably . 

I t  appear s tha t  finding  a  singl e tas k tha t  woul d 
discriminat e amon g differen t  cognitiv e architecture s i s no t 
easy ,  i f  no t  impossible .  Newell' s  (1990 )  solutio n t o thi s 
proble m i s no t  t o loo k fo r  a  singl e task ,  bu t  t o brin g t o 
"bea r  large ,  divers e collection s o f  quasi-independen t  source s 
of  knowledg e -  structural ,  behavioral ,  functiona l  ~  tha t 
finally  allo w th e syste m t o b e pinne d down. "  (p .  22) .  I f  th e 
Wickens' s tas k ca n b e equall y wel l  modele d wit h a  se t  o f 
idiom/architectur e pairs ,  an d a  lower-leve l  tas k ca n b e 
equall y wel l  modele d wit h a  differen t  set ,  an d a  higher-leve l 
problem-solvin g o r  learnin g tas k wit h stil l  a  thir d set ,  the n 
th e intersectio n o f  thes e set s ma y poin t  towar d a  singl e 
idiom/architectur e pai r  tha t  explain s thi s larg e amoun t  o f 
behaviora l  data .  Thus ,  multipl e model s o f  th e sam e tas k i n 
differen t  idiom/architectur e pairs ,  an d consisten t  us e o f  a n 
idiom/architectur e pai r  acros s multipl e tasks ,  bot h mak e 
contribution s t o suc h a  researc h program . 

Theory/Implementation Gap 

Our  wor k als o corroborate s Coope r  an d Shallice' s poin t 
abou t  a  theory/implementatio n gap .  Eac h o f  thes e model s 
ar e ver y sensitiv e t o details ;  smal l  change s hav e bi g effect s 
and ever y detai l  o f  th e implementatio n i s  importan t  fo r  th e 
final  results .  Al l  th e detail s ar e no t  alway s provide d b y th e 
relevan t  documentatio n (especiall y shor t  conferenc e papers) , 
but  resid e onl y i n th e cod e itsel f  Fo r  example .  Coppe r  an d 
Shallice' s worr y abou t  a  rigi d singl e channe l  di d no t 
materializ e withi n th e detail s o f  a  runnin g Soa r  program . 
Also ,  ther e i s a  productio n i n th e EPI C mode l  tha t  allow s i t 
t o bypas s som e operation s relevan t  t o th e choic e tas k i f  th e 
same stimulu s appear s tw o consecutiv e times ,  savin g on e 
cognitiv e cycle .  Bein g activate d i n 5 0 % o f  th e cases ,  thi s 
singl e productio n lower s th e averag e reactio n tim e b y hal f 
th e duratio n o f  a  cognitiv e cycle ,  o r  2 5 m s (-3 % o f  th e 
observe d respons e time) .  Ou r  wor k extend s Coope r  an d 
Shallice' s comment s o n th e ga p betwee n th e theor y an d 
implementatio n o f  architecture s t o th e individua l  cognitiv e 
model s themselves .  I n orde r  t o completel y understan d wha t  a 
model  doe s an d h o w i t  doe s it ,  ever y detai l  counts ,  an d th e 
acces s t o th e progra m cod e i s necessary . 
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Abstrac t 

There has been a heated debate between connectionist 
and symboli c model s o n th e tas k o f  learnin g th e pas t 
tens e o f  Englis h verbs .  Claim s ar e ofte n made ,  bu t  no t 
ofte n justified ,  tha t  a  ne w mode l  ha s a  superio r  gen -
eralizatio n abilit y  t o th e previou s ones .  I n thi s paper , 
we first  se t  u p a  prope r  criterio n fo r  makin g comparison s 
betwee n models .  We poin t  ou t  a  crucia l  issu e i n compar -
iso n whic h ha s bee n largel y ignore d i n th e past .  The n 
we presen t  result s o n th e generalizatio n abilit y  o f  th e 
symboli c patter n associator ,  SPA.  We challeng e connec -
tionis t  researcher s t o desig n connectionis t  model s wit h 
simila r  o r  bette r  generalizatio n ability . 

In t roduct io n 

Learning the past tense of English verbs, a minor aspect 
of  languag e acquisitio n an d processing ,  ha s receive d ex -
tensiv e stud y i n th e las t  fe w years .  I n 1986 ,  Rumelhar t 
and McClellan d (1986 )  firs t  designe d an d implemente d 
a connectionis t  mode l  o f  past-tens e acquisition .  Claim s 
were mad e tha t  suc h connectionis t  models ,  whil e requir -
in g n o symbo l  processing ,  grammatica l  rules ,  o r  explici t 
representatio n a s i n th e traditiona l  grammatica l  theo -
ries ,  ar e bette r  model s fo r  past-tens e acquisitio n an d 
fo r  languag e acquisitio n i n general .  Ove r  th e years ,  a 
number  o f  criticism s o f  connectionis t  modelin g appeare d 
(Pinke r  k  Prince ,  1988 ;  Lachte r  t  Bever ,  1988 ;  Prasad a 
k Pinker ,  1993 ;  Lin g k  Marinov ,  1993) ,  an d ther e ha s 
been a  heate d debat e ove r  th e symboli c an d connection -
is t  modelin g o f  th e task .  Severa l  subsequen t  attempt s 
at  improvin g th e origina l  result s wit h ne w connectionis t 
modes hav e bee n mad e (Plunket t  &  Marchman ,  1991 ; 
Cottrel l  &  Plunkett ,  1991 ;  MacWhinne y k  Leinbach , 
1991;  Daughert y k  Seidenberg ,  1993) .  O n th e othe r 
hand ,  severa l  symboli c model s hav e bee n buil t  t o demon -
strat e thei r  superio r  generalizatio n abilitie s o n th e sam e 
tas k (Lin g k  Marinov ,  1993 ;  Ling ,  1994 ;  Moone y k 
CalilT ,  1995) .  However ,  i t  seem s quit e possibl e tha t  a 
bette r  connectionis t  mode l  (o r  symboli c model )  ca n al -
ways b e constructe d t o outperfor m th e previou s coun -
terpar t  o n th e generalizatio n accuracy . 

I n thi s paper ,  w e attemp t  t o se t  ou t  som e criteri a fo r  a 
prope r  compariso n betwee n competin g models .  W e wil l 
als o discus s a  crucia l  issu e whic h ha s bee n largel y ignore d 
i n th e previou s modelin g o f  pas t  tens e acquisition . 

A Proper Comparison Criterion 

A computational model of any learning ta.sk consists 
of  man y components :  th e learnin g algorith m (an d it s 
parameters) ,  dat a samplin g method ,  trainin g regim e 

(batc h o r  on-line ,  orde r  o f  presentation) ,  an d represen -
tatio n forma t  o f  th e dat a (se t  o f  attributes) .  Eac h com -
ponen t  ca n affec t  dramaticall y th e learnin g behavio r  o f 
th e model .  Clearly ,  t o compar e tw o differen t  learnin g 
model s o n th e sam e task ,  w e mus t  kee p al l  component s 
whic h ar e commo n t o th e tw o model s constant .  Suc h 
a practic e ha s bee n use d widel y i n th e machin e learn -
in g community .  Resul t  o f  compariso n base d o n differen t 
representations ,  fo r  example ,  i s  no t  ver y meaningful . 

However ,  on e complicatio n i n comparin g differen t 
learnin g model s i s tha t  th e component s i n model s ma y 
not  b e independent .  Fo r  example ,  symboli c learnin g 
algorithm s ca n us e multiple-value d discret e attribute s 
directly ,  whil e connectionis t  model s normall y tak e dis -
tribute d representation .  Whe n thi s occurs ,  w e shoul d 
allo w model-specifi c  component s t o b e different ,  an d t o 
be optimize d fo r  th e learnin g behavio r  o f  th e model .  Fo r 
example ,  whil e keepin g everythin g els e th e same ,  a n op -
tima l  distribute d representatio n shoul d b e use d i n con -
nectionis t  models .  I n addition ,  algorithm' s parameter s 
ar e mode l  specific ,  an d the y shoul d b e carefull y chose n 
t o optimiz e it s performance . 

The sam e criterio n shoul d b e applie d t o th e structur e 
of  differen t  models .  Th e paradig m (o r  genera l  structure ) 
of  th e symboli c an d connectionis t  model s i n compariso n 
must  match .  Thi s issu e i s furthe r  discusse d i n th e fol -
lowin g section . 

SPA and Corresponding Connectionist 

Models 

We us e SP A (Lin g k  Marinov ,  1993 ;  Ling ,  1994 )  a s th e 
symboli c mode l  fo r  th e pas t  tens e learning .  SP A i s a 
general-purpos e N-to- M ( N inpu t  attribute s t o M outpu t 
attributes )  patter n associato r  whic h essentiall y  applie s 
th e N-to- 1 decision-tre e classifie r  ID 3 (Quinlan ,  1986 )  M 
times .  Give n a  se t  o f  pattern s containin g N  inpu t  at -
tribute s an d M outpu t  attributes ,  M decisio n tree s ar e 
buil t  b y th e SPA ,  on e fo r  eac h outpu t  attribute .  Wit h 
each tre e determinin g on e attribut e valu e i n th e output , 
M tree s wil l  collectivel y predic t  th e whol e outpu t  pat -
tern .  Fo r  th e ver b past-tens e learning ,  th e inpu t  pattern s 
ar e phonem e letter s i n th e ver b base ,  wit h a  max imu m 
of  N  phonem e letters .  Similarly ,  th e outpu t  pattern s ar e 
phoneme letter s i n th e pas t  ten.se ,  wit h a  max imu m o f 
M phonem e letters .  Fo r  detail s o f  SPA ,  als o se e (Lin g k 
Marinov ,  1993 ,  page s 248-255) . 

I n general ,  SP A i s simila r  i n structur e t o layered ,  feed -
forwar d connectionis t  models .  However ,  severa l  vari -
ation s exist .  Differen t  SP A architecture s shoul d b e 
matche d t o differen t  connectionis t  architectures .  I n com -
parison ,  a  matchin g architectur e mus t  b e chosen ,  other -
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wis e th e superiorit y o f  a  mode l  ma y no t  b e claime d sinc e 
i t  ma y compar e t o a  "strawman "  o f  anothe r  model . 

Ther e ar e thre e structure s (versions )  o f  SP A whic h 
hav e thei r  correspondence s i n connectionis t  models .  I n 
th e firs t  versio n o f  SPA ,  th e origina l  C4. 5 i s calle d i n 
constructin g decisio n tree s fo r  outpu t  attributes .  Thi s 
versio n o f  SP A wit h th e origina l  C4. 5 i s equivalen t  i n 
structur e t o th e feedforward ,  layere d connectionis t  mod -
els ,  wit h link s connectin g betwee n layer s o f  units . 

I n th e origina l  C4.5 ,  however ,  whe n classifyin g a  ne w 
exampl e afte r  th e decisio n tre e i s built ,  i f  th e ne w ex -
ampl e fall s  int o a n empt y lea f  wher e n o trainin g exam -
ple s hav e fallen ,  C4. 5 woul d us e th e majorit y clas s i n 
tha t  branc h a s th e class .  W e cal l  thi s strateg y major -
it y defaul t  strategy .  Thi s strateg y i s clearl y no t  idea l  fo r 
learnin g pas t  tense ,  sinc e th e ste m o f  a  regula r  ver b i s 
alway s "copied "  int o th e pas t  tense ,  rathe r  tha n takin g 
th e mos t  popula r  lette r  fro m othe r  regula r  verbs . 

I n a n improve d versio n o f  SPA ,  a n adaptiv e defaxd t 
strateg y i s implemente d (Ling ,  1994) .  Th e ide a cam e 
fro m MacWhinne y an d Leinbac h (1991) :  thei r  connec -
tionis t  model s hav e "copy "  links ,  whic h connec t  directl y 
fro m th e inpu t  unit s t o th e outpu t  units .  Thi s facilitate s 
th e identif y cop y o f  ver b ste m int o pas t  tense .  How -
ever ,  th e suffi x  o f  th e pas t  tens e shoul d no t  b e copied , 
thus ,  suc h cop y link s als o compet e wit h link s connect -
in g betwee n layers .  Similarl y i n thi s SPA ,  ther e i s als o a 
competitio n betwee n th e "cop y defaul t  strategy "  an d th e 
"majorit y defaul t  strategy "  (thus ,  w e cal l  i t  th e adaptiv e 
defaul t  strategy) .  Basically ,  i f  a  testin g exampl e f a I s i n 
a lea f  whic h i s empty ,  SP A decide s whic h defaul t  strat -
egy t o take .  I f  mor e example s i n thi s branc h us e th e 
cop y strateg y tha n th e majorit y strategy ,  the n th e cop y 
strateg y i s use d fo r  thi s testin g example ;  otherwise ,  th e 
majorit y strateg y i s employed . 

The versio n o f  SP A wit h adaptiv e defaul t  i s  equivalen t 
i n structur e t o feedforwar d connectionis t  model s wit h 
direc t  connection s betwee n inpu t  an d outpu t  units . 

I n th e thir d versio n o f  SP A (whic h i s reall y a  rep -
resentatio n change) ,  a n N-to- N patter n mappin g prob -
le m i s change d t o a n N-to- 1 classificatio n proble m b y 
usin g a  movin g window ,  a s use d i n NETtal k (Sejnowsk i 
& Rosenberg ,  1987) .  Basically ,  a  windo w o f  a  certai n 
widt h move s fro m lef t  t o righ t  t o th e N  inpu t  attributes . 
At  eac h time ,  th e outpu t  attribut e a t  th e cente r  o f  th e 
windo w i s learne d an d predicted ,  usin g inpu t  attribute s 
currentl y i n th e window .  Thi s representatio n forma t  ef -
fectivel y make s th e specifi c  positio n o f  linearl y ordere d 
attribute s irrelevant :  th e regularit y i s learne d accordin g 
t o th e attribut e i n th e cente r  o f  th e windo w an d it s lef t 
and righ t  neighbours .  Fo r  th e ver b pas t  tense ,  instea d 
of  learnin g regula r  suffixatio n a t  difTeren t  position s (an d 
thu s reducin g th e trainin g se t  o n eac h position) ,  regu -
la r  sufl[ixatio n i s learne d a t  on e position :  th e cente r  o f 
th e window .  I n addition ,  i t  ca n dea l  wit h verb s o f  an y 
length . 

Thi s versio n o f  SP A wit h movin g windo w i s equivalen t 
i n structur e t o feedforwar d connectionis t  model s wit h 
movin g windo w representation ,  o r  th e recurren t  connec -
tionis t  model s (Elman ,  1990) ,  whic h use s recurren t  link s 
and recurren t  unit s t o memoriz e th e attribute s outsid e 
th e inpu t  attributes .  Recurren t  network s hav e bee n use d 
i n pas t  tens e acquisitio n previousl y (Cottrel l  &  Plunkett , 
1991) . 

W h en comparin g t o SPA ,  a  connectionis t  mode l  whos e 
structur e i s equivalen t  t o SP A .shoul d b e chosen .  Tha t 

is ,  result s fro m SP A wit h th e majorit y defaul t  strateg y 
shoul d b e matche d t o th e one s fro m feedforwar d net -
works ,  result s fro m SP A wit h th e adaptiv e defaul t  strat -
egy shoul d b e matche d t o th e one s fro m feedforwar d 
network s wit h direc t  link s fro m inpu t  t o outpu t  units , 
and result s fro m SP A wit h movin g windo w shoul d b e 
matche d t o th e one s fro m recurren t  network s o r  feedfor -
war d network s wit h movin g window . 

What to Compare 

Most computational models of past tense learning focus 
on bot h thei r  generalizatio n abilit y  (predictiv e accuracie s 
on unsee n verbs) ,  an d o n psych-linguisti c behavior s o f 
th e model s compare d t o humans .  W e wil l  discus s th e 
generalizatio n abilit y  o f  th e model s i n thi s paper ,  an d a n 
importan t  is.su e o f  generalizatio n whic h ha s bee n largel y 
ignore d i n previou s models . 

I n man y previou s model s o n pas t  tens e learning ,  onl y 
a handfu l  verb s wer e remove s (sometime s hand-picked ) 
fro m th e trainin g se t  fo r  th e testin g purpose ,  an d onl y 
one ru n wa s made .  Suc h result s wer e no t  reliabl e fo r 
severa l  reasons :  First ,  connectionis t  model s (a s wel l  a s 
decision-tre e symboli c models )  ar e computationall y pow -
erful .  Wit h a  prope r  networ k architectur e an d enoug h 
trainin g examples ,  the y ca n represen t  an y arbitraril y 
comple x mappings .  Thus ,  wit h a  ver y larg e trainin g set , 
th e predictiv e accurac y o f  suc h model s tend s t o b e "sat -
urated" ,  an d th e differenc e i n predictiv e accuracie s o f 
difi'eren t  model s tend s t o b e minimized .  Therefore ,  t o 
boos t  th e differenc e betwee n tw o model s i n comparison , 
one mus t  us e relativel y smal l  trainin g sets .  I t  woul d als o 
be usefu l  t o compar e model' s behavio r  wit h tha t  o f  hu -
man o n smal l  trainin g sets .  Therefore ,  a  learnin g curv e 
whic h reflect s testin g accuracie s fo r  trainin g set s wit h 
ver y smal l  t o larg e size s i s crucia l  fo r  comparin g models . 

The secon d proble m i s tha t  whe n th e testin g se t  i s  to o 
small ,  th e testin g accurac y i s no t  reliable .  Multipl e run s 
shoul d b e performe d t o ge t  average d results .  Finally , 
samplin g o f  trainin g an d tes t  set s shoul d b e don e ran -
domly .  Thi s eliminate s huma n interferenc e an d improve s 
th e reliabilit y  o f  th e result . 

I n thi s paper ,  w e trai n SP A o n randoml y sample d 
trainin g set s o f  differen t  size s t o produc e learnin g curve s 
unde r  variou s settings . 

SPA Results 

We present SPA's results on the generalization ability 
i n thi s section .  Th e dataset s use d ca n b e downloade d 
anonymousl y fro m th e author' s we b site .  Togethe r  wit h 
SPA program s a t  th e sam e site ,  th e result s reporte d her e 
can b e replicate d easil y b y othe r  researchers . 

Representation Format 

Our verb set came from MacWhinney's original list of 
verbs .  Th e se t  contain s abou t  140 0 ver b ste m an d pas t 
tens e pairs .  Learnin g i s base d upo n th e phonologica l 
U N I B ET representatio n (MacWhinney ,  1990) ,  i n whic h 
differen t  phoneme s ar e represente d b y differen t  alpha -
beti c an d numerica l  letters .  Ther e i s a  tota l  o f  3 6 
phonemes .  Fo r  example ,  Tabl e 1  list s severa l  verb s i n 
spellin g form ,  an d i n differen t  U N I B E T representatio n 
format s (se e Sectio n fo r  mor e details) .  Pair s o f  ver b 
ste m an d pas t  tens e i n U N I B E T representatio n ar e use d 
i n th e learnin g tasks . 
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Tabl e 1 :  Differen t  representatio n format s o f  severa l  sampl e verb s an d thei r  pas t  tenses . 

bpelUn g 

abando n 
abandone d 
blen d 
blende d 
attac k 
attacke d 
aris e 
aros e 
become 
became 

U N I B ET 

6bftnd6 n 
6b&nd6n d 
blEn d 
blEndI d 
6tt k 
etftk t 
6r3 2 
6ro 2 
blk6 m 
blke m 

Templat e 
CCCVVCCCVVCCCVVCCC 

6_b &_nd_e_ n 
6_b ll_nd_6_nd _ 

bl_E_n d 
bl_E_nd_I_ d 

6_t__*_ k 
6_t__ft_k t 
6_r__3_ z 
6_r  o_ z 

b__I_k__6_ m 
b I_ k e_ m 

Leit-jiistifie d 
PPPPPPPPPPPPPPP 
6bftnd6 n 
6bftnd6n d 
blEn d . . 
blEndI d 
6ta k 
etftk t 
6r3 z 
6ro z 
blk6 m 
bike m 

Right-justifie d wit h Cod a 
PPPPPPPPPPPPPPP V C 

6b&nd6 n 
6bftnd6 n _ d 

blEn d 
blEn d I d 

6t& k 
6t& k _ t 
6r3 z 
6ro z 

blk6 m 
bIke m _ _ 

I n th e past ,  severa l  differen t  representatio n format s 
have bee n use d i n learning .  Here ,  w e hav e chose n th e 
thre e mos t  popula r  ones . 

Template Representation This representation is 
suggeste d b y MacWhinne y an d Leinbac h (1991) .  Bot h 
inpu t  an d outpu t  pattern s ar e fitted  i n template s i n th e 
forma t  o f  C C C V V C C C V V C C C V V C C C,  wher e C  stand s 
fo r  consonan t  an d V  fo r  vowe l  spac e holders .  A  simi -
la r  template ,  C C C V V C C C,  wa s use d i n Daughert y an d 
Har e (1993)' s connectionis t  model .  Th e ide a behin d thi s 
representatio n i s t o alig n consonant s an d vowel s s o tha t 
th e endin g lette r  o f  regula r  verb s an d similarit y pattern s 
i n certai n irregula r  verb s ar e i n mor e deterministi c  posi -
tions .  Se e example s i n Tabl e 1 . 

Left-Justified Representation This repre.sentation 
i s straightforwar d left-justifie d phonem e letter s wit h a 
tota l  lengt h o f  1 5 (n o ver b o r  pas t  tens e ha s mor e tha n 
15 phonemes) .  W e us e P P P P P P P P P P P P P PP t o denot e 
suc h representation ,  wher e P  i s a  phoneme .  Se e Tabl e 1 
fo r  example s o f  th e left-justifie d representation . 

Right-justified Representation with Coda In 
(MacWhinney ,  1993) ,  a  ne w representatio n i s u.sed .  Th e 
inpu t  (fo r  th e ver b stem )  i s code d b y th e right-justifie d 
templat e C C C V V C C C V V C C C V V C C C;  th e outpu t  con -
tain s tw o parts ,  a  right-justifie d templat e tha t  i s  th e 
same a s th e on e i n th e input ,  an d a  cod a i n th e for m 
of  VC .  Th e right-justifie d templat e i n th e outpu t  i s  use d 
t o represen t  th e pas t  tens e withou t  includin g th e suffi x 
fo r  th e regula r  verbs .  Th e suffi x o f  th e regula r  pas t  tens e 
occur s i n (an d onl y in )  th e coda .  Fo r  th e irregula r  pas t 
tense ,  th e cod a i s lef t  empty .  However ,  a s w e wil l  se e 
later ,  template s reall y d o no t  hel p i n generalization ,  s o 
we simpl y us e non-template d right-justifie d representa -
tio n i n th e mai n part .  Se e Tabl e 1  fo r  examples . 

I t  i s  expecte d tha t  suc h dat a representatio n facilitate s 
learning .  Fo r  th e regula r  verbs ,  th e mai n outpu t  pat -
tern s ar e alway s identica l  t o th e inpu t  patterns ,  an d th e 
verb-endin g phonem e lette r  alway s appea r  a s th e las t 
lette r  o f  th e right-justifie d part .  Becaus e irregula r  pas t 
tense s hav e a n empt y coda ,  i t  allow s learnin g algorithm s 
t o distinguis h regula r  verb s fro m irregula r  verb s i n th e 
trainin g set . 

Sinc e SP A ca n tak e symboli c attribute s directl y a s 
input ,  SP A i s applie d t o th e phonem e letter s directl y 
fo r  al l  o f  thos e repre.sentatio n formats .  Fo r  th e tem -

plat e representation ,  1 8 decisio n tree s wer e buil t  fo r  eac h 
phoneme lette r  i n th e outpu t  templates ,  takin g inpu t 
fro m 1 8 template d inpu t  phonem e etters .  Fo r  th e left -
justifie d representation ,  1 5 decisio n tree s wer e buil t  fo r 
each phonem e lette r  i n th e output ,  takin g inpu t  fro m 
15 left-justifie d inpu t  phonem e letters .  Fo r  th e right -
justifie d representation ,  1 7 (15+2 )  decisio n tree s wer e 
buil t  fo r  eac h phonem e lette r  i n th e output ,  takin g inpu t 
fro m 1 5 right-justifie d inpu t  phonem e letters .  Fo r  SP A 
wit h movin g window ,  onl y on e decisio n tre e i s built ,  an d 
thi s tre e i s use d fo r  predictin g eac h outpu t  phonem e i n 
th e pcis t  tense . 

Learning both Regular and Irregular Verbs 

Fro m a  whol e se t  o f  abou t  1,40 0 regula r  an d irregula r 
verbs ,  w e randoml y sampl e trainin g se t  o f  variou s size s 
withou t  replacement ,  an d us e th e res t  o f  th e verb s a s 
th e testin g sets .  Thus ,  trainin g an d testin g set s ar e dis -
joint ,  an d tes t  set s ar e maximize d fo r  mor e reliabl e re -
sults .  Thre e differen t  representatio n format s (template , 
left-justified ,  right-justified )  ar e use d i n th e experiment . 
For  each ,  SP A wit h thre e diiTeren t  architecture s (major -
it y defaul t  strategy ,  adaptiv e defaul t  strategy ,  an d mov -
in g window )  ar e tested .  Fo r  eac h trainin g size ,  repre -
sentatio n format ,  an d architecture ,  1 0 rando m sample s 
ar e made ,  an d predictiv e accuracie s ar e average d an d 
recorde d i n Tabl e 2 . 

Fro m th e table ,  severa l  interestin g conclusion s ca n 
be drawn .  First ,  comparin g vertically ,  w e se e tha t  th e 
templat e representatio n i s no t  particularl y beneficia l  i n 
learning ,  sinc e th e testin g accuracie s ar e comparabl e t o 
th e left-justifie d representation .  Th e mai n reaso n fo r  thi s 
i s tha t  th e verb s hav e variou s lengths ,  s o th e ending s o f 
regula r  verb s ar e stil l  distribute d i n variou s place s i n 
th e templates ,  an d nee d t o b e learne d separately .  How -
ever ,  th e templat e make s i t  har d t o locat e th e endin g 
phoneme i n th e ver b stem :  seein g a n empt y spac e (wit h 
a non-empt y lef t  neighbor )  doe s no t  impl y tha t  th e ver b 
has com e t o a n end ,  whil e i n th e left-justifie d represen -
tation ,  i t  can .  Thi s i s als o wh y th e result s o f  SP A wit h 
movin g windo w o n th e templat e representatio n ar e ver y 
bad. 

Second ,  th e right-justifie d representatio n ofte n ha s th e 
best  testin g accuracies .  Thi s i s expectable ,  becaus e th e 
las t  phonem e o f  ver b stem s i s locate d a t  th e fixed  lo -
cation .  Predictiv e accuracie s fo r  regula r  verb s ar e ofte n 
much improved . 

Third ,  horizontally ,  th e SP A wit h th e adaptiv e defaul t 
strateg y outperform s SP A wit h C4.5' s majorit y defaul t 
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Tabl e 2 :  Testin g accuracie s o f  SP A o n regula r  an d irregula r  verb s wit h variou s trainin g size s (50 ,  100 ,  500 ,  an d 1000) . 
Testin g accuracie s o f  HV A wit h majorit y defaul t  strateg y 

Datase t 
5(3 
100 
500 
1000 

(Equivalen t  t o feedforwar d networks ) 

51. 6 
79. 0 
82. 3 

Templat e 
Irr g I  C o m b 

6. 8 
14. 5 
23. 5 

47. 0 
72. 4 
76. 3 

48. 0 
80. 4 
84. 5 

Left-justifie d 
C o mb 

5. 5 
13. 4 
18. 5 

"TO " 
43. 6 
73. 6 
77. 4 

1 ^ . 

57.5 
82. 2 
87. 1 

Right-justitie d 
Irr g 

"X T 
3. 8 
13. 2 
20. 0 

Comb 

52.0 
75. 2 
80. 0 

Testin g accuracie s o f  SP A wit h adaptiv e defaul t  strateg y 
(Equivalen t  t o feedforwar d network s wit h direc t  link s fro m inpu t  t o output ) 

Datase t 
- 5 0 -

100 
500 
1000 

Tl i 
Templat e 

63. 1 
81. 1 
83. 1 

7. 9 
14. 7 
23. 5 

Comb 

57. 4 
74. 3 
76. 7 

S " 

Left-justihe d 

65. 0 
83. 2 
85. 3 

irr g 
X T 
6. 4 
13. 4 
18. 5 

Comb 
-5F T 
58. 9 
76. 2 
78. 2 

Ti ; 
Right-justifie d 

C o mb 

87. 9 
88. 4 
89. 5 

rr 

4. 4 
14. 1 
20. 5 

"TO " 
79. 3 
80. 9 
82. 2 

Testin g accuracie s o f  SP A wit h movin g windo w 
(Equivalen t  t o recurren t  networks ) 

Datase t 

50 
100 
500 
1000 

Templat e | 
Heg 
20. 4 
31. 9 
61. 5 
73. 9 

irr g 

7. 1 
8. 9 
16. 0 
24. 2 

Comb 
19. 0 
29. 6 
56. 4 
68. 6 

Left-justifie d 
Heg 
79. 7 
86. 6 
89. 0 
89. 3 

Irr g 

6. 3 
5. 9 
14. 1 
16. 3 

Comb 
72. 1 
78. 3 
81. 4 
81. 6 

Right-justifie d 
Reg 
84. 4 
88. 3 
87. 8 
88. 8 

Irr g 

4. 6 
3. 3 
11. 6 
16. 6 

C o mb 

76. 2 
79. 5 
80. 0 
81. 2 

strategy .  I n addition ,  SP A wit h movin g windo w pro -
duce s th e bes t  result s (excep t  fo r  th e templat e represen -
tation ,  fo r  th e reaso n discusse d earlier) . 

Last ,  i t  i s eviden t  tha t  eve n wit h 5 0 verb s i n th e train -
in g set ,  th e overal l  predictiv e accurac y o n unsee n regula r 
and irregula r  verb s i s quit e high :  wit h th e right-justified , 
movin g windo w representation ,  i t  reache s 76.2% .  W e 
plo t  th e learnin g curv e o f  SP A wit h th e right-justified , 
movin g windo w representatio n i n Figur e 1 . 

Figur e 1 :  Learnin g curv e o f  predictin g unsee n testin g 
verbs . 

'  Itegal u in d ineguU r  Verb * 
-  t -  Rcgal v Vei* .  onl y 

Trainin g size s 

Learnin g O n l y Regula r  Ve rb s 

Predictin g th e pas t  tens e o f  a n un.see n verb ,  whic h ca n b e 
eithe r  regula r  o r  irregular ,  i s  no t  a n eas y task .  Irregula r 
verb s ar e no t  learne d b y rot e a s traditionall y thought , 

sinc e childre n an d adult s occasionall y exten d irregula r 
inflectio n t o irregular-soundin g regula r  verb s o r  pseud o 
verb s (suc h a s clee f  — deft )  (Prasad a &  Pinker ,  1993) . 
Pinke r  (1991 )  an d Prasad a an d Pinke r  (1993 )  argu e tha t 
regula r  pas t  tense s ar e governe d b y rules ,  whil e irregular s 
may b e generate d b y th e associate d memory ,  whic h ha s 
thi s grade d effec t  o f  irregula r  pa.st-tens e generalization . 
I t  woul d b e interesting ,  therefore ,  t o compar e SP A an d 
connectionis t  model s o n th e past-tens e generalizatio n o f 
regula r  verb s only .  Thi s ma y no t  b e a  psychologicall y 
plausibl e experiment ,  bu t  th e purpos e her e i s t o compar e 
th e generalizatio n abilit y  o f  th e tw o models . 

Not e tha t  eve n i f  on e use s templat e o r  left-justifie d 
representations ,  learnin g regula r  pas t  tense s i s no t  a s 
easy a s on e migh t  think .  Sinc e regula r  verb s var y i n 
length ,  regula r  inflectio n require s learnin g suffixatio n 
rule s a t  differen t  positions .  I n addition ,  instea d o f  "jus t 
add ed "  (a s i n th e spelling) ,  ther e ar e thre e differen t  suf -
fixes  fo r  regula r  verb s i n phonologica l  form .  Whe n th e 
ver b ste m end s wit h t  o r  d  (UNIBE T phoneti c represen -
tations) ,  the n th e suffi x i s  Id .  Fo r  example ,  exten d — 
extende d (i n spellin g form) .  Whe n th e ver b ste m end s 
wit h a n unvoice d consonant ,  th e suffi x  i s  t .  Fo r  example , 
tal k — talked .  Whe n th e ver b ste m end s wit h a  voice d 
con.sonan t  o r  vowel ,  th e suffi x  i s  d .  Fo r  example ,  solv e 
— solved .  Mor e example s ca n b e foun d i n Tabl e 1 . 

We use d th e sam e trainin g sizes ,  representatio n for -
mats ,  an d SP A architecture s a s i n th e previou s sectio n 
i n testin g regula r  verbs .  Th e testin g accuracie s average d 
over  1 0 run s ca n b e foun d i n Tabl e 3 . 

Clearly ,  th e sam e conclusion s ca n b e draw n fo r  regu -
la r  verb s a s i n th e las t  section .  Further ,  i t  i s  clea r  tha t 
learnin g regula r  verb s onl y i s muc h easier .  Th e predic -
tiv e accuracie s ar e ver y hig h (ove r  98%) ,  eve n wit h 5 0 
regula r  verb s i n trainin g .sets ,  whe n SP A wit h movin g 
windo w i s applie d t o th e right-justifie d representation . 
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Tabl e 3 :  Testin g accuracie s o f  S P A o n regula r  verb s wit h 
variou s trainin g size s (50 ,  100 ,  500 ,  an d 1000) . 

S PA wit h majorit y defaul t  strateg y 
(Equivalen t  t o feedforwar d networks ) 

Uatase t 
Reg 5 0 
Reg 10 0 
Reg 50 0 
Reg 100 0 

Templat e 
Reg 
33. 4 
60. 8 
88. 6 
92. 8 

L-justifte d 
Reg 
26. 2 
52. 1 
92. 1 
96. 9 

R-justihe d 
Reg 
40. 9 
64. 2 
93. 4 
97. 2 

S PA wit h adaptiv e defaul t  strateg y 
(Equivalen t  t o feedforwar d network s 

wit h direc t  link s fro m inpu t  t o output ) 

Datase t 
Reg 5 0 
Reg 10 0 
Reg 50 0 
Reg 100 0 

Templat e 
Reg 
53. 9 
72. 4 
90. 7 
93. 8 

L-justifie d 
Reg 
54. 4 
71. 0 
94. 3 
97. 7 

R-justifie d 
Reg 
95. 4 
97. 4 
99. 8 
99. 8 

S PA wit h movin g windo w 
(Equivalen t  t o recurren t  networks ) 

Uatase t 
Reg 5 0 
Reg 10 0 
Reg 50 0 
Reg 100 0 

Templat e 
Reg 
22.' 2 
37. 3 
73. 3 
82. 9 

L-justiHe d 
Reg 
88. 7 
95. 3 
99. 2 
99. 7 

R-justifie d 
Keg 
98. 0 
99. 2 
99. 9 
99. 8 

Again ,  w e plo t  th e learnin g curv e o f  SP A wit h th e right -
justified ,  movin g windo w representatio n i n Figur e 1 . 

A Challenge for Better Connectionist 

Models 

As discussed in earlier, when comparing two learning 
models ,  w e shoul d kee p th e component s common t o th e 
tw o model s th e same .  W e hav e obtaine d SPA' s predic -
tiv e accuracie s wit h variou s trainin g sizes ,  representatio n 
formats ,  a s wel l  a s structure s o f  th e model .  Result s fro m 
connectionis t  model s shoul d b e obtaine d unde r  th e .sam e 
settin g t o mak e th e compariso n meaningful .  I n anothe r 
word ,  result s fro m connectionis t  model s wit h a  ver y dif -
feren t  settin g canno t  b e compare d t o th e one s reporte d 
here . 

I n th e previou s publication ,  onl y fe w publishe d re -
sult s fro m connectionis t  model s ca n b e compare d head -
to-hea d t o th e one s i n thi s paper .  Fro m Tabl e 2 ,  th e av -
erag e testin g accurac y o f  SPA ,  wit h th e majorit y defaul t 
strateg y an d 50 0 trainin g example s i n th e templat e rep -
resentation ,  i s  72.4% .  Wit h th e sam e setting ,  Lin g (1994 , 
Page 222 )  reporte d tha t  th e averag e testin g accurac y o f 
th e correspondin g connectionis t  mode l  (hi s implementa -
tion )  i s  56.6% .  Fro m Tabl e 3 ,  th e averag e testin g accu -
racie s o f  SPA ,  wit h th e majorit y an d adaptiv e defaul t 
strategie s an d 5 0 trainin g verb s represente d i n template , 
ar e 33.4 % an d 53.9 % respectively ,  whil e th e correspond -
in g connectionis t  model s onl y 7.3 % an d 14.6 % re.spec -
tivel y (Ling ,  1994 ,  pag e 223) .  Th e differenc e i s  quit e 
significant . 

However ,  w e di d no t  ru n extensiv e experiment s o n 
connectionis t  model s i n thi s paper ,  becaus e ther e ar e s o 
many detailed ,  model-specifi c  desig n choice s an d param -
eter s i n modeling ,  tha t  suc h experiment s shoul d b e bes t 

performe d b y expert s i n th e area .  S o m e o f  thes e desig n 
choice s includ e th e numbe r  o f  hidde n layers ,  th e numbe r 
of  unit s i n eac h layer ,  th e distribute d representation ,  th e 
learnin g algorith m an d it s parameters ,  encodin g an d de -
codin g methods ,  an d overfittin g controls . 

Therefore ,  w e pos e a  challeng e t o connectionist s t o 
construc t  connectionis t  model s wit h simila r  o r  bette r 
generalizatio n accuracie s unde r  th e sam e settin g com -
m on t o bot h models . 

Conclusions 

I n thi s paper ,  w e outline d a  prope r  criterio n t o conduc t 
a fai r  an d reliabl e compariso n betwee n connectionis t  an d 
symboli c models .  W e als o sugges t  tha t  th e learnin g curv e 
of  predictiv e accuracie s wit h variou s trainin g size s shoul d 
be regarde d a s a  crucia l  issu e i n mode l  comparison .  I f  a 
model  i s claime d t o hav e a  bette r  generalizatio n ability , 
it s superio r  predictiv e accurac y o n smal l  trainin g set s i s 
particularl y salient . 

We the n presente d result s fro m SP A unde r  variou s 
commonl y use d representatio n format s an d structures . 
Each structur e o f  SP A correspond s t o a  certai n archi -
tectur e o f  connectionis t  models .  Al l  o f  th e dataset s use d 
and th e SP A program s ca n b e accesse d on-line .  W e hop e 
tha t  connectionis t  researcher s ca n tak e th e dat a an d de -
sig n connectionis t  network s wit h bette r  generalizatio n 
accuracie s unde r  th e sam e settin g commo n t o bot h mod -
els . 
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Abstrac t 

A scries of experiments are presented that replicate the 

mediate d primin g effec t  (e.g. ,  lion-stripes )  usin g a  namin g 

latenc y task ,  an d demonstrate s tha t  mediate d primin g doe s 

not  rel y o n weak ,  bu t  direct ,  semanti c relationship s o r 

lexica l  co-occurrenc e a s suggeste d b y McKoo n an d Ratchf f 

(1992) .  Th e magnitud e o f  mediate d primin g i s no t 

negativel y correlate d wit h eithe r  semanti c relatednes s o r 

lexica l  co-occurrenc e a s M c K o o n an d Ratclif f  woul d 

predict .  Furthermore ,  w e sho w tha t  difference s i n th e 

contextua l  natur e o f  th e prim e -  targe t  pair s affect s whethe r 

or  no t  mediate d primin g occurs .  Thes e finding s ar e 

discusse d i n th e contex t  o f  th e H A L memor y mode l 

suggestin g a  vie w o f  "mediated "  primin g tha t  i s  mor e 

consisten t  wit h a  distribute d representationa l  view . 

Semantic priming refers to the advantage in responding to a 

targe t  whe n precede d b y a  relate d prim e compare d t o a  targe t 

precede d b y a n unrelate d prim e (e.g. ,  cat-do g v s cell-dog) . 

Presumably ,  thi s occur s du e t o th e direc t  relationshi p 

betwee n th e prim e an d target .  However ,  semanti c primin g 

ca n als o occu r  fo r  item s tha t  hav e bee n argue d t o b e no t 

directl y related ;  thi s i s referre d t o a s multi-ste p o r  mediate d 

priming .  Balot a an d Lorc h (1986 )  provid e on e o f  th e cleares t 

demonstration s o f  mediate d priming .  The y foun d primin g 

wit h item s suc h a s lio n an d stripe s an d argue d tha t  thi s effec t 

was du e t o th e relationshi p th e prim e an d targe t  hav e wit h 

th e conceptuall y mediatin g item ,  tiger .  Mos t  investigator s 

accoun t  fo r  mediate d primin g withi n a  spreadin g activatio n 

framework ,  wher e activatio n spread s fro m th e prim e ite m 

throug h th e mediatin g ite m t o th e targe t  (Balot a &  Lorch , 

1986 ;  M c N a m a r a ,  1992) .  A n alternativ e explanatio n ha s 

been propose d b y M c K o o n an d Ratclif f  (1992) . 

M c K o on an d Ratclif f  (1992 )  argu e tha t  mediate d primin g 

occur s becaus e o f  a  weak ,  bu t  direct ,  relationshi p betwee n 

th e prim e an d th e target .  Thi s primin g relationshi p i s guide d 

by tw o factors ,  lexica l  co-occurrenc e an d semanti c 

relatedness .  Accordin g t o M c K o o n an d Ratclif f  thes e factor s 

ar e th e drivin g forc e behin d th e prime-targe t  relationshi p an d 

shoul d b e abl e t o predic t  amoun t  o f  primin g fo r  bot h directl y 

relate d an d mediate d prime-targe t  pairs . 

Livesa y an d Burges s (1997 )  teste d thes e hypothese s 

propose d b y M c K o o n an d Ratclif f  (1992) .  I n a  serie s o f 

experiments ,  Livesa y an d Burges s foun d tha t  neithe r  lexica l 

co-occurrenc e no r  semanti c relatednes s correlate d wit h 

magnitud e o f  mediate d priming .  I n addition ,  Livesa y an d 

Burges s foun d difference s amon g stimul i  tha t  coul d explai n 

th e fragilit y  o f  th e mediate d primin g effect .  The y separate d 

th e stimul i  int o tw o categories ,  contextuall y consisten t 

(CC )  an d contextuall y inconsisten t  (CI )  pairs .  C C pair s wer e 

mediate d prime-targe t  pair s tha t  shar e a  c o m m o n contex t 

(e.g. ,  ba t  bounce ,  c o m m o n contex t  i s  ball) ,  C I  pair s ar e 

les s likel y t o shar e a  c o m m o n contex t  (e.g. ,  day-dark , 

c o m m on contex t  i s  night) .  W h e n the y separate d th e stimul i 

int o thes e categorie s an d re-analyze d th e primin g data ,  th e 

C C item s showe d robus t  mediate d primin g an d th e C I  item s 

showe d n o mediate d priming .  Thes e result s ar e somewha t 

problemati c fo r  a  spreadin g activatio n accoun t  o f  mediate d 

primin g th e presenc e o f  th e mediatin g concep t  shoul d 

underli e th e mediate d primin g effect ,  regardles s o f  th e 

contextua l  inconsistenc y sinc e ther e i s a  clea r  direc t 

relationshi p betwee n th e mediatin g concep t  an d bot h th e 

prim e an d target . 

Alternatively ,  contextua l  encodin g o f  wor d relationship s i s 

th e basi c mechanis m i n th e H A L m e m o r y mode l  use d b y 

Livesa y an d Burges s (1997 )  t o evaluat e M c K o o n an d 

Ratclif f  s  hypothese s abou t  semanti c distanc e an d lexica l  co -

occurrence .  Accordin g t o Livesa y an d Burgess ,  a  prim e an d 

targe t  hav e t o hav e contextua l  consistenc y i n orde r  fo r  a 

primin g effec t  t o occur . 

A potentia l  limitatio n t o Livesa y an d Burgess ' 

conclusion s wa s thei r  us e o f  th e lexica l  decisio n task . 

M c K o on an d Ratclif f  argu e tha t  th e lexica l  decisio n tas k 

provide s th e bes t  tes t  o f  thei r  compound-cu e theor y an d 

Livesa y an d Burges s use d i t  becaus e i t  ca n b e maximall y 

sensitiv e t o semanti c relationships .  However ,  a  potentia l 

proble m wit h th e lexica l  decisio n result s i s  tha t  a n 

inhibitor y componen t  ca n b e par t  o f  th e lexica l  decisio n 

proces s (Neely ,  1991) .  Th e possibilit y  tha t  a n inhibitor y 

proces s m a y hav e bee n involve d i n thei r  result s i s suggeste d 

by th e complet e lac k o f  a  primin g effec t  wit h th e C I 
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prime-targe t  pairs .  Thes e C I  item s constitute d abou t  5 0 % o f 

th e tota l  se t  o f  prime-targe t  pairs .  M c K o o n an d Ratcliff' s 

hypothese s tha t  wea k semanti c relatednes s an d lexica l  co -

occurrenc e ma y no t  hav e bee n adequatel y teste d i f  th e 

mediate d primin g effec t  wa s artificiall y  attenuate d i n th e C I 

conditio n a s a  functio n o f  th e lexica l  decisio n process .  Thus , 

th e goa l  o f  thi s pape r  i s t o furthe r  investigat e th e natur e o f 

th e mediate d primin g effec t  i n th e contex t  o f  M c K o o n an d 

Ratcliff' s  hypotheses .  I n th e experiment s reporte d i n thi s 

paper ,  w e use d th e prime-targe t  pair s originall y use d b y 

Balot a an d Lorc h (1986) ,  als o use d b y Livesa y an d Burges s 

(1997) ,  an d emplo y a  namin g latenc y procedure .  I n 

Experimen t  1 ,  w e attemp t  t o replicate ,  wit h th e namin g 

procedure ,  ou r  origina l  findings  tha t  w e obtaine d wit h th e 

lexica l  decisio n tas k -  mediate d primin g wit h th e C C items , 

but  no t  wit h th e C I  pairs .  I n Experimen t  2 ,  w e evaluat e th e 

weak semanti c relatednes s an d th e lexica l  co-occurrenc e 

hypothese s a s possibl e explanation s o f  th e mediate d primin g 

effect .  I f  th e namin g tas k provide s a  bette r  measur e o f  th e 

initia l  bottom-u p activatio n o f  wor d meanin g (se e Neely , 

1991) ,  the n namin g m a y provid e a  bette r  tes t  o f  M c K o o n 

and Ratcliff s  ideas . 

Experiment 1 

Namin g latenc y i s ofte n considere d t o b e les s encumbere d b y 

post-lexica l  an d strategi c processe s tha t  ma y enhanc e o r 

reduc e a  basi c semanti c primin g effec t  (Neely ,  1991) .  Balot a 

and Lorc h (1986 ;  se e als o McNamar a an d Altarriba ,  1988 ) 

argu e tha t  th e namin g tas k i s les s likel y t o hav e th e proble m 

of  strategi c processin g (post-acces s checking )  tha t  i s see n i n 

th e lexica l  decisio n task .  The y clai m tha t  th e lexica l  decisio n 

tas k ha s tw o processes ,  a  spreadin g activatio n proces s an d 

th e post-acces s chec k o f  th e relationshi p betwee n th e prim e 

and th e target .  Thi s post-acces s chec k ca n b e influence d fo r  a 

mediate d prime-targe t  pai r  i f  ther e ar e directl y relate d item s 

presen t  i n th e list .  Participant s migh t  fai l  t o detec t  a  relatio n 

betwee n a  mediate d prime-targe t  pai r  i f  ver y stron g directl y 

relate d item s appea r  i n th e sam e list .  However ,  thi s proble m 

shoul d no t  b e presen t  fo r  a  namin g task .  Th e firs t 

experiment ,  i n thi s serie s o f  experiments ,  i s  a  replicatio n o f 

th e mediate d primin g effec t  usin g a  namin g task . 

Experiment la 

Methods 

Participants .  Forty-fiv e Universit y o f  California , 

Riversid e undergraduate s participate d a s par t  o f  a  cours e 

requirement .  Al l  participant s wer e right-handed ,  nativ e 

speaker s o f  Englis h wit h norma l  o r  corrected-to-norma l 

vision . 

Materials. Forty-eight prime-target pairs were taken 

fro m Balot a an d Lorc h (1986) .  Eac h tes t  lis t  consiste d o f  5 4 

tota l  items ,  1 6 mediate d trials ,  1 6 unrelate d trials ,  1 6 

directl y relate d trial s an d 6  filler  trials .  Unrelate d prime-targe t 

pair s wer e generate d b y quasi-randoml y pairin g target s wit h 

prime s fro m th e 4 8 origina l  pairs .  Fo r  example ,  th e prim e 

lio n i n th e mediate d pai r  lion-stripe s wa s replace d wit h 

breez e t o for m th e unrelate d pai r  breeze-stripes ;  breez e wa s 

originall y paire d wit h blow .  Th e prim e word s wer e 

counterbalanced ;  a  targe t  precede d b y a  mediate d prim e o n 

lis t  1  woul d b e precede d b y a n unrelate d ite m o n lis t  2  an d a 

directl y relate d ite m o n lis t  3 . 

Procedures. The stimuli were presented on a computer 

monitor ;  participan t  response s wer e collecte d vi a a 

microphon e connecte d t o th e compute r  b y a  Digitr y C T S 

system .  Eac h tria l  bega n wit h a  fixation  cros s presente d fo r 

500 ms .  Followin g th e fixation  cross ,  a  prim e wor d wa s 

presente d fo r  35 0 ms ,  immediatel y followe d b y a  targe t 

word ;  th e targe t  wor d remaine d o n th e scree n unti l 

participan t  answere d o r  250 0 m s ha d elapsed .  Participant s 

simpl y ha d t o nam e th e wor d tha t  appeare d o n th e screen .  I f 

a participan t  faile d t o respond ,  o r  di d no t  spea k loa d enoug h 

fo r  th e microphon e t o detec t  thei r  voic e th e compute r  woul d 

beep an d th e wor d time-ou t  woul d appea r  o n th e screen .  Th e 

participant s wer e the n instructe d t o spea k loude r  o n th e nex t 

trial . 

Results and discussion 

A one-wa y analysi s o f  varianc e ( A N O V A )  wit h thre e level s 

was performe d fo r  bot h subjec t  {F\ )  an d ite m (F2 )  analyses . 

Ther e wa s direc t  primin g effect ;  reactio n time s t o directl y 

relate d pair s (57 5 ms )  wer e faste r  tha n t o unrelate d pair s (59 8 

ms) ,  fi(l ,  44 )  =  18.43 ,  p  <  .0001 ;  Fiil ,  46 )  =  15.06 ,  p  < 

.0003 .  Ther e wa s als o a  robus t  mediate d primin g effect ; 

reactio n time s t o mediate d pair s (58 9 ms )  wer e faste r  tha n t o 

unrelate d pair s (59 8 ms) ,  F  i(l ,  44 )  =  4.11 ,  p  <  .048 ;  F  2(1 . 

46 )  =  4.27 ,  p  <  .044 .  Thes e result s ar e consisten t  wit h thos e 

foun d b y Balot a an d Lorc h (1986 )  an d replicat e ou r  earlie r 

result s (Livesa y &  Burgess ,  1997) . 

Experiment lb 

Ther e appea r  t o b e contextua l  difference s amon g th e origina l 

Balot a an d Lorc h (1986 )  stimul i  use d i n thes e experiment s 

(Livesa y &  Burgess ,  1997) .  W e hav e foun d tha t  thei r 

stimul i  separat e int o tw o broa d classe s o f  items , 

contextually-consisten t  (CC )  an d contextually-inconsisten t 

(CI) .  Th e abov e namin g result s wer e divide d int o C C an d C I 

pairs ;  th e followin g i s a  re-analysi s o f  th e reaction-tim e data , 

base d o n thi s distinction . 

Methods 

Thi s experimen t  use d th e sam e categorizatio n o f  wor d pair s 

as Livesa y &  Burges s (1997) .  N e w analyse s o f  th e primin g 

effect s wer e conducte d usin g thi s CC/C I  distinction . 

Results and Discussion 

Figur e 1  illustrate s th e difference s i n th e magnitud e o f 
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primin g (direc t  an d mediated )  b y contextua l  consistency . 

Contextuall y Consisten t  Pairs .  Ther e wa s a  primin g effec t 

fo r  bot h direc t  an d mediate d pairs .  Mediate d prime-targe t 

pair s wer e responde d t o faste r  (58 8 ms )  tha n unrelate d prime -

targe t  pair s (60 4 ms) ,  F j  (1 ,  44 )  =  6.50 ;  p  <  .014 .  F iH ,  23 ) 

= 4.80 ,  p  <  .038 .  Directl y relate d prime-targe t  pair s wer e 

responde d t o faste r  (57 6 ms )  tha n unrelate d pair s (60 4 ms) , 

F,(l,44) = 18.81./?<.0001 ;  F2(l ,  23) = 10.83 ,  p  <  .0032 . 

Contextuall y Inconsisten t  Pairs .  Unlik e th e C C condition , 

ther e wa s no t  a  primin g effec t  fo r  thes e mediate d prime -

targe t  pairs ,  Fs < 1.0 .  Althoug h ther e wa s n o mediate d 

primin g wit h thes e pairs ,  ther e wa s a  primin g effec t  fo r  th e 

directl y relate d pairs .  Directl y relate d prime-targe t  pairs ,  wer e 

responde d t o faste r  (57 3 ms )  tha n unrelate d pair s (59 2 ms) , 

Fl(l ,  44 )  =  6.50 ,  p  <  .014 ,  F j  (1 ,  22 )  =  4.52 ,  p  <  .045 . 

I t  appear s tha t  th e overal l  mediate d primin g effec t  i s bein g 

carrie d b y onl y hal f  o f  th e stimuli ,  th e C C relate d items . 

Mediate d primin g i s difficul t  t o obtai n an d th e effec t  depend s 

on methodologica l  issue s suc h a s tas k an d th e presenc e o f 

directl y relate d item s i n th e experimenta l  lis t  wit h th e 

mediate d pair s (Balot a &  Lorch ,  1986 ;  McNamar a & 

Altarriba ,  1988) .  Livesa y an d Burges s (1997 )  foun d tha t 

thes e C I  pair s di d no t  obtai n primin g whe n subject s use d a 

lexica l  decisio n task .  Th e result s o f  Experimen t  l b 

demonstrat e tha t  thi s lac k o f  mediate d primin g i s no t  du e t o 

th e task ;  but ,  rather ,  th e natur e o f  th e prime-targe t  pairs .  W e 

no w tur n t o a  direc t  tes t  o f  th e wea k semanti c relatednes s an d 

lexica l  co-occurrenc e hypotheses . 

Experiment 2 

McKoon an d Ratclif f  (1992 )  argue ,  fro m th e perspectiv e o f 

compound-cu e theory ,  tha t  mediate d primin g occur s becaus e 

mediate d prime-targe t  pair s ar e directly ,  bu t  weakl y related . 

They furthe r  clai m tha t  thi s relationshi p i s du e t o eithe r 

semanti c relatednes s o r  lexica l  co-occurrence .  The y maintai n 

tha t  semanti c relatednes s i s a  measur e o f  familiarity ; 

primin g occur s fo r  item s tha t  hav e a  hig h degre e o f  semanti c 

relatedness .  Thus ,  accordin g t o M c K o o n an d Ratcliff , 

mediate d primin g occur s du e t o th e familiarit y o f  th e prim e 

and th e targe t  presumabl y becaus e o f  som e alread y existin g 

relationship .  Thi s existin g relationshi p i s a  weak ,  bu t  stil l 

direct ,  relationship .  A s a  result ,  suc h primin g woul d no t  b e 

trul y mediated . 

Distanc e metric s hav e ofte n bee n use d t o measur e 

semanti c similarity ;  item s clos e togethe r  i n memor y ar e 

more semanticall y relate d tha n thos e item s fa r  apar t  i n 

memory.  Th e Hyperspac e Analogu e t o Languag e (HAL , 

Burges s &  Lund ,  1997 ;  Lun d an d Burgess ,  1996 )  i s a  mode l 

of  semanti c similarity ;  thu s item s tha t  ar e closel y relate d 

shoul d b e clos e togethe r  i n meanin g spac e becaus e the y 

appea r  i n simila r  contexts .  Thus ,  mediate d prime-targe t  pair s 

shoul d b e close r  togethe r  i n thi s meanin g spac e i f  th e H A L 

model  reflect s M c K o o n an d Ratclif f  s  hypothesis .  O f  course , 

ther e ca n als o b e "true "  mediate d primin g i n a  high -
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Figur e 1 .  Magnitud e o f  mediate d an d direc t  primin g 

as a  functio n o f  stimul i  categorization ,  al l  stimul i 

(overall) ,  contextuall y consisten t  ( C C )  an d 

contextuall y inconsistan t  (CI ) 

dimensiona l  mode l  lik e H A L .  Tru e mediate d primin g shoul d 

occu r  becaus e a  mediatin g pr im e occur s i n simila r  context s 

as th e relate d mediator ,  w h i c h should ,  i n turn ,  hav e a 

contextua l  histor y wit h th e targe t  item .  Therefore ,  mediate d 

prime-targe t  pair s d o no t  hav e t o b e clos e togethe r  i n 

semanti c spac e t o s h o w priming ,  the y simpl y nee d t o shar e 

simila r  contex t  spac e t o s h o w priming . 

I n addition ,  similarit y o f  an y c o m p o u n d ca n b e directl y 

measure d usin g lexica l  co-occurrence .  Familiarit y (words , 

images ,  etc. )  i s  base d o n th e n u m b e r  o f  time s th e m e m o r y 

syste m ha s encountere d th e t w o item s together .  Therefore , 

accordin g t o M c K o o n an d Ratclif f  (1992) .  ther e shoul d b e a 

positiv e relationshi p betwee n th e frequenc y o f  lexica l  co -

occurrenc e an d magnitud e o f  priming . 

We wil l  addres s thes e tw o issue s raise d b y M c K o o n an d 

Ratclif f  (1992 )  usin g th e H A L m e m o r y m o d e l  t o suppl y 

semanti c relatednes s measure s (a s s h o w n throug h distanc e 

measures )  an d loca l  lexica l  co-occurrenc e information .  T h e 

followin g tw o experiment s ar e a  re-analysi s o f  th e nam in g 

latenc y data ,  correlatin g th e magnitud e o f  mediate d primin g 

wit h semanti c distanc e an d lexica l  co-occurrenc e dat a 

obtaine d fro m th e H A L m e m o r y model . 

Experiment 2a 
Semanti c Relatednes s Hypotliesi s 

Methods 

Semanti c distance s (RCU's :  Riversid e Contex t  Units ;  se e 
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Lun d an d Burgess ,  1996 )  wer e compute d fo r  al l  wor d pair s 

use d i n Experiment s l a (mediate d -  target ,  unrelate d -  target , 

relate d -  target )  usin g th e H A L memor y model .  Distance s 

wer e als o calculate d fo r  condition s no t  presen t  i n th e 

experiment s -  th e mediated-relate d item s (e.g. ,  lion-tiger) , 

unrelated-relate d item s an d unrelated-mediated .  Th e pair s wer e 

als o separate d b y contextua l  consistenc y a s i n Experimen t 

lb . 

Results 

Figur e 2  contain s th e mea n semanti c distance s fo r  al l  wor d 

pairin g condition s (includin g wor d pairin g condition s no t 

see n b y subjects )  separate d b y contextua l  consistency .  A s 

expected ,  th e directl y relate d prime-targe t  pair s i n bot h th e 

consisten t  an d inconsisten t  condition s ar e close r  i n high -

dimensiona l  meanin g spac e tha n ar e th e unrelate d prime -

targe t  pairs .  However ,  contrar y t o th e prediction s o f 

M c K o on an d Ratcliff ,  mediate d prime-targe t  pair s i n bot h 

th e C C an d C I  condition s ar e furthe r  apar t  i n th e high -

dimensiona l  spac e tha n ar e th e unrelate d prime-targe t  pairs . 

Mor e importantly ,  M c K o o n an d Ratclif f  woul d predic t  a 

negativ e correlatio n betwee n semanti c distanc e o f  th e 

mediate d prim e an d targe t  wor d an d amoun t  o f  mediate d 

priming ,  however ,  w e foun d a  significan t  positiv e 

correlation ,  r  =  .43 ,  p  <  .0021 .  Thi s suggest s tha t  a s th e 

amount  o f  mediate d primin g increases ,  th e furthe r  apar t  i n 

distanc e th e mediate d prim e wor d become s fro m th e targe t 

word .  W h e n th e mediate d prime-targe t  pair s ar e agai n spli t 

int o th e C C an d C I  conditions ,  th e C C item s ar e stil l 

correlate d ( r  =  .60 ,  p  <  .0016) ,  whil e th e C I  pair s ar e no t 

reliabl y correlate d ( r  =  .  18 ,  p  <  .40) . 

Experiment 2b 
Lexica l  Co-occurrenc e Hypothesi s 

Methods 

T o tes t  th e lexica l  familiarit y hypothesis ,  lexica l  co -

occurrenc e frequencie s (th e frequenc y o f  tw o item s occurrin g 

togethe r  i n H A L ' s ten-wor d movin g window )  fo r  mediate d 

prime-targe t  pair s wer e extracte d fro m th e ~13 1 millio n wor d 

tex t  corpu s use d a s th e inpu t  fo r  H A L . 

Results 

Correlation s wer e calculate d betwee n th e primin g effec t 

obtaine d fo r  eac h mediate d prime-targe t  pai r  an d directl y 

relate d prime-targe t  pai r  i n Experiment s 1  an d th e lexica l  co -

occurrenc e frequenc y o f  tha t  wor d pair .  Again ,  th e result s 

di d no t  suppor t  th e prediction s o f  M c K o o n an d Ratcliff . 

Ther e wa s n o correlatio n betwee n magnitud e o f  mediate d 

primin g an d co-occurrenc e frequenc y ( r  =  -.090 ,  p  >  .54) . 

Thi s patter n o f  result s doe s no t  chang e whe n th e correlation s 

ar e compute d separatel y fo r  th e context-consisten t  an d th e 

context-inconsisten t  items.  C C mediate d pair s di d no t 

correlat e wit h co-occurrenc e frequenc y { r  =  -.l\,p > .58) .  A n 

analogou s se t  o f  result s wa s obtaine d fo r  th e C I  item s 

Mediate d 
/  (lion ) 

343 /  \ 

cx : 

Relate d 
(tiger )  \  62 5 \ 

Targe t 
(stripes ) 

Unrelate d 
(breeze ) 

/ 

30 2 

Mediat e 

(summer ) 
a 

/ / 

Relate d 

(winter ) 

630 62f i 

594. , 

Targe t 

(snow ) 

\ 

\ 

Unrelate d 

(coffee ) 
^AAA 

Figur e 2 .  Two-dimensiona l  multidimensiona l 

scalin g solutio n fo r  semanti c distance s betwee n 

wor d pair s fo r  consisten t  (CC )  an d inconsisten t  (CI ) 

categories . 

(mediated: r = -32, p > .13). 

Discussion 

Th e result s o f  Experiment s 2 a an d 2 b d o no t  suppor t 

M c K o on an d Ratcliff' s  (1992 )  claim s abou t  th e putativ e 

relationshi p betwee n th e so-calle d mediate d primin g effec t 

and wea k semanti c relatednes s an d lexica l  co-occurrence .  W e 

wil l  argu e i n th e genera l  discussio n tha t  th e bes t  accoun t  o f 

mediate d primin g is ,  i n fact ,  a  conceptua l  mediatio n process . 

General Discussion 

The result s obtaine d i n thi s serie s o f  experiments ,  usin g th e 

namin g latenc y task ,  ar e paralle l  t o th e result s w e obtaine d 
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earlie r  usin g a  lexica l  decisio n tas k (Livesa y &  Burgess , 

1997) .  W e replicate d th e mediate d primin g effec t  fo r  a 

namin g latenc y task ,  an d agai n demonstrate d tha t  no t  al l 

stimul i  ar e create d equal .  Th e categorizatio n o f  stimul i  int o 

th e C C an d C I  group s showe d th e sam e result s a s th e 

previou s wor k usin g th e lexica l  decisio n task ;  C C item s 

maintaine d th e mediate d primin g effec t  whil e C I  item s di d 

not .  Moreover ,  a  directl y relate d (e.g. ,  tiger-stripes )  primin g 

effec t  wa s maintaine d fo r  bot h th e C C an d C I  pairs .  Thus ,  i t 

canno t  b e argue d tha t  th e C I  item s ha d a  non-representativ e 

unrelate d condition .  Thes e result s appea r  t o b e robus t  an d 

wer e obtaine d wit h bot h namin g an d lexica l  decision .  A 

possibl e tas k differenc e wa s o f  potentia l  concer n becaus e o f 

th e differenc e i n th e patter n o f  primin g betwee n th e C C an d 

CI  items .  Althoug h w e di d no t  explicitl y  chec k fo r  a n 

inhibitor y componen t  wit h a  neutra l  condition ,  inhibitio n i s 

more likel y t o sho w u p wit h a  lexica l  decisio n tas k du e t o 

th e decisio n component .  Gettin g th e sam e patter n o f  result s 

wit h th e namin g tas k furthe r  support s ou r  earlie r  contentio n 

tha t  ther e i s a  rea l  differenc e i n th e natur e o f  thes e "mediated " 

pairs .  Late r  w e speculat e o n wha t  w e thin k i s th e contextua l 

differenc e betwee n thes e C C an d C I  wor d pairs . 

The eleganc e o f  M c K o o n an d Ratclif f  s  (1992 )  compound -

cue theor y i s tha t  i t  make s a  clea r  se t  o f  prediction s 

concernin g bot h lexica l  co-occurrenc e an d semanti c 

relatednes s wit h respec t  t o th e notio n o f  mediate d priming . 

I n compound-cu e theor y ther e i s n o suc h phenomeno n a s 

mediate d priming .  Familiarit y o f  th e prim e an d targe t 

compoun d i s th e mechanis m b y whic h priming.occurs . 

M c K o on an d Ratclif f  hav e suggeste d tha t  semanti c 

relatednes s o r  lexica l  co-occurrenc e ar e plausibl e measure s o f 

familiarity .  Accordin g t o compound-cu e theory ,  th e locu s o f 

th e mediate d primin g effec t  ha s t o b e wit h som e typ e o f 

direc t  (althoug h weak )  relationshi p betwee n th e prim e an d 

targe t  -  no t  th e relationshi p betwee n th e prim e an d mediato r 

and target .  I n Experiment s 2 a an d 2 b w e teste d thi s 

hypothesi s wit h tw o type s o f  relationship s tha t  M c K o o n an d 

Ratclif f  (1992 )  sugges t  migh t  for m th e locu s o f  th e mediate d 

primin g effect :  semanti c relatednes s an d lexica l  co -

occurrence .  W h e n thes e hypothese s wer e explicitl y  teste d 

neithe r  semanti c relatednes s (Experimen t  2a )  o r  lexica l  co -

occurrenc e (Experimen t  2b )  wer e predictor s o f  primin g 

magnitude .  Befor e w e tur n t o a  characterizatio n o f  mediate d 

primin g i n high-dimensiona l  space ,  i t  i s  importan t  t o 

conside r  severa l  potentia l  objection s t o thes e results . 

Withou t  a  familiarit y wit h th e H A L mode l  o f  memory , 

th e questio n coul d b e raise d a s t o th e model s veracit y i n 

modelin g semanti c primin g effects .  Investigators ,  usin g th e 

H AL mode l  hav e directe d thei r  attentio n t o a  broa d rang e o f 

cognitiv e phenomena ;  th e domai n o f  primin g effect s i s 

probabl y th e mos t  widel y investigated .  H A L ha s bee n use d 

t o mode l  th e basi c semanti c primin g effec t  wit h 

categoricall y relate d item s (Lund ,  Burgess ,  &  Atchley ,  1995 ) 

and ha s bee n use d t o sho w a  dissociatio n betwee n semanti c 

and associativ e primin g (Lund ,  Burgess ,  &  Audet ,  1996) . 

Furthermore ,  H A L ' s representation s hav e bee n successfu l  a t 

modelin g th e semanti c paralexia s mad e b y dee p dyslexic s 

(Buchanan ,  Burgess ,  &  Lund ,  1996) .  Anothe r  potentia l 

objectio n i s tha t  mediate d relationship s ar e to o abstrac t  t o b e 

reflecte d i n H A L ' s representationa l  framework .  However , 

thi s woul d see m unlikel y give n tha t  H A L ha s bee n use d t o 

model  primin g wit h word s tha t  ar e abstrac t  i n natur e 

(Burges s &  Lund ,  1997) .  Figur e 2  illustrate s h o w th e 

distanc e metri c i n H A L coul d b e use d t o suppor t  th e 

modelin g o f  mediate d primin g i n a  processin g model .  Th e 

to p fram e o f  Figur e 2  (illustratin g th e C C conditio n tha t 

obtaine d mediate d priming )  illustrate s th e distance s betwee n 

possibl e combination s o f  wor d classe s use d i n th e 

experiment .  Th e shortes t  distance s involve d th e wor d relate d 

t o bot h th e mediate d prim e an d it s targe t  (show n her e a s th e 

Relate d wor d o r  mediato r  -  no t  actuall y see n b y subject s i n 

an experiment) .  I t  ca n b e see n tha t  thes e distance s ar e 

relativel y shor t  (34 3 an d 38 0 R C U s ) .  T h e distanc e 

representin g th e relationshi p betwee n th e mediate d prime s 

and thei r  respectiv e target s i s quit e lon g (65 5 R C U s ) .  Give n 

tha t  mediate d primin g occur s wit h h u m a n subjects ,  i t 

becomes clea r  w h y ther e wa s a  lac k o f  a  relationshi p 

betwee n th e distanc e metri c an d primin g whe n evaluatin g th e 

mediate d condition .  Distance s ten d t o b e quit e lon g i n thes e 

case s whic h provide s a  stron g counter-argumen t  t o th e ide a 

tha t  "weak "  semanti c relationship s tha t  ar e als o direc t  woul d 

provid e th e locu s o f  th e mediate d primin g effect .  A s a  result , 

i n H A L ,  an y mediate d primin g effec t  wil l  involv e th e 

shorte r  distance s betwee n th e mediato r  an d th e prim e an d 

targe t  -  th e definitio n o f  tru e mediate d priming .  I n fact ,  i n a 

mathematica l  mode l  o f  th e primin g proces s tha t  use d H A L 

meanin g representations ,  mediate d primin g wa s successfull y 

modele d (Burges s &  Lund ,  1998) . 

I n a  processin g model ,  simpl y usin g th e distance s woul d 

not  b e sufficien t  t o accoun t  fo r  a  mediate d primin g effec t 

sinc e th e distance s fro m th e prim e t o th e targe t  throug h th e 

mediato r  i s slightl y longe r  tha n th e distanc e fro m th e prim e 

t o th e unrelate d target .  Othe r  consideration s ar e crucia l  fo r  a 

ful l  mode l  o f  th e primin g proces s deca y rates ,  onse t  o f 

activation ,  wor d activatio n thresholds .  H A L ' s 

representations ,  i n conjunctio n wit h thes e othe r 

components ,  provid e a  plausibl e componen t  i n accountin g 

fo r  mediate d primin g (Burges s &  Lund ,  1998) . 

So h o w doe s mediate d primin g occur ? Accordin g t o th e 

H AL mode l  o f  meanin g representation ,  word s acquir e 

meanin g b y virtu e o f  th e context s i n whic h the y appear ,  no t 

by loca l  co-occurrence .  Concept s tha t  shar e simila r  context s 

hav e th e potentia l  fo r  mediation .  Fo r  mediate d primin g t o 

occur ,  tw o apparentl y unrelate d items ,  nee d t o hav e som e 

share d contextua l  histor y tha t  woul d provid e th e aren a fo r 

mediatio n i n a  high-dimensiona l  space .  Mediate d primin g 

doe s no t  rel y o n clos e semanti c distances ,  bu t  rather ,  share d 

contex t  space .  Suc h a n argumen t  i s supporte d b y th e 

differen t  patter n o f  primin g result s obtaine d fo r  th e C C an d 

CI  items .  Thos e item s wit h share d context s ( C C condition ) 
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demonstrate d th e mediate d primin g effect ;  thos e item s wit h 

no apparen t  share d contex t  (C I  condition )  di d not . 

Thes e result s ar e somewha t  problemati c fo r  a  simple , 

localist ,  spreadin g activatio n accoun t  o f  mediate d primin g -

th e presenc e o f  th e mediatin g concep t  shoul d underli e th e 

mediate d primin g effect ,  regardles s o f  th e contextua l 

inconsistenc y sinc e ther e i s a  clea r  direc t  relationshi p 

betwee n th e mediatin g concep t  an d bot h th e prim e an d 

target .  Contextua l  encodin g o f  wor d relationship s i s th e 

basi c mechanis m i n th e H A L memor y model ,  bu t  no t 

necessaril y  i n a  localis t  model .  Localis t  account s o f  mediate d 

primin g wil l  nee d t o mor e clearl y predic t  ho w mediate d 

primin g ca n occu r  fo r  som e wor d pair s (CC) ,  bu t  no t  other s 

(CI) . 

I n th e H A L model ,  a  word' s contextua l  histor y i s th e 

basi s fo r  meaning .  Th e experiment s reporte d her e sugges t 

tha t  thi s contextua l  histor y o f  meanin g i s crucia l  i n bot h 

determinin g th e viabilit y  o f  stimul i  i n experiment s an d i n 

addressin g theoretica l  issues . 
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Abstrac t 

One important function of language is to name relations. 
Preschoo l  childre n performe d a  simpl e mappin g tas k wit h 
and withou t  hearin g spatia l  preposition s callin g attentio n t o 
key relations .  Childre n a t  4 4 month s wer e successfu l  onl y i f 
the y wer e i n th e languag e condition .  B y 4 9 months ,  childre n 
wer e competen t  o n th e tas k regardles s o f  condition ,  althoug h 
ther e wer e stil l  benefit s o f  language .  Thes e result s suggest s 
tha t  relationa l  languag e ca n therefor e b e a n importan t  too l  fo r 
highlightin g relationa l  commonalitie s childre n ma y otherwis e 
fai l  t o use . 

Introduction 

Understandin g relationa l  similaritie s acros s example s i s on e 
of  th e achievement s o f  development .  Adult s ca n se e th e 
similarit y betwee n letter s o f  th e alphabe t  an d legos ,  o r  be -
twee n th e ato m an d th e sola r  system .  Th e forme r  ca n bot h 
be considere d kind s o f  buildin g blocks ,  an d th e latte r  a s 
centra l  forc e systems .  Childre n hav e mor e troubl e under -
standin g similaritie s o n th e basi s o f  c o m m o n relations .  Fo r 
instance ,  youn g childre n ar e likel y t o interpre t  th e metapho r 
•' a clou d i s lik e a  sponge "  a s meanin g the y ar e bot h sof t  an d 
fluffy .  Olde r  childre n an d adults ,  however ,  ar e mor e likel y 
t o commen t  o n th e relationa l  commonalit y tha t  bot h ca n 
hol d an d releas e wate r  (Centner ,  1988) .  Developmenta l 
progression s i n understandin g metaphor s an d analogie s tha t 
requir e relationa l  understandin g hav e bee n widel y demon -
strate d (e.g. .  Brown ,  1989 ;  Che n &  Daehler ,  1989 ;  Centne r 
&Toupin ,  1986) . 

Ther e i s  considerabl e evidenc e tha t  knowledg e o f  rela -
tiona l  similaritie s develop s i n par t  a s a  resul t  o f  domain -
specifi c  experienc e (e.g. .  Brown ,  1989 ;  Carey ,  1985 ;  Che n 
& Daehler ,  1989 ;  Chi ,  Feltovitc h &  Glaser ,  1981 ;  Centner , 
1988 ;  Centne r  &  Rattermann ,  1991 ;  Goswami ,  1991 ; 
Vosniadou ,  1989) .  Fo r  example ,  learnin g causa l  law s o f 
reasonin g (Brown ,  1989 )  o r  social-mora l  principle s 
(Centne r  &  Toupin ,  1986) .  Recently ,  Centne r  &  Ratter -
mann (1991 )  hav e suggeste d tha t  learnin g relationa l  lan -
guag e ma y b e a  prominen t  facto r  i n thi s developmen t 
(Centner ,  1988 ;  Centne r  &  Rattermann ,  1991 ;  Centner , 
Rattermann,  Ma rkma n &  Kotovsky ,  1995 ;  Kotovsk y & 
Centner ,  1996) .  Languag e has  bee n argue d t o facilitat e 
relationa l  respondin g i n a  variet y o f  task s i n th e histor y o f 

psychology ,  includin g transpositio n task s (e.g. ,  Kuenne , 
1946 )  an d reversa l  shif t  task s (e.g. ,  Kendle r  &  Kendler , 
1968) .  Mor e recen t  evidenc e suggest s tha t  languag e learn -
in g -  i n particula r  learnin g relationa l  term s -  m a y pla y a  rol e 

i n similarit y an d analog y (e.g. ,  Centne r  &  Rattermann , 

1991) . 
For  example ,  Kotovsk y &  Centne r  (1996 )  gav e four-year -

old s a  similarit y matchin g tas k usin g simpl e patterns ,  e.g. , 
smal l  an d larg e circle s i n a  symmetri c patter n (i.e. ,  oOo) . 
The y ha d t o choos e whic h o f  tw o othe r  triad s thi s patter n 
was mor e simila r  to .  Bot h o f  thes e ha d th e sam e objects , 
but  onl y on e o f  the m matche d th e origina l  i n term s o f  th e 
relation s amon g th e objects ;  th e othe r  didn't .  W h e n th e 
matche s wer e acros s dimension s (e.g. ,  small-large-smal l  t o 
light-dark-light) ,  four-year-ol d childre n wer e a t  chance . 
However ,  whe n childre n thi s ag e wer e give n label s fo r 
highe r  orde r  relation s amon g th e thre e object s (e.g. ,  "even " 
fo r  symmetry ,  o r  "mor e an d more "  fo r  monotoni c increase ) 
the y wer e bette r  abl e t o mak e cross-dimensiona l  matche s o n 
th e basi s o f  c o m m o n relations . 

An importan t  domai n tha t  require s a n understandin g o f 
relationa l  similaritie s i s spatia l  mapping .  Th e ke y t o under -
standin g map s an d model s i s  understandin g tha t  the y pre -
serv e th e spatia l  relation s amon g representation s o f  object s 
i n th e world .  Ther e i s abundan t  evidenc e tha t  youn g chil -
dre n fin d understandin g map s an d model s t o b e challengin g 
(e.g. ,  DeLoache ,  1987 ;  Blade s &  Spencer ,  1994 ;  Libe n & 
Downs,  1989 ;  Uttal .  1996 ;  Utta l  &  Wellman ,  1989) .  Youn g 
childre n ca n mak e mapping s o n th e basi s o f  objec t  matches ; 
fo r  instance ,  a t  3 8 month s the y ca n matc h a  chai r  i n a  mode l 
roo m t o a  chai r  i n a  normal-siz e room .  Bu t  i f  ther e ar e tw o 
lik e chair s i n a  mode l  room ,  the n the y won' t  k n o w whic h o f 
th e tw o chair s i n th e rea l  roo m i s th e bes t  match .  Knowin g 
whic h chai r  t o choos e hinge s o n understandin g th e relatio n 
betwee n th e chai r  an d th e othe r  item s i n th e room .  I t  isn' t 
unti l  a t  leas t  th e en d o f  th e thir d yea r  tha t  childre n choos e 
correctl y o n thi s tas k (Blade s &  Cook ,  1994 ;  Loewenstein , 
1997) . 

Ratterman n &  Centne r  (i n preparation ;  Centne r  &  Rat -
termann ,  1991 )  explore d th e rol e o f  relationa l  languag e i n a 
spatia l  task .  The y use d tw o triad s o f  lik e object s tha t  varie d 
i n size ,  th e firs t  se t  containin g object s o f  size s 1 ,  2 ,  an d 3 , 
and th e secon d se t  containin g object s o f  size s 2 ,  3 ,  an d 4 . 

615 

mailto:loewenstein@nwu.edu
mailto:gentner@iis.nwu.edu


Th e childre n ha d t o d o a  searc h task ,  i n whic h th e experi -
mente r  hi d a  sticke r  i n on e triad ,  an d th e chil d ha d t o fin d a 

sticke r  i n th e sam e plac e i n th e othe r  triad .  Th e findin g rul e 
was alway s relational :  th e sticke r  wa s unde r  th e objec t  o f 
th e sam e relativ e siz e an d positio n a s i n th e experimenter' s 
set .  I n Ratterman n &  Centner' s task ,  tw o o f  th e thre e ob -
ject s wer e identica l  i n th e tw o sets ,  bu t  importantl y the y 
wer e playin g differen t  relationa l  role s i n eac h set .  I n th e 
firs t  set ,  siz e 2  i s th e middl e size d one ,  whil e i n th e secon d 

set ,  siz e 3  i s th e middl e size d one .  Thus ,  i n orde r  t o searc h 
unde r  th e objec t  o f  th e sam e relativ e siz e an d position ,  chil -
dre n ha d t o overcom e th e lur e o f  a n exac t  objec t  match . 
Ratterman n &  Centne r  foun d a  stron g improvemen t  i n 
three-year-olds '  abilit y t o fin d th e sticke r  wit h th e introduc -
tio n o f  languag e label s namin g th e relationa l  role s o f  th e 
object s (e.g. ,  big ,  little ,  tiny ,  o r  Daddy ,  M o m m y,  Baby) . 

Th e ai m o f  th e curren t  stud y i s t o as k whethe r  children' s 
abilit y t o carr y ou t  spatia l  analogie s i s  enhance d b y th e us e 
of  spatia l  relationa l  terms .  W e focuse d o n a  se t  o f  spatia l 
term s tha t  childre n lear n earl y th e spatia l  preposition s in , 
on ,  an d under .  Childre n comprehen d thes e preposition s an d 
hav e som e facilit y a t  usin g the m b y th e tim e the y ar e thre e 
year s ol d (Johnston ,  1988) .  Th e logi c o f  thi s stud y i s  first  t o 
demonstrat e tha t  a  spatia l  tas k base d o n disambiguatin g 
spatia l  relation s wil l  b e difficul t  fo r  preschoo l  children ,  an d 
secon d t o investigat e whethe r  introducin g relationa l  lan -
guag e i n th e for m o f  spatia l  preposition s ca n facilitat e per -
formance . 

For  th e presen t  study ,  w e devise d a  spatia l  mappin g task . 
As i n othe r  searc h tasks ,  childre n wer e show n th e locatio n 
of  a  hidde n objec t  i n on e situation ,  an d ha d t o find  th e hid -
de n objec t  i n a  correspondin g locatio n i n a  secon d nearl y 
identica l  situatio n (se e Figur e 1) . 

^ - T D ^ 

n j . { m ) 
th e 

"winner " 

/I 3 

Hiding box 

Experimenier 
hide s winne r 

Findin g bo x 

i 
Chil d 

find s winne r 

Figur e 1 :  Th e experimenta l  set-u p 

In some respects the task is a relatively easy version of the 

searc h tas k use d i n mode l  roo m studies .  Th e Hidin g an d 

Findin g model s ar e nearl y identica l  an d the y ar e place d 

clos e togethe r  s o tha t  the y ca n b e simultaneousl y viewed . 

However ,  i n othe r  fundamenta l  respects ,  th e tas k i s  pre -

dicte d t o b e fa r  mor e difficul t  tha n th e standar d searc h tasks . 

Our  tas k use s onl y on e referenc e objec t  -  th e box .  Al l  ob -

ject s ar e place d wit h respec t  t o it .  Thu s t o solv e th e tas k th e 

chil d mus t  atten d t o th e specifi c  spatia l  relatio n betwee n th e 

hidin g plac e an d th e box .  Simpl e objec t  correspondence s 

ar e no t  enough . 

Th e chil d watche d a s th e experimente r  too k a  car d 

marke d wit h a  star ,  calle d th e "winner, "  an d place d i t  a t  th e 

Hidin g bo x alon g wit h tw o unmarke d card s a t  th e othe r  lo -

cations .  Th e chil d wa s the n aske d t o find  th e winne r  a t  th e 

Findin g bo x "i n th e sam e place. "  Th e onl y differenc e be -

twee n ou r  baselin e an d languag e condition s wa s tha t  th e 

languag e grou p hear d th e experimente r  us e th e spatia l 

preposition s t o describ e th e locatio n o f  th e winne r  whe n 

hidin g th e toy .  Th e questio n i s  whethe r  eve n thi s subtl e a 

manipulatio n wil l  b e sufficien t  t o enabl e preschoo l  childre n 

t o us e th e spatia l  relatio n a s th e basi s fo r  thei r  mappin g fro m 

on e spac e t o another . 

Method 

Participants 

Participant s wer e 4 0 childre n fro m th e norther n Chicag o 
area .  Th e younge r  childre n range d i n ag e fro m 42-4 6 

months ,  an d fo r  bot h condition s th e mea n ag e wa s 4 4 
months .  Th e olde r  childre n range d i n ag e fro m 47-5 2 
months ,  an d fo r  bot h condition s th e mea n ag e wa s 4 9 
months .  Hal f  o f  th e participant s i n eac h ag e an d conditio n 
wer e mal e an d hal f  wer e female . 

Design 

Ther e wer e tw o ag e group s (4 4 month s o r  4 9 months) .  Hal f 
th e childre n a t  eac h ag e wer e randoml y assigne d t o th e lan -
guag e condition ,  an d hal f  t o th e baselin e condition .  Th e 
dependen t  measure s wer e th e numbe r  o f  correc t  response s 
on th e si x searc h trials ,  an d th e si x retrieva l  trial s (tw o fo r 
eac h location ,  on ,  i n an d under) .  Thu s th e experimen t  wa s a 
2 X 2 (Ag e X  Condition )  repeate d measure s design . 

Materials 

Our  referenc e object s wer e muc h lik e Wilco x &  Palermo' s 
(1980 )  neutra l  object ,  use d becaus e i t  seeme d t o hav e 
roughl y equivalen t  saliencie s fo r  th e thre e possibl e place -
ment  locations .  Th e boxe s wer e roughl y a  foo t  an d a  hal f 
hig h an d a  foo t  wide .  O n e wa s painte d white ,  th e othe r 
blue ,  an d the y wer e place d about  thre e fee t  apart .  Eac h bo x 
had fou r  accompanyin g card s mad e fro m pictur e frame s 
wit h colore d pape r  inserts .  O n e o f  th e fou r  card s fo r  eac h 
bo x ha d a  sta r  o n th e back ,  makin g i t  th e "winner. "  A t  al l 
time s ther e wa s a  car d place d on ,  i n an d unde r  eac h box , 
onl y on e o f  whic h wa s th e winner . 

Procedure 

Orientatio n t o th e tas k Eac h chil d wa s first  show n th e 
hidin g bo x an d th e fou r  accompanyin g cards ,  fron t  an d 
back ,  s o th e chil d woul d understan d tha t  onl y on e wa s th e 
winner .  Thre e o f  th e card s wer e place d on ,  i n an d unde r  th e 
box ,  respectively .  Th e fourt h (th e winner )  wa s place d i n 
fron t  o f  th e box .  Th e chil d wa s show n eac h car d i n turn . 
The experimente r  sai d fo r  eac h card :  "Let' s loo k a t  thi s one . 
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Does i t  hav e anythin g o n th e back? "  Thi s wa s repeate d wit h 
th e findin g bo x an d it s  cards . 

The experimente r  the n explaine d th e findin g game .  Th e 
chil d wa s tol d tha t  th e winner s wer e alway s pu t  i n th e sam e 
plac e i n th e tw o boxes .  Th e experimente r  the n place d th e 

winne r  t o th e righ t  o f  th e hidin g bo x saying :  "I' m puttin g 
thi s winne r  righ t  here. "  Th e experimente r  pu t  th e winne r 
fo r  th e findin g bo x i n th e correspondin g place ,  saying :  "An d 
thi s winne r  goe s righ t  here ,  i n th e ver y sam e place. "  Th e 
chil d wa s aske d t o fin d th e winne r  fo r  th e findin g box ,  an d 
the n th e hidin g box .  Thi s wa s don e t o sho w th e childre n 
what  wa s mean t  b y th e locutio n "th e sam e place "  an d giv e 
the m a n eas y w a r m u p tria l  t o ge t  the m involve d i n th e 
game. 

Search trials As the child watched, the experimenter placed 
th e winne r  on/in/unde r  th e hidin g box ,  saying :  "I' m puttin g 
th e winne r  righ t  here. "  Whil e th e chil d close d hi s eyes ,  th e 
experimente r  hi d th e othe r  winne r  a t  th e findin g box .  Th e 
chil d wa s the n aske d t o ope n hi s eyes ,  an d c o m e fin d th e 
winne r  "i n th e ver y sam e place "  a t  th e findin g box .  Chil -
dre n wer e score d correc t  o n a  tria l  onl y i f  the y looke d i n th e 
correc t  locatio n first ,  althoug h the y wer e allowe d t o loo k fo r 
th e winne r  unti l  the y foun d it .  Individua l  childre n wer e 
considere d t o hav e performe d abov e criterio n i f  the y ex -
ceede d wha t  wa s expecte d fro m th e binomia l  a s chanc e per -
formanc e -  a t  leas t  five  o f  th e si x trial s correct .  T w o ran -
d o m ordering s o f  placement s wer e used .  Hal f  wa y throug h 
th e searc h trials ,  ther e wa s on e catc h tria l  designe d t o b e 
eas y an d kee p th e childre n motivated .  M o r e importantly , 
thi s serve d a s a  chec k i n children' s understandin g o f  th e 
basi c searc h task .  Th e winner s wer e place d t o th e righ t  o f 
th e boxes ,  jus t  a s i n th e orientatio n phase .  Th e in/on/unde r 
searc h trial s teste d th e children' s abilit y t o m a p correspon -
dence s betwee n th e card s i n th e tw o location s o n th e basi s 
of  thei r  relation s t o th e boxes . 

Retrieval trials After children searched and found the win-
ner ,  the y retrieve d th e winne r  fro m th e hidin g bo x a s a 
chec k o n thei r  m e m o r y fo r  th e locatio n o f  th e winne r  the y 
sa w bein g hidden .  Th e retrieva l  trial s weren' t  a  pur e chec k 
of  memory ,  becaus e th e childre n wer e allowe d t o loo k unti l 
the y foun d th e to y i n th e searc h trials .  Still ,  the y wer e a t 
leas t  a  partia l  measur e o f  th e encodin g childre n ha d fo r  th e 
origina l  placemen t  o f  th e winner . 

Language condition The procedure for the language con-
ditio n differe d minimally ,  bu t  importantly ,  fro m th e base -
lin e condition .  W h e n manipulatin g th e card s a t  th e hidin g 
box durin g th e orientatio n phas e an d searc h trials ,  th e ex -
perimente r  use d spatia l  preposition s fo r  th e location s o f  th e 
car d bein g manipulated .  Durin g th e orientation ,  th e in -
structio n was :  "Let' s loo k a t  th e car d o n [in/under/i n fron t 
of l  th e box .  Doe s i t  hav e anythin g o n th e back? "  Durin g th e 
searc h trials ,  th e instructio n was :  "I' m puttin g th e winne r  o n 
[in/under/nex t  to ]  th e box. "  Th e introductio n o f  spatia l 
preposition s wa s don e t o emphasiz e th e relation s crucia l  fo r 
succes s o n th e task . 

R e s u l t s 

Baseline condition 

Th e childre n i n th e baselin e conditio n foun d thi s tas k quit e 

difficul t  (se e Tabl e 1) .  Ou r  prediction s regardin g th e diffi -
cult y o f  a  mappin g tas k requirin g th e us e o f  spatia l  relation s 
wer e confirmed .  Th e 44-month-ol d childre n didn' t  perfor m 
significantl y bette r  tha n a  chanc e leve l  o f  3 3 % correc t 
(actua l  performanc e o f  4 2 % correct )  o n th e searc h trial s fo r 
on ,  i n an d under .  Lookin g individuall y a t  th e children ,  onl y 
on e o f  th e te n childre n me t  th e criterio n fo r  abov e chanc e 
performance ,  fiv e ou t  o f  si x trial s correct .  Thes e childre n 
did ,  however ,  perfor m wel l  ( 70% )  o n th e catc h trial ,  indi -
catin g tha t  the y understoo d th e basi c searc h task .  Thi s sug -
gest s tha t  thei r  difficultie s la y specificall y wit h disambigu -
atin g th e spatia l  relation s wit h respec t  t o th e box .  Turnin g 
t o th e retrieva l  trials ,  thes e childre n showe d bette r  tha n 
chanc e performanc e ( 6 2 % correct )  althoug h thi s i s fa r  fro m 
perfec t  performance .  W e ca n infe r  fro m thi s above-chanc e 
retrieva l  tha t  th e poo r  performanc e o n th e findin g tas k 
wasn' t  simpl y a  matte r  o f  forgettin g wher e the y ha d see n 
th e winne r  placed .  Consisten t  wit h thi s claim ,  al l  th e chil -
dre n correctl y retrieve d th e winne r  o n th e catc h trial . 

Althoug h th e evidenc e suggest s tha t  childre n ha d som e 
relationa l  encodin g specificit y fo r  th e box-hidin g plac e re -
lations ,  thei r  encodin g appear s insufficientl y firm  t o suppor t 
thei r  mappin g behavior .  The y see m t o presum e onl y 
roughl y th e distinctio n betwee n a t  th e box ,  an d no t  a t  th e 
box .  Thi s woul d b e consisten t  wit h a n object-base d m a p -
pin g process . 

Table 1: Baseline condition mean percent correct 

4 4 m o . 

49 m o . 

Result s fo r 
on ,  in ,  unde r 

Searc h Retrieva l 
trial s trial s 

4 2 % 6 2 % 

6 3 % 8 5 % 

Result s fo r  th e 
catc h tria l  {nex t  to ) 

Searc h Retrieva l 
trial s trial s 

7 0 % 100 % 

8 0 % 100 % 

The 49-month-ol d childre n performe d abov e chanc e o n 
th e searc h trial s ( 6 3 % correct) ,  althoug h the y weren' t  en -
tirel y successful .  Onl y thre e o f  th e te n childre n me t  crite -
rion .  Th e 49-month-old s als o performe d wel l  o n th e catc h 
tria l  ( 80%) ,  confirmin g the y understoo d th e basi c task . 
Thes e childre n performe d ver y wel l  o n th e retrieva l  trial s 
( 8 5 % correct ;  seve n ou t  o f  th e te n childre n me t  criterion ) 
Performanc e o n th e catc h tria l  retrieva l  wa s perfect .  Thes e 
childre n wer e mor e finel y encodin g th e relation s involve d i n 
th e tas k tha n th e younge r  childre n i n th e baselin e condition . 

Th e result s fro m th e baselin e conditio n provid e a  measur e 
of  th e difficult y o f  th e tas k fo r  preschoo l  children .  T h e 
youn g childre n don' t  spontaneousl y us e thei r  ful l  knowl -
edg e o f  spatia l  relation s i n thi s task ,  an d eve n th e olde r  chil -
dre n ha d som e difficultie s a t  this .  Overal l  performanc e o n 

617 



th e retrieva l  trial s i s bette r  tha n performanc e o n th e searc h 
trials ,  a s migh t  b e expecte d du e t o th e fac t  tha t  th e retrieval s 
ar e trial s o n whic h childre n actuall y sa w th e toy s bein g hid -

den . 

Language condition 

Th e childre n i n th e languag e conditio n performe d wel l  o n 
thi s task ,  particularl y compare d wit h th e baselin e conditio n 
(se e Figur e 2) .  Usin g spatia l  preposition s highlighte d th e 
relation s i n th e task ,  enablin g th e childre n t o kee p the m dis -
tinc t  fro m on e another . 

o 

a. 

1 

0. 9 4 

0. 8 

0. 7 

0. 6 
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0. 4 
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0. 2 

0. 1 

0 

l anguag e 

1 
4 4 month s 

1 
49 month s 

Figur e 2 :  Searc h trial s result s 

The children in the language condition performed nearly 
equivalentl y regardles s o f  age .  A t  44-months ,  th e spatia l 
preposition s grou p wa s dramaticall y bette r  tha n th e baelin e 
grou p ( 7 0 % correc t  versu s 4 2 % chanc e performance) .  Si x 
childre n i n th e languag e conditio n me t  criterion ,  whil e onl y 
on e chil d i n th e baselin e conditio n a t  thi s ag e di d so .  Th e 
languag e advantag e fo r  th e olde r  childre n wa s les s pro -
nounce d -  7 3 % correc t  versu s 6 3 % ,  a  non-significan t  differ -
ence .  However ,  som e gai n wa s apparen t  i n th e subjec t 
analysis :  7  ou t  o f  1 0 childre n i n th e languag e conditio n me t 
criterion ,  whil e onl y 3  ou t  o f  1 0 childre n di d s o i n th e base -
lin e condition .  A t  bot h ages ,  childre n di d wel l  o n th e catc h 
tria l  ( 8 5 % correct) .  The y als o di d wel l  o n retrieval ,  per -
formin g nearl y a t  ceilin g (92% ;  eightee n o f  th e twent y chil -
dre n me t  criterion ,  an d al l  wer e perfec t  o n th e catc h tria l 
retrieval) .  Thu s w e infe r  tha t  th e languag e conditio n chil -
dren' s initia l  encodin g wa s mor e articulate d i n term s o f 
spatia l  relation s withi n th e bo x tha n th e encodin g o f  th e 
baselin e group . 

Condition and age comparisons 

Th e dat a fo r  searc h trial s wer e analyze d i n a  2  X  2  (Ag e X 
Condition )  repeate d measure s A N O V A.  I n suppor t  o f  th e 
abov e analyses ,  ther e wa s a  significan t  effec t  o f  language , 
wit h childre n i n th e languag e conditio n ( 7 2 % correct )  doin g 
bette r  tha n childre n i n th e contro l  conditio n (53%) ,  F(l,36 ) 
= 5.530 ,  p  <  .05 .  Th e ke y contras t  wa s betwee n th e baselin e 
and languag e conditio n 44-month-ol d children ,  an d th e dif -
ferenc e betwee n thes e tw o group s wa s significant ,  t(18 )  = 

2.279 ,  p  <  .05 .  Ther e wa s n o significan t  effec t  o f  age ,  bu t 
ther e wa s a  tendenc y fo r  th e olde r  childre n (68% )  t o d o 

bette r  tha n th e younge r  childre n (56%) ,  F(l,36 )  =  2.352 ,  p  > 
.05 .  Ther e wa s n o effec t  o f  typ e o f  hidin g place .  Al l  th e 
childre n di d abou t  a s wel l  a t  findin g th e to y in ,  o n an d unde r 

th e box . 
Th e dat a fo r  retrieva l  trial s wer e als o analyze d i n a  2  X  2 

(Ag e X  Condition )  repeate d measure s A N O V A.  Ther e wa s 
a significan t  effec t  o f  language ,  wit h childre n i n th e lan -
guag e conditio n ( 9 2 % correct )  doin g bette r  tha n childre n i n 
th e contro l  conditio n (73%) ,  F(l,36 )  =  10.371 ,  p  <  .05 . 
Ther e wa s a  significan t  effec t  o f  age ,  a s th e olde r  childre n 

(88% )  di d somewha t  bette r  tha n th e younge r  childre n 
(77%) ,  % ) ,  F(l,36 )  =  4.200 ,  p  <  .05 .  Finally ,  ther e wa s a n 
age b y conditio n interaction ,  suggestin g tha t  i t  wa s onl y th e 
younge r  contro l  conditio n childre n w h o showe d a  defici t 
( 6 3 % correct ,  a s oppose d t o a  combine d averag e fo r  th e 
othe r  thre e group s o f  9 0 % ) ,  F (  1,36 )  =  4.200 ,  p  <  .05 .  Ther e 
was n o significan t  effec t  o f  typ e o f  hidin g plac e fo r  th e re -
trieva l  trials .  Overall ,  childre n di d abou t  a s wel l  a t  remem -
berin g wher e the y ha d see n th e winne r  place d whe n i t  wa s 
in ,  o n an d unde r  th e box .  Thi s resul t  i s  modifie d b y a  mar -
gina l  plac e b y ag e interaction ,  an d a  significan t  plac e b y ag e 
by conditio n interaction ,  althoug h ther e wer e s o fe w error s 
made b y childre n i n th e languag e conditio n an d th e olde r 
childre n i n th e baselin e conditio n tha t  thes e result s ar e sus -
pect . 

Discussion 

Thes e result s bea r  ou t  th e hypothesi s tha t  performanc e i n a 
relationa l  mappin g tas k i s facilitate d b y languag e label s tha t 
highligh t  th e c o m m o n relations .  Hearin g spatia l  preposi -
tion s enable d preschoo l  childre n t o perfor m successfull y o n 
a spatia l  mappin g tas k a t  whic h thei r  ag e mate s wer e unsuc -
cessful .  B y usin g a  tas k tha t  onl y ha d on e objec t  place d i n 
relatio n t o on e referenc e object ,  w e wer e abl e t o isolat e th e 
ke y proble m are a o f  mappin g o n th e basi s o f  correspon -
dence s betwee n relations .  Th e 44-month-ol d childre n i n th e 
baselin e conditio n seeme d t o encod e onl y AT(card ,  box ) 
and NOT-AT(card ,  box) ,  whic h wa s insufficien t  fo r 
searchin g correctl y o n al l  bu t  th e catc h trial .  Hearin g th e 
spatia l  prepositions ,  however ,  helpe d th e childre n i n th e 
languag e conditio n mak e a  mor e articulate d encodin g o f  th e 
toy' s location .  The y seeme d t o hav e th e fulle r  representa -
tio n o f  th e correspondences ,  encodin g somethin g muc h 
close r  t o ON(card ,  box) ,  IN(card ,  box) ,  an d UNDER(card , 
box) .  Thi s representatio n wa s sufficien t  t o succee d o n th e 
task .  Th e effect s o f  languag e weren' t  limite d t o findin g th e 
hidde n to y correctly ;  the y als o affecte d th e children' s re -
trieva l  o f  th e origina l  to y the y actuall y sa w bein g hidden . 
That  is ,  th e youn g childre n i n th e languag e conditio n wer e 
considerabl y bette r  a t  retrievin g th e origina l  to y tha n thos e 
i n th e baselin e condition .  Relationa l  language ,  therefore , 
m ay b e a  powerfu l  suppor t  fo r  childre n noticing ,  using ,  an d 
maintainin g memorie s o f  relationa l  similarities . 

Ther e ar e tw o possibl e developmenta l  limit s o n th e bene -
fit s o f  explici t  relationa l  language .  First ,  i f  childre n haven' t 
mastere d th e meaning s o f  th e relationa l  terms ,  the n th e 
term s m a y no t  pic k ou t  th e relevan t  relations .  I n thi s cas e 
no benefi t  wil l  b e seen .  I n pilo t  studies ,  childre n jus t  turn -
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in g thre e year s ol d wer e unsuccessfu l  o n thi s mappin g tas k 
eve n i n th e languag e condition .  A t  th e othe r  en d o f  th e 
continuum ,  whe n childre n achiev e a  leve l  a t  whic h th e rela -
tion s ar e ver y wel l  understoo d an d entrenched ,  the n explic -
itl y  markin g the m wil l  b e o f  n o benefit .  W e suspec t  tha t 
five-year-old  childre n woul d d o wel l  o n thi s mappin g tas k 
regardles s o f  condition .  Thu s ther e ma y b e a  transitiona l 
perio d i n a  child' s domai n learnin g a t  whic h relationa l  lan -
guag e wil l  b e mos t  importan t  i n supportin g fledglin g rela -
tiona l  understanding . 

Extrapolatin g fro m thes e results ,  w e speculat e tha t 
learnin g relationa l  languag e ma y foste r  th e developmen t  o f 
relationa l  though t  (Centner ,  1998) .  I f  thi s i s tru e the n w e 
shoul d find  tha t  differen t  language s -  ofte n wit h ver y differ -
ent  semanti c system s o f  relationa l  term s -  migh t  facilitat e 
differen t  cognitiv e insights .  Cross-linguisti c investigation s 
(e.g. ,  Levinson ,  1996 )  wil l  b e importan t  i n revealin g lin -
guisti c difference s i n spatia l  semantic s tha t  coul d engende r 
difference s i n whic h relation s youn g childre n atten d t o 
(Bowerma n &  Choi ,  t o appear) . 

I n ou r  study ,  children' s abilit y  t o mak e similarit y com -
parison s o n th e basi s o f  relationa l  commonalitie s wa s fa -
cilitate d b y th e presenc e o f  relationa l  language .  Learnin g 
relationa l  languag e ma y facilitat e th e developmen t  o f  rela -
tiona l  thought . 
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Abstrac t 

The increasing lexicalization of syntactic theories poses 
ne w difficultie s fo r  incrementa l  model s o f  languag e 
processing .  I n thi s paper ,  w e describ e a n incrementa l 
interprete r  tha t  make s us e o f  knowledg e o n categorie s t o 
kee p th e syntacti c structur e alway s connected .  This ,  i n 
turn ,  guarantee s a  fine-graine d syntax-semantic s 
interaction .  Th e pape r  introduce s th e genera l  proble m o f 
formalizin g th e notio n o f  incrementa l  interpretation ,  an d 
analyze s th e curren t  approache s i n th e cognitiv e literature . 

Introduction 

Incrementa l  interpretatio n ha s bee n widel y assume d i n th e 
psycholinguisti c model s o f  huma n sentenc e processin g sinc e 
th e wor k o f  (Marslen-Wilso n 1973) .  Incrementa l 
interpretatio n constrain s th e languag e processo r  t o analyz e 
th e inpu t  fro m lef t  t o right,  an d t o produc e a  semanti c 
representatio n fo r  th e partia l  syntacti c structure s associate d 
wit h initia l  sentenc e fragments .  Th e incrementa l  strateg y 
provide s a  majo r  m e m o r y advantag e t o th e processor ,  b y 
keepin g a s lo w a s possibl e th e numbe r  o f  unstructure d item s 
i n th e workin g memory . 

The vas t  bod y o f  experimenta l  evidenc e i n favo r  o f 
incrementa l  interpretatio n range s fro m th e hig h spee d tha t 
humans exhibi t  i n shadowin g an d interpretin g speec h 
(Marslen-Wilso n 1973) ,  t o th e on-lin e dat a o n th e 
processin g o f  head-fina l  language s lik e Dutc h (Frazie r 
1987) ,  Japanes e (Yamashit a 1994) ,  Germa n (Bader ,  Lasse r 
1994) .  A  recen t  serie s o f  multimedia !  experiments ,  whic h 
integrat e visua l  recognitio n fro m spoke n instructions ,  ha s 
reveale d a  fine  graine d interactio n o f  th e syntactic ,  semanti c 
and discours e knowledg e (Tanenhaus ,  Spivey-Knowlton , 
Eberhard ,  Sediv y 1995) .  I n a  typica l  experimen t  o f  thi s 
serie s (fig .  1) ,  th e subjec t  initiall y  look s a t  th e cross .  The n 
s/h e hear s th e utteranc e "Touc h th e starre d yello w square " 
throug h a  headphone .  A  head-mounte d eye-tracke r  records  th e 
movement s o f  her/hi s eye s durin g sentenc e comprehension . 
The result s ar e tha t  s/h e direct s her^i s eye s towar d th e right 
object ,  a s soo n a s s/h e hear s som e distinctiv e attribut e 
("starred "  i n fig.  1) ,  befor e hearin g th e hea d "square" .  Thi s 
suggest s tha t  th e commitmen t  t o th e syntacti c analysi s tha t 
contribute s t o th e semanti c interpretatio n occur s ver y earl y 
(i n particular ,  thi s resul t  exclude s head-licensin g model s 
(Abne y 1989 ;  Pritchet t  1992)) . 

pin k 

vello w 

blu e 

O 

Q 

Figur e 1 .  A  typica l  experimenta l  settin g fo r  objec t 
recognitio n o n a  screen . 

The design of a computational model that implements some 
for m o f  incrementa l  interpretatio n i s no t  immediate .  Beyon d 
th e cor e intuition ,  th e formalizatio n o f  th e notio n o f 
incrementalit y ha s t o dea l  wit h a  numbe r  o f  detail s whic h 
ar e relate d t o bot h th e linguisti c theor y an d th e languag e 
processo r  architecture .  Ther e ar e tw o majo r  approache s t o 
th e formalizatio n (an d implementation )  o f  incrementality . 
O ne i s t o us e a  syntacti c formalis m whic h allow s structura l 
aggregation s tha t  g o beyon d standar d constituency ,  i n orde r 
t o assig n a  semanti c interpretatio n t o mos t  o f  th e sentenc e 
fragments ;  th e othe r  i s  t o wor k o n th e synchronizatio n 
betwee n th e parse r  an d th e interpreter ,  i n orde r  t o assig n a 
semanti c interpretatio n t o incomplet e trees . 

Most  o f  th e wor k i n th e firs t  approac h ha s bee n develope d 
i n th e Categoria l  G r a m m a r  framework .  Th e combinatio n 
operator s introduce d i n Combinator y Categoria l  G r a m m a r 
(Steedma n 1997 )  expres s th e syntacti c constraint s an d 
provid e th e basi c tool s o f  th e processin g architecture .  I n 
fact ,  o n on e hand ,  the y permi t  th e treatmen t  o f  mos t 
linguisti c phenomen a (includin g unbounde d dependencie s 
and coordination )  vi a a n increas e o f  th e expressiv e power ,  o n 
th e other ,  the y ar e abl e t o assig n a  semanti c typ e t o a  vas t 
number  o f  initia l  sentenc e fragment s (thos e license d b y th e 
grammar) .  Th e increas e o f  th e expressiv e powe r  m a y caus e 
an unwante d overassignmen t  o f  syntacti c type s t o wor d 
string s togethe r  wit h th e proble m o f  spuriou s ambiguit y 
(man y derivation s fo r  on e interpretation) .  Milwar d (1995 ) 
solve s som e o f  thes e problem s b y usin g a  simple r  categoria l 
framewor k (Applicativ e Categoria l  G r a m m a r ,  wit h onl y 
functiona l  application) ,  whic h i s  expresse d i n a  H P S G 
notation .  However ,  th e computationa l  mode l  doe s no t  mak e 
any abstractio n (fro m word s t o syntacti c categories )  ove r  th e 
lexicalize d characte r  o f  th e formalism .  Thi s ca n caus e 
tractabilit y  problem s i n processing ,  becaus e o f  th e 
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impossibilit y  t o predic t  th e word s o f  th e sentence .  Th e 
abstractio n ove r  syntacti c categorie s coul d avoi d som e o f 

thes e problems ,  b y usin g a  sor t  o f  underspecifie d 
representatio n (wit h respec t  t o a  lexicalize d grammar) . 

Th e secon d approach ,  whic h work s o n th e processin g 
architecture ,  usuall y assume s a  traditiona l  phras e structur e 
syntax .  Th e ide a i s th e following :  give n tha t  a  well-forme d 
(i.e .  complete )  tre e T  map s t o a  semanti c typ e S t  (whic h 

ca n b e a  state ,  a n event ,  a  truth-value,...) ,  whe n T  misse s 
some subconstituen t  C  whic h map s t o th e semanti c typ e 
S c ,  i t  ca n b e interprete d a s a  functio n fro m S c t o S j .  A 

basi c parsin g algorith m provide s th e partia l  (i.e .  incomplete ) 
constituent s t o th e interprete r  a t  a  rat e whic h depend s fro m 
th e genera l  architecture .  Mos t  approache s assum e a  wor d 
basi s interactio n an d focu s o n th e actua l  parsin g strategy : 
Pulma n (1986 )  adopt s a  left-come r  parser .  Stable r  (1991 )  a 
top-dow n parser .  Othe r  author s defin e mor e comple x 
interactions ,  whic h als o affec t  th e parse r  design .  Th e author s 
of  th e syste m C O M P E RE (Eiselt ,  Mahesh ,  Holbroo k 1993 ; 
Mahesh 1994 )  adop t  a  particula r  varian t  o f  th e left-corne r 
strategy ,  calle d Head-Signale d Lef t  C o m e r  (HSLC) ,  whic h i s 
claime d t o b e mor e effectiv e tha n othe r  interactio n forms . 
H S LC define s a  se t  o f  specia l  daughter s fo r  eac h no n 
termina l  symbol ,  an d require s tha t  attachment s ar e execute d 
onl y whe n al l  th e specia l  daughter s o f  a  nod e hav e bee n 
parsed .  A  weaknes s o f  thi s  ̂ proac h i s tha t  th e definitio n o f 
th e specia l  daughter s ha s a n empirica l  origin ,  instea d o f 
descendin g fro m som e theory .  Also ,  accordin g t o th e 
guideline s provide d b y th e authors ,  adjunct s ar e unlikel y t o 
be specia l  daughters ;  but ,  t o explai n th e experimenta l  dat a 
on th e visua l  recognitio n mentione d abov e (Tanenhau s e t  al . 
1995) ,  i t  i s  essentia l  t o assum e a n eage r  attachmen t  o f 
modifier s (adjectives) .  Furthermore ,  a  genera l  limi t  o f  thes e 
approache s i s th e difficult y o f  dealin g wit h left-embeddin g 
structures ,  becaus e o f  th e terminatio n problem s o f  th e top -
d o wn parse r  an d o f  th e no n incrementalit y o f  th e inpu t 
bufferin g o f  th e left-come r  parser ,  respectively .  However , 
thes e model s hav e bee n assume d i n mos t  researc h i n 
psycholinguistics ,  an d th e existenc e o f  experimenta l  data , 
not  widel y availabl e fo r  th e categoria l  approaches ,  mak e 
the m a n interestin g firamework  fo r  furthe r  research . 

I n thi s pape r  w e propos e a n architectur e fo r  incrementa l 
processing ,  tha t  work s wit h a  lexicalize d grammar . 
Lexicalizatio n i s a  c o m m o n tren d o f  recen t  linguisti c 
theorie s ( G P S G ,  lexicalize d C F G ,  lexicalize d T A G ,  L F G , 
H P S G,  Minimalis t  theory) .  Syntacti c constraint s ten d t o 
refe r  t o individua l  word s rathe r  tha n t o genera l  syntacti c 
categories .  I n parsing ,  th e notio n o f  rale  applicatio n i s n o 
longe r  distinc t  fro m insertin g th e wor d i n th e stracture .  Th e 
traditiona l  parsin g schemat a whic h suppor t  a n incrementa l 
processin g (top-down ,  left-comer ,  an d variants )  nee d t o 
accoun t  fo r  th e processin g peculiaritie s o f  lexicalize d 
grammars .  I n particular ,  the y nee d t o acoun t  fo r  th e no n 
lexica l  structur e building ,  whic h i s necessar y t o kee p th e 
syntacti c stractur e full y connected .  Th e architectur e propose d 
i n thi s pape r  allow s a  fin e graine d syntax-semantic s 
interactio n b y pairin g th e parsin g primitive s wit h semanti c 
builders ,  whil e keepin g th e syntacti c structur e full y 
connecte d 

Th e pape r  i s organize d a s follows .  I n th e nex t  sectio n w e 
describ e a  lexicalize d dependenc y gramma r  base d o n 
subcategorizatio n frames ;  the n w e illustrat e th e incrementa l 
interprete r  an d trac e a n example ;  finally ,  w e provid e som e 
conclusions . 

A lexicalized grammar 

I n orde r  t o illustrat e th e detail s o f  th e processin g 
mechanism ,  w e introduc e a  lexicalize d formalism :  a  word -
base d dependenc y grammar .  Dependenc y synta x i s no t  ne w 
t o psycholinguisti c modelin g (see ,  e.g. ,  (Milwar d 1994 ; 
Pickerin g 1994)) ,  especiall y i n th e for m o f  a  varian t  o f 
categoria l  grammar .  I n general ,  th e categoria l  approac h 
define s th e combinatio n operation s t o implemen t 
incrementalit y (e.g. ,  functiona l  applicatio n an d 
composition) ,  an d th e dependenc y theor y restrict s th e 
syntacti c relation s whic h ar e relevan t  i n languag e 
processing .  I n thi s work ,  w e us e a  pur e dependenc y 
grammar ,  expresse d i n a  lexicalize d form .  Th e syntacti c 
combinatio n occur s throug h genera l  parsin g primitive s 
couple d wit h operation s tha t  exten d th e semanti c 
representatio n monotonicall y makin g us e o f  th e notio n o f 
underspecification . 

Dependenc y synta x describe s th e stractur e o f  a  sentenc e i n 
term s o f  binar y head-dependen t  (als o calle d dependency ) 
relation s o n th e word s o f  th e sentence .  Th e se t  o f  th e 
dependenc y relation s o f  a  sentenc e form s th e dependenc y tree . 
O ne specia l  word ,  th e roo t  o f  th e dependenc y tree ,  doe s no t 
pla y th e rol e o f  dependen t  i n an y relation .  Th e dependenc y 
tre e o f  th e sentenc e "Georg e touche d th e starre d yello w 
square "  i s i n fig.  2 . 

A dependenc y gramma r  consist s o f  a  se t  o f  syntacti c 
categorie s (includin g a  specificatio n o f  th e roo t  categories) ,  a 
set  o f  words ,  a  se t  o f  lexica l  sign s (se e below) .  Eac h wor d i s 
associate d wit h a  numbe r  o f  lexica l  sign s (becaus e o f 
lexicalambiguity) .  A  lexica l  sig n define s th e syntacti c an d 
th e semanti c feature s o f  th e word ,  i n term s o f  th e 
representationa l  entitie s involve d an d o f  ho w thes e entitie s 
combin e t o yiel d th e syntacti c an d th e semanti c 
representation s o f  th e whol e sentence ,  respectively .  A  lexica l 
sig n i s a  featur e stractur e whic h consist s o f  thre e mai n parts : 
th e syntacti c feature s ( S Y N ) ,  expresse d i n th e for m o f 
dependenc y rules ;  th e semanti c features ,  includin g a  semanti c 
typ e an d th e correspondin g selectiona l  restrictions ;  th e 
syntax-semantic s interface ,  th e so-calle d linJdn g rules . 

A dependenc y rul e describe s th e subcategorizatio n 
consu-aint s o f  a n individua l  word .  Give n th e lexica l  sig n o f 

sub j y 
touche d 

^b j 

Georg e squar e 

t̂t r 

th e starre d yello w 

Figur e 2 .  Th e dependenc y tre e o f  th e sentenc e "Georg e 
touche d th e starre d yello w square" .  Th e orientatio n o f  th e 
arc s represent s th e linea r  orde r  o f  th e word s i n th e sentence . 
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th e wor d x ,  a  generi c dependenc y rul e i s o f  th e for m 

X(<riYi><r2Y2>...<ri.iYi.i>#<ri+iYi+i>...<rmYm> ) 
wher e X  an d Y j  (l^j<m )  ar e syntacti c categories ,  r j  (l^j^m ) 

i s a  dependenc y relatio n (SUBJ ,  O B J .  A T T R ,  . . . ) ,  #  i s a 
specia l  symbo l  whic h mark s th e positio n o f  th e hea d i n th e 
linea r  orde r  o f  dependents .  A  dependenc y rul e X(riY i  r2Y 2 

.. .  ri.iYi. i  #  ri+iYi+ i  .. .  r m Y m )  constrain s th e for m o f  a 

configuratio n head-direc t  dependent s i n a  dependenc y tree , 
when th e hea d i s a  wor d o f  categor y X .  Th e dependen t  word s 
yj  refe r  t o lexica l  sign s wit h dependenc y rule s o f  th e for m 

Yj(...) .  Th e followin g ar e dependenc y rules : 

V (<SUBJjsf > #  <OBJJSl> )  (1 ) 
N (<DET,D > < A T T R , A > *  # )  (2 ) 

(1 )  i s  a  dependenc y rul e fo r  transitiv e verbs ,  whic h requir e a 
subjec t  (tha t  precede s th e ver b i n th e linea r  order )  an d a n 
objec t  (whic h follow s th e verb) ;  (2 )  i s  th e rul e fo r  c o m m o n 
noun s (precede d b y a  determine r  an d a n indefinit e numbe r  o f 
adjectives) .  N ,  V ,  A  an d D  ar e syntacti c categories .  S o m e 
categorie s ca n encod e specifi c  featur e values .  Fo r  example , 
N[+Proper ]  an d V[+PAS ]  ar e th e categorie s fo r  prope r  name s 
and passiv e verbs ,  respectively .  Thes e categorie s hav e 
differen t  dependenc y rules . 

The semanti c par t  o f  a  lexica l  sig n ( S E M )  contain s th e 
semanti c typ e o f  a  word ,  togethe r  wit h th e selectiona l 
restriction s o n th e fillers  o f  th e themati c role s require d b y 
th e semanti c type .  Semanti c type s ar e arrange d i n 
taxonomie s o f  concepts ,  an d ar e represente d i n a 
terminologica l  knowledg e base .  Eac h bas e syntacti c categor y 
C,  whic h stand s a t  th e to p o f  som e categoria l  taxonomy , 
maps ont o a  to p semanti c typ e Sc ;  individua l  word s o f 

categor y C  m a p s ont o a  specializatio n S '  o f  th e 
correspondin g semanti c typ e Sq -  Verb s ar e mappe d ont o a 

taxonom y whos e roo t  i s th e concep t  o f  "stat e o r  event" , 
whil e noun s refe r  t o a  taxonom y roote d i n "individua l  o r 
stat e o r  event" ;  adjective s implicitl y  refe r  bot h t o propertie s 
and t o propert y value s (althoug h th e propert y ca n b e 
specifie d explicitly ;  cf .  "re d ball "  vs .  "bal l  o f  re d color") .  Fo r 
th e sak e o f  readability ,  w e associate d concept s o f  differen t 
kind s wit h differen t  prefixes :  @ fo r  state s an d events ,  §  fo r 
individual s an d properties ,  #  fo r  propert y values .  So ,  w e 
hav e @state-or-event ,  @touch ,  §physical-object ,  §person , 
#red ,  etc .  Note ,  however ,  tha t  th e taxonomie s ar e 
interconnected ,  s o tha t  th e syntacti c differenc e nee d no t 
impl y semanti c differenc e (conside r  deverbalize d noun s a s 
destructio n fro m destroy ,  bot h o f  whic h refe r  t o a n event). ' 

'  Th e taxonomie s d o no t  includ e onl y specializatio n (class -
subclass )  links ,  bu t  the y ar e th e repositor y fo r  muc h othe r 
knowledg e require d fo r  interpretin g linguisti c expression s an d 
fo r  makin g prediction s o n thei r  structur e an d meaning .  Fo r 
instance ,  th e constraint s o n th e relationship s betwee n 
propertie s an d individual s ar e represente d a s explici t  link s 
restrictin g th e rang e o f  applicabilit y  o f  th e propert y t o a  give n 
concep t  (e. g §colo r  i s linke d t o §physical-object) . 
Analogously ,  th e possibl e participant s i n a n even t  (a s th e 
"toucher "  an d th e "touchee "  i n a  touchin g event )  ar e specifie d i n 
th e taxonom y a s "roles "  o f  th e even t  togethe r  wit h th e 
associate d selectiona l  restriction s (th e "toucher "  an d th e 
"touchee "  mus t  b e physica l  objects) .  Differen t  sense s ca n b e 

Th e valu e o f  th e featur e S E M consist s o f  thre e attributes : 
Q U A N T,  I N D I V an d M A T R I X .  W e assum e tha t  eac h nod e 
i n th e dependenc y tre e refer s t o a  give n individua l  ( a variabl e 
whic h i s th e valu e o f  I N D I V ) ,  quantifie d accordin g t o 
Q U A N T,  an d wit h propertie s specifie d b y th e formul a 
M A T R I X,  wher e th e variabl e i n I N D I V occur s fi-ee. 

Th e mappin g o f  th e dependenc y (grammatical )  relation s 
betwee n th e ver b an d it s dependent s (e.g .  S U B J ,  O B J )  ont o 
th e semanti c label s expressin g th e (thematic )  role s o f  th e 
participant s (e.g .  A G T ,  P A T I E N T ) ,  i.e .  th e "linking " 
proble m (see ,  fo r  instance ,  (Levi n 1993)) ,  i s  solve d her e b y 
explicitl y  specifyin g th e mappin g i n th e verba l  entr y unde r 
di e L I N K attribute. 2 

Th e piece s o f  informatio n associate d wit h lexica l  item s ar e 
put  togethe r  i n a n incrementa l  w a y (se e th e nex t  section )  i n 
orde r  t o buil d u p th e fina l  representation s o f  th e sentence . 
Th e syntacti c representatio n i s a  dependenc y tree ,  wher e 
node s ar e instantiation s o f  lexica l  signs ,  tha t  includ e a  wor d 
and a  dotte d dependenc y rul e (se e below )  a s S Y N ,  an d copie s 
of  Q U A N T,  I N D I V an d M A T R I X a  S E M .  Th e semanti c 
representatio n i s a  first-order  formula ,  wher e event s an d 
situatio n ar e reified .  Th e predicate s expres s th e connection s 
betwee n a n argumen t  individua l  (whic h ca n b e a n event ,  a 
state ,  a n entity ,  etc. )  an d a n argumen t  concep t  (e.g .  §person , 
@touch) ,  o r  a m o n g individuals .  Fo r  instance ,  is-a(e , 
@ t o u c h )  specifie s tha t  e  i s a n individua l  even t  o f  typ e 
@touch ,  an d agt(x,e )  say s tha t  th e individua l  x  i s th e agen t 
of  th e actio n e .  I n a  dependenc y framework ,  th e valu e o f 
S E M o f  a  nod e n  include s onl y th e propertie s derive d fro m 
th e singl e wor d associate d wit h n ,  whil e Ui e complet e se t  o f 
propertie s o f  th e individua l  ca n b e obtaine d fro m th e node s 
linke d t o n .  Th e interpretatio n algorith m collect s al l  th e 
piece s o f  informatio n associate d wit h th e variou s node s (a s 
the y ar e built )  i n orde r  t o buil d Ui e complet e formula . 

Incremental interpretation 

T o yiel d a n incrementa l  interpretation ,  w e hav e t o b e abl e t o 
integrat e th e ne w piece s o f  semanti c representatio n a s soo n 
as possible :  th e mor e connecte d i s th e syntacti c structur e 
durin g th e parsin g process ,  th e mor e connecte d i s th e partia l 
semanti c representation . 

Top-dow n parsing ,  a s oppose d t o bottom-u p an d left -
comer ,  keep s th e syntacti c structur e alway s connected .  Th e 
problem s manifeste d b y top-dow n parser s wit h th e left -
embeddin g structure s (a n exampl e o f  infinit e loca l 
ambiguity )  ca n b e face d wit h th e Minima l  Recursiv e 

associate d wit h th e sam e ver b (cf .  "th e discours e touche d 
differen t  aspect s o f  th e problem") .  Actually ,  sinc e th e 
taxonom y enforce s a n inheritanc e mechanism ,  som e rol e label s 
ar e iitherite d fro m mor e genera l  concepts ;  so ,  i n th e example s 
below ,  th e rol e label s "toucher "  an d "touchee "  ar e replace d b y 
th e (mor e general )  label s A G T an d P A T I E N T (se e (Goy ,  Lesm o 
1997 )  fo r  a  mor e detaile d descriptio n o f  th e structur e o f  th e 
taxonomy ,  an d (D i  Tomaso ,  Lombardo ,  Lesm o 1998 )  fo r  mor e 
informatio n o n th e analysi s o f  locativ e expressions) . 
2 I n th e complet e model ,  w e hav e define d a  taxonom y o f  linkin g 
classe s separat e from ,  bu t  closel y simila r  to ,  th e taxonom y o f 
sute s an d events . 
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yello w 

SYN: A(#) 
SEMfQUANT:  / 

INDIV :  X 
MATRIX:  Foperty-name(x ,  §colour )  & 

property-value(x ,  #yellow )  _ _ 

touche d 

SYN: V(<SUBW> # <OBJ.N>) 

SEM:  [QUANT:  3 
INDIV :  X 
MATRIX:  is-a(x.@touch ) 
ROLES:  ag e ©physical-objec t 

patient :  @physical-objec t 

L INK ;  subj :  agt ;  obj :  patien t 

squar e 

S Y N:  N (<DET.D><ATTRA> *  # ) 

SEM: QUANT:  / 
INDIV :  X 
MATRIX:  is-a(x .  §square ) 

Georg e 

SYN: N[+Proper](#) 
SEM: 

th e 

SYN:  D(#) " 
SEM:  3 

starre d 

SYN: 

SEM: 

QUANT:  3 
INDIV :  X 
MATRIX:  is-a(x,§person )  & 

identifier(x,'George') _ 

A(# ) 

Q U A N T:  / 

INDIV :  X 

MATRIX:  3y, z property-name(x .  @surface-on )  & 
property-value(x ,  y )  & 
is-a(y ,  §drawing )  & 
has-property(y ,  z )  & 
property-name(z ,  §shape )  & 
property-value(z ,  #star ) 

Figur e 3 .  Th e lexica l  sign s use d i n th e examples.Ther e ar e thre e piece s o f  information :  th e dependenc y rul e (SYN) ,  th e 
meanin g ( S E M )  and ,  possibly ,  som e "linking "  betwee n th e dependenc y relatio n an d th e correspondin g themati c rol e (LINK) . 

Structur e mechanis m describe d i n (Lombardo ,  Stur t  1997) . 
Thi s augmente d top-dow n parse r  exhibi t  a  cognitivel y 
plausibl e behavior ,  becaus e i t  correctl y assign s a  processin g 
difficult y  t o center-embeddin g structure s wit h respec t  t o left -
and right-embeddin g structures . 

The (augmented )  top-dow n strateg y build s th e syntacti c 
structur e fro m th e root :  a t  eac h step ,  i t  guesse s a  portio n of 
structur e (th e connectio n path )  an d insert s th e inpu t  word .  I n 
dependenc y grammar ,  nod e guessin g correspond s t o th e 
predictio n o f  a  wor d o f  categor y C  i n th e input :  th e parse r 
introduce s a  templat e nod e labelle d C x i n th e structur e vi a 

th e primitiv e crlin k ( x i s a  numeri c index) ,  an d the n C x wil l 

be filled  wit h a n inpu t  wor d (primitive/i//) . 
To appl y th e augmente d to p dow n parse r  t o lexicalize d 

grammar ,  w e nee d t o augmen t  th e gramma r  wit h som e 
knowledg e o n th e lef t  come r  of  categories :  give n a  syntacti c 
categor y C ,  w e defin e a s LC(C )  th e se t  o f  categorie s tha t  ca n 
appea r  a s th e lef t  corne r  o f  a  dependenc y tre e roote d b y a 
wor d of  categor y C .  Thi s permit s t o buil d th e connectio n 
pat h fo r  eac h word ,  an d t o kee p th e syntacti c structur e 
connected .  Fo r  ou r  exampl e gramma r  (fig .  3) ,  w e onl y hav e 

LC(V)={N.D} .LC(N)={N,D ) 
Th e othe r  categorie s (A ,  D ,  N[+Proper] )  only  hav e 
themselve s a s lef t  comer .  Th e left-come r  knowledg e i s easil y 
extracte d from  th e dependenc y rules . 

The us e of  connectio n pat h knowledge ,  whic h i n ou r  cas e 
correspond s t o left-comer ,  i s  no t  ne w i n psycholinguisti c 
modeling ,  wher e i t  refer s i n genera l  t o th e proble m o f  non -
lexica l  structur e buildin g i n lexicalize d gramma r  parsin g 
(see ,  e.g. ,  th e discussio n i n (Stur t  1997)) .  Thi s knowledg e 
als o avoid s th e explosio n of  useles s prediction s i n traditiona l 
(no n lexicalized )  top-dow n parsers . 

Parsing primitives 

The parsin g primitive s crlin k an d fill  consis t  of  tw o parts : 
th e syntacti c part ,  tha t  build s th e dependenc y tree ,  an d th e 
semanti c part ,  tha t  accumulate s th e semanti c representation . 
Th e synatcti c par t  of  Crlink(n ,  r ,  Cat )  create s a  nod e o f 

categor y Ca t  an d link s i t  t o (i.e .  make s i t  depen d on )  th e 
nod e n  throug h th e relatio n r ;  fill(n,w)  associate s th e inpu t 
wor d w  (o f  categor y Cat )  wit h th e nod e n  (agai n o f  categor y 
Cat) .  A  nod e whic h doe s no t  contai n a n inpu t  wor d i s calle d 
empty ;  a  nod e whic h doe s contai n a n inpu t  wor d i s calle d 
full .  Th e crlin k actio n create s empt y nodes ;  th e fill  actio n 
transform s a n empt y nod e int o a  ful l  node .  A  ful l  nod e tha t 
govems al l  th e modifier s license d b y a  dependenc y rul e i s 
calle d complete .  Not e tha t  th e crlin k actio n top-dow n create s 
and link s a  ne w node :  sinc e eac h ne w nod e i s immediatel y 
linke d t o a n existin g node ,  th e syntacti c structur e i s alway s 
connected . 

A semanti c actio n i s  associate d wit h crlin k an d fill.  I n 
cas e of  crlink ,  a  ne w individua l  i s introduced .  It s typ e i s stil l 
ver y general ,  bu t  i t  i s  no t  completel y unknown ,  sinc e i t 
depend s o n th e categor y o f  th e create d node .  Fo r  instance ,  i n 
cas e o f  a  ne w verba l  node ,  it s  S E M . I N D I V i s a  fres h 
variabl e enew ,  it s S E M . M A T R I X get s th e valu e is- a (Cnew . 

@state-or-event) ,  an d it s S E M . Q U A NT i s a  specia l  symbo l 

standin g fo r  a  stil l  unknow n quantifier̂ .  Moreover ,  th e 
semanti c connectio n betwee n th e existin g representatio n an d 
th e newl y entere d individua l  i s  determine d o n th e basi s of  th e 
dependenc y relatio n an d o f  th e meaning s o f  th e tw o linke d 
node s (vi a th e functio n link) .  I n cas e of  fill,  th e semanti c 
effec t  i s t o exten d th e valu e t o th e featur e S E M . M A T R I X o f 
th e fille d node ,  accordin g t o th e lexica l  semantic s o f  th e 
word .  Thi s i s obtaine d b y and-in g th e curren t  valu e wit h th e 
ne w informatio n an d substitutin g th e INDI V variabl e fo r  th e 
mai n variabl e of  th e lexica l  S E M .  So ,  i f  th e origina l  valu e 
of  S E M . M A T R I X i s is-a(e,@state-or-event) ,  th e ne w valu e 
wil l  b e is-a(e,@state-or-event )  &  is-a(e,@touch) .  O f  course , 
sinc e @touc h i s mor e specifi c  tha n @state-or-event ,  th e ne w 
M A T R IX i s equivalen t  t o is-a(e,@touch) . 

•*  I n th e exampl e o f  th e nex t  section ,  w e assum e existentia l 
quantification ,  sinc e th e treatmen t  o f  determiner s an d o f  th e 
subfeatur e Q U A NT i s rathe r  comple x an d outsid e th e scop e o f 
thi s paper . 
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T h e algorith m 

The parsin g algorith m present s tw o phases :  predictio n 
icrlink )  an d scannin g {fill) .  Her e follow s th e algorithm .  Th e 
algorith m i s i n no n deterministi c form :  w e d o no t  includ e 
any preferenc e fo r  loca l  ambiguity ,  bu t  w e assum e tha t  i t 
alway s make s th e correc t  move .  I n othe r  works ,  w c sho w 
ho w thi s approac h t o incrementa l  interpretatio n ca n fac e 
ambiguit y resolutio n an d reanalysi s (Lombard o 1995 ;  1998 ; 
Lombardo ,  Stur t  1997) . 

Input A sentence x = wq wj ... Wn-i 

Outpu t  A  dependenc y tre e an d a  logica l  for m 

bggi n 
n : = newnod e (V) ;  {wher e V  i s th e roo t  category ) 
n.SEM: = 3e .  is-a(e ,  @state-or-event ) 
lo r  eac h inpu t  wor d w  jI q 

selec t  a n interpretatio n fo r  w  (syntacti c categor y Catw ) 

selec t  a  continuatio n nod e n  o n th e tre e edg e 
i f  Catw=n.ca t  &  th e nex t  symbo l  i n n.rul e i s # 

IhsnfilKn.w ) 

clsei f  th e nex t  symbo l  o f  n.rul e i s <d-rel ,  Cau > 

& Cat w belong s t o LC(Cat )  the n 

crlink(d-rel ,  Cat ,  n ) 

els e fai l 
i f  al l  th e node s i n th e dependenc y tre e ar e complet e 

the n accep t  sls s rejec t 

a H 

The algorithm begins by initializing the dependency tree 
wit h th e root ,  a  nod e o f  categor y Cat r  create d b y th e 

primitiv e n e w n o d e ,  an d th e logica l  form ,  providin g a 
quant(3) ,  a n indi v  (e) ,  an d a  matri x (is-a(e ,  @stale-or-event)) . 
The mai n loo p cycle s o n th e inpu t  words .  Fo r  eac h word , 
th e algorith m select s a n interpretatio n fo r  th e inpu t  wor d 
(includin g a  categor y Catw )  an d a  nod e fo r  continuatio n i n 

th e dependenc y tree .  Thes e selection s depen d o n th e 
strategie s use d fo r  (lexica l  an d attachment )  ambiguit y 
resolution .  Then ,  i f  th e categor y o f  th e inpu t  wor d i s equa l 
t o th e categor y o f  th e nod e an d th e nod e i s empty ,  th e wor d 

i s store d i n thi s node ,  an d th e logica l  for m i s appropriatel y 
update d (fill) .  Otherwise ,  i f  th e categor y o f  th e wor d i s on e 
of  th e lef t  come r  categorie s o f  th e nex t  dependen t  o f  th e 
continuatio n node ,  i t  initialize s th e subtre e o f  tha t  dependen t 
by creatin g th e roo t  nod e (crlink) .  I f  non e o f  thes e 
continuation s ar e possible ,  th e proces s fails .  A t  th e en d o f 
th e sentence ,  al l  th e node s i n th e tre e mus t  b e complete ,  i n 
th e sens e the y satisf y th e constraint s o f  subcategorizatio n 
(dependenc y rule )  provide d b y th e respectiv e words . 

An example 

I n thi s sectio n w e describ e th e applicatio n o f  th e incrementa l 
algorith m t o th e exampl e sentenc e "Georg e touche d th e 
starre d yello w square" ,  wit h a  structur e simila r  t o th e 
utterance s use d i n th e visua l  recognitio n experimen t 
describe d i n th e introduction .  W e als o assum e th e (limited ) 
referentia l  contex t  provide d i n tha t  experiment . 

At  th e beginning ,  th e dependenc y tre e i s a n empt y nod e o f 
categor y V  (th e root) .  Thi s creatio n trigger s th e semanti c 

processor ,  whic h identifie s V i  a s a  nod e o f  categor y V ,  an d 

produce s th e interpretatio n 
3e.is- a (e ,  @state-or-event ) 
Th e first  wor d (George )  produce s a  sequenc e o f  crlin k 

operations ,  th e firs t  o f  whic h create s a  subjec t  (left ) 
dependen t  o f  V j  o f  categor y N ,  Th e interprete r  expand s th e 

semanti c representatio n a s follow s (i n th e figures,  w e use d 
@st-or-e v an d @ind-or-st-or-e v i n plac e o f  @state-or-even t 
and @individual-or-space-or-even t  becaus e o f  spac e reasons) : 

VI 

I - I 3e, x. is-a (e, (Sst-or-ev) & 
^ ^  s u b j ^  jg ^  ̂^ ^  §ind-or-st-or-ev )  & 

I  1  lin k (@st-or-ev ,  §ind-or-st-or-ev ,  subj )  (x ,  e ) 

This means that there is some entity playing some role 
(correspondin g t o th e relatio n subj )  i n th e stat e o r  even t 
described .  Thi s entit y ha s typ e §ind-or-st-or-e v i.e .  i t  i s th e 
most  genera l  nomina l  concept .  It s exac t  rol e ha s no t  ye t 
bee n identified ,  becaus e o f  th e lac k o f  informatio n abou t  th e 
event .  Then ,  N i  i s filled  wit h George ,  an d thi s specialize s 

th e predicat e is-a(x ,  §ind-or-st-or-ev) . 

VI 
3e ,  X .  is- a (e ,  (Sst-or-ev )  & 
is- a (x ,  §person )  & 

lin k ((©st-or-ev ,  §person ,  subj )  (x ,  e )  & 

identifie r  (x ,  'George" ) 

Not e tha t  th e predicat e is- a (x ,  §ind-or-st-or-ev )  i s stil l  par t 
of  th e representation ,  bu t  w e hav e exclude d i t  h o m th e 
figure,  becaus e i t  i s specialize d b y is-a(x,§person) .  Then ,  th e 
interprete r  fills  th e nod e V i  wit h touched .  Thi s produce s 

agai n a  specializatio n (o f  is-a(e,@st-or-ev)) ,  a s wel l  a s th e 
identificatio n o f  th e George' s rol e (agt) : 

Nl ibjT ' sub j 
• 

I  Georg e 

VI 

I  touche d 

Nl  y 
I  Georg e | 

3e ,  X .  is- a (e ,  @ touch )  & 

is- a (x ,  §person )  & 

agt  (x ,  e )  & 

identifie r  (x ,  'George' ) 

W h en th e (o f  categor y D )  i s analyzed ,  th e chec k o n th e lef t 
comer  o f  th e categor y N  i s positive ,  an d th e parse r  build s 

th e nod e N 2 ,  an d attache s i t  a s right  {object )  dependen t  t o 

Vl .  Th e linkin g mle s succee d becaus e th e ver b i s alread y 

present :  the y tel l  tha t  th e direc t  objec t  i s  th e patien t  o f  th e 
touchin g event .  O n th e basi s o f  thi s result ,  i t  i s  possibl e t o 
appl y th e selectiona l  restrictio n t o th e patien t  argumen t  o f 
touch :  I t  mus t  b e a  physica l  object .  S o w e ge t 

Nl 
sub i 

VI 

I  touche d I 

Y \ 
obj 

N2 
Georg e 

3e,  X ,  y .  is- a (e ,  ©touch )  & 

is- a (x ,  §person )  & 

agt(x,e) & 

identifie r  (x ,  'George' )  & 

is- a (y ,  §physical-object )  & 

patient(y ,  e ) 

The subsequen t  creatio n an d filling  o f  a  D j  nod e wit h th e 

wor d th e contribute s t o th e representatio n jus t  wit h a 
specificatio n o f  th e quantifie r  associate d wit h th e variabl e y 
(tha t  w e gav e fo r  granted) .  W h e n starre d i s found ,  w e obtain , 
i n tw o steps ,  th e followin g representation : 
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VI 

Nl 

[touche d 
sub y V 

George 

Dl  , 
4 ^ 
n I  starre d | 

obj 
N2 

att r 

Al 

3e ,  X ,  y ,  z .  w ,  L 
is- a (e ,  @touch )  & 

is- a (x ,  §person )  & 
agt(x.e) & 
identifie r  (x ,  'George' )  & 
is- a (y ,  §physical-object )  & 
patien t  (y ,  e )  & 
has-propert y (y ,  z )  & 
property-name(z, @ surface-on )  & 
property-valu e (z ,  w ) 
is- a (w ,  §drawing )  & 
has-propert y (w .  t )  & 
property-nam e (t ,  §shape )  & 
property-va l  (t ,  #star ) 

Thi s representatio n ca n b e paraphrase d as :  ther e ha s bee n a 
touchin g event ,  whos e agen t  ha s 'George '  a s identifie r  an d 
whos e patien t  i s  som e physica l  objec t  havin g o n it s surfac e 
a drawin g whos 6 shap e i s a  star .  Thi s formul a ca n b e use d i n 
th e contex t  t o fin d ou t  an y referen t  satisfyin g th e 
description ;  i n particular ,  an y starre d physica l  objec t  ca n b e 
foun d eve n i f  th e associate d hea d nou n ha s no t  ye t  bee n 
analyzed .  W e mus t  observ e tha t  th e restrictio n o f  th e patien t 
t o a  §physical-objec t  i s  conceptuall y important ,  bu t  doe s 
not  affec t  th e globa l  behavio r  eve n a  "starred "  §ind-or-st-or -
ev coul d b e foun d successfull y i n a  limite d context .  Not e 
als o that ,  i n principle ,  linkin g rule s coul d appl y als o t o 
mor e genera l  concept s (e.g .  @st-or-ev) ,  wer e the y define d fo r 
them ;  since ,  i n general ,  thi s i s no t  th e case ,  the y mus t  wai t 
fo r  a  suitabl e specializatio n befor e returnin g th e associate d 
rol e label . 

Conclusion 

Thi s pape r  ha s presente d a  computationa l  mode l  base d o n a 
lexicalize d gramma r  tha t  implement s incrementality .  Left -
comer  constraint s o n th e syntacti c categor y ar e applie d i n 
th e predictio n phase ,  whe n templat e node s ar e instantiate d 
an d attache d t o th e existin g structure ;  wor d lexica l 
informatio n i s applie d i n th e scannin g phase ,  whe n th e wor d 
i s processe d an d fills  som e templat e nod e previousl y created . 
An advantag e o f  th e dependenc y formalis m i s tha t  th e top -
d o wn strateg y implie s a  minima l  commitmen t  o n th e 
syntacti c structure ,  becaus e i t  doe s no t  pos e an y 
superstructur e ove r  th e wor d level .  Th e abstractio n o n (lef t 
comer )  knowledg e o n th e categorie s guarantee s th e ful l 
connectivit y o f  th e syntacti c structure ,  tha t  i s  necessar y fo r 
incrementality . 

We d o no t  tak e a  positio n o n th e constraint-based/syntax -
autonom y debat e i n ambiguit y resolution .  Th e mode l  i s 
compatibl e wit h bot h o f  them ,  an d i s intende d t o provid e a 
basi c mechanis m fo r  incrementa l  processing . 
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Abstrac t 

This study is designed to investigate the predictions of a 
connectionis t  mode l  o f  th e developmen t  o f  inductiv e infer -
enc e (Loos e &  Mareschal ,  1997) .  W e demonstrat e tha t  adult s 
sometime s us e perceptua l  a s oppose d t o labe l  informatio n 
when reasonin g abou t  a  taxonomicall y structure d domai n 
(biologica l  kinds) .  Thirt y si x  participant s wer e taugh t  th e 
names o f  a  se t  o f  tropica l  seeds .  Participant s believe d tha t 
the y wer e learnin g abou t  rea l  seeds ,  howeve r  th e stimul i  wer e 
constructe d afte r  th e prediction s o f  th e model .  Participant s 
wer e taugh t  tha t  on e see d ha d a  particula r  non-perceptua l 
property ,  an d tha t  a  secon d di d not .  Th e tas k wa s t o infe r 
whethe r  a  thir d see d woul d hav e thi s property .  I n som e cases , 
th e thir d see d wa s give n th e appearanc e o f  on e see d type ,  bu t 
th e nam e o f  another .  Th e result s supporte d th e model' s  pre -
dictio n tha t  participant s woul d mak e perceptuall y base d in -
ference s i n thi s conditio n ( N =  32 ,  /=2.18 ,  p<0.05) .  Thes e re -
sult s stan d i n contras t  t o previou s wor k usin g thi s experi -
menta l  paradig m (e.g .  Gelma n &  Markman ,  1986) .  Th e re -
sult s challeng e previou s interpretation s o f  inferenc e behavio r 
t o recogniz e tha t  th e us e o f  perceptua l  informatio n a s a  guid e 
depend s i n par t  o n th e perceptua l  structur e o f  th e categor y i n 
question ,  an d i s no t  simpl y explaine d b y a n appea l  t o con -
ceptua l  representatio n i n term s o f  causa l  "theory "  structures . 

Introduction 

Thi s pape r  o n inductiv e reasonin g report s a  stud y inves -

tigatin g whethe r  adul t  participant s wil l  m a k e inductiv e in -

ference s o n th e basi s o f  perceptua l  similarit y a s oppose d t o 

share d categor y label s whe n learnin g abou t  n e w object s 

withi n a  taxonomicall y structure d domai n (tha t  o f  biologica l 

kinds) . 

Earl y wor k i n cognitiv e developmen t  le d t o th e vie w tha t 

children' s representation s m o v e fro m a  phas e o f  bein g per -

ceptuall y base d t o bein g conceptuall y based .  M o r e specifi -

cally ,  studie s o f  categorizatio n an d inductio n suggeste d tha t 

judgement s regardin g a n object' s categor y membership ,  o r 

th e likelihoo d o f  it s sharin g a  propert y wit h anothe r  object , 

ar e mad e o n a  differen t  basi s dependin g o n th e child' s age . 

Younge r  childre n appl y a  n e w fac t  t o perceptuall y simila r 

objects ,  whils t  olde r  childre n o r  adult s utiliz e mor e pro -

foun d conceptua l  information .  Thu s thi s traditiona l  vie w 

claim s tha t  th e younge r  chil d i s  perceptuall y bound ,  an d 

onl y afte r  enterin g a  subsequen t  stag e o f  developmen t  ca n 

he o r  sh e utiliz e abstract ,  categorica l  informatio n (Inhelde r 

&.  Piaget ,  1964) . 

Mor e recen t  studie s hav e challenge d thi s notion ,  demon -

stratin g a n earl y competenc e i n th e us e o f  conceptua l  infor -

mation .  Fo r  example ,  w h e n perceptua l  similarit y an d cate -

gor y membershi p ar e pitte d agains t  on e anothe r  i n a n in -

ductiv e reasonin g task ,  childre n a s youn g a s 3'/ 2 wil l  re -

spon d o n th e basi s o f  share d categor y label s w h e n makin g 

inference s abou t  non-perceptua l  properties .  Thi s labe l  reli -

anc e occur s despit e a  highl y salien t  perceptua l  similarit y 

whic h woul d sugges t  a  differen t  inferenc e (Gelma n & 

Markman ,  1986 ,  1987) . 

Thes e mor e recen t  fmding s hav e bee n explaine d throug h 

an appea l  t o knowledg e a s bein g structure d primaril y a s 

some for m o f  theor y (Carey ,  1985 ,  Keil ,  1989 ,  M u r p h y & 

Medin ,  1986) .  A  theor y i s a  structur e i n whic h causa l  rela -

tion s ar e primary .  Developmen t  i s the n see n a s consistin g 

o f  change s m a d e t o causa l  connection s betwee n concepts . 

Sinc e th e name s o f  object s i n a  taxonomicall y structure d 

domai n plac e the m i n categorie s whic h cove r  s o m e essentia l 

similarit y betwee n members ,  w e woul d expec t  a  theory -

base d representatio n t o weigh t  objec t  name s strongl y a s 

compare d wit h othe r  kind s o f  informatio n suc h a s percep -

tua l  similarity .  Thi s i s  especiall y tru e fo r  concept s take n 

fro m taxonomi c domain s lik e biologica l  kinds . 

Bot h th e traditiona l  an d theor y base d vie w woul d predic t 

tha t  th e matur e cognitiv e syste m o f  a n adul t  shoul d utiliz e 

label s whe n makin g inference s i n a  taxonomicall y struc -

ture d domain .  I t  m a y be ,  however ,  tha t  eve n i n adults ,  a 

preferenc e fo r  on e kin d o f  informatio n ove r  anothe r  wil l 

als o b e affecte d b y th e perceptua l  structur e o f  th e categorie s 

involved .  W e see k t o investigat e thi s possibilit y  here . 

1 N o w a t  th e Departmen t  o f  Psychology ,  Birkbec k College ,  Universit y o f  London ,  Male t  Street ,  Londo n W C I E 7HX ,  U K . 
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We hav e previousl y reporte d a  connectionis t  mode l 

(Loos e &  Mareschal ,  1997 )  designe d t o simulat e th e induc -

tiv e inferenc e paradig m use d b y Gelma n an d Markma n 

(1986 )  i n thei r  investigatio n o f  th e developmen t  o f  inferen -

tia l  reasoning .  A  predictio n o f  th e Loos e an d Marescha l 

model  i s tha t  eve n adult s m a y prefe r  t o mak e inference s o n 

th e basi s o f  perceptua l  feature s a s oppose d t o categor y la -

bels .  Ther e ar e tw o condition s fo r  perceptuall y base d rea -

sonin g a s predicte d b y th e model .  First ,  categorie s wit h 

distinc t  percepma l  prototype s compare d wit h othe r  repre -

sente d categorie s wil l  promot e perceptuall y base d respond -

ing .  Second ,  categorie s wit h a  narro w perceptua l  extensio n 

aroun d th e prototyp e wil l  als o promot e perceptuall y base d 

responding .  Thes e prediction s suppor t  th e previou s specu -

latio n tha t  perceptua l  similarit y m a y hav e a  significan t  im -

pac t  o n inductiv e inferenc e despit e othe r  factors ,  suc h a s th e 

taxonomi c structur e o f  th e domai n from  whic h th e object s 

ar e taken .  I t  als o state s explicitl y  wha t  thes e perceptua l 

constraint s migh t  be .  Thi s stud y i s designe d t o investigat e 

th e model' s prediction s b y examinin g th e performanc e o f 

adul t  participant s o n a  tas k analogou s t o tha t  o f  Gelma n & 

Markman (1986) . 

Our  stud y differ s from  their s i n a  numbe r  o f  way s -  on e 

significan t  differenc e i s tha t  her e th e object s abou t  whic h 

participant s mus t  mak e inference s hav e bee n create d b y th e 

experimenter .  Unlik e othe r  studie s usin g nove l  stimul i  (e.g . 

Florian ,  1994) ,  w e requir e tha t  subject s hav e som e knowl -

edg e o f  th e varianc e o f  th e exemplar s o f  th e nove l  catego -

rie s an d thu s includ e a  trainin g phas e i n th e study .  I t  i s  onl y 

onc e th e variou s perceptua l  categorie s an d objec t  label s 

hav e bee n learne d tha t  a n investigatio n o f  inferenc e ca n 

begin .  W e ar e therefor e i n a  goo d positio n t o kno w th e per -

ceptua l  structur e o f  th e categorie s tha t  ar e represented . 

An importan t  similarit y betwee n thi s stud y an d previou s 

one s i s tha t  th e stimul i  t o b e use d ar e derive d from  wha t  i s 

probabl y th e archetypa l  taxonomi c domai n -  tha t  o f  bio -

logica l  kinds .  Thi s i s a  furthe r  facto r  whic h woul d lea d u s 

t o expec t  label-base d inferenc e .  I f  informatio n from  thi s 

domai n i s represente d i n a  primaril y theoretica l  manne r  (an d 

i f  an y domai n i s represente d i n thi s way ,  the n surel y bio -

logica l  kind s is )  the n w e shoul d expec t  label s t o b e o f  criti -

cal  importanc e i n attributin g non-perceptua l  propertie s t o 

th e objects .  Us e o f  stimul i  from  thi s domai n therefor e bi -

ases th e stud y i n favo r  o f  a  labe l  -  base d response ,  an d 

agains t  th e prediction s o f  th e model . 

I n summary ,  ou r  hypothesi s (base d o n th e model' s  pre -

dictions )  i s tha t  give n a  se t  o f  object s tha t  ar e take n from  th e 

domai n o f  biologica l  kind s an d tha t  hav e a  perceptua l 

structur e wit h a  distinc t  prototyp e an d tightl y clustere d ex -

emplars ,  adul t  participant s wil l  ten d t o bas e thei r  inference s 

abou t  non-perceptua l  propertie s o n th e basi s o f  th e object' s 

appearanc e an d no t  it s  label . 

M e t h o d 

Participants 

Participant s include d 3 6 mal e an d femal e student s an d 

youn g professional s from  th e Universit y o f  Exeter ,  U K an d 

surroundin g locality .  Participant s varie d i n ag e from  16; 0 t o 

25;4 ,  wit h a  mea n ag e o f  21;8 .  Al l  participant s wer e eithe r 

i n educatio n (smdyin g fo r  A  level s /  degree) ,  o r  graduates . 

Procedure 

The stud y consiste d o f  thre e phases .  First ,  a  trainin g phas e 
i n whic h participant s wer e taugh t  t o nam e instance s o f  eac h 
category .  Second ,  a  tes t  phas e i n whic h participant s wer e 
aske d t o mak e inference s abou t  th e newl y learne d objects . 
Third ,  a  categor y test ,  i n whic h participant s demonstrate d 
tha t  th e initia l  learnin g o f  objec t  categorie s ha d persiste d 
throug h th e secon d phase .  Thes e phase s ar e describe d i n 
turn . 

Training Phase In the training phase, participants were 
taugh t  t o nam e instance s o f  eac h category .  Fiv e exemplar s 
wer e randoml y selecte d from  fiv e o f  th e te n see d types ,  an d 
bot h th e imag e an d labe l  o f  eac h exempla r  wa s presente d t o 
th e participant .  Onc e thes e ha d bee n studied ,  thre e furthe r 
images ,  randoml y sample d from  th e fiv e wer e presented . 
The participan t  wa s aske d t o choos e th e appropriat e labe l 
fo r  eac h see d type .  Initially ,  som e mistake s wer e tolerated , 
howeve r  a s th e participan t  progresse d throug h thi s phase , 
toleranc e o f  mistake s wa s reduced .  Performanc e a t  les s 
tha n criterio n leve l  le d t o extr a training .  Onc e th e partici -
pant  ha d successfull y complete d th e 3  ite m tes t  o f  th e firs t 
fiv e seeds ,  exemplar s wer e presente d from  th e remainin g 
fiv e see d types . 

Thi s proces s o f  presentation/tes t  continue d unti l  partici -

pant s ha d seen ,  an d bee n teste d o n al l  o f  th e see d types .  A t 

thi s poin t  th e erro r  toleranc e wa s reduced ,  an d th e learnin g 

procedur e repeated .  Th e learnin g phas e wa s complete d 

onc e participant s ha d bee n successfiill y  teste d o n al l  see d 

type s wit h zer o erro r  tolerance .  Thu s n o subjec t  wa s abl e t o 

ente r  th e nex t  phas e unti l  the y ha d learne d al l  o f  th e catego -

rie s an d ha d performe d perfectl y whe n tested . 

Once a  participan t  ha d complete d thi s phase ,  w e consid -

ere d the m t o hav e constructe d a  perceptua l  categor y an d 

associate d i t  wit h a n appropriat e labe l  fo r  eac h o f  th e see d 

types .  Th e participan t  wa s congratulate d o n fmishin g th e 

procedur e (whic h typicall y too k aroun d 1 5 minutes) ,  an d 

was prepare d fo r  th e nex t  phase . 

Test Phase Testing was the most important phase within 
th e study .  I t  consiste d o f  askin g participant s t o mak e infer -
ence s abou t  th e object s tha t  the y ha d jus t  learne d t o recog -
niz e i n th e previou s phase .  I t  i s  i n thi s phas e tha t  perceptua l 
similarit y an d categor y labe l  wer e sometime s pitte d agains t 
one anothe r  i n orde r  t o tes t  fo r  a  bia s toward s perceptua l  / 
labe l  informatio n i n inferenc e making . 
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Participant s wer e presente d wit h tw o image s o f  seeds , 

eac h o f  a  differen t  type .  Beneat h eac h see d wa s writte n a 

fact .  Th e fact s beneat h th e seed s wer e mutuall y exclusive . 

For  example ,  a  pictur e o f  a  'calliax '  woul d b e presente d 

nex t  t o a  pictur e o f  a  'davus' .  Beneat h th e 'calliax '  migh t 

be writte n "Thi s callia x contain s th e chemica l  auxin" .  Be -

neat h th e 'davus' ,  "Thi s davu s doe s no t  contai n th e chemi -

cal  auxin" .  Th e reaso n fo r  usin g th e presenc e /  absenc e o f  a 

particula r  attribut e rathe r  tha n separat e attribute s wa s t o 

reinforc e th e either/o r  natur e o f  th e questio n tha t  followed . 

Once th e participan t  ha d spen t  tim e studyin g thes e im -

ages an d statements ,  a  thir d imag e o f  a n exempla r  o f  on e o f 

th e selecte d see d type s wa s shown .  Beneat h thi s imag e wa s 

a question ,  askin g th e participan t  t o infe r  whethe r  th e previ -

ousl y taugh t  fac t  als o applie d t o thi s ne w exemplar .  Th e 

questio n migh t  be ,  "Doe s thi s davu s contai n an y auxin?" . 

Answer s t o thes e question s wer e recorded .  I n hal f  o f  th e 

trials ,  th e labe l  an d imag e use d i n th e questio n conforme d t o 

prio r  learning ,  thu s th e questio n "Doe s thi s davu s contai n 

any auxin "  wa s writte n beneat h a  pictur e o f  a n objec t  look -

in g lik e a  "davus "  a s initiall y  trained .  I n thes e trials ,  th e 

inferenc e questio n ha d a  'correct '  answer .  Bot h perceptua l 

similarit y an d categor y labe l  woul d indicat e on e particula r 

answer  t o th e question .  I n th e example ,  th e correc t  answe r 

woul d b e 'no' ,  sinc e th e participan t  wa s previousl y in -

forme d tha t  anothe r  davu s di d no t  contai n an y auxin .  Th e 

reaso n fo r  askin g participant s t o mak e inference s whe n 

ther e wa s n o conflic t  betwee n perceptua l  an d labe l  informa -

tio n wa s t o se e whethe r  participant s woul d mak e appropri -

at e response s whe n th e questio n bein g aske d di d indee d 

hav e a  correc t  answer .  Thi s mean t  tha t  a  participant' s dat a 

coul d b e exclude d from  th e analysi s if ,  fo r  whateve r  reason , 

he o r  sh e wa s no t  makin g appropriat e inferences . 

I n th e othe r  hal f  o f  th e trials ,  th e perceptua l  informatio n 

presente d t o th e participan t  wa s take n from  on e o f  th e see d 

type s previousl y presented ,  an d th e labe l  use d i n th e ques -

tio n wa s take n from  th e other .  Thus ,  t o continu e th e previ -

ous example ,  th e participan t  migh t  b e asked ,  "Doe s thi s 

davu s contai n an y auxin?" ,  howeve r  thi s tim e th e imag e 

beneat h whic h th e questio n wa s writte n woul d b e on e 

lookin g lik e a n instanc e o f  th e previousl y traine d 'calliax ' 

see d type .  Thus ,  th e participant ,  ha d th e choic e t o respon d 

on th e basi s o f  perceptua l  similarity ,  o r  o n th e basi s o f 

share d categor y label .  T o th e participant ,  thi s exampl e 

looke d lik e a  davus ,  bu t  wa s nevertheles s correctl y labele d 

'calliax' ,  an d som e judgemen t  neede d t o b e mad e abou t 

whic h o f  thes e source s o f  informatio n wa s mos t  significan t 

i n determinin g whic h othe r  seed s i t  share d hidde n (non -

perceptual )  propertie s with . 

I t  i s  possibl e tha t  participant s migh t  respon d o n a  per -

ceptua l  basi s durin g th e tes t  phas e becaus e the y ha d forgot -

te n whic h labe l  wen t  wit h whic h category .  Fo r  thi s reaso n 

th e subject s wer e agai n teste d o n thei r  knowledg e o f  th e 

categorie s afte r  th e tes t  phase . 

Categor y Tes t  I n thi s final  phase ,  participant s wer e show n 

an imag e depictin g a n exempla r  o f  eac h see d typ e whic h 
the y ha d learne d i n th e first  phase .  The y wer e require d t o 
labe l  eac h on e consisten t  wit h learnin g i n tha t  phase .  Dur -
in g th e secon d phase ,  participant s ha d see n object s lookin g 
lik e on e object ,  bu t  wit h a  differen t  label .  Thi s proces s m a y 
hav e upse t  th e origina l  learning ,  an d i f  i t  had ,  the n w e 
woul d expec t  error s i n thi s final  phase .  Thus ,  dat a ca n b e 
exclude d from  participant s whos e learnin g wa s deeme d t o 
hav e bee n conftjse d b y th e inferenc e question s i n th e secon d 
phase . 

Apparatus 

Th e apparatu s use d consiste d o f  a  compute r  progra m 

writte n specificall y fo r  th e purpos e o f  th e study ,  an d a  se t  o f 

stimul i  draw n an d labele d t o b e plausibl e type s o f  tropica l 

seed . 

Computer Program for Stimulus Presentation The task 
demanded a  learnin g procedur e wit h thre e parts :  (1 )  Image s 
and name s mus t  b e take n from a  poo l  an d presente d t o par -
ticipants ,  (2 )  participants '  response s mus t  b e recorded ,  an d 
(3 )  fijture  presentation s o f  stimul i  mus t  b e dependen t  o n 
thes e responses .  Suc h interactiv e presentatio n suggeste d a 
compute r  base d approach .  Th e "  JavaScript "  languag e wa s 
used .  A n overvie w o f  th e program' s operatio n follows ,  pro -
vidin g a  detaile d accoun t  o f  th e fraining  an d testing .  Ini -
tially ,  instruction s wer e presente d t o explai n th e program' s 
operatio n an d reinforc e th e participants '  belie f  tha t  the y 
wer e abou t  t o lear n abou t  rea l  biologica l  organism s 

Havin g rea d an d understoo d th e instructions ,  partici -

pant s entere d th e trainin g phas e describe d above .  Th e algo -

rith m use d b y th e compute r  durin g thi s phas e wa s a s fol -

lows : 

1.  Se t  th e numbe r  o f  require d correc t  answer s t o I  (ou t  o f 

3) 
2.  Presen t  i n successio n exemplar s o f  five  o f  th e te n see d 

types ,  wit h labels . 

3.  Presen t  picture s o f  thre e exemplar s o f  categorie s take n 

from  th e five  jus t  trained . 

4.  I f  th e numbe r  o f  correc t  answer s give n t o (3 )  i s belo w 

th e require d number ,  the n g o bac k t o (2) ,  els e continue . 

5.  Repea t  (2)—(4 )  wit h th e othe r  five  categories . 

6.  I f  th e numbe r  o f  correc t  answer s require d i s 3 ,  the n g o 

t o (8) ,  els e g o t o (7 ) 

7.  Increas e th e numbe r  o f  require d correc t  answer s an d g o 

bac k t o (2 ) 

8.  Th e participan t  ha s n o w answere d al l  question s cor -

rectly.. .  I n orde r  t o m a k e sur e tha t  al l  categorie s ar e 

fiilly  learned ,  n o w tes t  th e participant' s recognitio n o f 

on e exempla r  from  eac h category . 

9.  I f  (8 )  wa s accomplishe d withou t  an y errors ,  the n th e 

participan t  ha s learne d th e categories .  I f  ther e wer e er -

rors ,  the n g o bac k t o (2) . 

The algorith m graduall y tolerate s les s erro r  i n th e par -

ticipant' s response s unti l  th e se t  ha s bee n wel l  learned .  Th e 
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fina l  testin g phas e ensure s tha t  al l  categorie s ar e wel l 

known . 

Next ,  th e progra m move d o n t o presen t  sequence s o f 

tw o image s o f  seeds ,  wit h fact s abou t  the m writte n under -

neath .  Havin g presse d a  butto n t o indicat e tha t  the y shoul d 

m o ve on ,  th e tw o image s wer e replace d wit h a  singl e tes t 

image ,  alon g wit h a  question . 

Th e algorith m b y whic h th e presentation s /  question s 

wer e constructe d wa s a s follows : 

1.  Randoml y orde r  th e lis t  o f  1 0 properties . 

2.  Randoml y selec t  5  o f  th e properties ,  an d mar k read y fo r 

us e i n th e "consistent "  condition . 

3.  M a r k th e remainin g categorie s fo r  us e i n th e "conflict " 

condition . 

4.  Randoml y construc t  a  lis t  o f  pair s o f  see d types ,  wit h 

th e constraint s tha t  eac h see d typ e mus t  b e use d exactl y 

twice ,  an d tha t  eac h pai r  mus t  consis t  o f  tw o differen t 

types . 

5.  Tak e a  pai r  o f  categories ,  an d a  propert y (initiall y 

startin g a t  th e to p o f  th e list) .  Construc t  th e appropriat e 

sentence s abou t  th e tw o see d types . 

6.  Selec t  a n exempla r  o f  eac h o f  th e tw o see d types ,  an d 

presen t  the m t o th e participan t  wit h th e appropriat e fac t 

sentenc e printe d underneath .  Wai t  fo r  th e participan t  t o 

confir m tha t  w e ca n m o v e on . 

7.  Construc t  a  questio n t o b e aske d o f  a  thir d see d type . 

Selec t  (randomly )  on e o f  th e tw o categorie s currentl y i n 

use .  I f  i n th e consisten t  conditio n the n us e thi s categor y 

labe l  i n th e question .  I f  i n th e conflic t  condition ,  the n 

us e th e othe r  categor y labe l  i n th e question . 

8.  Displa y a n exempla r  o f  th e selecte d category ,  an d un -

derneat h prin t  th e questio n previousl y constructe d 

{Note :  Thi s wil l  eithe r  contai n th e labe l  o f  th e displaye d 

seed ,  o r  anothe r  label ,  dependen t  o n condition. ) 

9.  Recor d th e participant' s answe r  t o th e question . 

10.  G o bac k t o (5 )  above ,  an d repea t  unti l  al l  propertie s 

hav e bee n use d i n askin g questions . 

Once th e participan t  ha d move d throug h th e 'test '  phase , 

th e 'fina l  categor y test '  phas e wa s entered .  A  singl e exem -

pla r  o f  eac h categor y wa s presente d sequentially ,  an d par -

ticipant s wer e require d t o identif y eac h on e i n tur n usin g th e 

same presentatio n step s a s earlier .  Th e numbe r  o f  correc t 

response s wa s recorded . 

Stimuli The stimuli used needed to satisfy a number of 
constraints .  Firstly ,  participant s shoul d believ e tha t  wha t 
the y se e ar e representation s o f  object s tha t  actuall y exis t  i n 
th e natura l  world .  Sinc e natura l  kin d domain s ar e typicall y 
highl y structured ,  thi s belie f  i s  designe d t o trigge r  reasonin g 
i n term s o f  categor y label s a s oppose d t o perceptua l  simi -
larity .  Secondly ,  th e object s shoul d i n fac t  b e artificiall y 
create d suc h tha t  th e perceptua l  structur e o f  th e categor y i s 
carefull y defined—exemplar s shoul d hav e a  distinc t  proto -
type ,  an d th e categor y shoul d hav e a  narro w extensio n 
aroun d tha t  prototype . 

Tabl e I :  Dimension s o f  Stimul i 

Dimensio n 

Elliptical . 

Split . 

Backgroun d Spots . 

Facetedness . 

Colou r 

Textur e 

Tai l 

Larg e lum p 

Smal l  lump s 

Spike s 

Descriptio n 

x-axi s /  y-axi s rati o 

Presence/thicknes s o f  split . 

Presenc e /  siz e o f  surfac e spot s 

# faces ,  from  cub e -  spher e 

Range -  ligh t  brow n -  dee p red . 

Roughnes s o f  th e surface . 

Presenc e an d lengt h o f  "tail " 

Seed i s a  composit e objec t 

# smal l  sphere s o n surfac e 

# smal l  spike s o n surfac e 

I n orde r  t o satisf y thes e constraints ,  th e domai n o f  tropi -

cal  seed s wa s chosen .  A n abstrac t  objec t  ca n b e constructe d 

on th e basi s o f  a  se t  o f  perceptua l  dimensions ,  th e objec t  ca n 

be calle d a  "tropica l  seed" ,  an d participant s shoul d agre e 

tha t  thi s i s a  genuin e example .  Th e wor d "tropical "  i s  in -

tende d t o prepar e wester n participant s fo r  th e fac t  tha t  the y 

won' t  hav e see n anythin g quit e lik e thi s before .  Th e pro -

gra m inform s participant s tha t  th e stimul i  ar e take n fro m a 

"biologica l  seed s database ,  ©  W e y d a n Labs ,  Ca t  kr9q" . 

Such fictitiou s informatio n enhance s th e participants '  vie w 

tha t  the y ar e seein g veridica l  objects . 

Th e dimension s use d i n th e constructio n o f  th e see d 

stimul i  ar e show n i n Tabl e 1 .  Tabl e 2  show s th e name s an d 

prototyp e composition  o f  eac h o f  th e see d types .  Prototype s 

wer e generate d first  b y constructin g a  3- D sphere ,  deform -

in g it s  shape ,  addin g texture ,  colo r  an d othe r  feature s a s 

required .  Eac h prototyp e consiste d o f  a  singl e salien t  fea -

tur e alon g wit h a  numbe r  o f  othe r  mino r  features .  Exem -

plar s wer e generate d vi a smal l  modification s o f  th e amoun t 

of  th e principa l  featur e present ,  couple d wit h large r  varia -

Table 2: Composition of Different Seed Types 

Name 

Pitriu m 

Aprion a 

Callia x 

Davus 

Mellimu s 

Covi s 

Sicto r 

Faeviu s 

Glodi a 

Distore s 

Principa l 

Featur e 

Elliptica l 

Spli t 

Backgroun d 

Spot s 

Facetednes s 

Colo r 

Textur e 

Smal l  lump s 

Tai l 

Smal l  lump s 

Spike s 

Othe r  feature s 

Larg e lumps ,  color ,  spikes . 

Elliptical ,  backgroun d 

spots ,  facete d 

Tail ,  smal l  lumps ,  spli t 

Color ,  Backgroun d spots , 

smal l  lump s 

Spikes ,  smal l  lumps ,  larg e 

lum p 

Tail ,  smal l  lumps ,  faceted -

nes s 

Texture ,  facetedness ,  spli t 

Backgroun d spots ,  ellipti -

cal ,  larg e lum p 

Split ,  color ,  textur e 

Texture ,  tail ,  elliptica l 
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tion s i n th e presenc e o f  mino r  features .  Eac h o f  th e stimul i 

had a n immediatel y recognizabl e prototype ,  an d th e exem -

plar s tha t  wer e use d di d no t  var y fa r  from  it .  O n e importan t 

kin d o f  similarit y t o b e manipulate d wa s tha t  o f  overal l 

shape .  Shap e i s a  salien t  dimensio n fo r  categorisation ,  an d 

has bee n a n importan t  determinan t  o f  perceptua l  similarit y 

i n previou s studie s o f  thi s kind .  Inspectio n o f  th e stimul i  b y 

a numbe r  o f  colleague s an d student s confirme d tha t  th e 

stimul i  wer e distinc t  an d th e varianc e low . 

The see d type s wer e give n Latin-soundin g non-word s a s 

names (Tabl e 2) .  Thes e name s wer e intende d t o b e distinct , 

memorabl e an d short ,  a s wel l  a s soundin g lik e 'scientific ' 

names. 

Design 

I n th e tes t  phase ,  participant s wer e taugh t  contradictor y 

fact s abou t  tw o seed s o f  differen t  types ,  an d wer e the n 

aske d t o judg e whic h o f  thos e fact s applie d t o a  thir d seed . 

I n th e 'consistent '  condition ,  th e thir d see d presente d con -

siste d o f  a n imag e an d a  labe l  take n from  th e sam e see d 

type .  I n th e 'conflict '  condition ,  th e imag e wa s o f  a  see d 

take n from  on e categor y type ,  bu t  th e labe l  wa s tha t  o f  th e 

othe r  type .  Al l  participant s complete d bot h conditions , 

whic h wer e randomize d withou t  replacement ,  eac h partici -

pant  makin g fiv e inference s i n eac h o f  th e tw o condition s 

wit h th e tota l  o f  te n inferenc e question s bein g counterbal -

ance d acros s subjects . 

I n th e consisten t  condition ,  participant s coul d m a k e cor -

rec t  o r  incorrec t  inferences .  I f  th e participan t  claime d tha t 

th e tes t  see d share d it s propertie s wit h th e othe r  see d wit h 

th e sam e nam e /  perceptua l  appearance ,  the n th e questio n 

coul d b e considere d t o hav e bee n answere d correctly .  Ther e 

i s n o basi s i n thi s conditio n fo r  givin g an y othe r  answer . 

The dat a provide d b y participant s w h o di d no t  scor e highl y 

i n thi s conditio n coul d b e treate d a s suspect . 

I n th e conflic t  condition ,  eac h participant' s answe r  mus t 

depen d o n th e informatio n the y conside r  t o b e mos t  impor -

tan t  i n determinin g whethe r  tw o seed s ar e t o b e considere d 

similar .  I f  perceptua l  informatio n i s mor e important ,  the n 

th e participan t  wil l  assum e tha t  th e tes t  see d share s hidde n 

propertie s wit h th e simila r  lookin g seed .  I f  labe l  informa -

tio n i s mor e important ,  the n th e participan t  wil l  assum e tha t 

th e tes t  see d share s hidde n propertie s wit h th e simila r  look -

in g seed .  Shoul d th e tw o kind s o f  informatio n b e equall y 

important ,  the n respondin g a t  chanc e leve l  woul d b e pre -

dicted . 

The questio n o f  interes t  i s  no t  th e differenc e i n perform -

anc e acros s th e tw o conditions .  Stron g performanc e i n th e 

'consistent '  conditio n i s merel y a  prerequisit e fo r  consid -

eratio n o f  result s i n th e 'conflict '  condition .  Wha t  i s o f 

interes t  i s  whethe r  ther e wil l  b e a  significan t  bia s toward s 

percep t  /  labe l  informatio n i n 'conflict '  conditio n response s 

from  thos e whos e dat a ar e no t  exclude d du e t o thei r  per -

formanc e i n th e 'consistent '  condition . 

Resu l t s 

Experimental Context 

Havin g listene d t o th e instructions ,  an d rea d the m from 
th e screen ,  participant s indicate d tha t  the y wer e read y an d 
abl e t o tak e par t  i n th e study .  N o participan t  questione d th e 
explanatio n tha t  the y wer e interactin g wit h a  databas e hel d 
i n th e biologica l  science s department .  O n debriefing ,  par -
ticipant s wer e surprised ,  o r  eve n disappointe d t o discove r 
tha t  the y ha d no t  bee n learnin g abou t  rea l  fropical  seeds .  W e 
hav e n o doub t  tha t  subject s too k ou r  stud y a t  fac e value ,  an d 
assume d tha t  the y wer e learnin g abou t  genuin e natura l 
kinds . 

Retention of Learning 

Al l  subject s move d successfiill y  from  th e firs t  phas e o f  th e 
study ,  thu s indicatin g tha t  the y ha d learne d th e categorie s 
appropriately .  O f  th e 3 6 subjects ,  7 1 % m a d e n o error s a t  al l 
i n recognizin g al l  seed s a t  th e en d o f  th e study ,  indicatin g 
tha t  th e initia l  learnin g wa s bot h thoroug h an d persisten t 
throug h th e inferenc e phase .  O f  thos e tha t  di d m a k e errors , 
onl y 3  mad e mor e tha n tw o mistakes .  I t  woul d no t  see m 
appropriat e t o exclud e subject s o n th e basi s o f  onl y tw o 
misidentifications ,  especiall y sinc e thi s migh t  b e attributabl e 
t o a  singl e confusio n o f  tw o stimuli .  Therefore ,  a  criterio n 
was se t  tha t  subject s mus t  scor e >  7/1 0 correc t  o n th e fina l 
categor y recognitio n phas e fo r  thei r  dat a t o b e include d i n 
th e final  analysis . 

Inference Behaviour in the Consistent Condition 
(Understandin g o f  th e T a s k ) 

Performanc e i n thi s phas e wa s good .  A s expected,  sub -

ject s mad e fe w error s i n inferenc e whe n perceptua l  an d la -

bel  informatio n wer e consistent .  Thi s implie s tha t  subject s 

generall y understoo d th e task .  Thos e makin g mor e tha n a 

singl e erro r  wer e exclude d from  th e analysis . 

Inference Behaviour in the Conflict Condition 

Participant s wer e aske d t o m a k e five  inference s abou t 

object s wit h conflictin g perceptua l  /  labe l  information . 

Thu s eac h subjec t  coul d provid e from  0 - 5 perceptuall y 

base d responses .  Th e mea n acros s al l  subject s include d i n 

th e stud y wa s 3.19/ 5 perceptuall y base d responses .  Thi s 

indicate s a  significan t  bia s i n favo r  o f  perceptuall y base d 

respondin g a s compare d wit h a  respons e a t  th e chanc e leve l 

of  2.5/5(N=32,r=2.18,p<.05) . 

W h en w e includ e thos e participant s w h o di d no t  mee t 

th e criteri a fo r  persistenc e o f  learnin g /  accurat e inference , 

we find  a n eve n stronge r  bia s toward s perceptuall y base d 

respondin g (compare d wit h chance) ,  wit h a  mea n scor e o f 

3.3/ 5 perceptuall y base d inference s (N=36 ,  r=2.87 ,  p<.01) . 

The siz e o f  th e effec t  actuall y increase d whe n includin g al l 

subjects .  Thu s th e result s canno t  b e explaine d i n term s o f 

th e strateg y fo r  exclusio n o f  a  participants '  data .  Th e strat -

egy actuall y reduce d th e siz e o f  th e effect .  Thes e dat a sup -

por t  th e hypothesi s tha t  appropriatel y manipulate d percep -
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tua l  categorie s wil l  extinguis h th e dominanc e o f  label s a s 

predictor s o f  share d properties . 

Discussion 

The stud y wa s designe d t o bia s participant s toward s a 

relianc e o n share d objec t  label s i n makin g inductiv e infer -

ences ,  agains t  th e prediction s o f  th e mode l  whic h w e wer e 

seekin g t o support .  Thi s bia s wa s provide d primaril y b y 

participants '  belie f  tha t  the y wer e learnin g abou t  categorie s 

fro m a  taxonomicall y organize d domain ,  i.e .  tropica l  seeds . 

Despit e this ,  w e hav e foun d tha t  an y labe l  bia s i s effectivel y 

extinguishe d whe n considerin g suitabl y constructe d per -

ceptua l  categories .  B y suitabl e categories ,  w e mea n thos e 

whic h consis t  o f  perceptuall y simila r  exemplar s wit h a  pro -

totyp e whic h i s highl y distinctiv e a s compare d wit h othe r 

-represente d perceptua l  categories .  Thi s resul t  confirm s th e 

prediction s o f  ou r  mode l  o f  th e developmen t  o f  inductiv e 

inferenc e (Loos e &  Mareschal ,  1997) .  Thi s i s a n importan t 

result ,  sinc e i t  run s counte r  t o th e findings  o f  previou s infer -

enc e studie s o f  thi s kin d (e.g .  Gelma n &  Markman ,  1986) , 

and challenge s th e explanatio n o f  thos e findings. 

Gelma n an d Markma n showe d thei r  subject s picture s o f 

tw o animals ,  teachin g the m mutuall y exclusiv e fact s abou t 

each .  Subject s wer e the n show n a  thir d anima l  lookin g lik e 

on e o f  th e first  two ,  bu t  sharin g it s categor y labe l  wit h th e 

second .  The y foun d tha t  subject s reliabl y use d th e share d 

categor y labe l  a s a  predicto r  o f  share d non-perceptua l  prop -

erties . 

I t  i s  possibl e t o reconcil e ou r  findings  wit h theirs .  Th e 

reconciliatio n i s t o b e foun d i n th e choic e o f  categorie s 

abou t  whic h subject s mus t  reason .  I n a n exampl e take n 

fro m thei r  preliminar y stud y wit h adults ,  subject s ar e aske d 

t o mak e inference s abou t  th e categorie s "bird "  an d "bat" . 

TTi e "bird "  i s a  category ,  containin g m a n y subcategorie s 

(fro m garde n bird s t o wader s t o bird s o f  prey ,  etc) .  I t  con -

tain s everythin g fro m albatros s t o hummin g bir d t o e m u t o 

pengui n t o parrot .  Thi s i s a  categor y wit h extrem e percep -

tua l  variability .  I t  i s  als o a  categor y wit h a  prototyp e whic h 

i s no t  ver y dissimila r  t o th e othe r  categor y probe d -  "bat" . 

Thu s bot h o f  th e model' s condition s fo r  appearance-base d 

reasonin g ar e violate d i n thi s example .  Thi s allow s u s t o 

predic t  bot h th e outcom e o f  thei r  stud y an d our s o n percep -

tua l  grounds .  I n ou r  study ,  th e prediction s o f  th e mode l  ar e 

not  violated ,  an d th e inferenc e behavio r  i s o f  th e opposit e 

kind .  Thei r  resul t  fits  ou r  emergin g pictur e nicely . 

Thi s reconciliatio n o f  th e tw o studie s lead s t o a n alter -

nativ e explanatio n o f  inductiv e inferenc e -  on e i n whic h 

inferenc e behavio r  depend s no t  o n th e assumptio n tha t  con -

cept s ar e represente d i n causall y structure d cluster s -  bu t 

rathe r  assume s tha t  al l  th e availabl e informatio n wil l  b e ex -

ploite d a s fa r  a s possible .  I f  a  categor y consist s o f  exem -

plar s wit h a  wid e perceptua l  variability ,  the n similarit y o f 

appearanc e i s a  wea k predicto r  o f  share d non-perceptua l 

propertie s inheren t  t o th e category .  Thu s th e remainin g 

groun d fo r  inferenc e i s categor y label .  Alternatively ,  i f  a 

categor y i s narrowl y define d (perceptually) ,  an d distinc t 

fro m othe r  categories ,  perceptua l  informatio n i s bette r  abl e 

t o carr y th e burde n o f  predictio n o f  non-perceptua l  proper -

ties . 

Finall y w e ca n conside r  th e developmenta l  stor y wit h 

whic h w e began .  Th e focu s o f  th e mode l  i s a n understand -

in g o f  th e developmen t  o f  inferenc e phenomena .  Thi s stud y 

demonstrate s tha t  th e maUir e cognitiv e syste m i s no t  re -

stricte d t o reasonin g o n th e basi s o f  objec t  label s eve n i n 

domain s whic h woul d see m t o impl y suc h reasonin g -  how -

eve r  th e nex t  ste p mus t  b e t o examin e children' s perform -

anc e o n thes e task s whe n perceptua l  factor s ar e systemati -

call y varied .  A  stud y testin g thi s i s  currentl y underway . 
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Abstrac t 

Children's spoken word recognition is little understood 
compare d t o ou r  knowledg e o f  th e adul t  system .  W e presen t 
her e a  combine d experimenta l  an d computationa l  exploratio n 
of  th e developmen t  o f  lexica l  access .  Thre e account s o f  th e 
way childre n represen t  lexica l  for m (Full-Specification , 
Radica l  Underspecificatio n an d Gradua l  Segmentation )  ar e 
rejecte d i n favou r  o f  on e whic h derive s fro m a  connectionis t 
approach .  I t  shed s ligh t  o n th e patter n o f  result s fro m tw o 
experiment s investigatin g th e wa y children ,  age d 5 -  t o 9 -
years-old ,  proces s regula r  an d irregula r  variatio n i n th e 
surfac e for m o f  speech ,  whic h suggested ,  whils t  children' s 
lexica l  representation s ar e functionall y underspecifie d from  a t 
leas t  5-years-oId ,  the y ar e onl y beginnin g t o trac k th e viabilit y 
of  regula r  phonologica l  variatio n a t  9-years-old .  Th e lat e 
acquisitio n o f  phonologica l  inferenc e i s accounte d fo r  i n a 
connectionis t  mode l  i n term s o f  th e sparsenes s o f  th e 
informatio n relevan t  t o learnin g thi s structura l  relationshi p i n 
language . 

Introduction 

The natur e o f  spoke n wor d recognitio n i n adult s i s  wel l 

elaborated .  Th e sam e canno t  b e sai d fo r  childre n an d th e 

developin g system ,  wher e basi c question s regardin g lexica l 

representatio n an d processin g remai n unanswered .  Centra l 
among thes e is :  H o w d o childre n represen t  lexica l  form ? W e 

addres s thi s questio n her e usin g a  combine d experimenta l 
and computationa l  approac h t o th e w a y childre n develo p th e 
abilit y  t o dea l  wit h phonologica l  variatio n i n speech . 

Phonologicall y regula r  variatio n ha s prove n t o b e a  grea t 

boo n t o elucidatin g th e propertie s o f  th e spoke n wor d 

recognitio n i n adults .  Phonologica l  processe s operat e i n 
coimecte d speec h t o phoneticall y alte r  surfac e form s (SFs) , 
relativ e t o lexicall y store d underlyin g representation s (URs) , 

i n predicabl e ways .  I n English ,  fo r  example ,  plac e 
assimilatio n affect s word-fina l  corona l  segments ,  whic h 

acquir e th e plac e featur e o f  word-initia l  noncorona l 
consonant s o f  th e followin g word .  Fo r  exampl e boa t 

becomes [baup ]  i n th e contex t  boa t  painte r  an d chas e 

becomes [tjeij ]  i n th e contex t  chas e sheep .  Anothe r 

exampl e i s fricativ e devoicing ,  whic h occur s w h e n a  word -
final  voice d fricativ e precede s a  voiceles s consonant .  Fo r 

example ,  chees e become s [tji:s ]  i n th e contex t  chees e 

sandwich . 

Thi s sor t  o f  variatio n i s a  proble m fo r  a  spoke n wor d 

recognitio n syste m whic h i s highl y intoleran t  t o mismatc h 

betwee n sensor y inpu t  an d U R s (Marslen-Wilson ,  1993) . 
Lahir i  an d Marslen-Wilso n (1991) ,  dissolv e thi s di lemm a b y 

proposin g tha t  U R s ar e highl y abstract .  Regula r  variatio n 

doe s no t  lea d t o mismatc h becaus e th e dimension s o n whic h 

SFs var y ar e no t  represente d lexically .  I n thei r  view , 

consisten t  wit h Radica l  Underspecificatio n theor y 

(Archangeli ,  1988) ,  onl y informatio n whic h i s unpredictabl e 

i s include d i n U R s . 

However ,  a  purel y representationa l  theor y caimo t  wholl y 

accoun t  fo r  th e w a y SF s ar e processed .  Gaskel l  an d 

Marslen-Wilso n (1996 )  sho w tha t  listener s ar e sensitiv e t o 
th e viabilit y  o f  assimilations .  Adult s wil l  accep t  SF s a t  thei r 

assimilate d off-sets ,  bu t  the y als o trac k th e phonologica l 

viabilit y o f  SF s using ,  wha t  Gaskel l  an d Marslen-Wilso n 

call ,  "phonologica l  inference" .  Thus ,  th e assimilate d for m 

"learn "  wil l  a s ac t  a  prim e fo r  L E A N i n th e contex t  "...lear n 
bacon... "  i f  probe d a t  th e offse t  o f  "learn "  o r  a t  th e onse t  o f 
"bacon" .  Bu t  "learn "  doe s no t  ac t  a s a  prim e th e i n th e 

contex t  "...lear n g a m m o n . "  i f  probe d a t  th e onse t  o f 

" g a m m o n"  becaus e th e [g ]  make s th e assimilatio n unviable . 

Thes e result s ar e incompatibl e wit h Radica l 

Underspecificatio n whic h predict s ther e i s n o mismatc h a t 
an y poin t  durin g recognitio n becaus e th e plac e featur e o f  a 

word-fma l  corona l  i s  no t  specified ,  an d s o ther e i s n o 

representationa l  basi s fo r  an y mismatc h o r  viabilit y  effect . 
Gaskell ,  Har e an d Marslen-Wilso n (1995 )  provid e a 

computationa l  accoun t  o f  abstractnes s an d phonologica l 

inference .  The y traine d a  simpl e recurren t  networ k (Elma n 

1990 )  t o m a p betwee n a  continuou s sequenc e o f  segment s 
an d current ,  previou s an d nex t  segment ,  usin g a  corpu s o f 
spoke n Englis h i n whic h 0 .5 % o f  th e word s wer e plac e 

assimilated .  Th e varyin g SF s wer e mappin g t o canonica l 
U R s.  Th e traine d networ k exhibite d bot h representationa l 

abstractaess—surfac e noncoronal s wer e treate d mor e 
variabl y tha n surfac e coronals—an d th e abilit y t o d o 
phonologica l  inference—phoneti c contex t  wa s use d t o infe r 
th e underlyin g identit y o f  SFs .  Gaskel l  e t  al .  describe d th e 

model' s representation s a s functionall y underspecified , 
rathe r  tha n radicall y underspecified ,  becaus e thei r  basi s wa s 
an asymmetr y i n th e mappin g betwee n varian t  SF s an d U R s , 
develope d i n respons e t o th e statistica l  propertie s o f  th e 
trainin g environment .  Th e author s vie w bot h abstractio n an d 
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inferenc e a s aspect s o f  thi s on e mappin g process . 

Th e scan t  attentio n pai d b y developmenta l 

psycholinguist s t o th e issu e o f  spoke n wor d recognitio n i n 

childre n i s i n marke d contras t  t o a n extensiv e literatur e o n 

infan t  speec h perception .  A  basi c findin g o f  thi s researc h i s 

tha t  b y th e en d o f  th e first  yea r  o f  lif e babie s ar e abl e t o 

percepmall y analys e speec h int o th e phonemi c categorie s o f 

thei r  nativ e languag e (Werke r  an d Lalonde ,  1988) .  Thi s m a y 

wel l  explai n th e lac k o f  interes t  i n lexica l  acces s i n children , 

fo r  i t  argue s tha t  the y c o m e t o wor d learnin g wit h a  pre -

lexica l  phonologica l  processo r  whic h allow s the m t o 

phonemicall y analys e speec h input .  I f  youn g childre n ar e 

abl e t o chun k th e speec h strea m int o phonemes ,  the y coul d 

us e thi s segmente d inpu t  t o buil d lexica l  representation s 

whic h ar e the n use d a s perceptua l  target s i n lexica l  access . 

Thi s implie s tha t  eve n yoim g children' s spoke n wor d 

recognitio n shoul d b e adult-lik e i n al l  it s  essentials . 

Consisten t  wit h thi s view ,  Gerken ,  Murph y &  Asli n (1995 ) 

argu e tha t  lexica l  representation s i n children ,  a s i n adults , 

ar e segment s consistin g o f  phonetic-features—i.e .  the y ar e 

canonical ,  phonologicall y fully-specifie d representations . 

Wher e psycholinguist s hav e tende d t o assum e 

unquestioningl y tha t  lexica l  representation s ar e fully -

specified ,  phonologica l  theor y ha s aske d h o w m u c h 

informatio n i s neede d i n th e U R an d whethe r  ther e ar e 

change s i n featura l  informatio n durin g development .  Gieru t 

(1996 )  use s Radica l  Underspecificatio n theor y t o argu e tha t 

initia l  representation s ar e onl y specifie d fo r  universa l 

distinctiv e propertie s an d phonologica l  acquisitio n i s a 

proces s o f  addin g marke d nonredundan t  features . 

A third ,  an d sharpl y contrasting ,  vie w i s tha t  elaborate d 

b y Walle y (1993) ,  w h o question s th e interpretatio n o f  infan t 

speec h perceptio n a s demonstratin g a n earl y abilit y  t o 

phonemicall y segmen t  speech .  Sh e argue s tha t  U R s develo p 

ove r  a  prolonge d period ,  lastin g int o middl e childhood ,  fro m 

initiall y  holisti c representations ,  base d o n a  word' s overal l 

acousti c shap e wit h Uttl e interna l  structure ,  t o phonemicall y 

segmente d forms . 
Ther e i s a  fourt h alternative .  Gaskel l  e t  al .  (1995 )  sho w i t 

i s  possibl e t o acquir e representationa l  abstractnes s an d a 

sensitivit y t o th e structura l  propertie s o f  language ,  expresse d 

i n phonologica l  rules ,  suc h a s plac e assimilation ,  i n 

mappin g betwee n th e surfac e for m o f  speec h an d th e lexico n 

usin g a  connectionis t  leamin g mechanism .  I f  childre n 

learnin g languag e ar e engage d i n a n equivalen t  process ,  the n 

trackin g th e performanc e o f  a  networ k a s i t  learn s thi s 

mappin g shoul d she d ligh t  o n actua l  pattern s o f 
development .  W e initiall y  tes t  th e thre e theorie s o f 
representatio n outline d abov e an d the n compar e th e 

empirica l  dat a whic h result s wit h a  connectionis t  mode l  o f 

acquisition . 

Experiment 1 

Thre e contrastin g theorie s o f  lexica l  representatio n i n 

children—Full-Specification ,  Radica l  Underspecification , 

an d Gradua l  Segmentation—hav e bee n identified .  W e 

exploite d regula r  an d irregula r  phonologica l  variatio n t o tes t 

thes e hypothese s i n singl e wor d processing ,  usin g a  speede d 

auditor y lexica l  decisio n task . 

Englis h plac e assimilatio n an d fricative  devoicin g wer e 

use d t o construc t  o f  thre e set s o f  2 5 tes t  stimuli .  Al l  tes t 

item s wer e monosyllabi c word s whic h underg o 

assimilation' .  I n th e W o r d condition ,  item s wer e lef t  i n thei r 

canonica l  form .  I n th e Assimilate d conditio n the y wer e 

produce d a s assimilate d form s (e.g .  boa t  >  [baup] ,  chees e > 

[t[\:s]) .  Thes e ar e word s i n continuou s speech ,  bu t 

nonword s ou t  o f  a n appropriat e phoneti c context .  I n th e 

Nonwor d condition ,  item s wer e randoml y change d b y a 

singl e featur e o n word-fina l  segment s (e.g .  dres s >  [dref] , 

shu t  >  [jAd]) .  Thi s conditio n provide d irregula r  phoneti c 

variatio n t o contras t  wit h th e regula r  variatio n o f  th e 

Assimilate d condition .  Th e stimul i  wer e matche d fo r 

frequency ,  syntacti c class ,  numbe r  o f  segment s an d th e 

phoneti c propertie s o f  onset s an d codas . 

Participant s listene d t o thes e word s on e a  tim e an d mad e 

speede d lexica l  decision s t o each .  Th e hypothese s describe d 

abov e m a k e differen t  prediction s fo r  thi s task .  I f  youn g 

children' s U R s ar e no t  ye t  full y  segmented ,  the y wil l  no t  b e 

sensitiv e t o th e singl e featur e deviation s use d here .  Bot h 

assimilate d word s an d nonword s shoul d b e acceptabl e a s 

rea l  words .  Hig h erro r  rate s woul d b e predicte d fo r  bot h an d 

decisio n latencie s shoul d no t  differ .  I f  th e youn g children' s 

representation s ar e urjderspecified ,  the y wil l  sho w slowe r 

decisio n latencie s an d mor e error s fo r  assimilate d form s 

tha n nonword s becaus e th e assimilate d form s wil l  no t 

mismatc h wit h U R s o n thei r  altere d feature ,  wherea s 

nonword s do .  I f  children' s representation s ar e fully -

specifie d the y shoul d rejec t  assimilate d item s an d nonword s 

equall y quickl y an d sho w simila r  rate s o f  error s i n bot h 

conditions . 

Walle y (1993 )  suggest s tha t  ther e ar e change s i n 

children' s lexica l  representation s acros s middl e childhood , 

and s o tw o group s o f  childre n wer e selecte d t o spa n thi s 

perio d o f  development .  Thirtee n 5-year-old s (mea n ag e = 

5;  10 ;  range :  5;0 3 t o 6;04) ,  1 2 8-year-old s (mea n ag e =  8;07 ; 

range :  8;0 2 t o 9;03) ,  an d 1 3 adult s participate d i n 
Experimen t  1 . 

Results and Discussion 

Analyse s o f  Covarianc e wer e use d t o analys e th e reactio n 
tim e data ,  wit h Item-Duratio n include d a s a  covariate , 

becaus e ther e wer e significan t  difference s betwee n th e mea n 

wor d duration s betwee n conditions .  Th e mea n decisio n 
latencie s an d item-duration s ar e give n i n Tabl e 1  an d erro r 

rate s i n Tabl e 2 .  A n overal l  by-item s A N C O VA o f  th e 5 -

year-old s decisio n latencie s showe d a  significan t  effec t  o f 
Word-Typ e (F2[2,68]=15.18 ,  p<0.001) .  Bonferron i 

correcte d pairwis e comparison s showe d significan t 

difference s betwee n W o r d an d Assimilate d item s 

'Th e words ,  al l  foun d i n th e productiv e vocabularie s o f  2 -  an d 3 -
year-olds ,  wer e take n fro m th e Well s (1981) ,  Fletche r  an d Garma n 
(1988 )  an d Johnso n (1986 )  corpor a i n th e C H I L D E S database . 
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(F2[l,45]=24.28 ,  p<0.001 )  an d betwee n W o r d an d Nonwor d 

Item s (F2[l,45]=13.15 ,  p=0.001) .  Th e differenc e betwee n 

th e critica l  Assimilate d an d N o n w o r d condition s wa s no t 

significan t  (F2[l,45]=1.70) .  Ther e wer e n o difference s i n 

eno r  rate s betwee n condition s (F2[2,68]<1) . 

Table 1: Decision Latencies and Item-Durations for 

Experimen t  1  i n mse c (standar d error s fo r  reactio n time s an d 

item-duration s ar e give n i n parentheses) . 

Word Assimilate d Nonwor d 
Adult s 
8-year-old s 
5-year-old s 

778(16 ) 
1039 (20 ) 
1313(26 ) 

Item-duratio n 55 6 (16 ) 

803(18 ) 
1126(23 ) 
1477(27 ) 

511 (15) 

780 (12 ) 
1093(13 ) 
1417(22 ) 

487(15) 

Thi s patter n wa s repeate d fo r  th e 8-year-olds .  Ther e wa s a 

significan t  effec t  o f  Word-Typ e fo r  decisio n latencie s 

(F2[2,68]=12.36 ,  p<0.001) .  Again ,  pairwis e comparison s 

showe d significan t  difference s betwee n W o r d an d 

Assimilate d item s (F2[l,44]=17.16 ,  p<0.001 )  an d betwee n 

Word an d N o n w o r d item s (F2[l,46]=10.37 ,  p=0.002) ,  bu t 

not  betwee n Assimilate d an d N o n w o r d condition s 
(F2[l,45]=0.20) .  A s fo r  th e 5-year-old s ther e wer e n o 

difference s i n error s betwee n condition s (F2[2,68]=1.31) . 

Table 2: Percentage Error Rates for Experiment 1. (standard 

error s ar e give n i n parentheses) . 

Word Assimilate d Nonwor d 
Adult s 
8-year-old s 
5-year-old s 

5.7(1.9 ) 
7.4(1.1 ) 
9.9(2.1 ) 

2.5(1.1 ) 
3.3(1.1 ) 
10.6(2.4 ) 

2. 6 (0.8 ) 
5.5(1.9 ) 
9.0(1.7 ) 

The adult s showe d th e sam e patter n o f  result s a s th e 

children .  Ther e wa s a  mai n effec t  o f  Word-Typ e fo r 

decisio n latencie s (F2[2,69]=6.65 ,  p=0.002) .  Pairwis e 

comparsion s showe d significan t  difference s betwee n W o r d 

and Assimilate d item s (F2[l,45]=7.85 ,  p=0.007 )  an d W o r d 

and Nonwor d item s (F2[l,47]=10.93 ,  p=0.002) ,  bu t  no t 
betwee n th e Assimilate d an d N o n w o r d item s (F2[1,45]<1) . 

The adult s showe d a  margina l  differenc e i n erro r  rate s 
betwee n condition s by-subject s (Fl[2,24]=3.06,p=0.07) ,  bu t 
not  b y item s (F2[2,68]=2.14) .  Thi s wa s du e t o th e erro r  rat e 

i n th e W o r d condition . 
Bot h th e 5-year-ol d an d 8-year-ol d childre n an d th e adult s 

rejecte d th e assimilate d form s an d th e nonword s equall y 

easily .  Thi s suggeste d tha t  b y 5-years-ol d childre n hav e a 
leve l  o f  representationa l  detai l  i n thei r  U R s whic h i s i n lin e 

wit h th e Full-Specificatio n hypothesis .  Thi s lead s t o a n 

adult-lik e leve l  o f  perceptua l  intoleranc e t o mismatc h 
betwee n surfac e form s an d store d lexica l  representations . 
Thes e result s als o sugges t  tha t  adult' s  U R s ar e fiiUy-
specifie d whic h seem s t o b e inconsisten t  wit h th e findings 

of  Lahir i  an d Marslen-Wilso n (1991) .  Bu t  ther e i s othe r 
evidenc e tha t  adult s d o no t  accep t  assimilate d SF s i n 
isolatio n a s token s o f  U R s (Marslen-Wilson ,  Ni x an d 

Gaskell ,  1995) . 

E x p e r i m e n t  2 

Experimen t  1  suggeste d tha t  eve n 5-year-old' s U R s ar e 

fully-specified .  However ,  thi s experimen t  onl y looke d a t  th e 

processin g o f  singl e words .  Thi s patter n o f  behaviou r  migh t 

be differen t  i n continuou s speech ,  no t  leas t  becaus e 

assimilate d form s resul t  fro m processe s occurrin g i n 

connecte d speech .  Followin g Gaskel l  an d Marslen-Wilso n 

(1996 )  w e investigate d children' s sensitivit y t o th e viabilit y 

of  assimilatio n a s a  mean s o f  probin g wor d recognitio n i n 

continuou s speech .  T w o group s o f  children^ ,  3 2 6-year-old s 

(mea n ag e =  6;02 ,  range :  5;0 7 t o 6;09 )  an d 3 3 9-year-old s 

(mea n ag e =  9;06 ;  range :  =  8;0 9 t o 9;09) ,  an d a  grou p o f  5 1 

adult s participate d i n a  wor d monitorin g task . 

Participant s hear d sentence s an d wer e aske d t o liste n ou t 

fo r  a  targe t  wor d an d mak e a  button-pres s respons e w h e n i t 

occurred .  Th e tes t  wor d immediatel y precedin g th e targe t 

was eithe r  a  canonica l  form ,  a  viabl e plac e assimilation ,  a n 
unviabl e plac e assimilatio n o r  a  nonwor d ( a singl e featur e 

distan t  fro m a  word) .  I f  th e tes t  wor d disrupte d processin g 

i n an y way ,  thi s woul d sho w u p i n slowe d monitorin g 

latencie s relativ e t o th e baselin e condition ,  i n thi s cas e th e 

unchange d word . 
Fort y pair s o f  sentence s wer e constructed ,  consistin g o f  a 

contex t  sentenc e an d a  tes t  sentence ^  a s follow s (th e 

capitalise d wor d i s th e targe t  fo r  monitoring) :  Unchanged : 
"Mar y pu t  he r  han d u p fo r  th e teacher .  Th e har d B O O K wa s 

to o difficul t  fo r  he r  t o read." ;  Viabl e assimilation :  "...Th e 

[ha:b ]  B O O K was..." ;  Unviabl e assimilation :  "...Th e 

[ha :g ]BOO K was..." ;  Nonword :  "...Th e [ha:z ]  B O O K 

was..." . 

The target s wer e alway s pictureabl e noun s an d th e tes t 

word s wer e eithe r  verb s o r  adjectives* .  Th e syntacti c 
predictabilit y  o f  th e target s wa s reduce d b y th e us e o f 

adjective s an d verb s a s tes t  words ,  an d b y placin g th e target s 

i n differen t  clause s i n th e tes t  sentence .  T o ensur e nonword s 

wer e no t  cue s t o targets ,  filler  sentence s wer e include d i n 
whic h nonword s wer e no t  adjacen t  t o targets .  Th e sentence s 

wer e rotate d int o fou r  version s o f  th e experimen t  s o tha t 

eac h for m o f  th e tes t  sentence s onl y occurre d onc e i n eac h 
version . 

Agai n th e contrastin g view s o f  lexica l  representatio n 
make differen t  predictions .  Gradua l  Segmentatio n predict s 
tha t  th e younge r  childre n wil l  no t  b e sensitiv e t o th e singl e 

featur e deviation s i n th e tes t  word s an d s o thei r  wor d 
monitorin g shoul d no t  b e disrupte d i n an y o f  th e change d 
condition s relativ e t o th e Unchange d condition .  Radica l 
Underspecificatio n predict s wor d monitorin g shoul d no t  b e 

^  Althoug h th e childre n i n Experimen t  2  wer e slightl y olde r  tha n 
thos e i n Experimen t  1 ,  the y wer e draw n fro m th e sam e academi c 
year  group . 
^Th e sentence s wer e preteste d o n adult s participant s usin g a 
sentenc e completio n tas k t o ensur e tha t  non e o f  th e targe t  word s 
wer e predictabl e fro m th e precedin g context . 
*Thes e word s wer e chose n fro m word s withi n th e productiv e 
vocabularie s o f  2 -  t o 5-year-old s fro m C H I L D E S corpora ,  a s i n 
Experimen t  1 . 
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disrupte d i n eithe r  o f  assimilate d conditions ,  becaus e th e 

change d plac e feature s ar e no t  specifie d lexically .  The y will , 

however ,  b e disrupte d b y th e Nonwor d condition ,  becaus e 

of  a  mismatc h o n a  lexicall y specifie d feature .  Full -

Specificatio n predict s disruptio n i n th e Nonwor d conditio n 

becaus e o f  a  mismatc h o n th e lexicall y specifie d change d 

feature .  Performanc e o n th e assimilate d condition s wil l 

depen d o n th e abilit y  t o d o phonologica l  inference . 

Canonica l  U R s coul d b e consisten t  wit h perceptua l 

intoleranc e an d th e acceptabilit y  o f  varian t  SFs ,  i f  a 

phonologica l  parse r  i s assume d t o operat e i n continuou s 

speec h processin g whic h ca n appl y phonologica l  rule s t o 

SFs t o deriv e U R s befor e th e lexico n i s accesse d (Church , 

1987) .  I f  childre n ca n d o phonologica l  inference ,  o r  parsing , 

the y wil l  b e disrupte d i n th e Unviabl e condition ,  bu t  no t  th e 

Viabl e condition .  I f  the y cannot ,  the y wil l  b e disrupte d i n 

th e bot h th e assimilate d condition s becaus e the y wil l  b e 

unabl e t o deriv e th e appropriat e U R . 

Results and Discussion 

Th e m e a n monitorin g latencie s fo r  Experimen t  2  ar e give n 

i n Tabl e 3 . 

Table 3: Monitoring Latencies for Experiment 2 in msec 

(standar d error s ar e give n i n parentheses) . 

Unchange d Viabl e Unviabl e Nonwor d 
Adult s 316(8 )  314(8 ) 
9-year-old s 34 2 (14 )  35 1 (10 ) 
6-year-old s 461(17 )  466(15 ) 

334 (9 )  37 5 (9 ) 
366(12 )  394(11 ) 
456(15 )  494(12 ) 

Adult s performe d i n a  wa y tha t  wa s consisten t  wit h th e 

result s obtaine d b y Gaskel l  an d Marslen-Wilso n (1996) . 

Ther e wa s a n overal l  significan t  effec t  o f  Word-Typ e 

(Fl[3,129]=39.86 ,  p<0.001 ;  F2[3,117]=16.59 ,  p<0.001) . 

Bonferron i  correcte d pairwis e comparison s showe d ther e 

was a  significan t  differenc e betwee n th e Unchange d an d 

Unviabl e condition s (tl[46]=2.92 ,  p=0.003 ;  t2[39]=1.83 , 

p=0.038) ,  th e Unchange d an d Nonwor d condition s 
(tl[46]=7.64 ,  p<0.001 ;  t2[39]=6.44 ,  p<0.001) ,  th e Viabl e 

and Unviabl e condition s (tl[46]=3.34 ,  p=0.001 ; 

t2[39]=2.19 ,  p=0.018 )  an d th e Unviabl e an d Nonwor d 

condition s (tl[46]=5.66 ,  p<0.001 ;  t2[39]=3.92 ,  p<0.001) .  I n 
contrast ,  n o differenc e wa s foun d betwee n th e Unchange d 

and Viabl e condition s (tl[46]<I ;  t2[39]<l) .  Thi s indicate d 

tha t  th e canonica l  SF s an d assimilate d SF s i n a  licensin g 

phoneti c context ,  wer e equall y acceptable ,  showin g 

evidenc e o f  functiona l  underspecification .  W e als o foun d 
tha t  encounterin g a n unviabl e S F wa s les s disruptiv e tha n 

encounterin g a  genuin e nonword .  Th e explanatio n fo r  thi s 
findin g m a y li e i n th e fac t  tha t  unviabl e SF s onl y mismatc h 

wit h th e lexicall y store d targe t  representatio n afte r  initia l 

lexica l  acces s a s a  resu h o f  phonologica l  inferencin g 
(Gaskel l  an d Marlsen-Wilso n 1996) ,  wherea s th e Nonword s 

wil l  fai l  t o acces s an y lexica l  representation . 

The patter n o f  result s foun d wit h th e 9-yea r  old s wa s 

broadl y simila r  t o tha t  o f  th e adults ,  althoug h ther e wer e 

some differences .  Ther e wa s a n overal l  significan t  effec t  o f 

Word-Typ e (Fl[3,78]=13.54 ,  p<0.000 ;  F2[3,114]=6.74 , 

p<0.001) .  Th e pairwis e comparison s fo r  9-year-old s showe d 

significan t  difference s betwee n th e Unchange d an d 

Nonwor d condition s (tl[29]=5.05 ,  p<0.000 ;  t2[38]=3.98 , 

p<0.000) ,  th e Unchange d an d Unviabl e condition s 

(tl[29]=2.85 ,  p<0.004 ;  t2[38]=2.15 ,  p<0.019) ,  an d th e 

Unviabl e an d Nonwor d condition s (tl[29]=2.98 ,  p=0.003 ; 

t2[38]=2.08 ,  p<0.044) .  Th e differenc e betwee n th e 

Unchange d an d Viabl e condition s wa s no t  significan t 

(t l  [29]=1.68 ,  p<0.052 ;  t2[38]=1.39 ,  p<0.086) .  Howeve r  th e 

differenc e betwee n th e Viabl e an d Unviabl e condition s wa s 

at  bes t  a  nonsignifican t  tren d (tl[29]=1.90 ,  p=0.034 ; 

t2[38]=1.10,p=0.140) . 

The 9-year-old s wer e disrupte d b y th e Nonwords ,  whic h 

doe s no t  necessaril y  contradic t  Gradua l  Segmentatio n a s 

the y shoul d hav e develope d segmente d representation s b y 

thi s age .  Thes e result s ar e inconsisten t  wit h th e notio n tha t 

childre n ar e usin g fully-specifie d U R s an d a  phonologica l 

parse r  t o translat e betwee n SF s an d URs ,  becaus e th e lac k o f 

a clea r  differenc e betwee n th e Viabl e an d Unviabl e 

condition s suggest s tha t  phonologica l  parsin g i s no t 

operating ,  i n whic h cas e bot h SF s shoul d mismatc h wit h th e 

fully-specifie d U R ;  bu t  th e Viabl e an d Unchange d 

condition s di d no t  differ .  A  possibl e explanatio n fo r  thi s 

patter n o f  result s i s tha t  th e children' s U R s ar e 
underspecified .  Th e patter n migh t  b e consisten t  wit h 

underspecifie d U R s an d n o phonologica l  inference ,  bu t  th e 

differenc e betwee n th e Unchange d an d Unviabl e condition s 

i s evidenc e o f  phonologica l  inferenc e operating .  Th e overal l 

patter n o f  result s suggeste d tha t  th e 9-year-old s wer e 

convergin g o n adult-lik e performance . 

The result s fo r  th e 6-year-old s helpe d t o clarif y th e 

developmenta l  picture .  Whils t  ther e wa s a n overal l  mai n 

effec t  o f  Word-Typ e (Fl[3,78]=3.61 ,  p=0.017 ; 

F2[3,117]=2.61 ,  p<0.055) ,  th e pairwis e comparison s onl y 

showe d u p significan t  difference s betwee n th e Unchange d 

and Nonwor d condition s (tl[29]=2.69 ,  p=0.006 ; 

t2[39]=2.31 ,  p=0.013 )  an d th e Unviabl e an d Nonwor d 
condition s (tl[29]=2.16 ,  p=0.039 ;  t2[39]=2.30 ,  p=0.027) . 

The othe r  comparisons ,  betwee n Unchange d an d Viabl e 

condition s (tl[29]<l ;  t2[39]<l) ,  Unchange d an d Unviabl e 

condition s (tl[29]<l ;  t2[39]<l )  an d Viabl e an d Unviabl e 

condition s (tl[29]<l ;  t2[39]<l) ,  wer e no t  significant . 

The 6-year-old s wer e disrupte d b y th e Nonword s whic h 

suggeste d thei r  U R s wer e no t  mor e holisti c tha n thos e o f 

olde r  childre n o r  adults .  However ,  the y wer e insensitiv e t o 
th e phonologica l  viabilit y  o f  assimilation s whic h woul d b e 

consisten t  wit h Radica l  Underspecification ,  o n th e 

assumptio n 6-year-old s achiev e lexica l  acces s becaus e 

underspecifie d representation s ar e th e perceptua l  target s o f 

th e process .  Bu t  thi s explanatio n i s contradicte d b y 

Experimen t  1 ,  whic h showe d tha t  5-year-old s woul d no t 
accep t  assimilate d form s i n isolatio n a s rea l  words .  Thes e 
result s ar e mor e consisten t  wit h th e children' s lexica l 

representation s bein g functionall y underspecifie d an d wit h 

phonologica l  inferenc e havin g a s ye t  t o develop .  Indeed ,  th e 
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evidenc e from  th e 9-year-old s suggeste d tha t  i t  i s  onl y 

beginnin g t o emerg e a t  tha t  age . 

Computational Modelling 

The experimenta l  evidenc e presente d abov e suggeste d a 

dissociatio n betwee n th e developmen t  o f  abstrac t  lexica l 

representation s an d phonologica l  inference .  I n th e approac h 

take n b y Gaskel l  e t  al .  (1995 )  bot h functiona l 

underspecificatio n an d phonologica l  inferenc e emerg e a s a 

resul t  o f  th e mappin g betwee n varian t  SF s an d th e lexicon . 

At  firs t  sigh t  thi s linkag e woul d no t  see m t o provid e a n 

explanatio n o f  th e dissociatio n foun d here .  I n orde r  t o loo k 

int o th e possibilit y  tha t  phonologica l  inferenc e develop s 
slowl y relativ e t o lexica l  development ,  w e traine d a  serie s o f 

connectionis t  network s t o lear n thes e processes .  Th e 
simulation s wer e ru n usin g a n artificia l  languag e whic h 

allowe d th e modellin g t o focu s o n th e effect s o f 

phonologica l  variatio n t o th e exclusio n o f  othe r  factors .  Th e 

network s wer e traine d o n tw o paralle l  tasks .  Th e first  wa s 
leamin g a  smal l  vocabulary ,  b y mappin g betwee n a  featura l 

representatio n o f  phonemi c segment s an d localis t  lexica l 

representations .  Th e secon d wa s t o mar k viabl e 

assimilation s b y activatin g a  singl e outpu t  uni t  concurrentl y 

wit h th e initia l  segmen t  o f  th e followin g wor d (i.e .  th e 

contex t  fo r  th e assimilation) .  Thi s uni t  represente d th e 
model' s leamin g o f  phonologica l  inferenc e wit h a  mappin g 

whic h wa s comparabl e t o th e lexica l  one .  It s psychologica l 
analogu e ca n b e see n a s th e informatio n availabl e durin g 

lexica l  acces s w h e n th e matc h betwee n SF s an d U R s i s 

evaluate d i n th e ligh t  o f  followin g context . 
The simpl e recurren t  network s use d consiste d o f  a n 8-uni t 

inpu t  layer ,  on e correspondin g t o eac h o f  th e 8  feature s use d 

t o cod e phonemes ,  feedin g forwar d t o 5 0 hidde n unit s wit h 

recurren t  connection s t o 5 0 contex t  units ,  allowin g th e 
networ k t o internall y represen t  th e sequentia l  dependencie s 

i n it s trainin g environment .  Th e hidde n unit s wer e 
connecte d t o a n outpu t  laye r  whic h consiste d o f  3 0 localis t 

lexica l  unit s an d a  singl e phonologica l  inferenc e unit . 
The artificia l  languag e use d ha d a  phonolog y o f  1 3 

consonant s an d 4  vowel s wit h eac h phonem e represente d a s 
a bundl e o f  8  phoneti c features .  Th e phonolog y o f  th e 
languag e allowe d plac e assimilatio n t o occur .  A  vocabular y 
of  3 0 C V C word s wa s constructe d fro m thi s phonology .  Te n 

of  th e word s ende d i n corona l  stops ,  an d s o wer e 
assimilable ,  an d anothe r  2 0 bega n wit h noncorona l  stops , 

providin g a  contex t  fo r  assimilation .  Localis t  representation s 
wer e use d t o distinguis h betwee n lexica l  items . 

The network s wer e traine d usin g standar d 

backpropagation .  A n epoc h o f  trainin g consiste d o f  a  singl e 
sweep throug h 10 0 occurrence s o f  eac h ite m presente d i n 

rando m order ,  an d th e trainin g se t  wa s re-randomise d afte r 

ever y epoch .  Th e network s wer e traine d a t  thre e rate s o f 
assimilation :  1 0 0 % assimilation ,  wher e assimilatio n 
occurre d i n al l  viabl e contexts ,  5 0 % assimilatio n an d 2 5 % 
assimilation .  Thi s i n effec t  progressivel y reduce d th e toke n 
frequenc y o f  assimilate d segment s fi^om  2 2 % t o 1 1 % an d 
the n t o 6% ,  respectively .  A t  1 0 0 % assimilation ,  assimilate d 

SFs wer e mor e c o m m o n tha n canonica l  th e form s o f 

assimilabl e words .  Thre e network s wer e ru n a t  eac h rat e o f 

assimilation . 

Whils t  ou r  primar y focu s wa s t o compar e th e rat e o f 

leamin g fo r  th e assimilate d form s wit h th e leamin g o f 

phonologica l  inference ,  w e wer e als o intereste d i n th e wa y 

th e networ k woul d dea l  wit h rando m variation ,  an d s o a  se t 

of  nonword s wa s create d b y takin g th e assimilabl e item s an d 

changin g a  singl e featur e o f  th e word-fina l  segmen t  i n a 

phonologicall y rando m way .  Th e measur e o f  th e network' s 

performanc e wa s simpl y th e activatio n leve l  o f  th e outpu t 

nodes ,  whic h i n thi s localis t  mode l  gav e a  direc t  measur e o f 

th e goodness-of-fi t  betwee n inpu t  an d th e model' s intema l 

representations .  Th e network s wer e teste d o n randomise d 

set s o f  4  token s o f  eac h o f  th e word s i n it s vocabular y an d 

th e nonwords . 

Results and Discussion 

The result s fo r  eac h rat e o f  assimilatio n wer e average d ove r 

thre e networks .  Th e leamin g curve s fo r  assimilate d word s 

and phonologica l  inferenc e an d th e model' s respons e t o 

nonword s a t  differen t  rate s o f  assimilatio n ar e presente d i n 

Figure s 1  t o 3 .  Outpu t  activation s wer e measure d a t  word -

offse t  fo r  lexica l  unit s an d word-onse t  fo r  th e inferenc e unit . 

Figure s 1- 3 sho w m e a n outpu t  activation s fo r  eac h se t  o f 
tes t  item s a t  differen t  point s i n th e model' s development . 

-  inferenc e uni t 

epoch s 

.  assimilate d word s 

Figur e 1 :  Model' s performanc e a t  1 0 0 % assimilation . 

At all rates of assimilation the model accepted canonical 
and assimilate d SF s a s token s o f  th e underlyin g lexica l 

items .  A t  1 0 0 % assimilation ,  w h e n the y occurre d wit h equa l 
frequency ,  canonica l  an d assimilate d SF s wer e leam t 
equall y well ,  indicatin g th e mode l  develope d functionall y 
underspecifie d representations ,  i n th e sens e tha t  th e plac e 

feature s o f  assimilabl e word s di d no t  affec t  th e goodness-of -
fit  computatio n i n lexica l  access .  Th e patte m fo r  nonword s 
was simila r  fo r  al l  rate s o f  assimilation .  Onl y ver y earl y i n 
training ,  u p t o aroun d 1 0 epochs ,  di d nonword s achiev e 

simila r  level s o f  activatio n a s th e assimilate d forms , 
indicatin g th e mode l  acquire d a n intoleranc e t o rando m 
variatio n earl y o n i n training . 

The mode l  als o leam t  t o d o phonologica l  inference ,  a s 
indicate d b y inferenc e nod e activatio n i n th e presenc e o f 
viabl e assimilations .  A t  1 0 0 % assimilation ,  th e inferenc e 
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tas k w a s learn t  m o r e easil y tha n th e lexica l  mappin g fo r 

assimilate d forms ,  bu t  a t  th e lowe r  rate s o f  assimilatio n th e 

rat e o f  learnin g fo r  th e inferenc e tas k droppe d of f  markedly . 

I n particular ,  th e relativ e dela y betwee n th e model' s abilit y 

t o recognis e viabl e assimilation s an d it s abilit y t o recognis e 

assimilate d form s increase d sharpl y a s th e rat e o f 

assimilatio n droppe d fro m 5 0 % t o 2 5 % .  Thus ,  a t  lo w toke n 

frequencie s fo r  assimilate d SF s a  clea r  dissociatio n emerge d 

betwee n th e model' s developmen t  o f  abstrac t 

representation s an d phonologica l  inference . 

3 

•• -  Inferenc e uni t 

epoch s 

-V- assimilated words •  nonword s 

Figur e 2 :  Model ' s performanc e a t  5 0 % assimilatio n 

.  inferenc e uni t 

epoch s 

-v-  assimilated words .  nonword s 

F igur e 3 :  M o d e l ' s p e r f o r m a n c e a t  2 5 % assimilatio n 

Conclusions 

We identifie d thre e theorie s o f  lexica l  representatio n i n 

children ,  Full-Specification ,  Radica l  Underspecificatio n an d 

Gradua l  Segmentation .  Th e result s o f  Experiment s 1  an d 2 

suggeste d tha t  non e o f  thes e approache s capture d th e patter n 

of  performanc e see n i n childre n betwee n th e age s o f  5 -  an d 

9-years-old .  Fro m a t  leas t  5-years-old ,  childre n showe d 
evidenc e tha t  thei r  lexica l  representation s wer e specifie d t o 

th e leve l  o f  singl e phoneti c feature s bu t  tha t  the y wer e als o 

functionall y underspecifie d becaus e assimilate d SF s di d no t 

mismatc h wit h UR s i n continuou s speec h processing .  Whils t 

th e perceptua l  target s fo r  lexica l  acces s availabl e t o childre n 

ar e representationall y adult-like ,  thei r  processin g differs . 

Six-year-old s accepte d assimilate d form s regardles s o f  th e 

viabilit y  o f  th e assimilation ,  an d 9-year-olds '  performanc e 

suggeste d a n emergin g sensitivit y t o phoneti c context .  A 

computationa l  mode l  o f  th e developmen t  o f  spoke n wor d 

recognitio n suggeste d th e reaso n fo r  th e dissociatio n 

betwee n th e developmen t  o f  functionall y abstrac t 

representation s an d phonologica l  inferenc e result s fro m th e 

differen t  effect s o f  th e frequenc y o f  assimilate d form s o n 

thes e tw o processes .  Lexica l  learnin g fo r  assimilate d form s 

can procee d wit h ever y exposur e t o a  word ,  regardles s o f  it s 

surfac e form .  I n contrast ,  learnin g th e relationshi p 

underlyin g plac e assimilatio n i s entirel y dependen t  o n 

occurrence s o f  assimilation .  Whe n th e relevan t  informatio n 

i s sparse ,  learnin g thi s structura l  relationshi p i s attenuated . 

Acknowledgments 

Thi s researc h wa s supporte d b y M R C researc h studentshi p 

RF-95-10 2 an d a n M R C Programm e Gran t  t o W.D . 

Marslen-Wilso n an d L.K .  Tyler . 

References 

Archangeli ,  D .  (1988) .  Aspect s o f  underspecficatio n theory , 

Phonology ,  5 ,  183-207 . 

Church ,  K.W .  (1987) .  Phonologica l  parsin g an d lexica l 

retrieval .  Cognition ,  25 ,  53-69 . 

Elman ,  J .  (1990) .  Findin g structur e i n time .  Cognitiv e 

Science ,  14 ,  179-221 . 

Gaskell ,  M.G .  &  Marslen-Wilson ,  W.D .  (1996) . 

Phonologica l  variatio n an d inferenc e i n lexica l  access . 

Journa l  o f  Experimenta l  Psychology :  H u m a n M e m o r y 

an d Performance ,  22(1) ,  144-158 . 

Gaskell ,  G.M. ,  Hare ,  M .  &  Marslen-Wilson ,  W.D .  (1995) . 

A connectionis t  mode l  o f  phonologica l  representatio n i n 

speec h perception .  Cognitiv e Science ,  19,407-439 . 

Gerken ,  L.A. ,  Murphy ,  W.D .  &  Aslin ,  R.N .  (1995) .  Three -

and four-year-olds '  perceptua l  confusion s fo r  spoke n 

words .  Perceptio n &  Psychophysics ,  57 ,  475-486 . 

Gierut ,  J.A .  (1996) .  Categorisatio n an d featur e specificatio n 
i n phonologica l  acquisition .  Journa l  o f  Chil d Language , 

23,  397-415 . 
Lahiri ,  A .  &  Marslen-Wilson ,  W.  (1991) .  Th e menta l 

representatio n o f  lexica l  form :  A  phonologica l  approac h 

t o th e recognitio n lexicon .  Cognition ,  38 ,  245-294 . 

Marslen-Wilson ,  W.  (1993) .  Issue s o f  proces s an d 

representatio n i n lexica l  access .  I n G.T.M .  Altman n &  R . 

Shillcoc k (Eds /  Cognitiv e Model s o f  Speec h Processing : 

The Secon d Sperlong a Meeting .  Hove :  Lawrenc e 

Earlbau m Associates . 

Marslen-Wilson ,  W. ,  Nix ,  A. ,  &  Gaskell ,  G .  (1995) . 

Phonologica l  variatio n i n lexica l  access :  abstractness , 

inferenc e an d Englis h plac e assimilation .  Languag e an d 
Cognitiv e Processes ,  10 ,  285-308 . 

Walley ,  A.C .  (1993) .  Th e rol e o f  vocabular y developmen t  i n 

children' s spoke n wor d recognitio n an d segmentatio n 

ability .  Developmenta l  Review ,  13 ,  286-350 . 

Werker ,  J.F. ,  &  Lalonde ,  C.E .  (1988) .  Cross-languag e 

speec h perception :  Initia l  capabilitie s an d developmenta l 

change .  Developmenta l  Psychology ,  24 ,  672-683 . 

638 



M o d e l i n g I te m a n d Categor y Learn in g 

Bradley C. Love (loveb@nwu.edu) 
Departmen t  o f  Psychology ;  202 9 Sherida n Roa d 

Evansion ,  I L 60208-271 0 U S A 

Douglas L. Medin (medin@nwu.edu) 

Departmen t  o f  Psychology ;  202 9 Sherida n Roa d 

Evanston ,  I L 60208-271 0 U S A 

Abstrac t 

SUSTAIN (Supervised and Unsupervised STratified Adaptive 
Incrementa l  Network )  i s a  networ k mode l  o f  huma n categor y 
learning .  SUSTAI N i s a  thre e laye r  mode l  wher e learnin g be -
twee n th e first  tw o layer s i s unsupervised ,  whil e learnin g be -
twee n th e to p tw o layer s i s supervised .  SUSTAI N cluster s in -
put s i n a n unsupervise d fashio n unti l  i t  group s inpu t  pattern s 
inappropriatel y (a s signale d b y th e supervise d portio n o f  th e 
network) .  Whe n suc h a n erro r  occurs ,  SUSTAI N alter s it s  ar -
chitecture ,  recruitin g a  ne w uni t  tha t  i s  tune d t o correctl y clas -
sif y th e exception .  Unit s recruite d t o captur e exception s ca n 
evolv e int o prototypes/attractors/rule s i n thei r  ow n right .  SUS -
TAIN' s adaptiv e architectur e allow s i t  t o maste r  simpl e classi -
fication  problem s quickly ,  whil e stil l  retainin g th e capacit y t o 
lear n difficul t  mappings .  SUSTAI N als o adjust s it s  sensitivit y 
t o inpu t  dimension s durin g th e cours e o f  learning ,  payin g mor e 
attentio n t o dimension s relevan t  t o th e classificatio n task .  SUS -
TAI N successfull y fits  ite m an d categor y learnin g dat a fro m 
Medin ,  Dewey ,  an d Murph y (1983) .  SUSTAIN' s performanc e 
on othe r  dat a set s i s discussed .  SUSTAI N i s compare d wit h 
othe r  model s o f  categor y learning . 

I n t r oduc t i o n 

Some categorie s hav e a  ver y simpl e structure ,  whil e other s 
can b e complex .  Accordingly ,  learnin g h o w t o properl y clas -
sif y item s a s member s o f  categor y "A "  o r  " B "  ca n b e almos t 
trivia l  (e.g. ,  th e valu e o f  a  singl e inpu t  dimensio n determine s 
membership )  o r  ca n b e s o difficul t  tha t  n o regularit y i s  dis -
covere d (e.g. ,  rot e memorizatio n o f  ever y categor y m e m b er 
i s require d t o determin e membership) . 

Classification s ar e harde r  t o maste r  whe n th e decisio n 
boundar y (i n a  multi-dimensiona l  spac e o f  possibl e inputs ) 
i s highl y irregula r  an d whe n ther e ar e multipl e boundarie s 
(e.g. ,  al l  th e member s o f  categor y "A "  d o no t  fal l  insid e on e 
contiguou s regio n o f  th e inpu t  space) .  Ver y simpl e learnin g 
model s wil l  fai l  t o maste r  difficul t  categorization s wit h com -
ple x boundaries .  Fo r  instance ,  a  purel y linea r  model ,  lik e 
th e perceptio n (Rosenblatt ,  1958 )  wil l  no t  b e abl e t o maste r  a 
classificatio n wher e th e mappin g i s no t  linearl y separable . 

Interestingly ,  a  comple x nonlinea r  model ,  suc h a s a  back -
propagatio n mode l  (Rumelhart ,  Hinton ,  &  Williams ,  1986 ) 
wit h man y hidde n units ,  ca n lear n comple x decisio n bound -
arie s bu t  wil l  perfor m poorl y o n a  simpl e proble m (e.g. ,  a 
proble m wher e th e decisio n boundar y i s  linear) .  I n suc h 
cases ,  th e mor e comple x mode l  wil l  generaliz e poorl y b y 
over-fittin g th e trainin g data .  Thus ,  makin g a  mode l  to o pow -
erfu l  o r  to o wea k i s undesirable .  G e m a n ,  Bienenstock ,  an d 
Doursa t  (1992 )  terme d thi s tradeof f  betwee n dat a fitting  an d 
generalizatio n a s th e bias/varianc e dilemma .  I n brief ,  whe n a 

networ k i s to o simpl e i t  i s  overl y biase d an d canno t  lear n th e 
correc t  boundaries .  Conversely ,  whe n a  networ k i s to o power -
ful ,  i t  master s th e trainin g set ,  bu t  th e boundarie s i t  learn s ar e 
somewhat  arbitrar y an d ar e highl y influence d b y th e trainin g 
sample ,  leadin g t o poo r  generalization . 

Unfortunately ,  m a n y learnin g model s requir e tha t  th e n u m -
ber  o f  intermediat e leve l  unit s b e specifie d i n advance :  th e 
number  o f  hidde n unit s i n backpropagation ,  th e numbe r  o f 
codeboo k vector s i n L V Q (Learnin g Vecto r  Quantization ,  K o -
hone n (1990)) ,  an d th e numbe r  o f  radia l  basi s function s i n th e 
fixed  architectur e versio n o f  Poggi o an d Girosi' s (1990 )  regu -
larizatio n networ k an d A L C O V E (attentio n learnin g coverin g 
map,  Kruschk e (1990)) .  Th e proble m m a y no t  b e avoidabl e 
by treatin g th e numbe r  o f  intermediat e unit s a s a n additiona l 
parameter .  Th e environmen t  a  mode l  i s embedde d i n coul d 
chang e an d alte r  th e natur e o f  th e decisio n boundaries .  Also , 
certai n architecture s m a y b e preferabl e a t  certai n stage s o f 
th e learnin g process .  Fo r  example ,  E lma n (1994 )  provide s 
computationa l  evidenc e (whic h seem s i n accor d wit h find-
ing s fro m developmenta l  psychology )  tha t  beginnin g wit h a 
simpl e networ k an d addin g complexit y a s learnin g progresse s 
improve s overal l  performance . 

Model s wit h a n adaptiv e architectur e (lik e S U S T A I N ) ,  d o 
not  nee d t o specif y th e numbe r  o f  intermediat e unit s prio r  t o 
learning .  Stil l  adaptiv e architectur e model s ar e no t  withou t 
problems .  S o m e model s gro w i n a n unconstraine d fashion , 
addin g a n intermediat e uni t  ever y tim e a n ite m i s presente d 
(e.g. ,  th e adaptiv e architectur e versio n o f  Poggi o an d Girosi' s 
(1990 )  mode l  an d A L C O V E ) .  Clearly ,  thes e model s (a s speci -
fied)  hav e prohibitiv e spac e requirement s (wit h a n increas e i n 
tim e requirement s whe n ru n o n a  seria l  computer )  an d m a y b e 
psychologicall y implausible .  Whil e thes e mode l  hav e adap -
tiv e architectures ,  architectura l  change s d o no t  occu r  i n re -
spons e t o h o w th e learnin g proces s i s unfolding .  Also ,  on e 
coul d argu e tha t  th e solution s thes e model s deriv e lac k ele -
ganc e an d ar e difficul t  t o interpret . 

Othe r  method s d o m a k e architectura l  change s i n respons e 
t o h o w learnin g i s progressing .  Prunin g method s begi n wit h 
a larg e networ k an d remov e unit s a s learnin g progresse s 
(Karnin ,  1990) .  I n practice ,  thi s metho d prov e inefficien t  (i t 
begin s wit h a  larg e network )  an d th e algorith m ofte n termi -
nate s wit h a  m e d i u m size d networ k whe n a  simple r  networ k 
woul d b e bette r  suite d t o th e learnin g problem .  Anothe r  prob -
le m i s tha t  th e modele r  mus t  decid e h o w larg e th e networ k 
shoul d b e i n advance . 

Instead ,  othe r  model s (includin g S U S T A I N )  begi n wit h a 
smal l  networ k an d expan d th e networ k whe n necessary .  Mos t 
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method s expan d th e networ k whe n overal l  erro r  (th e 

differenc e betwee n desire d an d observe d output )  i s  high . 
For  example ,  th e cascade-correlatio n mode l  (Fahlma n & 
Lebiere ,  1990 )  expand s th e networ k verticall y wit h additiona l 
intermediat e layers ,  creatin g higher-orde r  featur e detectors . 
Othe r  model s expan d horizontall y whe n erro r  i s hig h (Ash , 
1989 ;  Azimi-Sadjadi ,  Sheedvash ,  &  Trujillo ,  1993) . 

Unlik e th e aforementione d models ,  S U S T A I N doe s no t  ac -
cru e unit s base d o n overal l  error .  Instead ,  S U S T A I N add s a 
ne w intermediat e leve l  uni t  whe n th e unsupervise d par t  o f  th e 
networ k cluster s inpu t  pattern s i n a  manne r  deeme d inappro -
priat e b y th e supervise d par t  o f  th e network .  Thi s happen s 
w h en tw o inpu t  pattern s (tha t  differ )  belon g t o th e sam e clus -
te r  an d th e difference s betwee n th e tw o inpu t  pattern s prove s 
critica l  fo r  successfull y masterin g th e classification .  W h e n 
suc h a n erro r  occurs ,  S U S T A I N split s th e cluste r  int o tw o 
cluster s b y addin g a n intermediat e unit .  Addin g unit s i n S U S -
T A I N i s psychologicall y motivate d b y th e intuitio n tha t  peo -
pl e ignor e difference s whe n the y ca n ( a bia s toward s simpl e 
solutions) ,  bu t  wil l  not e difference s whe n force d t o b y envi -
ronmenta l  feedback . 

Anothe r  aspec t  o f  network s tha t  i s usuall y fixed,  bu t  shoul d 
var y dependin g o n th e natur e o f  th e learnin g problem ,  i s th e 
activatio n functio n o f  a n intermediat e leve l  unit .  I n back -
propagatio n networks ,  th e steepnes s o f  a  hidde n unit' s  sig -
moida l  shape d activatio n functio n i s se t  a s a  parameter .  I n 
model s wher e th e intermediat e leve l  unit s ar e viewe d a s re -
ceptiv e fields  (e.g. ,  Poggi o &  Girosi ,  1990 ;  Kruschke ,  1992) , 
th e shap e o f  a  unit' s  receptiv e field  i s se t  a s a  parameter . 

Intermediat e leve l  unit s i n S U S T A I N hav e multipl e recep -
tiv e fields  (on e fo r  eac h inpu t  dimension )  an d trea t  th e shap e 
of  a  receptiv e field  a s somethin g tha t  shoul d b e learned ,  rathe r 
tha n a s a  parameter .  S U S T A I N assume s tha t  receptiv e fields 
ar e initiall y  broadl y tune d an d ar e adjuste d durin g th e cours e 
of  learnin g t o maximiz e th e receptiv e field's  respons e t o in -
puts .  Intermediat e unit s wit h peake d (narrow )  receptiv e fields 
ca n b e describe d a s highl y focused .  Receptiv e fields  tha t 
develo p tighte r  tuning s ar e capabl e o f  stronge r  response s t o 
stimul i  (se e Figur e 1) .  A s a n outcom e o f  learnin g h o w t o per -
for m a  classification ,  S U S T A I N learn s whic h dimension s o f 
th e stimul i  ar e relevan t  an d shoul d b e attende d to .  Conceiv -
in g o f  attentio n a s enhancin g th e tunin g o f  cell s i s consisten t 
wit h curren t  wor k o n th e neura l  basi s o f  attentio n (Treu e & 
Maunsell ,  1996) . 

An Overview of SUSTAIN 

S U S T A I N consist s o f  thre e layers :  input ,  subcategory ,  an d 
category .  Inpu t  laye r  unit s tak e o n rea l  value s t o encod e infor -
matio n abou t  th e environmen t  (e.g. ,  th e encodin g o f  a n ite m 
tha t  need s t o b e classifie d a s belongin g t o categor y "A "  o r 
" B " ) .  Unit s i n th e subcategor y laye r  (th e intermediat e layer ) 
encod e th e prototype s an d exception s o f  th e categor y units . 
Subcategor y unit s compet e wit h on e anothe r  t o respon d t o 
pattern s a t  th e inpu t  laye r  wit h th e winne r  (th e subcategor y 
uni t  tha t  i s  mos t  active )  bein g reinforced .  Weight s ar e ad -
juste d accordin g t o th e Kohone n unsupervise d learnin g rul e 
fo r  developin g self-organizin g map s (Kohonen ,  1984) .  W h e n 
a subcategor y uni t  "wins "  th e center s o f  it s receptiv e fields 
(ther e i s a  receptiv e field  fo r  eac h inpu t  dimension )  m o v e i n 
th e directio n o f  th e inpu t  pattern ,  minimizin g th e distanc e 

Dislanc a 

Figur e I .  Bot h unit s respon d maximall y w h e n a  stimulu s appear s 
i n th e cente r  o f  thei r  receptiv e field  ( a . 5 respons e fo r  th e broadl y 
tune d unit ;  a  2. 0 respons e fo r  th e tightl y tune d unit) .  C o m p a r e d t o 
th e broadl y tune d unit ,  th e tightl y tune d unit' s  respons e i s stronge r 
t o stimul i  clos e t o th e cente r  an d i s  weake r  fo r  stimul i  farthe r  fro m 
th e cente r  (th e crossove r  poin t  occur s a t  a  distanc e fro m cente r  o f  . 9 
(approximately) . 

b e t w e e n th e center s a n d th e inpu t  pattern .  Th i s m e t h o d i s 
simila r  t o a  n u m b e r  o f  clusterin g technique s use d fo r  classi -
fication  a n d patter n recognition ,  suc h a s m a x i m u m - d i s t a n c e , 
K-means ,  an d isodat a (To u &  Gonzalez ,  1974 ;  Dud a &  Hart , 
1972) . 

O ne nove l  aspec t  o f  ou r  implementatio n i s tha t  thi s unsu -
pervise d learnin g procedur e i s combine d wit h a  supervise d 
procedure .  W h e n a  subcategor y uni t  respond s strongl y t o a n 
inpu t  patter n (i t  i s th e winner )  an d ha s a n excitator y connec -
tio n t o th e inappropriat e categor y uni t  (i.e. ,  th e subcategor y 
uni t  predict s "A "  an d th e correc t  answe r  i s  " B " ) ,  th e networ k 
shut s of f  th e subcategor y uni t  an d recruit s a  ne w subcategor y 
uni t  tha t  respond s maximall y t o th e misclassifie d inpu t  pat -
ter n (i.e. ,  th e ne w unit' s  receptiv e fields  ar e centere d upo n 
th e inpu t  pattern). '  Thi s proces s continue s wit h th e ne w uni t 
competin g wit h th e othe r  subcategor y unit s t o respon d t o in -
put  pattern s wit h th e positio n o f  th e winner' s receptiv e fields 
bein g updated ,  a s wel l  a s it s connectio n t o th e categor y unit s 
by th e delt a learnin g rul e (Rumelhar t  e t  al. ,  1986) .  A t  a  min -
imum,  ther e mus t  b e a s man y subcategor y unit s a s categor y 
unit s whe n categor y response s ar e mutuall y exclusive . 

Previou s proposal s tha t  bea r  som e resemblanc e t o SUS -
T A I N includ e counterpropagatio n network s (Hecht-Nielsen , 
1988 )  whic h ar e multilaye r  network s wher e th e Kohone n 
learnin g rul e i s use d fo r  th e botto m tw o layers .  Simpso n 
has explore d a  supervise d versio n o f  th e Kohone n networ k 
wher e th e mode l  doe s no t  determin e whic h cluste r  i s th e win -
ner ,  bu t  i s tol d (Simpson ,  1989) .  Thi s chang e gread y speed s 
up learning .  Interestingly ,  ou r  approac h t o clusterin g i s no t 
properl y characterize d a s bein g eithe r  supervise d o r  unsuper -
vised .  Clusterin g i s unsupervise d unles s th e networ k make s a 
seriou s clusterin g error .  A  seriou s erro r  lead s t o th e creatio n 
of  a  ne w cluster ;  otherwis e learnin g a t  th e subcategor y laye r 
i s completel y unsupervised . 

Anothe r  interestin g aspec t  o f  SUSTAIN ' s subcategor y 
unit s  i s tha t  i n additio n t o adjustin g th e center s (i.e. ,  th e posi -

'  Initiall y  th e networ k onl y ha s on e subcategor y uni t  tha t  i s cen -
tere d upo n th e first  inpu t  pattern . 
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tion )  o f  thei r  receptiv e fields,  th e sensitivitie s (i.e. ,  th e shape ) 
of  thei r  receptiv e fields  als o ar e adjuste d i n respons e t o inpu t 
patterns .  Inpu t  unit s (i.e. ,  dimension s o f  th e inpu t  pattern )  tha t 
provid e consisten t  evidenc e (i.e. ,  th e positio n o f  th e subcate -
gor y units '  receptiv e fields  fo r  tha t  dimensio n doc s no t  hav e 
t o b e adjuste d often) ,  develo p tighte r  tuning s (se e Figur e 1) . 
Thes e mor e reliabl e inpu t  dimension s receiv e mor e attention . 
S U S T A I N uncover s (an d explicitl y  represents )  whic h dimen -
sion s ar e relevan t  fo r  classification . 

An Illustration of SUSTAIN's Operation 

Conside r  categorizin g peopl e int o tw o groups :  thos e w h o rid e 
motorcycle s an d thos e w h o don't .  Fo r  th e motorcyclist s cate -
gory ,  S U S T A I N migh t  for m a n initia l  cluste r  tha t  respond s t o 
inpu t  pattern s representin g young ,  adventurou s men .  W h e n 
an inpu t  patter n representin g a  4 0 yea r  ol d recentl y divorce d 
wealth y m a n tha t  rides  a  motorcycl e i s presente d t o th e net -
work ,  i t  activate s a  subcategor y uni t  associate d wit h non -
motorcyclist s mor e strongl y tha n i t  activate s th e subcategor y 
uni t  tha t  represent s youn g mal e motorcycl e riders.  T o remed y 
thi s situation ,  S U S T A I N create s a  ne w uni t  tha t  i s  centere d 
upo n th e 4 0 yea r  ol d divorce d man .  I t  turn s ou t  tha t  thi s ex -
ceptio n correctl y classifie s a  numbe r  o f  othe r  inpu t  pattern s 
(th e cluste r  ca n b e labele d "mid-lif e crisis") .  A t  thi s point , 
th e motorcyclist s categor y contain s tw o distinc t  prototype s 
("youn g male "  an d "mid-lif e crisis") .  I f  th e networ k wa s pre -
sente d wit h a  grandmothe r  tha t  like s t o bunge e jump ,  th e net -
wor k woul d probabl y predic t  sh e doesn' t  rid e a  motorcycle , 
but  i f  i t  turn s ou t  sh e does ,  a  ne w subcategor y uni t  woul d b e 
create d t o captur e thi s exception .  Othe r  adventurou s olde r 
women tha t  ar e simila r  t o th e grandmothe r  wil l  als o activat e 
thi s unit ,  perhap s turnin g thi s exceptio n int o prototype . 

Durin g th e learnin g process ,  tuning s fo r  eac h inpu t  dimen -
sio n ar e developed .  Dimensio n lik e "hai r  color "  woul d b e 
broadl y tune d wherea s dimension s lik e "ha s tw o legs "  an d 
"i s a  fre e spirit "  m a y develo p sharpe r  tuning s an d b e mor e 
influentia l  i n selectin g th e winnin g subcategor y unit . 

Mathematical Formulation 

Receptiv e fields  hav e a n exponentia l  shap e wit h a  receptiv e 
field's  respons e decreasin g exponentiall y  a s distanc e fro m it s 
cente r  increases : 

a{u)^le- ^  (1 ) 

where X is the tuning of the receptive field, and ^ is the 
distanc e o f  th e stimulu s fro m th e cente r  o f  th e field.  Argu -
ment s fo r  activatio n droppin g of f  exponentiall y  ca n b e foun d 
in(Shepard ,  1987) . 

Whil e receptiv e fields  wit h differen t  X  hav e differen t 
shapes ,  fo r  an y X,  th e are a "underneath "  a  receptiv e field  i s 
constant : 

^ a { ^ i ) d n = r - K e - ' ^ d n ^ \ .  (2 ) 
70 i o 

For  a  give n // ,  th e A ,  tha t  maximize s a(;u )  ca n b e compute d b y 
differentiating : 

The activatio n o f  a  subcategor y uni t  i s  give n by : 

|  =  . - v „ - v ) . (3 ) 

Ah, = 
_ I ^ i ( X O v ^ 

It=,(?^,) ^ 
(4 ) 

wher e n  i s th e numbe r  o f  inpu t  units ,  X i  i s  th e tunin g o f  eac h 
subcategor y unit' s  receptiv e field  fo r  th e it h inpu t  dimension , 
fjii j  i s  th e distanc e betwee n th e cente r  o f  subcategor y uni t  y' s 
receptiv e field  fo r  th e /t h inpu t  uni t  an d th e outpu t  o f  th e /t h 
inpu t  uni t  (distanc e i s  simpl y th e absolut e valu e o f  th e dif -
ferenc e o f  thes e tw o terms) ,  an d r  i s a n attentiona l  param -
ete r  (alway s nonnegative) .  W h e n r  i s high ,  inpu t  unit s wit h 
tighte r  tuning s (unit s tha t  see m relevant )  dominat e th e activa -
tio n function .  Equatio n 4  sum s th e response s o f  th e receptiv e 
fields  fo r  eac h inpu t  dimensio n an d normalize s th e sum .  Th e 
activatio n o f  a  subcategor y uni t  i s  boun d betwee n 0  (exclu -
sive )  an d 1  (inclusive) . 

Subcategor y unit s compet e t o respon d t o inpu t  pattern s an d 
i n tur n inhibi t  on e another .  W h e n man y subcategor y unit s ar e 
strongl y activated ,  th e outpu t  o f  th e winnin g uni t  i s  less .  Unit s 
inhibi t  eac h othe r  accordin g to : 

Oh, = 
ir=i('4//,) P " ' 

(5 ) 

wher e P  i s th e latera l  inhibitio n paramete r  (alway s nonnega -
tive )  an d m i s th e numbe r  o f  subcategor y units .  W h e n p  i s 
small ,  competin g unit s strongl y inhibi t  th e winner .  W h e n P 
i s hig h th e winne r  i s weakl y inhibited .  Unit s othe r  tha n th e 
winne r  hav e thei r  outpu t  se t  t o zero. ^ 

Afte r  feedbac k i s provide d b y th e "experimenter" ,  i f  th e 
winne r  predict s th e wron g category ,  it s  outpu t  i s se t  t o zer o 
and a  ne w subcategor y uni t  i s  recruited : 

for all i and k, if {tkOnjWji^ < 0), then recruit a new unit 

(6 ) 
wher e r ^  i s th e targe t  valu e fo r  categor y uni t  k  an d Wji ^  i s th e 
weigh t  fro m subcategor y uni t  j  t o categor y uni t  k .  W h e n a 
ne w uni t  i s  recruite d it s receptiv e fields  ar e centere d o n th e 
misclassifie d inpu t  patter n an d th e subcategor y units '  activa -
tion s an d output s ar e recalculated . 

I f  a  ne w subcategor y uni t  i s  no t  created ,  th e center s o f  th e 
winner' s receptiv e fields  ar e adjusted : 

Awi j  =  r]{0,^-wij ) (7 ) 

wher e t |  i s  th e learnin g rate ,  O/ ,  i s  th e outpu t  o f  inpu t  uni t  / . 
The center s o f  th e winner' s receptiv e fields  m o v e toward s th e 
inpu t  patter n accordin g t o th e Kohone n learnin g rule .  Thi s 

Thes e propertie s o f  exponential s prov e usefu l  i n formulatin g 
SUSTAIN. 

^Distanc e mus t  b e calculate d i n a  differen t  manne r  whe n tw o o r 
more inpu t  dimension s ar e integra l  (e.g. ,  lightnes s an d saturatio n i n 
colo r  perception) .  I n suc h cases ,  th e Euclidea n distanc e betwee n 
th e expecte d patter n an d th e observe d patter n i s calculated .  Integra l 
inpu t  dimension s als o shar e a  common X .  Th e reade r  ca n consul t 
Shepar d (1964 )  an d Nosofsk y (1987 )  fo r  mor e informatio n o n th e 
metri c propertie s o f  integra l  dimensions . 

•'Th e mode l  (a s specified )  ca n hav e multipl e winners .  Fo r  in -
stance ,  ther e coul d alway s b e tw o winners .  Mor e comple x scheme s 
coul d als o b e considere d fo r  determinin g th e numbe r  o f  winners . 
We d o no t  explor e an y o f  thes e possibilitie s becaus e the y ar e les s 
conceptuall y clea r  an d th e dat a doe s no t  deman d it . 
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learnin g rul e center s th e prototyp e (i.e. ,  th e cluster' s center ) 
amids t  th e member s o f  th e prototype . 

Usin g ou r  resul t  fro m Equatio n 3 ,  receptiv e field  tuning s 

ar e update d accordin g to : 

AX,=r]e-'^'^"j{\-Xif,ij) . (8 ) 

Onl y th e winnin g subcategor y uni t  update s th e valu e o f  X, . 
Equatio n 8  adjust s th e shap e o f  th e receptiv e field  fo r  eac h 
inpu t  s o tha t  eac h inpu t  ca n maximiz e it s influenc e o n sub -
categor y units .  Initially ,  \ ,  i s  se t  t o b e broadl y tuned .  Fo r 
example ,  i f  inpu t  uni t  /  take s o n value s betwee n - 1 an d 1 ,  th e 
m a x i m u m distanc e betwee n th e /t h inpu t  unit' s  outpu t  an d th e 
positio n o f  a  subcategor y unit' s  receptiv e field  (fo r  th e it h di -
mension )  i s 2 ,  s o X ,  i s se t  t o . 5 becaus e tha t  i s th e optima l  set -
tin g o f  X ,  fo r  j u equa l  t o 2  (i.e. .  Equatio n 8  equal s zero) .  Unde r 
thi s scheme ,  X.  canno t  becom e negativ e durin g U âining . 

Activatio n i s sprea d fro m th e winnin g subcategor y uni t  t o 

th e categor y units : 

Ac ,  =  OHjWj k (9 ) 

wher e A q i s th e activatio n o f  th e ̂ t h categor y uni t  an d O h i s 

th e outpu t  o f  th e winnin g subcategor y unit . 

Th e outpu t  o f  a  categor y uni t  i s give n by : 

if (Q is nominal and |/Iq. | > 1). then Oq. = i^^ . j q^ 

else Oq. = Ac^ 

where Oq is the output of the k\h category unit. If the feed-
bac k give n t o subject s concernin g Q  i s nomina l  (e.g. ,  th e ite m 
i s i n categor y "A "  no t  " B " ) ,  the n Q  i s nominal .  Kruschk e 
(1992 )  refer s t o thi s kin d o f  teachin g signa l  a s a  "humbl e 
teacher "  an d explain s whe n it s us e i s appropriate . 

W h en a  subcategor y uni t  i s recruited ,  weight s fro m th e uni t 
t o th e categor y unit s ar e se t  t o zero .  Th e on e laye r  delt a learn -
in g rul e (Rumelhar t  e t  al. ,  1986 )  i s use d t o adjus t  weight s 
thes e weights : 

AWjk=T] i tk-Oc,)OH j (H ) 

wher e t ^  i s th e targe t  valu e (i.e. ,  th e correc t  value )  fo r  categor y 
uni t  k .  Th e targe t  valu e i s analogou s t o th e feedbac k provide d 
t o h u m a n subjects .  Not e tha t  onl y th e winne r  wil l  hav e it s 
weight s adjuste d sinc e i t  i s  th e onl y subcategor y uni t  wit h a 
nonzer o output . 

Th e followin g equatio n determine s th e respons e probabili -
tie s (fo r  nomina l  classifications) : 

^ ^ " I f = , ( 0 c ,  +  1) ^ 
(12 ) 

wher e d  i s a  respons e paramete r  (alway s nonnegative )  an d p 
i s th e numbe r  o f  categor y units .  Th e categor y uni t  wit h th e 
larges t  outpu t  i s almos t  alway s chose n whe n d  i s large .  I n 
Equatio n 12 ,  on e i s adde d t o eac h categor y unit' s  outpu t  t o 
avoi d performin g calculation s ove r  negativ e numbers .  Th e 
Luc e choic e rul e i s a  specia l  cas e ( d =  1 )  o f  thi s decisio n rul e 
(Luce ,  1963) . 

Emp i r i ca l l y Test in g S U S T A I N 

S U S T A I N ha s successfull y fit  Shepar d e t  al.' s  (1961 )  classi c 
experiment s o n th e tim e cours e o f  huma n categor y learnin g 

(Lov e &  Medin ,  1998).' *  I n Shepar d e t  al.' s  study ,  subject s 
assigne d a  stimulu s t o eithe r  categor y "A "  o r  " B "  an d feed -
bac k wa s provided .  Si x differen t  assignment s o f  object s t o 
categorie s wer e teste d wit h th e si x problem s varyin g i n diffi -
cult y (Typ e I  wa s th e easies t  t o master .  Typ e V I  th e hardest) . 
For  example ,  th e Typ e I  proble m ca n b e solve d b y attend -
in g t o onl y on e inpu t  dimensio n (e.g. ,  color) ,  whil e Typ e V I 
require s attendin g t o al l  thre e dimension s (color ,  shape ,  an d 
size )  an d ha s n o regularitie s acros s an y pai r  o f  dimensions . 

S U S T A I N successfull y fit  subjects '  learnin g curve s an d it s 
solutio n wa s readil y interpretable .  S U S T A I N recruite d mor e 
subcategor y unit s fo r  th e mor e difficul t  problems .  Fo r  exam -
ple ,  th e mos t  c o m m o n solutio n fo r  th e Typ e I  proble m wa s t o 
creat e on e uni t  fo r  eac h category .  Typ e V I  ha s n o regularitie s 
tha t  ca n b e exploited ,  forcin g S U S T A I N t o "memorize "  eac h 
stimulu s (i.e. ,  S U S T A I N devote d a  subcategor y uni t  t o eac h 
inpu t  pattern) . 

Th e Typ e V I  proble m i s i n som e way s equivalen t  t o identi -
fication  learnin g whil e th e Typ e I  proble m seem s lik e a  "pure " 
categorizatio n proble m (ther e i s a  simpl e criteri a fo r  member -
ship ,  th e categorie s ar e ver y cohesive) .  Th e relativ e difficult y 
of  th e Typ e V I  proble m suggest s (incorrectly )  tha t  identifi -
catio n learnin g i s alway s mor e difficul t  tha n categorizatio n 
learning ,  o r  mor e generally ,  tha t  classificatio n become s easie r 
at  increase d level s o f  abstraction .  Contrar y t o thi s conclusion , 
ther e ar e strikin g instance s wher e identificatio n precede s cat -
egorizaUon . 

For  example ,  Medi n e t  al .  (1983 )  foun d tha t  peopl e ar e 
faste r  t o associat e a  uniqu e name s t o photograph s o f  nin e fe -
mal e face s tha n the y ar e t o categoriz e th e photograph s int o 
tw o categories .  Th e logica l  structur e o f  th e tw o categorie s 
i s show n i n Tabl e 1 .  O n e possibl e explanatio n fo r  th e rel -
ativ e eas e o f  identificatio n learnin g i s tha t  th e stimul i  use d 
i n Medi n et .  a l  (1983 )  wer e ric h an d distinct ,  varyin g alon g 
many dimension s no t  liste d i n Tabl e 1 ,  suc h a s th e shap e o f 
th e face ,  th e typ e o f  nose ,  etc. .  Thi s idiosyncrati c informatio n 
makes eac h stimulu s ite m mor e distinct . 

S U S T A I N correctl y predict s tha t  th e relativ e rate s o f  iden -
tificatio n an d categorizatio n learnin g interac t  wit h th e natur e 
of  th e stimul i  (wit h th e sam e paramete r  value s use d t o mode l 
Shepar d etal .  (1961) :  T i  =  .1 ,  p = 1.0 ,  r  =  3.5 ,  andr f  =  8.0) . 
Specifically ,  whe n th e stimul i  ar e highl y distinct ,  identifica -
tio n learnin g i s faste r  tha n categorization .  Th e propertie s o f 
S U S T A I N tha t  giv e ris e t o thi s behavio r  wil l  b e discusse d af -
te r  simulatio n result s ar e presente d fo r  Medi n e t  al .  (1983) . 

Modeling Medin et al. (1983) 

Subject s wer e assigne d t o on e o f  a  numbe r  o f  learnin g con -
ditions .  Here ,  w e focu s o n th e Firs t  N a m e an d Las t  N a m e 
condition .  I n th e Firs t  N a m e conditio n subject s learne d a 
separat e labe l  fo r  eac h photograph ,  whil e i n th e Las t  N a m e 
conditio n onl y tw o label s wer e used .  I n bot h conditions ,  sub -
ject s traine d unti l  the y correctl y classifie d al l  nin e item s fo r 
tw o consecutiv e block s o r  unti l  the y complete d th e sixteent h 

'̂ Th e dat a actuall y fit  wa s fro m Nosofsk y e t  al.' s  (1994 ) 
replication . 
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Tabl e 1 

The logica l  structur e o f  th e tw o categorie s i s shown .  Th e fou r 

dimension s wer e hai r  color ,  smil e type ,  hai r  length ,  an d shir t 

color) . 

Categor y A  Categor y B 

T m U2 2 
121 2 211 2 

1211 222 1 

1121 222 2 

211 1 

Tabl e 2 

H u m an performanc e an d SUSTAIN' s (i n parentheses) . 

Proble m Typ e Criterio n Overal l 

Firs t  N a m e 

Las t  N a m e 

1.00(1.00 ) 

.9 1 (.38 ) 

.8 4 (.73 ) 

.8 7 (.76 ) 

learnin g bloc k ( a learnin g bloc k consiste d o f  presentin g eac h 
ite m i n Tabl e 1  onc e i n a  rando m order) .  Feedbac k wa s pro -
vided . 

The result s fro m Medi n e t  al .  (1983 )  ar e show n i n Tabl e 2 . 
Notic e tha t  ever y subjec t  i n th e Firs t  N a m e conditio n reache d 
criterion ,  whil e onl y 9 1 % o f  subject s reache d criterio n i n th e 
Las t  N a m e condition .  Also ,  accurac y overal l  wa s roughl y 
equal ,  eve n thoug h chanc e guessin g favore d th e Las t  N a m e 
conditio n (i.e. ,  pur e guessin g woul d resul t  i n 1/ 2 correc t  com -
pare d t o 1/ 9 correct) .  W h e n th e Firs t  N a m e conditio n i s 
rescore d t o accoun t  fo r  guessin g b y scorin g an y labe l  withi n 
th e sam e categor y ("A "  o r  "B" )  a s correct ,  overal l  accurac y 
rise s t o 9 1 % . 

To fi t  S U S T A I N t o th e data ,  certai n assumption s ha d t o 
be mad e abou t  th e natur e o f  th e inpu t  representation .  Be -
caus e subject s wer e sensitiv e t o th e idiosyncrati c informatio n 
i n eac h photograph ,  twent y additiona l  inpu t  dimension s wer e 
added .  Eac h o f  th e twent y idiosyncrati c dimension s consiste d 
of  nin e inpu t  unit s wit h eigh t  se t  t o negativ e on e an d on e se t  t o 
positiv e on e (e.g. ,  fo r  th e dimensio n representin g th e typ e o f 
nose ,  th e fourt h inpu t  uni t  o f  th e nos e dimensio n positiv e an d 
th e res t  negativ e indicate d tha t  th e fac e ha d th e fourt h typ e 
of  nose ,  whic h i s distinc t  fro m th e othe r  eigh t  nos e types) . 
Put  differently ,  eac h inpu t  dimensio n consiste d o f  a n attribut e 
tha t  coul d tak e o n on e o f  nin e possibl e values .  Eac h stimulu s 
ite m ha d a  uniqu e valu e o n eac h idiosyncrati c inpu t  dimen -
sion .  Th e inpu t  representatio n o f  th e fou r  dimension s liste d 
i n Tabl e 1  als o ha d nin e inpu t  unit s pe r  dimension ,  bu t  onl y 
th e firs t  tw o unit s o f  thes e dimension s wer e eve r  positive . 

To captur e tha t  th e nin e inpu t  unit s formin g a n inpu t  di -

Tabl e 3 

H u m an performanc e an d SUSTAIN' s performanc e (i n paren -

theses )  wit h d = \ 5 . 

Proble m Typ e Criterio n Overal l 

Tabl e 4 

SUSTAIN' s final  architectur e an d mea n X  (2n d block) . 

Proble m Typ e Mea n Subcategor y Unit s M e a n X 

Firs t  N a m e 

Las t  N a m e 

9. 0 

6. 8 

2. 3 

1. 5 

mensio n ar e on e functiona l  unit ,  th e X  value s associate d wit h 
eac h inpu t  uni t  formin g a n inpu t  dimensio n wer e average d 
afte r  eac h update .  Also ,  p  (th e distanc e fro m input )  fo r  eac h 
subcategor y unit' s  receptiv e field  wa s th e su m acros s al l  inpu t 
unit s belongin g t o th e sam e dimensio n divide d b y 2  (onl y on e 
of  th e nin e unit s take s o n a  positiv e value ,  thu s th e m a x i m u m 
p i s  2 ,  generalizin g th e binar y featur e case) .  T o summarize , 
inpu t  unit s formin g a  dimensio n hav e a  c o m m o n p  an d X . 

S U S T A I N wa s ru n o n eac h conditio n 10,00 0 times .  S U S -
T A I N capture d th e majo r  pattern s i n th e dat a (se e Tabl e 2) . 
SUSTAIN' s quantitativ e fit  o f  th e dat a ca n b e increase d b y 
settin g th e decisio n paramete r  d  t o 1 5 (se e Tabl e 3) .  Th e 
decisio n paramete r  determine s th e exten t  t o whic h S U S T A I N 
stresse s accurac y an d ca n b e viewe d a s outsid e th e model. ^ 
Lik e people ,  S U S T A I N foun d i t  mor e natura l  t o identif y eac h 
stimulu s tha n i t  di d t o associat e severa l  stimul i  t o a  c o m m o n 
label . 

Tabl e 4  show s th e numbe r  o f  subcategor y unit s recruite d 
by S U S T A I N b y condition .  Notic e tha t  S U S T A I N recruite d 
mor e unit s i n th e Firs t  N a m e conditio n tha n i n th e Las t  N a m e 
condition .  SUSTAIN' s tunings ^  ar e sharpes t  i n th e Firs t 
N a me condition ,  indicatin g tha t  mor e inpu t  dimension s ar e 
relevan t  fo r  classificatio n i n thi s conditio n (a s woul d b e ex -
pected) .  Interestingly ,  whe n SUSTAIN' s inpu t  representatio n 
doe s no t  includ e idiosyncrati c information ,  th e Las t  N a m e 
conditio n (criterion :  .50 ,  overall :  .77 )  i s easie r  t o maste r  tha n 
th e Firs t  N a m e conditio n (criterion :  .00 ,  overall :  .20) . 

Why SUSTAIN favors identification over 

categorizatio n i n M e d i n e t  al .  (1983 ) 

Various factors conspire to cause SUSTAIN's performance 
t o interac t  wit h th e natur e o f  th e stimuli .  Performanc e tend s 
t o improv e whe n fewe r  subcategor y unit s ar e recruite d be -
caus e unit s tha t  respon d t o multipl e stimulu s item s develo p 
stronge r  association s wit h th e categor y units .  A t  odd s wit h 
thi s preferenc e fo r  fewe r  unit s  i s a  preferenc e fo r  highl y spe -
cialize d subcategor y units .  A  subcategor y uni t  specialize d fo r 
a particula r  stimulu s wil l  respon d ver y strongl y t o tha t  stim -
ulus .  Anothe r  facto r  i n favo r  o f  fewe r  subcategor y unit s i s 
tha t  unit s inhibi t  eac h other .  Makin g stimul i  mor e distinc -
tiv e alter s th e balanc e o f  thes e force s (leadin g t o th e observe d 
interaction) .  Th e benefi t  o f  havin g fewe r  subcategor y unit s 
diminishe s wit h distinctiv e stimul i  becaus e distinctiv e input s 
ten d no t  t o cluste r  a s wel l  togethe r  an d subcategor y unit s ten d 
t o inhibi t  eac h othe r  less . 

Firs t  N a m e 

Las t  N a m e 

1.00(1.00 ) 

.9 1 (.89 ) 

.8 4 (.84 ) 

.8 7 (.86 ) 

'Al l  furthe r  discussio n wil l  focu s o n result s fro m simulation s 
wit h d  =  i . 

^SUSTAIN' s mea n tuning s ar e reporte d afte r  tw o learnin g block s 
becaus e som e run s reache d criterio n a t  tha t  point .  Difference s i n 
tuning s betwee n th e si x condition s ar e magnifie d whe n late r  block s 
ar e examined . 
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Discuss io n 

SUSTAIN's ability to model both Shepard et al.'s (1961) and 

Medi n e t  al.' s  (1983 )  dat a highligh t  SUSTAIN' s promis e a s 
a mode l  o f  huma n categor y learning. ^  Thes e result s sugges t 
tha t  S U S T A I N m a y prov e successfu l  i n explainin g wh y cer -

tai n categorie s ar e mor e natura l  o r  basi c tha n other s (Rosc h 
et  al. ,  1976) .  Fo r  example ,  i f  aske d ho w on e get s t o wor k 
i n th e morning ,  on e says ,  " I  driv e m y car "  a s oppose d t o 
" I  driv e m y Buick "  o r  " I  driv e m y vehicle. "  S U S T A I N of -
fer s a n explanatio n fo r  wh y a  leve l  o f  categorizatio n i s pre -
ferred .  I n th e abov e example ,  th e intermediar y categor y ca r 
balance s th e nee d t o creat e subcategor y unit s tha t  hav e a  hig h 
degre e o f  withi n cluste r  similarit y an d lo w degre e o f  betwee n 
cluste r  similarit y whil e minimizin g th e tota l  numbe r  o f  clus -
ter s (i.e. ,  subcategor y units) .  Also ,  SUSTAIN' s shif t  toward s 
lowe r  leve l  categorie s i n th e presenc e o f  mor e distinctiv e in -
put s ma y b e i n accor d wit h shift s i n preferre d categor y leve l 
wit h expertis e (Tanak a &  Taylor ,  1991) . 
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Abst rac t 

We are interested in a functional account of how capacity 
constrain s memor y us e i n natural ,  ongoin g behaviors ,  an d 
i n ho w visua l  memor y demand s ca n b e reduce d throug h th e 
use o f  wha t  w e hav e calle d perceptua l  pointers ,  o r  deicti c 
codes .  Here ,  w e as k whether ,  wit h experience ,  participant s 
can restructur e tas k representation s suc h tha t  singl e 
fixation s ca n poin t  t o mor e an d mor e comple x chunk s o f 
information .  W e tracke d ey e movement s a s participant s 
copie d simpl e mode l  pattern s whic h wer e presente d wit h 
differen t  frequencies .  A t  first ,  participant s mad e multipl e 
fixation s t o individua l  patter n components .  A s pattern s 
wer e presente d repeatedly ,  mode l  inspection s wer e reduce d 
substantially .  Thi s suggest s tha t  participant s forme d mor e 
compact  representation s o f  th e pattern s wit h experience , 
allowin g singl e fixation s t o poin t  t o large r  chunk s o f 
information .  W e als o propos e tha t  deicti c code s provid e a 
short-ter m stor e analogou s t o th e visuo-spatia l  scratchpa d 
or  articulator y loop .  W h e n th e tas k wa s structure d suc h tha t 
a separat e visua l  searc h wa s require d fo r  eac h mode l 
component ,  muc h les s learnin g wa s observe d tha n whe n 
fixation s t o know n location s wer e required ,  suggestin g 
deicti c code s wer e disrupte d b y activ e visua l  search . 

Introduction 

Model s o f  visuo-spatia l  workin g meinor y hav e typicall y 
been concerne d wit h th e limit s o f  h u m a n workin g memory . 
Result s fro m studie s pushin g workin g m e m o r y t o it s limit s 
hav e le d t o th e proposa l  o f  modality-specifi c  "slave "  system s 
whic h provid e short-ter m stores .  Usually ,  i t  i s  assume d tha t 
ther e ar e a t  leas t  tw o suc h stores :  th e articulator y loop , 
whic h support s verba l  workin g memory ,  an d th e visuo -
spatia l  scratchpa d (Baddele y &  Hitch ,  1974 )  o r  "inne r  scribe " 
(Logic ,  1995) ,  whic h support s visua l  workin g memory . 
Here ,  w e ar e intereste d i n complementin g suc h wor k wit h 
studie s o f  h o w capacit y limitation s constrai n performanc e i n 
natural ,  ongoin g task s carrie d ou t  withou t  adde d tim e o r 
memory pressures . 

Eye Movements in Natural, Ongoing Tasks 

The prototypica l  tas k w e us e i s  block-copyin g (se e Figur e 
1) .  Participant s ar e presente d wit h a  visua l  displa y (o n a 
compute r  monito r  o r  o n a  rea l  board )  whic h i s divide d int o 
thre e areas .  Th e mode l  are a contain s a  patter n o f  blocks . 
The participant' s tas k i s t o us e block s i n th e resourc e are a t o 
construc t  a  cop y o f  th e mode l  patter n i n th e workspace .  W e 

continuousl y measur e ey e an d han d positio n a s th e 
participan t  perform s th e task . 

Not e tha t  th e tas k differ s fro m typica l  laborator y task s i n 
severa l  ways .  First ,  i t  i s  close r  t o natural ,  everyda y task s 
than ,  e.g. ,  test s o f  iconi c m e m o r y o r  recognitio n tasks . 
Second ,  a s a  natura l  task ,  i t  extend s ove r  a  tim e scal e o f 
severa l  seconds .  Third ,  th e ey e an d han d positio n measure s 
allo w u s t o examin e performanc e withou t  interruptin g th e 
ongoin g task ;  tha t  is ,  th e tim e scal e an d dependen t  measure s 
allo w u s t o examin e instantaneou s performanc e a t  an y point , 
but  w e als o hav e a  continuou s measur e o f  performanc e 
throughou t  a n entire ,  uninterrupte d natura l  task .  Studie s 
usin g variant s o f  th e block-copyin g tas k hav e reveale d tha t 
informatio n abou t  gaz e an d han d location s ca n b e use d a s 
pointer s t o reduc e th e amoun t  o f  informatio n tha t  mus t  b e 
internall y represente d (e.g. ,  Ballard ,  Hayhoe ,  &  Pelz ,  1995) . 
Thes e pointer s inde x location s o f  task-relevan t  information , 
and ar e calle d deicti c code s (Ballard ,  Hayhoe ,  Pock ,  &  Rao , 
1997) . 

Deictic Codes 

I n severa l  variant s o f  th e block-copyin g task ,  th e sam e ke y 
resul t  ha s bee n replicated .  Rathe r  tha n committin g eve n a 
smal l  portio n o f  a  mode l  patter n t o m e m o r y ,  participant s 
wor k wit h on e componen t  a t  a  time ,  an d typicall y fixat e 
eac h mode l  componen t  twice .  First ,  participant s fixate  a 
model  componen t  an d the n sca n th e resourc e are a fo r  th e 
appropriat e componen t  an d fixate  it .  Th e han d m o v e s t o 
pic k u p th e component .  Then ,  a  secon d fixation  i s  m a d e t o 
th e sam e mode l  componen t  a s o n th e previou s mode l 

Workspac e Model Resourc e 

D D 
a m 

n 

Figur e 1 :  Th e bloc k copyin g task .  Th e tas k i s t o us e block s 
displaye d i n th e resourc e (righ t  monitor )  t o buil d a  cop y o f 
th e mode l  (center )  i n th e workspac e (left) .  Th e arrow s an d 
number s indicat e a  typica l  fixation  patter n durin g bloc k 
copying .  Th e participan t  fixate s th e curren t  mode l  bloc k 
twice .  A t  fixation  2 ,  th e participan t  pick s u p th e dar k gra y 
block .  A t  fixation  4 ,  th e participan t  drop s th e block . 
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fixation .  Finally ,  participant s fixat e th e appropriat e locatio n 

i n th e workspac e an d m o v e th e componen t  fro m th e resourc e 
are a t o plac e i t  i n th e workspace .  I f  w e divid e th e dat a int o 
fixation-action  sequence s eac h tim e a n objec t  i s  droppe d i n 
th e workspace ,  thi s model-pickup-model-dro p sequenc e i s th e 
most  ofte n observe d (-45% ,  wit h th e nex t  mos t  frequen t 
patter n bein g pickup-model-drop ,  whic h account s fo r  - 2 5 % 
of  th e sequences ;  model-pickup-dro p an d pickup-dro p eac h 
accoun t  fo r  - 1 0 % o f  th e sequences ,  wit h mos t  o f  th e 
remaining ,  infrequen t  pattern s involvin g multipl e mode l 
fixation s betwee n drops ;  thus ,  th e majorit y o f  fixatio n 
sequence s involv e a t  leas t  on e mode l  fixatio n pe r 
component ,  wit h a n averag e o f  nearl y tw o mode l  fixations 
per  component) . 

Give n suc h a  simpl e task ,  w h y don' t  participant s encod e 
and wor k o n eve n tw o o r  thre e component s betwee n mode l 
fixations ,  whic h woul d b e wel l  withi n th e rang e o f  capacity ? 
Ballar d e t  al .  (1997 )  hav e propose d tha t  memorie s fo r  moto r 
signal s an d ey e o r  han d location s provid e a  mor e efficien t 
mechanis m tha n coul d b e afforde d b y a  purel y visual , 
unitary ,  imagisti c representation .  I n th e bloc k copyin g 

paradigm ,  participant s see m t o encod e simpl e propertie s on e 
at  a  time ,  rathe r  tha n encodin g comple x representation s o f 
entir e components .  Fo r  example ,  a  fixation  t o a  mode l 
componen t  coul d b e use d t o encod e th e block' s color ,  an d it s 
locatio n withi n th e pattern .  Thi s migh t  requir e encodin g no t 
jus t  th e block' s color ,  bu t  als o th e color s o f  it s  neighbor s 
(whic h woul d indicat e it s relativ e location) .  Alternatively , 
th e block' s colo r  an d th e signa l  indicatin g th e fixation 
coordinate s coul d b e encoded .  Wit h th e colo r  information ,  a 
fixatio n ca n b e mad e t o th e resourc e are a t o locat e a  bloc k 
fo r  th e copy .  Th e fixatio n coordinate s coul d serv e a s a 
pointe r  t o th e block' s locatio n i n th e model .  N o w ,  a  saccad e 
ca n b e mad e bac k t o th e fixation  coordinates ,  an d th e 
informatio n necessar y fo r  placin g th e picked-u p bloc k i n th e 
workspac e ca n b e encoded . 

Not e tha t  i n th e copyin g task ,  th e secon d fixation  i s 
typicall y m a d e bac k t o exactl y th e sam e plac e i n th e model . 
W hy can' t  th e informatio n tha t  allow s th e participan t  t o 
fixat e th e sam e locatio n b e use d t o plac e th e picked-u p bloc k 
i n th e correc t  plac e i n th e workspace ? Becaus e tha t 
informatio n i s abou t  a n ey e positio n ~  th e pointe r  -  no t 
abou t  th e relativ e locatio n o f  th e bloc k i n th e pattern .  Th e 
fixatio n coordinate s ac t  a s a  pointe r  i n th e sens e o f  th e 
compute r  programmin g term :  a  smal l  informatio n uni t 
whic h represent s a  large r  informatio n uni t  simpl y b y 
encodin g it s location .  Thus ,  ver y littl e informatio n nee d b e 
encode d internall y a t  a  give n momen t .  Perceptua l  pointer s 
allo w u s t o referenc e th e externa l  worl d an d us e i t  a s 
m e m o r y ,  i n a  just-in-tim e fashion .  Thi s hypothesi s wa s 
inspire d i n par t  b y a n approac h i n compute r  visio n whic h 
greatl y reduced  th e complexit y o f  representation s neede d t o 
interac t  wit h th e world .  O n th e activ e o r  animat e visio n 
vie w (Bascy ,  1985 ;  Brooks ,  1986 ;  Ballard ,  1991) ,  m u c h 
les s comple x representation s o f  th e worl d ar e neede d whe n 
sensor s ar e deploye d (e.g. ,  camer a saccade s ar e made )  i n ordo " 
t o sampl e th e worl d frequently ,  i n accor d wit h tas k demands . 

Hayho e e t  al .  (1998 )  reporte d compellin g evidenc e fo r  th e 
pointe r  hypothesi s i n huma n visuo-moto r  tasks .  A s 
participant s performe d th e block-copyin g tas k a t  a  compute r 

display ,  th e colo r  o f  a n unworke d mode l  bloc k wa s 
sometime s change d durin g saccade s t o th e mode l  are a (whe n 
th e participan t  woul d b e functionall y blin d fo r  th e 
approximatel y 5 0 m s i t  take s t o mak e a  saccadi c ey e 
movement) .  Th e colo r  change s occurre d eithe r  afte r  a  dro p 

i n th e workspac e {befor e pickup) ,  o r  afte r  a  picku p i n th e 
resourc e are a (afte r  pickup) .  Participant s wer e unawar e o f 
th e majorit y o f  colo r  changes ,  accordin g t o thei r  verba l 
reports .  However ,  fixation  duration s reveale d tha i 
performanc e wa s affected .  Fixatio n duration s wer e slightly , 
but  no t  reliably ,  longe r  (+4 3 m s )  whe n a  colo r  chang e 
occurre d befor e picku p compare d t o a  contro l  whe n n o colo r 

chang e occurred .  W h e n th e colo r  chang e occurre d c^ r 
pickup ,  fixation  duration s wer e reliabl y longe r  (+10 3 ms ) 
tha n whe n n o chang e occurred . 

H o w d o thes e result s suppor t  th e pointe r  hypothesis ? 
Recal l  tha t  th e mos t  frequent  fixatio n patter n wa s model -
pickup-model-drop .  W h e n th e chang e occur s afte r  picku p -

jus t  afte r  th e participan t  ha s picke d u p a  componen t  fro m th e 
resourc e are a an d i s abou t  t o fixat e th e correspondin g mode l 
bloc k agai n ~  ther e i s a  relativel y larg e effec t  o n 
performance .  W h e n th e colo r  chang e occur s befor e picku p -
jus t  afte r  a  participan t  ha s finished  addin g a  componen t  t o 
th e workspac e -  ther e i s a  relativel y smal l  effect .  A t  thi s 
stage ,  accordin g t o th e pointe r  hypothesis ,  colo r  informatio n 
i s n o longe r  relevant ;  wha t  ha d bee n encode d fo r  th e 
precedin g picku p an d dro p ca n b e discarded ,  an d thi s i s 
reflecte d i n th e smal l  increas e i n fixation  duration . 

Bensinge r  (1997 )  explore d variou s alternative s t o thi s 
explanation .  H e foun d tha t  th e sam e basi c result s hol d 
when:  (a )  participant s ca n pic k u p a s man y component s a s 
the y lik e (i n whic h cas e the y stil l  mak e tw o fixation s pe r 
component ,  bu t  wit h sequence s lik e model-pickup ,  model -
pickup ,  model-drop ,  model-drop) ,  (b )  image s o f  comple x 
natura l  object s ar e use d rathe r  tha n simpl e blocks ,  o r  (c )  th e 
model  are a i s onl y visibl e whe n th e han d i s i n th e resourc e 
are a (i n whic h cas e th e numbe r  o f  component s worke d o n 
drop s whe n participant s ca n pic k u p a s man y component s a s 
the y want ,  s o a s t o minimiz e th e numbe r  o f  workspac e 
location s t o b e recalle d whe n th e mode l  i s no t  visible) . 

Deictic Codes and Chunking 

Th e concep t  o f  chunkin g (o r  recodin g informatio n int o smal l 
unit s suc h tha t  th e numbe r  o f  informationa l  unit s tha t  mus t 
be hel d i n short-ter m m e m o r y i s reduce d — e.g. ,  recodin g th e 
twelv e digit s "200117761492 "  a s th e thre e chunk s "2001 , 
1776 ,  1492" )  ha s bee n well-know n sinc e Miller' s semina l 
studie s (Miller ,  1956) .  However ,  i t  i s  no t  necessaril y  clea r 
h o w t o quantif y th e notio n whe n w e stud y natura l  behavior s 
involvin g multidimensiona l  stimuli .  Deicti c code s provid e 
a potentiall y  informativ e framewor k fo r  studyin g thi s issue . 
As describe d above ,  i n th e copyin g task s w e use , 
participant s ten d t o emplo y highl y stereotyped ,  serialize d ey e 
movement s whe n first  presente d wit h a  mode l  t o copy . 
Usin g multipl e fixations  allow s participant s t o encod e 
differen t  aspect s o f  a  stimulu s i n a  just-in-tim e fashion .  I f 
we giv e participant s th e opportunit y t o becom e familia r 
wit h th e model ,  i t  i s  possibl e tha t  th e ey e movemen t 
pattern s wil l  change .  Specifically ,  i f  participant s ar e abl e t o 
recod e th e feature s o f  th e mode l  patter n suc h tha t  a  singl e 
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fixatio n ca n stan d fo r  mor e features ,  w e shoul d observ e 
reduction s i n mode l  fixations .  Indeed ,  Magnuson ,  Sagerer , 
Hayhoe &  Ballar d (1997 )  foun d suc h a  patter n whe n the y 
presente d participant s wit h th e sam e highl y comple x mode l 
objec t  (e.g. ,  o f  a  scooter )  constructe d fro m woode n nnxlclin g 
toy s o n severa l  consecutiv e copyin g trials . 

I n th e curren t  experiment ,  w e extende d th e wor k o n deicti c 
codes i n severa l  ways .  First ,  w e use d severa l  differen t 
simpl e mode l  pattern s ("connected "  blocks )  withi n 
participants .  Second ,  w e varie d th e frequenc y wit h whic h 
th e pattern s wer e presented .  Thi s allowe d u s t o stud y th e 
amount  o f  experienc e necessar y t o yiel d reduction s i n th e 
number  o f  mode l  fixations . 

Third ,  w e varie d th e interna l  consistenc y o f  som e o f  th e 
model  patterns .  Tw o o f  th e model s wer e identica l  i n tw o o f 
thei r  thre e components .  Thi s coul d hav e severa l  possibl e 
outcomes .  Th e pattern s migh t  b e treate d independently , 
whic h woul d b e reflecte d i n simila r  amount s o f  reductio n a s 
foun d fo r  frequency-matched,  100 % consisten t  models ;  th e 
tw o share d component s migh t  b e learne d muc h mor e quickl y 
tha n th e unshare d component ,  resultin g i n a  large r  reductio n 
tha n fo r  frequency-matche d items ;  or ,  th e variabilit y  migh t 
disrup t  learnin g suc h tha t  th e amoun t  o f  reductio n observe d 
woul d actuall y b e les s tha n tha t  fo r  frequency-matche d items . 

A fourt h contributio n o f  th e curren t  stud y wa s a n 
examinatio n o f  tas k consistency .  Fo r  on e grou p o f 
participant s (th e consisten t  resourc e group) ,  th e resourc e are a 
containin g th e component s necessar y fo r  th e tas k wa s 
presente d i n th e sam e arrangemen t  o n eac h trial .  Fo r  th e 
othe r  grou p (variabl e resource) ,  th e resourc e are a wa s 
randoml y rearrange d fo r  eac h trial .  Thi s allowe d u s t o 
examin e th e importanc e o f  consistenc y i n anothe r  par t  o f  th e 
tas k beside s th e model ,  i n orde r  t o as k whethe r  onl y th e 
model  patter n informatio n i s bein g learned . 

Expe r imen t 

Metho d 

Participants .  Eleve n student s a t  th e Universit y o f 
Rocheste r  wer e pai d fo r  thei r  participation .  Al l  ha d norma l 
or  corrected-to-norma l  vision . 

Material s Th e stimul i  wer e simpl e three-componen t 
pattern s consistin g o f  tw o colore d block s connecte d b y a 
thi n colore d rectangl e (se e Figur e 2) .  Ther e wer e five 
differen t  mode l  patterns .  On e wa s presente d wit h relativel y 
hig h frequenc y (50 % o f  trials) ,  on e wit h mediu m frequency 
(20 % o f  trials) ,  an d on e wit h lo w frequency  (10%) .  Thi s 
frequency  manipulatio n allow s u s t o examin e th e effect s o f 
statistica l  regularitie s a t  th e overal l  patter n level .  Th e las t 
tw o pattern s wer e bot h presente d wit h lo w frequency  (10% ) 
but  wer e identica l  excep t  i n th e colore d bloc k o n th e righ t  o f 
th e patter n (se e Figur e 2) .  Thes e pattern s allowe d u s t o 
examin e th e effect s o f  regularit y withi n patterns .  Fo r  th e 
high ,  medium ,  an d lo w patterns ,  an y on e bloc k o r  connecto r 
predict s th e entir e pattern .  Fo r  th e pattern s whic h shar e 
components ,  th e combinatio n o f  th e lef t  bloc k an d th e 
connecto r  predic t  th e righ t  block ,  bu t  wit h onl y a  5 0 % 
transitiona l  probabilit y (w e wil l  refe r  t o th e latte r  pattern s a s 
transitional ,  o r  trans. ,  A  an d B) .  I n all ,  10 0 trial s wer e 

H i g h 

M e d i u m 

L o w 

T r a n s .  A 

T r a n s .  B 

Figur e 2 :  Th e pattern s use d i n th e curren t  experiment .  Not e 
tha t  th e actua l  experimenta l  item s use d solid ,  easily -
distinguishabl e color s rathe r  tha n patterne d shade s o f  gray . 

presented to each participant, with the trials pseudo-
randoml y ordere d suc h tha t  th e overal l  proportion s o f 
pattern s occurre d ever y 1 0 trials . 

I n additio n t o th e frequenc y manipulation ,  th e consistenc y 
of  th e resourc e are a wa s manipulated .  Fo r  on e grou p o f  si x 
participant s (th e consisten t  resourc e group) ,  th e sam e 
arrangemen t  o f  item s appeare d i n th e resourc e are a ever y 
trial .  Fo r  th e othe r  five  participant s (th e variabl e resourc e 
group) ,  a  novel ,  rando m arrangemen t  o f  th e sam e object s 
appeare d i n th e resourc e are a o n eac h tria l  (se e Figur e 3) . 

Procedur e Stimul i  wer e presente d usin g a  Macintos h 
PowerPC 850 0 an d thre e 14 "  Appl e monitors .  Participant s 
were seate d a t  a  comfortabl e distanc e fro m th e monitors . 
The right-mos t  monito r  wa s th e resourc e area ,  an d containe d 
an assortmen t  o f  block s an d connectors .  Th e cente r  monito r 
was th e mode l  area ,  an d th e left-mos t  monito r  wa s th e 
workspace .  O n eac h trial ,  on e o f  th e pattern s show n i n 
Figur e 2  wa s presented .  A  participant' s tas k wa s t o selec t 
item s fro m th e resourc e are a (b y clickin g o n the m wit h th e 
compute r  mouse) ,  mov e the m t o th e workspace ,  an d 
construc t  a  cop y o f  th e mode l  pattern .  Participant s coul d 
pic k u p multipl e item s simpl y b y clickin g o n the m i n 
succession .  I n th e wor k area ,  th e item s coul d b e droppe d b y 
clickin g again .  Multipl e item s wer e droppe d i n a  first-in , 
first-out  fashion . 

We tracke d ey e movement s wit h a n Applie d Scientifi c 
Laboratorie s E40(X )  ey e tracker .  Tw o camera s mounte d o n a 
lightweigh t  helme t  provid e th e inpu t  t o th e tracker .  A n ey e 
camer a provide s a n infrare d imag e o f  th e eye ,  sample d a t  6 0 
Hz.  Th e cente r  o f  th e pupi l  an d th e first  Purkinj e cornea l 
reflectio n ar e tracke d t o determin e th e orbi t  o f  th e ey e 
relativ e t o th e head .  Accurac y i s bette r  tha n 1  degre e o f  arc , 
wit h virtuall y unrestricte d hea d an d bod y movements .  A 
scen e camer a i s aligne d wit h th e participant' s lin e o f  sight . 
A calibratio n procedur e allow s softwar e runnin g o n a  P C t o 
superimpos e crosshair s showin g th e poin t  o f  gaz e o n a  HI- 8 
vide o tap e recor d o f  th e scen e camera .  Th e scen e camer a 
sample s a t  a  rat e o f  3 0 Hz ,  an d eac h fram e i s stampe d wit h a 
tim e code .  Th e AS L provide d th e positio n o f  th e ey e wit h 
respec t  t o th e head .  Th e hea d positio n wa s monitore d usin g 
an Ascensio n Technolog y 6  d f  Floc k o f  Byrds .  Thi s 
consist s o f  a  transmitte r  tha t  emit s a n electromagneti c field 
and a  receive r  tha i  allow s u s t o rea d th e positio n o f  th e hea d 
i n a  ful l  6  degree s o f  freedom .  Th e Floc k o f  Byrd s allow s a n 
are a o f  movemen t  withi n a  volum e o f  abou t  a  cubic .  Th e 
signa l  fro m th e ey e an d hea d tracke r  wer e integrate d wit h 
softwar e provide d b y AS L t o giv e point-of-gaz e wit h respec t 
t o th e world .  Analyse s wer e base d o n th e integrate d point -
of-gaz e record . 
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Figur e 3 :  T h e mode l  an d resourc e area s o n thre e trial s i n th e 
consisten t  resourc e an d variabl e resourc e conditions .  I n th e 
consisten t  resourc e condition ,  th e resourc e are a contain s th e 
same arrangemen t  o f  object s eac h trial .  I n th e variabl e 
resourc e condition ,  th e object s appea r  i n a  rando m 
arrangemen t  eac h trial . 

Result s 

Th e measur e w e wil l  repor t  her e i s th e numbe r  o f  fixation s 
t o th e mode l  area .  W e wil l  assum e tha t  a  shif t  fro m severa l 
model  fixation s t o fe w indicate s tha t  mor e informatio n i s 
bein g acquire d pe r  fixation .  Thi s i s  a  stron g assumption , 
but  on e whic h appear s justifie d give n th e serie s o f  result s 
discusse d i n th e firs t  section .  Thos e result s suppor t  th e 
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Figur e 4 :  Mode l  fixation s b y bloc k i n th e consisten t 
resourc e an d th e variabl e resourc e conditions . 

hypothesi s tha t  fixation s ar e use d t o sampl e jus t  th e 
informatio n neede d a t  th e tim e o f  th e fixation . 

Th e 10 0 trial s wer e divide d int o 5  block s o f  2 0 trials .  A n 
analysi s o f  varianc e showe d a  significan t  mai n effec t  o f 
bloc k (F[4,36]=8.71 ,  p<.001) ,  whic h ca n b e see n i n Figur e 
4 (erro r  bar s i n al l  o f  th e figure s represen t  standar d erro r  o f 
th e m e a n acros s participants) .  Mode l  fixation s droppe d from 
4.6 1 i n th e firs t  bloc k t o 2.9 2 i n th e fifth.  Ther e wa s a 
significan t  mai n effec t  o f  patter n frequency  (F[3,27]=32.50 , 
p<.001) ,  whic h ca n b e see n i n Figur e 5 .  Acros s blocks ,  th e 
averag e numbe r  o f  mode l  fixations  range d fro m 2.5 2 fo r  th e 
high-frequenc y mode l  t o 4.0 6 fo r  th e low-frequenc y model . 
Th e result s fo r  th e transitiona l  pattern s wer e inconclusive . 
Althoug h th e numbe r  o f  mode l  fixations  t o th e transitiona l 
patter n wer e intermediat e betwee n thos e fo r  th e med iu m an d 
lo w pattern s fo r  th e consisten t  resourc e group ,  planne d 
comparison s showe d tha t  th e difference s wer e no t 
significant . 

As ca n b e see n i n Figure s 4  an d 5 ,  ther e wa s als o a  mai n 
effec t  o f  resourc e grou p (F[l,9]=7.02 ,  p=.026) .  O n average , 
participant s i n th e consisten t  resourc e grou p mad e fewe r 
model  fixation s throughou t  th e experimen t  (2.78 )  tha n 
participant s i n th e variabl e resourc e grou p (4.22) .  A s ca n b e 
see n i n th e figures ,  ther e wer e n o significan t  interactions ; 
th e overal l  pattern s wer e ver y simila r  fo r  bot h groups . 

Th e result s ar e broke n d o w n b y frequency  an d bloc k i n 
Figur e 6 .  Wit h th e exceptio n o f  th e low-frequenc y pattern , 
ther e wa s substantiall y  mor e reductio n i n mode l  fixation s b y 
th e participant s i n th e consisten t  resourc e grou p fo r  eac h 
pattern .  Not e tha t  participant s i n th e variabl e resourc e 
grou p mad e substantiall y  mor e mode l  fixations  beginnin g 
fro m th e first  bloc k o f  trials .  A n examinatio n o f  th e first 
bloc k o f  2 0 trial s show s tha t  th e group s star t  a t  th e sam e 
level ,  bu t  diverg e rapidl y a s a  resul t  o f  th e consistenc y o f  th e 
resourc e area .  Thi s suggest s tha t  th e consistenc y o f  th e 
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Figur e 5 :  Mode l  fixation s b y frequenc y typ e i n th e 
consisten t  resourc e an d th e variabl e resourc e conditions . 

resourc e are a ha s a  rapi d an d powerfu l  effec t  o n participants ' 
abilit y t o reduc e th e numbe r  o f  mode l  fixation s require d t o 
cop y eve n th e mos t  frequentl y presente d patterns . 

Figur e 6  show s th e numbe r  o f  fixation s t o eac h patter n 
acros s th e fiv e blocks .  Participant s i n bot h group s bega n 
th e experimen t  usin g a n initia l  procedur e i n whic h the y 
fixate d eac h mode l  componen t  tw o time s - -  a s i s  usuall y 
observe d i n th e copyin g tas k wit h unrepeale d patterns .  Th e 
result s discusse d i n th e firs t  sectio n sugges t  tha t  whe n 
participant s ar e makin g tw o fixation s pe r  component ,  the y 
ar e usin g a  highl y serialize d procedur e i n whic h separat e 
fixation s encod e separat e feature s o f  mode l  component s 
(e.g. ,  colo r  an d relativ e location) . 

Participant s i n th e consisten t  resourc e are a quickl y sliifte d 
fro m feature s t o component s (i.e. ,  thre e fixation s pe r  model , 
or  on e pe r  mode l  component) ,  an d eve n t o th e entir e high -
frequency  mode l  pattern .  A s ca n b e see n i n Figur e 6 , 
participant s i n th e consisten t  resourc e grou p wer e makin g 
jus t  ove r  on e mode l  fixatio n pe r  tria l  fo r  th e hig h frequency 
patter n beginnin g wit h th e secon d bloc k o f  trials .  Fo r  th e 
othe r  patterns ,  participant s wer e makin g abou t  thre e mode l 
fixation s b y th e fift h block .  Thi s suggest s tha t  participant s 
wer e abl e t o encod e chunk s o f  feature s (whe n the y wer e 
makin g on e fixatio n pe r  component )  o r  eve n chunk s o f 
component s (whe n the y wer e makin g on e fixatio n pe r 
model )  wit h singl e fixations . 

Ther e wer e als o larg e decrease s betwee n th e numbe r  o f 
model  fixations  i n th e firs t  an d secon d block s fo r  eac h 
patter n b y th e variabl e resourc e group .  Not e tha t  fo r  th e 
high-frequenc y pattern ,  thi s account s fo r  th e majorit y o f  th e 
reduction .  Participant s move d fro m aroun d si x fixation s pe r 
model  to ,  a t  best ,  abou t  three ,  fo r  th e high-frequenc y pattern . 
Participant s i n th e variabl e resourc e grou p wer e abl e t o adop t 
a mode l  fixatio n — resourc e pick-up ,  model-fixatio n -
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Figure 6: Model fixations per block for each pattern. 

resource pick-up, model fixation - resource pick-up 
procedure .  Thus ,  b y th e en d o f  th e experiment ,  participant s 
i n th e variabl e resourc e grou p wer e abl e t o shif t  from 
individuatin g mode l  componen t  feature s (e.g. ,  on e fixatio n 
fo r  colo r  an d on e fo r  relativ e locatio n fo r  eac h mode l 
component )  t o individuatin g mode l  component s o r  chunk s 
of  feature s (i n th e cas e o f  th e high-frequenc y pattern) . 

The result s ca n b e summarize d i n thre e points .  First ,  a s 
participant s becom e familia r  wit h a  pattern ,  the y ar e abl e t o 
reduc e th e numbe r  o f  fixation s require d t o reproduc e il . 
Further ,  th e frequenc y wit h whic h a  patter n wa s presente d 
modulate d th e reductio n effect ,  demonstratin g tha t  th e 
reductio n wa s no t  du e t o tas k familiarity ,  bu t  rathe r  t o 
experienc e wit h particula r  patterns . 

Second ,  ther e wa s a  substantia l  effec t  o f  th e consistenc y o f 
th e resourc e area .  Mor e fixation s wer e require d i n th e 
variabl e resourc e conditio n i n general ,  an d th e bes t 
performanc e i n th e variabl e resourc e conditio n (o n th e hig h 
frequenc y pattern )  wa s abou t  a s goo d a s tha t  o n th e mediu m 
frequenc y patter n i n th e consisten t  resourc e group . 

Third ,  th e result s fo r  th e transitiona l  pattern s wer e 
inconclusive .  Contrast s comparin g th e numbe r  o f  fixation s 
or  inspection s fo r  transitiona l  an d medium -  o r  /ow-frequenc y 
pattern s i n th e fifth  bloc k fo r  th e consisten t  resourc e grou p 
di d no t  revea l  reliabl e differences .  Thus ,  whil e performanc e 
on th e transitiona l  pattern s wa s roughl y intermediar y 
betwee n mediu m an d lo w patterns ,  w e canno t  sa y wha t  th e 
precis e effec t  o f  varyin g pattern-interna l  consistenc y was ; 
experiment s usin g mor e trainin g ar e calle d fo r  t o examin e 
thi s issue . 

Discussion 

Thes e result s provid e suppor t  fo r  th e deicti c code s 
hypothesis .  Eve n wit h simple ,  three-componen t  models , 
participant s bega n th e experimen t  usin g a  highl y serialize d 
procedur e o f  samplin g individua l  component s multipl e 
times ,  presumabl y t o acquir e importan t  feature s o f  th e 
component s separately .  Wit h sufficien t  practice , 
participant s wer e abl e t o reduc e th e numbe r  o f  fixations 
require d t o cop y frequen t  models .  I n th e cas e o f  th e 
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consisten t  resourc e group ,  th e complet e high-frequenc y 
patter n coul d b e acquire d wit h a  singl e fixation .  Fo r  othe r 
patterns ,  an d fo r  th e high-frequenc y patter n fo r  th e variabl e 
resourc e group ,  participant s wer e stil l  abl e t o greatl y reduce 

th e numbe r  o f  fixation s neede d t o perfor m th e copyin g task . 
Instea d o f  makin g tw o fixation s pe r  component ,  the y wer e 
abl e t o mak e abou t  on e fixation  pe r  component .  Thes e 
reduction s indicat e tha t  singl e fixation s ca n com e t o 
represen t  chunk s o f  features .  Tha t  is ,  participant s wer e abl e 

t o restructur e thei r  representation s o f  th e tas k suc h tha t  fewe r 
fixation s wer e require d t o encod e th e sam e information . 
Wit h repeated  exposures ,  participant s wer e abl e t o buil d 
pointer s t o increasingl y comple x chunk s o f  informatio n i n 
th e visua l  world .  Futur e wor k wil l  explor e th e natur e o f  th e 
reductio n mor e precisel y b y examinin g th e detail s o f  th e 

change s i n th e fixatio n patterns . 
The result s sugges t  tha t  th e memor y mechanis m a t  wor k 

does involv e deicti c codes .  Th e resul t  i n th e cas e o f  th e 
consisten t  resourc e grou p i s straightforward :  give n practic e 
and stabl e tas k constraints ,  participant s nee d fewe r  fixations 
t o perfor m th e task .  Th e key  t o th e connectio n wit h th e 
deicti c code s hypothesi s i s th e effec t  o f  varyin g th e 
arrangemen t  o f  object s i n th e resource  area .  W h y shoul d 
thi s hav e a  stron g effec t  o n participants '  abilit y  t o perfor m 
th e tas k mor e efficiently ? 

We sugges t  tha t  tw o differen t  mechanism s ar e a t  wor k i n 
th e tw o resourc e consistenc y conditions .  I t  ma y b e tha t 
what  i s learne d i n th e consisten t  resourc e conditio n i s no t  a 
prepositiona l  o r  imagisti c representatio n o f  th e model ,  bu t 
rathe r  a  serie s o f  fixatio n locations ,  whic h presumabl y ca n 
be represented  mor e compactl y tha n a n imagisti c 
representation .  Tha t  is ,  give n recognitio n o f  th e high -
frequenc y patter n i n th e mode l  area ,  participant s ca n generat e 
a fixatio n t o locatio n X ,  Y  i n th e resourc e area ,  wher e the y 
pic k u p th e first  component .  Th e coordinate s fo r  th e nex t 
ite m neede d i n tli e resourc e are a (A ,  B )  coul d b e associate d 
wit h positio n X ,  Y ,  an d th e locatio n o f  th e thir d componen t 
coul d b e associate d wit h locatio n A ,  B . 

However ,  give n a  variabl e resourc e area ,  thi s mechanis m 
canno t  work .  Instead ,  participant s mus t  eithe r  maintai n th e 
strateg y o f  serializin g th e tas k b y makin g multipl e fixations 
t o th e model ,  o r  construc t  a  prepositiona l  o r  imagisti c 
representatio n o f  th e model .  Th e curren t  result s sugges t  tha t 
participant s prefe r  serialization .  Tha t  is ,  i n th e variabl e 
resourc e condition ,  participant s wer e force d t o individuat e 
model  component s wit h separat e visua l  searche s fo r  eac h 
one ;  i n th e consisten t  resourc e condition ,  participant s coul d 
potentiall y  wor k o n a  chunke d representatio n o f  th e model , 
by fixating a  learne d serie s o f  resourc e are a location s t o 
obtai n neede d components . 

Thi s suggest s tha t  fixation  location s (o r  othe r 
representation s o f  task-relevan t  locations ;  se e Ballar d e t  al. , 
1998 )  ma y provid e a  stor e aki n t o th e articulaior y loo p o r 
th e visuo-spatia l  scratchpad .  O r  i t  ma y b e tha t  instea d o f  a 
serie s o f  fixation  location s bein g place d i n a  rehearsal-base d 
store ,  a  simple r  mechanis m ma y b e a t  wor k i n whic h on e 
stat e (e.g. ,  a  fixation  location )  i s associate d wit h th e next . 
Such a  mechanis m woul d provid e severa l  advantage s ove r  a 
rehearsa l  mechanism .  Th e informatio n tha t  need s t o b e 
encode d (e.g. ,  fixation  locations )  i s ver y compact ,  an d ca n 

stan d fo r  variabl e amount s o f  information .  A  non-imagisti c 
stor e fo r  guidin g visuo-spatia l  visio n woul d allo w relativel y 
intensiv e visua l  processin g withou t  disruptin g th e stor e -

compared ,  say ,  t o a n imagisti c stor e lik e th e visuo-spatia l 
scratchpa d -  a s lon g a s tha t  processin g di d no t  require  man y 
activ e fixations .  I n th e variabl e resourc e condition ,  suc h 
state s canno t  b e learne d an d th e participan t  mus t  perfor m 
active ,  appearance-base d visua l  searc h fo r  eac h componen t 
and s o rehe s o n serializin g th e tas k vi a deicti c code s fo r 

model  locations . 
Whil e man y question s remai n open ,  th e curren t  result s 

provid e first  step s toward s understandin g th e rol e o f  fixations 
i n learnin g an d visuo-spatia l  workin g memory . 
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Abst rac t 

It is well known that the time course of lexical access is 
shape d b y th e numbe r  an d natur e o f  potentia l  competito r 
item s i n th e lexicon .  Whil e researc h ha s outline d th e 
macrostmctur e o f  lexica l  processin g (e.g. ,  tha t  durin g 
spoke n wor d recognition ,  lexica l  candidate s simila r  t o th e 
inpu t  ar e activate d an d compet e fo r  recognition) ,  man y 
question s remai n abou t  th e microstructur e (ho w exactl y i s 
th e competito r  se t  defined? )  an d dynamic s (wha t  i s th e tim e 
cours e o f  lexica l  competition? )  o f  lexica l  processing ,  a s 
wel l  a s thei r  developmen t  a s word s ar e learned .  Here ,  w e 
begi n t o addres s thes e issue s wit h a  stud y i n whic h 
participant s learne d t o recogniz e word s fro m a  lexico n o f 
nove l  name s associate d wit h nove l  shapes .  Eac h ite m i n 
th e lexico n (e.g. ,  /pibo/ )  ha d tw o potentia l  competitor s 
(e.g. ,  /pibu /  an d /dibo/) .  Hal f  o f  th e word s wer e presente d 
more frequenU y tha n th e othe r  hal f  durin g training .  Thi s 
allowe d u s t o examin e th e developmen t  o f  competitio n 
effect s wit h experience .  A n ey e tracke r  provide d a n on-lin e 
measur e o f  th e item s bein g considere d fo r  recognition .  Th e 
result s indicat e tha t  lexica l  competitio n effect s amon g 
newly-learne d item s develo p quickly . 

Introduction 

I n recen t  years ,  issue s o f  lexica l  representatio n an d proces s 
hav e take n o n a n increasingl y centra l  rol e i n model s o f 
languag e comprehension .  Lexica l  representation s ar e n o w 
viewe d a s providin g m u c h o f  th e syntactic ,  semantic ,  an d 
pragmati c knowledg e necessar y fo r  th e earl y stage s o f 
parsin g an d interpretatio n (e.g. ,  MacDonald ,  Pearlmutte r  & 
Seidenberg ,  1994 ;  Tanenhau s &  Trueswell ,  1995) .  I n th e 
domai n o f  spoke n language ,  lexica l  knowledg e i s implicate d 
i n aspect s o f  speec h recognitio n tha t  wer e ofte n previousl y 
viewe d a s pre-lexica l  (Andruski ,  Blumstein ,  &  Burton , 
1994 ;  Marslen-Wilso n &  Warren ,  1994) .  Thus ,  havin g a 
detaile d understandin g o f  lexica l  processin g i s  essentia l  fo r 
th e broade r  goa l  o f  developin g theorie s o f  languag e 
comprehensio n an d development . 

Thre e ke y finding s indicat e tha t  durin g spoke n wor d 
recognitio n listener s evaluat e th e unfoldin g inpu t  agains t  a n 
activate d se t  o f  lexica l  candidate s whic h compet e fo r 
recognition .  First ,  m a n y spoke n words ,  especiall y 
polysyllabi c conten t  words ,  ar e ofte n recognize d befor e th e 
end o f  th e word ,  a s assesse d b y a  variet y o f  speede d reactio n 
tim e measure s (e.gr t  Marslen-Wilson ,  1987) .  Second ,  di e 
time-cours e o f  recognitio n depends ,  i n part ,  o n constraint s 
provide d b y sententia l  contex t  (Zwitserlood ,  1988) .  Third , 

recognitio n tim e i s contingen t  i n tha t  i t  depend s no t  onl y o n 
th e propertie s o f  th e inpu t  an d th e targe t  wor d (e.g. ,  it s 
frequency,  phonologica l  structure ,  etc.) ,  bu t  als o o n it s 
similarit y t o phoneticall y simila r  lexica l  candidate s 
(Andrusk i  e t  al ,  1994 ;  Luce ,  Pisoni ,  &  Goldinger ,  1990 ; 
Marslen-Wilson ,  1987 ;  1993) . 

Thes e result s provid e a  clea r  pictur e o f  wha t  Marslen -
Wilso n (1993 )  ha s terme d th e macrostructur e o f  spoke n wor d 
recognition .  However ,  numerou s question s remai n abou t  th e 
microstructur e o i  \h t  d y m m i c s o f  on-lin e lexica l  processin g 
(wha t  determine s th e natur e o f  th e competito r  se t  an d th e 
tim e cours e o f  competitio n effects) ,  a s wel l  a s th e 
developmen t  o f  thes e dynamic s a s word s ar e learned .  Ther e 
hav e bee n fe w studie s o f  th e developmen t  o f  lexica l 
processing .  Fo r  example ,  Charles-Luc e an d Luc e (1990 ) 
hav e describe d neighborhood s i n children' s lexicon s (base d 
on th e numbe r  o f  simila r  lexica l  item s fo r  eac h lexica l 
item) .  A n importan t  exceptio n i s  wor k b y Swingle y 
(1997) ,  w h o examine d on-lin e onse t  cohor t  effect s (paralle l 
consideratio n o f  lexica l  item s whic h shar e onsets )  i n 18 -  an d 
24-month-olds .  Whil e thi s wor k support s th e hypothesi s 
tha t  processin g i s  incrementa l  an d competitiv e eve n whe n 
children' s vocabularie s ar e small ,  i t  doe s no t  addres s h o w 
wel l  word s mus t  b e learne d befor e suc h effect s becom e 
apparen t  (Swingley' s stimul i  wer e word s th e childre n i n hi s 
stud y alread y knew) .  Tha t  is ,  i s  incrementa l  processin g th e 
natura l  m o d e o f  spoke n wor d recognition ,  o r  doe s i t  emerg e 
onl y whe n lexica l  item s ar e well-learned ? 

Here ,  w e begi n t o addres s thes e issue s wit h a  stud y i n 
whic h participant s learne d t o associat e sixtee n nove l  name s 
wit h sixtee n nove l  shapes .  Eac h o f  th e sixtee n name s i n th e 
artificia l  lexico n (e.g. ,  /pibo/ )  ha d a n onse t  cohor t 
competito r  (e.g. ,  /pibu/ )  an d a  rhym e competito r  (e.g. , 
/dibo/) .  Thi s allowe d u s t o examin e specifi c  competitio n 
effect s whic h differentiat e tw o majo r  classe s o f  spoke n won j 
recognitio n model s (whic h wil l  b e discusse d i n mor e detai l 
i n th e nex t  section) .  I n addition ,  hal f  o f  th e word s wer e 
presente d wit h hig h frequenc y durin g training .  Thi s allowe d 
us t o stud y difference s i n activatio n du e t o differin g amount s 
of  experienc e durin g training . 

I n orde r  t o measur e competitio n effect s on-line ,  w e use d a 
recently-develope d ey e trackin g methodolog y (th e "visua l 
worl d paradigm" ;  se e Tanenhau s an d Spivey-Knowlton , 
1996 ,  fo r  methodologica l  details )  whic h ha s allowe d 
extremel y fine-grained  measurement s o f  th e tim e cours e o f 
competitio n durin g variou s aspect s o f  languag e 
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comprehensio n (e.g. ,  Tanenhaus ,  Spivey-Knowlton , 

Eberhard ,  &  Sedivy ,  1995) .  W e wil l  n o w revie w recen t 
studie s usin g thi s methodolog y whic h demonstrat e it s 
usefulnes s fo r  observin g incrementa l  consideratio n o f  lexica l 
competitor s a s a  spoke n wor d unfold s ove r  time . 

T h e Visua l  W o r l d P a r a d i g m 

I n th e visua l  worl d paradigm ,  participant s wea r  a  light -
weight ,  head-mounte d ey e tracke r  a s the y follo w instruction s 
t o interac t  wit h object s i n th e visua l  worl d (e.g. ,  "pic k u p 
th e beaker ;  n o w pu t  i t  nex t  t o th e square") .  Th e paradig m 
has severa l  advantage s ove r  conventiona l  psycholinguisti c 
tasks .  Fo r  example ,  unlik e a  tas k lik e lexica l  decision ,  n o 
metalinguisti c judgmen t  i s calle d for ;  participant s behav e 
naturally ,  an d incidenta l  fixation s ar e recorded .  Further , 
give n a  tas k whic h require s visua l  guidanc e (e.g. .  pickin g u p 
objects) ,  ey e movement s ar e closel y tim e locke d t o th e 
speec h strea m (not e tha t  usin g a  tas k fo r  whic h fixation s ar e 
functionall y relevan t  avoid s th e problem s o f  interpretatio n 
discusse d b y Viviani ,  1990 ;  se e Allopenna ,  Magnuson ,  & 
Tanenhaus ,  i n press ,  fo r  mor e discussion) . 

For  example ,  Spivey-Knowlto n an d Tanenhau s 
(submitted )  foun d that ,  give n a  displa y containin g tw o 
cohort s (word s sharin g onsets ,  suc h a s "candy "  an d "candle" ) 
as wel l  a s phoneticall y unrelate d distractors ,  subject s wer e 
initiall y  equall y likel y t o fixat e "candy "  an d "candle "  (an d 
significantl y mor e likel y t o fixat e thos e item s tha n 
distractors )  whe n tol d t o pic k u p th e candy .  Afte r  th e onse t 
of  th e final  vowe l  o f  "candy, "  th e probabilit y  o f  fixating 
"candle "  quickl y fel l  t o zero . 

Allopenn a e t  al .  (i n press )  use d th e paradig m t o tes t 
differin g prediction s o f  alignmen t  model s suc h a s Cohor t 
(e.g. ,  Marslen-Wilson ,  1987 )  an d continuou s activatio n 
model s suc h a s T R A C E (McClellan d &  Elman ,  1986 )  an d 
Shortlis t  (Norris ,  1994) .  I n th e Cohor t  model ,  a s a  wor d 
unfold s ove r  time ,  potentia l  matche s t o th e inpu t  ar e 
activate d an d comf)et e fo r  recognition .  Give n th e wor d 
"beaker" ,  earl y on ,  al l  item s beginnin g wit h Ih l  wil l  becom e 
slightl y activ e (i.e. ,  wil l  for m th e curren t  "cohort") .  A s 
mor e informatio n i s heard ,  item s whic h ar e inconsisten t 
wit h th e inpu t  wil l  b e strongl y inhibite d (o r  eliminated) . 
Thi s continue s unti l  th e lexica l  ite m whic h bes t  matche s th e 
inpu t  i s identified .  Thus ,  competitio n i s predicte d amon g 
word s whic h shar e onset s (e.g. ,  "beaker "  an d "beetle" ,  whic h 
we wil l  refe r  t o a s "onse t  cohor t  competitors") ,  bu t 
competitio n a m o n g rhyme s (e.g. ,  "beaker "  an d "speaker" )  i s 
hel d t o b e extremel y unlikely ,  sinc e rhyme s ar e likel y t o b e 
exclude d fro m th e cohor t  earl y on . 

I n contriist ,  continuou s activatio n model s lik e T R A C E 
predic t  activatio n o f  rhyme s du e t o thei r  overal l  similarity . 
I n T R A C E ,  unit s a t  th e wor d leve l  ar e connecte d t o inpu t 
unit s whic h represen t  phoneti c features .  Similarit y betwee n 
a wor d uni t  an d th e inpu t  lat e i n a  wor d wil l  stil l  resul t  i n 
activatio n o f  th e wor d unit .  R h y m e activatio n i s predicte d t o 
be relativel y lowe r  tha n tha t  o f  cohor t  competitor s becaus e 
of  thei r  initia l  mismatch ,  bu t  substantia l  nonetheless . 

Whil e cohor t  effect s ar e well-establishe d (e.g. ,  Grosjean , 
1980 ;  Marslen-Wilson ,  1989 ;  Tyler ,  1984 ;  Zwitserlood , 
1989) ,  rhym e effect s hav e prove n mor e elusiv e (e.g. . 

Referen t  (e.g. .  "beaker" ) 
Cohor t  (e.g. ,  "beetle" ) 
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Figur e 1 :  T R A C E activation s converte d t o predicte d fixation 
probabilitie s (to p panel )  an d observe d probabilitie s o f 
fixatin g a  targe t  referent ,  a  cohor t  m e m b e r ,  a  rhyme ,  an d a n 
unrelate d objec t  fro m Allopenn a e t  al .  (i n press) . 

Zwitserlood, 1996). Although there have been recent reports 
of  rhym e effect s i n cross-moda l  an d auditory-auditor y 
primin g (Connine ,  Blask o &  Titone ,  1993 ;  Andrusk i  e t  al. , 
1994 ;  Marslen-Wilson ,  M o s s ,  &  va n Halen ,  1996) ,  th e 
effect s hav e involve d stimul i  differin g b y onl y on e o r  tw o 
phoneti c features .  Thi s suggest s tha t  onl y ver y smal l 
mismatche s ar e tolerated ,  whic h i s consisten t  wit h a 
probabilisti c  for m o f  a n alignmen t  mode l  (cf .  Marslen -
Wilso n e t  al. ,  1996) . 

However ,  usin g th e visua l  worl d paradig m (wit h display s 
containing ,  e.g. ,  a  beaker ,  a  beetle ,  a  speaker ,  an d a  carriage , 
an d instruction s lik e "pic k u p th e beaker") ,  Allopenn a e t  al . 
(i n press )  foun d evidenc e fo r  rhym e competitio n eve n wit h 
rhym e stimul i  tha t  differe d b y mor e tha n tw o features .  I n 
Figur e ! ,  simulatio n an d experimenta l  dat a fro m Allopenn a 
et  al .  ar e presented .  A s predicte d b y continuou s activatio n 
model s (here ,  T R A C E activation s converte d t o fixation 
probabilitie s usin g a  varian t  o f  th e Luc e choic e rule ;  se e 
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Allopenn a e t  al .  fo r  details) ,  ther e i s evidenc e o f  substantia l 
rhym e activatio n beginnin g shortl y afte r  th e beginnin g o f 
th e vowel ,  an d reachin g a  pea k activatio n (o r  fixatio n 
probability )  somewha t  les s tha n tha t  o f  th e cohort . 

I n ver y simpl e tasks ,  participant s requir e approximatel y 
150 mse c t o pla n an d launc h a  saccad e (e.g. ,  Matin ,  Shao ,  & 
Boff ,  1993) .  Allowin g fo r  thi s plannin g time ,  i t  i s  clea r 
tha t  th e earlies t  ey e movement s ar e bein g planne d 
approximatel y 10 0 mse c afte r  targe t  onset .  Thus ,  th e visua l 
worl d paradig m i s abl e t o detec t  ver y subtl e effects ,  an d s o 
provide s a n extremel y sensitiv e measur e o f  processin g whic h 
i s time-locke d t o th e speec h stream ,  an d whic h require s onl y 
natura l  action s i n respons e t o spoke n instructions . 

Learning and the Visual World Paradigm 

Previou s studie s hav e use d artificia l  word s t o stud y wor d 
segmentatio n (Saffran ,  Newport ,  &  Aslin ,  1996 )  o r  artificia l 
word s an d grammar s t o stud y syntacti c developmen t  (e.g. , 
Braine ,  1963 ;  Morgan ,  Meier ,  &  Newport ,  1987) .  Ou r  goa l 
her e wa s t o examin e th e developmen t  o f  lexica l  dynamic s a s 
word s ar e learned .  W e use d a  lexico n o f  nove l  name s 
becaus e thi s allowe d u s t o hav e contro l  ove r  factor s suc h a s 
th e detaile d natur e o f  th e competito r  se t  an d frequency. '  I n 
addition ,  sinc e th e name s mus t  b e learned ,  w e ca n observ e 
whethe r  competitio n amon g phonologicall y simila r  item s 
emerge s earl y i n learning ,  o r  i f  suc h effect s depen d o n th e 
item s bein g ver y well-learned . 

We gav e participant s abou t  8 0 minute s o f  trainin g t o 
associat e 1 6 nonsens e shajje s wit h 1 6 bisyllabi c nove l 
names.  Eac h nam e ha d on e onse t  competito r  an d on e rhym e 
competitor .  Neighborhoo d wa s hel d constan t  (al l  word s ha d 
neighborhood s o f  three ;  th e wor d itsel f  -  e.g. ,  /pibo /  -  plu s 
an onse t  competito r  an d a  rhym e -  e.g. ,  /pibu /  an d /dibo/) -
Word frequenc y wa s manipulate d b y presentin g eigh t  o f  th e 
word s wit h relativel y hig h frequency ,  an d th e othe r  eigh t 
wit h relativel y lo w frequency .  I n addition ,  fou r  o f  th e high -
frequenc y item s ha d low-frequenc y competitors ,  an d fou r  ha d 
high-frequenc y competitors .  Th e sam e wa s tru e fo r  th e low -
frequency  items .  Thes e manipulation s wer e introduce d t o 
allo w u s t o examin e whethe r  an y competitio n effect s tha t 
migh t  emerg e woul d b e modulate d b y frequency . 

Method 

Participants Five students at the University of Rochester 
wer e pai d fo r  thei r  participation .  Al l  wer e nativ e speaker s o f 
Englis h wit h norma l  o r  corrected-to-norma l  vision . 

Material s Th e visua l  stimul i  wer e simpl e patterns ,  forme d 
by fillin g eigh t  randomly-chosen ,  contiguou s cell s o f  a  four -
by-fou r  gri d (se e Figur e 2) .  10,00 0 suc h randomly-generate d 
pattern s wer e randoml y ordered ,  an d sixtee n wer e selecte d 
fro m th e beginnin g o f  th e se t  (wit h tw o item s replace d du e 
t o visua l  similarit y wit h othe r  items) . 

'  On e potentia l  concer n wit h suc h a  learnin g stud y i s th e 
intrusio n o f  participants '  Englis h lexicons .  Thi s i s a n issu e 
we defe r  fo r  futur e research ,  onc e w e hav e establishe d tha t 
lexica l  processin g effect s ca n b e observe d wit h newly-learne d 
items . 

The phonologica l  material s consiste d o f  sixtee n bisyllabi c 
nonsens e words .  Th e sixtee n word s comprise d fou r  four -
wor d sets ,  suc h a s /pibo/ ,  /pibu/ ,  /dibo/ ,  an d /dibu/ .  Not e 
tha t  fo r  eac h word ,  ther e i s a n onse t  competito r  whic h differ s 
onl y i n th e fina l  vowel ,  a  rhyme ,  an d a  relativel y dissimila r 
ite m (differin g b y tw o phonemes ,  whic h woul d no t  qualif y i t 
as a  neighbo r  usin g th e mos t  standar d definitio n o f  a  wor d 
differin g b y a  singl e phoneme) .  A  smal l  se t  o f  phoneme s 
was selecte d i n orde r  t o achiev e consisten t  similarit y withi n 
and betwee n sets .  Th e consonant s /p/ ,  Pol ,  l\J ,  an d /d /  wer e 
chose n becaus e the y ar e amon g th e mos t  phoneticall y 
simila r  sto p consonants .  I n eac h set ,  rhyme s differe d b y tw o 
phoneti c feature s (plac e an d voicing )  i n th e first  phoneme . 
Transitiona l  probabilitie s wer e controlle d suc h tha t  al l 
phonemes an d combination s o f  phoneme s wer e equall y 
predictiv e a t  eac h positio n o r  combinatio n o f  positions . 

The auditor y stimul i  wer e produce d b y a  male ,  nativ e 
speake r  o f  Englis h i n a  sentenc e contex t  ("clic k o n th e 

" ) .  Th e averag e duratio n o f  th e targe t  word s wa s 49 6 
msec.  Th e stimul i  wer e recorde d t o tape ,  an d the n digitize d 
usin g th e standar d analog/digita l  device s o n a n Appl e 
Macintosh  850 0 a t  1 6 bit ,  44. 1 kHz .  Th e stimul i  wer e 
converte d t o 8  bit ,  11.12 7 kH z (SoundEdi t  format )  i n orde r 
t o b e use d wit h th e experimenta l  contro l  software ,  PsyScop e 
1. 2 (Cohen ,  MacWhinney ,  Flat t  &  Provost ,  1993) . 

Procedur e Participant s cam e t o th e la b fo r  tw o 2-hou r 
session s o n consecutiv e days .  Eac h da y consiste d o f  seve n 
trainin g session s wit h feedbac k an d a  testin g sessio n withou t 
feedback .  W e tracke d ey e movement s durin g th e test . 

Participant s wer e seate d a t  a  comfortabl e distanc e fro m th e 
experimenta l  contro l  compute r  (a n Appl e Macintos h 720 0 
PowerPC) .  Th e structur e o f  th e trainin g session s wa s a s 
follows .  First ,  a  fixatio n cros s woul d appea r  o n th e screen . 
The participan t  ha d t o clic k o n th e cros s t o begi n th e trial . 
Afte r  50 0 msec ,  eithe r  tw o shape s (i n th e first  thre e trainin g 
sessions )  o r  fou r  shape s (i n th e res t  o f  th e trainin g session s 
and th e tests )  woul d appear .  I f  onl y tw o shape s wer e 
presented ,  the y appeare d approximatel y 1. 5 degree s t o th e 
lef t  an d righ t  o f  th e fixatio n cross .  W h e n fou r  shape s wer e 
presented ,  tw o woul d als o appea r  abou t  1. 5 degree s abov e 
and belo w th e fixation  cros s (se e Figur e 2) . 

Participant s woul d hea r  th e instruction ,  "Loo k a t  th e 
cross "  throug h headphone s 75 0 mse c afte r  th e object s 
appeared .  A t  thi s point ,  participant s woul d fixate  th e cros s 
and clic k o n it .  Participant s wer e instructe d a t  th e beginnin g 
of  th e sessio n tha t  the y neede d t o fixate  th e cros s unti l  the y 
hear d th e nex t  instruction .  Then ,  50 0 mse c afte r  clickin g o n 

J +  f 

1 j 

> 

J r 

Figur e 2 :  Th e lef t  pane l  show s a  possibl e displa y i n 2 A F C 
training ;  th e righ t  pane l  show s a  possibl e 4 A F C display . 

653 



th e cross ,  a n instructio n t o clic k o n on e o f  th e item s (wit h 

th e computer' s mouse )  woul d b e presente d (e.g. ,  "Clic k o n 

th e pibu") . 
W h en participant s responde d b y clickin g o n on e o f  th e 

items ,  o r  a t  th e en d o f  1 5 seconds ,  al l  o f  th e item s woul d 
disappea r  excep t  fo r  th e shap e tha t  wa s actuall y named .  Th e 
shape' s nam e wa s repeate d (e.g. ,  "pibu" )  50 0 mse c later ,  s o 
tha t  th e feedbac k wa s th e sam e o n ever y trial ,  regardles s o f 
whethe r  th e participan t  clicke d o n th e correc t  shap e o r  not . 
Th e objec t  disappeare d 50 0 mse c later ,  an d th e subjec t  woul d 
clic k o n th e cros s t o begi n th e nex t  trial .  Th e testin g 
sessio n wa s identica l  t o th e four-ite m training ,  excep t  tha t 
no feedbac k wa s given . 

Shape s wer e randoml y mappe d t o names .  T w o rando m 
mapping s wer e used ,  wit h tw o o r  thre e subject s traine d o n 
eac h o f  th e mappings .  Hal f  th e item s wer e high -  an d hal f 
wer e low-frequency .  I n addition ,  hal f  o f  th e eigh t  high -
frequency  item s ha d low-frequenc y competitor s (e.g. ,  /pibo / 
and /dibu /  migh t  b e hig h frequency,  an d /pibu /  an d /dibo / 
woul d b e lo w frequency) .  Th e sam e wa s tru e o f  th e lo w 
frequenc y items . 

Eac h trainin g sessio n consiste d o f  6 4 trials .  Hig h 
frequency  name s appeare d 7  time s pe r  session ,  an d low -
frequency  name s appeare d onc e pe r  session .  I n additio n t o 
thei r  us e a s targets ,  shape s wer e use d a s visua l  distractors . 
Eac h ite m appeare d 4  time s a s a  visua l  distractor .  Thus , 
eac h high-frequenc y ite m appeare d 4 2 time s a s a  targe t  an d 
eac h low-frequenc y ite m appeare d 6  time s a s a  targe t  durin g 
th e si x trainin g sessions ,  an d eac h shap e appeare d 2 4 time s 
as a  visua l  distractor .  Withi n training ,  distractor s wer e 
randoml y assigne d t o eac h trial .  Item s wer e no t  allowe d t o 
appea r  a s th e targe t  o n consecutiv e trials . 

T h e test s consiste d o f  9 6 trials .  Eac h ite m appeare d i n si x 
trials :  on e wit h it s  onse t  competito r  an d tw o unrelate d 
items ,  on e wit h it s  rhym e competito r  an d tw o unrelate d 
items ,  an d fou r  wit h thre e unrelate d items .  Unrelate d item s 
wer e matche d i n frequenc y t o th e target' s competitors . 

We tracke d eye-movement s wit h a n Applie d Scientifi c 
Laboratorie s (E4000 )  ey e tracker .  T w o camera s mounte d o n 
a lightweigh t  helme t  provid e th e inpu t  t o th e tracker .  Th e 
ey e camer a provide s a n infrare d imag e o f  th e eye .  T h e cente r 
of  th e pupi l  an d th e first  Purkinj e cornea l  reflectio n ar e 
tracke d t o determin e th e positio n o f  th e ey e relativ e t o th e 
head .  Accurac y i s bette r  tha n 1  degre e o f  arc ,  wit h virtuall y 
unrestricte d hea d an d bod y movements .  A  scen e camer a i s 
aligne d wit h th e participant' s lin e o f  sight .  A  calibratio n 
procedur e allow s softwar e runnin g o n a  P C t o superimpos e 
crosshair s showin g th e poin t  o f  gaz e o n a  HI- 8 vide o tap e 
recor d o f  th e scen e camera .  Th e scen e camer a sample s a t  a 
rat e o f  3 0 frame s pe r  second ,  an d eac h fram e i s stampe d wit h 
a tim e code .  T h e auditor y stimul i  wer e presente d binaurall y 
throug h headphone s usin g th e standar d digital-to-analo g 
device s provide d wit h th e experimenta l  contro l  computer . 
Audi o connection s betwee n th e compute r  an d HI- 8 V C R 
provide d a n audi o recor d o f  eac h trial . 

Results 

Participant s wer e abl e t o achiev e hig h level s o f  accurac y 
relativel y quickly .  Th e accurac y result s fo r  th e fourtee n 
trainin g session s an d th e tw o tes t  session s ar e show n i n 

Tabl e 1 :  Accurac y i n trainin g an d testin g sessions . 

Typ e 

2 AF C 
2 AF C 
2 AF C 
2 AF C 

4 AF C 
4 AF C 
4 AF C 

Day 1 
Hig h 
.7 0 
.8 3 
.9 0 
.9 5 

.9 0 

.9 4 

.9 4 

Low 
.5 9 
.4 4 
.5 9 
.7 5 

.6 4 

.6 8 

.7 0 

Type 
4 AF C 
4 AF C 
4 AF C 
4 AF C 

4 AF C 
4 AF C 
4 AF C 

Day 2 
Hig h 
.9 4 
.9 6 
.9 5 
.9 4 

.9 9 

.9 9 

.9 6 

Low 
.7 5 
.8 3 
.9 0 
.8 5 

.8 8 

.9 5 

.9 3 

Tes t .9 5 .7 6 Tes t .9 8 .9 8 

Tabl e 1 .  O n th e firs t  day ,  participant s clearl y learne d th e 
high-frequenc y item s bette r  tha n th e low-frequenc y items . 
Participant s showe d sligh t  drop s i n accurac y whe n th e tas k 
was change d t o four-alternativ e force d choice ,  an d agai n 
when feedbac k wa s discontinue d i n th e test .  Not e tha t 
participant s wer e clos e t o ceilin g fo r  high-frequenc y item s i n 
th e first  test ,  bu t  di d no t  reac h ceilin g fo r  low-frequenc y 
item s unti l  th e en d o f  th e secon d day . 

Figur e 3  show s th e probabilit y  o f  makin g eye-movement s 
t o cohort ,  rhym e an d unrelate d distractors ,  average d acros s al l 
frequenc y an d competito r  condition s i n th e tes t  a t  th e en d o f 
day 2 .  Not e tha t  th e tim e axi s extend s furthe r  tha n tha t  i n 
Figur e 1 ,  an d tha t  th e probabilit y o f  fixating  th e targe t  shap e 
i s stil l  relativel y lo w eve n 150 0 mse c afte r  th e onse t  o f  th e 
targe t  name .  T w o factor s underli e this .  First ,  th e stimul i 
ar e longe r  tha n averag e bisyllabi c word s becaus e o f  thei r 
C V CV structure .  Second ,  althoug h subject s ar e a t  ceilin g 
on high -  an d low-frequenc y item s i n th e secon d test ,  the y ar e 
stil l  no t  a s confiden t  i n thei r  response s a s the y woul d b e fo r 
rea l  words ,  an d mak e mor e ey e movement s afte r  wor d onse t 
tha n participant s i n Allopenn a e t  al .  (i n press) .  However , 

Targe t  (e.g. ,  pbo ) 
Cohort(e.g. ,  pibu ) 
Rhyme (e.g. ,  dbo ) 
Unrelate d (e.g. ,  bapu ) 

O OA. Averag e targe t  offse t 

(r ~ 1  5 0 •  30 0 •  45 0 •  60 0 "  75 0 '  90 0 '  1050 '  1200 "  1350 "  150 0 
Tim e sinc e targe t  onse t  (ms ) 

Figure 3: Cohort and rhyme effects averaged across all 
condition s i n th e tes t  a t  th e en d o f  th e secon d day . 
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Targe t  (e.g. ,  pbo ) 
Cohoft(e.g. ,  pbu ) 
Unrelate d (e.g. .  bapu ) 

Averag e targe t  offse t 

1.0 

0.8 -

_g0. 6 

2 
a. 
c 0.4 ' 

( 0 
X 

0.2 ' 

0.0 

150 30 0 45 0 60 0 75 0 90 0 105 0 120 0 135 0 150 0 
T i m e sinc e targe t  onse t  ( m s ) 

•* — Targe t  (e.g. ,  pibo ) 
-• — Cohor t  (e.g. ,  pbu ) 
-• — Unrelate d (e.g.,bapu ) 

Averag e targe t  offse t 

150 30 0 45 0 60 0 75 0 90 0 105 0 120 0 135 0 150 0 
T i m e s i n c e targe t  o n s e t ( m s ) 

Figur e 4 :  Cohor t  effect s modulate d b y frequenc y i n th e tes t 
on da y 2 .  I n th e uppe r  panel ,  bot h th e targe t  an d th e cohor t 
ar e high-frequency .  I n th e lowe r  panel ,  th e targe t  i s low -
frequenc y an d th e cohor t  i s high-frequency . 

recall that it takes approximately 150 to 200 msec to plan 
and initiat e a  saccad e i n a  simpl e task .  Thi s mean s tha i  a t 
leas t  th e fixatio n probabilitie s observe d i n th e first  severa l 
hundre d millisecond s ar e time-locke d wit h th e spoke n input . 

As ca n b e see n i n Figur e 3 ,  ther e wer e cohor t  an d rhym e 
effect s tha t  emerge d a s a  functio n o f  similarit y wit h th e 
target .  Th e cohor t  an d targe t  probabilitie s separat e togethe r 
fro m th e unrelate d baseline .  Afte r  a  sligh t  delay ,  th e 
probabilit y o f  fixatin g th e rhym e separate s fro m baseline . 

The competito r  effect s wer e als o modulate d b y frequency. 
T wo o f  th e fou r  combination s o f  targe t  an d competito r 
frequency  ar c show n i n Figur e 4 .  I n th e uppe r  panel ,  th e 
cohor t  conditio n i n whic h bot h th e targe t  an d th e cohor t  an s 
hig h frequency  i s  shown .  Th e patter n i s  simila r  t o th e 

1.0 

O.8. 

5 0.6 1 

I 
a 

I 0-41 
X 

0.2 . 

-• — Targe t  (e.g. ,  pibo ) 
-• — Cohor t  (e.g. ,  pibu ) 
-• — Unrelate d (e.g. ,  bapu ) 

Averag e targe t  offse t 

0.0*«MN« M 
0 15 0 300 45 0 60 0 75 0 90 0 105 0 120 0 135 0 150 0 

Time sinc e targe t  onse t  (msec ) 

Figur e 5 :  Th e cohor t  effec t  afte r  onl y on e da y o f  training . 

overall pattern shown in Figure 3. In the lower panel, the 
cohor t  conditio n i n whic h th e cohor t  i s  hig h frequency  bu t 
th e targe t  i s lo w frequency  i s shown .  Ther e i s a  strikin g 
effec t  o f  frequency.  Participant s wer e muc h mor e likel y t o 
fixate  th e cohor t  earl y i n th e wor d whe n th e inpu t  wa s 
consisten t  wit h th e hig h frequency  cohort s an d targets . 
Althoug h the y ar e no t  show n here ,  a  sligh t  advantag e i s see n 
fo r  th e targe t  ite m i n th e conditio n wher e i t  i s  hig h 
frequenc y an d th e cohor t  i s  lo w frequency ,  an d n o advantag e 
i s see n whe n bot h item s ar e lo w frequency.  Simila r  effect s 
ar e see n fo r  rhym e competitors ,  bu t  ar e no t  show n here . 

Discussion 

The result s indicat e tha t  wit h relativel y littl e training , 
participant s for m representation s o f  nove l  word s whic h 
begi n t o approximat e thos e fo r  rea l  words .  Eye-movemen t 
measure s ove r  tim e suggeste d tha t  participant s wen s 
considerin g onse t  competito r  item s soo n afte r  wor d onset . 
Analyse s b y frequenc y conditio n showe d tha t  thi s effec t  wa s 
modulate d b y th e frequency  manipulation .  Thus ,  th e 9 8 
exposure s t o high-frequenc y item s an d 1 4 t o low-frequenc y 
item s durin g trainin g wer e sufficien t  t o begi n t o 
approximat e th e lexica l  dynamic s observe d wit h rea l  words . 
I n fact ,  afte r  jus t  4 9 exposure s t o high-frequenc y item s an d 7 
exposure s t o low-frequenc y item s o n th e first  da y o f 
training ,  cohor t  effect s wer e alread y presen t  (se e Figur e 5 ) , 
bu t  ther e wer e n o r h y m e effects . 

T h e absenc e o f  a  r h y m e effec t  o n da y 1  provide s a n 
interestin g paralle l  t o Swingley' s (1997 )  failur e t o find 
r h y m e effect s wit h 2 4 - m o n t h ol d childre n (althoug h h e di d 
find  onse t  cohor t  effects) .  I t  m a y b e tha t  th e absenc e o f  a 
r h y m e effec t  i s  diagnosti c o f  a  stag e i n wh i c h lexica l 
representation s ar e no t  well-enoug h establishe d fo r  subtl e 
similarit y effect s t o emerge .  Futur e w o r k wil l  explor e th e 
difference s i n th e a m o u n t  o f  learnin g necessar y t o establis h 
variou s lexica l  processin g effects . 
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Thi s wor k make s thre e contribution s t o th e literature :  (1 ) 

i t  show s tha t  lexica l  conip)etitio n effect s ca n develo p quit e 
quickly ;  (2 )  i t  reinforce s previou s demonstration s tha t  on -

lin e languag e comprehensio n i s incremental ;  an d (3 )  th e 
result s indicat e tha t  thi s paradig m ca n b e extende d t o mor e 
comple x issue s o f  lexica l  structur e an d lexica l  acquisition . 

Overall ,  th e result s sho w tha t  incrementa l  consideratio n o f 
multipl e alternative s i n paralle l  doe s no t  depen d o n highly -
learne d lexica l  items ;  i t  i s  th e natura l  mod e fo r  spoke n wa d 
recognition . 
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Abstrac t 

Perceptual cues clearly play a fundamental role in early 
categorization .  Perceptua l  properties ,  however ,  ar e typicall y 
understoo d t o b e stati c shap e cues .  Som e studie s hav e suggeste d 
tha t  dynami c perceptua l  cues ,  suc h a s motion ,  ma y als o b e 
importan t  i n categorization .  Thi s stud y wa s a n attemp t  t o 
explor e th e rol e tha t  motio n play s i n children' s categorizatio n o f 
biologica l  kind s a s wel l  a s i n mor e abstrac t  concepts ,  suc h a s 
geometri c figures .  Confronte d wit h a  choic e betwee n movemen t 
and shape ,  4-year-ol d childre n wer e foun d t o bas e thei r 
induction s abou t  categor y membershi p primaril y o n motio n cues , 
regardles s o f  whethe r  th e object s wer e animal s o r  geometri c 
figures .  Thi s patter n o f  response s i s als o presen t  i n 7-year-old s 
fo r  animal s bu t  no t  fo r  geometri c figures .  Olde r  childre n ma y 
begi n t o appreciat e tha t  motio n i s uniqu e t o animal s an d ar e 
therefor e les s likel y t o us e motio n cue s t o categoriz e geometri c 
figures .  Th e result s suppor t  th e vie w tha t  childre n ar e initiall y 
guide d by  motio n i n categorization .  Onl y a s the y gro w olde r  d o 
the y begi n t o constrai n thei r  inference s wit h respec t  t o differen t 
motio n cues .  Th e presen t  finding s sugges t  tha t  motio n play s a n 
overridin g rol e tha t  i s  centra l  i n th e proces s o f  concep t 
acquisitio n an d i n th e mechanism s by  whic h concept s ar e late r 
structured . 

Introduction 

Childre n ar e ofte n characterize d a s perceptuall y bound . 

Many studie s (e.g. ,  Bruner ,  Olver ,  &  Greenfield ,  1967 ; 

Inhelde r  &  Piaget ,  1964 ;  Roberts ,  1988 ;  Robert s & 

Horowitz ,  1986 ;  Rosch ,  Mervis ,  Gay ,  Johnson ,  &  Boyes -

Braem,  1976 )  hav e supporte d th e vie w tha t  perceptua l  cue s 

ar e th e basi s o f  children' s categorization .  Youn g childre n 

ten d t o classif y object s sharin g simila r  superficia l  perceptua l 

properties ,  suc h a s shap e o r  color ,  together .  Althoug h recen t 

studie s b y Gelma n an d he r  colleague s (Gelma n &  Coley , 
1990 ;  Gelma n &  M a r k m a n ,  1986 ;  Gelma n &  M a r k m a n , 

1987 )  foun d tha t  childre n a s youn g a s tw o year s o f  ag e ar e 

abl e t o g o beyon d perceptua l  appearanc e an d us e categor y 

label s t o mak e inductiv e inference s abou t  natura l  kinds ,  the y 

nevertheles s agree d tha t  'perceptua l  cue s ar e stil l  th e primar y 

means o f  discoverin g categor y membershi p fo r  unlabele d 

objects '  (Gelma n &  Coley ,  1990 ,  p .  803) . 

The importanc e o f  perceptua l  similarit y i n understandin g 
earl y categorizatio n ha s bee n widel y recognize d (e.g. . 

Brown ,  1989 ;  Medi n &  Ortony ,  1989 ;  Smith ,  1989) ,  an d it s 

significanc e i n children' s categorizatio n ha s als o bee n wel l 

documente d i n th e literature .  Perceptua l  cues ,  however ,  ar e 

typicall y understoo d t o b e th e static ,  visuall y availabl e 

characteristic s o f  objects ,  althoug h mos t  woul d agre e that ,  i n 

principle ,  feature s ca n b e mor e widel y construed ,  includin g 

properties ,  suc h a s motio n an d functionalit y (e.g. .  M u r p h y & 

Medin ,  1985 ;  Rosc h e t  al. ,  1976 ;  Schun n &  Vera ,  1995) . 

However ,  mos t  pas t  studie s o n children' s categorizatio n pu t 

stres s o n superficia l  appearanc e (e.g. ,  shap e o r  color) ,  an d 

thes e type s o f  feature s appea r  t o b e insufficien t  t o accoun t  fo r 

th e cognitiv e phenomeno n o f  perceptua l  similarity .  Motio n 

m ay als o b e on e o f  th e majo r  perceptua l  cue s involve d i n 

informatio n pick-u p b y children . 

The Importance of Motion in Early Perception 

Ther e ha s bee n a  grea t  dea l  o f  researc h o n th e importanc e 

of  motio n i n earl y perception .  Studie s o n infan t  motio n 

sensitivit y sugges t  tha t  babie s ar e readil y abl e t o extrac t 

motio n informatio n t o m a k e inference s abou t  th e outsid e 

worl d (Bank s &  Salapatek ,  1983 ;  Gibso n &  Gibson ,  1991) . 

The y indicat e tha t  infan t  perceptio n no t  onl y use s bu t 

depend s o n informatio n provide d b y motio n (se e Gibson , 

1987) .  Earl y i n infancy ,  visua l  acuit y fo r  stati c display s i s 

lo w (Bank s &  Salapatek ,  1983) ,  bu t  motio n informatio n i s 

readil y detecte d an d attende d t o an d als o use d fo r  specifyin g 

th e natur e an d propertie s o f  object s (Freedlan d & 

Dannemiller ,  1987 ;  Hait h &  C a m p o s ,  1977) .  Studie s hav e 

show n tha t  infant s ar e abl e t o us e accretion-deletio n motio n 

(whic h i s produce d b y a  backgroun d regio n filled  wit h dot s 

movin g eithe r  t o th e righ t  o r  t o th e lef t  an d a  foregroun d 

regio n movin g a t  th e sam e spee d i n th e opposit e direction )  t o 

detec t  th e for m o f  a n objec t  (Kaufmann-Hayoz ,  Kaufmann , 

& Stucki ,  1986) ,  us e c o m m o n motio n t o se e a n objec t  a s 

unitar y an d separat e fro m it s backgroun d (Kellma n &  Spelke , 

1983) ,  an d us e motio n vector s i n point-ligh t  display s fo r 

detectio n o f  coheren t  structure s (Bertenthal ,  Proffitt ,  Kramer , 

& Spetner ,  1987) . 

Anothe r  importan t  for m o f  motio n perceptio n i s  tha t 

directe d t o th e movemen t  o f  animat e objects .  Studie s o n 

infan t  sensitivit y t o h u m a n motio n indicat e tha t  b y thre e 

month s o f  age ,  babie s sho w mor e interes t  i n an d dishabituat e 
mor e t o point-ligh t  display s tha t  specif y biologica l  motio n o f 

humans tha n t o eithe r  stati c display s o r  rando m array s o f 

movin g point s (Bertenthal ,  Proffitt ,  &  Cutting ,  1984 ;  Fo x & 

McDaniel ,  1982) .  The y ar e als o perceptuall y abl e t o 
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differentiat e th e motio n o f  peopl e fro m simila r  bu t 

biologicall y incorrec t  motio n (Bertenthal ,  1993) . 

Apar t  fro m th e findings  o n huma n infants ,  movemen t 

informatio n ha s als o bee n show n t o b e importan t  fo r  youn g 

vervet s ( a specie s o f  smal l  gra y Africa n monkeys )  t o develo p 

accurat e alar m call s (Seyfart h &  Cheney ,  1986 ;  Seyfarth , 

Cheney ,  &  Marler ,  1980) .  Studie s o n th e vocalizatio n o f 

infan t  vervet s foun d tha t  bab y monkey s ofte n mak e fals e 

alarms ,  givin g leopar d alarm s t o variou s mammals ,  snak e 

alarm s t o variou s snake-lik e objects ,  an d eagl e alarm s t o 

variou s bird s an d eve n t o leave s fallin g from  trees .  Onl y a s 

the y ge t  olde r  d o th e alar m call s becom e mor e specifi c  t o 

thos e specie s tha t  pre y o n the m (Seyfart h e t  al. ,  1980) .  A n 

analysi s o f  th e developmen t  o f  alar m call s indicate s tha t 

error s mad e b y infan t  vervet s ar e no t  s o muc h associate d wit h 

physica l  similarit y bu t  rathe r  wit h motio n (Seyfart h & 

Cheney ,  1986) .  Thi s ma y sugges t  tha t  infan t  vervet s begi n 

wit h a  motion-oriente d categorization ,  fo r  whic h object s i n 

motio n ar e initiall y  classifie d i n term s o f  behavio r  o r  action s 

(se e Allen ,  1996) . 

The Importance of Motion in Children's 
Categorizatio n 

Fro m thes e studie s o n huma n infant s an d youn g vervets ,  i t 

i s  eviden t  tha t  object s i n motio n ar e discriminate d ver y earl y 

i n lif e an d tha t  motio n perceptio n i s a n active ,  information -

seekin g proces s whic h i s adaptiv e i n natur e (Gibso n & 

Gibson ,  1991) .  H u m a n infants ,  lik e youn g vervets ,  ma y 

begi n lif e wit h a  motion-oriente d categorizatio n mechanism , 

and thei r  sensitivit y t o motio n ma y stil l  remai n importan t  a s 

conceptua l  developmen t  proceed s int o childhood . 

I n Piaget' s (1929 )  studies ,  childre n a t  thre e t o five  year s o f 

age wer e ofte n foun d t o b e 'animistic '  (i.e. ,  attribute d lif e t o 

non-livin g things) ,  an d motio n wa s on e sourc e o f  thei r 

confusion .  Childre n tende d t o judg e objects ,  suc h a s clouds , 

moon,  bikes ,  an d watches ,  a s aliv e becaus e the y wer e see n t o 

move.  Late r  studie s (e.g. ,  Carey ,  1985 )  als o sho w tha t  youn g 

childre n d o sometime s hav e difficult y i n drawin g th e lin e 

betwee n livin g an d non-livin g things ,  althoug h th e confusion s 

wer e foun d t o b e les s pervasiv e tha n Piage t  believe d (se e 

Flavell ,  Miller ,  &  Miller ,  1993) . 

The Present Study 

Thes e convergin g line s o f  evidenc e sugges t  tha t  similarit y 

and dissimilarit y o f  motio n ma y wel l  b e on e o f  th e majo r 

perceptua l  cue s childre n rel y o n i n categorization .  I n thi s 

study ,  movemen t  wa s pitte d agains t  appearance .  W e 

expecte d tha t  childre n woul d b e mor e likel y t o us e movemen t 

tha n shap e t o categoriz e objects . 

A developmenta l  chang e i n th e categorizatio n o f 

animals/geometri c figures  wa s als o expecte d i n 4 -  an d 7 -

year-ol d children .  A  stud y b y Gelma n (1988 )  ha s show n tha t 

4-  an d 7-year-ol d childre n ar e differen t  i n thei r 

conceptualizatio n o f  natura l  kind s an d artifacts .  Olde r 

childre n wer e foun d t o b e abl e t o understan d tha t  natura l 

kind s shar e mor e c o m m o n interna l  part s tha n d o artifacts . 

They tende d t o dra w mor e inference s withi n natura l  kind s 

tha n withi n artifacts ,  whil e younge r  children ,  wh o seeme d t o 

be les s capabl e o f  makin g a  natura l  kinds/artifact s distinction , 

dre w inference s equall y ofte n fo r  both . 

Based o n Gelman' s findings,  w e expecte d tha t  th e 4 -  an d 

th e 7-year-old s woul d no t  b e ver y differen t  i n thei r  induction s 

abou t  animal s bu t  woul d b e differen t  fo r  geometri c figures. 

Younge r  children ,  withou t  a  clea r  natura l  kinds/artifact s 

distinction ,  ma y no t  b e abl e t o se e movemen t  a s uniqu e t o 

animals .  Therefore ,  the y woul d b e equall y likel y t o us e 

movement  cue s t o mak e inference s abou t  animal s an d 

geometri c figures,  wherea s olde r  childre n us e movemen t  cue s 

more fo r  animal s tha n fo r  geometri c figures. 

Method 

Participants 

Thre e hundre d an d twent y childre n fro m 4  kindergarten s 

and 2  primar y school s i n Hon g Kon g participated :  16 0 4 -

year-ol d childre n (8 0 girl s an d 8 0 boys) ,  rangin g i n ag e from 

4; 0 t o 4 ;  1 1 wit h a  mea n ag e o f  4;6 ,  an d 16 0 7-year-ol d 

childre n (8 0 girl s an d 8 0 boys) ,  rangin g i n ag e fro m 7; 0 t o 

7;1 1 wit h a  mea n ag e o f  7;6 . 

Design 

We use d a n inductiv e methodology ,  simila r  t o tha t  utilize d 

by Gelma n &  Markma n (1986) ,  becaus e o f  tw o 

methodologica l  issue s raise d wit h respec t  t o earlie r  studie s 

on categorizatio n (Wellma n &  Gelman ,  1988) .  Th e issue s 

involv e th e experimenta l  desig n an d stimul i  used .  Firstly , 

some pas t  studie s use d a  free-sortin g method ,  simpl y askin g 

subject s t o grou p object s tha t  g o together .  Thi s procedur e 

howeve r  fail s  t o captur e th e reason s behin d th e sortin g 

behavio r  an d hence ,  th e inductiv e natur e o f  concepts . 

Secondly ,  man y use d arbitrar y o r  invente d concept s (e.g. , 

blu e circles) .  Thes e concepts ,  unlik e natura l  kinds ,  ar e no t 

abl e t o provid e a  ric h sourc e fo r  inductiv e inference ,  s o tha t 

findings  canno t  b e generalize d t o mor e natura l  concepts . 

To addres s thes e concerns ,  w e adopte d a n inductiv e 

methodology .  Instea d o f  askin g participant s t o sor t  arbitrar y 

objects ,  w e require d childre n t o mak e inference s abou t 

animal s a s wel l  a s geometri c figures  base d o n informatio n 

given .  Fo r  example ,  w e showe d childre n thre e stimul i  a t  a 

time .  Then ,  the y wer e taugh t  ne w propertie s abou t  tw o o f 

th e stimul i  an d wer e require d t o infe r  whic h propertie s 

applie d t o th e thir d one . 

In this study, the independent variables were two 

categorie s o f  objec t  (animal s an d geometri c figures),  thre e 

shape/movemen t  condition s (Conflict ,  No-conflic t  an d 

Static) ,  an d tw o ag e group s (4 -  an d 7-year-ol d children) ,  an d 

th e dependen t  measure s wer e children' s response s o n th e 

inductiv e tasks :  whethe r  the y base d thei r  judgment s o n 

movement  o r  shape . 
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Tabl e 1 

Categor y item s 

Categor y 

Animals : 
Set l 

Set  2 

Geometri c 
Figures : 

Set l 

Set  2 

an d propertie s use d 

Targe t  Display s 

(objec t  -  movement ) 

Hors e -  Wal k 
Antelop e -  Jum p 

Owl  -  Ho p 
Quai l  -  Wal k 

Squar e -  Trave l  acros s 
Triangl e -  Bounc e 
Diamon d -  Bounc e 

Circl e -  Trave l  acros s 

Targe t  Propertie s Use d 

Good visio n 
Poor  visio n 

Good hearin g 
Poor  hearin g 

Good a t  recordin g visua l  image s 
Poor  a t  recordin g visua l  image s 

Good a t  recordin g soun d 
Poor  a t  recordin g soun d 

Tes t  Display s 

(objec t  -  m o v e m e n t ) 

Donke y -  Walk/Jum p 

Sparro w -  HopAVal k 

Rectangl e -  Trave l  across/Bounc e 

Ellips e -  Bounc e /Trave l  acros s 

Stimul i 

Ther e wer e 4  set s o f  stimuli ,  eac h o f  whic h consiste d o f  3 

serie s o f  animations .  Detail s ar e presente d i n Tabl e 1 . 

T wo o f  th e fou r  animatio n set s wer e animal s an d tw o wer e 

geometri c figures .  Fo r  eac h set ,  ther e wer e tw o targe t 

display s an d a  tes t  display .  Th e shap e an d motio n 

similaritie s betwee n th e targe t  an d tes t  stimul i  coul d eithe r 

coincid e o r  b e i n conflic t  wit h eac h other .  Fo r  example ,  a 

walkin g hors e an d a  jumpin g antelop e whic h looke d an d 

moved differentl y fro m on e anothe r  wer e use d a s th e targe t 

display s an d a  walkin g o r  a  jumpin g donke y a s th e tes t 

display .  Th e donkey' s shap e wa s simila r  t o tha t  o f  th e hors e 

but  differen t  from  tha t  o f  th e antelope ,  bu t  i t  eithe r  walke d 

lik e a  hors e (th e No-conflic t  Condition :  shap e an d movemen t 

coincided )  o r  jumpe d lik e a n antelop e (th e Conflic t 

Condition :  shap e an d movemen t  wer e i n conflict) . 

To avoi d creatin g an y biase d response s toward s eithe r 

shap e o r  movement ,  th e propertie s use d t o elici t  children' s 

induction s (e.g. ,  goo d vs .  poo r  vision )  wer e selecte d t o b e 

unrelate d t o th e shap e an d th e movemen t  o f  th e objects . 

Wit h respec t  t o th e objec t  movement ,  w e wer e no t  sur e 

whethe r  childre n woul d sho w mor e interes t  i n particula r 

pattern s o f  movement .  I f  thi s wer e th e case ,  an d i f  th e 

motio n pattern s o f  th e animal s an d th e geometri c figure s 

wer e ver y differen t  from  on e another ,  w e woul d no t  b e abl e 
t o mak e a  conclusiv e compariso n betwee n animal s an d 

geometri c figures .  Therefore ,  th e choic e o f  geometri c figure s 

was primaril y base d o n th e animals .  The y wer e matche d no t 

onl y o n th e pattern s o f  motio n (e.g. ,  a  jumpin g antelop e vs .  a 

bouncin g triangle )  bu t  als o o n th e propertie s use d (e.g. ,  a n 

anima l  wit h goo d visio n vs .  a  devic e wit h a  goo d functio n i n 

recordin g visua l  images) .  Thi s inevitabl y mad e th e shap e 

and th e propertie s use d fo r  th e geometri c figure s becom e 

rathe r  arbitrary . 

To mak e sur e childre n wer e abl e t o detec t  th e shap e o f  th e 

objects ,  th e movemen t  o f  th e animal s i n th e animation s wa s 

slightl y slowe r  tha n th e correspondin g rea l  motion ,  bu t  th e 
spee d fo r  al l  th e stimul i  wer e th e same .  Al l  th e stimul i  wer e 

draw n i n th e sam e brow n colo r  wit h blac k outline .  Th e 

drawing s use d fo r  th e biologica l  kin d animation s ar e show n 

i n Figur e 1 . 

V % t r C f T 

I v l l f r l 

Figur e I .  Stimul i  use d i n th e biologica l  kin d conditions . 

Procedure 

Each chil d wa s teste d individuall y an d wa s show n eithe r 

tw o anima l  set s o r  tw o geometri c figur e set s bu t  no t  bot h 

i n correspondin g conditions ,  wit h a  presentatio n orde r  o f 

th e tw o set s counterbalance d acros s subjects . 

Property Control 

Befor e conductin g th e experiment ,  w e ra n a  contro l  stud y 

t o tes t  i f  childre n woul d b e biase d towar d certai n type s o f 

properties .  Childre n wer e show n th e tes t  objec t  (e.g. ,  th e 

donkey )  b y itself ,  withou t  motion ,  an d wer e aske d whic h o f 

th e tw o targe t  propertie s applie d (e.g. ,  goo d visio n o r  poo r 

vision) .  Childre n wer e expecte d t o hav e n o bia s (i.e. , 

perfor m a t  abou t  chanc e level )  wit h respec t  t o th e propertie s 

use d sinc e the y wer e selecte d t o b e unrelate d t o shap e o r 

movement . 

Conflict Condition 

I n thi s condition ,  th e shap e an d movemen t  betwee n th e 

targe t  an d tes t  stimul i  wer e i n conflict .  Th e tw o targe t 

stimul i  looke d an d move d differentl y from  on e anothe r  (e.g. , 

a walkin g hors e an d a  jumpin g antelope) ,  whil e th e tes t 

objec t  (e.g. ,  a  jumpin g donkey )  looke d lik e on e o f  th e targe t 

object s (th e horse )  bu t  move d lik e th e othe r  (th e antelope) . 

Childre n wer e show n a  se t  o f  thre e stimul i  a t  a  time .  The y 

wer e firs t  taugh t  n e w propertie s abou t  tw o targe t  stimul i  an d 

wer e require d t o infe r  whic h propertie s applie d t o th e tes t 
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stimuli .  T o tak e th e 'horse '  se t  a s a n example ,  th e 

experimente r  first  pointe d t o th e walkin g hors e an d said , 

"Thi s anima l  ha s goo d vision .  I t  ca n se e thing s clearl y a t  a 

grea t  distance. "  Sh e the n pointe d t o th e jumpin g antelop e 

and said ,  "Thi s anima l  ha s poo r  vision .  I t  ca n onl y se e thing s 

clearl y a t  a  shor t  distance. "  Th e childre n wer e aske d t o 

repea t  th e propertie s the y learne d unti l  the y coul d recal l  the m 

correctly .  Then ,  th e experimente r  wen t  o n an d pointe d t o th e 

jumpin g donke y an d asked ,  "Se e thi s animal ? Doe s i t  hav e 

goo d vision ,  lik e thi s anima l  (referrin g t o th e horse) ;  ca n i t 

see thing s clearl y a t  a  grea t  distance ? Or ,  doe s i t  hav e poo r 

vision ,  lik e thi s anima l  (referrin g t o th e antelope) ;  ca n i t  onl y 

see thing s clearl y a t  a  shor t  distance? "  Th e experimente r  di d 

not  labe l  th e objects ,  simpl y sayin g 'thi s anima l  ... "  (fo r 

anima l  sets )  o r  'thi s thin g ... '  (fo r  geometri c figure  sets) . 

Thi s conditio n wa s designe d t o tes t  i f  children' s judgmen t 

woul d b e mor e influence d b y movemen t  o r  b y shape .  W e 

predicte d tha t  younge r  childre n woul d bas e thei r  induction s 

mor e o n movemen t  tha n o n shap e fo r  bot h animal s an d 

geometri c figures,  whil e olde r  childre n woul d bas e thei r 

induction s mor e o n movemen t  fo r  animal s bu t  no t  fo r 

geometri c figures. 

No-Conflict Condition 

Th e procedur e wa s identica l  t o tha t  i n th e Conflic t 

Condition ,  bu t  i n thi s condition ,  th e shap e an d movemen t 

betwee n th e targe t  an d th e tes t  stimul i  coincided .  Th e tes t 

objec t  wa s show n t o no t  onl y loo k lik e on e o f  th e trainin g 

object s bu t  als o m o v e lik e tha t  object .  I n thi s case ,  fo r 

example ,  th e donke y appeare d t o b e walkin g whic h bot h 

looke d an d move d lik e th e horse . 

Thi s conditio n wa s designe d t o examin e i f  childre n wer e 

read y t o bas e thei r  induction s o n th e coincidenc e o f  shap e 

wit h th e movement . 

Static Condition 

Th e sam e procedur e applied ,  bu t  childre n wer e presente d 

wit h thre e motionles s objects .  Th e purpos e o f  thi s conditio n 

was t o mak e certai n tha t  th e childre n woul d dra w inference s 

base d o n shap e alon e (e.g. ,  categoriz e th e donke y an d th e 

hors e togethe r  i f  n o movemen t  cue s wer e present) . 

Results 

Childre n score d a  I  fo r  eac h ite m wit h a n answe r  base d o n 

shap e an d 0  fo r  eac h wit h a n answe r  base d o n movement . 

Thes e score s wer e summe d withi n subjects ,  an d th e scor e fo r 

eac h subjec t  range d fro m 0  t o 2 .  Fo r  eac h condition ,  a  one -

sampl e t-tes t  wa s conducte d t o examin e i f  childre n performe d 

significantl y abov e o r  belo w 5 0 % chanc e level .  Th e result s 

ar e summarize d i n Tabl e 2 . 

Property Control 

Dat a i n thi s conditio n indicat e tha t  childre n o f  bot h ag e 

group s showe d n o significan t  preferenc e fo r  an y particula r 

typ e o f  answer .  Th e children ,  i n th e absenc e o f  additiona l 

informatio n t o guid e thei r  answer ,  performe d a t  abou t  chanc e 

leve l  i n sayin g a n objec t  possesse d an y give n property . 

Thus ,  w e ca n assum e tha t  children' s inference s wer e base d o n 

th e shape/movemen t  informatio n provide d i n th e othe r 

conditions . 

Conflict Condition 

Movement  an d shap e wer e contraste d i n thi s condition .  I n 

makin g judgment s abou t  animals ,  bot h younge r  ( 7 0 % o f  th e 

time )  an d olde r  ( 7 5 % o f  th e time )  childre n relie d 

significantl y mor e o n motio n tha n o n shape .  However ,  i n 

drawin g inference s abou t  geometri c figures,  olde r  children , 

as predicted ,  wer e les s likel y t o us e movemen t  ( 4 5 % o f  th e 

time ,  whic h i s no t  significand y belo w chanc e level) ,  whil e 

younge r  childre n use d movemen t  significantl y mor e (77.5 % 

of  th e time) .  Th e 7-year-old s appea r  t o realiz e th e 

uniquenes s o f  motio n i n categorizin g animal s an d 

consequentl y sa w th e movemen t  o f  geometri c figures  a s 

comparativel y irrelevan t  i n drawin g inference s abou t  them . 

But  thi s animals/geometri c figures  distinctio n wa s no t  foun d 

i n th e 4-year-olds .  Figur e 2  summarize s thes e results . 

Tabl e 2 

Percentag e o f  response s base d o n shap e similarit y 

Anima l 
Age 4 
Age 7 

Geometri c 
Figur e 

Age 4 
Age 7 

Conflic t 

Conditio n 

30.0 % 
25.0 % 

32.5 % 
55.0 % 

+ 
++ 

+ 

No-Conflic t 

Conditio n 

87.5 % 
85.0 % 

87.5 % 
87.5 % 

** * 
** * 

** * 
** * 

Stati c 

Conditio n 

75.0 % 
80.0 % 

80.0 % 
85.0 % 

** 
** * 

** * 
** * 

Propert y 

Contro l 

52.5 % 
50.0 % 

52.5 % 
60.0 % 

+ 
++ 

abov e chance ,  p<.05 ,  1-taile d 
abov e chance ,  p<.005 ,  1-taile d 
abov e chance ,  p<.0005 ,  1-taile d 
belo w chance,/7<.05 ,  1-taile d 
belo w chance,/?<.005 ,  1-taile d 

Percentag e o f  'good ' 
propert y response s 
(e.g. ,  goo d vision ) 
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S 4 0 • 
I  Animal s 
I  Geometri c Figure s 

4 Yea r  Old s 7 Yea r  Old s 

Figur e 2 .  Percentag e o f  response s base d o n motio n i n th e conditio n wher e motio n an d shap e 

ar e pitte d agains t  on e anothe r  (Conflic t  Condition) . 

No-Conflic t  Condi t io n 

W h en shap e an d movemen t  le d t o th e sam e conclusion , 

childre n wer e abl e t o dra w inference s accordingl y abou t  8 7 % 

of  th e tim e (whic h i s significantl y abov e chanc e level) . 

Childre n wer e read y t o mak e judgment s base d o n th e 

coincidenc e o f  shap e wit h movement . 

Static Condition 

Figure s indicat e that ,  i n th e absenc e o f  movemen t  cues , 

childre n wer e read y t o mak e inference s base d o n shap e ( 8 0 % 

of  th e time ,  whic h i s significantl y abov e chanc e level )  a s i t 

became th e onl y cu e the y coul d rel y on . 

A 4-way ANOVA was also performed, including condition 

(Conflict ,  No-conflict ,  an d Static) ,  age ,  categor y typ e 

(animal s an d geometri c figures) ,  an d sex .  Ther e wa s a  mai n 

effec t  o f  condition ,  F(2,216 )  =  52.33 ,  p < .005 .  O n average , 

childre n mad e judgment s base d o n shap e fo r  3 6 % o f  th e tim e 

i n th e Conflic t  Condition ,  whic h wa s significan t  lowe r  tha n 

tha t  i n th e No-Conflic t  Conditio n (87% )  an d th e Stati c 

Conditio n (80%) .  N o othe r  significan t  mai n effect s o r 

interaction s wer e found . 

Discussion 

The result s clearl y suppor t  ou r  mai n hypothesis :  Childre n 

ar e particularl y sensitiv e t o motion ,  an d especiall y s o wit h 

respec t  t o th e categorizatio n o f  animals .  Confronte d wit h a 

choic e betwee n shap e an d movement ,  4-year-ol d childre n 

tende d t o overrid e shap e an d used  movemen t  cue s t o dra w 

inferences .  Thi s i s als o tru e fo r  th e 7-year-old s whe n the y 

made inference s abou t  animal s bu t  no t  whe n the y deal t  wit h 

geometri c figures .  Th e 7-year-old s m a y begi n t o appreciat e 

tha t  movemen t  i s uniqu e t o animals .  Similarit y i n movemen t 

becomes a  goo d basi s t o infe r  propertie s abou t  animals ,  bu t 

not  i n categorizin g geometri c figures . 

Thi s developmenta l  chang e i n youn g childre n woul d see m 

t o b e consisten t  wit h th e developmen t  o f  alar m call s i n youn g 

vervets .  Th e bab y monkey s ofte n m a k e fals e alarms .  The y 

canno t  distinguis h amon g predator s (e.g. ,  eagle) ,  non -

predator s (e.g. ,  ordinar y birds) ,  an d fallin g leave s whic h 

m o ve rapidl y fro m th e sky .  Onl y a s the y ge t  olde r  d o th e 

alar m call s becom e mor e specifi c  t o th e rea l  predators . 

Likewise ,  a s figure s i n th e Conflic t  Conditio n indicate ,  th e 

younge r  childre n dre w inference s primaril y base d o n 

movement  regardles s o f  whethe r  th e object s wer e animal s o r 

geometri c figures ,  wherea s th e olde r  childre n wer e abl e t o 

us e motio n cue s significantl y mor e ofte n t o categoriz e 

animal s tha n fo r  geometri c figures .  Wit h development ,  bot h 

childre n an d youn g vervet s ar e abl e t o pic k u p th e difference s 

behin d th e characteristi c movement s o f  animal s an d non -

animal s an d m a k e response s accordingly . 

Th e stud y presente d her e show s tha t  motio n play s a 

primar y an d supervenien t  rol e i n earl y categorization . 

Motio n become s les s importan t  i n th e categorizatio n o f  non -

biologica l  kind s onl y whe n childre n begi n t o realiz e th e 

difference s behin d animat e an d non-animat e movement . 

However ,  motio n doe s no t  becom e completel y irrelevant .  A s 

th e dat a show ,  i n drawin g inference s abou t  geometri c figure s 

when shap e an d movemen t  wer e i n conflict ,  th e olde r 

children' s judgment s wer e stil l  guide d b y movemen t  abou t 

4 5 % o f  th e time . 
Althoug h thi s stud y stresse s th e importanc e o f  perceptua l 

similarit y i n earl y categorization ,  w e d o no t  wis h t o sugges t 

tha t  youn g childre n ar e purel y perceptuall y driven .  Evidenc e 

has show n tha t  childre n a s youn g a s tw o year s o f  ag e ar e abl e 

t o overrid e perceptua l  similarit y an d us e thei r  knowledge , 
beliefs ,  o r  'theories' ,  a s Murph y &  Medi n (1985 )  pu t  it , 

abou t  th e worl d t o mak e judgments .  Perceptua l  similarity , 

eve n includin g motion ,  i s  probabl y no t  sufficien t  t o accoun t 

fo r  th e developmen t  o f  children' s categor y structure . 

Nevertheless ,  a n understandin g o f  th e structur e an d 
developmen t  o f  th e basi c perceptua l  relation s i n childre n i s 

importan t  (Smith ,  1989) ,  an d motion ,  w e believe ,  play s a 

centra l  rol e i n th e proces s o f  concep t  acquisitio n a s wel l  a s i n 

th e mechanism s b y whic h concept s ar e late r  structured . 
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Abstrac t 
Philosopher s o f  scienc e hav e lon g argue d tha t  whe n 
evaluatin g explanations ,  w e d o no t  conside r  idea s i n 
isolation .  Instead ,  w e posses s a n integrate d we b o f 
informatio n tha t  comprise s th e contex t  w e conside r  whe n 
weighin g evidenc e abou t  an y componen t  o f  thi s web .  I n 
thi s paper ,  w e provid e empirica l  evidenc e tha t  theorie s ar e 
considere d i n contex t  b y demonstratin g tha t  non-scientist s 
chang e th e strengt h o f  thei r  belie f  i n bot h o f  tw o 
alternativ e theories ,  eve n whe n onl y give n informatio n 
about  on e o f  thes e hypotheses .  I n addition ,  w e see k t o 
identif y an d describ e som e o f  th e type s o f  informatio n 
peopl e us e i n evaluatin g theories .  Informatio n abou t 
mechanism ,  inference s tha t  discriminat e betwee n tw o 
explanations ,  an d informatio n abou t  closel y relate d 
situation s i n whic h th e targe t  facto r  operate s a s a 
mechanis m ca n al l  significantl y affec t  rating s o f  tw o riva l 
explanations . 

When evaluating theories, what types of information do we 

use ? Wha t  change s tak e plac e a s theorie s becom e 

increasingl y refine d an d elaborated ? I n thi s paper ,  w e 

identif y som e o f  th e type s o f  informatio n tha t  ar e ofte n use d 

as theorie s o r  explanation s ar e elaborated ,  an d w e asses s th e 

exten t  t o whic h suc h informatio n make s rudimentar y 

explanation s increasingl y o r  decreasingl y convincing . 

Quin e (1969 )  suggest s tha t  ou r  belief s ar e no t 

independent ;  instead ,  the y ar e embedde d i n a  "we b o f 

belief "  Adoptin g Quine' s notion ,  w e sugges t  tha t 

knowledg e form s a n integrate d web ,  an d tha t  eve n non -

scientist s evaluat e theorie s withi n th e contex t  o f  thi s 

interconnecte d w e b o f  information .  I n effect ,  theorie s an d 

informatio n ar e interdependent ,  allowin g peopl e t o us e a 

bootstrappin g process ,  iteratin g betwee n theor y an d 

evidenc e t o reac h a  conclusion . 

Elaborate d theorie s includ e severa l  type s o f  information . 

As a n example ,  conside r  Darwin' s theor y o f  evolution .  I t 

include s a  mechanis m b y whic h evolutio n take s plac e 

(natura l  selection) ,  evidenc e tha t  distinguishe s i t  from  a 

competin g theor y (fossil s d o no t  fi t  wit h creationism) ,  a 

way t o accoun t  fo r  anomalie s (wh y som e m a m m a l s la y 

eggs) ,  an d a  descriptio n o f  relate d situation s i n whic h th e 

analogu e o f  natura l  selectio n play s a  rol e (e.g. ,  anima l 

breeding) .  I t  i s  th e combinatio n o f  al l  o f  thi s informatio n 

tha t  make s thi s theor y s o compellin g t o many . 

I n th e literatur e o n scientifi c  reasoning ,  th e questio n o f 

what  make s a  theor y convincin g ha s typicall y bee n framed 

as a  questio n abou t  causation :  W h a t  make s u s decid e tha t 

on e facto r  rathe r  tha n anothe r  i s  th e caus e o f  a 

phenomenon ? Pas t  studie s ar e limite d i n tha t  the y dea l  wit h 

explanation s i n a  restricte d way .  I n mos t  o f  th e studies , 

participant s ar e aske d t o choos e whic h facto r  i s th e sol e 

caus e o f  th e effect ,  i n th e absenc e o f  an y potentiall y  relate d 

information ,  suc h a s informatio n abou t  mechanis m (e.g. , 

Kuhn ,  Amsel ,  &  O'Loughlin ,  1988) .  Indeed ,  m a n y task s i n 

th e causa l  reasonin g literatur e ar e deliberatel y designe d t o 

minimiz e th e rol e o f  othe r  sort s o f  information . 

Ther e i s n o questio n tha t  identifyin g causa l  factor s 

constitute s on e leve l  o f  explanation .  However ,  th e leve l  i s 

a rudimentar y one .  Often ,  w h e n peopl e nee d t o evaluat e a n 

explanation ,  th e explanatio n consist s no t  onl y o f  a  possibl e 

causa l  factor ,  bu t  als o o f  som e descriptio n o f  th e proces s b y 

whic h th e facto r  operates .  Accordingly ,  som e researcher s 

hav e als o note d th e importanc e o f  informatio n abou t  causa l 

mechanism ,  anomalie s an d alternativ e account s i n decidin g 

whethe r  a  particula r  facto r  ha s cause d a n effec t  (Koslowski , 

1996) . 

However ,  researcher s typicall y examin e th e rol e o f 

alternativ e cause s b y arrangin g som e factor s t o covar y wit h 

th e effect ,  an d othe r  factor s no t  t o covar y (Kuhn ,  Amsel ,  & 

O'Loughlin ,  1988) .  Analogously ,  w h e n researcher s 

examin e th e effec t  tha t  anomalou s o r  problemati c dat a hav e 

on a n explanation ,  th e anomalie s i n questio n ar e situation s 

i n whic h th e covariatio n i s imperfect .  Tha t  is ,  th e studie s o f 

mechanism ,  alternativ e accounts ,  an d anomalou s dat a ar e 

couche d i n term s o f  a  covariatio n framework.  And ,  a s 

note d above ,  informatio n abou t  onl y on e aspec t  o f  th e 

framework,  suc h a s covariation ,  ha s limite d utility . 

T o addres s thes e issues ,  w e se t  ou t  t o explore  th e exten t 

t o whic h theorie s ar e evaluate d wit h respec t  t o othe r 

informatio n i n a  w e b o f  knowledge ,  an d t o examin e wha t 

effect s variou s type s o f  informatio n hav e o n makin g fairl y 
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rudimentar y explanation s increasingl y o r  decreasingl y 

convincing .  W e identifie d si x type s o f  informatio n tha t 

migh t  affec t  h o w convincin g participant s foun d tw o riva l 

explanations .  Th e si x type s o f  informatio n ar e a s follow s 

(detaile d description s an d example s ca n b e foun d i n th e 

Procedur e section) :  1 )  a  discriminatin g inference ,  2 )  a 

mechanism ,  3 )  th e targe t  mechanis m i n a  closel y relate d 

siuiation ,  4 )  th e targe t  mechanis m i n a  distantl y relate d 

situation ,  5 )  a n anomalou s even t  an d a  possibl e resolutio n 

of  th e anomal y 6 )  an d a n anomalou s even t  wit h n o 

suggestio n o f  a  resolution .  W e hypothesiz e tha t  eac h typ e 

of  informatio n wil l  hav e som e effec t  o n th e rating s o f 

plausibilit y  o f  eac h o f  tw o explanation s offere d fo r  a n 

observe d phenomenon ,  eve n whe n th e informatio n i s onl y 

directe d a t  on e explanation . 

Experiment 1 

Method and Procedure 

Participants Thirty-two undergraduate students (16 

w o m e n.  1 6 m e n )  participate d i n exchang e fo r  cours e credit . 

Procedure Participants were interviewed individually, for 

20-4 5 minutes .  Eac h participan t  wa s show n si x stor y 

problems ,  consistin g o f  a n observatio n t o b e explaine d an d 

tw o possibl e explanation s fo r  th e observatio n ( a targe t  an d 

an alternativ e account) .  Th e Targe t  an d Alternativ e wer e 

not  labele d fo r  th e participants ,  an d thei r  orde r  wa s 

counterbalance d acros s conditions .  Fo r  eac h story ,  th e 

interviewe r  rea d th e informatio n wit h th e participant ,  an d 

the n aske d th e participan t  t o rat e h o w convincin g he/sh e 

foun d eac h explanatio n o n a  seven-poin t  scale .  Participant s 

wer e als o aske d t o explai n w h y th e explanation s wer e o r 

wer e no t  convincing .  Qualitativ e dat a wil l  b e summarize d 

i n anothe r  pape r  (Koslowski ,  Thompson ,  Bamett ,  & 

Masnick ,  i n preparation) . 

Afte r  ratin g eac h explanatio n fo r  a  story ,  participant s 

wer e show n anothe r  pag e wit h on e o f  si x type s o f 

additiona l  information ,  a s liste d i n th e Introduction . 

Participant s wer e the n aske d t o rat e th e hypothese s again . 

Becaus e i t  wa s no t  possibl e t o hav e plausibl e informatio n 

of  ever y typ e fo r  ever y story ,  tw o example s ar e provide d t o 

demonstrat e al l  si x type s o f  information . 

Th e first  exampl e concern s w h y conquere d culture s 

typicall y adop t  th e religio n o f  thei r  conquerors .  Th e 

observatio n t o b e explaine d an d th e tw o possibl e 

explanation s follow : 

Observatio n 

Historically ,  whe n on e cultur e ha s bee n conquere d b y 

anothe r  culture ,  th e conquere d cultur e ha s c o m e t o 

follo w th e religio n o f  th e conquerin g culture .  Fo r 

example ,  whe n Vikin g raider s conquere d ancien t 

Britain ,  th e Briton s bega n t o hav e publi c celebration s 

of  Vikin g religiou s festival s an d t o buil d shrine s t o 

Vikin g gods . 

Possibl e Explanation s 

[Target ]  O n e hypothesi s i s tha t  thi s happen s becaus e 

ther e ar e ofte n similaritie s betwee n th e god s o f  th e 

conquerin g cultur e an d th e god s o f  th e conquere d 

culture .  Fo r  example ,  th e Viking s ha d Freyja ,  th e 

goddes s o f  fertility ,  whil e th e Briton s ha d Brigit ,  w h o 

was als o a  fertilit y  goddess .  Therefore ,  callin g th e 

Britis h Brigi t  b y a  differen t  nam e wa s no t  a  difficul t 

chang e t o make . 

[Alternative ]  Anothe r  hypothesi s i s tha t  th e conquere d 

cultur e doe s no t  reall y adop t  th e religio n o f  th e 

conquerin g culture .  T o b e sure ,  i n public ,  the y 

celebrat e th e feas t  day s o f  th e ne w religio n an d the y 

dedicat e building s t o th e ne w gods .  However ,  thi s i s 

jus t  fo r  politica l  reasons ,  t o avoi d retaliatio n b y th e 

conquerors .  I n private ,  the y continu e t o worshi p thei r 

o wn god s an d t o practic e thei r  o w n religion . 

Th e secon d exampl e concern s heigh t  difference s betwee n 

mountai n an d plain s dwellers . 

Observatio n 

Medica l  doctor s an d anthropologist s hav e foun d tha t 

th e peopl e w h o liv e i n th e mountainou s region s o f 

Mexic o ar e smaller ,  i n stature ,  tha n ar e peopl e w h o 

liv e i n th e non-mountainou s plains . 

Possibl e explanation s 

[Alternative ]  O n e hypothesi s i s tha t  historically ,  th e 

peopl e w h o migrate d t o th e mountain s cam e from a 

differen t  gen e poo l  tha n di d peopl e w h o staye d o n th e 

plains .  O n thi s hypothesis ,  peopl e w h o move d t o th e 

mountain s cam e from a  gen e poo l  wit h a  smalle r 

stature . 

[Target ]  Anothe r  hypothesi s i s  tha t  mountai n dweller s 

hav e acces s t o les s oxyge n i n th e ai r  and ,  so ,  thei r 

bodie s adap t  b y growin g t o a  smalle r  size . 

Th e stor y proble m abou t  conquerin g culture s wil l  b e 

use d t o illustrat e fou r  o f  th e type s o f  additiona l  information , 

namely ,  informatio n abou t  discriminatin g inferences , 

mechanism ,  anomalou s observations ,  an d a  w a y o f 

resolvin g th e anomalies . 

Discriminatin g Inferenc e -  a n even t  tha t  i s  consisten t  with , 

and ca n b e explaine d by ,  th e targe t  theor y bu t  tha t  i s  no t 

what  on e woul d expec t  i f  th e alternativ e theor y wer e true . 

For  example : 

I f  conquere d culture s d o adop t  th e n e w religio n 

becaus e o f  perceive d similarities ,  an d no t  jus t  fo r 

publi c show ,  the n w e shoul d fm d statue s an d shrine s t o 
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th e n e w god s eve n i n th e section s o f  privat e home s tha t 

wer e ope n onl y t o famil y members .  Thos e room s 

woul d no t  b e unde r  publi c scrutin y s o tha t  fea r  o f 

retaliatio n woul d no t  b e a n issue . 

And,  thi s i s  wha t  w e d o find. 

Mechanis m Informatio n ~  additiona l  detail s abou t  a 

mechanis m o r  proces s b y whic h th e targe t  explanatio n 

migh t  operate .  Fo r  example : 

Ever y cultur e face s certai n lif e issues .  Thus ,  mos t 

culture s ar e likel y t o hav e god s t o hel p the m wit h thes e 

issues .  Fo r  example ,  mos t  culture s hav e develope d 

some sor t  o f  bein g t o tur n t o fo r  hel p wit h healing . 

I f  conquere d culture s adop t  th e god s o f  thei r 

conqueror s becaus e o f  similaritie s betwee n th e tw o 

set s o f  gods ,  the n th e c o m m o n lif e issue s coul d explai n 

w hy i t  i s  tha t  similaritie s ar e likel y t o occur . 

Resolve d Anomal y ~  a n anomal y an d informatio n tha t 

suggest s a  w a y o f  reconcilin g th e anomal y t o th e targe t 

theory .  I n thi s study ,  resolvin g th e anomal y consiste d o f 

modifyin g th e theor y t o accoun t  fo r  th e anomal y rathe r 

than ,  fo r  example ,  givin g a  reaso n w h y i t  migh t  b e sensibl e 

t o dismis s th e anomaly .  (Th e resolve d anomal y di d not 

consis t  o f  simpl y addin g th e resolutio n t o th e anomalou s 

informatio n from  th e Anomal y conditio n becaus e w e di d 

not  wan t  th e resolve d anomal y t o b e substantiall y  longe r 

tha n th e anomal y itself )  Fo r  example : 

Culture s (suc h a s th e Mayans )  w h o ha d m a n y god s 

wer e sometime s conquere d b y culture s (suc h a s 

Catholi c Spain )  w h o wer e monotheistic ,  tha t  is ,  w h o 

worshippe d onl y on e god . 

Althoug h monotheisti c culture s ha d on e god ,  the y ha d 

many saints .  I f  conquere d culture s d o adop t  th e ne w 

religio n becaus e the y detec t  similarities ,  i t  coul d b e 

becaus e o f  similaritie s betwee n th e man y god s o f  th e 

conquere d cultur e an d th e saint s o f  th e conquerin g 

culture . 

Anomalou s Informatio n ~  a n observatio n tha t  i s  not ,  a t  fu-s t 

glance ,  congruen t  wit h th e targe t  explanation .  I n keepin g 

wit h T.S .  Kuhn' s treatmen t  o f  anomalies ,  w e writ e "a t  firs t 

glance "  because ,  a s K u h n ha s pointe d out ,  anomalie s t o a n 

explanatio n ca n ofte n b e resolved ,  eithe r  b y questionin g th e 

anomalou s dat a o r  els e b y modifyin g o r  elaboratin g th e 

explanatio n (Kuhn ,  1970) .  Fo r  example : 

Culture s (suc h a s th e Mayans )  w h o ha d m a n y god s 

wer e sometime s conquere d b y culture s (suc h a s 

Catholi c Spain )  w h o wer e monotheistic ,  tha t  is ,  w h o 

worshippe d onl y on e god . 

I f  conquere d culture s d o adop t  th e n e w religio n 

becaus e the y detec t  similarities ,  tha t  woul d leav e th e 

questio n o f  h o w culture s w h o worshippe d m a n y god s 

coul d se e similaritie s betwee n thei r  m a n y god s an d th e 

singl e go d o f  a  conquerin g culture . 

The story-proble m abou t  heigh t  difference s i n differen t 

altitude s wil l  b e use d t o demonstrat e th e final  tw o type s o f 

additiona l  information ,  closel y an d distantl y relate d 

analogou s situations . 

Clos e Analogou s Situatio n -  informatio n tha t  th e targe t 

facto r  i s k n o w n t o operat e a s a  causa l  mechanis m i n fairl y 

simila r  situations .  Fo r  example : 

Th e fac t  tha t  oxyge n level s decreas e a t  highe r  altitude s 

i s k n o w n t o caus e peopl e w h o liv e a t  lo w altitude s t o 

become fatigue d w h e n the y visi t  th e mountains . 

So,  regardles s o f  whethe r  decrease d oxyge n i s th e 

explanatio n fo r  shorte r  statur e i n som e group s o f 

people ,  decrease d oxyge n ha s certainl y bee n foun d t o 

affec t  othe r  things . 

Distan t  Analogou s Situatio n ~  informatio n tha t  th e targe t 

facto r  i s k n o w n t o operat e a s a  causa l  mechanis m i n fairl y 

distantl y relate d situations .  Fo r  example : 

Th e fac t  tha t  oxyge n level s decreas e a t  highe r  altitude s 

i s k n o w n t o affec t  bakin g method s a t  hig h altitudes . 

So,  regardles s o f  whethe r  decrease d oxyge n i s th e 

explanatio n fo r  shorte r  statur e i n som e group s o f 

people ,  decrease d oxyge n ha s certainl y bee n foun d t o 

affec t  othe r  things . 

For  eac h typ e o f  information ,  contro l  informatio n wa s 

presente d i n plac e o f  th e experimenta l  informatio n fo r  thre e 

of  th e si x storie s eac h participan t  read .  Thi s informatio n 

was designe d t o matc h th e experimenta l  informatio n i n 

bot h structur e an d lengt h an d t o giv e furthe r  informatio n 

abou t  th e conten t  area ,  withou t  directl y bearin g o n th e 

plausibilit y  o f  eithe r  hypothesis .  (Se e th e appendi x fo r 

examples. ) 

Results and Discussion 

A mixe d mode l  A N O V A wa s use d t o examin e th e effect s 

of  differen t  type s o f  informatio n upo n rating s o f  bot h th e 

Targe t  an d Alternativ e explanations .  Fo r  eac h typ e o f 

information ,  th e withi n subject s variable s wer e 

experimenta l  o r  contro l  statu s an d stor y content .  Subjec t 

was treate d a s a  rando m variable .  Fo r  eac h typ e o f 

information ,  th e chang e i n rating s afte r  readin g th e 

experimenta l  o r  th e contro l  informatio n wa s compared . 

The result s ar e summarize d i n Tabl e 1 . 

The result s o f  thi s experimen t  demonstrat e tha t  ther e ar e 

severa l  differen t  type s o f  informatio n tha t  m a k e peopl e 

mor e o r  les s convince d o f  a n explanation .  Inference s tha t 

discriminat e betwee n th e tw o explanation s significantl y 

increase d th e Targe t  ratin g whil e decreasin g th e ratin g o f 

th e Alternative .  Informatio n abou t  mechanis m an d 

example s o f  simila r  situation s i n whic h th e targe t  facto r 
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Tabl e 1 :  Effect s o f  Additiona l  Informatio n 

Typ e o f 

informatio n 

Discriminatin g 

Inferenc e 

Mechanis m 

Clos e Analog . 

Situatio n 

Distan t  Analog . 

Situatio n 

Resolve d 

Anomal y 

Anomal y 

Mean chang e i n 

rating s fo r 

Targe t 

1.75** * 

-0.1 3 

0.81** * 

-0.1 3 

0.59** * 

-0.1 3 

-0.1 3 

-0.1 9 

0.5 0 

0.1 9 

-0.7 5 

-0.0 6 

Mean chang e i n 

rating s fo r 

Alternativ e 

-0.81** * 

0.1 3 

-0.75** * 

0.1 3 

-029* * 

0.2 0 

-0.2 5 

-0.1 9 

-0.31* * 

0.1 9 

-0.0 6 

0.1 9 

Compariso n o f  experimenta l  (shaded )  vs .  contro l 

*p<.10 ,  **p<.05 ,  ***p<.0 1 

operated each caused a significantly greater increase in 

rating s o f  th e Targe t  explanatio n tha n th e contro l 

information .  I n addition ,  rating s o f  th e Alternativ e 

explanatio n decrease d significantly ,  eve n thoug h th e 

informatio n wa s directe d onl y toward s th e Targe t 

explanation .  Thi s findin g provide s evidenc e tha t 

explanation s ar e no t  considere d i n isolation .  Whe n 

evaluatin g hypotheses ,  peopl e conside r  severa l  option s i n a 

set  simultaneously ,  an d us e informatio n abou t  on e 

explanatio n t o evaluat e othe r  explanations .  Thi s i s 

consisten t  wit h Quine' s suggestio n o f  a n interconnecte d 

web o f  information . 

Whil e anomalou s informatio n appear s t o decreas e 

confidenc e i n th e Targe t  explanation ,  thi s differenc e di d no t 

reac h significance .  Thi s ma y b e becaus e participant s hav e 

alread y resolve d potentia l  anomalie s fo r  themselves ,  an d 

considere d thes e challenge s whe n ratin g bot h th e Targe t 

and Alternativ e hypotheses .  Severa l  participant s mentione d 

reason s t o dismis s th e anomal y i n explainin g thei r  ratings . 

Example s o f  th e targe t  factor' s applicatio n i n a  distantl y 

relate d situatio n di d no t  significantl y influenc e participants ' 

view s o f  th e explanations ,  suggestin g the y di d no t  find 

the m relevan t  enoug h t o use .  Thi s observatio n wa s 

supporte d b y man y participants '  comment s tha t  the y di d 

not  se e th e relationshi p betwee n th e piece s o f  informatio n 

given . 

I n additio n t o establishin g tha t  peopl e rel y o n multipl e 

type s o f  informatio n t o evaluat e eve n rudimentar y theories , 

we als o wante d t o explor e th e circumstance s unde r  whic h 

thi s effec t  holds .  Specifically ,  w e wante d t o investigat e 

ho w evidenc e addressin g th e plausibilit y  o f  differen t 

explanation s influence d th e effect s o f  late r  informatio n 

suc h a s tha t  presente d i n Experimen t  I .  Eve n afte r  readin g 

informatio n tha t  undermine s on e hypothesis ,  d o peopl e stil l 

use additiona l  informatio n i n th e sam e way ? 

Experiment 2 

Method and Procedure 

Participants Thirty undergraduate students (14 men, 16 

women)  participate d i n exchang e fo r  cours e credit . 

Procedure The procedure was similar to that of 

Experimen t  1 ,  wit h on e additiona l  phas e i n th e middle .  I n 

thi s study ,  participant s wer e aske d t o rat e th e explanation s 

fo r  eac h o f  si x stor y problem s thre e separat e times .  Th e 

stor y proble m scenario s wer e identica l  t o thos e use d i n 

Experimen t  1 .  Fo r  th e first  ratings ,  the y wer e show n a n 

observatio n an d th e tw o possibl e explanations . 

For  th e secon d ratings ,  the y wer e give n informatio n tha t 

eithe r  undermine d th e Alternativ e explanatio n o r  lef t  i t 

viable .  (Eac h participan t  ha d th e Alternativ e undermine d 

fo r  thre e o f  th e si x storie s presented ,  an d lef t  viabl e fo r  th e 

othe r  thre e stories. )  Th e Alternativ e wa s undermine d b y 

presentin g evidenc e tha t  event s tha t  woul d b e expecte d t o 

occu r  i f  th e Alternativ e wer e true ,  i n fac t  di d no t  occur .  Fo r 

th e exampl e o f  conquerin g culture s an d thei r  religions ,  th e 

followin g informatio n wa s give n t o undermin e th e 

Alternativ e explanation ; 

Conquere d culture s follo w th e religio n o f  th e 

conquerors ,  an d thi s i s tru e regardles s o f  whethe r  th e 

conqueror s hav e bee n bruta l  an d retaliate d agains t 

non-followers . 

To leav e bot h alternative s stil l  viable ,  i t  wa s suggeste d 

tha t  i t  i s  no t  possibl e t o obtai n th e critica l  informatio n 

neede d t o prov e eithe r  hypothesis .  Fo r  example ,  fo r  th e 

exampl e o f  conquerin g cultures ,  th e followin g informatio n 

was presented ; 

Historica l  record s ar e ofte n fragmentary .  Therefore ,  i t 

i s  no t  alway s clea r  whethe r  ther e actuall y wer e 

similaritie s betwee n th e religion s o f  th e conquere d an d 

th e conquerors ,  no r  i s i t  alway s clea r  whethe r  Ui e 

conqueror s retaliate d agains t  peopl e wh o di d no t  adop t 

th e ne w religion . 

For  th e thir d rating ,  participant s wer e show n a  piec e o f 

additiona l  informatio n a s i n th e firs t  experimen t  (i.e. ,  a n 
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anomaly ,  a n inference ,  etc. )  an d aske d agai n t o rat e th e tw o 

explanations .  A s i n Experimen t  1 ,  i n thre e o f  th e si x 

stories ,  participant s wer e show n th e experimenta l 

informatio n i n thre e o f  th e si x stories ,  an d contro l 

informatio n i n th e othe r  thre e stories . 

Results and Discussion 

We firs t  examine d th e effec t  o f  empirica l  evidenc e 

(whethe r  th e Alternativ e explanatio n wa s undermine d o r 

lef t  viable )  o n rating s o f  th e tw o explanations .  A  mixe d 

model  A N O V A wa s use d t o asses s th e overal l  significanc e 

of  underminin g th e Alternativ e o r  leavin g i t  viabl e o n th e 

ratin g o f  eac h explanation .  Thi s conditio n 

(undermined/stil l  viable )  an d stor y wer e bot h withi n 

subject s variables .  Subjec t  wa s treate d a s a  rando m 

variable .  W h e n informatio n underminin g th e Alternativ e 

was presented ,  participant s wer e les s convince d o f  th e 

viabilit y o f  th e Alternativ e (mea n chang e =  -1.46 )  whil e 

becomin g mor e convince d o f  th e targe t  (mea n chang e = 

0.47) .  W h e n th e Alternativ e wa s lef t  viable ,  th e mea n 

Targe t  ratin g decrease d b y 0.47 ,  whil e th e mea n Alternativ e 

ratin g decrease d b y 0.16 .  Th e differenc e i n change s 

betwee n th e tw o condition s wer e highl y significant ,  F(l , 

148 )  =  96.72 ,  p  <  0.001 ,  an d F(l ,  148 )  =  81.73 ,  p  <  0.001 , 

fo r  th e Targe t  an d th e Alternative ,  respectively . 

Afte r  readin g informatio n suggestin g tha t  th e Alternativ e 

may no t  b e correc t  (i.e. ,  tha t  event s i t  predict s d o no t 

actuall y occur )  participant s foun d thi s explanatio n fa r  les s 

convincin g tha n the y ha d before .  However ,  the y als o the n 

foun d th e Targe t  explanatio n mor e convincing ,  eve n 

thoug h th e informatio n the y rea d wa s no t  relate d t o thi s 

secon d explanation .  Thi s findin g suggest s tha t  th e mer e 

presenc e o f  a n alternativ e alter s one' s belie f  i n th e accurac y 

of  a  theory .  W h e n on e alternativ e become s les s likely ,  an y 

remainin g alternative s suddenl y becom e mor e convincing , 

becaus e ther e ar e a  fmit e se t  o f  plausibl e explanations ,  an d 

th e evaluatio n o f  eac h theor y occur s i n th e contex t  o f  a n 

interconnecte d w e b o f  informatio n 

Next  w e explore d th e effec t  o f  th e additiona l  type s o f 

informatio n o n rating s o f  bot h explanations .  W e use d a 

genera l  linea r  mode l  t o conside r  th e effect s o f  whethe r  th e 

Alternativ e ha d bee n undermined ,  fo r  eac h o f  th e si x type s 

of  information ,  controllin g fo r  story .  Tabl e 2  show s th e 

mean change s ft-om  th e secon d t o th e thir d rating s o f  bot h 

th e experimenta l  an d th e contro l  information .  Th e tabl e 

separatel y examine s th e Targe t  (T )  an d th e Alternativ e (A) , 

considerin g whethe r  th e Alternativ e wa s undermine d o r  no t 

i n th e secon d phase . 

However ,  eve n whe n on e theor y i s  undermined , 

additiona l  informatio n ca n stil l  hav e a  significan t  effec t  o n 

th e rating s o f  bot h explanations .  Compatibl e wit h 

Tabl e 2 :  Effect s o f  additiona l  informatio n w h e n 

Alternativ e undermine d o r  stil l  viabl e 

Typ e o f 

infor -

matio n 

Disc . 

Inferenc e 

Mech-

anis m 

Clos e 

Analag . 

Sit n 

Distan t 

Analag . 

Si m 

Resolve d 

A n o m. 

Anomal y 

M e an A  i n T  rating s 

A under -

mine d 

I.57» * 

-0.1 3 

0.5 0 

0.1 4 

0.43* * 

0.0 0 

-0.5 0 

0.0 0 

0.1 4 

0.1 3 

-1.0 0 

-0.1 4 

A stil l 

viabl e 

2.00* * 

0.1 4 

1.00* * 

-0.1 3 

0.2 5 

0.0 0 

0.1 4 

0.0 0 

0.6 3 

0.0 0 

-0.8 6 

0.0 0 

Mean A  i n A  rating s 

A under -

mine d 

-0.86 * 

0.2 5 

-0.2 5 

0.0 0 

-0.2 9 

0.0 0 

0.0 0 

0.0 0 

0.2 9 

0.1 3 

0.2 5 

0.2 9 

A stil l 

viabl e 

-1.00* * 

0.1 4 

-0.1 4 

0.0 0 

0.0 0 

0.0 0 

-0.1 4 

0.0 0 

-0.2 5 

0.0 0 

0.0 0 

0.3 8 

Compariso n o f  experimenta l  (shaded )  vs .  contro l 

*p<.10,**p<.05 ,  ***p<.0 1 

Experiment 1, we found that discriminating inferences, 

mechanis m information ,  an d closel y analogou s situation s 

significantl y influence d rating s o f  th e Targe t  explanation ,  a t 

leas t  unde r  som e conditions .  Again ,  anomalou s 

informatio n ha d a  non-significan t  impact ,  an d distan t 

analogie s wer e viewe d a s to o differen t  t o affec t  view s o n 

th e Targe t  hypothesis .  N o consisten t  patter n emerge d i n th e 

change s i n rating s o f  th e Alternativ e explanation . 

General Discussion 

Take n together ,  th e result s o f  thes e tw o studie s indicat e tha t 

peopl e conside r  evidenc e i n context ,  an d rel y o n severa l 

differen t  type s o f  informatio n whe n evaluatin g theories .  A 

complet e "we b o f  information "  consist s o f  m a n y differen t 

type s o f  knowledge ,  collatera l  informatio n tha t  buttresse s a 

centra l  concep t  i n multipl e ways .  I t  als o include s 

informatio n abou t  multipl e explanations ,  s o tha t  th e 

plausibilit y o f  on e hypothesi s i s  dependen t  o n informatio n 

abou t  th e other . 

Previou s researc h abou t  h o w peopl e evaluat e theorie s ha s 

looke d a t  th e theorie s i n isolation ,  an d ha s onl y examine d 

th e effect s o f  n e w informatio n o n th e targe t  account . 
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Clearly ,  thi s i s onl y on e piec e o f  th e picture .  When 

considerin g tw o hypothese s together ,  informatio n abou t 

onl y on e hypothesi s ca n chang e th e rating s o f  both .  Thi s 

findin g argue s fo r  a  mor e comprehensiv e approac h i n 

futur e research ,  addressin g th e impac t  o f  informatio n o n 

more tha n simpl y on e theor y i n isolation .  Instead ,  i t  i s 

critica l  t o explor e th e effect s o f  ne w informatio n o n al l 

relevan t  piece s o f  a n interconnecte d we b o f  informatio n 

used t o evaluat e evidence . 

Afte r  confirmin g tha t  eve n rudimentar y explanation s ar e 

evaluate d i n context ,  th e obviou s nex t  ste p i s t o describ e 

what  sort s o f  informatio n affec t  suc h evaluations . 

Consisten t  wit h pas t  researc h (e.g. ,  Koslowski ,  1996) ,  w e 

foun d tha t  informatio n abou t  mechanis m make s a n 

explanatio n increasingl y convincing .  When n o othe r 

informatio n i s given ,  thi s informatio n als o make s a n 

alternativ e explanatio n les s convincing . 

Informatio n tha t  differentiate s betwee n tw o competin g 

explanation s b y supportin g on e an d no t  th e othe r  i s mos t 

compyellin g ~  i t  make s on e explanatio n muc h mor e 

convincing ,  an d th e othe r  muc h les s so . 

Anomalou s informatio n change s rating s bu t  no t 

significantly .  Participants '  comment s sugges t  tha t  the y 

may b e considerin g suc h informatio n whe n ratin g th e 

explanations .  Chin n an d Brewe r  (1993 )  hav e suggeste d 

tha t  ther e ar e seve n differen t  way s peopl e respon d t o 

anomalou s data ,  indicatin g a  potentia l  directio n fo r 

explorin g th e rol e o f  anomalou s information .  Furthe r 

exploratio n o f  thes e seve n response s ma y b e necessar y t o 

determin e wh y th e anomalou s informatio n ha d a 

nonsignifican t  effec t  i n thes e studies . 

Whil e knowledg e o f  a  closel y relate d analogou s situatio n 

i n whic h th e targe t  facto r  operate s a s a  causa l  mechanis m 

increase s rating s o f  th e Targe t  explanation ,  knowledg e 

about  a  distantl y relate d situatio n doe s not .  Thi s finding  i s 

consisten t  wit h th e observatio n tha t  "long-distanc e 

analogies "  ar e fa r  les s likel y yiel d ne w insight s tha n muc h 

more closel y relate d analogie s (Dunbar ,  1995) . 

I n summary ,  evidenc e relate d t o on e explanatio n als o 

affect s th e rating s o f  th e plausibilit y  o f  anothe r  explanation , 

suggestin g th e existenc e o f  a  we b o f  information .  Thes e 

explorator y studie s sugges t  tha t  severa l  type s o f  evidenc e 

compris e thi s web ,  includin g knowledg e abou t  mechanism , 

inference s tha t  differentiat e betwee n hypotheses ,  an d 

closel y relate d analogou s situations .  Al l  yiel d informatio n 

tha t  significantl y influence s rating s o f  tw o alternativ e 

explanations .  Accordingly ,  w e believ e tha t  futur e studie s 

of  theor y evaluatio n mus t  tak e int o accoun t  th e interrelate d 

web o f  informatio n i n orde r  t o captur e accuratel y ho w 

peopl e reason . 
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Appendix 

An exampl e o f  contro l  informatio n fo r  discriminatin g 

inferences : 

I f  conquere d culture s d o adop t  th e ne w religio n becaus e 

of  perceive d similarities ,  an d no t  jus t  fo r  publi c show ,  the n 

we shoul d fin d statue s an d shrine s t o th e ne w god s eve n i n 

th e section s o f  privat e home s tha t  wer e ope n onl y t o famil y 

members.  Thos e room s woul d no t  b e unde r  publi c scrutin y 

so tha t  fea r  o f  retaliatio n woul d no t  b e a n issue . 

However ,  afte r  s o lon g a  time ,  i t  i s  no t  alway s possibl e t o 

tel l  whic h room s wer e an d wer e no t  unde r  publi c scrutiny . 

An exampl e o f  contro l  informatio n fo r  th e analogou s 

situations : 

Peopl e wh o liv e i n th e mountain s o f  Mexic o hav e 

fascinatin g culuir e tha t  ha s bee n muc h studie d b y 

anthropologists . 

They hav e complicate d kinshi p structure s an d a  stron g 

traditio n o f  ora l  storytelling ,  whic h enable s the m t o pas s o n 

storie s an d legend s t o ne w generations . 
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Abstrac t 

Effective arguments must be presented in a cohesive manner: 
simpl e collection s o f  believe d premise s an d connectin g infer -
ence s supportin g a  goa l  ma y no t  persuad e th e recipien t  i f  the y 
ar e no t  wel l  ordered .  W e us e semanti c activatio n an d Bayesia n 
propagatio n i n a  use r  mode l  t o simulat e th e effec t  o f  presen -
tin g a n argumen t  generate d b y ou r  system ,  N A G,  t o th e user . 
Thi s simulatio n i s use d t o selec t  a  strateg y fo r  presentin g th e 
argumen t  t o th e user .  Th e simulatio n als o identifie s superflu -
ous line s o f  reasonin g tha t  ma y b e removed ,  an d enable s N A G 
t o determin e ho w multipl e subargument s fo r  point s shoul d b e 
presented ,  e.g. ,  a s multipl e individua l  support s o r  collectively . 
A greed y algorith m i s the n use d t o ap p y  probabilisti c  prun -
in g an d semanti c suppressio n t o furthe r  simplif y  th e argument . 
Probabilisti c  prunin g remove s unnecessar y premise s fro m th e 
argument .  Semanti c suppressio n i s use d t o selec t  portion s o f 
th e argumen t  whic h ar e withi n th e user' s focu s o f  attention ,  an d 
whic h ar e als o readil y inferred ,  an d henc e ca n b e lef t  implici t 
withou t  damagin g th e effectivenes s o f  th e argument . In t roduc t io n 

Effectiv e argument s ar e rarel y simpl e collection s o f  materia l 
supportin g a  goal .  A n effectiv e argumen t  mus t  b e presente d 
i n a  cohesiv e manner ,  wit h point s followin g fro m thei r  prede -
cessor s i n a  sensibl e order .  I n addition ,  obviou s point s shoul d 
not  b e presented ,  i.e. ,  th e argumen t  shoul d b e enthymematic . 
N AG (Nic e Argumen t  Generator) ,  ou r  argumen t  generation -
analysi s system ,  attempt s t o buil d effectiv e argument s an d 
presen t  the m t o a  use r  i n suc h a  manner .  Thi s pape r  focuse s 
on ho w N A G achieve s it s presentatio n goals . 

N AG strike s a  balanc e betwee n argument s tha t  ar e norma -
tivel y correc t  an d argument s tha t  ar e persuasiv e fo r  a  particu -
la r  use r  b y simulatin g th e effec t  o f  it s  argument s o n tw o mod -
els :  (1 )  a  normativ e model ,  whic h represent s NAG' s beliefs , 
and (2 )  a  use r  model ,  whic h represent s a  user' s presume d be -
liefs .  Eac h mode l  incorporate s a  Bayesia n networ k (BN) .  A n 
argumen t  i s represente d a s a n Argumen t  Graph ,  whic h i s a 
subgrap h o f  relevan t  element s c o m m o n t o th e B N i n eac h 
model .  Th e node s i n a n Argumen t  Grap h represen t  prop -
ositions ,  an d thei r  connectin g link s represen t  th e inference s 
relatin g thes e propositions .  Th e Argumen t  Grap h appear s i n 
bot h model s s o tha t  th e effect s o f  presentin g th e argumen t  ca n 
be judge d i n bot h it s normativ e an d it s persuasiv e aspects . 
We hav e chose n B N s a s th e forma t  i n whic h N A G assem -
ble s it s arguments ,  sinc e the y suppor t  reasonin g unde r  uncer -
taint y wit h multipl e (possibl y interactive )  supportin g factors , 
and ca n b e readil y modifie d t o mode l  huma n cognitiv e weak -
nesse s (se e (Kor b e t  al. ,  1997)) .  A n Argumen t  Grap h start s 
fro m admissibl e premise s an d end s i n th e goa l  propositio n 

(th e propositio n t o b e argue d for) .  Admissibl e premise s ar e 

normativel y acceptabl e proposition s (represente d i n N A G ' s 
normativ e model) ,  whic h ar e believe d b y th e use r  accord -

in g t o NAG ' s use r  mode l  o r  assente d t o b y th e use r  (e.g. , 
draw n fro m a n accepte d source) .  N A G ' s argumen t  genera -
to r  build s th e Argumen t  Graph ,  whic h i s considere d complet e 

when th e anticipate d belie f  i n th e goa l  propositio n fall s  withi n 
tw o specifie d targe t  range s (o r  a s clos e t o the m a s possible) , 
one eac h fo r  th e use r  an d fo r  th e normativ e model .  ̂  Thes e 
targe t  range s ar e give n a s inpu t  t o N A G t o specif y th e degre e 
of  belie f  i n th e goa l  tha t  i s desire d fo r  eac h mode l  afte r  pres -
entatio n o f  th e argument .  T w o targe t  range s ar e employed , 
since ,  fo r  example ,  i t  m a y b e sufficien t  fo r  th e use r  t o achiev e 
onl y a  moderat e degre e o f  belie f  i n somethin g th e normativ e 
model  show s t o b e wel l  supported . 

NAG' s argumen t  generato r  passe s th e followin g informa -
tio n t o NAG' s presentatio n module :  (1 )  th e goa l  proposition , 

(2 )  th e tw o targe t  range s o f  belie f  t o b e achieved ,  an d (3 )  tw o 
hierarchica l  semanti c network s (SNs) ,  on e buil t  o n to p o f  th e 
B N i n th e normativ e mode l  an d on e buil t  o n to p o f  th e B N 
i n th e use r  model .  N A G use s thes e tw o hierarchica l  S N s t o 
conside r  semanti c connection s betwee n th e item s mentione d 
i n th e argument .  T w o semanti c network s ar e necessary ,  sinc e 
thes e connection s m a y diffe r  fo r  N A G an d fo r  th e user .  Th e 
presentatio n modul e determine s a  strateg y fo r  presentin g th e 
argument ,  organize s th e informatio n t o b e presente d i n th e 
framewor k o f  thi s strategy ,  an d prune s som e superfluou s line s 
of  reasonin g an d wha t  i s easil y inferre d an d s o m a y b e lef t 
implicit . 

Related Research 

Vreeswijk (1994) describes a system, lACAS, for generat-
in g argument s tha t  i s designe d t o b e interactive ,  lik e N A G . 
However ,  l A C A S doe s no t  attemp t  t o mode l  th e user' s atten -
tiona l  processes ,  o r  tailo r  th e presentatio n o f  it s argument s 
t o th e user .  Instead ,  l A C A S show s supportin g argument s fo r 
th e curren t  goa l  propositio n t o th e use r  i n a  sequenc e unti l 
th e use r  i s satisfie d o r  choose s a  ne w goa l  proposition .  Th e 
chose n sequenc e o f  presentatio n i s th e orde r  i n whic h lA -
C AS finds  it s arguments .  Th e argumen t  generatio n syste m o f 
Reed an d Lon g (1997) ,  lik e N A G ,  take s attentio n (salience ) 
int o consideratio n whe n decidin g h o w t o presen t  arguments . 
However ,  unlik e Ree d an d Long' s system ,  N A G als o consid -

^Refe r  t o (Zukerma n e t  al. ,  1998 )  fo r  a  detaile d descriptio n o f 
NAG's architecture . 
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er s salienc e whil e gatherin g th e informatio n necessar y t o gen -

erat e it s arguments . 

H u a n g an d Fiedle r  (1997 )  us e a  limite d implementatio n o f 

attentiona l  focu s t o selec t  whic h ste p i n a  proo f  shoul d h e 

mentione d next .  However ,  unlik e N A G ,  thei r  syste m doe s 

not  generat e enthymemati c arguments .  T w o othe r  system s 

tha t  ca n tur n a n existin g full y  explici t  argumen t  int o a n en -

thymemati c on e ar e describe d i n (Horacek ,  1994 )  an d (Mehl , 

1994) .  Neithe r  o f  thes e tw o system s ca n generat e a n argu -
ment  fro m constituen t  propositions . 

Fehre r  an d Horace k (1997 )  tak e advantag e o f  mathematica l 

propertie s t o structur e certai n type s o f  mathematica l  proofs . 

The y mode l  a  user' s inferentia l  abilit y  b y mean s o f  special -
ize d substitutio n rules ,  bu t  offe r  n o mechanis m (suc h a s th e 

semanti c activatio n i n N A G )  t o limi t  th e numbe r  o f  applica -
tion s o f  thei r  rules .  N A G ,  whil e develope d t o b e a  genera l 
argumentatio n architecture ,  coul d b e provide d wit h simila r 
heuristic s fo r  th e restricte d domai n o f  mathematica l  argumen -
tation . 

Selecting a Presentation Strategy 

Th e selectio n o f  a n argumentatio n strateg y determine s a  par -

tia l  orde r  o f  presentatio n o f  th e argument' s propositions .  Re -
finement s suc h a s handlin g subargument s an d omittin g easil y 
inferre d informatio n ar e discusse d late r  ( § Refinin g th e Pres -
entatio n Strategy) .  T w o basi c argumen t  presentatio n strat -

egie s ar e premise-to-goa l  an d goal-to-premise .  A  premise -
to-goa l  argumen t  start s fro m th e premise s whic h suppor t  in -
termediat e propositions ,  an d eventuall y reache s th e goal .  I n 
contrast ,  goal-to-premis e argument s star t  fro m th e goal ^  an d 

the n sho w h o w th e argument' s intermediat e proposition s an d 
premise s len d suppor t  t o it .  A  combinatio n o f  thes e strategie s 
m ay i n genera l  b e use d t o presen t  differen t  part s o f  a  large r  ar -

gument .  Presently ,  however ,  N A G choose s a  singl e argumen t 
presentatio n strateg y fo r  th e whol e argument . 

Hypothetica l  argument s an d reducti o a d absurdu m ar -
gument s ar e tw o application s o f  th e goal-to-premis e strat -

egy .  Hypothetica l  argument s ar e effectiv e i n situation s wher e 
th e goal ,  wer e i t  true ,  explain s otherwis e unlikel y premise s 
(whic h ar e sufficientl y believed) .  Reducti o a d absurdu m ar -
guments ,  instea d o f  startin g fro m th e goa l  pe r  se ,  star t  fro m 

it s negatio n an d som e admissibl e premise s an d reac h a  con -
tradiction ;  t o resolv e th e contradictio n whil e preservin g th e 
premises ,  th e goa l  itsel f  i s  the n asserted . 

Th e selectio n o f  a  strateg y t o us e fo r  th e presentatio n o f  th e 
argumen t  i s m a d e b y performin g a  coarse-graine d analysi s o f 
th e Argumen t  Graph .  I f  N A G ,  whic h i s designe d t o b e a n 

interactiv e system ,  find s itsel f  shor t  o n time ,  the n i t  wil l  no t 
attemp t  thi s analysi s an d wil l  instea d fal l  bac k t o th e strateg y 
of  buildin g a  simpl e premise-to-goa l  argument .  Thi s coarse -
graine d analysi s examine s separatel y th e impac t  o f  eac h indi -
vidua l  lin e o f  reasonin g contributin g t o th e belie f  i n th e goal . 
Sometimes ,  th e impac t  o f  certai n line s o f  reasonin g canno t  b e 
assesse d i n isolation ,  sinc e tw o o r  mor e line s m a y contribut e 
jointl y toward s th e belie f  i n a  propositio n i n a  mutuall y de -

penden t  manner .  Ofte n however ,  a t  leas t  a  portio n o f  th e con -
tributin g line s o f  reasonin g ar e independen t  o r  nearl y so ,  an d 

th e coars e analysi s ca n proceed .  N A G use s th e proces s out -

line d belo w t o selec t  a  presentatio n strategy : 

Coars e Analysi s -  Strateg y Selectio n Algorith m 

1.  Fo r  eac h (approximately )  independen t  lin e o f  reason -

in g line i  wit h premis e premisei ,  comput e th e value s 

Pipremisei) ,  P{premisei\goal )  an d P{goal\premisei) . 

2.  I f  ther e exist s som e line i  wher e P{premisei\-'goal )  « 

1 -  P(premisei )  an d premise i  i s  correctl y an d strongl y 

believe d b y th e user ,  the n se t  th e argumentatio n strateg y t o 
be reducti o a d absurdum. ^  Selec t  tha t  line i  whic h max -

imize s th e differenc e betwee n P{premisei\->goal )  an d 
Pipremisei) .  Exit. ^ 

3.  I f  ther e exist s som e line i  wher e P{premisei\goal )  -
P{premisei\-igoal )  w  1  an d premise i  i s  correctl y an d 
strongl y believe d b y th e user ,  the n se t  th e argumentatio n 
strateg y t o b e hypothetical .  G o t o ste p 5 . 

4.  Se t  th e argumentatio n strateg y t o b e premise-to-goal . 

5.  I f  th e argumentatio n strateg y i s premise-to-goal ,  the n 
ran k th e se t  o f  separabl e line s o f  reasonin g usin g 

P(goal\premisei )  fro m lowes t  t o highest .  Otherwis e ran k 
th e se t  usin g P{premisei\goal )  fro m lowes t  t o highest . 

6.  Se t  line j  t o b e th e firs t  elemen t  o f  th e ordere d se t  o f  sepa -
rabl e line s o f  reasoning . 

7.  Initia l  Pruning :  Tentativel y remov e th e curren t  lin e o f 

reasoning ,  linCj ,  fro m th e Argumen t  Grap h an d chec k 
whethe r  th e resultin g grap h i s stil l  satisfactor y wit h respec t 

t o bot h th e normativ e mode l  an d th e use r  model .  I f  i t  i s  not , 
reinstat e linej . 

8.  I f  th e previou s ste p remove d a  superfluou s lin e o f  reason -
ing ,  the n g o t o ste p 7 ,  otherwis e exit . 

The reductio ad absurdum strategy is the first option 
checke d b y N A G sinc e thi s typ e o f  argument ,  whe n avail -
able ,  i s  ver y effective .  Thi s i s because ,  onc e a  contradictio n 
betwee n th e negate d goa l  an d admissibl e premise s i s estab -
lished ,  an y respons e othe r  tha n acceptin g th e goa l  require s a 
prio r  belie f  o f  th e use r  (a n admissibl e premise )  t o b e retracted , 
whic h i s unlikel y t o b e th e user' s preferre d respons e t o th e ar -
gument .  Thi s relationshi p i s guarantee d b y th e probabilisti c 
requiremen t  o f  ste p 2  above ,  tha t  Pipremisei )  b e hig h an d 
so P{jpremisei\-'goal )  b e low . 

Shoul d a  reducti o a d absurdu m strateg y no t  b e applicable , 
N A G nex t  look s a t  th e possibilit y  o f  presentin g a  hypothet -
ica l  argument .  Hypothetica l  argument s ar e ofte n success -

ful ,  s o w e implemen t  the m i n N A G .  I f  th e Argumen t  Grap h 
contain s line s o f  reasonin g tha t  allo w a  hypothesize d belie f 
i n th e goa l  propositio n t o explai n som e otherwis e unlikel y 
premises ,  the n suc h a n appea l  t o th e user' s (correct )  belie f  i n 

thos e premise s wil l  b e tried .  I n th e fictiona l  exampl e o f  Fig -
ur e 1 ,  nod e A^6 .  whic h represent s documentatio n fro m trad e 

^Or ,  fro m th e negatio n o f  th e goal .  N A G can ,  o f  course ,  argu e 
eithe r  fo r  o r  agains t  a  goa l  proposition .  Her e w e assum e a  positiv e 
bias ;  i f  a  goa l  i s  t o b e argue d against ,  som e expression s belo w wil l 
need t o b e altere d accordmgly . 

^Here ,  an d i n th e nex t  step ,  threshold s ar e use d t o determin e th e 
degre e o f  approximatio n t o equalit y th e criteri a mus t  satisfy .  Th e 
selectio n o f  optima l  value s fo r  thes e threshold s i s a  curren t  topi c o f 
investigation . 

""i f  th e resultin g reducti o fail s  t o achiev e NAG' s argumentativ e 
goals ,  thi s coars e analysi s wil l  b e redone ,  bu t  ste p 2  wil l  b e skipped . 
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Figur e 1 :  Argumen t  Grap h fo r  th e Phobo s exampl e 

monitoring organizations showing Phobos' increased polo-

niu m (Po )  an d uraniu m (U )  purchases ,  i s believe d t o b e true . 
Poloniu m i s use d i n onl y a  smal l  numbe r  o f  processes ,  th e 
productio n o f  initiator s fo r  nuclea r  weapon s bein g amongs t 

them .  Hence ,  th e likelihoo d o f  a  natio n havin g documente d 
increase s i n it s intak e o f  polonium ,  P{premise) ,  i s  smal l  i n 
general ,  bu t  th e likelihoo d tha t  a  natio n buildin g a  stockpil e 
of  nuclea r  weapon s woul d d o so ,  P{premise\goal) ,  i s large. ^ 
I t  follows ,  then ,  tha t  P{premise\-'goal )  i s  small ,  an d s o th e 
forma l  condition s o f  ste p 3  fo r  N A G t o adop t  a  hypothetica l 
for m o f  argumen t  ar e satisfied . 

Line s o f  reasonin g tha t  m a k e onl y a  smal l  contributio n t o 
th e belie f  i n th e goa l  i n bot h th e normativ e mode l  an d th e use r 
model  wil l  b e droppe d i f  N A G show s tha t  afte r  thei r  deletio n 
th e belie f  i n th e conclusio n wil l  stil l  b e insid e th e specifie d 
normativ e an d use r  mode l  targe t  ranges. ^  Ste p 7  o f  th e algo -
rith m abov e perform s a n initia l  roun d o f  prunin g whic h re -
moves suc h mino r  contributor s t o th e Argumen t  Graph .  Thi s 
initia l  prunin g simplifie s th e resultin g argumen t  an d acceler -
ate s th e proces s o f  refinin g th e chose n presentatio n strateg y 
describe d i n th e nex t  section .  Thi s simplifyin g proces s i s cur -
rentl y limite d t o line s o f  reasonin g tha t  operat e largel y inde -
pendentl y o f  othe r  line s o f  reasoning ;  i n th e future ,  i t  m a y b e 
extende d t o remov e mor e comple x branche s o f  argument . 

Refining the Presentation Strategy 

Having determined an overall presentation strategy for the ar-
gument ,  N A G addresse s thre e mor e problems :  (1 )  dealin g 
wit h subarguments ;  (2 )  maximizin g th e semantic  cohesive -
nes s o f  th e argumen t  b y orderin g th e proposition s i n th e op -
tima l  manne r  consisten t  wit h th e chose n globa l  presentatio n 
strategy ;  an d (3 )  furthe r  prunin g o f  th e Argumen t  Graph .  W e 
discus s eac h o f  thes e problem s i n turn . 

^Thi s assume s tha t  th e trad e monitorin g organization s ar e per -
formin g thei r  jo b properly . 

*I t  i s possibl e tha t  th e initia l  Argumen t  Grap h passe d t o th e pres -
entatio n modul e i s no t  anticipate d t o generat e a  belie f  i n th e goa l 
propositio n fallin g withi n thes e targe t  range s o f  behef .  (Thi s i s a 
kin d o f  failur e o f  th e argumen t  generatio n process ,  whic h ma y occu r 
fo r  a  variet y  o f  reasons ,  includin g runnin g ou t  o f  time ;  c f  (Zukerma n 
et  al. ,  1998). )  Fo r  example ,  th e anticipate d effec t  o f  presentin g th e 
argumen t  ma y b e to o stron g an d excee d th e uppe r  boundar y o f  on e 
of  th e targe t  ranges .  I n thi s case ,  line s o f  reasonin g ma y b e delete d 
i f  thei r  deletio n bring s th e Argumen t  Grap h close r  t o conformanc e 
wit h th e targe t  ranges . 

Presentin g S u b a r g u m e n t s 

Most  argument s wil l  b e complex ,  i.e. ,  the y wil l  b e compose d 
of  subargument s supportin g chain s o f  intermediat e conclu -
sions .  Fo r  example ,  nod e A^ 5 i n Figur e 1  i s a n intermediat e 

conclusio n supporte d b y node s TV g an d Ng .  H o w shoul d th e 
suppor t  thes e tw o node s offe r  N 5 b e presented ? Currently ,  w e 
conside r  tw o policie s fo r  presentin g subarguments :  (1 )  col -
lectiv e an d (2 )  individual-sequential ,  describe d below . 

Collectiv e Policy .  I n thi s policy ,  al l  th e direc t  antecedent s 

of  a  conclusio n ar e mentione d immediatel y prio r  t o mention -
in g th e conclusio n itself .  Fo r  example ,  "Give n N s an d A^g , 

A^5 follows. "  (Th e sequencin g o f  thes e premise s i s deter -
mine d b y attentiona l  ordering ;  se e §  Attentiona l  Processin g 
below. )  Thi s polic y i s use d when :  (1 )  al l  th e antecedent s pro -
vid e simila r  level s o f  suppor t  fo r  th e consequent ;  o r  (2 )  th e 
antecedent s ar e no t  conditionall y independent .  B y groupin g 
thes e antecedent s together ,  N A G i s reflectin g th e fac t  tha t  the y 

ar e o f  roughl y equa l  impor t  o r  tha t  thei r  impor t  ca n onl y b e 
judge d jointly . 

Individual-sequential .  I n thi s policy ,  th e effec t  o f  on e an -
teceden t  o n th e consequen t  i s mentione d separatel y fro m th e 
othe r  antecedents .  Fo r  example ,  th e partia l  argument ,  "Give n 
iVs ,  i t  i s possibl e tha t  N i  i s true .  I n addition ,  N 3 offer s stron g 
independen t  suppor t  fo r  A'̂ i. "  Thi s polic y m a y b e use d w h e n 
on e anteceden t  offer s suppor t  tha t  i s  conditionall y indepen -
den t  fro m th e othe r  premises .  Th e mor e supportiv e lin e o f  ar -

gument  i s mentione d last ,  sinc e w e expec t  tha t  wha t  i s  men -
tione d las t  wil l  hav e greate r  impac t  o n th e audienc e (thi s i s 
suggeste d b y th e anti-primac y effec t  i n argumentation ;  se e 
(Bailenson ,  1997)) .  Hence ,  i n thi s example ,  th e stronge r  lin e 
of  reasonin g offere d b y Phobos '  increase d purchase s o f  polo -
niu m i s presente d afte r  pointin g ou t  tha t  Phobos '  riva l  De imo s 
has nuclea r  weapons . 

Thes e tw o presentatio n policie s m a y b e combined .  Fo r 
example ,  whe n som e antecedent s ar e presente d usin g th e 
individual-sequentia l  policy ,  th e remainin g antecedent s m a y 
be presente d usin g th e collectiv e policy ,  e.g. ,  "Give n A^2 ,  N ^ 
and A^5 ,  i t  i s  possibl e tha t  N i  i s  true .  I n addition ,  N ^  of -
fer s stron g independen t  suppor t  fo r  A'̂ i. "  Her e N 2 an d A^ 4 ar e 
mentione d togethe r  sinc e the y ar e conditionall y dependen t  o n 
eac h othe r  (reactor s requir e fue l  suc h a s processe d uraniu m t o 
run) .  Th e nod e N ^  i s mentione d i n conjunctio n wit h A^ 2 an d 
iV 4 sinc e i t  offer s a  simila r  leve l  o f  suppor t  fo r  th e goal ,  iVi . 
Finally ,  N ^  i s separat e an d las t  becaus e i t  offer s conditionall y 
independen t  an d stron g suppor t  fo r  th e goal . 

I n additio n t o thi s refinemen t  o f  presentatio n order ,  th e col -
lectiv e versu s individual-sequentia l  policie s m a y (i n th e fu -
ture )  b e use d t o selec t  natura l  languag e expression s tha t  sig -
nif y relation s betwee n propositions ,  suc h a s "together "  an d 
"independently "  above . 

Attentional Processing 

Attentiona l  processin g i s use d durin g presentatio n plannin g 
fo r  tw o purposes :  (1 )  t o maximiz e th e semanti c cohesivenes s 
of  th e presentatio n orde r  o f  th e argument ;  an d (2 )  t o decid e 
whethe r  a  propositio n i n th e Argumen t  Grap h ca n b e lef t  im -
plici t  whe n N A G present s th e argument . 

Whe r e a  strateg y o r  polic y doe s no t  dictat e a  complet e or -
dering ,  presentatio n orde r  i s base d upo n th e activatio n level s 

671 



o f  th e propositions .  Usuall y proposition s withi n a n argumen t 

ar e relate d semanticall y a s wel l  a s probabilistically ,  s o th e 
men t i o n o f  a  premis e m a y brin g immedia t e intermediat e con -

clusion s int o th e user' s focu s o f  attention ,  eve n befor e an y 

inferentia l  proces s c o m e s int o play .  I n addition ,  th e presenta -

tio n o f  o n e lin e o f  reasonin g fo r  s o m e (possibl y intermediate ) 

conclusio n m a y brin g th e premise s formin g th e beginnin g o f 

a secon d lin e o f  a r g u m e n t  int o th e focu s o f  attention .  Fo r  ex -

a m p l e ,  fo r  m a n y peopl e th e presentatio n o f  N e - > A^2 .  abou t 

u r a n i u m purchases ,  i s semanticall y connecte d wit h th e pres -
entatio n o f  N y - ^  N 4 ,  abou t  nuclea r  reactors .  Tha t  is ,  pres -
entin g informatio n abou t  u ran iu m semanticall y pr ime s peo -

pl e t o thin k abou t  nuclea r  devices ,  suc h a s reactors .  O u r  us e 
o f  activatio n t o furthe r  specif y th e presentatio n orde r  relie s 
u p o n th e fac t  tha t  hig h activatio n i s self-sustaining ,  wherea s 
l o w activatio n need s reinforcemen t  immediatel y prio r  t o an y 
relevan t  (intermediate )  conclusion .  S o ,  keepin g th e presenta -

tio n linke d t o th e user' s likel y focu s o f  attentio n allow s u s t o 

omi t  s o m e reference s t o previousl y presente d subargument s 
an d t o i m p r o v e th e flow  o f  th e argument . 

NAG uses two hierarchical SNs to capture connections be-
t w e e n th e item s ment ione d i n th e argument .  Figur e 2  illus -

trate s o n e suc h semantic-Bayesia n "pyramid" .  T h e S N (up -
pe r  level s o f  th e p y r a m i d )  an d th e B N (bas e o f  th e pyra -

m i d )  ar e use d b y N A G t o simulat e attentiona l  focu s i n eac h 
m o d el  durin g a rgumen t  generatio n a s describe d i n (Zuker -
m an e t  al. ,  1998) .  W h e n checkin g th e semanti c connectivit y 

o f  a  propose d presentatio n orderin g fo r  a n A r g u m e n t  G r a p h , 
th e proposition s c o m p o s i n g th e a rgumen t  ar e activate d i n th e 
use r  m o d e l  i n th e orde r  i n w h i c h the y wil l  b e presente d t o 

th e user .  I f  th e orderin g i s no t  completel y define d b y th e 

presentatio n strateg y an d policie s adopte d t o presen t  subar -
g u m e n t s ,  the n al l  th e possibl e ordering s consisten t  wit h thes e 
restriction s ar e tested .  W e us e activatio n wit h decay ,  simila r 

t o tha t  describe d i n (Anderson ,  1983) ,  spreadin g f ro m sahen t 
objects ,  t o m o d e l  th e focu s o f  attention .  Thi s proces s passe s 
activatio n throug h th e A r g u m e n t  G r a p h an d th e encompass -
in g pyramida l  semantic-Bayesia n network .  Dur in g thi s pro -
ces s eac h n o d e i n th e py rami d i s activate d t o th e degre e im -
plie d b y th e activatio n level s o f  it s neighbors ,  th e strengt h 
o f  associatio n t o thos e neighbors ,  an d it s immediatel y prio r 

activatio n leve l  (vitiate d b y a  time-deca y factor) .  Fo r  e x a m -
ple ,  i n th e situatio n describe d i n th e previou s paragraph ,  th e 
presentatio n o f  n o d e N q activate s N 2 ,  w h i c h i n tur n activate s 
A^7 ,  m a k i n g th e beginnin g o f  th e secon d lin e o f  reasonin g se -

manticall y connecte d t o th e first.  Othe r  consideration s bein g 
equal ,  N A G select s th e m o s t  strongl y semanticall y connecte d 
presentatio n order ,  i.e. ,  th e orde r  maintainin g th e stronges t 
activatio n o f  proposition s a s the y ar e abou t  t o b e mentioned . 

As indicated above, NAG uses attentional processing for 
a secon d purpose ,  namely ,  t o suppor t  th e generatio n o f  en -

thymemat i c arguments .  Us in g th e semanti c activatio n pro -

ces s describe d above ,  N A G ca n anticipat e wh i c h proposition s 
ente r  th e user' s spa n o f  attentio n a s a  resul t  o f  th e presenta -
tio n o f  othe r  material .  N A G utilize s thi s informatio n t o decid e 

w h e n proposition s ar e sufficientl y activate d tha t  the y m a y b e 

lef t  implici t  i n th e presentatio n o f  th e argument ,  usin g "se -
mant i c suppression "  (describe d be low) . 

Lower  leve l 
concept s lik e 
'polonium ' 

Highe r  leve l 
concept s lik e 
nuclea r  device ' 

N^  Semanti c 
Networ k 

Bayesia n 
Networ k 
(base ) 

Proposition ,  e.g. ,  [Phobo s ha s Increase d polonlut n purchases] , 
fro m th e Argumen t  Grap h 

Figur e 2 :  Semant i c an d Bayesia n N e t w o r k s 

Additional Pruning of the Argument Graph 

I n subsequen t  passe s throug h th e Argumen t  Graph ,  th e pres -
entatio n modul e attempt s t o furthe r  simplif y th e final  argu -

ment  b y invokin g probabilisti c  prunin g an d semanti c suppres -

sio n a s appropriate .  Bot h prunin g technique s ar e abandone d 
afte r  an y complet e pas s fail s t o effec t  a  chang e t o th e Argu -

ment  Grap h (o r  whe n tim e run s out) .  Durin g thi s additiona l 
prunin g phase ,  N A G continue s t o chec k whethe r  th e belie f  i n 

th e goa l  propositio n i n th e reduce d Argumen t  Grap h remain s 

withi n th e targe t  ranges .  Th e simulatio n o f  th e user' s atten -
tiona l  stat e describe d abov e i s performe d afte r  eac h propose d 
prunin g operatio n t o determin e whethe r  th e proposition s i n 
th e argumen t  remai n i n focu s whe n the y ar e needed .  Th e 
multi-pas s greed y algorith m outline d belo w implement s thi s 

proces s (detail s ar e provide d i n th e subsection s following) . 

Prunin g Algorith m 

1.  Tak e th e presentatio n orderin g <  Ni,...,N k >  o f  propo -
sitions ,  le t  i  inde x th e curren t  proposition .  Se t  i  < -  0 . 

2.  i  ̂ i  +  1 . 

3.  Prunin g th e Argumen t  Graph . 

I f  N i  i s a  premise : 
(a )  Invok e probabilisti c  pruning . 
(b )  I f  N i  i s  retained ,  activat e i t  fo r  attentiona l  processing . 

Otherwise ,  A'̂ i  i s a n intermediat e propositio n so : 

(c )  Simulat e th e user' s attentiona l  stat e ( § Attentiona l  Pro -

cessing) . 
(d )  Invok e semanti c suppressio n t o determin e whethe r  N t 

may b e lef t  implicit . 

4.  I f  thi s i s th e en d o f  a  complet e pas s throug h th e orderin g 
i n whic h n o chang e ha s bee n mad e (o r  i f  tim e ha s ru n out) , 
the n exit .  Otherwise ,  i f  thi s  i s th e en d a  complet e pass ,  se t 
i  ̂  0 .  G o t o ste p 2 . 

Probabilistic pruning removes two kinds of unnecessary 
propositions :  (1 )  thos e tha t  alte r  belie f  i n th e argumen t  goa l 
t o onl y a  smal l  degree ,  s o removin g the m doe s no t  endange r 
th e target s fo r  belief ;  an d (2 )  thos e formin g a  lin e o f  reasonin g 

tha t  take s th e goa l  outsid e th e targe t  belie f  ranges . 
Afte r  eac h deletion ,  N A G check s whethe r  th e anticipate d 

belie f  i n th e goa l  propositio n i s stil l  withi n th e targe t  ranges . 

I n addition ,  affecte d subgraph s i n th e Argumen t  Grap h ar e re -

ordere d accordin g t o th e policie s mentione d i n §  Attentiona l 

Processin g an d th e user' s attentiona l  focu s i s agai n simulate d 
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t o determin e whethe r  th e remainin g proposition s stil l  hav e 

sufficien t  activatio n fo r  th e use r  t o b e abl e t o follo w th e re -
sultin g argument .  Fo r  example ,  i f  th e use r  ab-ead y believe s 

Ns sufficiently ,  an d leavin g N w ou t  o f  th e argumen t  doc s 
not  badl y affec t  th e semanti c activatio n o f  th e remainin g ar -
gument  (i n whic h nod e A^ g i s n o w a  premise) ,  the n A î o wil l 

be probabilisticall y pruned .  Probabilisti c  prunin g fail s whe n 
N AG determine s afte r  a  propose d remova l  o f  a  propositio n 
that :  (1 )  th e anticipate d belie f  i n th e goa l  i s  outsid e a  targe t 
range, ^  o r  (2 )  th e leve l  o f  activatio n o f  a  subsequen t  propo -

sitio n i n th e revise d argumen t  ha s falle n belo w a  threshold . 

The m a x i m u m allowabl e decreas e i n activatio n i s  governe d 

by a  predetermine d threshold .  I n eithe r  o f  thes e cases ,  th e 
las t  remove d propositio n i s  reinstated ,  an d th e pas s throug h 
th e curren t  orderin g continue s (vi a ste p 3  above) . 

Semanti c suppressio n check s intermediat e conclusion s i n 
th e Argumen t  Grap h t o se e i f  the y ca n b e lef t  implicit ,  rathe r 
tha n bein g explicitl y  presente d t o th e user .  T o b e lef t  implici t 
a propositio n mus t  b e easil y inferred .  Proposition s ar e easil y 
inferre d whe n (1 )  the y resul t  fro m probabilisticall y stron g in -
ferences ,  an d (2 )  thei r  antecedent s ar e highl y activate d i n th e 
use r  mode l  durin g th e simulate d presentation . 

I f  (1 )  i s  tru e — tha t  is ,  i f  a n intermediat e conclusio n i s po -
tentiall y  greatl y strengthene d b y th e inference s connectin g i t 
t o it s immediat e antecedents ,  then ,  onc e th e value s o f  thos e 
antecedent s ar e known ,  th e valu e o f  th e intermediat e con -
clusio n itsel f  i s  ver y clear .  N A G use s partia l  propagatio n t o 
chec k th e strengt h o f  th e inference s connectin g intermediat e 
conclusion s t o thei r  antecedents .  T o d o this ,  th e Bayesia n 
subgrap h comprisin g th e propositio n N A G seek s t o m a k e im -
plici t  togethe r  wit h it s immediat e antecedent s i s copie d fro m 
th e Argumen t  Grap h fo r  testing .  I n thi s cop y o f  th e subgraph , 
th e antecedent s retai n thei r  curren t  probabilit y  value s an d th e 
singl e consequen t  propositio n i s se t  t o a  neutra l  valu e (i.e. , 
0.5 ,  sinc e al l  variable s i n N A G ar e propositional) .  N A G the n 
applie s th e modifie d Bayesia n belie f  updat e rule s t o thi s cop y 
of  th e subgrap h o f  th e use r  mode l  t o determin e th e conse -
quent' s posterio r  probability. ^  O f  course ,  thi s calculatio n i s 
performe d i n th e use r  mode l  only ,  sinc e i t  i s  th e use r  w h o 
must  follo w th e implici t  reasoning .  I f  th e posterio r  probabil -
it y o f  th e consequen t  i s sufficientl y raise d ove r  it s prio r  neu -
tra l  valu e (posterio r  -  0. 5 >  threshold )  the n N A G accept s 
tha t  th e inferenc e i s probabilisticall y stron g enoug h fo r  se -
manti c suppression . 

Give n that ,  th e secon d requiremen t  (tha t  th e antecedent s o f 
th e propositio n bein g considere d fo r  semanti c suppressio n b e 
highl y activated )  i s checke d usin g th e attentiona l  mechanis m 
describe d i n §  Attentiona l  Processing .  A  presentatio n o f  th e 
argumen t  represente d b y th e Argumen t  Grap h i s simulate d i n 
th e use r  model ,  an d i f  th e activatio n level s o f  th e antecedent s 
excee d a  threshol d value ,  th e propositio n i n questio n wil l  b e 
lef t  implicit . 

^Or ,  i n th e even t  tha t  N A G i s workin g wit h a  defectiv e argumen t 
suc h tha t  th e goa l  start s ou t  outsid e th e target(s) ,  prunin g fa i  s  i f  th e 
resul t  i s  t o driv e th e goa l  furthe r  fro m th e target(s) . 

®The propagatio n rule s use d t o updat e belief s whe n checkin g th e 
Argumen t  Grap h i n th e use r  mode l  ar e modifie d t o mode l  thre e cog -
nitiv e weaknesse s commonl y observe d i n huma n subjects .  Th e thre e 
weaknesse s modele d ar e belie f  bias ,  overconfidenc e an d th e bas e 
rat e fallac y Se e (Kor b e t  al. ,  1997 )  fo r  details . 

For  a n exampl e o f  semanti c suppression ,  th e prio r  proba -

bilit y o f  th e intermediat e conclusio n A^4 ,  [Phobo s i s buildin g 
nuclea r  reactors] ,  i s se t  t o 0.5 ,  an d th e modifie d Bayesia n be -

lie f  updat e rule s ar e applied .  T h e resultin g posterio r  proba -

bilit y i n th e intermediat e conclusio n i s  ver y high ,  sinc e her e 
th e inferenc e connectin g th e proposition s A^ 7 an d A^ 4 i s jus t 

"I f  yo u hav e reconnaissanc e report s o f  Phobo s havin g nuclea r 
reactors ,  the n Phobo s i s buildin g nuclea r  reactors, "  whic h i s a 
stron g inferenc e assumin g a  trustworth y intelligenc e source , 
as w e did .  Give n th e larg e posterio r  value ,  an d th e hig h se -

manti c activation ,  N A G leave s nod e A^ 4 implici t  an d thu s pro -
duce s a  simple r  argumen t  tha t  i s a s persuasiv e a s th e original . 

Not e tha t  onl y th e subgrap h leadin g t o th e intermediat e 
conclusio n i s copied ;  inference s connectin g th e intermediat e 

conclusio n t o subsequen t  conclusions ,  e.g. ,  A^ 4 - ^  N i ,  ar e 
not  examined .  Th e use r  eithe r  wil l  o r  wil l  no t  follo w th e im -

plici t  reasonin g t o th e omitte d proposition .  I f  th e use r  doe s 
follo w th e reasoning ,  then ,  sinc e th e omitte d propositio n i s 
k n o w n t o th e use r  (accordin g t o th e use r  model) ,  s/h e wil l  b e 
abl e t o follo w th e inference s tha t  lea d fro m thi s intermediat e 
conclusio n toward s th e globa l  argumen t  goal .  I n thi s case ,  th e 
implici t  propositio n wil l  continu e t o contribut e it s probabilis -
ti c  suppor t  t o th e conclusion s buil t  upo n it .  I f  th e use r  doe s 
not  follo w th e implici t  reasoning ,  the n checkin g an y furthe r 
consequence s o f  th e omissio n i s immaterial . 

Semanti c suppressio n ca n b e incrementall y applie d t o ad -
jacen t  proposition s i n th e Argumen t  Graph ,  possibl y creatin g 
large r  enthymemati c gap s i n th e presente d argument .  H o w -
ever ,  sinc e a n implici t  propositio n i s  unmentioned ,  i t  doe s 
not  achiev e th e highes t  leve l  o f  activation ,  s o th e chanc e o f 
successiv e suppression s i s no t  large .  Semanti c suppressio n 
fail s w h e n omittin g a  propositio n drive s th e leve l  o f  seman -
ti c activatio n o f  an y require d subsequen t  propositio n belo w a 
threshold. ^  I n thi s case ,  th e las t  remove d propositio n i s re -
instate d an d th e pas s throug h th e curren t  orderin g continues , 
unles s a  hal t  conditio n i s reached ,  w h e n th e Argumen t  Grap h 
i s finally  presente d t o th e user . 

Results and Discussion 

The exampl e use d throughou t  thi s pape r  ca n reasonabl y b e 
presente d usin g tw o o f  th e strategie s implemente d i n N A G .  I f 
th e probabilit y  P {Ne \N i )  -  P(A^6h-/Vi )  exceed s th e thresh -
ol d use d i n ste p 3  o f  th e Strateg y Selectio n Algorithm ,  the n 
a hypothetica l  argumen t  wil l  b e presente d t o th e user ,  w h o 
i s know n t o believ e nod e N q an d t o believ e strongl y i n th e 
link s connectin g N i  - ^  N 3 - ^  Nq .  Th e remainin g portion s 
of  th e Argumen t  Grap h ca n b e prune d awa y (A^2 .  -̂^ 4 an d N 5 
and thei r  supportin g line s o f  reasoning) ,  o r  suppresse d (N3) . 
Th e resultin g argumen t  m a y b e rendere d as :  "I f  Phobo s wa s 
buildin g nuclea r  weapons ,  tha t  woul d explai n otherwis e un -
likel y trad e monitorin g report s documentin g a n increas e i n 
Phobos '  poloniu m an d uraniu m purchases."^ °  I f  th e use r 
model  doe s no t  suppor t  a  hypothetica l  argument ,  a s judge d 
i n ste p 3 ,  the n N A G wil l  adop t  a  premise-to-goa l  strateg y 

®Note tha t  thi s i s distinc t  fro m checkin g fo r  subsequen t  proba -
bilisti c  effects ,  whic h N A G,  a s mentione d above ,  doe s no t  do . 

^°Th e Englis h argument s ar e hand-generate d fro m NAG' s final, 
ordere d Argumen t  Graph ,  sinc e N A G doe s no t  (yet )  generat e natura l 
language . 
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fo r  thi s argument .  Thi s als o suggest s tha t  additiona l  suppor t 

fo r  th e conclusio n ma y b e needed .  I n suc h a  cas e th e final 
presentatio n orderin g o f  th e revise d Argumen t  Grap h ma y 

be:  { N 9 , N q }  - ^  N i ,  N ^  - > N i .  Node s N g an d N q offe r 

collectiv e suppor t  fo r  th e goa l  node ,  Â i  (wit h N ^  bein g lef t 

implici t  afte r  semanti c suppression) .  I n addition ,  th e stronge r 

lin e o f  reasonin g fro m N q t o N i  i s the n presente d individu -

all y (wit h N 3 semanticall y  suppressed) .  Th e line s o f  reason -

in g N e - ¥ N 2 - ^  N i  an d N j  - ^  N 4 ^  N i  wer e remove d 

durin g coars e analysis ,  whil e node s A'̂1 0 an d N u wer e re -

moved late r  b y probabilisti c  pruning .  Th e outpu t  i n suc h a 
cas e migh t  be :  "Phobo s an d Deimo s ar e rival s an d Deimo s 
has nuclea r  weapons ,  suggestin g tha t  i t  i s  possibl e tha t  Pho -

bos i s buildin g nuclea r  weapons .  Furthermore ,  trad e moni -

torin g report s documentin g Phobos '  increase d purchase s o f 

poloniu m an d uraniu m strongl y sugges t  tha t  Phobo s i s build -
in g nuclea r  weapons. " 

Evaluation 

Thu s far ,  ou r  evaluatio n o f  N A G ha s bee n informa l  an d in -
complete .  Informally ,  w e ca n repor t  tha t  N A G ha s bee n ap -

plie d t o som e doze n argumen t  generatio n problem s fro m dif -
feren t  domain s — successfull y b y th e ligh t  o f  huma n intu -
ition .  I n thi s regard ,  w e shoul d poin t  ou t  tha t  th e argumen t 

generatio n method s w e hav e describe d i n thi s pape r  (an d else -
where )  hav e worke d acros s al l  o f  th e tes t  domains .  Applica -
tio n t o ne w problem s doe s involv e a  fai r  amoun t  o f  huma n in -
tervention ,  specificall y i n buildin g th e semanti c an d Bayesia n 
network s characterizin g th e domai n an d th e targe t  user .  H o w -

ever ,  onc e thos e ar e built ,  N A G ' s mechanism s d o no t  i n gen -
era l  requir e h u m a n intervention .  Th e automate d constructio n 
of  semanti c an d Bayesia n network s await s furthe r  successe s 

fro m th e machin e learnin g conununity . 

We hav e conducte d a  pre/j/n/natr y Web-base d forma l  evalu -
atio n o f  N A G ' s argumen t  generatio n an d th e prunin g o f  line s 

of  reasonin g deeme d superfluous .  Pre-tes t  an d post-tes t  ques -
tionnaire s showe d a  clea r  tendenc y amon g th e respondent s 
t o shif t  belie f  toward s th e argumentativ e goa l  a s a  resul t  o f 
readin g th e argument s presented .  Thi s suggest s tha t  NAG ' s 
prunin g o f  som e line s o f  reasonin g doe s no t  gread y damag e 
th e effectivenes s o f  it s arguments .  A  muc h mor e rigorou s 

evaluatio n o f  th e argumen t  generatio n an d presentatio n tech -
nique s presente d i n thi s paper ,  includin g th e selectio n o f  a 
presentatio n strategy ,  th e differen t  policie s fo r  presentin g sub -
argument s an d semanti c suppression ,  wil l  b e performe d i n th e 

near  future .  Thi s evaluatio n wil l  als o incorporat e comparativ e 
testin g wit h human-generate d arguments ,  i n a  kin d o f  Turin g 
tes t  o f  th e adequac y o f  N A G ' s argumentation . 

Conclusion 

N A G use s semanti c activatio n i n a  use r  mode l  t o simulat e th e 
user' s attentiona l  processin g durin g argumen t  presentation .  A 

restricte d an d modifie d for m o f  Bayesia n propagatio n i s use d 
t o chec k th e probabilisti c  strengt h o f  use r  inferences .  Th e 
strengt h o f  th e differen t  fines  o f  reasonin g supportin g a n argu -
ment  ar e use d t o selec t  a  presentatio n strateg y an d t o quickl y 

remov e superfluou s items .  A  greed y algorith m applie s proba -
bilisti c  prunin g an d semanti c suppressio n i n orde r  t o simplif y 

th e argument ,  whil e retainin g it s effectiveness .  Probabilis -

dc prunin g remove s premise s whic h ar e no t  necessar y fo r  th e 

use r  t o achiev e th e desire d degre e o f  belief .  Semanti c sup -

pressio n identifie s intermediat e conclusion s whic h ar e easil y 

inferred ,  an d henc e ca n b e lef t  implicit .  Semanti c activatio n i s 

als o use d t o orde r  th e remainin g proposiuon s i n th e argumen t 

so tha t  th e argumen t  proceed s smoothly ,  minimizin g disrup -

tiv e jump s i n th e user' s simulate d attenuona l  state . 
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Abstrac t 

Using an auditory semantic priming paradigm. Moss, Ostrin, 
Tyle r  an d Marslen-Wiiso n (1995 ,  Experimen t  2 )  demonstrate d 
facilitatio n fo r  categor y coordinate s an d functionally-relate d 
stimul i  bot h wit h an d withou t  th e additiv e effec t  o f  normativ e 
associatio n strength .  I n thi s pape r  w e replicat e thes e result s 
computationall y usin g a  corpus-derive d Contextua l  Similarit y 
measure .  I n Experimen t  1  w e conside r  th e adequac y o f  th e 
Contextua l  Similarit y measur e i n accountin g fo r  Mos s e t  al.' s 
results ,  an d discus s ho w fiinctional  an d categorica l  semanti c 
relation s ar e represente d i n corpus-base d approache s t o lexi -
cal  semantics .  W e als o offe r  a n explanatio n fo r  ho w th e Con -
textua l  Similarit y measur e succeed s i n replicatin g th e addi -
tiv e effec t  o f  associatio n strengt h o n semanti c primin g withou t 
postulatin g a  qualitativel y differen t  mechanis m fo r  associativ e 
priming .  W e the n investigat e wh y previou s corpus-base d ap -
proache s (Lund ,  Burges s &  Atchley ,  1995 )  hav e faile d t o pro -
duc e simila r  results .  W e argu e tha t  thi s i s becaus e vecto r  repre -
sentation s partl y encod e tempora l  co-occurrenc e information . 
Thi s explanatio n i s teste d i n Experimen t  2 . 

I n t r o d u c t i o n 

To understan d th e processe s involve d i n h u m a n languag e 
comprehensio n i t  i s  importan t  t o determin e wha t  kin d o f  in -
formatio n i s availabl e t o th e wor d recognitio n system .  Th e 
widely-use d semanti c primin g paradig m provide s a  minima l 
linguisti c context ,  typicall y a  singl e word ,  fo r  investigatin g 
th e factor s tha t  influenc e lexica l  processin g (Neely ,  1991) . 
Althoug h mor e tha n 2 5 year s o f  primin g researc h ha s show n 
tha t  th e presenc e o f  a  relate d prim e wor d tend s t o spee d lexi -
cal  decisio n t o a  targe t  word ,  th e typ e o f  relatio n betwee n th e 
prim e an d targe t  word s necessar y t o produc e th e effec t  i s stil l 
unde r  dispute . 

Lexical Relations that Support Priming 

The vas t  majorit y o f  semanti c primin g studie s hav e concen -
trate d o n investigatin g word s i n a  taxonomi c relation .  Mate -
rial s typicall y consis t  o f  categor y coordinates ,  suc h a s (cat , 
dog) ,  thoug h Neel y (1991 )  review s wor k examinin g superor -
dinat e an d subordinat e categor y relation s betwee n prim e an d 
target .  Moss ,  Ostrin ,  Tyle r  an d Marslen-Wilso n (1995 )  poin t 
out  tha t  functionall y relate d words ,  wher e th e referent s ar e re -
late d i n way s tha t  ca n b e describe d i n non-taxonomi c terms , 
suc h a s th e instrumen t  pai r  (hammer ,  nail )  o r  th e scrip t  rela -
tio n (restaurant ,  wine) ,  hav e ofte n bee n assigne d t o th e nor -
mativel y associated '  bu t  «6>n-semanti c conditio n i n th e ex -

perimenta l  design ,  thu s confoundin g semanti c an d associativ e 
relations . 

Primin g ha s bee n observe d betwee n wor d pair s tha t  ar e se -
manticall y relate d onl y (e.g .  (dance ,  skate) ;  Fischler ,  1977) , 
semanticall y relate d an d normativel y associate d (e.g .  (dish , 
plate) ;  M o s s e t  al. ,  1995) ,  o r  merel y frequentl y co-occu r  i n 
tex t  (e.g .  (hospital ,  baby) ;  M c K o o n &  Ratcliff ,  1992) .  T h e 
presenc e o f  primin g fo r  semanticall y relate d word s i n th e ab -
senc e o f  a n associativ e relatio n ha s bee n particularl y contro -
versia l  ( M c R a e &  Boisvert ,  1996 ;  Shelto n &  Martin ,  1992) . 

M o ss e t  al .  addres s thes e issue s i n thre e primin g experi -
ment s b y separatel y manipulatin g thre e factors :  normativ e as -
sociatio n (associated ,  non-associated) ,  typ e o f  semanti c rela -
tionshi p (categor y coordinate ,  functional) ,  an d semanti c relat -
ednes s (related ,  unrelated) .  I n th e contex t  o f  auditor y presen -
tatio n a t  least ,  a  primin g effec t  wa s observe d fo r  bot h categor y 
coordinate s an d functionally-relate d items .  The y conclud e 
tha t  functiona l  informatio n i s accesse d durin g wor d recog -
nition .  Furthermore ,  ther e wa s a  primin g effec t  bot h wit h 
an d withou t  th e presenc e o f  normativ e association .  B y show -
in g tha t  primin g occurre d fo r  functionall y relate d bu t  non -
associate d wor d pairs .  M o s s e t  al .  uncovere d a  n e w sourc e o f 
informatio n affectin g th e wor d recognitio n system .  Th e sec -
on d importan t  finding  fro m thi s se t  o f  experiment s wa s th e 
interactio n betwee n th e associatio n an d relatednes s factors : 
th e presenc e o f  normativ e associatio n resulte d i n a  signifi -
cantl y large r  primin g effect .  Thi s additiv e effec t  wa s calle d 
th e 'associativ e boost '  (Mos s e t  al. ,  1995) . 

Co-occurrence Statistics and Lexical Semantics 

Recentl y ther e ha s bee n considerabl e interes t  i n th e psycho -
logica l  modellin g o f  lexica l  semanti c phenomen a usin g com -
putationa l  technique s fro m statistica l  natura l  languag e pro -
cessin g (eg .  Landaue r  &  Dumais ,  1997) . 

I n thi s approach ,  th e semanti c propertie s o f  word s ar e rep -
resente d usin g thei r  distributiona l  pattern s o f  co-occurrenc e 
i n larg e volume s o f  text .  Specifically ,  eac h wor d w  i s repre -
sente d b y a  /t-elemen t  vecto r  reflectin g th e loca l  distributiona l 
contex t  o f  i « relativ e t o k  contex t  word s c i  k  an d w i n d o w siz e 
s.  Th e valu e o f  eac h vecto r  elemen t  i s a  functio n o f  th e n u m -
ber  o f  time s eac h c  occur s withi n s  word s o f  w  i n continuou s 
text .  Sinc e k  contex t  word s defin e a  A;-dimensiona l  space ,  an y 
tw o word s w i  an d W 2 ca n b e locate d b y treatin g thei r  vecto r 
representation s a s point s i n A:-space .  Distanc e measure s i n A; 
spac e reflec t  th e distributiona l  similarit y betwee n u; i  an d w^ . 

'Th e normativ e associatio n strengt h betwee n tw o word s w \  an d 
W2 i s measure d b y th e percentag e o f  subject s wh o produc e W2 a s 

th e first  wor d tha t  come s t o min d whe n presente d wit h w i  i n a  fre e 
associatio n task . 
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Distanc e i n A-spac e ca n als o b e understoo d a s a  continuou s 
measur e o f  ho w easil y tw o word s ca n b e substitute d i n th e 
same context . 

The assumptio n tha t  th e psychologica l  concep t  o f  semanti c 
relatednes s correspond s t o distributiona l  similarity ,  an d there -
for e t o proximit y i n high-dimensiona l  co-occurrenc e space , 
has prove d usefu l  t o researc h i n computationa l  linguistic s 
(e.g .  Grefenstette ,  1994 ;  Schutze ,  1993 )  an d i s becomin g in -
creasingl y fruitfu l  fo r  psycholinguisti c modelling  (Landaue r 
& Dumais ,  1997 ;  Levy ,  Bullinaria & Patel ,  1997 ;  Lun d e t  al. , 
1995) .  However ,  i f  corpus-base d model s ar e t o offe r  a n ad -
equat e explanatio n o f  th e representation s underlyin g wor d 
recognition ,  the y mus t  b e abl e t o replicat e th e ful l  rang e 
of  primin g effect s foun d wit h huma n subjects .  Simulation s 
shoul d reflec t  th e rang e o f  lexica l  relation s tha t  hav e bee n 
show n t o suppor t  priming ,  an d als o demonstrat e th e additiv e 
effec t  o f  normativ e associatio n strengt h o n lexica l  decisio n 
facilitation . 

I n thi s pape r  w e attemp t  t o replicat e computationall y eac h 
of  th e effect s reporte d b y Mos s e t  al .  i n a  singl e mode l  us -
in g a  corpus-base d Contextua l  Similarit y measure .  I n Ex -
perimen t  1  (below )  w e presen t  th e mode l  an d examin e th e 
similaritie s an d difference s betwee n huma n performanc e an d 

our  result s usin g th e Contextua l  Similarit y measure .  W e the n 
presen t  a  computationa l  explanatio n fo r  th e additiv e effec t  o f 
normativ e association ,  whic h i s teste d i n Experimen t  2 . 

Experiment 1 

I f  corpus-derive d similarit y measure s ar e t o accoun t  fo r  se -
manti c primin g effect s (a s show n b y Lun d e t  al. ,  199 5 fo r 
categor y coordinates) ,  a  crucia l  tes t  o f  th e approac h wil l  b e 
t o se e h o w wel l  the y accoun t  fo r  primin g betwee n function -
all y relate d stimuli ,  a s wel l  a s th e "associativ e boost '  observe d 
by M o s s e t  al .  Thes e effect s ar e th e focu s o f  Experimen t  1 , 
whic h attempt s t o replicat e Mos s e t  al.' s  Experimen t  2 .  Thi s 
experimen t  wa s a  speede d auditor y lexica l  decisio n tas k wit h 
singl e wor d presentatio n o f  prim e an d targe t  words . 

Materials and Design 

The desig n wa s identica l  t o th e origina l  experiment ,  whic h 
varie d thre e factors :  Association ,  Semanti c Typ e an d Relat -
edness .  Subtyp e wa s neste d unde r  Semanti c Type :  hal f  o f  th e 
Categor y Coordinate s wer e natura l  object s (e.g .  (dog ,  cat) ) 
and hal f  wer e artifact s (e.g .  (aeroplane ,  train)) .  Correspond -
ingly ,  th e Functiona l  semanti c typ e wa s divide d int o word s 
foun d i n instrumen t  relation s (e.g .  (knife ,  bread) )  an d thos e 
foun d i n script s (e.g .  (circus ,  lion)) . 

Targe t  word s an d thei r  relate d prime s wer e take n fro m 
Moss e t  al .  (1995 ,  Appendi x 1) . 

Procedure 

Co-occurrenc e vector s fo r  eac h o f  th e stimul i  wer e extracte d 
fro m approximatel y te n millio n word s o f  th e writte n portio n 
of  th e Britis h Nationa l  Corpu s (Burnag e &  Dunlop ,  1992) . 
The corpu s wa s lemmatize d b y replacin g inflectiona l  vari -
ant s wit h thei r  canonica l  for m fro m th e C E L E X databas e 
(Baayen ,  Piepenbroc k &  Va n Rijn ,  1993) . 

We chos e a  windo w siz e o f  ± 3 word s sinc e thi s corre -
spond s roughl y t o th e siz e o f  th e phonologica l  loo p (Badde -
ley ,  1990;Huckle ,  1996 ,  fo r  furthe r  discussion) . 

Tabl e 1 :  Differenc e i n mea n Contextua l  Similarit y (Dif O ver -

sus amoun t  o f  primin g i n millisecond s (Priming )  fo r  Associ -

ate d prime-targe t  pair s i n eac h condition . 

Conditio n 

Cat  Coor d (all ) 

Natura l 

Artifac t 

Functiona l  (all ) 

Scrip t 

Instrumen t 

Relate d 

0.403 6 

0.402 5 

0.404 6 

0.224 9 

0.229 4 

0.220 4 

Unre l 

0.132 7 

0.134 2 

0.131 1 

0.114 7 

0.118 2 

0.111 3 

Dif f 

0.270 9 

0.268 3 

0.273 5 

0.110 2 

0.111 2 

0.109 1 

Primin g 

94 
109 
78 
7! 
80 
60 

Tabl e 2 :  Differenc e i n mea n Contextua l  Similarit y (Diff )  ver -

sus amoun t  o f  primin g i n millisecond s (Priming )  fo r  Non -

associate d prime-targe t  pair s i n eac h condition . 

Conditio n 

Cat  Coor d (all ) 

Natura l 

Artifac t 

Functiona l  (all ) 

Scrip t 

Instrumen t 

Relate d 

0.321 1 

0.326 1 

0.316 0 

0.163 0 

0.163 6 

0.162 3 

Unre l 

0.139 3 

0.142 5 

0.136 1 

0.116 4 

0.090 3 

0.142 5 

Dif f 

0.181 8 

0.183 6 

0.179 9 

0.046 6 

0.073 3 

0.019 8 

Primin g 

36 
57 
16 
41 
31 
50 

Word vector s wer e create d b y advancing  th e windo w 
throug h th e corpus .  Fo r  eac h targe t  wor d w e recorde d th e 
number  o f  time s eac h o f  44 6 contex t  words ^  occurre d withi n 
th e window .  Eac h elemen t  o f  th e resultin g vecto r  wa s the n 
replace d wit h it s log-likelihoo d value ,  whic h ca n b e consid -
ere d a s a n estimat e o f  ho w 'surprising '  o r  distinctiv e a  co -
occurrenc e pai r  i s  (Dunning ,  1993) . 

Severa l  o f  th e stimul i  turne d ou t  t o hav e a n extremel y 
lo w corpu s frequency ,  whic h mean t  tha t  vector s create d fro m 
thes e word s wer e likel y t o b e unreliable .  Consequently ,  w e 
remove d eac h prime-targe t  pai r  tha t  containe d a  wor d wit h a n 
absolut e lexem e frequenc y o f  les s tha n 25 ,  an d balance d th e 
othe r  condition s b y removin g thei r  lowes t  frequenc y pairs , 
leavin g 1 2 item s i n eac h cell.- ^ 

We calculate d th e Contextua l  Similarit y betwee n eac h 
member  o f  th e Relate d prime-targe t  pair s a s th e cosin e o f  th e 
angl e betwee n th e vector s representin g eac h word .  Contex -
tua l  Similarit y fo r  th e Unrelate d prime-targe t  pair s wa s cal -
culate d a s th e mea n o f  th e Contextua l  Similarit y o f  th e targe t 
wit h eac h o f  th e 1 1 othe r  prime s i n th e condition . 

^Th e contex t  word s ar e thos e word s estimate d t o b e th e mos t  re -
liabl e i n th e corpus .  Fo r  detail s o f  ho w reliabilit y  wa s estimated , 
see McDonal d (1997) .  W e exclude d functio n word s fro m consid -
eratio n sinc e w e wer e intereste d i n a  mode l  sensitiv e t o semanti c 
context ,  rathe r  tha n t o syntax ,  whic h i s essentiall y  capture d b y th e 
set  o f  functio n word s (Finc h &  Chater ,  1992) .  Fo r  a  revie w o f  th e 
linguisti c an d psychologica l  evidenc e distinguishin g functio n fro m 
conten t  words ,  se e Can n (1996) . 

^Thi s procedur e mean t  tha t  th e target s i n th e Associate d an d 
Non-associate d condition s wer e n o longe r  strictl y matche d fo r  fre -
quency .  However ,  th e Contextua l  Similarit y measur e w e use d i s in -
sensitiv e t o th e absolut e value s o f  th e vecto r  components . 

676 



Resu l t s 

We carrie d ou t  a  three-wa y Analysi s o f  Varianc e (Associatio n 
X Semanti c Typ e x  Relatedness )  o n th e Contextua l  Similar -
it y measurements ,  wit h th e Natura l  an d Artifac t  ;iiu l  th e In -
strumen t  an d Scrip t  subtype s collapse d int o th e Categor y Co -
ordinat e an d Functiona l  semanti c types ,  respectively .  Contex -
tua l  Similarit y measurement s an d th e correspondin g reactio n 
tim e dat a ar e summarise d i n Table s 1  an d 2 . 

The simulatio n result s prove d t o b e ver y simila r  t o thos e 
foun d i n th e origina l  experiment :  Ther e wa s a  mai n effec t  o f 
Relatedness ,  F( l ,92 )  =  73.61, p <  0.001 ,  indicatin g tha t 
collapsin g ove r  al l  conditions ,  semanticall y relate d prime -
targe t  pair s wer e mor e contextuall y simila r  tha n unrelate d 
prime-targe t  combination s (Contextua l  Similarit y o f  0.278 1 
and 0.1258 ,  respectively) . 

We foun d a  mai n effec t  o f  Semanti c Type ;  Categor y Co -
ordinate s wer e significantl y mor e contextuall y simila r  tha n 
material s i n th e Functiona l  condition ,  F( l ,  92 )  =  23.25 ,  p  < 
0.001 .  Ther e wa s als o a n interactio n betwee n Semanti c Typ e 
and Relatedness ,  F( l ,92 )  =  17.36 ,  p < 0.001 .  Fro m Table s 
1 an d 2 ,  i t  i s  clea r  tha t  th e Relatednes s effec t  siz e i s large r  fo r 
Categor y Coordinate s tha n fo r  Functiona l  items .  Thes e re -
sult s diffe r  fro m M o s s e t  al. ,  w h o foun d n o reliabl e differenc e 
i n th e primin g effec t  siz e betwee n Categor y Coordinate s an d 
Functionall y relate d pairs . 

Ther e wa s a  significan t  interactio n betwee n Associatio n 
and Relatedness ,  F( l ,92 )  =  4.63, p <  0.05 .  Th e Re -
latednes s effec t  wa s large r  fo r  Associate d tha n fo r  Non -
associate d pairs .  A N O V As o n th e separate d Associate d an d 
Non-associate d condition s reveale d significan t  Relatednes s 
effects ,  F( l ,46 )  =  40.22, p <  0.00 1 an d F( l ,46 )  = 
36.35 ,  p  <  0.001 ,  respectively ,  whic h correspon d t o th e hu -
man results .  Thi s replicate s th e associativ e boost . 

Consisten t  wit h th e origina l  experiment ,  th e simulatio n 
faile d t o sho w a n interactio n betwee n Associatio n an d Se -
manti c Type ,  F {  1 ,  92 )  <  1 ,  an d ther e wa s n o three-wa y inter -
actio n betwee n Association ,  Semanti c Typ e an d Relatedness , 
F( l ,92) < 1 . 

Sinc e th e three-wa y A N O V A reveale d a  significan t  differ -
enc e betwee n th e Categor y Coordinat e an d Functiona l  se -
manti c types ,  w e ra n A N O V As o n eac h conditio n separately , 
i n orde r  t o examin e th e relationshi p betwee n Contextua l  Sim -
ilarit y an d th e typ e o f  relatio n mor e closely . 

First ,  w e carrie d ou t  a n A N O V A o n th e Functiona l  materi -
als .  Contextua l  Similarit y fo r  Relate d wor d pair s wa s signifi -
cantl y large r  tha n fo r  Unrelate d pairs ,  F ( l ,  44 )  =  23.73 ,  p  < 
0.001 .  W e foun d n o mai n effect s o f  Subtyp e F( l ,  44 )  <  1 
or  Association ,  F( l ,44 )  =  2.207, p =  0.14 .  Ther e wer e 
als o n o reliabl e interaction s betwee n th e combination s o f 
factors :  Associatio n x  Subtype ,  F(l,44 )  <  1 ;  Subtyp e x 
Relatedness ,  F( l ,44 )  <  1 ;  Associatio n x  Relatednes s x 
Subtype ,  F(1.44 )  <  1 .  Th e interactio n betwee n Associ -
atio n an d Relatednes s wa s marginall y significant ,  however , 
F(l,44 )  =  3.91, p =  0.054 .  Nearl y identica l  result s wer e 
obtaine d fo r  th e separate d Categor y Coordinates . 

Discussion 

I n summary ,  th e patter n o f  result s largel y corresponde d t o 
thos e o f  M o s s e t  al.' s  Experimen t  2 .  Th e significan t  differ -
enc e i n Contextua l  Similarit y betwee n semanticall y relate d 

and unrelate d prime-targe t  pair s replicate s th e overal l  prim -
in g effec t  foun d wit h huma n subjects .  W e als o find  a n 'as -
sociativ e boost' ;  semanticall y relate d item s tha t  ar e als o nor -
mativel y associate d ar e mor e contextuall y simila r  tha n non -
as.sociate d materials . 

Functional Relations vs. Category Coordinates 

Th e mai n differenc e betwee n th e simulatio n an d origina l  re -
sult s i s th e significan t  interactio n betwee n Semanti c Typ e an d 
Relatedness .  Althoug h separat e A N O V As fo r  eac h conditio n 
verifie d a  Relatednes s effec t  fo r  bot h Categor y Coordinate s 
and Functiona l  item s i n th e simulation ,  i t  i s  clea r  tha t  Con -
textua l  Similarit y betwee n Categor y Coordinat e target s an d 
thei r  relate d prime s i s greate r  tha n fo r  Functiona l  prime-targe t 
pairs . 

I t  i s  wort h considerin g w h y thi s interactio n shoul d occu r 
i n a  mode l  constructe d fro m co-occurrenc e statistics .  W e 
sugges t  tha t  thi s i s du e t o difference s i n th e semanti c role s 
typicall y  filled  b y Categor y Coordinat e an d Functiona l  items : 
ther e wil l  b e greate r  Contextual  Similarit y betwee n 'bread ' 
and it s Categor y Coordinate s suc h a s 'fruit '  an d 'rolls '  prin -
cipall y becaus e Categor y Coordinate s ten d t o fill  th e sam e 
positio n i n predicate-argumen t  structur e i.e .  th e patien t  rol e 
associate d wit h verb s suc h a s 'serve '  an d 'eat' .  Categor y C o -
ordinate s ar e therefor e highl y substitulabl e i n context . 

I n contrast ,  item s i n Functiona l  relationship s ten d t o fill 
differen t  semanti c roles ,  suc h a s instrumen t  an d patient ,  an d 
wil l  occup y differen t  position s i n predicate-argumen t  struc -
ture .  M o s s e t  al.' s  Instrumen t  material s ar e a  clea r  exampl e 
of  thi s — word s wer e chose n tha t  t o fit  th e template : 

yo u us e a  < p r i m e > t o d o <target> . 

I n fact ,  functionall y relate d prime-targe t  pair s almos t  neve r 
occu r  i n thi s wa y i n rea l  text .  However ,  th e vecto r  representa -
tio n o f  eac h wor d i s a  superpositio n o f  man y separat e occur -
rences ,  s o th e vecto r  reflect s th e templat e structur e bette r  tha n 
any individua l  context .  Sinc e th e Contextua l  Similarit y mea -
sur e doe s no t  distinguis h lef t  fro m righ t  context ,  functionally -
relate d prim e an d targe t  word s wil l  shar e les s o f  eac h other' s 
context ,  an d wil l  b e les s contextuall y simila r  tha n Categor y 
Coordinates .  Thi s i s sufficien t  t o produc e th e Semanti c Typ e 
X Relatednes s interaction . 

The Associative Boost 

Althoug h bot h M o s s e t  al .  (1995 ,  Experimen t  2 )  an d ou r  com -
putationa l  simulatio n demonstrate d a n Associate d x  Relat -
ednes s interactio n (o r  associativ e boost) ,  i n a  simila r  experi -
ment ,  Shelto n an d Marti n (1992 )  foun d tha t  primin g di d no t 
occu r  wit h item s tha t  wer e onl y semanticall y related ,  withou t 
als o bein g normativel y associated ,  Lun d e t  al .  (1995 ,  Experi -
ment  2 )  attempte d t o replicat e thi s experimen t  usin g a  corpus -
base d mode l  simila r  t o ours .  Bu t  thei r  simulatio n result s wer e 
als o incompatibl e wit h thos e o f  Shelto n an d Marti n sinc e the y 
showe d a  simulate d primin g effec t  fo r  th e Semantic-onl y m a -
terials . 

Lun d e t  al .  suggeste d tha t  Shelto n an d Martin' s Seman -
ti c material s wer e i n fac t  les s semanticall y relate d tha n thei r 
Associate d stimuli ,  pointin g ou t  tha t  'semanti c distances '  de -
rive d fro m thei r  mode l  fo r  wor d pair s i n th e Associate d con -
ditio n wer e smalle r  tha n fo r  wor d pair s i n th e Semanti c con -
ditio n (althoug h thi s differenc e onl y approache d significanc e 
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p — 0.0(51) .  Thi s reasonin g i s problematic ,  however ,  sinc e 
distance s i n th e mode l  ar e assume d t o reflec t  semanti c relat -
ednes s i n par t  becaus e o f  thei r  accor d wit h semanti c primin g 
data . 

Lun d c t  al .  (1995 ,  Experimen t  3 )  investigate d thi s discrep -
anc y b y usin g stimul i  fro m Chiarello ,  Burgess ,  Richard s an d 
Polloc k (1990) ,  whic h wer e mor e carefull y controlled .  I n a 
simulatio n usin g thes e materials ,  the y faile d t o find a  inter -
actio n betwee n Typ e o f  Relatio n (Associated ,  Semanti c o r 
Semanlic-I-Associated )  an d Rclatedness .  A  separat e analy -
si s o f  th e Associate d conditio n als o faile d t o revea l  a  Rclat -
ednes s effect .  Thi s resul t  wa s i n accor d wit h dat a fro m hu -
m an subject s (Lun d e t  al. ,  1995 ,  Experimen t  4) ,  confirmin g 
thei r  hypothesi s tha t  a  semanti c relationshi p betwee n prim e 
and targe t  word s wa s necessar y t o induc e a  primin g effect . 
However ,  result s fro m anothe r  (human )  lexica l  decisio n ex -
perimen t  (Lun d e t  al. ,  1996 ,  Experimen t  1 )  usin g a  ne w se t 
of  unrelate d pairs ,  reveale d a  reliabl e effec t  fo r  th e Associ -
ate d condition .  Ther e wa s n o correspondin g effec t  i n thei r 
corpus-base d simulatio n usin g thi s ne w stimul i  set ,  however . 

Th e lac k o f  a n interactio n betwee n Typ e o f  Relatio n an d 
Relatednes s i n eac h o f  thes e primin g simulation s i s inconsis -
ten t  wit h th e associativ e boos t  reporte d b y M o s s e t  al. ,  whic h 
i s als o foun d i n ou r  replication .  Thes e difference s warran t 
furthe r  discussion . 

M o ss e t  al .  argu e tha t  th e associativ e boos t  i s  du e t o prim -
in g a t  a  differen t  leve l  o f  representatio n tha n th e semanti c 
level .  The y sugges t  tha t  associativ e primin g i s a  mechanis m 
tha t  i s  dependen t  o n relationship s betwee n lexica l  forms .  Thi s 
i s consisten t  wit h neura l  networ k model s o f  primin g (e.g . 
Moss .  Hare .  Da y &  Tyler ,  1994 ;  Plaut ,  1995 )  tha t  trea t  se -
manti c an d associativ e primin g a s du e t o fundamentall y dif -
feren t  type s o f  informatio n — associativ e primin g effect s re -
sul t  fro m contiguit y betwee n trainin g items . 

I n contrast ,  w e sugges t  tha t  ther e i s n o nee d t o trea t  seman -
ti c an d associativ e relation s differently ,  whethe r  a s separat e 
level s o f  representatio n o r  distinc t  mechanisms .  I t  i s  possibl e 
t o accoun t  fo r  semanti c primin g an d th e additiv e effec t  o f  nor -
mativ e associatio n i n th e sam e corpus-base d model .  Specifi -
cally ,  th e 'associativ e boost '  fall s  ou t  naturall y fro m th e wa y 
tha t  co-occurrenc e statistic s wer e compile d i n th e presen t  ex -
periment. 

Explaining the Associative Boost 

I n orde r  t o addres s th e differenc e betwee n Lun d e t  al.' s  (1995 ; 
1996 )  result s an d our s regardin g th e presenc e o f  a n additiv e 
effec t  o f  association ,  i t  i s  necessar y t o examin e th e models ' 
paramete r  setting s i n mor e detail . 

O ne importan t  differenq p i s th e windo w siz e withi n whic h 
co-occurrence s ar e recorded .  Fo r  example ,  i f  th e Associate d 
Coordinate s 'cup '  an d 'saucer '  nearl y alway s appea r  withi n 
a ± 3 wor d w indo w i n th e corpus ,  thei r  Contextua l  Similar -
it y wil l  b e hig h compare d t o prime-targe t  pair s whic h merel y 
ten d t o occu r  i n simila r  (bu t  no t  overlapping )  contexts .  I f 
Associate d pair s d o frequentl y co-occu r  withi n th e sam e win -
dow,  thei r  Contextua l  Similarit y wil l  b e highe r  tha n matche d 
Non-associate d pairs ,  simpl y becaus e o f  thei r  share d context . 

I f  Associate d pair s ten d t o co-occu r  locall y i n a  corpu s o f 
natura l  language ,  the n th e large r  th e windo w size ,  th e mor e 
overla p o f  thei r  immediat e context ,  an d henc e th e greate r 

thei r  Contextua l  Similarity .  However ,  a s th e w indo w siz e in -
creases ,  th e numbe r  o f  contextuall y irrelevan t  co-occurrence s 
bein g recorde d fo r  eac h wor d grows ,  increasin g th e noisines s 
of  th e co-occurrenc e vectors ,  whic h reduce s thei r  Contextua l 
Similarity .  I n orde r  t o verif y this ,  w e constructe d version s o f 
th e mode l  wher e th e windo w siz e varie d betwee n ± 1 t o ± 5 
words .  Th e bes t  performanc e wit h respec t  t o th e huma n dat a 
was achieve d wit h a  windo w o f  ± 3 words . 

We ca n n o w addres s Lun d e t  al .  (1995)' s claim s abou t  th e 
Shelto n an d Marti n materials .  I t  ma y b e tru e tha t  severa l  o f 
th e Associate d pair s ar e mor e semanticall y relate d tha n item s 
i n th e Semanti c condition ,  thoug h Shelto n an d Marti n di d at -

temp t  t o contro l  thei r  material s fo r  thi s variabl e throug h a  re -
latednes s ratin g questionnaire .  Bu t  w e sugges t  a n alternativ e 
interpretatio n o f  Lun d e t  al.' s  observations :  th e Associate d 
prime-targe t  pair s ar e marginall y close r  togethe r  i n vecto r 
spac e compare d t o th e Semantic-onl y pair s becaus e thei r  co -
occurrenc e vector s encode ,  i n part ,  temporal  co-occurrenc e 
as wel l  a s substitutabilit y  i n context . 

We sugges t  tha t  Lun d e t  al .  di d no t  find a  reliabl e interac -
tio n betwee n th e Associatio n an d Relatednes s factor s i n thei r 
Experimen t  2  fo r  th e sam e reaso n tha t  n o associativ e boos t 
was eviden t  i n th e simulatio n result s reporte d b y Lun d e t  al . 
(1995 ,  Experimen t  3 ;  1996 ,  Experimen t  I) .  Th e absenc e o f 
thi s effec t  wa s du e t o th e wa y th e co-occurrenc e count s wer e 
collected .  Althoug h thei r  w indo w siz e wa s larg e (1 0 words) , 
thes e simulation s use d th e 20 0 mos t  varian t  contex t  word s a s 
vecto r  components .  Thi s se t  wil l  mostl y consis t  o f  functio n 
words ,  whic h w e sugges t  ar e simpl y no t  sufficientl y specifi c 
indicator s o f  semanti c context.' * 

Our  predictio n abou t  th e origi n o f  th e associativ e boos t  i n 
our  semanti c primin g mode l  ca n b e easil y tested :  i f  th e Con -
textua l  Similarit y betwee n tw o wor d vector s i s affecte d b y 
th e tempora l  natur e o f  language ,  w e expec t  t o find  tha t  th e 
probabilit y  o f  lexica l  co-occurrenc e (i n a  ± 3 wor d window ) 
t o b e greate r  fo r  Associate d Relate d pair s tha n fo r  th e Non -
associate d Relate d pair s take n fro m th e material s fo r  Experi -
ment  I .  Thi s hypothesi s i s investigate d i n Experimen t  2 . 

Experiment 2 

Spence and Owens (1990) conducted a corpus-based inves-
tigatio n int o th e relationshi p betwee n lexica l  co-occurrenc e 
and normativ e wor d associatio n usin g th e on e millio n wor d 
Brow n corpus .  The y foun d tha t  associativel y relate d wor d 
pair s tende d t o co-occu r  (withi n a  w indo w o f  25 0 characters . 
or  approximatel y 5 0 words )  significantl y mor e ofte n i n th e 
corpu s tha n pair s o f  word s tha t  wer e no t  normativel y associ -
ated . 

I n Experimen t  2 ,  w e tes t  a  simila r  hypothesis ,  tha t  lexica l 
co-occurrenc e i n a  windo w i s mor e probabl e fo r  th e Associ -
ate d material s i n Experimen t  1  tha n fo r  Non-associate d items . 
The nul l  hypothesi s i s tha t  th e differenc e i n co-occurrenc e 
probabilit y  betwee n th e Associate d an d Non-associate d wor d 
pair s i s no t  distinguishabl e fro m chance . 

•*We trie d a  simila r  approac h wit h ou r  corpus ,  usin g th e 20 0 mos t 
varian t  lexeme s occurrin g withi n a  ± 3 wor d windo w a s contex t 
words .  I n thi s cas e th e Contextua l  Similarit y difference s betwee n 
Associate d an d Non-associate d pair s wer e negligible . 
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Procedur e 

Althoug h th e Associate d an d Non-associate d target s wer e 
originall y matche d fo r  media n frequency ,  th e sam e calcula -
tio n ove r  th e lexem e frequencie s i n th e te n millio n wor d cor -
pus indicate d tha t  th e media n frequencie s o f  ih c tw o condi -

tion s wer e no t  equa l  (5 7 pe r  millio n vs .  3 8 pe r  million) . 
Thi s discrepanc y woul d bia s simpl e lexica l  co-occurrenc e 
count s i n favou r  o f  th e Associate d pairs ,  sinc e i f  Associ -
ate d targe t  word s occu r  mor e ofte n i n th e corpus ,  the y wil l 
hav e mor e chanc e o f  co-occurrin g wit h thei r  correspondin g 
prim e words .  Therefore ,  rathe r  tha n comparin g th e ra w co -
occurrenc e count s o f  th e prime-targe t  pairs ,  w e calculat e con -
ditiona l  probabilities ,  whic h allow s u s t o normalis e fo r  th e 
targe t  wor d frequency : 

f(prime&target ) 

f(target ) 
(1 ) p(prim e |  target )  = 

Results and Discussion 

A Mann-Whitne y U  tes t  reveale d a  highl y significan t  differ -
enc e betwee n th e lexica l  co-occurrenc e probabilitie s fo r  As -
sociate d an d Non-associate d pair s {i ^  =  630 ,  p  <  .00001 , 
one-tailed) .  Th e probabilit y  o f  a n Associate d targe t  co -
occurrin g wit h it s correspondin g prim e wa s significantl y 
highe r  tha n fo r  th e Non-associate d pairs .  W e ca n therefor e re -
jec t  th e nul l  hypothesis ,  an d conclud e tha t  difference s i n lex -
ica l  co-occurrenc e probabilitie s fo r  wor d pair s i n thes e tw o 
condition s m a y b e responsibl e fo r  th e differenc e i n Contex -
tua l  Similarit y measurement s becaus e o f  th e natura l  incor -
poratio n o f  loca l  co-occurrenc e informatio n int o th e contex t 
vectors . 

The result s o f  Experimen t  2  ar e consisten t  wit h Spenc e an d 
Owens'  (1990 )  finding  tha t  lexica l  co-occurrenc e i n a  cor -
pus an d normativ e associatio n strengt h ar e correlated :  hig h 
associativ e strengt h predict s frequen t  lexica l  co-occurrence . 
M c K o on an d Ratclif f  (1992 )  hav e additionall y provide d 
evidenc e tha t  wor d pair s wit h a  hig h probabilit y  o f  co -
occurrenc e alon e (i.e .  no t  highl y normativel y associated )  als o 
sho w lexica l  decisio n facilitation .  Thi s resul t  i s  als o consis -
ten t  wit h ou r  model ,  althoug h th e amoun t  o f  semanti c relat -
ednes s presen t  i n thei r  material s wa s no t  controlled . 

Sinc e th e associativ e boos t  i n semanti c primin g i s modelle d 
by th e loca l  co-occurrenc e probabilitie s i n a  larg e corpus ,  w e 
hypothesis e tha t  th e additiv e effec t  o f  normativ e associatio n 
strengt h i s bette r  describe d a s a  variabl e subsume d b y th e 
mor e genera l  phenomen a o f  loca l  co-occurrence .  Ou r  mode l 
woul d the n predic t  a n additiv e effec t  o f  hig h co-occurrenc e 
probabilit y  o n primin g betwee n word s tha t  ar e semanticall y 
related . 

Lun d e t  al .  (1996 )  hav e argue d tha t  normativ e associatio n 
strengt h an d lexica l  co-occurrenc e frequenc y ar e onl y corre -
late d fo r  th e case s wher e a  semanti c relatio n i s als o present . 
The result s o f  Experimen t  2  ar e i n agreemen t  wit h thi s claim . 
Give n tha t  a  semanti c relationshi p hold s betwee n a  prime -
targe t  pair ,  th e prim e i s significantl y mor e likel y t o occu r 
withi n a  smal l  w indo w o f  th e targe t  i f  th e pai r  ar e als o nor -
mativel y associated . 

General Discussion 

I n thi s pape r  w e hav e demonstrate d tha t  corpus-base d mod -
el s o f  lexica l  semantic s ar e capabl e o f  simulatin g th e primin g 

effect s obtaine d wit h material s representin g a  wid e rang e o f 
lexica l  relations .  I n ou r  computationa l  simulatio n o f  a  recen t 
singl e wor d auditor y lexica l  decisio n experimen t  (Mos s e t  al. , 
1995 ,  Experimen t  2) ,  w e foun d tha t  a  corpus-derive d measur e 
of  tw o words '  distributiona l  similarit y corresponde d wel l  t o 
th e pattern s o f  lexica l  decisio n facilitatio n observe d i n h u m a n 
subjects . 

Experimen t  1  showe d tha t  functiona l  relation s ca n b e 
extracte d fro m distributiona l  statistics ,  bu t  tha t  th e co -
occurrenc e pattern s o f  Categor y Coordinate s an d functionall y 
relate d word s ar e no t  equall y informative .  Thi s wa s indicate d 
by th e interactio n betwee n Semanti c Typ e an d Relatednes s i n 
th e simulation ,  whic h wa s no t  observe d i n th e origina l  exper -
iment .  W e presente d a n explanatio n fo r  thi s effec t  base d o n 
th e ide a tha t  co-occurrenc e vector s encod e coars e syntacti c 
constraint s a s wel l  a s semanti c regularities .  Specifically ,  w e 
suggeste d tha t  Categor y Coordinate s typicall y fill  th e sam e 
semanti c role s a t  th e leve l  o f  predicate-argumen t  structure , 
wherea s Functiona l  item s ten d t o occup y differen t  roles . 

Experimen t  1  als o replicate d th e additiv e effec t  o f  norma -
tiv e associatio n strengt h o n th e basi c semanti c primin g effec t 
observe d b y M o s s e t  al .  Th e interactio n betwee n Relatednes s 
and Association ,  o r  'associativ e boost' ,  wa s modelle d usin g 
th e corpus-derive d measure .  Th e amoun t  o f  lexica l  decisio n 
facilitatio n an d Contextua l  Similarit y betwee n prim e an d tar -
get  wer e greate r  fo r  semanticall y relate d prime-targe t  pair s 
tha t  wer e als o normativel y associated ,  compare d t o pair s tha t 
wer e semanticall y relate d only . 

We offere d a n explanatio n fo r  w h y th e associativ e boos t 
occur s i n th e corpus-base d model ,  an d w h y previou s researc h 
has no t  foun d thi s effect .  W e argue d tha t  th e metho d use d 
t o collec t  co-occurrenc e statistic s ha s a  substantia l  influenc e 
on th e "associative '  propertie s o f  th e representation s formed . 
I n particular ,  associate d wor d pair s ar e thos e tha t  hav e a  hig h 
probabilit y  o f  loca l  co-occurrence .  Thi s hypothesi s wa s con -
firmed  i n Experimen t  2 . 

Conclusions 

Th e adequac y o f  corpus-derive d similarit y measure s fo r  ex -
plainin g th e semanti c primin g effec t  wa s addresse d b y build -
in g o n previou s researc h (Lun d e t  al. ,  1995 )  tha t  inves -
tigate d primin g betwee n categor y coordinates .  W e hav e 
demonstrate d tha t  th e facilitatio n fo r  categor y coordinate s 
and functionally-relate d material s (prime-targe t  pair s i n in -
strumen t  an d scrip t  relations )  foun d b y M o s s e t  al .  (1995 ) 
ca n b e modelle d usin g th e Contextua l  Similarit y measure . 
Functiona l  relation s ar e ofte n considere d t o b e represente d a s 
extra-linguistic ,  schema-base d o r  episodi c knowledge .  H o w -
ever ,  Mos s e t  al .  hav e show n tha t  functiona l  informatio n 
ca n b e accesse d usin g th e auditor y lexica l  decisio n paradigm , 
eve n whe n stimul i  ar e no t  normativel y associated .  Th e re -
sult s o f  ou r  computationa l  replicatio n i n Experimen t  1  hav e 
demonstrate d tha t  functiona l  informatio n i s accessibl e di -
rectl y fro m linguisti c context ,  an d tha t  a  significan t  par t  o f 
th e semanti c primin g effec t  ca n b e attribute d t o th e relation -
ship s betwee n words ,  whe n define d i n term s o f  thei r  pattern s 
of  use . 

Th e independen t  effect s o f  associatio n strengt h an d se -
manti c relatednes s hav e bee n offere d a s evidenc e fo r  dis -
tinct ,  qualitativel y differen t  primin g mechanism s o r  represen -
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tationa l  le\els .  Th e result s o f  th e presen t  experiment s ques -
tio n th e nee d fo r  thi s distinction .  A  singl e leve l  o f  representa -
tio n ca n captur e a  wid e rang e o f  lexica l  relation s tha t  suppor t 
priming . 
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Abstrac t 

In an attractor model of semantic memory, semantic similarity 
i s determine d b y degre e o f  featura l  overlap .  I n contrast ,  i n 
spreadin g activatio n theory ,  tw o concept s ar e simila r  i f  the y 
shar e feature s o r  i f  the y ar e linke d t o th e sam e superordinat e 
categor y node .  W e presen t  a n attracto r  networ k mode l  o f 
computin g wor d meanin g an d us e i t  t o simulat e th e dat a o f 
McRae an d Boisver t  (i n press) ,  wh o foun d tha t  shor t  S O A 
semanti c similarit y primin g directl y depend s o n degre e o f 
featura l  overlap .  Th e tw o account s o f  semanti c similarit y ar e 
the n contraste d i n a  huma n experiment .  I n suppor t  o f  attracto r 
networks ,  primin g effect s wer e determine d b y feanira l 
overlap ,  an d n o evidenc e wa s foun d fo r  primin g throug h a 
purporte d superordinat e node .  I t  i s  conclude d tha t  lexica l 
concept s ar e no t  represente d a s stati c node s i n a  hierarchica l 
system . 

Semantic Similarity 

Semanti c m e m o r y researc h ha s bee n dominate d b y semanti c 
network s an d th e associate d spreadin g activatio n theor y 
(Collin s &  Loftus ,  1975) .  Recently ,  however ,  theorie s o f  th e 
computatio n o f  wor d meanin g hav e bee n expresse d i n term s 
of  distribute d attracto r  network s (Hinto n &  Shallice ,  1991) . 
Semanti c network s ar e typicall y hierarchica l  i n nature ,  wit h 
categorie s a t  differen t  level s represente d b y individua l 
nodes .  Categor y membershi p i s  thu s explicitl y  code d vi a 
link s betwee n exempla r  an d categor y nodes .  I n contrast , 
categor y membershi p i s  no t  code d i n suc h a n explici t 
manner  i n attracto r  networks .  Th e presen t  wor k focuse s o n 
thi s contrastin g aspec t  o f  thes e tw o theories ,  testin g thi s 
differenc e i n th e real m o f  semanti c similarit y priming . 

Semanti c similarit y primin g refer s t o th e fac t  tha t 
respons e latenc y t o a  targe t  wor d suc h a s haw k i s  faste r 
when i t  i s  precede d b y a  simila r  wor d suc h a s eagl e versu s 
an unrelate d wor d suc h a s bread ,  eve n whe n th e simila r 
prim e an d targe t  ar e no t  normativel y associated .  Primin g 
researc h ha s playe d a  ke y rol e i n th e developmen t  an d 
testin g o f  theorie s o f  semanti c m e m o r y becaus e mos t 
researcher s believ e tha t  result s o f  thes e experiment s directl y 
reflec t  th e structur e o f  semanti c memory ,  particularl y whe n 
subjects '  strategie s ar e minimized . 

Th e mechanism s use d t o accoun t  fo r  semanti c similarit y 
primin g diffe r  i n spreadin g activatio n model s versu s 
attracto r  networks .  I n spreadin g activatio n theory , 
recognizin g a  wor d include s activatin g it s  correspondin g 
nod e i n semanti c memory .  Respons e latenc y i s assume d t o 

be directl y relate d t o th e tim e require d fo r  a  word' s nod e t o 
reac h a n activatio n threshold .  Critica l  fo r  explanation s o f 
priming ,  whe n a  wor d i s activated ,  activatio n spread s fro m i t 
t o al l  linke d nodes .  T h e existenc e an d strengt h o f  thes e link s 
i s assume d t o directl y reflec t  learne d semanti c relationship s 
betwee n pair s o f  words .  Similarity-base d primin g i s du e t o 
tw o mechanisms ,  th e first  bein g spreadin g activatio n fro m 
prim e t o targe t  vi a link s betwee n share d feature s (e.g. ,  eagl e 
=> <ha s wings > = *  hawk) .  T h e secon d i s tha t  activatio n i s 
assume d t o sprea d vi a "highl y criteria] "  link s connectin g 
exempla r  an d categor y node s (eagl e = *  bir d ^  hawk ) 
(Collin s an d Loftus ,  1975 ,  p .  413) . 

I n attracto r  networks ,  recognizin g a  wor d involve s 
settlin g int o a  stabl e stat e i n a  multi-dimensiona l  space . 
Short  S O A semanti c primin g i s though t  t o b e du e t o residua l 
activatio n o f  th e prime' s meaning ,  whic h influence s th e eas e 
wit h whic h th e mode l  ca n m o v e fro m on e attracto r  stat e t o 
anothe r  (Masson ,  1995 ;  Plaut ,  1995) .  I n a  typica l 
simulation ,  th e prime' s wor d for m i s  inpu t  t o th e networ k 
and it s meanin g i s computed .  Wit h th e networ k thu s i n a 
stat e representin g th e prim e (eagle) ,  th e target' s wor d for m 
(hawk )  i s  give n a s input .  Facilitatio n result s becaus e th e 
distribute d semanti c representation s o f  th e prim e an d targe t 
overlap ,  s o tha t  som e portio n o f  th e semanti c unit s fo r  th e 
targe t  begi n i n thei r  correc t  state .  Thi s i s no t  th e cas e w h e n 
th e prim e i s no t  relate d t o th e target .  Criticall y importan t  i s 
th e fac t  tha t  categor y membershi p i n thes e network s i s give n 
no specia l  status .  Therefore ,  primin g i s no t  du e t o categor y 
membershi p pe r  se . 

Th e majorit y o f  h u m a n empirica l  studie s o f  semanti c 
similarit y primin g hav e operationalize d similarit y o n th e 
basi s o f  share d superordinat e categor y (e.g. ,  Lupker ,  1984 ; 
Moss ,  Ostrin ,  Tyler ,  an d Marslen-Wilson ,  1995 ;  Shelto n 
and Martin ,  1992) .  However ,  thes e studie s hav e foun d littl e 
or  n o primin g betwee n word s define d a s simila r  o n thi s 
metri c (bu t  se e Chiarell o e t  al. ,  1990) .  O n th e othe r  hand , 
M c R ae an d Boisver t  (i n press )  clearl y demonstrate d tha t 
similarit y primin g depend s o n th e degre e o f  featura l  overla p 
betwee n tw o lexica l  concepts ,  wit h stron g featura l  similarit y 
bein g require d fo r  primin g t o occur .  M c R a e an d Boisver t 
als o note d tha t  th e studie s i n whic h nul l  effect s wer e 
obtaine d use d prime-targe t  pair s tha t  wer e onl y moderatel y 
similar ,  presumabl y becaus e th e researcher s fel t  tha t  share d 
categor y membershi p wa s key ,  followin g spreadin g 
activatio n theory . 
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A l t h o u g h i t  appear s tha t  fcatura l  similarit y i s  th e ke y 
variabl e t o explai n thi s se t  o f  behaviora l  p h e n o m e n a ,  i t  i s 
no t  clea r  w h e t h e r  th e notio n o f  share d categor y m e m b e r s h i p 
i s necessar y t o accoun t  fo r  similarit y pr iming .  Therefore ,  th e 
goal s o f  thi s articl e ar e t o s h o w tha t  a n i m p l e m e n t e d 

attracto r  n e t w o r k simulate s M c R a e a n d Boisvert' s  (i n press ) 
resul t  tha t  deg re e o f  featura l  similarit y determine s a m o u n t 
o f  pr iming ,  a n d t o directl y contras t  featura l  similarit y versu s 

share d superordinat e categor y i n a  h u m a n exper iment . 
Th i s articl e i s  structure d a s follows :  (1 )  w e presen t  a n 

attracto r  m o d e l  o f  c o m p u t i n g w o r d m e a n i n g ;  (2 )  vi a 
simulation ,  w e demonst ra t e tha t  shor t  S O A semant i c 
similarit y p r im in g effect s ar e bes t  predicte d b y similarit y i n 
te rm s o f  featura l  overlap ;  a n d (3 )  w e presen t  a n exper imen t 
s h o w i n g tha t  semant i c similarit y p r im in g effect s ar e 
influence d b y featura l  similarity ,  bu t  no t  hierarchica l 
categor y structur e (typicality) . 

Model of Computing Word Meaning 

The ke y element s o f  th e mode l  are :  (1 )  semanti c 
representation s w e r e derive d f r o m subjects ,  rathe r  tha n 
bein g experimenter-created ,  s o tha t  degre e o f  similarit y i s 
no t  a  free  parameter ;  (2 )  a  word ' s m e a n i n g i s a n attracto r 
poin t  i n semant i c stat e space ;  (3 )  th e m a p p i n g from  w o r d 
f o r m t o m e a n i n g i s  arbitrary ;  an d (4 )  ther e i s  n o explici t 
hierarchica l  structure . 

T h e model ' s architectur e i s  presente d i n Figur e 1 .  T h e 
ne two r k m a p p e d directl y from  1 2 w o r d fo r m unit s t o 1 2 4 2 
semant i c features .  T h e semanti c featur e unit s loope d b a c k t o 
themselve s throug h a  laye r  o f  3 0 hidde n unit s (semanti c 
structur e units) . 

Semanti c 
Structur e 

30 hidde n 
unit s 

Scnunti c 

1242 outpu t 
unit s 

12 Inpu t 

Word 
For m 

F igur e 1 :  M o d e l  Architecture . 

Units 

Inpu t  t o th e networ k wa s a n abstrac t  wor d for m 
representatio n tha t  coul d b e interprete d a s eithe r  spellin g o r 
sound .  Eac h word' s for m wa s represente d b y turnin g o n a 
randoml y selecte d 3  unit s (activatio n =  1) .  Thus ,  th e 
mappin g betwee n meanin g an d for m wa s arbitrary ,  a s i n 
Englis h monomorphemi c words . 

Th e semanti c representation s wer e take n from  McRae ,  d e 
Sa,  an d Seidenber g (1997) ,  wh o aske d subject s t o produc e 

semanti c feature s fo r  1 9 exemplar s from  eac h o f  1 0 objec t 
categories :  birds ,  mammals ,  fruits,  vegetables ,  clothing , 

furniture ,  kitche n items ,  tools ,  vehicles ,  an d weapons .  Th e 
resultin g outpu t  representatio n wa s spars e becaus e a  concep t 
consiste d o f  a t  mos t  2 7 feature s acros s th e semanti c featur e 

layer . 
M c R ae e t  al .  (1997 )  note d tha t  relevan t  structur e i s no t 

restricte d t o mapping s betwee n domain s suc h a s 
orthography ,  phonology ,  an d semantics ,  bu t  als o include s 
structur e withi n a  domain .  Thus ,  th e semanti c structur e unit s 
pla y a n importan t  rol e a s hidde n unit s i n tha t  the y encod e 
semanti c regularitie s (featur e correlations )  an d exploi t  thes e 
regularitie s fo r  computin g wor d meaning .  I n essence ,  thi s 
cyclica l  par t  o f  th e networ k i s  wher e th e attractor s ar e 
formed ,  s o tha t  th e model' s computationa l  dynamic s ar e 
strongl y influence d b y correlation s amon g semanti c 
features ,  suc h a s <ha s wings > an d <ha s a  beak> . 

Training 

Th e semanti c an d semanti c structur e unit s wer e initialize d t o 
rando m startin g value s i n th e rang e 0. 2 ±  .05 .  A  word' s 
for m wa s the n hard-clampe d a t  th e inpu t  layer .  Eac h tic k o f 
processin g tim e (2 0 i n total )  allowe d activatio n t o sprea d 
one laye r  forward .  Tota l  tim e wa s segmente d int o 4  tim e 
step s (t) ,  eac h consistin g o f  5  tim e tick s ( x =  0.2 )  (simila r  t o 
Plaut ,  1995) .  Ne t  input s t o a  uni t  (xj )  wer e average d 
accordin g t o Equatio n 1 , 

(1 ) x^P=tJ^sI'-'\j+(1-t)x^;-' ^ 

,t h th e wher e j j  wa s th e activatio n o f  th e r "  uni t  an d wj i  wa s th e 
weigh t  o n th e connectio n t o th e / "  uni t  from  th e / ™ 
Therefore ,  a  unit' s  inpu t  a t  eac h tim e ste p wa s a  weighte d 
averag e o f  it s previou s inpu t  an d th e curren t  inpu t  from  al l 
sendin g units .  Activatio n wa s the n determine d usin g th e 
standar d sigmoida l  function . 

Weigh t  change s wer e calculate d usin g th e 
backpropagation-through-tim e learnin g algorithm .  Erro r  wa s 
backpropagate d ove r  th e 2 0 processin g tick s i n a  manne r 
analogou s t o th e forwar d pass .  Erro r  wa s injecte d int o th e 
syste m (i.e. ,  th e target' s semanti c representatio n wa s 
provided )  fo r  th e final  tw o tim e step s onl y (1 0 tim e ticks) , 
thereb y trainin g th e networ k t o produc e th e targe t  outpu t 
graduall y ove r  time .  Erro r  derivative s wer e calculate d usin g 
cros s entrop y erro r  (E )  a s i n Equatio n 2 , 

(2) £ = XX<ln}',+(l-^,)ln(l->',) 

p ' 
wher e d i  wa s th e desire d activatio n fo r  unit i  an d >' i  wa s th e 
compute d activation ,  s u m m e d ove r  pattern s p . 

Th e networ k wa s ttained  usin g th e P D P + + (versio n 1.1 ) 
simulato r  develope d a t  Carnegi e Melo n b y R .  C .  O'Reilly , 
C.  K .  Dawson ,  an d J .  L .  McClelland .  Weight s wer e update d 
afte r  eac h patter n presentation .  Th e learnin g rat e wa s 0.0 1 
throughou t  training .  M o m e n t u m wa s se t  a t  0  fo r  th e first  1 0 
epoch s o f  trainin g an d 0. 9 thereafter .  Eac h epoc h consiste d 
of  randoml y presentin g th e 19 0 patterns .  Afte r  8 5 epoch s o f 
training ,  th e ne twor k settle d t o th e correc t  stabl e stat e fo r  al l 
pattern s withi n 2 0 t im e ticks . 
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S i m u l a t i o n : 
M c R a e a n d Bo isver t  (i n p ress .  E x p e r i m e n t  3 ) 

The mode l  wa s use d t o simulat e Experimen t  3  o f  M c R a e 
and Boisver t  (i n press) ,  i n whic h i t  wa s demonstrate d tha t 
semanti c similarit y primin g i s cruciall y dependen t  o n th e 
degre e o f  featura l  overlap .  The y designe d wor d triplet s b y 
pairin g a  targe t  (jar )  wit h bot h a  highl y simila r  prim e 
{bottle )  an d a  les s simila r  prim e (plate) ,  wit h degre e o f 
similarit y bein g establishe d b y subjects '  ratings .  Prime -
targe t  similarit y o f  th e les s simila r  prime s wa s i n th e rang e 
of  Shelto n an d Martin' s (1992 )  items .  S O A s o f  25 0 m s an d 
75 0 m s wer e use d becaus e shor t  S O A s suc h a s 25 0 m s ar e 
believe d t o reflec t  lexical-interna l  factor s only ,  wherea s 
effect s a t  a  longe r  S O A suc h a s 75 0 m s ma y b e influence d 
by subjects '  strategie s (se e Neely ,  199 1 fo r  a  review) . 
Consisten t  wit h thes e notions ,  wit h a  25 0 m s S O A ,  latencie s 
i n a  semanti c decisio n tas k ("Doe s i t  refe r  t o a  concret e 
object?" )  wer e faste r  fo r  target s precede d b y highl y simila r 
prime s (68 5 ms )  tha n b y les s simila r  (71 2 ms )  o r  dissimila r 
prime s (71 1 ms) ,  an d n o primin g obtaine d fo r  th e les s 
simila r  items .  Wit h a  75 0 m s S O A ,  semanti c decision s wer e 
agai n faste r  i n th e highl y simila r  conditio n (64 6 ms )  tha n i n 
bot h th e les s simila r  (66 4 m s )  an d dissimila r  condition s (69 2 
ms) .  However ,  reliabl e primin g wa s foun d fo r  th e les s 
simila r  items ,  replicatin g Shelto n an d Martin' s findings. 

The simulatio n investigate d whethe r  th e networ k woul d 
exhibi t  appropriat e settlin g fo r  th e sam e items .  Tha t  is ,  th e 
model  shoul d sho w faste r  settlin g time s fo r  target s precede d 
by highl y simila r  prime s versu s eithe r  les s simila r  o r 
dissimila r  primes .  W e di d no t  attemp t  t o closel y 
approximat e th e lon g S O A conditio n becaus e i t  i s  unclea r 
h o w t o incorporat e subjects '  strategie s int o th e network .  O f 
interest ,  however ,  i s  th e predictio n tha t  les s simila r  target s 
shoul d converg e somewha t  faste r  tha n dissimila r  one s 
becaus e ther e mus t  b e a  basi s fo r  th e primin g obtaine d a t  th e 
lon g S O A . 

Method 

Prio r  t o presentin g th e prime ,  al l  semanti c an d semanti c 
structur e unit s remaine d i n th e stat e determine d b y th e 
previou s target .  Th e prime' s wor d for m wa s hard-clampe d 
fo r  1 5 ticks .  Th e target' s wor d for m wa s the n clampe d wit h 
al l  othe r  unit s unchanged .  Th e targe t  wa s allowe d t o settl e 

fo r  2 0 tick s an d cross-entrop y a t  th e semanti c featur e laye r 
was recorded .  Primin g trial s wer e ru n usin g five  rando m 
orders ,  wit h th e result s average d acros s runs . 

Results 

The settlin g profile s fo r  th e target s ar e presente d i n Figur e 

2A.  Th e differenc e betwee n th e hig h an d les s simila r  group s 

i s mor e pronounce d tha n betwee n th e les s simila r  an d 

dissimila r  items ,  reflectin g th e huma n data .  I t  i s  no t  clea r 

h o w bes t  t o m a p suc h dat a ont o huma n decisio n latencie s 

becaus e o f  th e uncertaint y involve d i n determinin g th e 

exten t  t o whic h a  representatio n mus t  stabiliz e befor e a 

respons e ca n b e initiate d i n a  speede d task .  Therefore ,  w e 

calculate d th e mea n numbe r  o f  tim e tick s require d t o reac h 

severa l  level s o f  cross-entropy ,  an d thes e result s ar e 

presente d i n Figur e 2b .  Settlin g time s ar e presente d fo r  a 

number  o f  thresholds ,  rangin g fro m 2. 5 t o 0. 5 (i n 

decrement s o f  0.25) . 
A two-wa y repeate d measure s A N O V A wa s conducte d 

wit h erro r  leve l  (2. 5 -  0.5 )  an d prime-targe t  similarit y 
(highl y simila r  vs .  les s simila r  vs .  dissimilar )  a s th e 
independen t  variables ,  an d numbe r  o f  tick s t o reac h th e 
specifie d erro r  leve l  (convergenc e latency )  a s th e dependen t 
variable .  Prim e targe t  similarit y influence d convergenc e 
latency ,  F(2,52 )  =  26.75* .  Wit h th e nin e erro r  level s 
combined ,  convergenc e latenc y fo r  th e highl y simila r  item s 
was significand y shorte r  tha n fo r  th e les s similar ,  F(l,52 )  = 
30.35 ,  an d dissimila r  items ,  F(l,52 )  =  47.90 ,  bu t  th e les s 
simila r  an d dissimila r  target s di d no t  differ ,  F(l,52 )  =  1.99 , 
p>.l . 

Similarit y an d erro r  leve l  interacte d i n tha t  difference s 
among th e thre e condition s decrease d a t  th e lowe r  erro r 
levels ,  F(16,416 )  =  17.75 .  Planne d comparison s reveale d 
tha t  a t  erro r  level s 2. 5 an d 2.25 ,  convergenc e latenc y fo r 
highl y simila r  target s wa s significantl y shorte r  tha n fo r  les s 
simila r  targets ,  whic h wa s i n tur n shorte r  tha n fo r  dissimila r 
targets .  Thes e result s mirro r  thos e o f  th e lon g S O A 
presentatio n conditio n o f  M c R a e an d Boisvert' s  Experimen t 
3.  A t  th e nex t  5  erro r  level s ( 2 t o 1) ,  highl y simila r  target s 
converge d mor e quickl y tha n les s simila r  targets ,  whic h di d 
not  diffe r  significantl y fro m th e dissimila r  condition .  Thes e 
result s mirro r  thei r  shor t  S O A .  A t  erro r  level s o f  0.7 5 an d 
0.5 ,  onl y th e highl y simila r  an d dissimila r  group s differe d 

Diiiimil u 
Leai  SinUa * 

T i m e Tic k 

Figure 2a: Mean error at each tick. Figur e 2b :  M e a n numbe r  o f  tick s t o reac h erro r  level . 

'  Not e tha t  p  <  0.0 5 unles s otherwis e indicated .  Wher e appropriate , 
Fi  refer s  t o analyse s b y subject s wherea s F 2 refer s t o analyse s b y 
items . 
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reliably .  Finally ,  convergenc e latenc y increase d acros s th e 
nin e erro r  levels .  F(8.208 )  =  147.14 . 

Discussion 

Th e primin g effect s demonstrate d b y th e mode l  reflecte d th e 
subtl e effect s see n i n th e huma n data .  Th e smal l  differenc e 
betwee n th e convergenc e latencie s o f  th e les s simila r  an d 
dissimila r  condition s explai n th e smal l  primin g effect s 
foun d b y Lupke r  (1984) ,  M o s s e t  al .  (1995) ,  an d Shelto n 
an d Marti n (1992) .  Not e tha t  th e degree s o f  freedo m fo r 
accountin g fo r  thes e effect s wer e minimize d becaus e degre e 
of  similarit y wa s determine d b y M c R a e e t  al.' s  (1997 ) 
featur e productio n norms ,  rathe r  tha n b y th e experimenters ' 
intuitions ,  an d al l  item s i n th e huma n experimen t  wer e 
include d i n th e model . 

Experiment 

M c R ae an d Boisvert' s (i n press )  Experimen t  3  an d th e 
simulatio n thereo f  sugges t  tha t  featura l  similarit y i s  th e 
primar y determinan t  o f  semanti c similarit y primin g effects . 
I n contrast ,  accordin g t o mos t  semanti c networ k model s 
suc h a s Collin s an d Loftu s (1975) ,  semanti c primin g i s  als o 
mediate d b y superordinat e categor y nodes .  I n thi s account , 
th e strengt h o f  th e exempla r  <= > superordinat e link s ar e 
directl y relate d t o exempla r  typicality .  Thu s primin g 
betwee n categor y co-ordinate s shoul d depen d o n thei r 
typicality .  T o investigat e this ,  Chiarell o an d Richard s 
(1992 )  compare d primin g effect s fo r  typica l  (robin-crow ) 
versu s les s typica l  (duck-crow )  member s o f  a  category ,  wit h 
th e tw o group s equate d fo r  rate d featura l  similarity .  Primin g 
was foun d fo r  th e highl y typica l  prime s i n a  lexica l  decisio n 
tas k whe n prime s an d target s wer e presente d i n th e lef t 
visua l  field ,  bu t  no t  whe n word s wer e presente d t o th e right . 
I n a  pronunciatio n task ,  numericall y bu t  no t  significantl y 
large r  primin g effect s wer e foun d fo r  th e highl y typica l 
prime s i n bot h visua l  fields .  I n summary ,  thes e experiment s 
ar e suggestive ,  bu t  the y d o no t  clarif y th e rol e o f  typicality . 

T o investigat e thi s issu e further ,  w e reanalyze d M c R a e e t 
al.' s  (1997 )  Experimen t  3  shor t  S O A primin g data .  The y 
measure d primin g effect s fo r  8 8 item s tha t  range d bot h i n 
ite m similarit y an d i n typicalit y o f  th e prime s an d targets . 
Ite m b y ite m primin g effect s wer e predicte d usin g typicalit y 
of  th e prime ,  typicalit y o f  th e target ,  s u m m e d typicalit y o f 
th e prim e an d target ,  an d similarit y i n term s o f  individua l 
and correlate d features .  T w o item s wer e delete d becaus e th e 
typicalit y rating s fo r  shed-ba m an d crayon-penci l  wer e 
collecte d wit h respec t  t o th e superordinat e tool ,  an d th e 
rating s showe d tha t  subject s di d no t  conside r  the m par t  o f 
thi s category .  Fo r  th e 8 6 prime-targe t  pairs ,  similarit y i n 
term s o f  correlate d featur e pair s wa s th e stronges t  predictor , 
r 2 =  0.16 ,  F(l,83 )  =  15.60 ,  an d similarit y i n term s o f 
individua l  feature s als o significantl y predicte d primin g 
effects ,  r 2 =  0.15 ,  F(l,83 )  =  14.10 .  I n contrast ,  non e o f  th e 
typicalit y measure s predicte d priming :  prim e typicality ,  r ^  = 
0.03 ,  F(l,83 )  =  2.37 ,  p  >  0.1 ;  targe t  typicality ,  r ^  =  0.01 , 
F(l,83 )  =  1.10,/ j  >  .2 ;  s u m m e d typicaUty ,  r ^  =  0.03 ,  F(l,83 ) 
= 2.15 ,  p  >  0.1 .  Not e tha t  becaus e th e variatio n o f  th e 
typicalit y rating s wa s slightl y greate r  tha n o f  th e tw o 
similarit y measures ,  an y difference s i n predictiv e abilit y 
canno t  b e attribute d t o thi s factor . 

I n th e presen t  experiment ,  similarit y an d typicalit y wer e 
compare d i n a  mor e direc t  fashion .  Target s wer e paire d wit h 

mor e similar/les s typica l  ("Similar" )  an d les s similar/mor e 
typica l  ("Typical" )  prime s (e.g. ,  squas h a s th e target , 
pumpki n a s th e Simila r  prime ,  cor n a s th e Typica l  prime) . 
Extensiv e normin g wa s conducte d t o ensur e thes e 
condition s wer e met .  I f  featura l  similarit y i s  th e ke y 
predicto r  o f  shor t  S O A primin g effects ,  a s predicte d b y a n 
attracto r  network ,  the n primin g shoul d obtai n onl y fo r  th e 
Simila r  prime-targe t  pairs .  I f  primin g occur s throug h a 
superordinat e nod e an d share d features ,  a s i n a  spreadin g 

activatio n network ,  i t  shoul d b e relativel y equa l  fo r  bot h 
type s o f  items .  I n thi s case ,  featura l  similarit y woul d pla y 
th e stronge r  rol e fo r  th e Simila r  items ,  wherea s share d 
superordinat e categor y nod e woul d dominat e whe n th e 
prime s ar e Typical . 

Norming 

Normin g studie s produce d 1 8 triplet s (fro m 7 5 candidat e 
triplets )  tha t  include d a  target ,  a  Simila r  prime ,  an d a 
Typica l  prim e (se e Appendix) . 

Word Association Norms To ensure that the prime-target 
pair s wer e no t  normativel y associated ,  th e experimente r 
rea d alou d eithe r  th e target s o r  on e o f  th e prime s (i n thre e 
lists ,  1 6 subject s each )  fro m th e 7 5 triplet s originall y 
constructed .  A  wor d triple t  wa s discarde d i f  mor e tha n on e 
subjec t  produce d th e targe t  a s a  respons e t o eithe r  prime ,  o r 
vic e versa .  Thi s lef t  5 1 nonassociate d triplets . 

Category Production Norms Forty-five subjects were 
show n on e wor d from  eac h o f  th e 5 1 triplets .  Th e 
experimente r  rea d eac h ite m alou d an d th e subjec t  indicate d 
th e categor y t o whic h sh e believe d th e concep t  belonged . 
The mos t  frequent  respons e wa s designate d a s th e item' s 
dominan t  category .  Eightee n triplet s wer e retaine d o n th e 
basi s tha t  th e dominan t  categor y wa s identica l  fo r  eac h o f  it s 
members an d a t  leas t  5 0 % o f  th e subject s produce d i t  fo r 
each .  Th e mea n percentag e o f  dominan t  categor y responses , 
alon g wit h othe r  stimul i  characteristics ,  ar e presente d i n 
Tabl e 1 .  Subject s produce d th e dominan t  categor y nam e 
mor e frequently  fo r  Typica l  prime s tha n fo r  Simila r  primes , 
Fi(l,42 )  =  8.59 ,  F2(l,34 )  =  13.85 . 

For  a  fe w o f  th e 1 8 items ,  a  secondar y superordinat e 
categor y nam e wa s produce d b y mor e tha n on e subject .  I n 
term s o f  predictin g primin g effects ,  a  concer n arise s i f  th e 
secondar y categor y i s  mor e restricte d tha n th e dominan t 
categor y becaus e i t  coul d b e th e cas e tha t  primin g i s 
mediate d b y tha t  close r  superordinat e node .  Thi s situatio n 
aros e fo r  th e waffl e -  toas t  -  pancak e triple t  only ,  where/oor f 
was th e dominan t  categor y an d breakfas t  foo d wa s th e les s 
inclusiv e secondar y category .  Subject s produce d breakfas t 
foo d 3 3 % o f  th e tim e t o waffl e an d pancake ,  an d 7 % o f  th e 
tim e t o toast ,  whic h wa s th e Typica l  prime . 

Typicality Ratings Seventeen subjects rated the typicality 
of  eac h member  o f  th e 1 8 triplets .  Eac h ite m wa s include d 
wit h it s  dominan t  category .  Sentence s o f  th e form :  " H o w 
typica l  o f  a  V E G E T A B LE i s C O R N ?"  wer e presente d alon g 
wit h a  9  poin t  scale ,  wher e 1  corresponde d t o "no t  a t  al l 
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typical "  an d 9  t o "extremel y typical" .  Subject s rate d th e 
Typica l  prime s a s mor e typica l  tha n th e Simila r  primes , 
Fi(l,32 )  =  45.83 ,  ̂ 2(1.34 )  =  4.95 . 

Similarity Ratings Thirty-six subjects rated the similarity 
of  th e 1 8 triplet s o n a  9  poin t  scale ,  wher e 1  corresponde d t o 
not  a t  al l  simila r  an d 9  t o extremel y similar .  Subject s rate d 
th e Simila r  prime s a s bein g mor e simila r  t o th e target s tha n 

wer e th e Typica l  primes ,  /i(34 )  =  4.79 ,  r2(17 )  =  6.43 . 

Table 1: Characteristics of Stimuli. 

Si m 
Dom 
Typ 
Let s 

Fre q 

Targe t 

72.3(3.5 ) 

6.6(0.3 ) 

6.5(0.4 ) 

7.7(2.7 ) 

Simila r 

Prim e 

6.0(0.3 ) 

70.1(3.3 ) 

6.8(0.3 ) 

5.4(0.3 ) 

10.2(3.7 ) 

Typica l 

Prim e 

4.4(0.3 ) 

83.0(2.4 ) 

7.8(0.2 ) 

5.3(0.3 ) 

16.3(6.5 ) 

Note :  (Standar d erro r  i n parentheses ) 
Si m =  similarit y t o target ;  D o m =  dominan t  categor y 
response ;  Ty p =  typicality ;  Let s =  lengt h i n letters ; 
Fre q =wor d frequenc y (Kucer a an d Francis ,  1967 ) 

Method 

Subject s Sixty-si x Universit y o f  Wester n Ontari o 
undergraduate s participate d (2 2 pe r  list )  eithe r  fo r  cours e 
credi t  o r  fo r  cas h remuneration .  Al l  subject s wer e nativ e 
speaker s o f  English ,  an d ha d norma l  o r  corrected-to-norma l 
vision . 

Materials Three lists were created so that subjects saw no 
prim e o r  targe t  twice .  Fo r  eac h list ,  6  target s wer e paire d 
wit h Simila r  primes ,  6  wit h Typica l  primes ,  an d 6  wit h 
unrelate d primes .  Unrelate d trial s wer e create d b y re-pairin g 
simila r  prime s wit h th e targets .  Ther e wer e 10 2 fille r  trial s 
per  list ,  consistin g o f  4 2 unrelate d word-wor d an d 6 0 word -
nonwor d pairs .  Th e relatednes s proportio n wa s 0.2 ,  an d th e 
nonwor d rati o wa s 0.56 . 

Procedure Subjects were tested individually using 
PsyScop e (Cohe n e t  al. ,  1993 )  o n a  Macintos h L C 6 3 0 wit h 
a 14-inc h colo r  Son y Trinitro n monitor .  The y responde d b y 
pressin g on e o f  tw o button s o n a  C M U butto n box .  Th e 
subjects '  inde x finger  o f  thei r  dominan t  han d wa s use d fo r  a 
"yes "  response .  A  tria l  consiste d o f  a  fixation  poin t  "+ "  fo r 
25 0 ms ,  followe d b y th e prim e fo r  20 0 ms ,  a  mas k 
( & & & & & & & &)  fo r  5 0 ms ,  an d the n th e target ,  whic h 
remaine d o n scree n unti l  th e subjec t  mad e a  lexica l  decision . 
The m wa s 150 0 ms .  Subject s wer e give n 4 0 practic e trial s 
followe d b y 12 0 experimenta l  trials . 

Design The independent variable was prime type (Similar 
vs .  Typica l  vs .  unrelated) .  A  lis t  facto r  (o r  ite m rotatio n 
group )  wa s included .  Prim e typ e wa s withi n subject s an d 
items .  Th e dependen t  measure s wer e decisio n latenc y an d 
accuracy . 

Result s 

M e an decisio n latenc y an d erro r  rat e fo r  eac h conditio n ar e 

presente d i n Tabl e 2 .  Latencie s greate r  tha n 3  standar d 

deviation s abov e th e gran d mea n wer e replace d b y th e 
cutof f  valu e ( 1 % o f  th e scores) . 

Lexica l  decisio n latencie s differe d b y prim e type , 
Fi(2,162 )  =  4.26 ,  F2(2,30 )  =  4.75 .  Planne d comparison s 
reveale d tha t  subject s responde d 2 6 m s faste r  t o th e Simila r 
pair s tha n t o th e unrelate d pairs ,  Fi(l,162 )  =  7.34 ,  F2(l,30 ) 
= 8.72 .  Furthermore ,  subject s responde d 2 2 m s faste r  t o th e 
Simila r  pair s tha n t o th e Typica l  pairs ,  Fi(l,162 )  =  5.29 , 
^2(1,30 )  =  5.02 .  Th e 4  m s primin g effec t  fo r  th e Typica l 
pair s wa s no t  reliable ,  F j  <  1 ,  F 2 <  1 . 

No difference s wer e significan t  i n th e erro r  data . 

Table 2: Mean Decision Latency in ms and % Errors. 

Prim e 

Typ e 

Decisio n 

Latenc y 

Error s 

Simila r 

Typica l 
Unrelate d 

636(12 ) 

65 8 (12 ) 
662(12 ) 

6.2(1.1 ) 
7. 3 (1.2 ) 
9. 7 (1.2 ) 

Note :  (Standar d erro r  i n parentheses ) 

Discussion 

Subject s wer e faste r  t o respon d t o target s precede d b y 
Simila r  prime s tha n thos e precede d b y eithe r  Typica l  o r 
unrelate d primes ,  an d ther e wa s a  smal l  nonsignifican t 
differenc e betwee n th e latte r  tw o conditions .  Thus ,  semanti c 
similarit y primin g i s a  produc t  o f  featura l  overlap ,  rathe r 
tha n share d superordinat e category .  Thes e result s ca n b e 
take n a s evidenc e t o refut e on e centra l  aspec t  o f  mos t 
version s o f  spreadin g activatio n theory ;  semanti c m e m o r y 
doe s no t  consis t  o f  a  se t  o f  concep t  node s organize d i n a 
hierarchica l  fashion .  Not e tha t  althoug h th e hierarchica l 
natur e o f  semanti c memor y an d th e ke y rol e playe d b y 
superordinat e node s ar e critica l  component s o f  semanti c 
networ k theorie s suc h a s Collin s an d Loftu s (1975) ,  thi s 
experimen t  doe s no t  completel y discoun t  spreadin g 
activatio n model s o f  semanti c memory .  Eve n withou t  thi s 
mechanism ,  similarity-base d primin g effect s ca n b e 
attribute d t o featura l  link s betwee n highl y simila r  concep t 
nodes ,  o r  direc t  concept-concep t  links . 

I n additio n t o empirica l  problems ,  ther e ar e logica l 
problem s wit h a n accoun t  o f  semanti c m e m o r y tha t 
emphasize s hierarchica l  semanti c structur e code d i n term s 
of  loca l  categor y nodes .  Fo r  instance ,  ther e ar e inheren t 
difficultie s i n determinin g wha t  categorie s ar e 
psychologicall y  real ,  an d henc e wha t  categor y node s woul d 
be implicate d t o pla y a  rol e in ,  fo r  example ,  semanti c 
priming .  M a n y type s o f  concept s exis t  fo r  whic h th e 
relevan t  superordinate s ar e no t  obvious ,  particularl y t o th e 
averag e person .  Thes e migh t  includ e verb s suc h a s ru n o r 
break ,  adjective s suc h a s silen t  o r  beautiful ,  an d eve n 
concret e noun s suc h a s fenc e o r  garage .  Thi s proble m 
became painfull y apparen t  whe n constructin g candidat e 
item s fo r  th e categor y productio n tas k o f  th e experimen t  i n 
tha t  i t  wa s difficul t  t o creat e basic-leve l  concept s tha t  w e 
fel t  woul d induc e consisten t  superordinat e categor y 
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response s i n th e absenc e o f  an y biasin g context .  Alon g 
simila r  lines ,  Barsalo u (1987 )  ha s argue d tha t  superordinat e 
categorie s shoul d no t  b e viewe d a s stati c node s i n a 
hierarchically-organize d semanti c system .  Rather ,  o n th e 
basi s o f  th e variatio n i n typicalit y rating s acros s individual s 
and withi n individual s ove r  time ,  a s wel l  a s result s showin g 
tha t  peopl e trea t  a d ho c categorie s suc h a s thing s o n m y des k 
i n muc h th e sam e wa y a s taxonomically-base d categories . 
he conclude d tha t  people' s representation s o f  categorie s ar e 
not  stabl e entities ,  bu t  ar e compute d onl y whe n neede d an d 
ar e constantl y changin g a s a  resul t  o f  experience . 

Conclusions 

Evidenc e wa s presente d t o suppor t  a n attracto r  networ k 
theor y o f  th e computatio n o f  wor d meanin g b y 
demonstratin g tha t  semanti c similarit y primin g effect s ar e 
best  explaine d i n term s o f  featura l  overlap ,  rathe r  tha n 
explicitl y  encode d share d categor y membership .  Thi s wor k 
adds t o th e growin g lis t  o f  phenomen a i n wor d recognitio n 
tha t  hav e bee n accounte d for ,  o r  predicte d by ,  attracto r 
network s o f  lexica l  processing . 
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A p p e n d i x 1 :  Prime-targe t  pair s from  th e Exper imen t 

Mor e Typica l 
Prim e 

sparro w 
robi n 
vultur e 
appl e 
peac h 
com 
carro t 
cucumbe r 
toas t 
strude l 
peppe r 
ocea n 
shir t 
torc h 
sil k 
tub a 
rak e 
gun 

Mor e Simila r 
Prim e 

eagl e 
parakee t 
duc k 
plu m 
coconu t 
pumpki n 
radis h 
peas 
waffl e 
cupcak e 
nutme g 
strea m 
bra 
lam p 
deni m 
flute 
hoe 
missil e 

Targe t 

hawk 
budgi e 
chicke n 
prun e 
pineappl e 
squas h 
beet s 
bean s 
pancak e 
muffi n 
cinnamo n 
cree k 
camisol e 
chandelie r 
corduro y 
clarine t 
shove l 
bomb 

Dominan t 
Categor y 

bir d 
bir d 
bir d 
frui t 
frui t 
vegetabl e 
vegetabl e 
vegetabl e 
foo d 
foo d 
spic e 
bod y o f  wate r 
clothin g 
ligh t  sourc e 
fabri c 
musica l  instrumen t 
gardenin g too l 
weapo n 
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Abstrac t 

We describe our work on developing a general purpose 
tutorin g syste m tha t  wil l  allo w student s t o practic e thei r 
decision-makin g skill s i n a  numbe r  o f  domains .  Th e 
tutorin g system ,  B2 ,  support s mixed-initiativ e natura l 
languag e interaction .  Th e natura l  languag e processin g 
and knowledg e representatio n component s air e als o gen -
era l  purpose—whic h lead s t o a  tradeof f  betwee n th e 
limitation s o f  superficia l  processin g an d syntacti c rep -
resentation s cin d th e difficult y o f  deepe r  method s an d 
conceptua l  representations .  Ou r  solutio n i s t o us e a 
mixed-dept h representation ,  on e tha t  encode s syntacti c 
and conceptua l  informatio n i n th e sam e structure .  A s 
a result ,  w e ca n us e th e sam e representatio n framework 
t o produc e a  detaile d representatio n o f  request s (whic h 
ten d t o b e well-specified )  an d t o produc e a  partia l  repre -
sentatio n o f  question s (whic h ten d t o requir e mor e infer -
ence abou t  th e context) .  Moreover ,  th e representation s 
use th e sam e knowledg e representatio n framework  tha t 
i s  use d t o reaso n abou t  discours e processin g an d domai n 
information—s o tha t  th e syste m ca n reaso n wit h (an d 
about )  th e utterances ,  i f  necessary . 

I n t r o d u c t i o n 

Buildin g decisio n suppor t  system s involve s th e collectio n 

and representatio n o f  a  larg e amoun t  o f  knowledge .  I t 

als o involve s providin g mechanism s fo r  reasonin g ove r 

thi s knowledg e efficiently .  T o mak e th e bes t  us e o f  thes e 

efforts ,  ou r  projec t  group ,  whic h involve s researcher s a t 

th e Universit y o f  Wisconsin-Milwaukee ,  th e Universit y o f 

Wisconsin-Parkside ,  an d th e Medica l  Colleg e o f  Wiscon -

sin ,  i s  workin g o n a  syste m t o redeplo y ou r  decisio n sup -

por t  tool s t o buil d ne w system s fo r  educatin g students . 

Our  ai m i s t o giv e student s a n opportunit y t o practic e 

thei r  decisio n makin g skill s b y considerin g a  numbe r  o f 

scenario s tha t  diffe r  fro m eac h othe r  i n a  controlle d man -

ner .  W e als o wis h t o giv e student s th e opportunit y t o 

ask th e syste m t o explai n wha t  factor s mos t  influence d 

th e system . 

Anothe r  importan t  goa l  o f  thi s wor k i s t o develo p tool s 

tha t  wil l  cove r  a  numbe r  o f  differen t  domains ,  includ -

in g medica l  diagnosis ,  lif e skill s  suc h a s goo d nutritio n 

and budgeting ,  an d studen t  succes s i n thei r  degre e pro -

gram .  Thus ,  th e graphica l  part s o f  th e syste m interfac e 

ar e fairl y  generic .  Mos t  interactio n betwee n th e studen t 

and th e syste m use s natura l  language .  Thi s approac h 

allow s th e syste m t o explai n fairl y  sophisticate d topic s 

(suc h a s wh y a  positiv e compute d tomography ,  C T ,  sca n 

support s th e diagnosi s o f  gallstones )  an d t o tailo r  th e 

interactio n t o th e user' s concern s an d apparen t  leve l  o f 

understanding .  Thi s approac h als o give s th e studen t  a 

grea t  dea l  o f  flexibility  i n ho w sh e phrase s he r  question s 

or  requests .  Students '  utterance s m a y b e shor t  an d am -

biguous ,  requirin g extensiv e reasonin g abou t  th e domai n 

or  th e discours e mode l  t o full y  resolve .  However ,  ful l  dis -

ambiguatio n i s rarel y necessary .  Ou r  solutio n i s t o us e a 

mixed-dept h representation . 

A mixed-dept h representatio n i s on e tha t  m a y b e shal -

lo w o r  dee p i n differen t  places ,  dependin g o n wha t  wa s 

know n o r  neede d a t  th e tim e th e representatio n wa s cre -

ate d (Hirs t  an d Ryan ,  1992) .  Moreover ,  "shallow "  an d 

"deep "  ar e a  matte r  o f  degree .  Shallo w representation s 

ca n b e a  surfac e syntacti c structure ,  o r  i t  ca n b e th e 

tex t  itsel f  (a s a  strin g o f  characters) .  Dee p represen -

tation s migh t  b e a  conventiona l  first-order  (o r  higher -

order )  A I  knowledg e representation ,  takin g int o accoun t 

suc h aspect s o f  languag e understandin g a s lexica l  disam -

biguation ,  markin g cas e relations ,  attachmen t  o f  modi -

fiers  o f  uncertai n placement ,  referenc e resolution ,  quanti -

fier  scoping ,  an d distinguishin g extensional ,  intensional , 

generic ,  an d descriptiv e nou n phrases .  Unlik e quasi -

logica l  form ,  whic h i s  use d primaril y fo r  storag e o f  in -

formation ,  mixed-dept h representation s ar e well-forme d 

propositions ,  subjec t  t o logica l  inference .  Disambigua -

tion ,  whe n i t  occurs ,  i s  don e b y reasoning . 

Othe r  system s tha t  represen t  sentenc e meanin g a t 

multipl e level s (e.g. ,  syntactic ,  semantic ,  an d pragmatic ) 

buil d separat e complet e structure s fo r  eac h level .  So ,  fo r 

example ,  whe n processin g a n utterance ,  a  parse r  mus t 

eithe r  defe r  al l  semanti c processin g o r  resolv e semanti c 

ambiguitie s withou t  th e ful l  knowledg e necessar y t o d o 

so correctly .  T h e mixed-dept h approac h opportunisti -

call y build s semanti c constituen t  structure s a s soo n a s 

enoug h informatio n i s  available .  (Minimally ,  thi s wil l 

be informatio n abou t  th e synta x o f  th e utteranc e bu t  i t 

m ay includ e som e semanti c informatio n abou t  proper -

tie s o f  discours e object s introduce d b y th e utterance) . 

Thi s allow s u s t o d o a s m u c h semanti c interpretatio n a s 

possible ,  a s soo n a s possible . 

I n ou r  work ,  w e us e a  parse r  wit h a  linguisticall y 

687 

mailto:mcroy@uwm.edu
mailto:haller@cs.uwp.edu


base d grammai r  t o proces s th e student' s type d input s 

and produc e a  structur e tha t  capture s syntacti c mark -

in g an d bracketing ,  alon g wit h som e conceptua l  informa -

tion .  Encodin g decision s tha t  requir e reasonin g abou t 

th e domai n o r  abou t  th e discours e contex t  ar e lef t  t o 

th e knowledg e representatio n an d discours e processin g 

components ,  respectively .  Th e primcir y benefit s o f  thi s 

approac h sure : 

Generality The representation language and concep-

tuei l  structure s tha t  ai e buil t  durin g th e initia l  pgirsin g 

phas e ar e no t  specifi c  t o an y on e domain. 

Expressiveness The representation language is very 

expressive ;  ou r  grcunma r  cover s a  wid e variet y o f  syn -

tacti c construction s includin g fragment s am d sentence s 

wit h embedde d sentence s {e.g .  relativ e clause s an d 

claus e complements) .  Fo r  example ,  student s ca n re -

ques t  a  diagnosti c exercis e usin g a  vciriet y o f  form s 

includin g Giv e m e a  stor y problem ,  I  wan t  yo u t o de -

scrib e a  cas e fo r  me. ,  Tel l  m e a  story. ,  A  stor y please . 

or  Anothe r  case . 

Uniformity The structures that are built by the parser 

ar e al l  subjec t  t o inference ;  the y us e th e sam e con -

ceptua l  fremiewor k tha t  i s  use d b y th e othe r  compo -

nents ,  includin g discours e processing ,  planning ,  an d 

pla n recognition .  Fo r  example ,  student s ca n reques t 

a diagnosti c exercis e b y mentionin g an y ste p o f  th e 

tutorin g pla n includin g Tel l  m e a  story ,  o r  Qui z me . 

or  b y mentionin g th e overal l  tutorin g pla n wit h Tuto r 

me. 

This paper gives an overview of our tutoring system, 

B2.  I t  describe s th e natura l  languag e an d knowledg e rep -

resentatio n component s o f  B2 ,  an d ou r  approac h t o th e 

representatio n o f  question s an d requests .  Th e domai n 

tha t  w e hav e develope d mos t  thoroughl y help s medica l 

student s lear n a  statistica l  mode l  fo r  medica l  diagnosis . 

Many o f  th e example s wil l  b e take n fro m thi s domain. 

The Need for A Discourse Model 

The first  prototyp e o f  ou r  curren t  syste m i s Bante r  (Had -

dawy e t  al. ,  1996) .  Bante r  i s a  tutorin g shel l  tha t 

present s predefine d stor y problem s an d short-answe r 

question s o n th e basi s o f  store d informatio n abou t  a  par -

ticula r  medicji l  situation ,  suc h a s a  patien t  wh o see s he r 

docto r  complainin g o f  abdomina l  peiins .  Thi s informa -

tio n comprise s statistica l  relation s amon g know n aspect s 

of  a  patient' s medica l  history ,  findings  fro m physica l  ex -

amination s o f  th e patient ,  result s o f  previou s diagnosti c 

tests ,  an d th e differen t  candidat e diseases .  Th e infor -

matio n i s represente d a s a  Bayesia n belie f  network .  Th e 

syste m als o include s a  faicilit y  fo r  explainin g th e system' s 

reasonin g t o th e student .  Th e Bante r  shel l  ha s bee n de -

signe d t o b e genera l  enoug h t o b e use d wit h an y networ k 

havin g node s o f  hypotheses ,  observations ,  an d diagnosti c 

procedures . 

A preliminar y (an d informal )  use r  stud y o f  th e Bante r 

syste m wit h student s a t  th e Medica l  Colleg e o f  Wiscon -

si n reveale d tw o importan t  facts :  First ,  student s Uk e 

th e ide a o f  bein g abl e t o se t  u p hypothetica l  case s an d 

witnes s ho w differen t  action s migh t  (o r  migh t  not! )  af -

fec t  th e statistica l  likelihoo d o f  a  candidat e diagnosis . 

Second ,  student s d o no t  like ,  an d wil l  no t  use ,  a  sys -

te m tha t  overwhelm s the m wit h irrelevan t  informatio n o r 

tha t  risk s misleadin g the m becaus e i t  answer s question s 

more narrowl y tha n a  teache r  would .  Student s wan t  t o 

ask brief ,  context-dependen t  questions ,  suc h a s "Wh y 

C T ?"  o r  "Wha t  abou t  ultrasound? "  an d the y prefe r  t o 

giv e brief ,  context-dependen t  responses .  Moreover ,  stu -

dent s lik e explanation s tha t  ar e tailore d t o thei r  needs — 

sometime s onl y a  singl e wor d answer ,  sometime s th e an -

swer  alon g wit h it s justification .  A  discours e mode l  i s 

necessar y t o dea l  wit h this . 

The B2 Architecture 

The B 2 syste m perform s thre e distinct ,  bu t  interrelated , 

task s tha t  rel y o n a  variet y o f  informatio n sources .  Th e 

task s are : 

• Managing the interaction between the user and B2, 

includin g th e interpretatio n o f  context-dependen t  ut -

terances . 

• Reasoning about the domain, for example, the relation 

betwee n component s o f  a  medicEi l  cas e histor y an d dis -

ease s tha t  migh t  occur . 

• Meta-reasoning about the Bayesian reasoner and its 

conclusions ,  includin g a n abilit y  t o explai n th e con -

clusion s b y identifyin g th e factor s tha t  wer e mos t  sig -

nificant . 

The B2 system consists of seven components (see Fig-

ur e 1) .  I n th e diagram ,  solid ,  directe d arrow s indicat e 

th e directio n o f  informatio n flow  betwee n components . 

The syste m get s th e user' s inpu t  usin g a  graphica l  use r 

interfac e tha t  support s bot h natura l  lainguag e interac -

tio n an d mous e inputs .  Th e Parse r  componen t  o f  th e 

Parser/Generato r  perform s th e first  leve l  o f  processin g 

on th e use r  inpu t  usin g it s gramma r  an d th e domai n 

informatio n fro m th e Knowledg e Representatio n Com-

ponent .  Th e Parse r  interpret s th e user' s input s t o for m 

propositiona l  representation s o f  surface-leve l  utterance s 

fo r  th e Discours e Analyzer .  Th e Generato r  produce s 

natura l  languag e output s fro m th e tex t  message s (propo -

sitiona l  description s o f  text )  tha t  i t  receive s fro m th e 

Discours e Planner . 

The syste m a s a  whol e i s controlle d b y a  modul e calle d 

th e Discours e Analyzer .  Th e Discours e Analyze r  deter -

mine s a n appropriat e respons e t o th e user' s action s o n 

th e basi s o f  a  mode l  o f  th e discours e an d a  mode l  o f  th e 
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Figur e 1 :  Th e B 2 architectur e 

domain ,  store d i n th e knowledg e representatio n compo -

nent .  Th e Analyze r  invoke s th e Discours e Planne r  t o se -

lec t  th e conten t  o f  th e respons e an d t o structur e it .  Th e 

Analyze r  relie s o n a  componen t  calle d th e Mediato r  t o 

intercic t  wit h th e Bayesia n networ k processor .  Thi s Me -

diato r  processe s domai n leve l  information ,  suc h a s rank -

in g th e effectivenes s o f  alternativ e diagnosti c tests .  Al l 

phase s o f  thi s proces s ar e recorde d i n th e knowledg e rep -

resentatio n component ,  resultin g i n a  complet e histor y 

of  th e discourse .  Thus ,  th e knowledg e representatio n 

component  serve s a s a  centra l  "blackboard "  fo r  al l  othe r 

components . 

Togethe r  thes e seve n component s handl e th e thre e 

task s mentione d above .  The y interac t  b y addressin g Jin d 

handlin g querie s t o eac h other .  However ,  th e knowledg e 

underlyin g thes e querie s an d th e knowledg e neede d t o 

generat e a  respons e ca n com e fro m a  variet y o f  knowl -

edge sources .  Translatin g betwee n knowledg e source s i s 

not  a n effectiv e solution . 

The informatio n source s tha t  3 2 use s include : 

• Linguistic knowledge — knowledge about the mean-

ing s o f  utterance s an d plan s fo r  expressin g meaning s 

as text . 

• Discourse knowledge — knowledge about the inten-

tional ,  social ,  an d rhetorica l  relationship s tha t  lin k 

utterances . 

• Domain knowledge — factual knowledge of the medi-

cal  domai n an d th e medica l  cas e tha t  i s unde r  consid -

eration . 

• Pedagogy — knowledge about the tutoring task. 

• Decision-support — knowledge about the statistical 

model  an d ho w t o interpre t  th e informatio n tha t  i s 

derivabl e fro m th e model . 

In 32, the interaction between the tasks is possible be-

caus e th e informatio n fo r  al l  knowledg e source s i s rep -

resente d i n a  unifor m frzmiework .  Th e knowledg e rep -

resentatio n componen t  serve s a s a  centra l  "blackboard " 

fo r  al l  othe r  components . 

The Knowledge Representation 

B l a c k b o a r d 

3 2 represent s bot h domai n knowledg e an d discours e 

knowledg e i n a  unifor m framewor k a s a  propositiona l  se -

manti c network .  Thi s allow s th e syste m t o reaso n wit h 

(an d about )  utterance s i f  necessary . 

A propositiona l  semanti c networ k i s a  framewor k fo r 

representin g th e concept s o f  a  cognitiv e agen t  wh o i s ca -

pabl e o f  usin g languag e (henc e th e ter m semantic) .  Th e 

informatio n i s represente d a s a  grap h compose d o f  node s 

and labele d directe d arcs .  I n a  propositiona l  semanti c 

network ,  th e proposition s ar e represente d b y th e nodes , 

rathe r  tha n th e arcs ;  arc s represen t  onl y non-conceptua l 

binar y relation s betwee n nodes .  Th e particula r  sys -

tems tha t  ar e bein g use d fo r  3 2 ar e SNeP S an d A N A -

L OG (Ali ,  1994a ;  Ali ,  1994b ;  Shapir o an d Group ,  1992 ) 

whic h provid e facilitie s fo r  buildin g an d finding  node s 

as wel l  a s fo r  reasonin g an d truth-maintenance .  Thes e 

system s satisf y th e followin g additiona l  constraints : 

• Each node represents a unique concept; 

• Each concept represented in the network is represented 

by a  uniqu e node ; 

• The knowledge represented about each concept is rep-

resente d b y th e structur e o f  th e entir e networ k con -

necte d t o th e nod e tha t  represent s tha t  concept . 

These constraints allow efficient inference when process-

in g natura l  language .  Fo r  example ,  suc h network s ca n 

represen t  comple x description s (commo n i n th e medica l 

domain) ,  an d ca n suppor t  th e resolutio n o f  eUipsi s an d 

anaphora ,  a s wel l  a s genera l  reasonin g task s suc h a s sub -

sumptio n (Ali ,  1994a ;  Ali ,  1994b ;  Maid a an d Shapiro , 

1982 ;  Shapir o an d Rapaport ,  1987 ;  Shapir o an d Rapa -

port ,  1992) . 
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Figur e 2 :  A  rul e statin g tha t  i £ V I  i s th e cas e numbe r  o f 

a case ,  an d V 2 an d V 3 cir e tw o piece s o f  cas e information , 

the n a  pla n fo r  generatin g a  descriptio n o f  th e cas e wil l 

presen t  th e tw o piece s o f  informatio n i n a  coordinatin g 

conjunction . 

We characterize a knowledge representation as uni-

for m whe n i t  allow s th e representatio n o f  differen t  kind s 

of  knowledg e i n th e saim e knowledg e bas e usin g th e sam e 

inferenc e processes .  Th e knowledg e representatio n com -

ponen t  o f  B 2 i s unifor m becaus e i t  provide s a  representa -

tio n o f  th e discours e knowledge ,  domaii n knowledge ,  an d 

probabilisti c  knowledg e (fro m th e Bayesia n net) .  Thi s 

support s intertas k communicatio n an d cooperatio n fo r 

interactiv e processin g o f  tutoria l  dialogs . 

The rul e i n Figur e 2  i s a  goo d exampl e o f  ho w th e 

unifor m representatio n o f  informatio n i n th e semanti c 

networ k eillow s u s t o relat e domeii n informatio n ( a med -

ica l  case )  t o discours e plannin g informatio n ( a pla n t o 

describ e it) .  Thi s networ k represent s a  tex t  pla n fo r  de -

scribin g a  medica J cas e t o th e user .  Tex t  plan s ar e rep -

resente d a s rule s i n th e knowledg e representation .  Rule s 

ar e genera l  statement s abou t  object s i n th e domain ;  the y 

axe represente d b y usin g cas e frames ^  tha t  hav e FORALL 

or  EXIST S arc s t o node s tha t  represen t  variable s tha t  ar e 

boun d b y thes e quantifie r  arcs .  I n Figur e 2 ,  nod e M1 3 

i s a  rul e wit h thre e universadl y quantifie d variable s (a t 

th e en d o f  th e FORALL arcs) ,  a n anteceden t  (a t  th e en d 

of  th e AN T axe) ,  an d a  consequen t  (a t  th e en d o f  th e C Q 

arc) .  Thi s mean s tha t  i f  a n instanc e o f  th e anteceden t 

i s believed ,  the n a  suitabl y instantiate d instanc e o f  th e 

consequen t  i s believed .  Nod e P I  represent s th e concep t 

tha t  somethin g i s a  member  o f  th e clas s cas e an d P 2 

represent s th e concep t  tha t  th e cas e concep t  ha s a  cas e 

number  an d cas e information .  Fo r  mor e detail s abou t 

th e knowledg e representation ,  se e (McRo y e t  al. ,  1997) . 

'Cas e frames  ax e conventionall y agree d upo n set s o f  arc s 
emanatin g from  a  nod e tha t  ar e use d t o expres s a  proposition . 
For  example ,  t o expres s tha t  A  is a B  w e us e th e M E M B E R-
CLASS cas e frame  whic h i s a  nod e wit h a  M E M B ER ar c an d 
a CLASS,  ar c (Shapir o e t  al. ,  1994 )  provide s a  dictionar y o f 
standar d cas e frames.  Additiona l  cas e frames  ca n b e define d 
as needed . 

Interpretatio n o f  exchange s 

exchange s (pair s o f  Interpretations ) 

system' s Interpretatio n o f  eac h utteranc e 

sequenc e o f  utterance s 

utteranc e leve l 

F i g u r e 3 :  F i v e L e v e l s o f  R e p r e s e n t a t i o n 

The Representation of the Discourse 

The discours e mode l  ha s five  level s o f  representation , 

shown i n Figur e 3 .  Thes e level s captur e wha t  th e stu -

dent  an d th e syste m hav e eac h said ,  a s wel l  a s ho w thei r 

utterance s exten d th e ongoin g discourse .  Unlik e man y 

systems ,  B2' s mode l  o f  discours e wil l  includ e a  repre -

sentatio n o f  question s an d requests ,  a s wel l  a s state -

ment s o f  fact .  (System s tha t  d o no t  represen t  ques -

tion s an d request s typicall y giv e thes e utterance s a  pro -

cedura l  semantics ,  interpretin g the m a s operation s t o 

be performed. )  Havin g a n explici t  representatio n o f 

question s an d request s simplifie s th e interpretatio n o f 

context-dependen t  utterance s suc h a s Why ? o r  What 

about  H I D A ^  (Haller ,  1996) .  I t  als o allow s th e sys -

te m t o recove r  fro m misunderstandings ,  shoul d the y oc -

cur  (McRoy ,  1995 ;  McRo y an d Hirst ,  1995) . 

We wil l  conside r  eac h o f  thes e level s i n turn ,  startin g 

wit h th e utteranc e level ,  show n a t  th e botto m o f  Fig -

ur e 3 . 

The Utterance Level 

For  al l  inputs ,  th e parse r  produce s a  representatio n o f  o f 

it s surfac e content ,  whic h th e analyze r  wil l  asser t  a s pcir t 

of  a n occurrenc e o f  a n even t  o f  typ e SAY.  Th e conten t 

of  th e user' s utteranc e i s alway s represente d b y wha t 

she sai d literally .  I n th e ceis e o f  requests ,  th e studen t 

may reques t  a  stor y proble m directly ,  a s a n imperativ e 

sentenc e Tel l  m e a  stor y o r  indirectly ,  a s a  declarativ e 

sentenc e tha t  expresse s a  desir e /  wan t  yo u t o tel l  m e 

a story .  Th e complet e representatio n o f  th e imperativ e 

sentenc e Tel l  m e a  stor y  i s show n i n Figur e 4 . 

For  th e system' s utterances ,  th e utteranc e leve l  rep -

resentatio n correspond s t o a  tex t  generatio n even t  (thi s 

contain s muc h mor e fine-grained  informatio n abou t  th e 

system' s utterance ,  suc h a s mod e an d tense. )  Th e con -

ten t  o f  th e system' s utteranc e i s th e tex t  messag e tha t 

i s sen t  t o th e languag e generator . 

Sequence of Utterances 

The secon d leve l  correspond s t o th e sequenc e o f  utter -

ances .  (Thi s leve l  i s  comparabl e t o th e linguisti c struc -

tur e i n th e tripartit e mode l  o f  (Gros z an d Sidner ,  1986)) . 

^HID A stand s fo r  radio-nuclid e hepatobilar y imaging ,  a 
diagonisti c test . 
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lrTTTllANr ^ 

CON-BJT 

utttfc r 

OBJECT ACKNT lo t  IhC T r i  A5 S 

MHMHhK 
ACTION I K BJ h 

Figur e 4 :  Nod e B 3 represent s a n utteranc e whos e for m 

i s imperative ,  an d whos e conten t  (M4 )  i s th e propositio n 

tha t  th e heare r  (Bl )  wil l  tel l  a  stor y (32 )  t o th e speake r 

(85) . 

I n th e semanti c network ,  w e represen t  th e sequencin g 

of  utterance s explicitly ,  wit h asserte d proposition s tha t 

use th e B E F O R E - A F T ER cas e frame .  Th e orde r  i n 

whic h utterance s occurre d (syste m an d user )  ca n b e de -

termine d b y traversin g thes e structures .  Thi s represen -

tatio n i s discusse d i n detai l  i n (McRo y e t  al. ,  1997) . 

The Interpretation Level 

I n th e thir d level ,  w e represen t  th e system' s inter -

pretatio n o f  eac h utterance .  Eac h utteranc e even t 

(fro m leve l  1 )  wil l  hav e a n associate d syste m interpre -

tation ,  whic h i s represente d usin g th e INTERPRETA-

T I O N . O F — I N T E R P R E T A T I ON cas e frame .  Fo r  ex -

ample ,  conside r  th e interpretatio n o f  th e utteranc e Tel l 

me a  stor y (a s wel l  a s /  wan t  yo u t o tel l  m e a  story.) , 

shown i n Figur e 5 .  (Ever y utteramc e ha s on e o r  mor e 

interpretations ;  a t  an y time ,  onl y on e i s believe d an d a 

justification-base d trut h maintenanc e syste m i s use d t o 

trac k change s i n belief. ) 

The Exchange and Exchange Interpretation 

Level s 

The fourt h an d fifth  level s o f  representatio n i n ou r  dis -

cours e mode l  ar e exchange s an d interpretation s o f  ex -

changes ,  respectively .  A  conversationa l  exchang e i s a 

pai r  o f  interprete d event s tha t  fit  on e o f  th e conventiona l 

structure s fo r  dialo g {e.g .  Q U E S T I O N - A N S W E R ).  Fig -

ur e 6  give s th e networ k representatio n o f  a  conversa -

tiona l  exchang e an d it s interpretation .  Nod e Ml  1 3 rep -

resent s th e exchang e i n whic h th e syste m ha s aske d 

a questio n an d th e use r  ha s answere d it .  Usin g th e 

M E M B E R - C L A SS cas e frame ,  propositiona l  nod e Ml  1 5 

assert s tha t  th e nod e Ml  1 3 i s a n exchange .  Propositiona l 

node Ml  1 2 represent s th e system' s interpretatio n o f  thi s 

exchange :  tha t  th e use r  ha s accepte d th e system' s ques -

M22V INT T "l̂ l  TATin N 

im iwR i  lAriii N 

IBJKCr i 

retiucx l 

yrac m 

MEMB a-AS S 

Figur e 5 :  Nod e M31 i s a  propositio n tha t  th e interpreta -

tio n o f  Tel l  m e a  stor y (whic h i s glosse d i n thi s figure)  i s 

M22.  Nod e M2 2 i s th e propositio n tha t  th e use r  requeste d 

tha t  th e syste m describ e a  cas e t o th e user . 

tion (i.e. that the user has understood the question and 

require s n o furthe r  clarification) .  Finally ,  propositiona l 

node M11 6 represent s th e system' s behe f  tha t  nod e M11 2 

i s th e interpretatio n o f  th e exchang e represente d b y nod e 

M113. 

Interaction among the Levels 

A majo r  advantag e o f  th e networ k representatio n i s th e 

knowledg e sharin g betwee n thes e five  levels .  W e ter m 

thi s knowledg e sharin g associativity .  Thi s occur s be -

caus e th e representatio n i s unifor m an d ever y concep t 

i s represente d b y a  uniqu e node .  A s a  result ,  w e ca n re -

triev e an d mak e us e o f  informatio n tha t  i s represente d i n 

th e networ k implicitly ,  b y th e arc s tha t  connec t  propo -

sitiona l  nodes .  Fo r  example ,  i f  th e syste m neede d t o 

explai n wh y th e use r  ha d sai d HI D A ,  i t  coul d follo w th e 

arc s fro m th e nod e representin g th e utteranc e tha t  Use r 

sai d HID A t o th e system' s interpretatio n o f  tha t  utter -

ance ,  nod e M108 ,  t o determin e tha t 

• The user's utterance was understood as the answer 

withi n a n exchang e (nod e Ml  13) ,  an d 

• The user's answer indicated her acceptance and un-

derstandin g o f  th e discourse ,  u p t o tha t  poin t  Ml  12 . 

This same representation could be used to explain why 

th e syste m believe d tha t  th e use r  ha d understoo d th e 

system' s question .  Thi s associativit y i n th e networ k i s 

vita l  i f  th e interactio n start s t o fail . 

The Current Status of B2 

B2 i s bein g develope d usin g th e Common LIS P program -
min g language .  We ar e usin g th e SNePS 2.3. 1 an d ANA -
L OG 1. 1 tool s t o creat e th e lexicon ,  parser ,  generator . 
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KVfĉ al /  \IA1NT 1 

OhJUTI 
ACENT/  \AC T A«iK T 

AlTlO N 

OhlElT l OHfttT l 

3(  l«./tj«. < r)""-" ,  ̂•"' • hfttifmWli A )iall̂ .»nj>.i>fi-ta i 

Figur e 6 :  Nod e M l  1 5 represent s the  propositio n tha t 

nod e M11 3 i s  a n exchang e comprise d o f  th e event s M9 9 

an d M108 .  M10 8 i s th e propositio n tha t  Th e use r  an -

swere d "H ID A i s th e bes t  tes t  t o rul e i n Gallstones" . 

Additionally ,  nod e M11 6 represent s th e propositio n tha t 

the  interpretatio n o f  M11 3 i s  even t  M112 .  M11 2 i s th e 

propositio n tha t  th e use r  ha s accepte d M96 .  (M9 6 i s th e 

questio n tha t  th e syste m aske d i n even t  M99. ) 

an d underlyin g knowledg e representation s o f  domai n an d 

discours e information(Shapir o an d Group ,  1992 ;  Shapir o 

an d Rapaport ,  1992 ;  Ali ,  1994a ;  A U ,  1994b) . 

A n Internet-ax;cessible ,  graphica l  front-en d t o B 2 ha s 

bee n develope d usin g th e J A V A 1. 1 programmin g lan -

guage .  I t  ca m b e ru n usin g a  networ k browser ,  suc h a s 

Netscape .  T h e interfac e tha t  th e use r  see s communicate s 

wit h a  server-sid e prograi n tha t  initiate s a  LIS P process . 

Summary 

The goal of the B2 project is to give students an oppor-

tunit y t o practic e thei r  decisio n makin g skill s  wher e th e 

primar y modedit y o f  interactio n i s English .  W e giv e stu -

dent s th e opportunit y t o as k th e syste m t o explai n wha t 

factor s wer e mos t  influentia l  t o it s decisio n an d why . 

T h e natura l  languag e processin g an d knowledg e rep -

resentatio n component s o f  B 2 ar e genera l  purpose .  I t 

build s a  five-leve l  mode l  o f  th e discourse ,  tha t  repre -

sent s wha t  wa s Uterall y said ,  wha t  wa s meant ,  an d ho w 

eac h utteranc e an d it s  interpretatio n relate s t o previ -

ous ones .  Thi s i s necessar y becaus e students '  utterance s 

m ay b e shor t  an d ambiguous ,  requirin g extensiv e rea -

sonin g abou t  th e domai n o r  th e discours e mode l  t o full y 

resolve .  W e hav e show n ho w ou r  mixed-dept h repre -

sentation s encod e syntacti c an d conceptua l  informatio n 

i n th e sam e structure .  Thi s allow s u s t o defe r  an y ex -

tensiv e reasonin g unti l  needed ,  rathe r  tha n whe n pars -

ing .  W e us e th e sam e representatio n framewor k t o pro -

duc e a  detaile d representatio n o f  request s an d t o pro -

duc e a  representatio n o f  questions .  T h e representation s 

us e th e sam e knowledg e representatio n framewor k tha t 

i s use d t o reaiso n abou t  discours e processin g an d domai n 

information—s o tha t  th e syste m ca n reaso n wit h (an d 

about )  th e utterances . 
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Abstrac t 

Accident, infection, surgery, or stroke resulting in brain 
traum a ca n leav e individual s wit h significan t  an d pervasiv e 
cognitiv e disabilities .  Th e nee d t o increas e fiinctional  recov -
er y fo r  thes e individual s challenge s th e combine d knowledge , 
skills ,  an d visio n acros s discipline s includin g neuropsychol -
ogy ,  rehabilitatio n psychology ,  occupationa l  therapy ,  speec h 
pathology ,  an d compute r  science .  Thi s pape r  report s suc h in -
terdisciplinar y researc h t o develo p a n approac h t o computer -
assiste d retrainin g tha t  ca n suppor t  an d encourag e patients ' 
own effort s t o tak e charg e o f  thei r  hve s agai n an d rebuil d 
theu -  cognitiv e skill s  an d thereb y enhanc e thei r  vocationa l  an d 
socia l  opportunities .  Th e Adaptabl e Learnin g Environmen t 
fo r  Rehabilitatio n Trainin g ( A L E R T )  wil l  trac k use r  perform -
anc e levels ,  interest ,  preferences ,  an d progres s withi n a n envi -
ronmen t  tha t  use s Virtua l  Realit y fo r  life-skil l  simulation s an d 
activitie s t o functionall y mode l  cognitiv e tas k domains .  A 
singl e standardize d assessmen t  metho d i s bein g designe d t o 
collec t  informatio n abou t  cognitiv e variable s i n th e contex t  o f 
mediatin g an d suppor t  variables .  Th e functiona l  develop -
menta l  mode l  o f  recover y upo n whic h A L E R T i s base d vJh l 
use th e ongoin g assessmen t  a s i t  update s th e patien t  use r 
model  withi n th e intelhgen t  tutorin g syste m t o giiid e th e sug -
gestion s fo r  treatmen t  a t  eac h successiv e stage . 

Introduction 

Significan t  an d pervasiv e disabilitie s ca n resul t  fro m injur y 
t o th e brain .  I t  ha s bee n estimate d tha t  7  t o 8  milUo n peopl e 
suffe r  u-aumati c brai n injiu y (TBI )  eac h yea r  i n th e Unite d 
State s alon e (Bennett ,  Dittmar ,  &  H o ,  1997) .  Thes e indi -
vidual s ar e ofte n lef t  wit h long-ter m deficit s tha t  ca n se -
verel y impac t  thei r  vocationa l  an d socia l  opportunitie s fo r 
th e res t  o f  thei r  lives .  Resource s ar e hmite d fo r  th e cognitiv e 
retrainin g tha t  coul d increas e thei r  functiona l  recovery ;  thus , 
a challeng e emerge s t o develo p mo r e effectiv e compute r 

softwar e t o suppor t  cognitiv e retrainin g b y applyin g th e 
combine d knowledg e an d skill s  o f  researcher s from  severa l 
areas .  Thi s pape r  report s progres s o f  a  collaboratio n a m o n g 
neuropsychologists ,  rehabilitatio n speciahsts ,  occupationa l 
therapists ,  speec h pathologists ,  educator s an d compute r  sci -
entist s t o attemp t  t o mee t  thi s challeng e i n th e interest s o f 
T BI  individuals ,  thei r  families ,  thei r  employers ,  an d societ y 
as a  whole . 

Cognitiv e rehabilitatio n employ s th e apphcatio n o f  a  con -
stellatio n o f  procedure s b y a  practitioner ,  usuall y a  neuro -
psychologist ,  occupationa l  therapist ,  o r  speec h pathologist , 
t o facilitat e developmen t  o f  skill s an d stiategie s neede d t o 
overcom e cognitiv e deficit s i n person s wit h T B I  (Dille r  & 
Gordon ,  1981) .  T h e us e o f  cognitiv e rehabilitatio n tech -
nique s date s bac k t o th e time  o f  th e ancien t  Greeks ;  h o w -
ever ,  i t  w a s no t  unti l  afte r  Wor l d W a r  I I  tha t  th e potentia l  o f 
cognitiv e rehabilitatio n a s a n interventio n fo r  person s wit h 
hea d injurie s wa s first  propose d (Zangwill ,  1947) ,  Earl y 
researc h i n cognitiv e rehabilitatio n primaril y focuse d o n th e 
apphcatio n o f  thes e procedure s t o individual s w h o ha d sus -
taine d cerebra l  vascula r  accident s ( C V A )  (Gordon ,  Hibbard , 
& Kreutzer ,  1989) .  I t  w a s no t  unti l  Ben-Yisha y w a s calle d 
upo n b y th e Israe h governmen t  t o develo p a n outpatien t 
rehabihtatio n progra m fo r  soldier s wit h hea d injurie s tha t 
cognitiv e rehabilitatio n w a s appUe d t o thi s populatio n 
(Gordon ,  e t  al. ,  1989) . 

Withi n a  relativel y shor t  time ,  cognitiv e rehabilitatio n ha s 
b e c o m e on e o f  th e fastes t  growin g rehabihtatio n interven -
tions  provide d t o person s wit h hea d injuries .  Gordon ,  e t  al , 
(1989 )  cit e numerou s reason s fo r  th e recen t  expansio n i n 
thi s field  includin g th e following :  (a )  a n increas e i n publi c 
awarenes s o f  cognitiv e rehabihtatio n couple d wit h th e 
greate r  numbe r  o f  individual s w h o surviv e T B I  du e t o ad -
vance s i n medica l  technology ;  (b )  th e establishmen t  o f  th e 
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efficac y o f  cognitiv e remediatio n fo r  individual s w h o hav e 
sustaine d C V A s ,  leadin g researcher s t o questio n whethe r 
tin s interventio n m a y als o b e applicabl e t o person s wit h 
TBI ;  (c )  th e potentia l  o f  computer s t o serv e a s a n idea l  m o -
dalit y fo r  administratio n o f  cognitiv e rehabiUtatio n tech -

niques ;  an d (d )  th e result s o f  studie s i n th e are a o f  brai n in -
jur y hav e reveale d tha t  residua l  cognitiv e deficit s contribut e 
a majo r  barrie r  t o successiu l  vocationa l  rehabilitatio n o f  thi s 
population . 

Computer-based Cognitive Rehabilitation 

Dat a supportin g th e efficac y o f  cognitiv e rehabilitatio n ar e 
quit e limite d (Gordo n e t  al. ,  1989 ;  Pepin ,  Loranger ,  &  Be -
noi t  1995 ;  Rizzo ,  Buckwalter ,  &  Neumann ,  1997) ;  unfortu -
nately ,  computerize d cognitiv e rehabilitatio n interventio n 
has receive d eve n les s researc h attention .  Althoug h som e 

researcher s hav e conclude d tha t  computerize d cognitiv e 
rehabilitatio n effort s hav e bee n effectiv e (Bracy ,  1983) , 
controlle d researc h investigation s o f  computerize d interven -
tion s hav e no t  ye t  bee n conducte d (Gordo n e t  al. ,  1989) . 

Investigation s employin g computer s a s a  mean s o f  ad -
ministerin g cognitiv e rehabilitatio n intervention s hav e en -
countere d problem s an d issue s simila r  t o thos e reporte d fo r 
th e studie s o f  non-computerize d interventions .  Moreover , 
additiona l  criticism s hav e bee n concerne d wit h th e fac t  tha t 
fe w cognitiv e rehabilitatio n softwar e program s wer e devel -
ope d specificall y fo r  person s wit h TB I  (Gordo n e t  al. , 
1989) .  Mos t  program s use d i n researc h i n thi s are a wer e 
designe d fo r  eithe r  youn g childre n o r  wer e specialize d ap -
plication s designe d fo r  specia l  educatio n students .  Fo r  com -
puterize d rehabilitatio n effort s t o attrac t  participatio n an d t o 
be maximall y effectiv e wit h adults ,  th e softwar e applica -
tion s mus t  b e appropriat e fo r  th e person' s age ,  gender ,  edu -
cationa l  level ,  an d professiona l  an d cultura l  background .  I n 
addition ,  th e abilit> -  t o us e th e treatmen t  modalit y mos t  ap -
propriat e a t  th e tim e coul d greatl y improv e effectiveness . 
Relativel y littl e researc h ha s focuse d o n treatmen t  modali -
tie s tha t  improv e cognitio n followin g brai n injur y (Parent e 
& Herrmann ,  1996) . 

Th e potentia l  fo r  applicatio n o f  Virtua l  Realit y (VR ) 
technolog y t o th e rehabilitatio n o f  person s wit h cognitiv e 
deficit s ha s recentl y bee n recognize d (Rizzo ,  e t  al. ,  1997) . 
Suc h technolog y m a y indee d b e highl y valuabl e w h e n ap -
plie d t o individual s wit h TBI .  Throug h th e us e o f  V R em -
ploye d withi n a  rehabilitatio n context ,  brain-behavio r  rela -
tionship s m a y b e examine d mor e closel y an d revolutionar y 
treatmen t  option s m a y b e develope d (Rizzo ,  e t  al. ,  1997) . 
T wo genera l  approache s hav e bee n propose d fo r  applyin g 
V R technolog y t o cognitiv e remediation :  restorativ e ap -
proaches ,  whic h ten d t o focu s o n th e systemati c retrainin g 
of  cognitiv e processe s throug h repetition ;  an d fimctiona l 
approaches ,  whic h focu s o n retrainin g o f  activities ,  behav -
ior ,  an d skill s  throug h discret e step s (Rizzo ,  e t  al. ,  1997 )  o r 
tas k analysis . 

Bot h restorativ e an d functiona l  approache s hav e bee n 
subjec t  t o criticism .  Critic s o f  restorativ e approache s argu e 
tha t  thes e method s hav e limite d generalizabilit y  fro m th e 
trainin g environmen t  t o th e individual' s environmen t 
(O'Conne r  &  Cermack ,  1987) .  I n contrast ,  critic s o f  fimc -
tiona l  approache s asser t  tha t  throug h placin g a  grea t  empha -

si s o n performin g over-learne d functiona l  behaviors ,  un -
derlyin g cognitiv e abilitie s ar e no t  developed .  Thi s i n turn , 
m ay lea d t o th e individua l  experiencin g difficult y w h e n per -
formin g task s w h e n cognitiv e flexibilit y  i s  require d (Kirsh , 
Levine ,  Lajiness-O'Neill ,  &  Schnyder ,  1992) .  Ther e i s thu s 

a nee d t o develo p intervention s tha t  incorporat e bot h th e 
restorativ e an d fimctiona l  approache s an d thi s nee d le d t o 
th e A L E R T concep t  an d design . 

An Adaptable Learning Environment 

Th e purpos e o f  th e researc h reporte d i n thi s pape r  ha s bee n 
t o desig n a n adaptabl e learnin g environmen t  specificall y fo r 
person s wit h TB I  a s a  mean s o f  enhancin g thei r  cognitiv e 

abilitie s an d vocationa l  an d socia l  competenc e 
Thi s computerize d rehabilitatio n syste m wil l  trac k use r 

performanc e levels ,  interest ,  preferences ,  an d progress .  It s 
softwar e architectur e include s aspect s o f  intelUgen t  tutorin g 
system s (Frasson ,  Mengelle ,  Aimeur ,  &  Gouarderes ,  1996 ; 
Brusilovsky ,  Schwarz ,  &  Weber ,  1996) ,  helper/advisor y 
system s (Winkel s &  Breuker ,  1990) ,  an d interactiv e learn -
in g environment s (Akhra s &  Self ,  1996) .  I t  wil l  eventuall y 
includ e aspect s o f  a  learnin g companio n (Ragnemalm ,  1996 ; 
Chan &  Baskin ,  1990 )  an d o f  medica l  knowledge-base d 
systems ,  especiall y thos e designe d fo r  protocol-directe d 
therap y (fo r  example ,  se e Musen ,  Tu ,  Das ,  &  Shahar ,  1995) . 
Th e "Adaptabl e Learnin g Environmen t  fo r  Rehabilitatio n 
Training "  ( A L E R T )  i s bein g create d t o suppor t  multipl e 
"syste m modes "  whic h i n tur n shar e aspect s o f  intelligen t 
tutorin g systems ,  helpe r  systems ,  learnin g environments , 
learnin g companions ,  an d protoco l  deliver y systems .  It s 
softwar e architectur e i s describe d elsewher e (Ros s & 
Chiang ,  1998) ;  th e focu s her e i s th e cognitiv e tas k analysi s 
and th e visio n o f  a  patient-directe d retrainin g environmen t 
fo r  rehabiUtatio n tha t  inform s th e A L E R T project . 

Th e desig n o f  thi s learnin g environmen t  addresse s a  vari -
et y o f  cognitiv e domain s includin g arousa l  an d orientation , 
attentio n an d concentration ,  memory ,  visua l  an d spatia l  per -
ception ,  languag e an d verba l  skills ,  executiv e fiinctionin g 
(e.g. ,  reasoning ,  planning ,  organization ,  proble m solving) , 
lif e skill s  (e.g. ,  tim e telling ,  budgeting ,  followin g direc -
tions) ,  an d socia l  skills .  Cognitiv e task s ar e activitie s spe -
cifi c  t o assessin g th e skill s  containe d withi n a  broade r  cog -
nitiv e domai n (e.g. ,  attention ,  memory ,  executiv e fimction -

ing )  an d ar e designe d t o enhanc e th e learner' s skil l  leve l  i n 
tha t  particula r  sub-domain .  Enhance d cognitiv e performanc e 
wil l  b e develope d throug h age-appropriat e game-lik e activi -
tie s an d assessin g performanc e o n thes e tasks .  Afte r  th e 
participan t  achieve s a  pre-determine d leve l  o f  competenc y 
i n a  particula r  skill ,  h e o r  sh e wil l  the n engag e i n a  serie s o f 
simulatio n task s designe d t o enhanc e th e functiona l  us e o f 
th e skil l  an d increas e th e ecologica l  validit y o f  th e interven -
tio n (Rizzo ,  e t  al ,  1997) .  Thi s i s accomplishe d throug h th e 
us e o f  virtua l  environment s create d i n th e Virtua l  Realit y 
Modelin g Languag e ( V R M L )  (Matub a &  Roehl ,  1996) . 

Cognitive Rehabilitation within ALERT 

A multimoda l  approac h t o cognitiv e rehabilitatio n fo r  per -

son s wit h traumati c brai n injurie s include s examination  o f 
thre e type s o f  variables :  cognitive ,  mediating ,  an d support . 
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Cognitiv e Variable s involv e operations ,  o r  skills ,  tha t  ca n 
be learned .  Thes e ar e divide d int o tw o classes :  (1 )  Cogni -
tiv e Activitie s ar e cognitiv e operation s tha t  direc t  attentio n 
t o enhanc e encodin g o r  cuein g o f  informatio n (e.g. ,  mne -
moni c techniques) .  Thes e activitie s involv e breakin g dow n 
a particula r  cognitiv e domai n (e.g .  attention )  int o sub -
domains ,  o r  components ,  an d developin g task s t o asses s 
performanc e i n eac h o f  th e sub-domain s individually .  (2 ) 
Functiona l  Modelin g involve s cognitiv e operation s tha t 
utiUz e certai n concept-learning ,  problem-solving ,  decisio n 
making ,  o r  reasonin g technique s tha t  ar e simulation s o f 
norma l  activities .  Functiona l  modelin g task s includ e com -
pute r  simulation s (i.e .  virtua l  realit y [VR] )  o f  real-lif e ac -
tivitie s tha t  ar e designe d t o enhanc e generalizabilit y  o f  cog -
nitiv e skill s  learne d throug h th e Cognitiv e Activities . 

Mediatin g Variables ,  i n contrast ,  ar e variable s tha t  th e 
learne r  bring s t o th e settin g an d coul d potentiall y  affec t  th e 
individual' s overal l  performanc e (e.g .  patient' s inchnation , 
disposition ,  o r  readines s t o atten̂ j t  a  give n task) .  Example s 
of  mediatin g variable s m a y includ e Alertnes s (e.g. ,  leve l  o f 
arousal) .  M o o d (e.g. ,  emotiona l  state ,  leve l  o f  motivation , 
attitude s an d preferences) ,  an d Nutritio n (e.g .  whe n las t  foo d 
was eaten ,  type s o f  food ,  exercise ,  medication) . 

Similarly ,  Suppor t  Variable s als o d o no t  directl y influenc e 
cognitiv e fimctioning.  Rather ,  thes e ar e variable s containe d 
withi n th e physica l  o r  socia l  environmen t  tha t  m a y influenc e 

performanc e o n cognitiv e tasks .  Suppor t  variable s includ e 
factors ,  activities ,  o r  intervention s tha t  m a y compensat e fo r 

cognitiv e limitations ,  promp t  th e implementatio n o f  com -
pensatio n strategies ,  o r  facilitat e m e m o r y retrieval .  Fo r  ex -
ample ,  prostheti c m e m o r y device s (e.g. ,  calculators ,  com -

puters ,  daytimers/persona l  calendars) ,  environmenta l  modi -
fications  (e.g .  labelin g content s o f  drawers) ,  an d modifica -
tion s o f  th e socia l  environmen t  (e.g .  us e o f  socia l  reminders , 
socia l  feedback )  (Parent e &  Hermann ,  1996) . 

A L E RT bring s int o a  singl e environmen t  th e assessmen t 
an d analysi s o f  cognirive ,  mediating ,  an d suppor t  variable s 
an d wil l  synthesiz e a  use r  mode l  an d update d treatmen t 
plan .  Currentl y ther e i s n o singl e standardize d assessmen t 
metho d tha t  collect s informatio n abou t  cognitive ,  mediating , 
and suppor t  variable s (Parent e &  Herrmann ,  1996) .  As -
sessmen t  o f  thes e variable s i s  importan t  fo r  a  successfii l 
developmen t  an d implementatio n o f  a  multimoda l  mode l  o f 
cognitiv e rehabilitatio n treatment .  I t  i s  essentia l  fo r  it s 
meaningfii l  evaluatio n du e t o th e interactio n o f  mediatin g 
an d suppor t  variable s wit h activ e variable s i n cognitiv e re -
habilitation .  I n A L E R T ,  a  matri x o f  cognitive ,  mediatin g 
an d suppor t  variable s wil l  b e use d t o trac k th e user' s per -
formanc e an d updat e A L E R T ' s mode l  o f  th e user' s prog -
ress .  Th e sectio n o f  thi s matri x involvin g th e attentio n do -
mai n i s displaye d i n Tabl e 1 . 

Tabl e 1 :  Th e attentio n sectio n o f  th e A L E R T variabl e matrix . 

Attentio n 

sustained ' 

selective ^ 

alternating ^ 

divided " 

vigilance ^ 

COGNITIVE 
VARIABLES 

Cognitiv e 
Activit y 

(tim e o n task , 
performance ) 

(tim e o n task , 
performance ) 

(performance ) 

(performance ) 

(tim e o n task , 
performance ) 

Functiona l 
Modelin g 

(tim e limit , 
performance ) 

(tim e limit , 
performance ) 

(performance ) 

(performance ) 

(tim e Umit , 
performance ) 

MEDIATING 
VARIABLES 

Alertnes s 

( 7 poin t  scale ) 

( 7 poin t  scale ) 

( 7 poin t  scale ) 

( 7 poin t  scale ) 

( 7 poin t  scale ) 

M o od 

( 7 poin t  scale ) 

( 7 poin t  scale ) 

( 7 poin t  scale ) 

( 7 poin t  scale ) 

( 7 poin t  scale ) 

Nutritio n 

(multipl e choice ) 

(multipl e choice ) 

(multipl e choice ) 

(multipl e choice ) 

(multipl e choice ) 

SUPPORT 
VARIABLES 

Use o f  Sup -
por t  Agent s 

Agent s 
activate d 

Agent s 
activate d 

Agent s 
activate d 

Agent s 
activate d 

Agent s 
activate d 

Sustaine d attention :  Focusin g o n specifi c  thing s fo r  certai n length s o f  time .  Remainin g focuse d durin g a  conversatio n o r  completin g a 
tas k from  begirmin g t o en d withou t  interruptio n ar e example s o f  thi s typ e o f  attention . 

^  Selectiv e attention :  Focusin g o n specifi c  thing s fo r  certai n length s o f  tim e whil e ignorin g distractions .  Fo r  example ,  bein g abl e t o com -
pos e a  repor t  whil e th e T V i s o n o r  cookin g dinne r  whil e a  grou p i s havin g a  conversatio n i n th e nex t  room . 

^  Alternatin g attention :  Switchin g th e focu s o f  you r  attentio n from  on e projec t  t o another ,  withou t  losin g trac k o f  wher e yo u ar e i n eithe r 
task .  Fo r  example ,  a n offic e worke r  ma y b e typin g o n th e computer ,  the n answe r  th e phone ,  the n handl e question s from  someon e 
standin g a t  his/he r  desk ,  the n resum e typin g o n th e compute r  wher e he/sh e lef t  otT . 

^  Divide d attention :  Performin g tw o o r  mor e task s a t  th e sam e time .  Fo r  example ,  takin g note s durin g clas s whil e stil l  attendin g t o th e 
lecture . 

'  Vigilance :  Th e abilit y  t o sustai n attentio n an d b e prepare d fo r  an y change s withi n th e environmen t  an d havin g th e abilit y  t o respon d t o 
th e change s an d retu m t o a  vigilanc e level .  Fo r  example ,  drivin g a  ca r  whil e respondin g t o a  variet y o f  change s (e.g. ,  traffi c  light s 
changing ,  a  dee r  runnin g i n front  o f  th e car) . 
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Withi n thi s multi-system-mod e framework ,  cognitiv e re -
trainin g wil l  b e dynamicall y designe d followin g a  develop -
menta l  sequenc e an d wil l  emplo y a  developmenta l  mode l  o f 
recover y a s propose d b y Parent e an d Anderson-Parent e 
(1991) .  Thi s fimctiona l  mode l  o f  developmen t  wa s de -
signe d t o provid e suggestion s fo r  treatmen t  a t  eac h suc -
ceedin g stage .  Th e mode l  i s  premise d o n th e notio n tha t 
certai n skill s  (e. g arousa l  an d orientation )  mus t  b e acquire d 
befor e othe r  skill s  (e.g. ,  attention ,  executiv e skills )  m a y de -
velop .  Parent e an d Herrman n (1996 )  presen t  a  develop -
menta l  mode l  o f  cognitiv e recover y tha t  include s th e fol -
lowin g stage s o f  cognitiv e remediation : 

•  arousa l  an d orientatio n 
•  attentio n an d vigilanc e 

•  menta l  contro l 
•  rehearsa l 
•  recover y o f  episodi c memor y 
•  highe r  orde r  cognitio n 
•  recover y o f  socia l  competenc e 

Similarly, a developmental model is employed for transi-

tionin g betwee n cognitiv e activitie s an d ftinctional  model -
ing .  User s mus t  mee t  a n establishe d leve l  o f  performanc e 
on th e cognitiv e activitie s befor e advancin g t o th e fimctional 
modelin g componen t  o f  th e program .  Tabl e 2  provide s ex -
ample s o f  cognitiv e activitie s an d functiona l  modelin g a s 
apphe d t o th e domai n o f  attention . 

Tabl e 2 :  Cognitiv e variables :  example s o f  cognitiv e activitie s an d sample s o f  functiona l  modeling . 

Attentio n 

sustaine d 

selectiv e 

alternatin g 

divide d 

vigilanc e 

C O G N I T I V E 
V A R I A B L ES 

Cognitiv e Activit y 

Compute r  task :  Individua l  i s  show n a  scree n 
wit h number s o n i t  an d aske d t o cros s ou t  num -
ber  tha t  follo w i n orde r  goin g forward ,  i.e .  3  8 
4 2 0 1 7 8 6 4 9 2 4 . 

Compute r  task :  Individua l  i s  show n a  scree n 
wit h a  variet y o f  number s o n it ,  an d aske d t o 
cros s ou t  number s tha t  ar e on e les s th e numbe r 
befor e it ;  i.e .  0 1 2 7 6 4 3 1 9 8 5 3 8 .  Ther e i s 
a distractio n suc h a s th e radi o playin g whil e 
completin g thi s task . 

Compute r  task :  A d d number s o n on e par t  o f  th e 
scree n an d switc h t o anothe r  par t  o f  th e scree n 
t o cros s ou t  word s fro m a  Us t  tha t  begi n wit h 
th e lette r  H ,  the n switc h bac k t o th e othe r  task . 

Compute r  task :  Rea d a  stor y an d cros s ou t 
word s occurrin g befor e a  coma ,  whil e als o cir -
clin g word s beginnin g wit h th e lette r  H .  Afte r 
readin g th e story ,  summariz e pertinen t  aspects . 

Compute r  task :  Complet e a  variet y o f  task s an d 
games o n th e compute r  whil e watchin g ou t  fo r 
"virus "  tha t  m a y po p u p t o tr y t o sto p th e task . 

Functiona l  Modelin g 

Visitin g a  virtua l  vide o stor e an d makin g a  lis t  o f 
al l  th e progra m area s tha t  video s ca n b e selecte d 
from . 

Preparatio n o f  a  mea l  i n th e virtua l  kitche n wit h 
variou s distraction s (phon e ringing,  ca t  nmnin g 
throug h kitchen ,  etc. ) 

Preparin g a  mea l  i n a  virtua l  kitche n wit h a  vari -
et y o f  tasks ,  foo d o n stove ,  makin g a  salad , 
phon e ringing ,  followin g recipe ,  pourin g drinks . 

Listenin g t o a  virtua l  lecture ,  takin g notes ,  an d 
answerin g question s o n a  tes t  afterward . 

Drivin g a  virtua l  ca r  whil e payin g attentio n t o a 
variet y o f  danger s tha t  woul d b e foun d i n norma l 
driving . 

M e d i a t i n g a n d S u p p o r t  Var iab le s 

Assessmen t  o f  mediatin g variable s woul d includ e sel f 
rating s o f  h o w sleep y o r  aler t  patient s ar e feeling ,  thei r 
genera l  mood ,  an d nutritio n question s suc h a s las t  mea l 
eate n an d i f  the y ar e feelin g hungry ,  whe n medication s 
wer e taken .  Sinc e performanc e ca n b e adversel y affecte d 
by a  variet y o f  factors ,  monitorin g thes e factor s m a y hel p 
i n th e understandin g o f  thei r  rol e i n performanc e (Sbor -
d o n e & L o n g ,  1996) . 

Th e rol e o f  th e helpe r  variabl e i s two-fold .  Whil e ex -
ample s ar e give n o f  th e rol e o f  suppor t  an d hel p th e indi -

vidua l  ca n us e i n th e community ,  i t  i s  fel t  tha t  a  suppor t 
wil l  als o b e neede d wit h th e computer .  Th e suppor t  tha t 
i s  envisione d her e i s a  ke y reminde r  tha t  wil l  b e directe d 
at  th e defici t  area s see n wit h th e tasks .  Fo r  example ,  i f 

th e individua l  ha d lef t  neglec t  (visua l  defici t  i n th e lef t 
fiel d o f  visio n s o th e the y mis s thing s i n thi s are a o f  vi -
sion) ,  a  reminde r  bu g woul d ente r  th e scree n an d poin t  t o 
an are a o n th e lef t  sid e t o remin d the m tha t  the y ar e 
missin g thing s o n thi s side .  I t  i s fe h tha t  thi s syste m wil l 
be gentl e wit h th e individua l  whil e a t  th e sam e tim e al -
lowin g the m th e opportunit y t o mak e change s tha t  directl y 
relat e t o thei r  deficits . 
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Advantage s o f  th e A L E R T Approac h 

In ALERT,  functiona l  modelin g i s accomplishe d withi n 
Virtua l  Realit y interactiv e setting s fo r  th e cognitiv e tas k 
abilitie s bein g retrained .  Th e use r  i s abl e t o navigat e an d 
interac t  wit h th e virtua l  environment .  Figur e 1  provide s 
an exampl e o f  a n A L E R T virtua l  kitche n i n whic h real -
lif e situation s ar e simulated ,  an d a  variet y o f  attentio n 
task s ca n b e presented .  Create d i n V R M L wit h interac -
tiv e objects ,  th e use r  ca n mov e abou t  th e kitche n an d tur n 
on th e faucet ,  was h th e salad ,  mak e toas t  o r  coffee ,  an -
swer  th e phone ,  etc .  Onc e started ,  thes e processe s (e.g. , 
coffe e brewing ,  sin k fillin g wit h water ,  phon e ringing ) 
continu e unti l  th e use r  take s action .  Thus ,  th e phon e ca n 
be ringing ,  th e sin k filhng ,  th e po t  boiling ,  an d coffe e 
brewin g a t  th e sam e time ,  thereb y creatin g a  nee d fo r  pri -
oritize d attentio n Meanwhile ,  th e user' s response s an d 
respons e time s ar e recorde d an d performanc e score s cal -

culate d t o b e use d t o updat e th e use r  mode l  an d guid e th e 
cours e o f  treatment . 

The A L E R T approac h make s a n importan t  contributio n 
t o improvin g computer-base d cognitiv e rehabilitatio n b y 
includin g bot h restorativ e an d functiona l  approaches . 
Thi s facilitate s a n effectiv e rehabilitatio n proces s b y 
leadin g th e individua l  throug h retrainin g o f  cognitiv e pro -
cesse s bot h a s menta l  abilitie s an d a s (virtually )  real-lif e 
situatio n copin g skills .  Eventually ,  th e life-skil l  scenario s 
and virtua l  environment s wil l  b e expande d t o includ e 
many vocationa l  setting s an d vocationa l  an d socia l  prob -
lem-solvin g scenario s i n orde r  t o suppor t  vocationa l  reha -
bilitatio n (an d alternat e vocatio n exploration )  withi n 
A L E R T.  Th e goa l  i s  t o develo p A L E R T a s a  too l  tha t  it s 
user s ca n enjoyabl y us e t o hel p the m tak e charg e o f  re -
buildin g thei r  cognitiv e skill s an d expandin g thei r  educa -
tional ,  socia l  an d vocationa l  opportunities . 

Figur e 1 :  V R M L kitche n whic h ca n b e utibze d fo r  a  variet y o f  attentio n task s i n A L E R T . 

Case Stud y o f  A L E R T i n Us e 

I n th e followin g description ,  A L E R T i s use d b y a  thera -
pis t  t o suppor t  cognitiv e retraining .  Patien t  A  i s a  23 -
year-ol d mal e wh o sustaine d a  traumati c brai n injur y i n a 
car  accident .  H e ha d damag e t o th e lef t  fronta l  an d tem -
pora l  lobe ,  an d wa s i n a  com a fo r  thre e days .  H e spen t 
thre e week s i n acut e car e an d tw o month s i n inpatien t 
hospita l  rehabilitation .  Followin g discharge ,  h e entere d 
cognitiv e trainin g wit h a  speec h an d languag e pathologist . 

The therapis t  obtaine d baselin e measure s o n cognitiv e 
activitie s usin g A L E R T .  Restorativ e trainin g focuse d o n 
cognitiv e activitie s i n a  variet y o f  areas .  Fo r  simphcity . 
an exampl e o f  jus t  trainin g task s i n th e are a o f  sustaine d 
attentio n i s provide d belo w (Tabl e 3) .  Th e patien t  worke d 
on trainin g o f  cognitiv e activitie s unti l  a  targe t  leve l  o f 
performanc e wa s achieved .  Onc e th e targe t  wa s me t  th e 
patien t  wa s advance d t o wor k i n th e are a o f  ftmctional 
modeling . 

Tabl e 3 :  A  snapsho t  o f  variable s tracke d i n A L E R T fo r  Patien t  A  afte r  thre e session s 

Attentio n 

1.  sustaine d 

C O G N I T I V E 
V A R I A B L ES 

Cognitiv e Activit y 

Basehn e o n tas k tim e 2:1 5 minute s 
Baselin e performanc e 17/3 0 item s correc t 
Transitio n perform ,  o f  25/3 0 aaos s 3  session s 

Functiona l  Modelin g 

Patien t  A  locate d 5/ 6 item s i n virtua l  stor e withi n 
a 5  minut e period .  The n A  wa s abl e t o follo w 
4/ 5 step s i n preparin g a  sala d i n virtua l  kitchen . 
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Interdisciplinar y Col laborat io n 

Breakin g ne w groun d i n computer-base d retrainin g fo r 
cognitiv e disabilit y  require d combine d knowledg e an d 
experienc e t o develo p a  share d understandin g o f  problem s 
and solution s a s wel l  a s participants '  willingnes s t o joi n 
force s t o creat e A L E R T .  Th e author s represen t  rehabili -
tatio n psychology ,  neuropsychology ,  speec h pathology , 

linguistics ,  education ,  an d compute r  science .  Th e poten -
tia l  fo r  thi s collaboratio n wa s discovere d onl y month s 
befor e thi s pape r  wa s written ;  ye t  a  share d sens e o f  th e 
urgenc y o f  patients '  nee d fo r  hel p i n rebuildin g thei r  cog -
nitiv e skill s  an d thei r  hve s ha s le d t o a  pla n fo r  providin g 
thi s help .  I t  i s  hope d tha t  publishin g thes e preliminar y 
result s ma y attrac t  othe r  researcher s int o thi s ques t  t o cre -
at e a  ne w clas s o f  cognitiv e rehabilitatio n intervention s 
and t o asses s thei r  potentia l  t o suppor t  effectiv e retrain -
ing .  Intereste d partie s ar e invite d t o contac t  th e authors . 

Conclusion 

The A L E R T syste m i s designe d t o addres s th e individ -
ual' s specifi c  defici t  areas .  Startin g from  computer-base d 
activitie s fo r  restorin g cognitiv e abilities ,  explorin g game s 
and task s t o reinforc e thi s learning ,  an d progressin g t o 
mor e comple x problem-solvin g scenario s i n th e virtua l 
enviromnents ,  individual s ca n wor k o n thei r  defici t  areas . 
Thu s A L E R T provide s a  "safe "  wa y t o suppor t  learnin g 
and failur e prio r  t o reenterin g th e rea l  worl d wher e fail -
ure s ca n b e muc h mor e costl y (Rizz o e t  al. ,  1997) . 

A L E RT wil l  b e mad e availabl e ove r  th e Interne t  an d o n 
C D - R O Ms tha t  patient s ca n us e a t  hom e a s wel l  a s i n a 
clinica l  setting .  Th e first  releas e i s schedule d fo r  Sprin g 
1998 ;  informatio n an d demo s wil l  b e availabl e a t  th e 
A L E RT we b site :  "http;//www.earthlab.com/alert / 
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Abstrac t 

When people read spatial descriptions they construct a 
menta l  model .  W h e n the y attemp t  t o remembe r  th e spatia l 
descriptio n the y ma y rel y o n memor y fo r  th e descriptio n 
itself ,  memor y fo r  th e constructe d model ,  and/o r  memor y 
fo r  th e operation s use d t o construc t  th e menta l  mode l  a n 
episodi c constructio n trac e (Payne ,  1993) .  Thi s pape r 
report s a n ACT- R simulatio n o f  thi s multiple -
representatio n accoun t  o f  memor y fo r  spatia l  descriptions . 
The simulatio n show s tha t  th e ide a o f  a  remembere d 
constructio n trac e ca n aris e naturall y fro m ACT-R' s 
treatmen t  o f  goal s a s declarativ e memor y elements .  Th e 
simulatio n capture s th e mos t  importan t  experimenta l  dat a 
i n favou r  o f  th e constructio n trac e hypothesis . 

Introduction 

M a ny author s hav e suggeste d tha t  comprehendin g linguisti c 
description s involve s th e constructio n o f  a  menta l  mode l  ;  a 
representatio n o f  th e describe d situatio n (Bowe r  &  Morrow , 
1990 ;  Bransford ,  Barclay ,  &  Franks ,  1972 ;  Johnson-Laird , 
1983 ;  Tversky ,  1991) .  I n Johnson-Laird' s theor y (whic h 
provide s th e startin g poin t  o f  th e curren t  research) ,  a  menta l 
model  i s  a n analo g representation ,  whic h share s th e structur e 
of  th e situatio n i t  represents . 

The menta l  m o d e !  theor y o f  comprehensio n ha s ha d a 
widesprea d influenc e i n tex t  comprehensio n an d reasonin g 
research .  On e o f  th e cleares t  illustration s o f  th e concep t  o f 
menta l  model s i s  provide d b y considerin g simpl e spatia l 
descriptions ,  suc h as : 

The vest is to the left of the shawl 
The blous e i s t o th e lef t  o f  th e ves t 
The coa t  i s belo w th e blous e 
The kil t  i s  t o th e righ t  o f  th e coa t 

Mani and Johnson-Laird (1982) asked subjects to read 
description s o f  thi s genera l  kind ,  an d the n judg e whethe r 
the y wer e consisten t  wit h a  diagra m o f  th e layou t  o f  objects . 
Later ,  th e sam e subject s wer e give n recognitio n test s fo r  th e 
descriptions .  Man i  an d Johnson-Lair d foun d tha t  subjects ' 
gis t  memor y (thei r  abilit y  t o distinguis h a  descriptio n o f  th e 
same layou t  o f  object s from  a  descriptio n o f  a  differen t 
layout )  wa s bette r  i f  th e origina l  spatia l  descriptio n wa s 
determinat e (i.e .  wa s consisten t  wit h onl y a  singl e 
configuratio n o f  objects ,  give n assumption s abou t  scal e an d 
symmetry ,  an d therefor e wit h a  singl e menta l  model) . 

However ,  subjects '  verbati m m e m o r y (thei r  abilit y t o 
distinguis h th e origina l  descriptio n from  a  configuration -
preservin g paraphrase )  wa s bette r  i f  th e descriptio n wa s 
indeterminat e (i.e .  consisten t  wit h tw o differen t 
configurations ,  an d therefor e tw o alternativ e menta l  models) . 

Johnson-Lair d (1983 )  give s th e abov e patter n o f  fmding s 
prid e o f  plac e i n hi s  expositio n o f  th e theor y o f  menta l 
models .  H e explain s th e findings  b y assumin g tha t  m e m o r y 
fo r  a  spatia l  descriptio n ca n involv e th e proposition s o f  th e 
descriptio n o r  a  menta l  mode l  tha t  wa s constructe d i n orde r 
t o comprehen d th e description .  W h e n th e descriptio n i s 
determinate ,  i t  i s  easie r  t o construc t  a  menta l  model ,  whic h 
late r  support s gis t  memory .  W h e n th e descriptio n i s 
indeterminat e i t  i s  harde r  t o construc t  a  menta l  model ,  s o 
th e participan t  tend s t o remembe r  th e proposition s 
themselves ,  an d ca n thu s exhibi t  verbati m m e m o r y .  Menta l 
model s o f  thes e simpl e spatia l  description s ar e assume d t o 
be structura l  analogue s o f  th e describe d configurations . 
Johnson-Lair d (1983 )  describe s a  compute r  progra m fo r 
constructin g suc h model s from  th e spatia l  propositions ;  th e 
progra m encode s menta l  model s usin g a  simpl e 2 -
dimensiona l  array . 

Payn e (1993 )  reporte d difficult y i n replicatin g M a n i  & 
Johnson-Laird' s phenomenon ,  an d offere d a  n e w accoun t  o f 
th e long-ter m m e m o r y fo r  spatia l  descriptions .  H e accepte d 
tha t  participant s construc t  menta l  model s i n orde r  t o 
comprehen d th e descriptions ,  bu t  propose d tha t  the y 
remembere d no t  th e mode l  itself ,  bu t  th e proces s d " 
constructin g th e mode l  -  a n "episodi c constructio n trace. " 

Thus ,  i n th e cas e o f  th e descriptio n above ,  a  participan t 
migh t  remembe r  beginnin g th e constructio n o f  a  mode l  b y 
"placing "  a  ves t  t o th e lef t  o f  a  shawl ,  the n addin g th e blous e 
t o th e model ,  t o th e lef t  o f  th e vest ,  the n addin g th e coa t 
belo w th e blous e an d fmall y addin g th e kil t  t o th e righ t  o f 
th e coat .  Payn e extende d Johnson-Laird' s array-buildin g 
progra m t o m a k e thi s proposa l  explicit :  hi s progra m store d a 
lis t  o f  proposition s encodin g eac h array-buildin g step .  I n th e 
curren t  example ,  th e constructio n trac e woul d b e represente d 
as follows : 

[start vest shawl left] 
[blous e ves t  left ] 
[coa t  blous e below ] 
[kil t  coa t  righ t  ] 
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The ke y ide a i s  tha t  th e constructio n trac e preserve s 
whic h object s ar e use d t o star t  buildin g a  ne w model ,  and , 
thereafter ,  i t  distinguishe s th e object s tha t  ar e alread y i n th e 
mode!  fro m thos e tha t  ar e new .  (Fo r  indeterminat e 
description s th e trac e als o encode s th e natur e o f  th e 
indeterminacy ,  se e Payne ,  1993 ,  fo r  details. ) 

O ne o f  th e prediction s from  th e constructio n trac e accoun t 
i s tha t  participant s shoul d find  description s difficul t  t o 
recognis e i f  th e sentence s ar e reordere d betwee n presentatio n 
and test ,  eve n i f  th e participant s ar e tol d t o ignor e sentenc e 

order . 
T o se e this ,  conside r  a  re-orderin g o f  th e abov e 

description : 

The coat is below the blouse 

The kil t  i s  t o th e righ t  o f  th e coa t 
The blous e i s t o th e lef t  o f  th e ves t 
The ves t  i s t o th e lef t  o f  th e shaw l 

When the participant tries to build a model of this 
descriptio n the y mus t  begi n b y placin g th e coa t  an d th e 
blouse .  Th e constructio n trac e i s n o w a s follows : 

[start coat blouse below] 
[kil t  coa t  right ] 
[ves t  blous e right ] 
[shaw l  ves t  right ] 

This trace shares only a single element with the original 
trace ,  becaus e th e orde r  i n whic h object s ente r  th e mode l  ha s 
bee n disrupted .  If ,  t o recognis e descriptions ,  participant s 
construc t  a  mode l  an d compar e th e ne w constructio n trac e 
wit h a  remembere d trace ,  the n recognitio n o f  re-ordere d 
description s wil l  b e affected . 

Payn e (1993 )  reporte d tha t  re-orderin g di d indee d suppres s 
recognitio n memory .  Not e tha t  th e reordere d description s 
contai n exactl y th e sam e propositions ,  an d lea d t o exactl y 
th e sam e menta l  model ,  s o tha t  thi s resul t  i s  no t  readil y 
explaine d b y propositiona l  m e m o r y o r  b y memor y fo r  a 
menta l  model .  Recentl y Bagule y an d Payn e (submitted ) 
hav e provide d fluthe r  suppor t  fo r  th e episodi c constructio n 
trace ,  an d extende d th e re-orderin g phenomeno n t o tempora l 
descriptions .  I n addition ,  the y repor t  ne w argument s tha t 
th e menta l  mode l  itsel f  i s  als o remembered .  The y conclud e 
tha t  m e m o r y fo r  a  spatia l  descriptio n m a y contai n thre e 
separat e primar y level s o f  representatio n th e verba l 
propositions ,  th e menta l  model ,  an d th e episodi c 
constructio n trace . 

Th e ai m o f  thi s articl e i s  t o presen t  a  productio n syste m 
model  o f  thi s multiple-representatio n accoun t  o f  m e m o r y fo r 
descriptions .  Th e mode l  perform s th e task s o f 
comprehendin g an d late r  recognisin g verba l  descriptions , 
and i t  capture s th e re-orderin g phenomenon . 

An ACT-R model of the Episodic Construction 
Trac e ( A C T - E C T ) 

A C T - R (Anderson ,  1993 )  i s th e lates t  versio n o f  Anderson' s 
A C T famil y o f  cognitiv e architectures .  I n keepin g wit h th e 
other s i t  propose s tha t  a  productio n syste m operate s o n a 
declarativ e memory .  T o allo w modellin g o f  th e tim e cours e 

and stochasti c natur e o f  huma n behaviou r  A C T - R embodie s 

severa l  assumption s abou t  th e activatio n o f  element s i n 
declarativ e memory ,  h o w thes e chang e ove r  tim e an d ho w 

the y affec t  an d ar e affecte d b y processing .  Thes e 
assumption s ar e justifie d b y rationa l  analysis ,  s o tha t  the y 
wor k t o produc e a  syste m tha t  i s tune d t o th e statistic s o f  it s 
environment .  I n additio n t o activation-base d processing , 
A C T - R assume s tha t  production s ca n b e selecte d fo r  us e o n 
th e basi s o f  th e histor y o f  thei r  successe s an d failure s an d 
thei r  associate d costs . 

The explici t  divisio n o f  memor y int o procedura l  an d 
declarativ e memorie s i n A C T - R ,  an d th e earlie r  A C T s ,  ha s 
prove n particularl y usefu l  whe n memor y task s ar e modelle d 
(Anderson ,  1983 ,  1993) .  I n th e cas e o f  A C T - E C T i t  allow s 
a clea r  distinctio n betwee n over-learne d procedure s (i.e . 
thos e tha t  creat e an d interpre t  menta l  models )  an d transien t 
storag e (i.e .  th e propositions ,  model s an d constructio n 
traces) .  A C T - E C T contain s production s tha t  creat e menta l 
models ,  cop e wit h indeterminat e descriptions ,  discriminat e 
tru e statement s usin g a  remembere d mode l  an d recognis e 
previousl y comprehende d description s b y combinin g 
evidenc e from  th e remembere d propositions ,  menta l  mode l 
and constructio n trace . 

The ke y decision s tha t  mus t  b e mad e t o implemen t  th e 
Episodi c Constructio n Trac e (ECT )  hypothesi s i n A C T - R 
ar e a s follows :  H o w shoul d menta l  model s b e represented ? 
H o w shoul d th e E C T b e represente d a s a  by-produc t  o f  th e 
production s tha t  construc t  suc h menta l  models ? H o w 
shoul d recognitio n b e achieve d s o a s t o exploi t  remembere d 
propositions ,  menta l  model s an d th e E C T ? 

Representing mental models in ACT-ECT 

A menta l  mode l  i s  treate d a s a  distribute d dat a structure :  i t 
i s  represente d b y havin g a  workin g memor y elemen t  ( W M E ) 
correspondin g t o eac h objec t  i n th e model .  Eac h suc h 
W ME ha s slot s fo r  a  spatia l  x  an d y  co-ordinate .  Thi s 
capture s th e sourc e independenc e o f  menta l  model s i n tha t  i t 
allow s inference s abou t  th e relativ e position s o f  object s i n 
th e menta l  mode l  irrespectiv e o f  whethe r  th e relation s i n 
questio n hav e bee n explicitl y  note d o r  encode d i n 
propositiona l  form .  Thu s a  menta l  mode l  migh t  loo k lik e 
thi s (sentence s leadin g t o constructio n ar e show n o n right) : 

Objec t  1  ( x =  0 ,  y  =  0 ) 
Object2( x =  -l, y =  0 ) 
Object3( x =  0 ,  y  =  -l ) 
Object4( x =  -2 ,  y  =  0 ) 
Object5( x =  -l, y =  -l ) 

Object 2 i s t o th e lef t  o f  Object l 

Object3 is below Objectl 
Object 4 i s t o th e lef t  o f  Object 2 
Object s i s t o th e lef t  o f  Object 3 

I f  th e questio n 'I s  Object s t o th e lef t  o f  Objectl? '  i s 
asked ;  the n th e answe r  i s compute d usin g th e co-ordinate s i n 
th e mode l  representation .  Her e i s a n exampl e o f  th e 
representatio n o f  a n object-in-a-model : 

ima g object s 
IS A 
Typ e 
X c o o r d 
Y coor d 
Model 

imagobjec t 
coa t 
0 
-1 
model 2 
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The us e o f  generate d identifier s facilitate s bot h multipl e 
menta l  model s from  th e sam e descriptio n an d menta l  model s 
generate d from  differen t  description s tha t  us e th e sam e 
objects .  Eac h Imagobjec t  als o contain s a  slo t  wit h a 
referenc e t o a  W M E o f  typ e model ;  eac h mode l  W M F,  i s 
generate d a t  run-tim e an d i s use d t o indicat e whic h 
imagobject s ar e i n th e sam e model .  I n theor y A C T - E C T 
coul d maintai n a n unrealisticall y larg e numbe r  o f  menta l 
models ;  howeve r  th e description s use d i n experiment s tha t 
hav e investigate d spatia l  menta l  model s d o no t  contai n th e 
multipl e indeterminac y necessar y fo r  thi s t o occur . 

Constructing mental models and 
r e m e m b e r i n g th e constructio n proces s 

To construc t  a  mode l  from a  propositiona l  representatio n i s 
relativel y straightforward .  Essentially ,  w e encode d Johnson -
Laird' s algorith m wit h a  se t  o f  productions .  Ther e ar e 
production s fo r  testin g whethe r  eithe r  o f  th e object s i s 
alread y i n a  model ;  fo r  creatin g a  ne w mode l  i f  neithe r  objec t 
is ;  fo r  addin g ne w object s t o model s (and ,  critically ,  fo r 
preparin g fo r  thi s b y transformin g proposition s a s necessar y 
so tha t  the y expres s th e relatio n betwee n th e ne w objec t  an d 
th e on e tha t  i s alread y i n th e model ,  instea d o f  th e othe r  wa y 
around.) .  Othe r  production s resolv e indeterminac y b y 
creatin g multipl e menta l  models . 

The mor e interestin g modellin g proble m i s ho w t o cod e 
thes e constructio n production s s o tha t  the y leav e a  trac e o f 
thei r  behaviou r  (th e episodi c constructio n trace )  tha t  ca n late r 
by use d i n recognition .  O n e rathe r  obviou s solutio n migh t 
be fo r  th e model-constructio n production s t o no t  onl y 
perfor m thei r  mai n function ,  bu t  t o includ e right-han d sid e 
clause s (i.e .  actions )  tha t  creat e a  specia l  typ e o f 
representatio n t o recor d wha t  th e productio n ha s jus t  don e 
(an d tha t  i s  late r  use d b y othe r  production s t o recognis e thi s 
process) .  Thi s ha s som e similarit y t o th e wa y th e analog y 
mechanis m work s i n recen t  version s o f  A C T - R ;  wher e a 
specia l  'dependency '  representatio n create d i n th e sam e wa y 
encode s informatio n abou t  wha t  th e syste m i s doin g fo r  us e 
i n late r  analog y making .  However ,  i n th e presen t  cas e suc h 
an additio n wa s fel t  t o b e arbitrar y an d unparsimonious . 
One ca n us e A C T - R a s a  programmin g languag e i n thi s 
way,  t o implemen t  th e E C T hypothesis ,  bu t  a  preferre d 
solutio n woul d b e t o us e A C T - R mor e a s a  cognitiv e 
theory .  Afte r  all ,  w h y shoul d thes e particula r  production s 
hav e thi s specia l  effec t  o n memory ? 

Our  preferre d solutio n relie s o n th e propertie s o f  goa l 
handlin g i n A C T - R .  Goal s ar e represente d a s workin g 
memory element s ( W M E s )  tha t  shar e c o m m o n propertie s 
wit h othe r  W M Es (e.g .  th e menta l  models) .  O n e o f  th e 
propertie s o f  ACT-R ' s W M Es i s tha t  the y decay ,  s o ever y 
separat e W M E create d i n th e system' s pas t  wil l  hav e som e 
leve l  o f  activatio n (an d henc e retrievability )  howeve r 
minuscule .  Hence ,  al l  previou s goal s o f  th e syste m ar e 
maintaine d i n lon g ter m memor y (eventuall y decayin g t o 
oblivio n i f  the y ar e no t  reused )  an d m a y b e treate d a s dat a b y 
othe r  productions .  A  recor d o f  th e differen t  goal s create d b y 
th e productio n syste m therefor e provide s som e recor d o f  th e 
processin g done .  W h e n a  ne w menta l  mode l  need s t o b e 
created ,  a  goa l  mus t  b e se t  t o d o this ;  similarl y a  goa l  mus t 
be se t  t o rearrang e an d reproces s a  sentence .  Th e memor y f w 

thes e goal s ca n b e use d t o implemen t  th e constructio n trace . 
A C T - E CT recognise s processin g step s tha t  hav e bee n 
traverse d befor e b y comparin g th e recor d o f  previou s goal s 
wit h th e curren t  goals ,  removin g th e nee d fo r  a  dedicate d 
memory type . 

A n importan t  featur e o f  A C T - E C T tha t  enable s thi s 
scheme t o b e use d i s it s somewha t  unusua l  representatio n o f 
goals .  M a n y A C T - R model s us e distinc t  m e m o r y type s fo r 
differen t  type s o f  goal .  Suc h a  representatio n implie s n o 
specia l  similarit y betwee n differen t  type s o f  goal ;  fo r  instanc e 
th e goa l  t o rea d a  sentenc e migh t  b e n o mor e relate d t o a 
goa l  t o writ e tha t  sentenc e tha n t o th e representatio n o f  tha t 
sentence : 

Readthesentenc e 
IS A Rea d 
Objec t  Thesentenc e 

Write_the_sentence 
IS A Writ e 
Objec t  Thesentenc e 

Thesentence 
IS A Sentenc e 
Noun l  Te a 
Relatio n abov e 
Noun 2 Coffe e 

Fig I: Examples of common notation for two goals and a 
relate d memor y elemen t  i n A C T - R 

For example in Figure 1 we see three different working 
memory type s (Read ,  Writ e an d Sentenc e respectively) ,  an d 
al l  hav e on e over-lappin g elemen t  (i.e .  th e labe l 
Thesentence) .  Howeve r  i n A C T - E C T th e relationshi p 
betwee n step s involvin g processin g need s t o b e mad e 
explicit ,  s o thes e element s woul d instea d b e represente d a s 
show n i n Figur e 2 . 

Readthesentenc e 
IS A Goa l 
Actio n Rea d 
Objec t  Thesentenc e 

Writethesentence 
IS A Goa l 
Actio n Writ e 
Objec t  Thesentenc e 

Thesentence 
IS A Sentenc e 
N o un 1  Te a 
Relatio n Abov e 
Noun 2 Coffe e 

Fig 2: Alternative notation for elements in fig I as used by 
ACT-ECT 
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Henc e i n A C T - E C T al l  workin g m e m o r y element s tha t 
act  a s a  processin g goal ,  ar e o f  workin g memor y typ e 
'Goal' ;  thei r  natur e i s indicate d b y th e slo t  'Action' ,  wit h 
usuall y onl y on e othe r  slo t  needed ;  i.e .  th e 'Object '  th e 
actio n i s t o applie d to . 

Recognising processing steps 

Th e share d typ e o f  al l  processin g goal s i s importan t  t o th e 
recognitio n production s i n A C T - E C T .  Onl y thre e 
production s ar e required ;  on e tha t  recognise s proposition s 
see n befor e (recognisetext) ,  on e tha t  recognise s menta l 
model s constructe d befor e (recognisemodel) ,  an d th e final 
nove l  productio n tha t  recognise s th e processin g step s 
engage d i n previousl y (recogniseconstructiontrace) .  Th e 
syste m agen t  itself ,  a s implemente d i n A C T - E C T ,  doe s no t 

explicitl y  se t  a  goa l  t o recognis e a  model ,  i t  merel y set s 
goal s t o rea d a  test-phas e descriptio n an d creat e a  ne w mode l 
fro m thi s description .  Th e afore-mentione d production s 
matc h t o thes e processin g goal s i n wha t  amount s t o 
incidenta l  recognitio n (n o explici t  goa l  t o recognis e a 
descriptio n i s necessary) .  Th e recognitio n production s ar e 
sufficientl y preferre d i n th e conflic t  resolutio n proces s tha t 
the y wil l  alway s matc h first.  W h e n an y o f  th e thre e 
recognitio n production s fir e on e o f  thre e recognitio n 
variable s ar e incremented ;  processin g whe n 
recogniseconstructiontrac e fires ,  gis t  whe n 
recognisemode l  fires,  an d textreco g whe n recognisetex t 
fires.  Th e latte r  tw o production s ar e restricte d t o firing  onc e 
fo r  ever y propositio n processed ;  whils t 
recogniseconstructiontrac e ca n fir e onc e pe r  ne w syste m 
goal . 

Thre e differen t  algorithm s fo r  calculatin g th e 
correspondenc e betwee n tw o menta l  model s wer e explore d i n 
A C T - E C T.  The y ar e essentiall y  ver y simila r  an d calculat e 
correspondenc e b y seein g i f  object s ar e i n th e sam e relativ e 
position s i n th e tw o models ;  th e algorithm s onl y var y i n 
h o w m a n y object s nee d t o b e i n th e sam e position s fo r 
recognitio n t o occur ,  wit h th e valu e i n bracket s indicatin g 
tha t  number .  Th e gist(5 )  algorith m onl y increment s gis t 
onc e al l  five  object s ar e i n place ;  gist(4 )  i s les s specifi c 
incrementin g gis t  w h e n an y 4  object s correspon d (no t  carin g 
abou t  th e fifth),  an d th e gist(3 )  algorith m i s th e mos t 
tolerant .  Thes e differen t  algorithm s allo w a  crud e exploratio n 
of  h o w specifi c  correspondenc e need s b e betwee n tw o menta l 
model s fo r  gis t  recognitio n t o occur . 

T h e us e o f  recognitio n informatio n i s no t  modelle d i n 
A C T - E C T.  Currently ,  A C T - E C T i s solel y concerne d wit h 
th e collectio n o f  recognitio n evidence .  A n issu e tha t  i s 
therefor e lef t  unresolve d her e i s h o w informatio n from  th e 
thre e differen t  recognitio n variable s shoul d b e combined .  I n 
th e example s belo w a  simpl e additiv e algorith m i s use d t o 
deriv e th e overal l  recognitio n scor e {Recogjevel) .  Detailin g 

th e us e o f  recognitio n informatio n ,  an d th e weightin g o f  th e 
thre e identifie d component s o f  recognition ,  woul d requir e th e 
additio n o f  furthe r  assumption s t o A C T - E C T . 

Simulation runs of the model 

Her e w e provid e tw o example s o f  th e mode l  processin g a n 
origina l  description ,  the n attemptin g t o recognis e targe t 
descriptions .  Th e first  o f  thes e example s wil l  us e a 
determinat e description ,  th e secon d wil l  exten d thi s t o a n 
indeterminat e description . 

Example 1: Determinate description 

The descriptio n originall y processe d b y th e mode l  was : 

[si] The vest is to the left of the shawl 
[s2 ]  Th e blous e i s t o th e lef t  o f  th e ves t 
[s3 ]  Th e coa t  i s belo w th e blous e 
[s4 ]  Th e kil t  i s  t o th e righ t  o f  th e coa t 

After creating the mental model associated with this 
description ,  A C T - E C T wa s the n give n thre e targe t 
description s t o recognise ;  original ,  re-ordere d an d inferable . 
The forme r  wa s a  repetitio n wit h th e sentence s i n th e sam e 
order ;  th e re-ordere d descriptio n wa s a  repetitio n bu t  i n orde r 
s3 ,  s 4 ,  s 2 ,  s i  ;  an d th e inferabl e descriptio n feature d non e 
of  th e origina l  sentence s bu t  wa s consisten t  wit h th e sam e 
menta l  model .  Th e value s o f  th e recognitio n variable s fo r 
thes e thre e 'conditions '  ar e show n i n tabl e 1 . 

The recogjeve l  value s i n tabl e 1  ar e th e su m o f  th e 
recognitio n score s compute d from  th e thre e kind s o f 
representatio n (usin g th e gist(3 )  versio n o f  th e model -
recognitio n process) .  Not e tha t  a )  th e re-ordere d descriptio n 
suffer s relativ e t o th e descriptio n i n th e origina l  orde r 
(processin g recognitio n valu e o f  2  versu s 5 ,  respectively) ; 
and b )  th e inferabl e descriptio n show s bette r  recognitio n tha n 
an unrelate d descriptio n (notiona l  recogjeve l  =  0  fo r  a n 
unrelate d description) ,  c )  Th e thre e gis t  algorithm s al l 
effectivel y giv e th e sam e resul t  i n thi s example ,  showin g n o 
variatio n betwee n conditions . 

Example 2: Indeterminate description 

For  exampl e 2  th e origina l  indeterminat e descriptio n wa s a s 
follows : 

[si] The Vest is below the Blouse 
[s2 ]  Th e Blous e i s t o th e lef t  o f  th e Shaw l 
[s3 ]  Th e Ves t  i s belo w th e Ki h 
[s4 ]  Th e Coa t  i s  t o th e righ t  o f  th e Ves t 

Tabl e 1 :  Recognitio n value s recorde d b y A C T - E C T fo r  exampl e 1 

Recog leve l  Processin g Tex t  reco g Gis t  (3 )  Gis t  (4 )  Gis t  (5 ) 

Origina l  orde r 

Re-ordere d 

Inferabl e 

12 

9 

3 

5 

2 

0 

4 

4 

0 

2 

2 

2 

702 



Tabl e 2 :  Recognitio n value s recorde d b y A C T - E C T fo r  exampl e 2 ,  whe n bot h model s ar e abandone d afte r 
encounterin g indeterminac y 

Origina l  orde r 

Re-ordere d 

Inferabl e 

Foi l  (unrelated ) 

Reco g leve l 

14 

7 

7 

3 

Processin g 

6 

I 

3 

0 

Tex t reco E 

4 

4 

1 

1 

Gis t  (3 ) 

4 

2 

3 

2 

Gis t  (4 ) 

2 

0 

2 

0 

Gis t  (5 ) 

0 

0 

0 

0 

Tabl e 3 :  Recognitio n value s recorde d b y A C T - E C T fo r  exampl e 2 ,  whe n onl y on e mode l  i s maintaine d afte r 
encounterin g indeterminac y 

Origina l  orde r 

Re-ordere d 

Inferabl e 

Foi l  (unrelated ) 

Reco g leve l 

16 

11 

9 

3 

Processin g 

7 

3 

3 

0 

Tex t reco g 

4 

4 

1 

1 

Gis t  (3 ) 

5 

4 

5 

2 

Gis t  (4 ) 

3 

2 

4 

0 

Gis t  (5 ) 

1 

0 

2 

0 

Tabl e 4 :  Recognitio n value s recorde d b y A C T - E C T fo r  exampl e 2 ,  whe n al l  model s ar e maintaine d afte r 
encounterin g indeterminac y 

Origina l  orde r 

Re-ordere d 

Inferabl e 

Foi l  (unrelated ) 

Reco g leve l 

16 

12 

9 

3 

Processin g 

7 

3 

3 

0 

Tex t reco g 

4 

4 

1 

1 

Gis t  (3 ) 

5 

5 

5 

2 

Gis t  (4 ) 

3 

3 

4 

0 

Gis t  (5 ) 

1 

1 

2 

0 

Thi s descriptio n ca n resul t  i n tw o possibl e models : 
either : 

Blous e Shaw l 
Kil t 
Vest  Coa t 

or 
Ki h 
Blous e Shaw l 
Vest  Coa t 

The targe t  description s use d fo r  thi s simulatio n ru n 
include d a  repetitio n condition ,  a  re-ordere d conditio n (s4 , 
s3 ,  si ,  s2) ,  a n inferabl e conditio n an d a n unrelate d foi l 
condition .  Th e inferabl e an d th e foi l  description s share d a 
singl e sentenc e wit h th e origina l  descriptio n (s2) . 
I t  wa s necessar y t o conside r  th e differen t  possibl e strategie s 

adopte d b y participant s whe n indeterminac y wa s encountere d 
(i.e .  a t  s 3 above) .  Participant s ca n eithe r  choos e t o giv e u p 
menta l  mode l  creatio n altogether ,  continu e wit h onl y on e 
model  (th e first  computed ,  w e assume) ,  o r  maintai n bot h 
possibl e models ;  al l  o f  thes e possibilitie s wer e simulated , 
result s dependen t  o n th e differin g assumption s ar e presente d 
i n table s 2 ,  3  an d 4  respectively .  A s wit h th e determinat e 
description s w e find  A C T - E C T predictin g bette r  recognitio n 
fo r  th e targe t  description s presente d i n thei r  origina l  order ;  i f 
anythin g th e difference s ar e mor e pronounce d tha n for 
exampl e 1  du e t o th e extr a processin g involve d i n resolvin g 

th e impass e cause d b y a n indeterminac y (an d therefor e th e 
mor e distinctiv e constructio n trace) .  Not e tha t  w h e n bot h 
model s ar e abandone d the n th e sentence s followin g th e 
indeterminac y ar e no t  full y  processed ,  s o tha t  whils t  i n th e 
cas e ofth e originall y ordere d descriptio n th e sam e sentence s 
wil l  b e processed ;  th e re-ordere d descriptio n wil l  caus e th e 
processin g o f  sentence s no t  originall y processe d an d th e 
ignorin g o f  one s tha t  were ;  henc e th e larg e differenc e i n th e 
processin g valu e (se e tabl e 2.1) . 

Th e superio r  recognitio n fo r  th e Inferabl e conditio n ove r 
th e foi l  conditio n (eac h o f  whic h hav e on e c o m m o n sentenc e 
wit h th e original )  i s  als o illustrate d unde r  al l  thre e 
indeterminac y copin g strategies .  A n importan t  differenc e 
from  exampl e 1  i s variatio n i n th e result s from  th e differen t 
gis t  recognitio n algorithms .  W h e n bot h model s ar e 
abandone d the n n o model s eve r  hav e 5  object s in ,  s o th e 
gist(5 )  algorith m wil l  no t  registe r  (se e tabl e 2.1) .  T h e 
gist(5 )  algorith m i s als o ver y sensitiv e t o indeterminacie s 
tha t  occu r  onc e al l  object s ar e i n th e model ;  i.e .  w h e n th e 
indeterminac y i s cause d b y th e sentenc e presente d last ,  a s i n 
th e gis t  conditio n above .  Anothe r  poin t  t o not e i s tha t  th e 
gist(3 )  algorith m throw s u p spuriou s occurrence s o f  gis t 
recognition ;  notabl y i n th e cas e ofth e foi l  above .  Th e foi l  i s 
designe d s o th e menta l  mode l  generate d doe s no t 
correspon d t o tha t  derive d from  th e origina l  descriptio n (i.e . 
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gis t  recognitio n shoul d b e zero) ;  bu t  th e sam e object s ar e 
used an d coincidenta l  arrangement s o f  thre e object s ar e 
boun d t o occu r  whe n dealin g wit h indeterminacie s (a s tw o 
model s generate d from  th e foi l  ar e compare d t o th e tw o 
model s generate d from  th e original) . 

Discussion 

The episodi c constructio n trac e ha s bee n propose d a s a n 
accoun t  o f  memor y fo r  spatia l  description s (Payne ,  1993 ; 
Bagule y an d Payne ,  submitted) .  Th e accoun t  draw s o n 
Johnson-Laird' s theor y o f  menta l  models ,  an d i s consisten t 
wit h a  processin g vie w o f  memor y (Crowder ,  1993 ;  Kolers , 
1973 ;  Morris ,  Bransford ,  &  Franks ,  1977 ;  Weldo n & 
Roediger ,  1987) . 

One o f  ou r  goal s i n thi s projec t  wa s t o bette r  integrat e th e 
episodi c constructio n trac e wit h othe r  aspect s o f  cognitiv e 
processin g an d memory .  A n attractiv e wa y t o attemp t  suc h 
an integratio n i s t o embe d th e theor y i n a  cognitiv e 
architecture ,  an d t o thi s en d w e hav e implemente d th e 
theor y i n ACT- R (Anderson ,  1993) . 

Interestingly ,  th e episodi c constructio n trac e doe s no t 
itsel f  requir e an y specia l  encoding ,  instea d i t  arise s naturall y 
from  ACT-R' s treatmen t  o f  goals .  Becaus e ol d goal s ar e 
automaticall y availabl e a s element s o f  declarativ e memory , 
al l  tha t  i s  require d i s tha t  th e production s tha t  contro l 
recognitio n attemp t  t o matc h previou s processin g goal s wit h 
curren t  processin g goals .  Thi s ver y nea t  dovetailin g 
betwee n th e episodi c constructio n trac e theor y an d ACT- R 
i s t o ou r  mind s a  nove l  sourc e o f  evidenc e i n suppor t  o f  bot h 
theories . 

The ACT- R simulatio n tha t  use s thes e principle s 
successfull y predict s th e mos t  salien t  experimenta l  data .  I n 
futur e wor k w e pla n t o compar e th e simulation' s prediction s 
t o othe r  aspect s o f  th e experimenta l  data .  W e hop e th e 
model  wil l  allo w u s t o furthe r  explor e th e interactio n o f  th e 
episodi c constructio n trac e theor y wit h pre-existin g 
quantitativ e theorie s o f  recognitio n memor y a s embodie d i n 
ACT-R. 
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Abstrac t 

Prior research reports that children up to 3-years-oId map novel 
adjective s t o objec t  propertie s onl y i n ver y limite d situation s 
(Gelma n &  Marlcman ,  1985 ;  Taylo r  &  Gelman ,  1988 ;  Hall , 
Waxman,  &  Hurwitz ,  1993 ;  Klibanof f  &  Waxman,  1997 ;  Wax -
man &  Markow ,  1997) .  Ye t  w e kno w b y 24-month s childre n 
use adjectives .  I n tw o experiment s w e provid e 36-month-old s 
(Experimen t  1 )  an d 24-month-old s (Experimen t  2 )  wit h rich 
cross-situationa l  an d syntacti c information .  W e sho w tha t  24 -
& 36-month-old s lear n adjective-to-propert y mapping s whe n 
give n multipl e example s o f  th e mapping ,  an d whe n objec t 
names ar e used .  W e clai m tha t  previou s experiment s faile d t o 
find  robus t  adjectiv e acquisitio n becaus e a t  leas t  on e o f  thes e 
source s o f  informatio n (multipl e exemplars )  wa s excluded .  W e 
als o sugges t  tha t  children' s initia l  learnin g abou t  th e meaning s 
of  adjective s i s affecte d b y syntacti c propertie s o f  th e nou n 
phras e i n whic h the y appea r 

I n t roduc t i o n 

By 24-month s o f  age ,  childre n alread y us e a  numbe r  o f  ad -
jective s i n thei r  everyda y speech .  However ,  previou s researc h 
seems t o sho w tha t  whe n a  nove l  adjectiv e i s use d t o describ e 
a singl e object ,  childre n u p t o 3-year s ol d onl y m a p th e ad -
jectiv e t o a  propert y o f  th e objec t  i n ver y limite d situations , 
and otherwis e ten d t o interpre t  i t  a s a  nou n (Gelma n &  Mark -
man,  1985 ;  Taylo r  &  Gelman ,  1988 ;  Hall ,  W a x m a n ,  &  Hur -
witz ,  1993 ;  Klibanof f  &  W a x m a n ,  1997 ;  W a x m an &  Markow , 
1997) .  I n particular ,  younge r  childre n wer e show n t o m a p 
nove l  adjective s t o object-to-propertie s onl y whe n th e adjec -
tive s wer e first  taugh t  an d teste d wit h respec t  t o member s o f 
th e sam e categor y (e.g. ,  onl y dogs )  (Klibanof f  &  W a x m a n , 
1997 ;  W a x m an &  Markow ,  1997) .  Th e puzzl e i s tha t  thes e 
laborator y findings  underestimat e wha t  w e kno w o f  t h real -
worl d performanc e o f  childre n i n thi s ag e range ;  namely ,  the y 
use adjective s t o describ e man y differen t  kind s o f  objects . 
Thi s pape r  present s tw o experiment s i n whic h 36-mont h old s 
(Experimen t  1 )  an d 24-mont h old s (Experimen t  2 )  wer e give n 
multipl e object s whic h share d a  salien t  propert y (e.g. ,  al l  ha d 
yello w stripes) .  Eac h objec t  wa s describe d t o th e subject s 
usin g th e sam e nove l  adjective ,  an d usin g a  count-nou n t o la -
bel  th e object s (e.g. ,  "Thi s i s a  za v doggie !  Thi s ca r  i s za v 
too !  An d here' s a  za v monkey!") .  Thu s ou r  presentatio n cir -
cumstance s ar e bot h referentiall y  (multipl e exemplars )  an d 
syntacticall y (ful l  nou n phrase )  mor e informativ e tha n th e 
stripped-dow n presentatio n condition s o f  prio r  studies .  W e 
sho w tha t  wit h thi s ric h contextua l  an d syntacti c information , 
bot h subjec t  group s mappe d th e nove l  adjectiv e t o th e object -
to-property ,  an d wer e abl e t o perfor m thi s mappin g acros s 
objec t  categories . 

P r e v i o u s R e s e a r c h 

I n mos t  o f  th e previou s wor k o n adjectiv e learning ,  tw o 
group s o f  subject s woul d b e taugh t  a  nove l  wor d b y usin g th e 
wor d t o describ e a  singl e trainin g objec t  tha t  ha d a n interest -
in g propert y (e.g. ,  a  salien t  texture) .  Fo r  on e group ,  th e objec t 
woul d b e describe d wit h a  nove l  adjective ,  (e.g. ,  "Thi s i s a  za v 
one") ,  an d fo r  th e othe r  anothe r  grou p wit h a  nove l  nou n (e.g. , 
"Thi s i s a  zav") .  Subject s woul d the n b e aske d t o chos e be -
twee n tw o tes t  objects ,  on e o f  whic h share d a  propert y wit h 
th e trainin g objec t  (e.g. ,  material ,  texture ,  color) .  Subject s 
w ho hear d a n adjectiv e wit h th e trainin g objec t  wer e asked , 
"Ca n yo u find  anothe r  za v one, "  an d subject s w h o hear d a 
nove l  nou n wer e asked ,  "Ca n yo u find  anothe r  zav! ' 

Usin g suc h a  design .  Hal l  e t  al .  (1993 )  foun d tha t  nove l  ad -
jective s di d no t  caus e 2-yea r  old s t o chos e tes t  object s whic h 
share d propertie s wit h th e trainin g objects .  However ,  W a x -
m an &  M a r k o w (1997 )  foun d tha t  i f  th e trainin g an d tes t 
object s wer e al l  th e sam e basic-leve l  kin d (e.g. ,  al l  snakes) , 
the n 21-mont h old s woul d b e mor e likel y t o chos e tes t  ob -
ject s tha t  share d trainin g objec t  propertie s whe n the y hear d 
nove l  adjective s tha n whe n the y hear d nove l  nouns .  H o w -
ever ,  the y foun d tha t  thi s wa s onl y th e cas e afte r  subject s 
had experienc e wit h th e adjective-to-propert y mappin g i n a 
prio r  trials. '  Klibanof f  &  W a x m an (1997 )  use d a  simila r  de -
sig n wit h 3-yea r  olds .  The y foun d tha t  3-yea r  old s learne d 
nove l  adjective-to-propert y mapping s i n on e trial ,  i f  th e tes t 
and trainin g object s wer e al l  o f  th e sam e basic-leve l  kind . 
However ,  onl y afte r  first  makin g th e correc t  mappin g withi n 
basic-leve l  categor y wer e 3-year-old s abl e t o t o exten d th e 
mappin g t o situation s wher e th e name d propert y wa s carrie d 
by anothe r  kin d o f  object . 

Thus ,  i n th e experiment s describe d above ,  youn g childre n 
demonstrate d onl y a  limite d abilit y  t o lear n nove l  adjectives . 
However ,  the y wer e give n onl y fairl y  limite d informatio n 
fro m whic h t o comput e th e adjectives '  meaning .  I n particular , 
thei r  trainin g set s di d no t  provid e tigh t  correlation s betwee n 
adjective s an d propertie s acros s differen t  exemplars .  Thes e 
ar e arguabl y presen t  i n real-worl d learnin g situations .  No r  di d 
the y (wit h th e exceptio n o f  Klibanof f  &  W a x m a n ,  1997 )  pro -
vid e th e syntacti c information— a know n coun t  noun—tha t 
clearl y designate s th e nove l  adjectiv e a s somethin g othe r  tha n 
a nam e fo r  a n object . 

The experiment s describe d i n thi s pape r  wer e designe d t o 

'  Usin g a  differen t  design ,  Taylo r  &  Gelma n (1988 )  foun d a  wea k 
effec t  o f  a  nove l  adjectiv e o n objec t  choic e i n 2-yea r  olds .  However , 
thei r  result s di d no t  allo w the m t o conclud e tha t  thei r  subject s ha d 
correctl y learne d adjective-to-propert y mappings . 
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ascertai n whethe r  bot h 36 -  an d 24-mont h old s ca n lear n nove l 
adjective s whe n the y ar e give n ric h syntacti c an d contextua l 
information .  W e tes t  thi s b y 1 )  providin g multipl e example s 
of  adjective-to-propert y mappings ,  an d 2 )  alway s usin g th e 
nove l  adjectiv e wit h a  know n coun t  noun ,  no t  a  pro-form , 
when describin g objects . 

Experiment 1 

We teste d 3-yea r  olds '  abilit y  t o m a p nove l  adjective s t o 
objec t  propertie s whe n the y ar e give n multipl e example s o f 
word-to-propert y matche s acros s differen t  know n objects . 
We predicte d that ,  give n th e covarianc e o f  th e adjectiv e wit h 
th e propert y ove r  multipl e objects ,  an d give n tha t  know n 
noun s wer e use d t o nam e th e objects ,  36-mont h old s woul d 
succee d i n assignin g propert y interpretation s t o nove l  adjec -
tives . 

Method 

Subject s Subject s wer e 2 4 childre n approximatel y 3 6 
month s ol d (Af=36.3 ,  SD=2.5) .  Thre e mor e childre n wer e 
teste d bu t  wer e no t  include d du e t o failur e t o respon d i n 
at  leas t  thre e trials .  Subject s wer e teste d individuall y i n 
Philadelphi a are a daycare s o r  a t  th e Universit y o f  Pennsyl -
vania . 

Materials Each subject received six test trials in which they 
wer e presente d thre e trainin g object s whic h wer e c o m m o n 
toy s (e.g. ,  horse ,  ball ,  car ,  etc.) .  Fo r  a  give n trial ,  al l  thre e 
trainin g object s share d on e salien t  propert y fro m th e follow -
in g se t  o f  si x properties :  covere d i n felt ,  stripe d yellow ,  cov -
ere d i n velcro ,  wrappe d i n thi n wire ,  drille d wit h holes ,  cov -
ere d wit h blu e stars .  Subject s wer e als o show n tw o tes t  ob -
ject s o n eac h trial :  a  Kind-Matche d objec t  an d a  Property -
Matche d object .  Th e Kind-Matche d objec t  wa s fro m th e 
same categor y a s on e o f  th e thre e trainin g object s (e.g. ,  an -
othe r  ball) ,  bu t  wit h a  differen t  salien t  property .  Th e Property -
Matche d objec t  wa s a  c o m m o n to y o f  a  differen t  categor y 
fro m al l  o f  th e trainin g object s o f  tha t  trial ,  bu t  wit h th e sam e 
salien t  propert y a s th e thre e trainin g objects .  Trial s wer e de -
signe d s o tha t  n o tes t  objec t  woul d appea r  mor e tha n onc e 
as th e Property-Matche d objec t  i n th e experiment ,  an d like -
wis e s o tha t  n o tes t  objec t  woul d appea r  mor e tha n onc e a s 
th e Kind-Matche d objec t  i n th e experiment .  Th e trainin g an d 
tes t  object s fo r  eac h trial ,  an d th e orde r  o f  presentatio n withi n 
tria l  ar e show n i n Tabl e 1 . 

Procedur e Subject s wer e teste d individuall y an d wer e ran -
doml y assigne d t o on e o f  tw o conditions :  Adjectiv e an d De -
ictic .  Fo r  eac h tria l  i n bot h conditions ,  th e experimente r  use d 
a Tweet y Bir d puppe t  t o remov e th e thre e trainin g object s on e 
at  a  tim e fro m a  close d containe r  an d giv e the m t o th e subjec t 
t o examine .  I n th e Adjectiv e condition ,  eac h trainin g objec t 
was paire d wit h a  se t  o f  descriptiv e sentences ,  spoke n b y th e 
puppet ,  whic h containe d a  nonsens e adjective .  Th e adjec -
tive s were :  zav ,  stoof ,  rup ,  bisk ,  drin ,  an d prall ;  th e exam -
ple s belo w us e zav .  Th e trainin g sentence s wer e o f  th e form , 
"Loo k a t  thi s za v horsie !  Thi s horsi e i s ver y zav. "  Afte r  th e 
thre e trainin g object s wer e presente d t o th e subject ,  th e pup -
pet  woul d say ,  "See ,  thes e thing s ar e al l  zav, "  whil e indicat -
in g th e thre e trainin g objects .  Th e experimente r  woul d the n 
sho w th e subjec t  th e tw o tes t  object s sid e b y side ,  an d ask . 

"Loo k a t  thes e tw o things .  Ca n yo u giv e Tweet y Bir d th e za v 
one ? Ca n yo u sho w Tweet y Bir d whic h o f  thes e tw o thing s 
i s z a v T Th e left-righ t  orde r  o f  th e tes t  object s (Property -  vs . 
Kind-Matched )  wa s random .  A  respons e wa s recorde d i f  th e 
subjec t  picke d u p o r  pointe d t o on e o f  th e tw o tes t  objects .  I f 
th e subjec t  chos e th e objec t  tha t  ha d th e sam e propert y a s th e 
trainin g objects ,  a  Property-Matche d respons e wa s recorded . 
I f  th e subjec t  chos e th e objec t  tha t  wa s o f  th e sam e basic-leve l 
kin d o f  th e las t  trainin g object ,  a  Kind-Matche d respons e wa s 
recorded .  I f  subject s faile d t o respond ,  th e question s wer e 
repeate d fo r  u p t o a  tota l  o f  thre e times .  I f  n o respons e wa s 
obtaine d afte r  th e thir d attempt ,  a  non-respons e wa s recorded . 
A Bot h respons e wa s recorde d i f  th e subjec t  selecte d bot h ob -
jects .  Th e sentence s i n eac h tria l  use d a  differen t  nonsens e 
adjective . 

I n th e Deicti c conditio n th e thre e trainin g object s wer e 
paire d wit h sentence s tha t  di d no t  contai n a n adjectiv e o r  th e 
name o f  th e objec t  an d wer e o f  th e form ,  "Loo k a t  this!" , 
or ,  " W o w !  Here' s somethin g else! "  Afte r  th e thre e trainin g 
object s wer e presente d t o th e subject ,  th e puppe t  woul d say , 
"Loo k a t  al l  thes e things!" ,  whil e indicatin g th e thre e trainin g 
objects .  Th e experimente r  woul d the n sho w th e subjec t  th e 
tw o tes t  objects ,  sid e b y side ,  an d ask ,  " N o w yo u giv e Tweet y 
Bir d something. "  Response s wer e recorde d i n th e sam e wa y 
as i n th e Adjectiv e condition .  Thi s conditio n wa s include d 
t o ascertai n i f  an y effect s foun d i n th e Adjectiv e conditio n 
coul d b e ascribe d t o respons e biases .  W e expecte d tha t  sub -
ject s woul d respon d a t  chanc e i n thi s condition ,  o r  perhap s 
sho w a  predominanc e o f  Kind-Matche d responses . 

Ther e wer e fou r  differen t  tria l  orde r  list s fo r  eac h condi -
tion .  Fo r  th e Adjectiv e condition ,  eac h o f  th e fou r  tria l  orde r 
list s varie d whic h adjectiv e wa s paire d wit h eac h property . 
Trial s wer e designe d s o tha t  th e las t  trainin g objec t  whic h 
was presente d t o th e subjec t  matche d th e categor y o f  on e o f 
th e tes t  objects :  specifically ,  th e on e tha t  di d no t  shar e th e 
salien t  propert y wit h th e thre e trainin g objects . 

Results 

The numbe r  o f  Property-Matche d response s wa s tallie d fo r 
eac h subjec t  an d average d acros s subjects .  (O f  course ,  o n tri -
al s i n whic h subject s chos e bot h tes t  objects ,  th e respons e wa s 
not  counte d a s a  Property-Matche d response. )  I f  subject s be -
have d a t  chanc e i n chosin g th e tes t  object ,  th e mea n numbe r 
of  Property-Matche d response s shoul d b e 3 .  Figur e 1  show s 
mean Property-Matche d respons e fo r  subject s i n th e Adjec -
tiv e an d th e Deicti c conditions .  M e a n Property-Matche d re -
sponse s wa s 4. 4 (5D=1.8 )  an d 2. 9 {SD= \A )  fo r  subject s i n 
th e Adjectiv e an d Deicti c conditions ,  respectively. ^  Subject s 
i n th e Adjectiv e conditio n wer e bette r  tha n chanc e a t  choosin g 
th e tes t  objec t  wit h th e propert y whic h matche d th e trainin g 
items(f(ll)=2.76,/j<.05 .  Subject s i n th e Adjectiv e conditio n 
wer e als o significantl y mor e likel y t o pic k Property-Matche d 
tes t  object s tha n subject s i n th e Deicti c conditio n (f(22)=2.27 , 
p<.Q5 .  Subject s i n th e Deicti c conditio n performe d a t  chanc e 
(f(ll)=.2,ns.) . 

An analysi s b y ite m wa s als o performe d i n whic h eac h 

^One subject ,  whos e chos e n o Property-iVIatche d objects ,  score d 
les s tha n tw o standar d deviation s fro m th e Adjectiv e mean .  I f  thi s 
subjec t  i s  remove d fro m th e analysi s a s a n outlier ,  mea n Property -
Matche d response s i n th e Adjectiv e conditio n i s 4. 8 (SD=7.2) . 
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Tab id : 

Trainin g 

elephan t  bloc k bal l 

car  cu p rabbi t 

bloc k cu p hors e 

elephan t  ca r  fish 

bal l  hors e boa t 

bloc k hors e cu p 

Stimulu s Sets ,  Experiment s I  &  2 

Propert y 

Fi; i  T 

STARS 
WIRE 
VELCRO 
HOLES 
STRIPES 

Test 

car-FEL T bal l -VELCR O 

fish-STARS  rabbit-STRIPE S 

elephant-WIR E horse-HOLE S 
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Figur e 1 :  Averag e #  o f  Propert y Response s (36-Month-Olds ) 

training-tes t  se t  wa s treate d a s a n ite m an d Property-Matche d 
response s wer e average d acros s th e si x  items .  Chanc e 
Property-Matche d response s fo r  item s i s 6 .  Item s wer e show n 
t o hav e elicite d a  significantl y greate r  numbe r  o f  Property -
Matche d response s tha n woul d b e expecte d b y chanc e i n 
th e Adjectiv e conditio n (M=8.8 ,  SD=1.5 ,  f(5)=4.72 ,  pK.Ol) . 
Property-Matche d response s elicite d b y item s i n th e Deic -
ti c  conditio n wer e a t  chanc e leve l  (A/=5.8 ,  SD=\.l ,  t{5)=.lA , 
ns.) -  Item s i n th e Adjectiv e als o elicite d significantl y mor e 
Property-Matche d response s tha n item s i n th e Deicti c condi -
tio n (r(10)=3.24,/j<.01) . 

Thes e result s sugges t  tha t  childre n o f 
about  36-month s ca n lear n th e meaning s o f  nove l  ad -
jective s fro m ver y fe w exposures .  I t  appear s tha t  experienc e 
wit h multipl e example s o f  consisten t  adjective-to-propert y 
pairing s ove r  object s fro m differen t  categories ,  whe n th e 
adjectiv e modifie s a  coun t  nouns ,  i s  sufficien t  t o allo w 3-yea r 
old s t o lear n th e meaning s o f  adjectives . 

We the n applie d thi s metho d t o 24-mont h ol d children ,  t o 
see i f  supplyin g word-to-propert y invarianc e acros s multipl e 
exemplar s woul d hel p younge r  childre n lear n nove l  adjective s 
as well . 

Experiment 2 

In Experiment 2 we use the same method as in Experiment 1, 
but  wit h 24-mont h ol d children .  Experimen t  2  wa s designe d 
t o tes t  whethe r  24-mont h old s coul d lear n mapping s fro m 
nove l  adjective s t o propertie s whe n th e sam e mappin g i s 
presen t  acros s differen t  exemplars . 

M e t h o d 

Subjects Subjects were 24 children approximately 24 
month s o f  ag e (M=24.1 ,  S D = \ A ) .  Fiv e mor e childre n wer e 
teste d bu t  wer e no t  include d du e t o failur e t o respon d i n a t 
leas t  thre e o f  th e trials .  Subject s wer e teste d individuall y i n 
Philadelphi a are a daycare s o r  a t  th e Universit y o f  Pennsylva -
nia . 

Materials The materials were identical to those used in Ex-
perimen t  1 ,  excep t  tha t  thre e objec t  type s wer e replace d wit h 
ne w objects .  Al l  rabbit s wer e replace d wit h pigs ,  al l  boat s 
wer e replace d wit h monkeys ,  an d al l  fish  wer e replace d wit h 
kangaroos .  Th e object s whic h wer e replace d wer e poorl y fea -
ture d plasti c san d molds ,  whic h pilo t  studie s wit h 24-mont h 
old s showe d wer e somewha t  difficul t  t o identify .  Th e object s 
whic h replace d the m di d no t  hav e thi s problem .  Th e within -
tria l  presentatio n orde r  o f  th e object s i s identica l  t o tha t  o f  Ex -
perimen t  1  (se e Tabl e 1) ,  bu t  wit h th e rabbits ,  boats ,  an d fish, 
replace d wit h pigs ,  monkeys ,  an d kangaroos ,  respectively . 

Procedur e Th e procedur e wa s th e sam e a s th e on e use d i n 
Experimen t  1 ,  wit h th e followin g exceptions .  Fo r  eac h trial , 
befor e th e subjec t  wa s presente d th e trainin g objects ,  the y 
wer e shown ,  an d allowe d t o pla y with ,  al l  five  trainin g an d 
tes t  object s fo r  tha t  trial .  Pilo t  studie s suggeste d tha t  subjects ' 
initia l  encounte r  wit h th e object s attract s thei r  attentio n awa y 
fro m th e puppet' s descriptio n o f  th e object s durin g trainin g 
and th e experimenter' s request s durin g testing ,  resultin g i n 
hig h rate s o f  non-responses .  Th e brie f  pre-trainin g exposur e 
perio d familiarize s th e subjec t  t o al l  th e object s i n th e trial . 

I n addition ,  subject s w h o wer e teste d i n daycare s durin g 
pilo t  studie s ofte n di d no t  respon d t o th e puppe t  o r  th e experi -
menter .  Therefore ,  on e o r  tw o day s befor e th e experimen t  wa s 
carrie d out ,  th e experimente r  woul d pla y wit h th e subject s i n 
a grou p wit h thei r  peers .  Thi s interactio n allowe d th e subject s 
t o becom e comfortabl e wit h th e experimenter ,  an d the y wer e 
much mor e responsiv e durin g th e experiment .  Subject s w h o 
came int o th e la b di d no t  receiv e thi s pre-experimentplay ,  bu t 
at  leas t  on e paren t  wa s i n th e testin g roo m wit h them . 

Results 

Because there were many non-responses in Experiment 2, 
th e mea n numbe r  o f  Property-Matche d response s pe r  sub -
ject s wa s no t  a n appropriat e measure ,  a s i t  wa s i n Experi -
ment  1 .  Instead ,  differenc e score s wer e compute d fo r  eac h 
subjec t  b y scorin g Property-Matche d response s a s 1 ,  Kind -
Matche d response s a s -1 ,  an d summin g thes e scores ;  non -
response s an d Bot h response s wer e score d a s 0 .  Chanc e per -
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formanc e shoul d thu s yiel d a  m e a n differenc e scor e o f  0 .  Pos -
itiv e differenc e score s indicat e subject s preferre d Property -
Matche d responses ,  negativ e score s indicat e the y preferre d 
Kind-Matche d responses .  M e a n differenc e score s wer e 1. 7 
(5D=I.9 )  an d -. 5 (SD=2.6 )  fo r  subject s i n th e Adjectiv e an d 
Deicti c condition ,  respectively .  Figur e 2  show s th e differenc e 
score s fo r  subject s i n Experimen t  2  a s wel l  a s th e dat a fo r 
subject s i n Experimen t  1  replotte d a s differenc e score s fo r 
comparison. ' 

i  i 

H U>^ . 

36-Monlh-OICI S 24.Month-Old > 

Figur e 2 :  Differenc e scores ;  Expts .  1  &  2 

Subjects in the Adjective condition were significantly more 
likel y t o m a k e Property -  vs .  Kind-Matche d response s tha n 
woul d b e predicte d b y chanc e (f(ll)=3.08 ,  p<.05) .  Sub -
ject s i n th e adjectiv e conditio n als o m a d e mor e Property -  vs . 
Kind-Matche d response s tha n subject s i n th e Deicti c condi -
tio n (r(22)=2.34 ,  p< .Q5 .  Subject s i n th e Deicti c conditio n 
wer e a t  chanc e i n thei r  choic e o f  tes t  object s (r(ll)=.66 ,  ns.) . 
However ,  on e subjec t  i n th e Deicti c conditio n produce d a 
differenc e scor e o f  6 ,  whic h i s  beyon d tw o standar d devia -
tion s fro m th e mean .  I f  thi s subjec t  i s  treate d a s a n outlie r 
and removed ,  the n subject s i n th e Deicti c conditio n sho w a 
tren d toward s a  Kind-Matche d preferenc e (M=-1.09 ,  S D = 1.7 , 
f(10)=2.13,p=.059) . 

A n analysi s b y item s showe d tha t  m e a n differenc e score s 
fo r  item s i n th e Adjectiv e conditio n wa s 3. 3 (5£)=4.4) ,  an d 
i n th e Deicti c conditio n wa s - 1 (5D=2.19) .  Th e item s anal -
ysi s showe d tha t  ther e wa s a  tren d toward s item s elicitin g a 
greate r  numbe r  o f  Property-Matche d response s i n th e Adjec -
tiv e conditio n tha n woul d b e predicte d b y chanc e (r(5)=1.87 , 
p=.06 ,  one-tailed) .  T h e ite m effec t  i s  no t  a s stron g a s i t  wa s 
i n Experimen t  1 ,  however ,  al l  item s bu t  on e elicite d mor e 
Property-Matche d response s tha n Object-Matche d responses : 
th e se t  o f  object s covere d i n velcr o wa s th e onl y se t  t o elici t 
mor e Object-Matche d response s tha n Property-Matche d re -
sponses .  Th e velcr o se t  wa s als o th e se t  i n Experimen t  1  tha t 
elicite d th e fewes t  numbe r  o f  Property-Matche d response s i n 
th e Adjectiv e condition .  W h e n th e ite m analysi s wa s per -
forme d wit h thi s ite m removed ,  th e ite m effec t  wa s signifi -
can t  (r(4)=3.87 ,  p< .05) .  Item s als o tende d t o elicite d mor e 
Property -  vs .  Kind-Matche d response s i n th e Adjectiv e con -
ditio n tha n i n th e Deicti c conditio n {t{\0)=2.\7,p<.05 ,  one -

tailed) .  Finally ,  item s elicite d chanc e performanc e i n th e De -
icti c conditio n (r(5) = 1.18 ,  ns.) . 

Thes e result s sho w that ,  lik e 36-mont h olds ,  24-mont h 
old s ca n us e th e invarianc e o f  th e word-to-propert y mappin g 
acros s multipl e object s t o lear n th e meaning s o f  nove l  adjec -
tives .  I n addition ,  ther e i s som e indicatio n tha t  24-month-ol d 
subject s prefe r  t o chos e test-objecl s tha t  matc h th e th e las t 
kind  o f  objec t  the y sa w durin g training ,  i n th e absenc e o f  a n 
adjectiv e an d noun." *  I n th e followin g discussion ,  w e develo p 
a proposa l  o f  adjectiv e learnin g tha t  tie s togethe r  thes e result s 
wit h th e previou s findings  i n th e literature . 

General Discussion 

As we mentioned in introductory remarks, prior experimental 
wor k ha s no t  accounte d fo r  earl y adjectiv e learning .  I n gen -
eral ,  childre n fai l  t o demonstrat e i n th e laborator y whateve r 
capacitie s ar e responsibl e fo r  thei r  succes s i n rea l  life ,  a s man -
ifeste d i n thei r  productiv e adjectiva l  vocabulary .  S o m e exper -
imenta l  succes s ha s bee n achieve d b y W a x m an &  Marko w 
(1997 )  an d Klibanof f  &  W a x m an (1997 )  b y showin g toddler s 
severa l  object s tha t  ar e al l  withi n a  singl e basi c kind ,  e.g. , 
horses ,  bu t  whic h var y o n a  singl e propert y dimension ,  e.g. , 
texture ,  accompanie d b y a  sentenc e designe d t o cu e th e cat -
egor y ("Thi s i s a  za v one") .  However ,  wit h 2-yea r  old s gen -
eralizatio n ha s bee n limite d t o ne w target s o f  th e kin d first 
modele d (i.e. ,  t o ne w horse s tha t  instantiat e th e property) .  I n 
th e presen t  studies ,  w e successfull y taugh t  two -  an d three -
yea r  old s ne w adjective s b y enrichin g th e inpu t  informatio n 
i n tw o ways .  First ,  takin g advantag e o f  thes e children' s broa d 
knowledg e o f  basi c leve l  kinds ,  w e instantiate d th e propert y 
acros s severa l  o f  these .  Second ,  w e improve d th e linguisti c 
informatio n b y explicitl y  labellin g eac h kin d ("Thi s i s a  za v 
horsie.. .  Thi s i s a  za v car") .  Unde r  thes e presentatio n condi -
tions ,  th e mappin g betwee n propert y an d nonsens e adjectiv e 
generalize d acros s kinds . 

I t  i s  no t  surprisin g t o discove r  tha t  novice s ar e aide d b y 
multipl e exemplars ;  tha t  is ,  b y cross-situationa l  observation . 
Multipl e exposure s woul d see m t o b e especiall y usefu l  fo r 
thes e youngster s for ,  a s w e kno w (Markman ,  1990) ,  i n thi s 
age rang e the y hav e t o fight  of f  a  stron g "objec t  bias. "  Thi s i s 
a tendenc y t o assum e tha t  an y ne w wor d label s th e tige r  rathe r 
tha n hi s stripes ,  hi s temperment ,  hi s growl ,  o r  indee d an y sin -
gl e trait .  I t  stand s t o reaso n tha t  the y wil l  b e aide d i f  th e 
tigers ,  th e horses ,  th e cows ,  c o m e an d g o acros s successiv e 
scene s whil e som e propert y o f  eac h remain s constant .  Ye t  i n 
th e Deicti c conditio n o f  th e presen t  experiments—whic h ex -
hibite d jus t  suc h situationa l  constancies — toddler s wer e no t 
tempte d t o extrac t  propert y representation s (Figur e 2) .  Cross -
situationa l  observatio n appear s t o b e a  necessar y bu t  no t  a 
sufficien t  conditio n fo r  overcomin g th e objec t  bia s s o a s t o ex -
trac t  a  propert y representatio n o f  th e passin g scene .  Thi s find-
in g fits  wit h severa l  collatera l  studie s o f  wor d learnin g (Gleit -
m an an d Gillette ,  1995 ;  Gillett e e t  al ,  forthcoming )  whic h 
demonstrat e tha t  eve n whe n th e subject s ar e adults ,  learnin g 
of  word s othe r  tha n noun s vi a cross-situationa l  informatio n 

^Al l  th e reporte d result s fro m Experimen t  1  hol d whe n th e sam e 
analyse s ar e performe d usin g differenc e score s instea d o f  absolut e 
number  o f  Property-Matche d responses . 

Of  course ,  i n thi s experimen t  Kind-Matche d test-object s ar e 
als o propert y /mismatche d objects ;  thus ,  a n overal l  Kind-Matche d 
preferenc e could ,  i n fact ,  b e a  preferenc e t o choos e test-object s 
whic h diffe r  acros s propertie s fro m training-objects ,  i n th e Deicti c 
condition . 
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alon e i s extremel y difficult ,  inefficient ,  an d error-prone .  I n 
strikin g contrast ,  cross-situationa l  informatio n i s efficientl y 
used whe n th e linguisti c informatio n i s simultaneousl y en -
riched :  whe n th e ne w wor d appear s i n a  know n structur e (fo r 
th e origina l  demonstratio n o f  suc h a n effect .  Brown ,  1957) . 

Consisten t  wit h suc h findings,  ou r  youn g S s becam e suc -
cessfu l  adjectiv e learner s jus t  whe n th e proble m wa s pose d 
i n th e presenc e o f  a  ful l  noun-phrase :  "Here' s a  za v horse " 
(Figur e 2) .  A t  first  glance ,  thi s seem s puzzling .  Afte r  all , 
thi s linguisti c structur e doesn' t  see m al l  tha t  differen t  fro m 
th e structur e i n "Here' s a  za v one, "  a s use d i n man y prio r 
adjective-learnin g studies .  Th e differenc e become s mor e ob -
viou s whe n relate d t o anothe r  bod y o f  fact s abou t  th e tim e 
cours e o f  languag e learning :  Learnin g t o bin d pronoun s t o 
thei r  referent s i s on e o f  th e mos t  ticklis h tas k infant s face ,  an d 
deficit s ar e see n throug h th e earl y schoo l  years .  Th e crucia l 
innovatio n i n ou r  stud y wa s t o structurall y exhibit ,  i n a  lex -
icall y ful l  nou n phrase ,  tha t  th e require d interpretatio n wa s 
some modifie r  (henc e property )  o f  th e objects ,  thu s exclud -
in g th e favore d nomina l  interpretations .  I n recen t  follow-u p 
wor k (Mint z an d Gleitman ,  forthcoming )  w e hav e foun d tha t 
toddler s d o no t  succee d i n adjectiv e learnin g whe n pronoun s 
ar e use d wit h nove l  adjective s instea d o f  objec t  names ,  eve n 
usin g th e ric h cross-exempla r  trainin g tha t  succeede d i n Ex -
periment s 1  &  2 . 

Most  generally ,  then ,  thi s wor k fits  int o a n emergin g pic -
tur e o f  languag e acquisitio n tha t  explain s th e child' s accom -
plishment s i n term s o f  layer s o f  informatio n tha t  becom e 
availabl e i n sequenc e a s a  consequenc e o f  solvin g part s o f 
th e learnin g proble m (rathe r  than ,  fo r  example ,  a s a  conse -
quenc e o f  conceptua l  change s i n th e learner s themselves) .  A t 
th e first  ste p o f  thi s incrementa l  learnin g procedure ,  novice s 
hav e n o informatio n othe r  tha n thei r  natura l  way s o f  organiz -
in g th e worl d a s thes e ca n b e mappe d agains t  wor d use .  Tha t 
is ,  i n th e initia l  knowledg e state ,  the y ca n acquir e a  smal l 
stoc k o f  concret e noun s base d o n tw o couple d facts .  Th e 
first  o f  thes e i s conceptua l  (the y ca n conceive ,  e.g. ,  o f  ele -
phants )  an d th e secon d i s th e plausibl e condition s fo r  mak -
in g referenc e ("elephant "  i s mor e likel y t o b e uttere d i n th e 
presenc e o f  elephant s tha n o f  rhinoceroses) .  Thi s first  learn -
in g i s limite d t o favore d representation s (Markman' s objec t 
bias )  o f  concret e (i.e. ,  directl y observable )  basi c leve l  object s 
(Gillett e e t  al ,  forthcoming) .  Th e earl y nou n learnin g no w 
serve s a s a  scaffol d o n whic h childre n buil d a  rudimentar y 
representatio n o f  th e phras e structur e o f  th e inpu t  languag e 
(Fisher ,  Hall ,  Rakowitz ,  an d Gleitman ,  1994 ;  Fisher ,  1996) , 
enablin g th e learnin g o f  word s fro m non-nomina l  categories . 
Specifically ,  i n th e presenc e o f  phras e structur e knowledg e 
th e learner s ca n wor k bac k an d fort h betwee n thei r  represen -
tation s o f  th e worl d an d thei r  implici t  knowledg e o f  ho w thes e 
ar e linke d t o informatio n -  selectiona l  an d syntacti c -  tha t 
i s  displaye d acros s th e inpu t  sentenc e (Pinker ,  1984 ;  Landa u 
and Gleitman ,  1985) .  I n th e presen t  experiment ,  w e wer e abl e 
t o mode l  adjectiv e learnin g i n ou r  youn g subject s b y allow -
in g the m t o leverag e thei r  hard-wo n knowledg e o f  th e nou n 
phras e i n th e servic e o f  thi s task . 
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Abstrac t 

I review the purported opposition between computational and 
dynamica l  approache s i n cognitiv e science ,  i  argu e tha t  bot h 
computationa l  an d dynamica l  notion s wil l  b e necessar y fo r  a 
ful l  explanator y accoun t  o f  cognition ,  an d giv e a  perspectiv e 
on ho w recen t  researc h i n comple x system s ca n lea d t o a  muc h 
neede d rapprochemen t  betwee n computationa l  an d dynamica l 
style s o f  explanation . 

The "Computatio n vs .  Dynamics "  Debat e 

Cognitio n an d computatio n hav e bee n deepl y linke d fo r  a t 
leas t  fift y  years ,  particularl y i n th e symboli c A I  tradition .  Th e 

origi n o f  th e electroni c digita l  compute r  lie s i n Tliring' s at -

temp t  t o formaliz e th e kind s o f  symboli c logica l  manipula -

tion s tha t  h u m a n mathematician s ca n perform ,  an d compu -

tatio n wa s late r  viewe d b y Newell ,  Simon ,  an d other s a s th e 

correc t  conceptua l  framewor k fo r  understandin g though t  i n 

genera l  (Newel l  &  Simon ,  1976) . 

Anothe r  traditio n fo r  understandin g though t  i s roote d i n 

dynamica l  system s theory .  Dynamica l  approache s t o cogni -

tio n g o bac k a t  leas t  t o th e cybernetic s er a i n th e 1940 s i n 

whic h informatio n theory ,  dynamics ,  an d computatio n wer e 

brough t  togethe r  i n studyin g th e brai n (Ashby ,  1952) .  H o w -

ever ,  wit h th e dominanc e o f  symboli c A I  an d "information -

processin g psychology "  i n th e 1960 s an d 1970s ,  dynamical -

systems-base d approache s wer e no t  extensivel y pursued . 

M o r e recently ,  th e ide a tha t  dynamic s i s a  relevan t  frame -

wor k fo r  understandin g cognitio n ha s becom e popula r  again . 

For  example ,  Thele n an d Smit h (1994 )  describ e th e develop -

ment  o f  kickin g an d reachin g i n infant s i n term s o f  dynami -

cal  notion s suc h a s th e stabilit y  o f  attractor s i n a  phas e spac e 

define d b y bod y an d environmenta l  parameters .  Movement s 

t o ne w stage s i n developmen t  ar e explaine d i n term s o f  bi -

furcation s t o ne w attractor s a s a  resul t  o f  chang e i n orde r 

parameters—infan t  weight ,  bod y length ,  etc.—a s th e infan t 

grows .  Thele n an d Smit h believ e tha t  "highe r  cognition "  i s 

ultimatel y roote d i n thes e type s o f  spatia l  skill s  learne d i n 

infancy ,  an d thu s tha t  highe r  cognitio n wil l  itsel f  b e bes t  un -

derstoo d dynamically .  The y contras t  thei r  accoun t  wit h tradi -

tiona l  "informatio n processing "  theorie s o f  development ,  i n 

whic h ne w developmenta l  stage s ar e cause d b y brai n matura -

tio n an d th e increasin g abilit y  o f  maturin g infant s t o reaso n 

logically . 

M a ny proponent s o f  dynamica l  approache s i n cognitiv e 

science ,  lik e Thele n an d Smith ,  tak e th e adversaria l  posi -

tio n tha t  computatio n an d informatio n processin g ar e mis -

leadin g an d incorrec t  notion s t o us e i n understandin g cog -

nition .  S o m e g o eve n furthe r  an d dismis s mor e basi c notion s 

suc h a s representatio n an d "symbols "  a s bein g harmfu l  t o th e 

cognitiv e scienc e enterpris e (e.g. ,  Freema n &  Skarda ,  1990) . 

I n a  recen t  overvie w article ,  va n Gelde r  an d Por t  (1995) 

see k t o sho w tha t  th e "computationa l  approach"—i.e. ,  tha t 

"Cognitiv e operation s ar e transformation s fro m on e stati c 

symbol  structur e t o th e next "  (p .  1)—i s fals e an d tha t  th e "dy -

namica l  hypothesis"—tha t  though t  i s bes t  understoo d i n th e 

languag e o f  dynamica l  system s theory—i s true .  I n thi s paper , 

I  briefl y revie w th e mai n point s o f  thi s debate ,  argu e tha t  bot h 

computationa l  an d dynamica l  notion s wil l  b e necessar y fo r  a 

ful l  explanator y accoun t  o f  cognition ,  an d giv e m y vie w o n 

h o w comple x system s researc h ca n lea d t o a n importan t  rap -

prochemen t  betwee n computationa l  an d dynamica l  notion s i n 

cognitiv e science . 

Althoug h th e variou s dynamica l  approache s describe d b y 

va n Gelde r  an d Por t  d o no t  ye t  yiel d a  concis e singl e formu -

lation ,  th e genera l  ide a i s tha t  cognitio n shoul d b e character -

ize d a s a  continua l  couplin g amon g brain ,  body ,  an d environ -

ment  tha t  unfold s i n rea l  time ,  a s oppose d t o th e discret e tim e 

step s o f  digita l  computation .  Th e emphasi s o f  th e dynamica l 

approac h i s o n h o w th e brain/body/environmen t  syste m a s a 

whol e change s i n rea l  time ,  an d dynamic s i s propose d a s th e 

bes t  framewor k fo r  capturin g tha t  change .  Thi s i s sai d t o con -

tras t  wit h computation' s focu s o n "interna l  structure"—i.e. , 

it s  concer n wit h th e stati c organizatio n o f  informatio n pro -

cessin g an d representationa l  structur e i n a  cognitiv e system . 

Thi s opposition—betwee n dynamic s a s focuse d o n chang e 

and computatio n a s focuse d o n interna l  structure—bring s t o 

min d a  simila r  debat e tha t  ha s gon e o n fo r  year s i n th e evolu -

tionar y biolog y community ,  an d whos e resolutio n will ,  I  be -

lieve ,  b e instructiv e fo r  th e dynamics/computatio n debat e i n 

cognitiv e science .  Th e predominan t  explanator y framewor k 

i n evolutio n ha s bee n neo-Darwinism ,  a  theor y o f  chang e pa r 

excellenc e (inherite d rando m chang e fro m on e generatio n t o 

th e nex t  lead s t o adaptatio n vi a natura l  selection) .  Bu t  som e 

evolutionar y theorist s hav e questione d th e adequac y o f  clas -

sica l  neo-Darwinis m a s eithe r  a n explanator y o r  a  predictiv e 

theory ,  an d argu e instea d fo r  th e primac y o f  historica l  contin -
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genc y (Gould ,  1989a )  o r  th e self-organizatio n o f  biologica l 

structur e no t  du e t o natura l  selectio n (Fontan a &  Buss ,  1996 ; 

Goodwin ,  1990 ;  Kauffman ,  1993) .  Thes e "historicists "  an d 

"structuralists "  ar e th e connectionist s o f  th e evolutionar y bi -

olog y community—th e peopl e questionin g th e classica l  or -

thodoxy .  Th e selectionist/historicist/smjcturalis t  debat e ha s 

been discusse d a t  lengt h b y Goul d (1989b) ,  amon g others .  I t 

i s  becomin g increasingl y clear ,  however ,  tha t  th e star k op -

position s posite d amon g thes e thre e framework s ar e no t  onl y 

fals e oppositions ,  bu t  ar e hinderin g progres s i n evolutionar y 

theory .  Th e purel y structuralis t  theorie s don' t  explai n ho w 

structure s ca n b e significantl y change d i n evolution ,  an d th e 

purel y selectionis t  theorie s don' t  explai n wha t  intrinsi c driv -

in g force s an d constraint s ther e ar e o n th e formatio n o f  bio -

logica l  structures .  Wha t  i s neede d i s a  theor y tha t  incorpo -

rate s bot h chang e an d structure' . 

Dynamical Notions 

Similarly ,  i n cognitiv e science ,  dynamica l  approache s ar e the -

orie s o f  chang e an d movement .  Althoug h differen t  aspect s 

of  dynamica l  system s theor y ar e emphasize d i n differen t  dy -

namica l  approaches ,  a  c o m m o n them e i s usin g dynamic s a s 

a languag e fo r  describin g continua l  tempora l  chang e i n com -

ple x systems ,  somethin g no t  easil y capture d i n so-calle d com -

putationa l  approaches . 

Dynamica l  approache s vie w th e behavio r  o f  a  temporally -

changin g syste m i n a  geometri c w a y — i n term s o f  "trajec -

tories" ,  "attractors" ,  "bifurcations" ,  an d s o on .  Historically , 

dynamica l  system s theor y ha s bee n usefu l  fo r  understandin g 

comple x system s i n whic h "self-organization "  o r  "emergen t 

behavior "  appears .  I n man y way s dynamic s ha s a  natura l  ap -

peal  fo r  cognitiv e science ,  sinc e i t  provide s way s t o concep -

tualiz e system s undergoin g continua l  change ,  way s t o char -

acteriz e th e relativ e stabilit y  o f  possibl e pattern s o f  chang e 

as a  functio n o f  syste m parameters ,  an d way s t o thin k abou t 

coupling s betwee n comple x processe s suc h a s th e brain ,  th e 

body ,  an d th e environment . 

However ,  ther e ar e som e limitation s t o curren t  dynamica l 

approache s tha t  see m difficul t  t o overcom e withi n a  pur e dy -

namic s framework .  T w o majo r  limitations ,  pointe d ou t  b y 

Clar k (1997 ,  p .  101) ,  ar e scalin g an d styl e o f  explanation . 

First ,  curren t  dynamica l  approaches ,  i f  the y ar e t o b e quan -

titative ,  ca n dea l  onl y wit h low-dimensiona l  analyse s (e.g. . 

Beer' s analysi s o f  a  five-neuron  neura l  networ k controlle r 

fo r  a  walkin g robot ;  Beer ,  1995) ;  i t  i s  no t  clea r  ho w th e 

approache s currentl y bein g propose d wil l  scal e t o higher -

dimensiona l  systems .  Furthermore ,  i t  i s  no t  clea r  ho w th e 

approache s bein g explore d fo r  moto r  abilities ,  simpl e per -

Thi s formulatio n o f  th e evolutio n debate s wa s give n t o m e b y 
evolutionis t  Danie l  McShea ,  persona l  communication .  McShea' s 
formulatio n wa s elaborate d b y Crutchfiel d (1994) ,  wh o propose s a 
particula r  computation-theoreti c notio n o f  structur e ("computationa l 
mechanic s o f  nonlinea r  processes" )  an d a  relate d mechanis m fo r  th e 
transformatio n o f  strucUir e ("hierarchica l  machin e reconstruction") . 
Cmtchfiel d suggest s tha t  a  unifie d theor y o f  thes e tw o processe s 
migh t  b e terme d "evolutionar y mechanics" ,  whic h h e propose s a s 
a genera l  theor y o f  "emergence" . 

ception ,  simpl e languag e processing ,  an d th e lik e wil l  pro -

vid e complet e account s o f  "higher-level "  cognitiv e phenom -

ena suc h a s th e recognitio n o f  an d reasonin g abou t  abstrac t 

idea s ("representation-hungry"problems ,  t o us e Clark' s term ; 

Clark ,  1997) . 

Second ,  whil e dynamica l  approache s provid e usefu l  high -

leve l  description s o f  behavio r  i n geometrica l  terms ,  i n genera l 

the y don' t  o n thei r  o w n provid e a n understandin g o f  h o w th e 

underlyin g syste m give s ris e t o thos e aspect s o f  behavio r  tha t 

ar e functiona l  o r  adaptive .  Fo r  example ,  w e woul d lik e t o 

distinguis h adaptiv e fro m non-adaptiv e behavior ,  understan d 

ho w tw o adaptiv e system s wit h ver y differen t  dynamica l  por -

trait s giv e ris e t o simila r  functiona l  behavior ,  an d understan d 

th e sourc e o f  error s mad e b y a n adaptiv e syste m an d h o w it s 

functio n wil l  b e affecte d b y variou s sort s o f  "lesions" .  W e 

woul d als o lik e t o understan d h o w ne w functiona l  compo -

nent s giv e ris e t o improvement s i n th e system .  I  wil l  argu e be -

lo w tha t  suc h account s ca n b e give n i n a  dynamic s framework , 

but  onl y i n one s i n whic h functional ,  information-bearing , 

and information-processin g component s ca n b e identified . 

Computational Notions 

There are many reasons to question computation as frame-

wor k fo r  understandin g cognition .  Th e vo n Neumann-styl e 

architectur e tha t  ha s dominate d compute r  scienc e fo r  mos t  o f 

it s histor y i s quit e differen t  fro m th e architectur e o f  th e brain . 

The forme r  ha s centralize d control ,  rando m acces s memory , 

and serial ,  deterministi c processing .  Th e latte r  consist s o f 

myria d relativel y simpl e component s wit h n o (known )  cen -

tra l  control ,  limite d interaction s amon g components ,  spatia l 

structure ,  massiv e parallelism ,  comple x dynamics ,  an d i s per -

meate d wit h noise ,  givin g ris e t o stochasti c processing .  I n 

thi s view ,  computationa l  processe s couldn '  t  b e mor e differen t 

tha n brai n processes .  A s Bee r  wrote ,  "th e organizatio n tha t 

th e ver y term s o f  th e computationa l  languag e presuppos e i s 

nowher e apparent "  (Beer ,  1995 ,  p .  128) . 

However ,  i n th e rus h t o ri d th e cognitiv e scienc e worl d o f 

symboli c computationa l  notions ,  man y o f  th e proponent s o f 

dynamic s hav e neglecte d th e reason s wh y computatio n ha s 

bee n suc h a n attractiv e framewor k fo r  cognitio n fo r  suc h a 

lon g time .  First ,  computationa l  notion s hav e provide d u s 

wit h a  ne w notio n o f  "mechanism" .  I n th e histor y o f  sci -

ence ,  th e meanin g o f  "mechanism "  ha s bee n extende d a  num -

ber  o f  times .  Fo r  example ,  i n th e 17t h an d 18t h centuries , 

a "model "  o f  a  scientifi c  phenomeno n wa s a  mechanis m de -

scribe d a s a  combinatio n o f  th e si x "basi c machines" :  th e 

lever ,  th e whee l  an d axle ,  th e pulley ,  th e incline d plane ,  th e 

wedge,  an d th e scre w (Toulmin ,  1993) .  Ove r  time ,  wha t 

counte d a s a  mechanis m i n scienc e wa s graduall y broadened , 

and i n th e 1930s ,  computation,  i n th e for m o f  Turin g M a -

chines ,  cam e t o b e though t  o f  a s a  ne w typ e o f  mechanism , 

one tha t  wa s capabl e o f  processin g symbols .  Furthe r  evolu -

tio n o f  th e notio n o f  "mechanism "  an d "mechanisti c explana -

tion "  ca n b e expecte d (an d ha s alread y occurred ,  e.g. ,  i n th e 

understandin g o f  th e metabolis m an d self-reproductio n o f  bi -
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ologica l  cells) .  Th e kin d o f  explanation—i n term s o f  functio n 

and adaptation—tha t  I  claime d abov e t o b e necessar y require s 

uncoverin g mechanism s tha t  explai n ho w functio n arise s an d 

change s i n comple x system s lik e th e brai n an d ho w informa -

tio n i s processed .  Thi s i s somethin g tha t  a n extende d compu -

tatio n theory—on e tha t  i s relevan t  t o comple x systems—ca n 

offer ;  som e step s i n thi s directio n wil l  b e describe d below . 

Mechanism s explainin g functionalit y ar e precisel y wha t 

Mar r  wa s gettin g a t  i n hi s "representatio n an d algorithm " 

leve l  o f  descriptio n o f  comple x informatio n processin g (Marr , 

1982) .  Thi s i s th e leve l  a t  whic h equivalenc e classe s o f  pro -

cesse s ca n b e described ,  s o tha t  w e ca n understand ,  fo r  exam -

ple ,  h o w tw o processe s wit h quit e differen t  dynamic s ca n us e 

th e sam e higher-leve l  mechanis m ("algorithm" )  t o accom -

plis h a  tas k an d ho w higher-leve l  structure s ("interna l  rep -

resentations" )  giv e ris e t o functionalit y b y carryin g informa -

tion . 

I n othe r  words ,  computationa l  theorie s i n cognitiv e scienc e 

ar e theorie s o f  structure ,  makin g claim s abou t  th e informatio n 

processin g an d functiona l  structur e o f  menta l  state s (e.g. ,  se -

manti c networks ,  neura l  networks ,  schemata ,  Bayesea n be -

lie f  networks ,  fuzz y logic ,  theore m provers) .  Mos t  o f  thes e 

theorie s assum e tha t  informatio n processin g consist s o f  th e 

manipulatio n o f  explicit ,  stati c symbol s rathe r  tha n th e au -

tonomou s interactio n o f  emergent ,  activ e one s (Hofstadter , 

1985) .  Suc h theorie s typicall y canno t  easil y explai n wha t 

drivin g force s an d constraint s ther e ar e o n ho w th e menta l 

state s i n questio n ca n change ,  wha t  trajectorie s the y ca n take , 

thei r  couplin g wit h th e bod y an d th e environment ,  an d h o w 

high-leve l  symbol s ca n emerg e fro m a  lower-leve l  substrate . 

I n short ,  dynamica l  approache s contribut e a  m u c h neede d 

characterizatio n o f  continua l  chang e i n cognitiv e system s an d 

a m u c h neede d framework  fo r  describin g comple x coupling s 

among brain ,  body ,  an d environment .  Computationa l  ap -

proache s contribut e notion s o f  mechanis m an d equivalenc e 

classe s o f  mechanism s tha t  she d ligh t  o n functiona l  an d adap -

tiv e behavio r  i n comple x systems .  Wha t  w e nee d i s a  rap -

prochemen t  betwee n computatio n an d dynamic s (betwee n 

theorie s o f  structur e an d theorie s o f  change )  tha t  ca n provid e 

both .  Other s hav e m a d e simila r  point s (e.g. ,  Clark ,  1997) , 

but  withou t  concret e examples .  I  wil l  argu e belo w tha t  com -

ple x system s researc h i s n o w leadin g i n thi s directio n an d ca n 

provid e concret e example s tha t  wil l  hel p buil d ou r  intuition s 

abou t  h o w t o achiev e suc h a  rapprochement . 

A Complex Systems Perspective 

Attempts at rapprochements between computation and dy-

namic s ar e comin g fro m man y sectors ,  i n particula r  fro m 

researc h o n "complexity, "  i n whic h dynamics ,  computation , 

and adaptatio n ar e beginnin g t o b e viewe d i n a  mor e unifie d 

framework.  Th e goa l  o f  comple x system s researc h i s t o ex -

plain ,  acros s disciplines ,  h o w comple x an d adaptiv e behavio r 

ca n aris e fro m system s compose d o f  larg e number s o f  rel -

ativel y simpl e component s wit h n o centra l  contro l  an d wit h 

complicate d bu t  limite d interactions .  Dynamic s an d com -

putatio n hav e figured  centrall y i n comple x system s research , 

and a  majo r  effor t  i n tha t  field  i s t o understan d ho w sophis -

ticated ,  functiona l  informatio n processin g ca n aris e fro m de -

centralized ,  dynamica l  substrates ,  an d ho w tha t  informatio n 

processin g ca n improv e vi a processe s o f  learnin g an d evo -

lution .  Thi s ha s resulte d i n considerabl e wor k o n extendin g 

dynamica l  system s theory ,  computatio n theory ,  an d evolutio n 

and learnin g theor y t o b e relevan t  fo r  suc h investigations .  A s 

note d b y Crutchfiel d (1994) ,  "Th e interpla y betwee n compu -

tation ,  dynamics ,  an d inductio n emphasize s a  trinit y o f  con -

ceptua l  tool s require d fo r  studyin g th e emergenc e o f  com -

plexity. " 

Thi s interpla y i s exemplifie d b y th e wor k o f  Hofstadte r  an d 

hi s colleague s o n "activ e symbols "  an d menta l  fluidity  (Hof -

stadter ,  1995) ;  Crutchfiel d an d hi s colleagues '  wor k o n th e 

"computationa l  mechanic s o f  nonlinea r  processes "  (Crutch -

field,  1994 ;  Crutchfiel d &  Hanson ,  1993) ;  Moor e an d hi s col -

leagues '  wor k o n understandin g wha t  dynamica l  system s ca n 

comput e an d extendin g computatio n theor y t o continuous -

value d computatio n an d two-dimensiona l  language s (Moore , 

1990 ,  1996 ;  Lindgren ,  Moore ,  &  Nordahl ,  1997) ;  Fontan a 

and Buss' s wor k o n self-organizatio n an d th e developmen t  o f 

hierarchie s i n a n "algorithmi c chemistry "  (Fontan a &  Buss , 

1996) ;  an d Crutchfield ,  Mitchell ,  Das ,  an d others '  wor k o n 

th e evolutio n o f  emergen t  computatio n i n cellula r  automat a 

(Crutchfiel d &  Mitchell ,  1995 ;  Das ,  Mitchell ,  &  Crutchfield , 

1994 ;  Mitchell ,  Crutchfield ,  &  Das ,  1996) .  Thes e ar e onl y a 

fe w examples .  Her e I  wil l  describ e thi s las t  projec t  a s a n ide -

alize d exampl e o f  ho w computatio n an d representatio n ca n 

emerg e fro m a  comple x dynamica l  substrate . 

Cellula r  automat a (CAs )  ar e spatiall y  extended ,  discret e 

dynamica l  system s tha t  captur e som e o f  th e attribute s o f  com -

ple x system s describe d abov e A  C A consist s o f  a  larg e num -

ber  o f  simpl e component s ("cells") ,  eac h wit h limite d com -

municatio n t o othe r  component s an d eac h followin g a  simpl e 

transitio n rule .  Lik e comple x system s i n nature ,  th e micro -

scopi c simpl e component s an d rule s ca n giv e rise  t o highl y 

complicate d an d unpredictabl e macroscopi c behavior .  (Fo r  a 

recen t  revie w o n C A s a s viewe d a s dynamica l  system s an d a s 

computers ,  se e Mitchell ,  i n press. ) 

Our  projec t  focuse d o n one-dimensional ,  binary-stat e C A s 

wit h 7-bi t  neighborhoods .  Suc h a  C A consist s o f  a  one -

dimensiona l  lattic e o f  N  cells ,  eac h o f  whic h ca n b e i n stat e 

0 o r  1  a t  a  give n tim e step .  Eac h cel l  communicate s wit h 

thre e neighbor s o n eithe r  side .  A t  eac h tim e step ,  eac h cel l 

decides ,  base d o n it s o w n stat e an d thos e o f  it s si x neighbors , 

whethe r  t o remai n i n it s curren t  stat e o r  t o chang e state .  Eac h 

cel l  obey s th e sam e transitio n rul e whic h ca n b e expresse d 

as a  look-u p tabl e givin g th e actio n t o tak e fo r  eac h possibl e 

configuratio n o f  7  cells .  Th e look-u p tabl e ha s 2' '  =  12 8 en -

tries .  A t  eac h tim e step ,  al l  th e ceil s updat e i n parallel ,  wit h 

th e edge s wrappin g around . 

My colleague s an d I  carrie d ou t  a  stud y o f  ho w a n evolu -

tionar y proces s (modele d b y a  geneti c algorithm )  coul d de -

sig n thi s typ e o f  cellula r  automato n t o perfor m sophisticate d 
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Sit e 

(a ) 

Sit e 

(b ) 

Figur e 1 :  (a )  Space-tim e diagra m o f  <t>ioo ,  on e o f  th e best -

performin g C A s discovere d b y th e G A i n ou r  experiments . 

The 149-cel l  one-dimensiona l  lattic e i s arraye d alon g th e hor -

izontal ,  wit h tim e increasin g d o w n th e page .  Cell s i n stat e 0 

ar e colore d white ;  cell s i n stat e 1  ar e colore d black .  (Th e 

"greyish "  are a i s a  checkerboar d patter n o f  alternatin g O s an d 

Is. )  I n thi s diagram ,  </>io o start s wit h a n initia l  configuratio n 

wit h 5 1 % Is ,  an d b y 15 0 tim e step s reache s th e correc t  classi -

fication  o f  al l  Is .  (b )  Th e sam e diagra m wit h th e thre e regula r 

domain s filtered  out ,  revealin g th e particles .  (Adapte d fro m 

Mitchell ,  Crutchfield ,  &  Das ,  1996. ) 

computation s (Crutchfiel d &  Mitchell ,  1995 ;  Das ,  Mitchell , 

& Crutchfield ,  1994 ;  Mitchell ,  Crutchfield ,  &  Das ,  1996) . 

Thoug h thi s projec t  wa s no t  mean t  t o b e a  cognitiv e model , 

th e result s hav e turne d ou t  t o hav e som e relevance ,  I  believe , 

fo r  th e computation/dynamic s debat e i n cognitiv e science . 

I n particular ,  w e define d a  "density-classification "  tas k fo r 

cellula r  automat a tha t  require s th e cell s t o perfor m collectiv e 

computation .  Th e tas k  i s t o decid e whethe r  th e initia l  config -

uratio n (IC )  o f  state s i n th e lattic e contain s a  majorit y o f  I s o r 

of  Os .  I f  i t  contain s a  majorit y o f  I s  (Os) ,  th e tas k  i s t o iterat e 

t o a  fixed-point  o f  al l  I s  (Os) .  Thi s tas k  i s trivia l  fo r  a  syste m 

wit h centra l  contro l  an d random-acces s memory :  al l  th e sys -
te m ha s t o d o i s coun t  u p th e numbe r  o f  1  s  i n th e lattic e an d 

divid e b y th e lattic e size .  Bu t  C A s hav e n o centra l  contro l  o r 

globall y accessibl e m e m o r y — e a c h cel l  ca n onl y communi -

cat e locall y wit h it s neighbors .  H o w ca n a  collectio n o f  cell s 

limite d t o loca l  communicatio n cooperat e o n a  globa l  scal e t o 

determin e a  propert y o f  th e entir e lattic e (th e initia l  majorit y 

state)̂ ? 

We use d a  geneti c algorith m ( G A )  t o evolv e cellula r  au -

tomato n transitio n rule s t o perfor m th e density-classificatio n 

tas k (se e Mitchell ,  Crutchfield ,  &  Das ,  199 6 fo r  detail s o f  th e 

algorith m an d th e experiment s w e performed) .  Figur e 1(a ) 

give s a  diagra m illustratin g th e space-tim e behavio r  o f  </>ioo . 

one o f  th e best-performin g C A s evolve d b y th e G A .  Th e 149 -

cel l  one-dimensiona l  lattic e i s arraye d alon g th e horizontal . 

^As wa s describe d i n Mitchell ,  Crutchfield ,  &  Da s (1996) ,  th e 
simpl e "local-majorit y vote "  C A canno t  perfor m th e tas k becaus e 
it  ca n proces s informatio n onl y locall y an d canno t  transmi t  infor -
matio n abou t  loca l  segment s o f  th e initia l  configuratio n t o differen t 
part s  o f  th e lattice . 

wit h tim e increasin g d o w n th e page .  Cell s i n stat e 0  ar e col -

ore d white ;  cell s i n stat e 1  ar e colore d black .  Her e <pio o start s 

wit h a n initia l  configuratio n wit h 5 1 % Is ,  an d b y 15 0 tim e 

step s reache s th e correc t  classificatio n o f  al l  Is . 

We ca n estimat e h o w wel l  a  give n C A perform s th e 

density-classificatio n tas k b y testin g i t  o n a  sampl e o f  ini -

tia l  configuration s t o se e h o w m a n y time s i t  reache s a  cor -

rec t  classification .  <̂ io o reache d a  correc t  classificatio n o n 

approximatel y 8 0 % o f  th e I C sample s draw n fro m a  unifor m 

rando m distribution—thes e th e hardes t  case s sinc e the y al -

most  alway s hav e densit y o f  I s ver y clos e t o 0.5 .  (̂ loo' s 

performanc e wa s almos t  a s hig h a s tha t  o f  th e best-know n 

human-designe d C A fo r  thi s task ;  Das ,  Mitchell ,  &  Crutch -

field,  1994. )  However ,  i t  i s  no t  immediatel y clea r  fro m 

<Aioo' s space-tim e behavio r  h o w i t  perform s th e density -

classificatio n tas k an d w h y i t  obtain s 8 0 % performance . 

A purel y dynamica l  approac h t o understandin g <Aioo' s be -

havior ,  omittin g al l  kind s o f  "informatio n processin g an d rep -

resentatio n talk" ,  woul d conside r  th e system' s time-varyin g 

globa l  stat e t o b e th e 149-dimensiona l  vecto r  encodin g th e 

curren t  configuratio n an d a  syste m trajector y t o b e th e se -

quenc e o f  configuration s th e C A goe s throug h startin g wit h a 

particula r  initia l  configuration .  I n principle ,  attractor s coul d 

be identifie d an d stabilit y  propertie s o f  thos e attractor s coul d 

be determine d (suc h a n analysi s o f  a  simila r  C A ,  provin g tha t 

th e onl y attractor s ar e th e all-O s an d all-I s fixed  points ,  wa s 

give n b y Gonzag a d e S a an d Maes ,  1992) .  However ,  suc h 

an analysi s woul d mis s tw o essentia l  propertie s o f  thi s C A : 

first,  tha t  wit h respec t  t o density-classificatio n performance , 

th e importan t  actio n goe s o n durin g th e transien t  perio d lead -

in g u p t o a  fixed  point ,  an d second ,  tha t  th e transien t  config -

uration s hav e interna l  structur e tha t  canno t  b e identifie d b y 

definin g th e system' s globa l  state s t o b e 149-bi t  vectors .  Pro -

ponent s o f  dynamica l  approache s woul d n o doub t  argu e tha t 

reduced-dimensiona l  description s o f  th e globa l  stat e coul d 

be found ,  an d the y ar e right ;  I  wil l  argu e belo w tha t  use -

fu l  dimension-reductio n i n thi s cas e require s "information -

processin g an d representatio n talk" . 

Our  analysi s o f  (Aioo' s behavio r  build s o n th e "computa -

tiona l  mechanic s o f  cellula r  automata "  framewor k o f  Crutch -

field  an d Hanso n (1993) ,  whic h decompose s C A space-tim e 

behavio r  roughl y int o "patter n bases "  an d "particles" .  Ver y 

briefly ,  thes e patter n bases—calle d "regula r  domains"—ar e 

region s o f  space-tim e consistin g o f  string s i n th e sam e regula r 

language ;  i n othe r  words ,  the y ar e region s tha t  ar e computa -

tionall y homogeneou s an d simpl e t o describe .  Fo r  example , 
i n Figur e 1(a) ,  ther e ar e thre e regula r  domain s (black ,  whit e 

an d checkerboard) ,  correspondin g t o th e regula r  language s 

0* ,  1* ,  an d (01)* .  Particle s ar e th e localize d boundarie s be -

twee n thos e domains .  The y ar e reveale d i n Figur e 1(b) ,  i n 

whic h th e thre e regula r  domain s hav e bee n filtered  out .  Fo r 

convenience ,  som e o f  th e particle s hav e bee n labele d wit h 

Gree k letters . 

I n computationa l  mechanics ,  particle s ar e identifie d a s in -

formation  carriers ,  an d collision s betwee n particle s ar e iden -
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tifie d a s th e loc i  o f  informatio n processing .  I n ou r  case ,  par -

ticle s ar e a n information-base d metho d fo r  reducin g dimen -

sionaUt y i n explainin g ̂ loo' s behavior :  sinc e th e thre e reg -

ula r  domain s ar e simpl e (wher e "simple "  mean s "computa -

tionall y simple "  i n th e sens e o f  simpl e regula r  languages) ,  w e 

ca n deduc e tha t  non e o f  thos e region s alon e carrie s th e infor -

matio n neede d t o globall y determin e th e relativ e densit y o f  O s 

and Is .  I t  i s  th e particle s tha t  ar e doin g th e importan t  work . 

Focusin g o n th e leve l  o f  particle s allow s u s t o understan d 

h o w 4>\o o classifie s initia l  densitie s o f  Is .  Roughly ,  ove r  shor t 

times ,  <̂ io o m a p s loca l  high-densit y region s t o al l  I s  an d lo -

cal  low-densit y region s t o al l  Os .  W h e n a n all-I s regio n o n 

th e lef t  meet s a n all-O s regio n o n th e right ,  a  vertica l  bound -

ar y i s create d an d propagate d wit h zer o velocity .  W h e n a n 

all-O s regio n o n th e lef t  meet s a n all-I s regio n o n th e left , 

a checkerboar d regio n (alternatin g I s an d Os )  i s create d an d 

propagate d wit h velocit y 1  i n opposit e directions .  W h e n on e 

sid e o f  th e propagatin g checkerboar d regio n collide s wit h th e 

black-whit e boundary ,  th e inne r  regio n (e.g. ,  eac h o f  th e whit e 

region s i n Figur e 1(a) )  i s  cu t  of f  an d th e oute r  regio n i s al -

lowe d t o propagate .  Fo r  example ,  i n Figur e 1(a) ,  th e larg e 

inne r  whit e regio n i s smalle r  tha n th e larg e oute r  blac k re -

gion ,  an d thu s th e propagatin g checkerboar d patter n reache s 

th e black-whit e boundar y o n th e whit e sid e befor e i t  reache s 

i t  o n th e blac k side ;  th e forme r  i s cu t  off ,  an d th e latte r  i s  al -

lowe d t o propagate .  I n thi s wa y m a n y cell s collaborate ,  usin g 

loca l  interaction s an d globa l  geometry ,  t o determin e th e rela -

tiv e size s o f  low -  an d high-densit y region s m u c h large r  tha n 

th e neighborhoo d size .  A s ca n b e see n i n Figur e 1(a) ,  thi s 

tyjj e o f  collaboratio n occur s a t  severa l  spatia l  scales . 

Thi s imprecis e descriptio n ca n b e m a d e precis e an d rigor -

ous b y phrasin g i t  i n term s o f  particles ,  particl e velocities , 

and interactions .  T h e microscopi c leve l  o f  behavior—(/>ioo' s 

transitio n rul e o n 7-bi t  neighborhood s an d th e detaile d space -

tim e configuration s tha t  resul t  fro m tha t  rule—give s ris e t o a n 

emergen t  macroscopi c leve l  tha t  ca n b e though t  o f  a s a  "par -

ticl e physics "  fo r  thi s tin y world .  I n Hordijk ,  Crutchfield ,  an d 

Mitchel l  (1996 )  w e showe d h o w particle-leve l  description s o n 

thei r  o w n ca n b e use d t o accuratel y predic t  th e computation -

all y relevan t  behavio r  o f  thei r  correspondin g C A s ,  suc h a s 

classificatio n performance ,  m e a n tim e t o classification ,  an d 

so on . 

Thi s wor k i s relevan t  fo r  th e computation/dynamic s de -

bat e i n cognitiv e scienc e i n tha t  i t  give s a n idealize d ex -

ampl e o f  h o w a  non-traditiona l  for m o f  representation s an d 

information-processin g ca n emerg e fro m a  dynamica l  sub -

strate .  Particle s ar e idealize d example s o f  emergen t  repre -

sentations ,  an d particl e interaction s ar e idealize d example s o f 

emergen t  informatio n processing .  Particle s ar e emergen t  be -

caus e the y ar e nowher e explicitl y  encode d i n th e microscopi c 

C A rules ,  an d ye t  hav e bee n show n t o b e o f  fundamenta l  rele -

vanc e t o a  CA' s ultimat e performanc e (an d thu s t o it s surviva l 

i n th e G A evolution) .  Particle s ar e representation s i n tha t 

the y carr y compresse d informatio n abou t  th e "environment " 

(her e th e IC )  encode d i n thei r  velocitie s an d relativ e phases . 

Particl e interaction s ar e th e loc i  a t  whic h thi s informatio n i s 

combine d an d use d i n decision-making .  Fo r  example ,  th e a 

and / 9 particle s encod e differen t  type s o f  ambiguit y i n th e I C 

(larg e blac k an d whit e region s borderin g on e another) ,  a  de -

cay s int o 7  an d /x .  7  carrie s th e informatio n tha t  i t  border s 

a whit e regio n an d / x carrie s th e informatio n tha t  i t  border s a 

blac k region .  Thes e tw o particles ,  b y havin g th e sam e veloc -

ity ,  als o carr y th e mutua l  informatio n o f  havin g c o m e fro m 

th e sam e ambiguou s regio n i n th e IC .  W h e n (a s i n th e figure) 

7 collide s wit h / 3 befor e / i  does ,  th e informatio n containe d 

i n / 3 an d 7  i s combine d t o deduc e tha t  th e larg e initia l  whit e 

regio n wa s smalle r  tha n th e larg e initia l  blac k regio n i t  bor -

dered .  Thi s ne w informatio n i s encode d i n a  newl y create d 

particl e 77 ,  whos e jo b i s t o catc h u p wit h an d annihilat e th e ̂  

(an d itselO -

Thus ,  i n thi s ver y simpl e system ,  particle s accomplish ,  i n 

an idealize d way ,  tw o o f  th e mai n thing s representatio n need s 

t o accomplish :  compressin g informatio n abou t  th e environ -

ment  an d communicatin g tha t  informatio n t o othe r  part s o f 

th e system . 

Th e "particle-logic "  stor y abov e sound s ver y computa -

tional ,  bu t  i t  i s  certainl y o f  a  non-traditiona l  kind .  Fo r  on e 

thing ,  representation s i n th e for m o f  particle s ar e no t  static , 

passive ,  o r  symbolic—the y encod e informatio n dynamically , 

actively ,  an d numericall y i n term s o f  thei r  velocitie s an d 

othe r  dynamica l  attributes .  Furthermore ,  the y ar e no t  explic -

itl y  defined—the y emerg e fro m a  lower-leve l  dynamica l  sub -

strate .  A n d finally,  ther e i s n o centra l  executiv e processin g th e 

informatio n encode d i n particles ;  thei r  collectiv e dynamic s i s 

what  effect s informatio n processin g i n th e system . 

I n short ,  her e i s a  syste m i n whic h bot h dynamica l  an d 

computationa l  notion s ar e necessar y fo r  a  ful l  accoun t  i n 

functiona l  an d mechanisti c  terms .  Withou t  th e particl e leve l 

description ,  w e woul d no t  understan d wha t  make s on e C A 

hav e highe r  performanc e tha n another ,  wha t  mistake s ar e 

made b y a  give n C A ,  o r  h o w tw o C A s wit h quit e differen t 

microscopi c dynamic s ca n implemen t  th e sam e "strategy " 

fo r  performin g th e task .  Particle s provid e u s wit h a  non -

traditiona l  versio n o f  Marr' s representatio n an d algorith m 

leve l  o f  description ;  the y allo w u s t o discove r  equivalenc e 

classe s o f  mechanism s amon g C A s wit h quit e differen t  dy -

namics .  The y als o allo w u s t o understan d h o w innovatio n i n 

th e evolutio n o f  thes e system s take s plac e (Das ,  Mitchell ,  & 

Crutchfield ,  1994) . 

Th e purpos e o f  givin g thi s exampl e i s t o sho w tha t  fo r 

some comple x adaptiv e systems ,  eve n idealize d one s lik e 

evolvin g cellula r  automata ,  a  ful l  understandin g wil l  requir e 

rapprochement s betwee n "computatio n talk "  an d "dynamic s 

talk" .  M y clai m i s tha t  th e sam e wil l  b e tru e o f  cognitiv e 

phenomena .  Th e C A exampl e an d th e notio n o f  particle s an d 

particl e interaction s ar e no t  mean t  t o b e a  mode l  o f  a  cog -

nitiv e system ;  rather ,  the y ac t  a s a n "intuitio n p u m p "  (Den -

nett ,  1991 )  t o hel p u s m a k e sens e o f  difficul t  idea s i n a  con -

cret e rathe r  tha n abstrac t  way .  I  believ e tha t  man y concrete , 

and progressivel y realistic ,  example s o f  suc h system s wil l  b e 
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necessar y fo r  u s t o mak e sens e o f  th e term s o f  th e computa -

tion/dynamic s debat e an d t o effec t  it s eventua l  resolution . 
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Abstrac t 

Individual differences in the abilities and preferences of stu-
dent s hav e a n influenc e o n thei r  response s t o informatio n pre -
sente d i n alternativ e ways .  Explanation s ma y appea l  t o differ -
ence s i n representatio n o r  i n strategy .  Thi s pape r  report s a n ex -
perimen t  tha t  compare s th e respons e o f  student s t o tw o compu -
tationall y simila r  method s o f  teachin g syllogism s tha t  rel y o n 
ditTeren t  externa l  representation s o f  th e premis s information . 
The us e o f  bot h representation s ca n b e broke n dow n int o th e 
same stages :  translating-in ;  manipulating ;  an d translating-out . 
We sho w tha t  th e eas e o f  acquisitio n an d th e understandin g o f 
th e method s relat e t o a  measur e o f  spatia l  abilit y  an d als o t o 
preference s fo r  serialist/holis t  style s o f  learning .  W e fin d tha t 
spatia l  abilit y  an d learnin g styl e relat e t o differen t  stage s i n th e 
tw o teachin g methods ,  an d ar e therefor e complementar y con -
tributor s t o effectiv e learning .  I n addition ,  a  furthe r  tes t  tha t 
predict s divers e response s o f  student s t o learnin g th e sam e in -
formatio n fro m differen t  modalitie s wa s used .  Thi s i s foun d t o 
relat e specificall y t o stage s o f  translating-i n an d manipulatio n 
of  representations .  Th e result s o f  thi s stud y suppor t  th e vie w 
tha t  providin g a  computationa l  accoun t  o f  reasonin g an d learn -
in g require s a n acknowledgemen t  o f  individua l  difference s i n 
th e 'startin g state '  o f  th e individual .  Thes e difference s ca n b e 
explore d throug h measure s o f  abilit y  an d learnin g style .  Thi s 
stud y als o support s account s o f  problem-solvin g tha t  distin -
guis h modalit y an d strateg y o f  informatio n processing . 
I n t r o d u c t i o n :  P r o c e s s i n g m o d a l i t y a n d styl e 

F r o m th e educationa l  perspective ,  knowin g wha t  style s o f  in -
formatio n presentatio n ar e effectiv e fo r  learnin g i s a  practi -
cal  imperative .  Bu t  t o characteris e th e cognitiv e processe s 
tha t  ar e invoke d b y differen t  presentation s o f  informatio n i s 
als o a n importan t  theoretica l  aim .  T h e individua l  difference s 
whic h ar e o f  suc h practica l  importanc e t o educatio n m a y pro -
vid e a  too l  fo r  analysi s o f  menta l  processes .  Assessin g th e 
influenc e o f  modalit y o f  informatio n o n learning ,  an d provid -
in g computationa l  description s o f  th e processes ,  invariabl y 
lead s t o th e well-publicise d problem s associate d wit h study -
in g interna l  representation s (Pylyshyn ,  1973) .  Paivi o (1986 ) 
has argue d tha t  th e styl e o f  processin g associate d wit h a  strat -
eg y rathe r  tha n th e representatio n modalit y i s th e mor e fun -
damenta l  issu e i n providin g computationa l  account s o f  infor -
matio n processing .  T h e modalit y an d styl e perspective s hav e 
remaine d independen t  account s o f  performanc e i n comple x 
tasks . 

O ne approac h t o studyin g individua l  difference s i n com -
ple x proble m solvin g ha s concentrate d o n issue s o f  modality . 
Accordin g t o Kirby ,  M o o r e an d Schofiel d (1988) ,  som e stu -
dent s prefe r  t o proces s informatio n visuall y throug h graphics , 
diagram s o r  illustrations ,  wherea s other s prefe r  t o proces s in -

formatio n verbally .  Preference s fo r  visuo-spatia l  represen -
tation s o f  problem s hav e bee n linke d t o hig h spatia l  abilit y 
i n th e sentence-pictur e verificatio n tas k (MacLeod ,  Hun t  & 
Mathews ,  1978) .  Individual s als o var y i n thei r  abilit y  t o pro -
ces s informatio n presente d i n th e verba l  o r  th e spatia l  modal -
ities ,  indicate d b y factor-analyti c studie s o f  th e independenc e 
of  verba l  an d spatia l  abilit y  (Guilford ,  1967 ;  Poltroc k & 
Brown ,  1984) .  Tha t  verba l  an d spatia l  processin g resource s 
are ,  a t  leas t  partially ,  distinc t  i s  supporte d b y theorie s o f 
workin g m e m o r y tha t  posi t  differen t  component s fo r  phono -
logica l  an d visuo-spatia l  storag e an d processin g (Baddele y & 
Gathercole ,  1993 ;  Sha h &  Miyake ,  1996) . 

A n alternativ e approac h ha s focusse d o n individua l  differ -
ence s i n strateg y us e durin g reasonin g tasks .  Researc h int o 
students '  response s t o Hyperproo f  (HP) ,  a  multimoda l  logi c 
too l  whic h enable s proofs  t o b e constructe d a s hybrid s o f 
graphica l  situation s an d first  orde r  logi c expression s o f  thos e 
situations ,  allow s detaile d analysi s o f  strategie s o f  usin g ex -
terna l  representations .  Cox ,  Stennin g an d Oberlande r  (1994 ) 
compare d students '  performanc e o n a  G R E Analyti c Reason -
in g tes t  befor e an d afte r  followin g eithe r  th e H P course ,  o r  a 
versio n o f  th e cours e tha t  use d H P wit h th e graphica l  interfac e 
disabled .  Althoug h th e relevan t  G R E question s ar e verball y 
set  an d answered ,  the y ar e usefull y solve d b y constructin g a 
diagra m t o suppor t  reasoning ,  a s th e premisse s constrai n a 
unique ,  o r  nearl y unique ,  logica l  model .  The y foun d tha t  o n 
on e measur e o f  near-transfer ,  thos e tha t  score d hig h o n th e 
G RE improve d thei r  reasonin g performanc e b y followin g th e 
H P course ,  bu t  performe d wors e i f  the y followe d th e non -
graphica l  H P course . 

Thes e difference s i n respons e t o diagrammati c presenta -
tion s ca n b e bette r  accounte d fo r  b y students '  strategi c skil l 
i n knowin g whe n t o translat e fro m sentence s int o diagrams , 
and w h e n i n th e revers e direction ,  tha n b y preference s fo r 
on e modalit y o r  anothe r  (Oberlande r  e t  al. ,  1996) .  I n fac t 
thei r  "verbal '  student s w h o faile d t o gai n fro m diagrammati c 
presentatio n di d s o becaus e the y translate d int o th e diagram -
mati c m o d e mor e ofte n a t  inappropriat e junctures . 

M o n a g h a n (1998 )  show s tha t  differen t  proo f  style s exhib -
ite d i n th e H P cours e ca n b e relate d t o th e individua l  differ -
ence s literatur e throug h th e holist-serialis t  dimensio n (Pask , 
1988) .  Holist s ten d t o us e strategie s tha t  formulat e connec -
tion s betwee n al l  aspect s o f  th e situatio n a t  once .  Serialist s 
ten d t o us e strategie s wher e th e situatio n i s broke n d o w n int o 
unit s o f  information ,  an d connection s ar e forme d betwee n 
thes e units .  I n HP ,  holist s us e th e graphica l  interfac e t o grad -
uall y buil d u p concret e situations ,  usin g neste d assumptions . 
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Serialisti c proof s us e a  serie s o f  full y  concret e situations , 
wher e littl e o r  n o nestin g o f  assumption s i s used .  Hig h G R E 
scorer s us e holisti c strategies ,  lo w G R E scorer s construc t  se -
rialisti c  proofs . 

The presen t  stud y se t  ou t  t o explor e thes e aptitud e irea i 
ment  interaction s i n th e teachin g o f  reasonin g i n a  radi -
call y differen t  domai n i n whic h ou r  understandin g o f  th e 
equivalence s an d difference s betwee n graphica l  an d senten -
tia l  reasonin g method s hav e recentl y bee n clarified .  Stennin g 
and Yul e (1998 )  sho w tha t  fo r  categoria l  syllogisms ,  Euler' s 
graphica l  metho d ca n b e emulate d operation-for-operatio n b y 
a simpl e natura l  deductio n metho d i n a  fragmen t  o f  proposi -
tiona l  calculus .  Thi s enable s component s o f  reasonin g strate -
gie s t o b e equate d acros s modalitie s o f  externa l  representa -
tion . 

Thi s simple r  domai n allow s th e separatio n o f  translation -
in ;  manipulation ;  an d conclusion-formin g stages ,  eac h o f 
whic h ca n b e identifie d i n bot h diagrammati c an d senten -
tia l  presentations .  Sinc e teachin g thi s domai n ca n b e accom -
plishe d i n abou t  hal f  a n hour ,  (a s oppose d t o th e 1 0 week s o f 
th e H P course) ,  i t  i s  possibl e t o stud y th e detail s o f  th e tutor -
in g proces s an d it s impac t  o n immediatel y successiv e perfor -
mance.  A s th e teachin g wa s videoed ,  th e materia l  provide s 
detaile d ne w dat a o n th e effect s o f  teachin g wit h differen t  ex -
terna l  representations .  W e als o sough t  t o explor e th e relation s 
betwee n establishe d measure s o f  'strategy '  use :  th e G R E An -
alytica l  Reasonin g test ,  an d th e serialist-holis t  test ;  an d a  tes t 
of  processin g abilit y  withi n th e spatia l  modalit y (th e pape r 
foldin g tes t  (PFT)) ,  an d t o se e whethe r  thes e differen t  test s 
migh t  b e sensitiv e t o performanc e o n differen t  component s 
of  th e reasonin g process ,  o r  distinguis h betwee n representa -
tiona l  an d strategi c differences .  T o th e exten t  whic h simi -
la r  individua l  difference s ar e show n t o distinguis h learnin g i n 
thi s domai n an d th e H P domain ,  th e stud y provide s evidenc e 
of  th e generalit y o f  thes e aptitud e treatmen t  interaction s i n 
learnin g t o reason . 

Two methods of solving syllogisms 

Syllogism s ar e reasonin g problem s abou t  thre e properties .  A , 
B.  an d C .  Th e A  propert y i s relate d t o th e B  propert y b y th e 
first  premiss ,  th e B  an d th e C  propertie s ar e linke d b y th e 
secon d premiss .  Th e subject' s tas k i s t o sa y what ,  i f  anything , 
follow s fro m th e give n information . 

Stennin g an d Yul e (1998 )  describ e tw o method s fo r  solvin g 
syllogism s tha t  depen d o n differen t  representation s o f  th e pre -
misses .  Thes e tw o method s ar e 'computationall y similar' ,  i n 
tha t  fo r  eac h stag e i n on e metho d ther e i s a  reciproca l  stag e i n 
one-to-on e correspondenc e i n th e othe r  method .  O n e metho d 
relie s o n graphica l  representation s base d o n Euler' s Circle s 
(EC) ,  th e othe r  metho d i s base d o n sententia l  form s o f  th e pre -
misses ,  derive d fro m a  fragmen t  o f  natura l  deductio n ( N D ) . 
Figur e 1  show s th e E C representation s o f  th e fou r  kind s o f 
syllogisti c premisses .  Tabl e I  show s th e N D translation s o f 
th e premisses . 

The E C metho d relie s o n a  fe w simpl e rule s fo r  puttin g 
th e separat e premis s diagram s together ,  addin g crosse s t o in -
dicat e existenc e i n area s o f  th e resultin g diagram ,  an d read -
in g of f  a  conclusion .  Th e N D metho d utilise s a  fragmen t  o f 
prepositiona l  calculu s i n orde r  t o reac h a  conclusion .  T o for m 
a conclusio n eithe r  modu s ponen s o r  modu s tollen s i s used . 

Some A s ar e B s Al l  A s ar e B s 

r 

• Q 

Some A s ar e no t  B s No A s ar e B s 

Figur e I :  E C representation s o f  syllogis m premisses . 

Tabl e 1 :  NDrepresentationso f  syllogis m premisse s 

premis s 

Al l  A  ar e B 

S o me A  ar e B 

No A  ar e B 

S o me A  ar e no t  B 

translatio n 

A-> B 
A &B 
A ^ - B 
A&-^ B 

Combinin g th e E C premisse s int o a n integrate d representa -
tio n correspond s wit h us e o f  on e o f  thes e tw o rules .  Corre -
spondence s betwee n thes e tw o method s emerg e throug h con -
sideratio n o f  th e propert y o i  case-identifiability :  eac h metho d 
isolate s critica l  type s o f  individual s an d the n make s conclu -
sion s abou t  the m wit h respec t  t o th e A  an d C  properties .  I n 
th e N D method ,  thi s i s don e serially ,  wit h eac h premis s be -
in g treate d separately .  I n th e E C method ,  al l  th e premis s 
informatio n ha s t o b e integrated ,  an d al l  individual s treate d 
simultaneously .  Thre e stage s ar e easil y isolate d an d compa -
rabl e betwee n th e methods :  (I )  translatio n fro m th e premisse s 
int o th e represente d form ;  (2 )  manipulatio n o f  th e represente d 
form s i n orde r  t o isolat e th e critica l  individuals ;  an d (3 )  trans -
latio n fro m th e final  representatio n t o for m a  conclusion .  Th e 
correspondenc e o f  thes e stage s i n th e tw o method s mea n tha t 
differen t  ke y stage s i n th e us e o f  externa l  representation s ca n 
be assessed . 

Hypotheses of the study 

If the GRE test is a general measure of aptitude in using 
graphica l  representations ,  the n i t  i s  predicte d tha t  hig h G R E 
scorer s woul d bette r  lear n th e E C metho d ove r  al l  stage s o f 
it s  use .  I n accordanc e wit h th e H P data ,  i t  wa s predicte d tha t 
hig h G R E scorer s woul d perfor m wors e o n th e N D method . 
Th e P F T tes t  wa s predicte d t o relat e t o th e stag e o f  manipu -
latin g th e graphica l  representations ,  a s th e tes t  involve s onl y 
manipulation s o f  spatia l  representations ,  therefor e translatin g 
betwee n modalitie s i s unimportant .  Th e serialist/holis t  pref -
erenc e wa s predicte d t o relat e t o al l  stage s o f  th e methods , 
holist s learnin g bette r  fro m th e E C metho d a s graphica l  rep -
resentation s promot e holisti c processing ,  an d serialist s bein g 
bette r  fitted  t o th e N D metho d whic h support s seria l  strate -
gies . 
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M e t h o d 

17 firs t  yea r  undergraduat e student s fro m a  wid e variet y o f 
academi c background s too k par t  i n th e experiment .  Eac h stu -
dent  wa s pai d to r  participatin g i n th e experiment . 

Pre-tests 

AbiUt y t o proces s i n th e spatia l  modalit y wa s assesse d b y th e 
pape r  foldin g tes t  (PFT )  (French .  Ekstro m &  Price .  1963) . 
Thi s require s th e subjec t  t o imagin e th e arra y o f  hole s result -
in g fro m a  piec e o f  pape r  bein g folded ,  the n havin g hole s 
punche d i n i t  befor e bein g unfolde d again .  Hig h an d lo w spa -
tia l  abilit y  student s wer e discriminate d alon g a  media n split . 

Processin g styl e wa s assesse d b y usin g Ford' s (1985 )  mea -
sur e o f  serialist/holis t  learnin g style .  Thi s distinctio n ha s bee n 

shown t o discriminat e differen t  strateg y use s an d response s i n 
a numbe r  o f  domains ,  includin g human-compute r  interactio n 
(Helande r  1990) . 

The G R E tes t  wa s constructe d fro m th e "analytical '  sub -
scal e o f  th e analytica l  reasonin g test .  Hig h an d lo w G R E 
scorin g student s wer e agai n discriminate d b y a  media n split . 

The syllogistic reasoning task 

Al l  student s wer e give n 8  syllogism s t o solve ,  includin g fiv e 
wit h vali d conclusion s an d thre e wit h n o vali d conclusion . 
Thes e syllogism s wer e selecte d t o cove r  a  rang e o f  difficul -
tie s accordin g t o th e findings  o f  Johnson-Lair d (1983) .  I n 
addition ,  th e syllogism s wer e selecte d t o includ e som e item s 
tha t  "spatial "  reasoner s foun d easie r  t o solv e tha n di d 'verbal ' 
reasoners .  an d vic e versa ,  accordin g t o Ford' s (1995 )  criteri a 
and data .  Whil e solvin g th e problem s student s wer e requeste d 
t o voic e thei r  though t  processes .  Th e teachin g session s wer e 
videoe d an d transcribed .  Student s wer e paire d accordin g t o 
scorin g similarl y o n th e pre-tests ,  an d the n eac h assigne d t o 
a differen t  teachin g group ,  wher e the y ha d t o solv e th e sam e 
eigh t  syllogism s usin g eithe r  th e E C o r  th e N D method .  Nin e 
student s wer e instructe d i n th e E C method ,  an d eigh t  followe d 
th e N D method .  Al l  student s wer e taugh t  fo r  th e sam e lengt h 
of  tim e (th e sessio n ende d afte r  on e hour) ,  an d no t  al l  student s 
finished  al l  th e problems . 

The vide o protocol s wer e marke d fo r  error s tha t  th e studen t 
made i n applyin g th e metho d t o solv e th e syllogisms ,  an d fo r 
th e numbe r  o f  correctiv e o r  directiv e intervention s tha t  th e 
instructo r  ha d t o mak e durin g th e cours e o f  solvin g th e prob -
lems .  A  pilo t  experimen t  indicate d tha t  th e numbe r  o f  syl -
logism s solve d b y th e studen t  wa s relate d t o genera l  pac e o f 
workin g rathe r  tha n t o th e eas e o r  accurac y o f  acquisitio n o f 
th e method .  Numbe r  o f  error s measure s th e abilit y  o f  th e stu -
dent  t o utilis e th e metho d correctl y wherea s intervention s ar e 
mor e a n indicatio n o f  th e student' s understandin g o f  th e ap -
plicatio n o f  th e metho d t o th e problem . 

Results 

The P F T an d G R E score s wer e no t  significantl y correlate d 
(r(15 )  =  0.32 ,  p>0.2) .  Holist s score d highe r  tha n serialist s 
on th e P F T (t(14) '  =  3.79 ,  p<0.005) ,  an d holist s als o score d 
highe r  o n th e G R E tes t  (t(14 )  =  2.47 ,  p<0.05) .  Thes e re -
sult s suppor t  genera l  hypothese s tha t  spatia l  informatio n i s 

conduciv e t o holisti c processing ,  an d tha t  th e G R E relate s t o 
abilit y  t o us e spatia l  representation s t o suppor t  reasonin g pro -
cesses . 

The dat a wer e analyse d wit h two-wa y unrelate d A N O V As 
wit h th e numbe r  o f  error s mad e i n applyin g th e taugh t  metho d 
on eac h stage ,  an d th e numbe r  o f  intervention s mad e b y th e 
instructo r  i n th e cours e o f  th e stag e a s th e respectiv e depen -
dent  variables .  Th e tw o independen t  variable s wer e th e taugh t 
strateg y an d on e o f  th e thre e pretes t  measure s (serialist/holis t 
learnin g preference ;  high-lo w PF T score ;  o r  high-lo w G R E 
score) .  Onl y significan t  interaction s ar e reporte d i n th e re -
sults . 

Translating-in stage 

I 
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'On e studen t  coul d no t  b e classifie d a s serialis t  o r  holis t  a s sh e 
demonstrate d n o preferenc e fo r  eithe r  learnin g style ,  s o wa s omitte d 
fro m thes e analyses . 

teachin g metho d 

Figure 2: number of interventions for translation-in stage by 

G RE scor e fo r  th e teachin g methods:F(l ,  13 )  =  5.30 .  p<0.05 . 

N.b. ,  differen t  x-axi s scale . 

On the translation-in stage, there were few errors made or 
intervention s required ,  a s thi s stag e i n th e procedure s ca n b e 
accomplishe d b y readin g of f  th e translations .  On e interac -
tio n was ,  however ,  significan t  fo r  thi s stage :  G R E grou p b y 
taugh t  metho d o n th e numbe r  o f  intervention s require d (Fig -
ur e 2) :  F(l,13 )  =  5.30 ,  p<0.05 ,  wit h n o mai n effects .  Thos e 
who scor e hig h o n th e G R E tes t  requir e mor e intervention s 
fo r  thi s stag e i n th e N D method ,  bu t  fewe r  intervention s fo r 
translatin g int o th e E C representations . 

Manipulation of representations stage 

For  th e manipulatio n o f  representation s stage ,  bot h G R E 
scor e an d serialist/holis t  styl e interacte d wit h taugh t  metho d 
fo r  bot h dependen t  variables . 

G RE an d taugh t  metho d interacte d bot h fo r  numbe r  o f  er -
ror s (Figur e 3 )  (F(l ,  13 )  =  7.45 ,  p<0.02 ,  wit h n o mai n ef -
fects )  an d intervention s (Figur e 4 )  (F(l .  13 )  =  5.50 ,  p<0.05 , 
wit h a  mai n effec t  onl y o f  taugh t  metho d (F(l ,  13 )  =  11.84 , 
p<0.01)) .  Hig h G R E scorer s mad e fewe r  error s an d require d 
fewe r  intervention s o n th e E C method ,  bu t  mad e mor e error s 
and require d mor e intervention s o n th e N D method . 

For  th e serialist/holis t  variable ,  numbe r  o f  error s b y taugh t 
metho d o n thi s stag e wer e significan t  (Figur e 5) :  F(l .  12 )  = 
5.89 ,  p<0.05 .  wit h a  mai n effec t  onl y o f  learnin g styl e (F(l . 
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Figure 3: number of errors for manipulation stage by GRE 

scor e fo r  th e teachin g methods :  F(l ,  13 )  =  7.45 ,  p<0.02 . 
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Figure 4: number of interventions for manipulation stage by 

G RE scor e fo r  th e teachin g methods :  F(l ,  13 )  =  5.50,p<0.05 . 

12)  =  7.12 .  p<0.05) .  Fo r  numbe r  o f  intervention s (Figur e 6) , 
F(l ,  12 )  =  5.46 ,  p<0.05 ,  wit h a  mai n effec t  onl y o f  taugh t 
metho d (F(l ,  12 )  =  15.05 ,  p<0.01) .  Serialist s mad e mor e er -
ror s an d require d mor e intervention s tha n holist s o n th e E C 
method .  Th e serialist/holis t  distinctio n doe s no t  see m t o dif -
ferentiat e performanc e o n th e N D method . 

Translating-out stage 

For  th e translating-ou t  stages ,  bot h serialist/holis t  styl e an d 
PFT scor e interacte d wit h taugh t  method . 

For  th e .serialist/holis t  learnin g style ,  numbe r  o f  error s wer e 
significan t  (Figur e 7) :  F(l ,  12 )  =  5.23 ,  p<0.05 ,  wit h a  mai n 
effec t  onl y o f  learnin g styl e (F(l ,  12 )  =  5.23 ,  p<0.05) .  Als o 
fo r  numbe r  o f  intervention s (Figur e 8) ,  F(l ,  12 )  =  9.82 , 
p<0.01 ,  wit h a  mai n effec t  agai n onl y o f  learnin g styl e (F (  1 , 
12)  =  5.89 ,  p<0.05) .  A s wit h th e manipulatio n stage ,  seri -
alist s mad e mor e error s an d require d mor e intervention s o n 
th e E C metho d tha n di d th e holists .  Th e N D metho d wa s no t 
distinguishe d b y thi s pre-tes t  grouping . 

For  P F T scor e ther e wa s a n interactio n wit h taugh t  metho d 
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Figur e 5 :  numbe r  o f  error s fo r  manipulatio n stag e b y seri -

alist/holis t  preferenc e fo r  th e teachin g methods :  F(l ,  12 )  = 

5.89,p<0.05 . 
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Figure 6: number of interventions for manipulation stage by 

serialist/holis t  preferenc e fo r  th e teachin g methods :  F(l ,  12 ) 

= 5.46 ,  p<0.05 . 

bot h fo r  numberoferror s (Figur e 9) :  F(l ,  I3 )  =  4.90,p<0.05 . 
wit h a  mai n effec t  o f  taugh t  metho d (F (  1 ,  13 )  =  9.96 ,  p<0.01 ) 
and P F T grou p (F(l ,  13 )  =  9.31 ,  p<0.01) )  an d numbe r  o f 
intervention s (Figur e 10) :  (F(l ,  13 )  =  7.16 ,  p<0.02 ,  wit h a 
mai n effec t  onl y o f  P F T grou p (F(l ,  13 )  =  6.66 ,  p<0.05)) . 
Hig h spatia l  abilit y  student s requir e fewe r  intervention s o n 
th e E C method ,  an d lo w spatia l  abilit y  student s mak e mor e 
error s o n th e E C metho d fo r  thi s stage . 

Discussion 

The absenc e o f  mai n effect s o f  teachin g metho d fo r  mos t  o f 
th e A N O V A result s provid e importan t  evidenc e tha t  ou r  im -
plementation s o f  thes e tw o teachin g method s ar e comparabl y 
good . 

As anticipated ,  spatia l  abilit y  (PF T score )  influence d per -
formanc e o n th e E C method .  However ,  i t  i s  perhap s sur -
prisin g tha t  P F T scor e onl y influence d th e conclusio n form -
in g stage .  Thi s suggest s tha t  th e P F T measure s a  student' s 
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Figur e 8 :  numbe r  o f  intervention s fo r  translating-ou t  stag e b y 

serialist/holis t  preferenc e fo r  th e teachin g methods :  F(l ,  12 ) 

= 9.82.p<0.05 . 

abilit y  t o translat e accuratel y an d wit h littl e assistanc e fro m 
th e graphica l  modalit y int o sententia l  form .  P F T abilit y  i s 
therefor e mos t  influentia l  a t  th e poin t  wher e graphica l  repre -
sentation s hav e t o b e interprete d int o language .  Thi s rathe r 
suggest s tha t  fa r  fro m measurin g 'purel y spatia l  operations ' 
th e P F T measure s comparison s betwee n verba l  'foldin g nar -
ratives '  an d spatia l  pattern s (se e Snow ,  1978) ,  an d i s ope n t o 
strategi c interpretation s a s oppose d t o representationa l  ones . 

Th e serialist/holis t  styl e distinctio n predict s differen t  re -
sponse s t o bot h th e manipulatio n stag e an d th e translation -
out  stage .  Student s wit h a  preferenc e fo r  holisti c strategie s 
m a ke fewes t  error s an d requir e fewes t  teachin g intervention s 
o n th e manipulatio n stag e o f  th e E C method ,  an d mos t  er -
rors/intervention s fo r  th e N D method .  Thi s resul t  i s  con -
sonan t  wit h expectation s abou t  th e representationa l  styl e o f 
th e E C metho d bein g conduciv e t o holisti c strategie s i n tha t 
th e premis s informatio n ha s t o b e integrate d int o on e dia -
gram .  Fo r  th e translation-ou t  stage ,  serialist s m a k e mor e er -
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Figure 9: number of errors for conclusion stage by PFT score 

fo r  th e teachin g methods :  F (  1 ,  13 )  =  4.90 ,  p<0.05 . 
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Figur e 10 :  numbe r  o f  intervention s fo r  conclusio n stag e b y 

P FT scor e fo r  th e differen t  teachin g methods :  F(l ,  13 )  =  7.16 , 

p<0.02 . 

ror s whe n formin g conclusion s fro m th e E C method ,  perhap s 
du e t o th e simultaneou s consideratio n tha t  ha s t o b e give n t o 
al l  th e propertie s i n orde r  t o describ e th e critica l  individual , 
a tas k tha t  thes e student s find  difficult .  Th e holist s requir e 
fewes t  intervention s fo r  th e E C metho d o n thi s stag e fo r  simi -
la r  reasons :  th e processin g o f  al l  th e informatio n concurrend y 
i s advantageou s t o thes e students .  W h e n thi s styl e o f  infor -
matio n i s no t  availabl e (a s i n th e N D method) ,  neithe r  grou p 
i s advantage d o r  disadvantaged . 

Th e effec t  o f  G R E scor e o n teachin g differen t  method s o f 
solvin g syllogism s show s tha t  th e result s o f  th e H P researc h 
appl y t o othe r  domain s o f  reasoning ,  an d t o muc h briefe r 
teachin g interventions .  Hig h G R E scorin g student s acquir e 
th e E C metho d mor e easil y an d wit h fewe r  errors ,  bu t  perfor m 
wors e wit h th e N D method .  L o w G R E scorin g student s indi -
cat e th e opposit e tendency :  acquirin g th e N D metho d wit h 
greate r  ease ,  bu t  finding  tli e E C metho d mor e difficult .  Th e 
G RE ca n b e take n a s a  predicto r  o f  th e effectivenes s o f  graph -
ica l  representation s fo r  learnin g t o solv e reasonin g problems . 
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As O R E scor e relate s t o th e translation-i n an d th e manipu -
latio n stage s o f  th e methods ,  effectiv e us e o f  graphica l  rep -
resentation s i s see n t o relat e t o efficien t  translatio n int o th e 
graphica l  mediu m an d manipulatio n o f  th e resultin g repre -
sentation .  Combinin g thes e result s wit h th e H P dat a show s 
tha t  student s wh o ar e goo d a t  solvin g problem s b y construct -
in g graphica l  representation s lear n bette r  fro m graphica l  pre -
sentation s i n mor e tha n on e domai n o f  reasoning ,  an d wit h 
ver y differen t  kind s o f  graphic .  Hig h G R E scorers '  abilit y 
i s  i n term s o f  thei r  effectiv e transfe r  o f  informatio n int o th e 
graphica l  modality ,  an d manipulatio n o f  th e representation : 
when th e representatio n doe s no t  fit  thei r  aptitude s the n thes e 
student s lear n th e tas k les s well . 

The differen t  pre-test s o f  strateg y us e reflec t  differen t 
stage s i n th e us e o f  externa l  representation s durin g learnin g 
t o solv e reasonin g problems .  Thes e strategie s ar e show n t o 
interac t  wit h representationa l  modality ,  an d ca n b e see n a s 
testin g differen t  subprocesse s o f  th e reasonin g task .  Th e re -
searc h o n H P meshe s wit h th e curren t  stud y t o clarif y th e 
ways i n whic h modalit y o f  presentatio n ha s a n influenc e o n 
learning :  thi s influenc e i s manifeste d i n term s o f  effectin g dif -
feren t  strategi c approache s t o proble m solving .  Th e effect s o f 
differen t  modalitie s o f  representatio n o n reasonin g ar e sup -
plemente d b y considerin g th e effec t  o f  presentatio n modalit y 
on strateg y use .  Thes e result s suppor t  Alesandrini ,  Langstaf f 
and Wittrock' s (1984 )  proposa l  tha t  effect s o f  modalit y an d 
strateg y shoul d b e assesse d separately .  I f  ther e i s a  singl e 
fundamenta l  reasonin g mechanis m the n th e representationa l 
form s b y whic h i t  i s  interface d an d th e strategie s o f  reason -
in g thes e representation s invok e ar e o f  equa l  importanc e i n 
providin g computationa l  description s o f  reasoning . 
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Abstrac t 

A parallel distributed processing model was used to 
simulat e a  centra l  bia s i n socia l  reasoning ,  th e 
correspondenc e bia s (Jone s &  Harris ,  1967) .  Thi s bia s i s 
th e tendenc y t o overattribut e socia l  behavio r  t o th e actor' s 
personalit y an d t o underestimat e th e impac t  o f  situations . 
Simulation s indicat e tha t  th e exten t  o f  th e correspondenc e 
bia s ca n b e understoo d a s du e t o difference s i n th e 
accessibilit y o f  explanator y concept s an d th e strengt h o f 
causa l  link s betwee n potentia l  explanation s an d behavior . 

Introduction 

In 1967 Jones and Harris discovered one of the most robust 
an d replicabl e p h e n o m e n o n i n socia l  psychology ,  th e 
correspondenc e bias .  Thi s bia s i s th e tendenc y t o mak e a 
dispositiona l  attributio n fo r  a  person' s behavior ,  despit e th e 
presenc e o f  a  stron g alternativ e situationa l  explanatio n tha t 
i s sufficien t  t o explai n th e behavior .  M a n y socia l 
psychologist s vie w thi s a s a  seriou s proble m o r  fla w i n 
socia l  thinking ,  becaus e i t  suggest s tha t  ther e i s a  pervasiv e 
tendenc y fo r  socia l  perceiver s t o badl y underestimat e th e 
exten t  t o whic h socia l  behavio r  i s  influence d b y th e 
situatio n an d t o overestimat e th e rol e o f  a n individual' s 
personality . 

I n th e n o w classi c attitud e attributio n paradigm ,  Jone s 
an d Harri s (1967 )  showe d participant s a  target' s essa y 
writte n i n favo r  o f  o r  agains t  Fide l  Castr o (e.g. ,  pro-Castr o 
vs .  anti-Castr o essay) .  Participant s wer e tol d whethe r  th e 
targe t  wa s give n a  choic e o n whic h positio n t o tak e o r 
whethe r  h e wa s randoml y assigne d t o on e positio n (e.g. , 
choic e vs .  no-choice) .  Contrar y t o predictions ,  participant s 
w ho wer e tol d tha t  th e targe t  wa s assigne d th e topi c stil l 
m a de a  dispositiona l  inferenc e congruen t  wit h th e pro -  an d 
anti-Castr o essa y positions .  Thus ,  thes e participant s pai d 
insufficien t  attentio n t o situationa l  factor s tha t  wer e 
sufficien t  t o explai n th e target' s behavior .  Thes e 
participant s wer e sai d t o hav e committe d th e correspondenc e 
bias . 

Sinc e then ,  numerou s studie s hav e explore d a  variet y o f 
possibl e artifactua l  explanation s fo r  thi s bia s (Flemin g & 
Darley ,  1989 ;  Miller ,  Ashton ,  &  Mishal ,  1990 ;  Schneide r 
& Miller ,  1975 ;  Jones ,  Worchel ,  Goethels ,  &  Grumet , 
1971 ;  Reeder ,  Fletcher ,  &  Furman ,  1989 ;  Snyde r  &  Jones , 

1974 )  bu t  i t  has  prove d t o b e fairl y robust .  Te n year s afte r 
it s  discovery ,  Le e Ros s (1977 )  terme d thi s phenomeno n th e 
"fundamenta l  attributio n error, "  bot h t o emphasiz e it s 
importanc e i n socia l  interactio n an d t o emphasiz e tha t  th e 
prominenc e o f  thi s bia s wa s no t  du e t o a  self-servin g 
motivatio n b y th e perceive r  bu t  rathe r  fault y cognitiv e 
processing . 

Recently ,  severa l  author s (e.g. ,  Leyens ,  Yzerbyt ,  & 
Corneille ,  1996 ;  Rea d &  Miller ,  1993 )  hav e suggeste d tha t 
th e correspondenc e bia s ca n b e understoo d i n term s o f  th e 
accessibilit y  (o r  priming )  o f  dispositiona l  explanation s an d 
th e strengt h o f  causa l  relationship s betwee n potentia l  cause s 
and th e behavio r  bein g explained .  I n thi s paper ,  w e wil l  us e 
Read an d Miller' s  (1993 ;  Mille r  &  Read ,  1991 )  constrain t 
satisfactio n mode l  (se e Thagard ,  1989 ,  1992 )  o f  socia l 
inferenc e t o examin e th e rol e o f  accessibilit y an d causa l 
strength .  However ,  befor e w e proceed ,  w e conside r  severa l 
theoretica l  account s propose d fo r  thi s bias . 

Originally ,  th e correspondenc e bia s wa s explaine d i n 
term s o f  Heider' s (1958 )  hypothesi s o f  behavio r  engulfin g 
th e field .  Th e contentio n o f  thi s hypothesi s i s  tha t  th e 
behavio r  an d th e acto r  ar e salien t  agains t  th e situation ,  o r 
ground ,  whic h cause s th e acto r  an d hi s  behavio r  t o b e 
perceive d a s a  singl e unit .  Thi s singl e uni t  perceptio n 
cause s attribution s fo r  a  behaviora l  ac t  t o b e mad e t o th e 
actor .  A  handfu l  o f  studie s hav e teste d thi s perceptua l 
salienc e hypothesi s b y manipulatin g th e relativ e visua l 
orientatio n o f  actor s an d observer s (Storms,  1973 ;  Taylo r  & 
Fiske ,  1975 )  an d th e relativ e brightness ,  movement , 
complexity ,  an d novelt y o f  th e acto r  (McArthu r  &  Post , 
1977) .  Althoug h salienc e ofte n increase d attributio n t o th e 
actor ,  i n som e case s i t  increase d attributio n t o th e situatio n 
(McArthur ,  1981 )  suggestin g tha t  salienc e i s onl y par t  o f 
th e story . 

Quattron e (1982 )  identifie d othe r  issue s tha t  wer e 
problemati c fo r  th e engulfin g hypothesis .  H e note d tha t  i n 
th e essa y assignmen t  paradig m (Jone s &  Harris ,  1967 )  onl y 
th e essa y i s availabl e t o participants ,  wit h th e targe t  an d hi s 
situatio n bein g completel y absen t  beyon d an y informatio n 
provide d b y th e experimenter .  Ye t  participant s continu e t o 
m a ke dispositiona l  attribution s fo r  th e actor' s behavior . 
Quattron e als o pointe d ou t  tha t  th e correspondenc e bia s ma y 
be affecte d b y othe r  factor s independent  o f  salienc e suc h a s 
whethe r  participant s ar e informe d tha t  th e targe t  wrot e th e 
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essa y from  scratc h o r  merel y copie d i t  (Snyde r  &  Jones , 
1974) .  Moreover ,  h e als o pointe d ou t  tha t  th e engulfin g 
hypothesi s di d no t  specif y th e attitudina l  dimensio n fo r 
whic h th e correspondenc e bia s migh t  occur .  A s shal l 
become evident ,  th e attributiona l  dimensio n i s a n essentia l 
elemen t  fo r  producin g th e correspondenc e bias . 

Wit h thes e issue s lef t  unanswere d b y th e engulfin g 
hypothesis ,  Tversk y an d Kahneman' s (1974 )  anchorin g an d 
adjustmen t  heuristi c mode l  wa s use d t o describ e th e 
occurrenc e o f  th e correspondenc e bia s (Jones ,  1979 ; 
Quattrone ,  1982) .  T h e basi c argumen t  i s tha t  th e 
correspondenc e bia s simpl y reflect s a n insufficien t 
adjustmen t  b y participant s whe n the y infe r  th e target' s tru e 
attitud e o n som e dimensio n suc h a s th e "oppositio n to "  o r 
"favorin g o f  Fide l  Castro' s dictatorship .  Specifically , 
participant s w h o ar e informe d abou t  th e target' s assigne d 
positio n (pro-Castr o vs .  anti-Castro )  us e tha t  positio n a s a n 
ancho r  o r  a  poin t  o f  departur e fro m whic h the y m a k e a n 
inferenc e abou t  th e target' s tru e attitude .  Sinc e th e ant i  an d 
pr o anchor s ar e locate d a t  opposit e end s o f  th e attitudina l 
dimensio n (extremel y i n favo r  o f  vs .  extremel y oppose d to) , 
participant s adjus t  fo r  situationa l  constraint s fro m differen t 
startin g points .  Unfortunately ,  thi s adjustmen t  fro m 
opposin g anchor s toward s a  neutra l  positio n i n th e middl e 
fall s  shor t  an d participant s ar e sai d t o b e overattributin g th e 
assigne d ant i  an d pr o position s t o th e target' s tru e attitude . 

The anchorin g an d adjustmen t  explanatio n als o provide d 
th e impetu s fo r  Gilbert' s  accoun t  o f  th e correspondenc e bia s 
(Gilbert ,  Pelham ,  &  Krull ,  1988) .  Gilber t  propose d a  mode l 
of  perso n perceptio n compose d o f  thre e stages ,  wher e th e 
initia l  stag e wa s fairl y automatic  whil e subsequen t  stage s 
require d th e perceive r  t o engag e i n mor e deliberativ e 
thinking ,  expendin g mor e cognitiv e effort .  Th e firs t  stag e i s 
categorizatio n i n whic h perceiver s ar e sai d t o identif y th e 
behavior s o f  th e actor .  Thi s stag e i s followe d b y 
characterizatio n wher e perceiver s dra w dispositiona l 
inference s abou t  th e acto r  base d o n thes e behaviors .  A n d th e 
thir d an d final  stag e i s correction ,  wher e inference s draw n i n 
th e characterizatio n stag e ar e adjuste d b y takin g int o accoun t 
th e situationa l  constraint s o n th e target .  Accordin g t o 
Gilbert ,  i t  i s thi s fina l  correctio n stag e tha t  fall s  pre y t o th e 
perceiver' s lac k o f  cognitiv e resource s becaus e h e i s 
cognitivel y busy .  I n short ,  Gilber t  posite d tha t  th e 
adjustmen t  fo r  situationa l  constraint s fall s  shor t  becaus e 
peopl e ar e unabl e t o expen d th e extr a cognitiv e effor t 
require d fo r  thi s correctio n stage . 

Recently ,  however ,  severa l  theorist s hav e propose d tha t 
th e correspondenc e bia s ca n b e bette r  understoo d i n term s o f 
accessibilit y  o f  potentia l  cause s (Higgins ,  1989 ;  Higgin s 
Rholes ,  &  Jones ,  1977 )  an d thei r  degre e o f  applicabilit y  t o 
th e behavior .  Leyens ,  Yzerbyt ,  an d Corneill e (1996 )  hav e 
suggeste d tha t  previou s researc h o n th e correspondenc e bia s 
may hav e unintentionall y "capitalized "  o n th e primin g o f 
dispositiona l  concept s b y experimenta l  instruction s an d th e 
explanator y matc h o r  applicabilit y  betwee n thes e prime d 
concept s an d th e attitudina l  dimensio n o n whic h 
participant s ar e aske d t o mak e a  judgmen t  abou t  th e target . 
They not e tha t  frequentl y th e experimenta l  instruction s 
strongl y emphasize ,  an d presumabl y prime ,  a  personalit y o r 
attitud e explanatio n tha t  i s highl y applicabl e t o th e targe t 
behavior .  Fo r  instance ,  i f  th e essa y issu e i s abortio n an d a 

highl y applicabl e concep t  suc h a s personalit y i s prime d i n 
th e instructions ,  participant s wil l  us e personalit y a s a  poin t 
of  departur e fro m whic h t o m a k e a n attitud e attributio n 
abou t  th e target .  Usin g th e essay-assignmen t  paradigm , 
Leyen s e t  al .  (1996 )  hav e clearl y demonstrate d tha t  th e 
presenc e o r  absenc e o f  a n applicabl e dispositiona l  concep t 
i n instruction s t o participant s i s al l  i t  m a y tak e t o produc e 
or  eliminat e th e correspondenc e bias ,  respectively . 

A Constraint Satisfaction Model of the 
C o r r e s p o n d e n c e Bia s 

Our constraint satisfaction model of dispositional inference 
i s base d o n previou s wor k b y Rea d an d Mille r  (1993 ;  Mille r 
& Read ,  1991 )  whic h integrate s wor k o n a  knowledg e 
structur e approac h t o understandin g (e.g. ,  Ga lambos , 
Abelson ,  &  Black ,  1986 ;  Schan k &  Abelson ,  1977 ; 
Wilensky ,  1983 )  wit h Kintsch' s (1988 )  construction -
integratio n mode l  o f  discours e comprehension .  Rea d an d 
Mille r  propos e tha t  constructin g causa l  explanation s 
involve s th e repeate d applicatio n o f  tw o steps . 

The first  ste p involve s a  generativ e proces s conceive d a s a 
spreadin g activatio n o f  concept s an d thei r  associafion s i n a 
semanti c networ k (Collin s &  Quillian ,  1969 ;  Collin s & 
Loftus ,  1975 )  tha t  i s  "triggered "  b y initia l  inpu t  stimuli . 
For  instance ,  learnin g tha t  th e targe t  wrot e a  pro-Castr o 
essa y m a y activat e trait s an d othe r  relate d concept s a s wel l 
as "communism" ,  "radical" ,  an d "Berkeley ,  California" . 
Thi s networ k m a y als o includ e th e activatio n o f  th e target' s 
environmen t  o r  situationa l  constraint s fo r  th e behavior . 
Thes e concept s ar e activate d promiscuousl y wit h littl e 
attentio n pai d t o th e wa y i n whic h the y ar e relate d t o on e 
anothe r  (Kintsch ,  1988) .  Th e activatio n o f  concept s i n th e 
networ k i s a  functio n bot h o f  thei r  chroni c accessibilit y 
(du e t o frequenc y o f  use ;  Higgin s &  King ,  1981 )  an d thei r 
primin g o r  activatio n b y incomin g stimul i  an d thei r 
association s t o othe r  activate d concepts . 

Thes e activate d concept s ca n b e relate d i n on e o f  thre e 
ways .  First ,  ther e m a y b e a  positiv e o r  excitator y lin k 
betwee n concept s tha t  ar e consisten t  wit h on e another . 
Second ,  ther e m a y b e a  negativ e o r  inhibitor y lin k fo r 
concept s tha t  ar e inconsisten t  wit h on e another ,  suc h a s 
contradictor y o r  competin g explanations .  W e us e th e ter m 
competit io n t o emphasiz e th e ide a tha t  alternativ e 
explanation s fo r  th e target' s behavio r  m a y no t  b e mutuall y 
exclusiv e o r  completel y contradictor y bu t  simpl y diffe r  i n 
th e exten t  t o whic h the y ar e concurrentl y possible .  Finally , 
ther e m a y b e n o relatio n betwee n concepts ,  whic h i s 
represente d b y th e absenc e o f  a  link . 

Th e secon d ste p involve s th e integratio n o f  thes e 
concept s int o a  coheren t  representatio n abou t  th e person . 
Thi s i s don e b y satisfyin g th e constraint s impose d b y th e 
differen t  concept s an d thei r  relation s i n a  paralle l  distribute d 
proces s (e.g. ,  Rumelhart ,  McClelland ,  &  th e P D P Researc h 
Group ,  1986) .  Thagard' s (1989 ,  1992 )  Theor y o f 
Explanator y Coherenc e ( T E C )  an d it' s  computationa l 
implementatio n ( E C H O ;  Explanator y Coherenc e b y 
Ha rman y [sic ]  Optimization )  e m b o d y thi s integratio n 
proces s i n a  recurrent ,  constrain t  satisfactio n network .  Fo r 
our  presen t  purposes ,  th e node s represen t  whol e concept s 
suc h a s behaviors ,  situationa l  constraints ,  an d attitudes .  Th e 
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weight s o n inhibitor y an d excitator y link s betwee n node s 

ca n var y s o tha t  th e degre e o f  competitivenes s o r  suppor t 
betwee n concept s ca n als o b e represente d i n th e network . 

Applying the Model 

Befor e w e procee d wit h th e simulations ,  we'l l  describ e th e 
basi c networ k whic h i s base d o n th e essay-assignmen t 
paradigm .  I n thi s paradigm ,  th e experimente r  firs t  provide s 
participant s wit h tw o piece s o f  information ;  th e positio n 
advocate d i n th e essa y (whic h i s i n oppositio n t o o r  i n favo r 
of  som e issue) ,  an d whethe r  th e positio n wa s assigne d o r 
freel y chosen .  Participant s ar e the n aske d t o infe r  th e 
target' s tru e attitud e abou t  th e issue .  Hence ,  participant s ar e 
tryin g t o reconcil e tw o piece s o f  information :  fo r  example , 
tha t  th e writte n essa y i s pro-Castr o an d tha t  th e targe t  ha d 
no-choic e i n th e matter .  A  simplifie d representatio n i n 
term s o f  ou r  mode l  i s show n below . 

Target' s 

Attitud e 
.0 2 .12 - Situationa l 

Constrain t 
.0 1 

r ^ — \ 
Essa y 

Positio n 
.0 1 

Figur e 1 :  A  networ k o f  th e essay-assignmen t  paradigm . 

Each node represents what may be a set of related 
concepts .  O n e nod e represent s th e behavio r  bein g explained , 
th e essa y an d it s position ,  whic h i s initiall y  activate d b y 
cue s i n th e behavio r  durin g th e firs t  ste p o f  th e model . 
Further ,  ther e ar e tw o othe r  node s correspondin g t o 
alternativ e explanation s fo r  th e behavior ;  on e fo r  th e 
target' s tru e attitud e an d on e fo r  th e situationa l  constraints . 
I f  th e participant s ar e tol d tha t  th e targe t  wa s assigne d t o 
writ e a  pro-Castr o essa y ( a situationa l  constraint )  an d the n 
th e targe t  subsequentl y wrot e a  pro-Castr o essa y (activatin g 
a pro-Castr o attitud e a s a  possibl e explanation) ,  the n bot h 
cause s hav e positivel y weighte d link s (.05 )  t o th e behavio r 
(pro-Castr o essa y position )  a s the y ar e possibl e 
explanation s o f  it .  Thes e positivel y weighte d link s ar e 
represente d b y dar k lines .  Sinc e th e situationa l  constrain t 
and th e target' s attitud e ar e alternativ e explanation s fo r  th e 
behavior ,  ther e i s a  negativel y weighte d lin k (-.12 )  betwee n 
the m t o represen t  tha t  the y ar e competin g explanations . 
Thi s negativ e lin k i s represente d b y a  thi n line .  Th e 
weight s o n thes e link s ca n var y fro m -1. 0 t o -i-l. O a s a 
functio n o f  causa l  strengt h betwee n nodes .  However ,  b y 
default ,  excitatio n weight s ar e se t  a t  0.0 5 an d inhibitio n i s 
set  a t  -.12 .  Thus ,  th e activatio n sen t  amon g thes e node s 
depend s o n th e strengt h o f  thes e causa l  link s a s wel l  a s thei r 
polarit y ( -  o r  +) . 

Th e strengt h o f  th e alternativ e explanation s i s evaluate d 
by passin g activatio n a m o n g th e node s i n paralle l  unti l  th e 
activatio n asymptotes .  Thi s occur s b y processin g activatio n 
value s wit h Pau l  Thagard' s (1989 ,  1992 )  E C H O algorith m 
designe d t o satisf y constraint s impose d b y th e activate d 
node s an d thei r  causa l  relations . 

Al l  uni t  activation s ar e se t  t o a n initia l  startin g valu e o f 
0.01 .  Thi s initia l  startin g valu e ca n b e adjuste d upwar d t o 
represen t  initiall y  activate d o r  highl y accessibl e concept s i n 
th e firs t  ste p o f  th e model .  Sinc e th e essa y positio n i s 
give n t o participant s a s a  fact ,  thi s uni t  i s  linke d t o th e 
specia l  evidenc e uni t  whic h i s clampe d a t  a n activatio n o f 
1.0 .  Th e equatio n tha t  update s th e networ k i s itsel f 
constraine d b y th e deca y paramete r  (0) ,  whic h decrement s 
al l  th e unit s a t  ever y iteration ,  an d a  m in imu m {min )  an d 
m a x i m u m {max )  possibl e activatio n valu e o f  th e unit s (a; ) 
rangin g betwee n -1. 0 an d +1. 0 respectively : 

aj (t-i-l) = aj (t) (1-0) + {netj (max-&^ (t)) if netj > 0 
{net j  (a j  (t)-mm )  otherwis e 

where netj = Xwjj aj (t) 

Hence, netj is the net input to a unit (aj) that is 
determine d b y th e su m o f  th e weighte d link s (Zwjj ) 
multiplie d wit h th e inpu t  fro m othe r  units .  Thi s activatio n 
i s sen t  wit h th e additio n o f  th e unit' s  previou s activatio n 
(aj )  a t  tim e t .  Th e proposition s i n th e networ k ar e update d 
simultaneousl y unti l  constraint s impose d b y th e variou s 
relation s o f  coherenc e an d incoherenc e (negativ e an d 
positiv e links )  ar e satisfie d a s wel l  a s possible .  Thi s bes t  fit 
or  constrain t  satisfactio n occur s whe n activatio n value s fo r 
evidenc e an d propositio n hav e reache d asymptoti c levels . 
The asymptot e criterio n i s se t  a t  0.001 .  Th e acceptabilit y  o f 
individua l  proposition s (target' s attitud e vs .  situationa l 
constraints )  ca n the n b e inferre d fro m fina l  activatio n 
values .  A  uni t  tha t  i s  positivel y activate d indicate s tha t  i t 
has mor e acceptabilit y  whil e a  uni t  tha t  i s  negativel y 
activate d indicate s tha t  i t  ha s les s acceptabilit y  i n th e 
system . 

The Simulations 

Given that the essay assignment in the no-choice condition 
i s sufficien t  t o explai n th e essa y position ,  wh y d o subject s 
stil l  commi t  th e correspondenc e bias ? Ou r  mode l  suggest s 
severa l  possibilities .  First ,  i t  m a y b e tha t  th e target' s tru e 
attitud e i s initiall y  mor e accessibl e o r  activated .  Consisten t 
wit h thi s possibility ,  Leyen s e t  al .  (1996 )  hav e show n tha t 
i n man y correspondenc e bia s studies ,  th e instruction s t o 
subject s focu s ver y heavil y o n th e tas k o f  figurin g ou t  th e 
target' s tru e attitud e an d littl e attentio n i s pai d t o th e 
situation .  Thi s coul d lea d t o stronge r  primin g o f 
dispositiona l  concepts .  I f  th e dispositiona l  explanatio n 
start s wit h a  highe r  activatio n (se e figur e 1 )  i t  shoul d wi n 
th e competitio n betwee n th e tw o alternativ e explanations . 
Second ,  i t  m a y b e tha t  subject s vie w th e tru e attitud e a s a 
mor e applicabl e explanatio n tha n i s th e situation .  Tha t  is , 
the y m a y thin k tha t  th e assignmen t  t o conditio n i s no t 
completel y sufficien t  a s a n explanatio n fo r  th e target' s essa y 
position ,  wherea s th e tru e attitud e is .  I n term s o f  ou r 
model ,  th e tru e attitud e woul d hav e a  stronge r  lin k t o th e 
essa y positio n tha n woul d th e assignmen t  t o condition . 
Third ,  i t  m a y b e tha t  subject s d o no t  vie w th e tw o 
explanation s a s completel y contradictory .  I n fact ,  the y ma y 
vie w the m a s compatible .  I n suc h a  case ,  th e lin k betwee n 
the m woul d b e eithe r  nonexisten t  o r  perhap s eve n positive . 
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Thi s thir d possibilit y  i s  currentl y bein g furthe r  investigated . 
I n thes e simulations ,  w e wil l  focu s o n th e effect s o f 

accessibilit y  an d applicabilit y  o f  alternativ e explanations . 
First ,  we'l l  simulat e th e basi c essa y assignmen t  networ k i n 
figur e 1  wit h a  highl y accessibl e dispositiona l  explanation . 
Second ,  w e wil l  simulat e wha t  happen s w h e n th e 
dispositiona l  explanatio n i s bot h mor e accessibl e an d mor e 
applicable ,  a s i n th e wor k b y Leyen s e t  al .  (1996) .  Third , 
we'l l  simulat e a  networ k wher e th e dispositiona l 
explanatio n i s m o r e accessible ,  bu t  th e situationa l 
explanatio n i s mor e applicable ,  a s m a y b e th e cas e i n 
Fein' s (1996 ;  Fein ,  Hilton ,  & .  Miller ,  1990 ;  Hilton ,  Fein , 
& Miller ,  1993 )  wor k o n th e impac t  o f  ulterio r  motive s o n 
th e correspondenc e bias .  I n thi s thir d case ,  accessibilit y  an d 
applicabilit y  ar e workin g i n opposit e directions . 

Accessibility. A simulation of accessibility alone was 
implemente d wit h a  networ k a s show n i n figur e 1  wher e 
"target' s attitude "  i s give n a n initia l  leve l  o f  activatio n o f 
.02 ,  whil e "situationa l  constraint "  i s  lef t  a t  a  defaul t  valu e 
of  .0 1 t o indicat e highe r  initia l  accessibilit y  o f  th e attitude . 
Inhibitor y an d excitator y causa l  relation s ar e lef t  a t  defaul t 
value s of-.1 2 an d .0 5 respectively .  Th e resultin g activatio n 
value s ar e show n i n figur e 2 . 

Target' s ^ ^ 

Attitud e ' 

— ^ 

-.12 - Situationa l 

Constrain t 

.05 .05 

-.0 8 

Essa y 

Positio n 
.6 9 

Figur e 2 :  Th e resultin g se t  o f  activation s wher e th e target' s 
attitud e i s highl y accessible . 

The final activation values in the network are consistent 
wit h th e genera l  patter n o f  result s i n wor k wit h th e 
correspondenc e bias .  Th e dispositiona l  explanatio n i s 
highl y activate d o r  mor e acceptabl e (.40 ;  nod e i n bold ) 
whil e th e situationa l  constrain t  explanatio n i s slightl y 
suppresse d (-.08) .  Thi s sligh t  suppressio n o f  th e situationa l 
constrain t  explanatio n i s als o consisten t  wit h wor k o n th e 
correspondence  bia s becaus e althoug h participant s fai l  t o 
completel y correc t  fo r  situationa l  constraints ,  th e patter n o f 
result s sho w evidenc e tha t  the y ar e takin g the m int o 
consideration . 

Thi s simulatio n i s als o relevan t  t o wor k b y Quattron e 
(1982 )  an d Krul l  (1993 )  showin g tha t  instruction s tha t 
focu s o n figuring  ou t  th e impac t  o f  th e situatio n lea d t o 
overattributio n t o th e situation ,  th e revers e o f  th e 
correspondence  bias .  Simpl y b y flippin g th e label s o f  th e 
tw o explanation s i n Figur e 2  on e ca n se e th e result s o f 
simulatin g thes e studie s wit h highe r  accessibilit y  fo r  th e 
situation . 

Accessibility and Applicability. In a set of five 
studies ,  Leyens ,  Yzerbyt ,  an d Corneill e (1996 )  varie d th e 
applicabilit y  o f  concept s prime d i n th e instructions .  Th e 
applicabilit y  o f  differen t  concept s (i.e. ,  personality ,  forma l 

education ,  sociology ,  etc. )  wa s pre-determine d i n stud y on e 
by askin g participant s t o rat e th e impac t  the y woul d hav e 
on people' s position s fo r  differen t  issues .  I n th e studie s tha t 
followed ,  applicabl e an d inapplicabl e prime s i n th e 
instruction s a s wel l  a s n o prime s wer e crosse d wit h a n 
essa y issue .  Thei r  result s showe d tha t  primin g "personality " 
(applicabl e concept )  whe n th e issu e wa s euthanasi a produce d 
th e correspondenc e bia s whil e primin g "forma l  education " 

(inapplicabl e concept )  eliminate d th e correspondenc e bias . 
Thes e patter n o f  result s wer e simulate d wit h th e essay -

assignmen t  networ k show n i n figur e 1  wit h th e additio n o f 
on e modificatio n t o implemen t  applicability .  T o represen t 
th e applicabilit y  o f  a  dispositiona l  concept ,  th e lin k 
betwee n th e "target' s attitude "  an d "essa y position "  wa s 
adjuste d slightl y upwar d t o .055 .  T h e greate r  accessibilit y 
of  a  dispositiona l  explanatio n wa s implemente d a s i n th e 
previou s simulatio n wit h a  slightl y highe r  initia l  activatio n 
leve l  fo r  th e "target' s attitude "  se t  a t  .02 .  T h e resultin g 
networ k wa s on e wit h a  highl y accessibl e an d applicabl e 
concep t  suc h a s "personality "  fo r  th e essa y positio n o n 
euthanasia .  Th e resultin g se t  o f  activation s ar e s h o w n i n 
figure  3 . 

I  "^^.S^^' '  6 2 
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Figur e 3 :  Th e resultin g se t  o f  activation s wher e th e target' s 
attitud e i s highl y accessibl e an d applicable . 

As expected, making an accessible concept highly 
applicabl e ha s a n additiv e effec t  fo r  th e acceptabilit y  o f  a 
dispositiona l  explanatio n (.62) .  Specifically ,  a  concep t  tha t 
i s  bot h accessibl e an d applicabl e i s give n highe r  activatio n 
tha n whe n i t  wa s jus t  accessible .  Thi s highl y applicabl e 
dispositiona l  explanatio n ha s als o moderatel y suppresse d 
th e alternativ e situationa l  explanatio n (-.41) .  Thi s se t  o f 
fina l  activatio n value s ar e consisten t  wit h th e patter n o f 
result s obtaine d b y Leyens ,  Yzerbyt ,  an d Corneill e (1996 ) 
wher e th e effec t  siz e fo r  th e correspondenc e bia s i s greate r 
when th e prime d concept s ar e applicable . 

Ulterior Motives as Highly Applicable. Fein 
(1996 ;  Fein ,  Hilton ,  &  Miller ,  1990 ;  Hilton ,  Fein ,  « & 
Miller ,  1993 )  an d colleague s hav e identifie d a  situationa l 
constrain t  manipulatio n tha t  eliminate s th e correspondenc e 
bias .  The y hav e introduce d a n "ulterio r  motives "  conditio n 
wher e participant s ar e le d t o believ e tha t  th e targe t  m a y 
hav e chose n t o writ e i n favo r  o f  a  particula r  issu e i n orde r 
t o ingratiat e himsel f  wit h a  professor .  I n thi s condition , 
participant s ar e unwillin g t o m a k e a  dispositiona l  inferenc e 
fo r  th e target' s behavio r  (i.e. ,  writin g o f  a  pro-essay) .  Fei n 
(1996 )  interpret s thes e finding s i n term s o f  suspicion .  H e 
posit s tha t  ulterio r  motive s induce s a  "mind-set "  whic h 
makes participant s ruminat e abou t  alternativ e situationa l 
cause s fo r  th e target' s behavior .  Accordin g t o Fei n (1996) , 
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thi s increase d though t  the n facilitate s a  correctio n fo r 

situationa l  constraint s whic h eliminate s a  corresponden t 
inference .  I n a  simila r  manner ,  wor k b y Alicke ,  Zerbst ,  an d 
LoSchiav o (1996 )  ha s als o demonstrate d th e attenuatio n o f 
th e correspondenc e bia s b y associatin g stronge r  incentive s 
wit h behaviora l  choice s m a d e b y th e target . 

However ,  i n term s o f  ou r  model ,  ulterio r  motive s m a y 

jus t  b e a  stronge r  o r  m o r e applicabl e explanatio n fo r  th e 
target' s behavio r  tha n a  "rando m assignmen t  t o position " 
explanation .  Tha t  is ,  rathe r  tha n leadin g subject s t o engag e 
i n m o r e deliberativ e thought ,  ulterio r  motive s m a y jus t 
hav e a  stronge r  lin k t o th e behavio r  an d thu s woul d b e abl e 
t o sen d an d receiv e mor e activatio n t o th e behavior .  Ou r 
nex t  simulatio n demonstrate s tha t  suc h a  stronge r  lin k i s 
sufficien t  t o eliminat e th e correspondenc e bias . 

T h e essay-assignmen t  networ k show n i n figur e 1  w a s 
als o use d fo r  thi s simulation ,  however ,  th e applicabilit y o f 
"ulterio r  mot ives "  a s a n alternativ e explanatio n i s 
implemente d b y a  sUghtl y stronge r  excitator y lin k betwee n 
th e "situationa l  constraint "  nod e an d th e "essa y position " 
node .  T o provid e a  rigorou s tes t  o f  thi s model ,  w e m a d e th e 
"target' s attitude "  slightl y mor e accessibl e wit h a n initia l 
activatio n o f  .0 2 an d lef t  th e "situationa l  constraint "  nod e a t 
th e defaul t  leve l  o f  .01 .  T h e resultin g activatio n value s fo r 
thi s simulatio n ar e show n i n figure  4 . 

Target' s ^ ^ 

Attitud e ' JUC 

J 2  [Situationa l 

IConstrain t 
situationa l 
[constrain t 

^''^ y .6 8 
Positio n 

Figur e 4 :  Th e resultin g se t  o f  activation s wher e situationa l 
constraint s ar e highl y applicable . 

These final activation values are consistent with the 
patter n o f  result s obtaine d b y Fei n (1996 ;  Fein ,  Hilton ,  & 
Miller ,  1990) .  Althoug h dispositiona l  concept s wer e mor e 
accessible ,  wit h a n initia l  activatio n leve l  o f  .02 ,  "ulterio r 
motives "  w a s a  m u c h mor e applicabl e alternativ e 
situationa l  concep t  fo r  th e target' s essa y positio n an d 
resulte d i n a  m u c h mor e acceptabl e explanatio n fo r  th e 
target' s essa y position . 

Discussion 

Althoug h a  numbe r  o f  account s hav e bee n give n fo r 
differen t  aspect s o f  th e correspondenc e bias ,  n o unifie d 
accoun t  o f  th e cognitiv e processe s involve d ha s bee n 
presented .  I n thi s paper ,  w e hav e show n tha t  a  simpl e 
constrain t  satisfactio n network ,  i n conjunctio n wit h a 
reasonabl e se t  o f  assumptions ,  ca n provid e suc h a  unifie d 
account ,  successfull y simulatin g bot h th e correspondenc e 
bia s itself ,  a s wel l  a s variou s factor s tha t  influenc e it . 
Moreover ,  ou r  mode l  ha s show n tha t  a  se t  o f  basi c 
cognitiv e principles ,  th e accessibilit y  o f  concept s an d thei r 
applicability ,  ca n illuminat e wha t  ha s ofte n bee n take n a s a 
somewhat  unusua l  o r  surprisin g se t  o f  findings. 

O ne othe r  interestin g aspec t  o f  ou r  finding s i s tha t 

change s i n applicabilit y  o f  a  caus e see m t o hav e muc h 
greate r  impac t  tha n change s i n accessibility .  Fo r  example , 
i n ou r  simulatio n o f  th e impac t  o f  ulterio r  motives ,  w e 
foun d tha t  whe n a  mor e applicabl e situatio n compete d wit h 
a mor e accessibl e dispositiona l  cause ,  th e mor e applicabl e 
caus e totall y overwhelme d th e mor e accessibl e cause .  I n 
retrospec t  thi s make s sense .  Increase d accessibilit y  wil l 
onl y affec t  th e initia l  processin g o f  a  concept,  wherea s 
increase d applicabilit y  wil l  hav e a n effec t  tha t  continue s 
throughou t  processing . 

Constrain t  satisfactio n networks ,  suc h a s tha t  presente d 
here ,  hav e th e potentia l  fo r  providin g a  unifie d accoun t  o f 
many aspect s o f  socia l  explanatio n (Rea d &  Miller ,  1993) . 
I n previou s work ,  w e (Rea d &  Lincer-Hill ,  1998 ;  Rea d & 
Marcus-Newhall ,  1993 )  hav e show n tha t  man y o f  th e 
principle s o f  explanator y coherenc e embodie d i n Thagard' s 
(1989 ,  1992 )  E C H O mode l  wer e highl y applicabl e t o socia l 
explanation .  I n thi s pape r  w e hav e show n tha t  suc h a  mode l 
ca n als o incorporat e a  centra l  phenomen a i n socia l 
explanation ,  th e correspondenc e bias . 
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Abstrac t 

When two orthographically siniilar words are briefly and 
successivel y displayed ,  th e secon d wor d i s ofte n difficul t  t o 
detec t  o r  recall ,  a  defici t  know n a s repetitio n blindness ,  o r  R B 
(Kanwisher ,  1987) .  T w o experiment s use d word-nonwor d 
pair s t o tes t  prediction s o f  a  computationa l  mode l  base d o n 
similarit y inhibitio n (Bavelie r  &  Jordan ,  1992 )  vs .  predic -
tion s o f  a  sublexica l  mode l  (Harri s &  Morris ,  1996 ,  1997 ; 
M o ms &  Harris ,  1997) .  On e strikin g finding  wa s o f  stron g 
RB eve n fo r  a  singl e repeate d lette r  (cop e cam ;  ho t  hix) .  Re -
sult s generall y supporte d a  sublexica l  mode l  wher e onl y th e 
share d letter s ar e affecte d b y RB ,  an d eac h share d lette r  ca n 
be differentiall y  affecte d i n a  probabilisti c  manner . 

Introduction 

Repetitio n Blindnes s (RB) ,  th e failur e t o detec t  repetition s 
of  visua l  event s i n Rapi d Seria l  Visua l  Presentation ,  i s  a 
strikin g an d robus t  phenomeno n whic h ha s thu s fa r  elude d 
complet e explanatio n despit e extensiv e study .  Earl y inves -
tigation s o f  R B usin g R S V P sentenc e stimul i  (Kanwisher , 
1987 ;  Kanwishe r  &  Potter ,  1990 )  demonstrate d that ,  whe n 
show n a  sentenc e suc h a s H e r  jacke t  wa s re d becaus e red  i s 
conspicuous ,  subject s woul d typicall y report ,  He r  jacke t 
was re d becaus e i s conspicuous .  R B i s time-an d exposure -
dependent ;  th e effec t  i s  eliminate d wit h increase d exposur e 
of  th e repeate d word ,  o r  increase d tim e betwee n repetition s 
(Kanwisher ,  1987 ;  Par k &  Kanwisher ,  1994) .  R B ha s bee n 
foun d fo r  repeate d word s o r  pictures ,  orthographicall y 
simila r  words ,  an d phonologicall y simila r  item s suc h a s nin e 
and 9  (Bavelie r  &  Potter ,  1992 ;  Bavelier ,  1994) .  Th e phe -
nomenon o f  R B impact s o n model s o f  high-leve l  visua l 
processing ,  wor d recognition ,  an d consciousness ,  an d there -
for e i s o f  considerabl e relevanc e t o cognitiv e scientists . 

O ne prevalen t  explanatio n o f  R B emphasize s th e distinc -
tio n betwee n type s an d token s i n visua l  processin g 
(Kanwisher ,  1987 ;  Kanwishe r  &  Potter ,  1990 ;  Kanwisher , 
1991 ;  Par k &  Kanwisher ,  1994) .  I n thi s view ,  referre d t o a s 
"typ e activatio n withou t  toke n individuation" ,  a  word' s rec -
ognitio n nod e (type )  coul d b e activate d twice ,  bu t  onl y on e 
episodi c representatio n (token )  i s  formed .  Althoug h thi s 
explanatio n ha s intuitiv e appeal ,  a  formal ,  computationa l 
accoun t  o f  th e types-and-token s mode l  ha s ye t  t o emerge . 
I n addition ,  i t  i s  difficul t  t o se e h o w thi s mode l  account s fo r 
RB betwee n non-identica l  words .  Kanwishe r  an d Potte r 
(1990 )  suggeste d tha t  R B betwee n orthographicall y simila r 

word s come s abou t  becaus e on e wor d i s  misrea d a s th e 
other .  Thes e investigator s hav e alternativel y suggested , 
alon g wit h Bavelier ,  Prasada ,  an d Segu i  (1994 )  tha t  R B 
effect s migh t  b e locate d a t  th e leve l  o f  abstrac t  lette r  clus -
ters ;  however ,  thi s ide a ha s no t  bee n propose d a s a  forma l 
par t  o f  th e types-and-token s model . 

Othe r  investigator s hav e attempte d t o locat e th e mecha -
nis m responsibl e fo r  R B withi n th e wor d recognitio n syste m 
(Bavelie r  &  Jordan ,  1992 ;  Bavelier ,  Prasada ,  &  Segui , 
1994) .  Bavelie r  an d Jorda n propose d a  computationa l 
model  o f  visua l  wor d recognitio n tha t  account s fo r  R B a s 
wel l  a s othe r  time-dependen t  phenomen a suc h a s maske d 
priming .  I n thei r  model ,  detectio n o f  a  wor d depend s o n 
level s o f  activatio n relativ e t o a  variabl e baselin e an d 
threshold .  W h e n a  wor d i s displaye d fo r  sufficien t  tim e fo r 
i t  t o pas s it s threshol d an d b e detected ,  it s baselin e i s the n 
temporaril y  raised .  R B result s whe n a  secon d displa y o f  th e 
wor d occur s whil e it s baselin e i s stil l  elevate d fro m th e firs t 
detection ,  becaus e i n thi s case ,  th e leve l  o f  activatio n rela -
tiv e t o baselin e wil l  b e treate d a s noise .  Th e mode l  attempt s 
t o accoun t  fo r  orthographi c R B b y als o raisin g th e baseline s 
of  al l  othe r  word s i n proportio n t o thei r  similarit y t o th e 
detecte d word . 

Our  o w n investigation s o f  R B phenomen a (Harri s & 
Morris ,  1996 ;  1997 ;  Morri s &  Harris ,  1997 )  hav e suggeste d 
tha t  R B betwee n non-identica l  word s i s no t  a  matte r  o f 
similarit y inhibition ,  a s i n th e Bavelie r  an d Jorda n model , 
but  rather ,  tha t  whe n R B occur s betwee n orthographicall y 
simila r  word s (calle d W l  an d W 2 ) ,  onl y th e share d letter s o f 
W2 ar e affected ;  th e uniqu e letter s ar e unaffecte d and  re -
mai n availabl e fo r  activatin g words .  Th e differentia l  effec t 
on share d vs .  nonshare d letter s ha s bee n mos t  strikingl y 
demonstrate d usin g a n illusor y word s paradig m (Harri s & 
Morris ,  1996 ;  Morri s &  Harris ,  1997) .  I n thi s paradigm , 
R S VP stream s o f  word s an d wor d fragment s ar e constructe d 
suc h tha t  th e W 2 ' s uniqu e letter s ca n combin e wit h a  subse -
quen t  wor d fragmen t  t o for m a n "illusory "  word .  Thus , 
displa y o f  ligh t  roc k shoc k el l  cu p result s i n repor t  o f  ligh t 
roc k shel l  cup ;  further ,  report s o f  illusor y word s ar e mor e 
prevalen t  i n suc h "repeated "  condition s compare d t o unre -
peale d condition s designe d t o produc e illusor y word s 
throug h simpl e lette r  migration .  Othe r  evidenc e fo r  th e 
sublexica l  natur e o f  R B betwee n orthographicall y simila r 
word s come s fro m trial s wher e subject s misrepor t  W 2 a s 
some othe r  word .  Thes e misreport s ar e statisticall y mor e 
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likel y t o preserv e th e word' s uniqu e letters ,  an d omi t  th e 
repeate d letters ,  tha n i n contro l  condition s wher e W l  an d 
W2 shar e n o letter s (Harri s &  Morris ,  1997) . 

The wor k cite d abov e i s mor e consisten t  wit h sublexica l 
explanation s o f  R B tha n wit h word-to-wor d inhibitio n ac -
count s suc h a s tha t  o f  Bavelie r  an d Jorda n (1992) .  H o w -
ever ,  detail s o f  th e sublexica l  accoun t  remai n t o b e eluci -
dated .  O n e importan t  questio n i s th e natur e o f  th e sublexi -
cal  units .  W e wil l  discus s tw o sublexica l  accounts :  th e 
singl e lette r  an d th e lette r  cluster s accounts . 

Sublexical units are individual letters 

The simples t  accoun t  i s probabl y tha t  th e sublexica l  unit s 
ar e individua l  letters .  However ,  failur e t o fin d R B fo r  ana -
grams suc h a s earl y an d laye r  (Kanwisher ,  1986 )  indicate s 
tha t  th e individua l  letter s nee d t o hav e som e typ e o f  posi -
tion-specifi c  o r  contextua l  coding .  Kanwishe r  an d Potte r 
(1990 )  teste d th e hypothesi s tha t  displa y o f  stimul i  sharin g 
one lette r  i n th e sam e position ,  suc h a s faul t  an d heart , 
woul d lea d t o "stripping "  o f  th e share d lette r  fro m W 2 ,  re -
sultin g i n repor t  o f  faul t  hear .  Thei r  failur e t o fin d suc h 
lette r  strippin g le d the m t o conclud e tha t  R B betwee n simi -
la r  word s i s no t  th e resul t  o f  independen t  letter-leve l  effects . 

I t  i s  possibl e tha t  R B doe s ste m fro m letter-leve l  effects , 
but  tha t  thi s wa s obscure d b y Kanwishe r  an d Potter' s choic e 
of  stimulu s materials .  The y use d critica l  word s whic h 
share d onl y th e las t  letter .  Subject s migh t  hav e bee n blin d 
t o th e identit y o f  th e repeate d letter ,  bu t  retaine d som e no -
tio n o f  wor d length .  Th e targe t  wor d coul d hav e bee n cor -
rectl y generate d vi a patter n completion ,  a s happen s whe n 
letter s i n a  wor d ar e "missing "  becaus e the y ar e covere d b y 
an in k blo t  (McClellan d &  Rumelhart ,  1981) .  W e reasone d 
tha t  patter n completio n migh t  b e a  les s favore d solutio n i f 
th e repeate d lette r  wer e a t  th e beginnin g o f  th e wor d (Harri s 
& Morris ,  1997) .  Usin g material s lik e bluf f  B R A C E,  cloc k 
C H A R M,  an d doodl e D A N G E R,  w e foun d tw o type s o f  evi -
denc e fo r  repetitio n blindnes s t o a  singl e letter .  Subject s 
woul d sometime s sa y "doodl e anger" ,  bu t  als o frequentl y 
reporte d a  similar-lengt h wor d i n whic h th e repeate d lette r 
had bee n replace d wit h anothe r  letter ,  suc h a s reportin g bluf f 
grac e intea d o f  bluf f  brace .  Fo r  thi s reason ,  th e statu s o f  th e 
independen t  letter-leve l  explanatio n fo r  R B remain s unre -
solved . 

Letter clusters account 

A mor e complicate d mode l  i s tha t  th e relevan t  unit s ar e 
context-dependent ,  overlappin g lette r  cluster s suc h a s th e 
digram s an d trigram s dr ,  ru ,  rug ,  ug s foun d i n drugstor e 
(Mozer ,  1991 ;  Harri s &  Morris ,  1996 ;  1997) .  Th e lette r 
cluster s accoun t  als o explain s th e failur e o f  Kanwishe r  an d 
Potte r  t o find  letter-strippin g fo r  stimul i  lik e faul t  an d heart . 
The sublexica l  unit s i n hear t  includ e th e digra m unit s r t  an d 
t _ (wher e "_ "  indicate s adjacenc y t o a  wor d boundary) . 
Onl y t _ i s share d b y bot h words .  Th e presenc e o f  r t  mean s 
tha t  th e final  lette r  t  i n hear t  ha s som e probabilit y  o f  bein g 
reconstructe d fro m rt .  Ke y evidenc e tha t  lette r  cluster s ar e 
th e unit s whic h mediat e visua l  wor d recognitio n come s 
fro m studie s o n lette r  migratio n (Mozer ,  1983) .  However , 
lette r  cluste r  representation s ar e generall y usefu l  fo r  ex -

plainin g readers *  hig h degre e o f  sensitivit y t o lette r  co -
occurrenc e frequencie s (Seidenber g &  McClelland ,  1989) . 
That  is ,  word s containin g highl y frequen t  clusters ,  suc h a s 
fak e an d crock ,  ar e eas y t o read ,  eve n whe n th e word s them -
selve s ar e lo w frequency .  Th e eas e wit h whic h human s rea d 
pronounceabl e nonword s m a y als o resul t  fro m havin g unit -
ize d lette r  cluste r  representation s (Plaut ,  McClelland ,  Sei -
denberg ,  &  Patterson ,  1996) . 

Empiricall y distigushin g betwee n th e word-leve l  an d 
sublexica l  account s i s mad e difficul t  b y th e fac t  tha t  wor d 
fragment s activat e wor d representation s (McClellan d & 
Rumelhart ,  1981) .  Th e sublexica l  hypothesi s propose s tha t 
onl y th e repeate d unit s ar e affecte d b y R B .  I f  R B i s as -
sesse d b y abilit y  t o repor t  W 2 ,  th e amoun t  o f  R B wil l  indi -
rectl y depen d o n whethe r  th e unaffecte d unit s strongl y o r 
weakl y evok e th e targe t  word .  Fo r  thi s reason ,  nonword s 
m ay provid e a  "purer "  med iu m fo r  assessin g R B ,  a s the y ar e 
les s affecte d b y suc h patter n completio n mechanisms . 

Th e experiment s describe d i n thi s pape r  use d successivel y 
displaye d word-nonwor d pair s o f  varyin g degree s o f  ortho -
graphi c similarity ,  wit h th e wor d a s W l  an d th e nonwor d a s 
W 2.  Experimen t  1  wa s designe d t o tes t  a  predictio n o f 
similarit y inhibitio n model s agains t  a  predictio n o f  th e mos t 
simpl e for m o f  sublexica l  model . 

Experiment 1 

Similarit y inhibitio n model s predic t  tha t  a  wor d an d non -
wor d sharin g al l  bu t  on e o f  thei r  letter s (car d earn )  woul d 
sho w substantiall y  greate r  R B tha n a  wor d an d nonwor d 
sharin g onl y on e lette r  (cop e earn) .  I n contrast ,  a  sublexica l 
model  assumin g simpl e refractorines s o r  toke n individua -
tio n failur e a t  th e (position-specific )  individua l  lette r  leve l 
predict s tha t  veridica l  repor t  o f  W 2 wil l  b e equall y difficul t 
fo r  cop e ear n a s fo r  car d earn .  I n bot h cases ,  suppressio n 
of  th e repeate d letter s wil l  leav e a  fragmen t  whic h wil l  ei -
the r  b e reporte d o r  wil l  b e subjecte d t o patter n completion , 
causin g subject s t o repor t  somethin g othe r  tha n th e correc t 
stimulus . 

Materials and Procedure 

Subject s wer e 1 5 Bosto n Universit y student s w h o partici -
pate d i n exchang e fo r  cours e credit .  Al l  subject s wer e na -
tiv e Englis h speaker s ( 3 subject s acquire d Englis h simulta -
neousl y wit h anothe r  language) . 

Twenty-on e easil y pronounceabl e 3 -  o r  4-lette r  nonword s 
wer e create d an d eac h wa s paire d wit h thre e differen t  word s 
t o creat e thre e version s o f  eac h stimulu s item .  I n th e 
Neighbo r  condition ,  th e wor d an d nonwor d share d al l  bu t 
thei r  fina l  letter s (th e firs t  tw o letter s wer e share d i n th e cas e 
of  3-lette r  word-nonwor d pairs ,  wit h th e firs t  thre e letter s 
share d i n th e cas e o f  4-lette r  word-nonwor d pairs) .  I n th e 
Lette r  condition ,  onl y th e initia l  letter s wer e shared ;  an d i n 
th e Unrepeate d condition ,  n o letter s wer e shared .  Th e 
word s i n eac h stimulu s ite m wer e matche d fo r  frequenc y 
acros s conditions .  Example s o f  th e thre e stimulu s condi -
tion s ar e show n i n Tabl e 1  below .  Th e thre e version s o f 
eac h stimulu s ite m wer e counterbalance d acros s subjects , 
suc h tha t  eac h subjec t  viewe d 7  stimulu s item s i n eac h 
condition ,  fo r  a  tota l  o f  2 1 experimenta l  trials .  Th e wor d 
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( W l )  alway s appeare d i n lowe r  cas e letters ,  wit h th e non -
wor d ( W 2 )  i n uppe r  case .  Stimul i  wer e arrange d i n 7  block s 
of  5  trial s each ;  th e block s eac h containe d 1  Neighbor ,  1 
Letter ,  an d 1  Unrepeate d word-nonwor d pai r  plu s tw o fille r 
trial s containin g n o repeate d letters . 

Table 1: Examples of Stimuli (Experiment 1) 

Condition Wl W2 

Neighbor 

Letter 

mud 

gat e 

mad 

gol f 

ro w 

kne e 

MUP 

GATH 

MUP 

GATH 

MUP 
GATH 

Unrepeate d 

Subject s wer e instructe d t o repor t  bot h th e wor d an d 
nonwor d o n eac h trial .  Pilo t  studie s indicate d tha t  subject s 
varie d considerabl y i n th e abilit y t o perceiv e an d repor t 
briefl y displaye d nonwords ;  subject s wer e therefor e 
instructe d t o repor t  whateve r  letter s the y di d perceiv e i n th e 
even t  tha t  the y wer e unabl e t o repor t  a n entir e nonword .  A 
length y practic e procedur e wa s als o institute d i n orde r  t o 
improv e nonwor d report .  Subject s viewe d 3 0 practic e trial s 
consistin g o f  word-nonwor d pair s (wit h n o repeate d letters ) 
prio r  t o viewin g th e experimenta l  trials .  Eac h tria l  bega n 
wit h a  "+ "  appearin g i n th e cente r  o f  th e compute r  scree n a s 
a fixatio n point .  W h e n th e subjec t  presse d th e spac e bar ,  th e 
" + "  disappeare d an d th e wor d appeare d 50 0 mse c later .  Th e 
wor d wa s displaye d fo r  9 0 msec ,  followe d immediatel y b y 
th e nonwor d (ther e wa s a n approximatel y 1 5 mse c dela y i n 
th e onse t  o f  th e nonword ,  du e t o th e refres h rat e o f  th e 
compute r  monitor) .  Exposur e duratio n fo r  th e nonwor d wa s 
initiall y  se t  a t  19 5 msec ,  an d wa s subsequentl y decrease d b y 
15 mse c ever y 5  trial s i f  th e subject' s accurac y i n reportin g 
bot h th e wor d an d nonwor d wa s greate r  tha n 6 0 % ove r  th e 
precedin g bloc k o f  5  trials .  Exposur e duratio n wa s increase d 
i f  th e subject' s accurac y fel l  belo w 4 5 % .  Th e averag e 
exposur e duratio n fo r  th e nonwor d fo r  th e experimenta l  trial s 
acros s th e 1 5 subject s wa s 10 8 m s e c ,  rang e 75-19 5 msec . 
Th e nonwor d wa s immediatel y followe d b y a  mas k (ro w o f 
ampersands )  displaye d fo r  25 0 msec .  Al l  stimul i  wer e 
centere d o n th e display .  Experimenter s recorde d vi a 
keypresse s whethe r  subject s reporte d bot h critica l  items ,  W l 
only ,  W 2 only ,  o r  neithe r  o f  th e critica l  items . 
Experimenter s als o annotate d th e scoresheet s i n th e even t 
tha t  th e subjec t  reporte d a  differen t  wor d o r  nonwor d tha n 
th e one s displayed ,  o r  reporte d onl y par t  o f  th e wor d o r 
nonword .  Th e stimul i  wer e presente d o n a  Macintos h Ilci , 
controlle d b y PsyScop e (Cohen ,  MacWhinney ,  Flatt ,  & 
Provost ,  1993) .  Th e fon t  wa s 3 6 pt .  Courier .  Subject s sa t  2 0 
inche s fro m th e screen . 

Results and Discussion 

Percen t  correc t  repor t  o f  W l  average d 9 7 % o r  greate r  i n al l 
thre e stimulu s conditions .  Tabl e 2  show s percen t  correc t 
repor t  o f  W 2 give n correc t  repor t  o f  W l .  Analysi s o f  vari -

anc e reveale d a  highl y significan t  effec t  o f  conditio n i n bot h 
th e subjec t  an d item s analyses ,  ̂ ,(2 ,  28 )  =  44.4 ,  p  <  .001 , 
eta '  =  .76 ;  F,(2 ,  40 )  =  51.2 .  p  <  .001 ,  eta '  =  .72 . 

Table 2: Percent Correct Report of W2 given Report of Wl 
(Experimen t  1 ) 

Conditio n jneai L _ s ^ 

Neighbo r 

Lette r 

Unrepeate d 

.1 1 

.4 3 

.7 2 

.0 3 

.0 6 

.0 5 

Newman-Keul s test s showe d tha t  repor t  o f  W 2 wa s sig -
nificantl y lowe r  fo r  bot h Neighbo r  an d Lette r  condition s 
compare d t o th e Unrepeate d conditio n (bot h p s <  .01) . 
Sinc e R B i s indexe d b y th e differenc e betwee n repeate d 
(Neighbo r  o r  Letter )  an d Unrepeate d conditions ,  thes e re -
sult s showe d a  substantia l  repetitio n defici t  fo r  bot h Neigh -
bor  an d Lette r  conditions .  I n addition ,  repor t  o f  W 2 i n th e 
Neighbo r  conditio n wa s lowe r  tha n i n th e Lette r  condition , 
( p <  .01 )  indicatin g greate r  R B i n th e Neighbo r  conditio n 
(61% )  compare d t o th e Lette r  conditio n (29%) . 

Model s o f  R B base d o n similarit y inhibitio n predic t  tha t 
word-nonwor d pair s sharin g al l  bu t  on e lette r  (Neighbo r 
condition )  woul d sho w greate r  R B tha n word-nonwor d pair s 
sharin g onl y th e firs t  lette r  (Lette r  condition) .  Th e result s o f 
Experimen t  I  ar e therefor e consisten t  wit h a  similarit y in -
hibitio n mode l  o f  R B .  O n th e othe r  hand ,  close r  examina -
tio n o f  subjects '  erro r  report s reveal s evidenc e inconsisten t 
wit h word-to-wor d inhibition ,  bu t  consisten t  wit h sublexica l 
models . 

Tabl e 3  show s th e percentag e o f  misreport s o f  W 2 rela -
tiv e t o correc t  report s an d omissions .  Misreport s includ e 
reportin g a  word ,  anothe r  nonword ,  o r  individua l  letter s (a s 
in ,  fo r  th e stimulu s bo x B O T ,  reportin g "bo x an d somethin g 
endin g i n T \  Suc h misreport s forme d a  substantia l  portio n 
of  W 2 erro r  report s i n th e tw o repeate d conditions . 

Table 3: Percent Correct, Omission, and Misreport of W2 
(Experimen t  1 ) 

Condition Correct Omission Misreport 

Neighbo r 

Lette r 

Unrepeate d 

.1 1 

.4 3 

.7 2 

.6 3 

.2 7 

.1 4 

.2 6 

.3 0 

.1 4 

Whil e word-to-wor d inhibitio n assume s tha t  W 2 wil l  b e 
frequentl y omitte d fro m repor t  i n repeate d conditions ,  thi s 
typ e o f  mode l  make s n o prediction s abou t  misreportin g o f 
W 2,  sinc e th e entir e wor d i s assume d t o b e affecte d b y RB . 
I n contrast ,  sublexica l  model s predic t  th e occurrenc e o f  a 
particula r  typ e o f  misreport :  Letter s uniqu e t o W 2 wil l  b e 
reporte d (eithe r  a s par t  o f  anothe r  word ,  o r  i n isolation ) 
whil e letter s share d wit h W l  wil l  b e excluded . 

Specifically ,  sublexica l  model s predic t  that ,  fo r  th e Lette r 
condition ,  th e firs t  lette r  o f  W 2 (whic h i s share d wit h W l )  i s 
likel y t o b e exclude d fro m th e misreport ,  whil e th e remain -
in g letter s ar e likel y t o b e preserved ,  relativ e t o th e Unre -
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peate d condition .  Th e to p hal f  o f  Tabl e 4  show s percen t 
repor t  o f  th e first  lette r  vs .  th e remainin g letter s fo r  th e Let -
te r  an d Unrepeate d conditions .  A s predicte d b y sublexica l 
models ,  W 2 misreport s i n th e Lette r  conditio n selectivel y 
omitte d th e lette r  share d wit h W l ,  a s compare d t o th e sam e 
lette r  i n th e Unrepeate d condition ,  t{23 )  =  4.0 ,  p  <  .001 ,  eta ' 
= .41 .  Similarly ,  th e uniqu e letter s i n W 2 wer e reporte d a t  a 
highe r  rat e i n th e Lette r  conditio n compare d t o th e sam e 
letter s i n th e Unrepeate d condition ,  r(23 )  =  4.8 ,  p  <  .001 , 
eta '  =  .50 . 

Table 4: Percent Report of Shared vs. Unique Letters in W2 
(Experimen t  1 ) 

Cpnditio n 

Lette r 

Unrepeate d 

Conditio n 

Neighbo r 

Unrepeate d 

%Firs t  < 
lette r 

.1 4 

.7 2 

%share d 
letter s 

.4 4 

.6 5 

%)Remainin g 
letter s 

.9 4 

.5 6 

%las t 
lette r 

1.0 0 

.5 2 

Example s 
Stimulu s Misrepor t 

wi n we p wi n he p 

bay we p ba y wee p 

Example s 
Stimulu s Misrepor t 

noo n noo f  noo n hal f 

dru g noo f  dru g n o 

The botto m hal f  o f  Tabl e 4  show s a  simila r  compariso n 
involvin g th e Neighbo r  an d Unrepeate d conditions .  I n thi s 
case ,  th e Neighbo r  conditio n ha s onl y on e uniqu e letter ,  th e 
las t  letter .  Al l  othe r  letter s ar e shared .  Correspondin g let -
ter s i n th e Unrepeate d conditio n woul d b e th e first  tw o let -
ter s i n th e cas e o f  3-lette r  nonwords ,  an d first  3  letter s i n th e 
cas e o f  4-Iette r  nonwords .  Again ,  th e share d letter s ap -
peare d les s ofte n i n misreport s i n th e Neighbo r  conditio n 
when compare d wit h th e sam e letter s i n th e Unrepeate d 
condition ,  /(25 )  =  2.4 ,  p  <  .05 ,  eta '  =  .19 ,  whil e th e uniqu e 
lette r  wa s selectivel y preserve d i n th e Neighbo r  conditio n i n 
compariso n wit h th e sam e lette r  i n th e Unrepeate d condi -
tion ,  f(8 )  =  2.9 ,  p  <  .02 ,  eta '  =  .51 .  W e ca n als o examin e th e 
for m o f  th e misrepor t  error s i n mor e detail .  Tabl e 5  show s 
percen t  repor t  o f  fou r  erro r  type s a s a  percentag e o f  al l  W 2 
misrepor t  error s fo r  eac h condition :  reportin g a  wor d i n 
plac e o f  th e nonword ,  o r  wor d conversio n (mea t  M E A P — > 
meat  CARP) ;  repor t  o f  anothe r  nonwor d o f  approximatel y 
th e sam e lengt h {jo y J E G — > jo y Z E G ) ;  lette r  strippin g (ho t 
HI X — > ho t  IX) ;  an d repor t  o f  othe r  isolate d letters ,  no t 
lette r  strippin g (dat e RIS P — > dat e "R") . 

Table 5: Misreport Types (Experiment 1) 

Word Other Letter Other 
Conditio n Conversio n Nonwor d Strippin g Letter s 

Neighbor .47 .47 0 .06 

Letter .39 .24 .32 .05 

Unrepeated .52 .39 0 .09 

Most misreports were either word conversions or reports 
of  anothe r  nonword .  Althoug h lette r  strippin g misreport s 

di d occu r  fairl y  frequentl y i n th e Lette r  condition ,  i t  shoul d 
be note d tha t  5 7 % o f  thes e lette r  stripping s als o coul d b e 
classifie d a s wor d conversion s (suc h a s m a d M U P — > m a d 
UP an d bir d B E E L — > bir d EEL) .  Th e erro r  analysi s fro m 
Experimen t  1  i s therefor e consisten t  wit h th e result s o f  ou r 
previou s analysi s usin g wor d stimul i  (Harri s &  Morris , 
1997 )  i n term s o f  bot h th e selectivit y o f  R B (affectin g 
share d bu t  no t  nonshare d letters )  an d misrepor t  typ e (lette r 
strippin g vs .  word-leve l  patter n completion) . 

The overal l  result s o f  Experimen t  1  woul d see m t o b e 
somewhat  ambiguous ,  a s th e erro r  analysi s point s t o a 
sublexica l  locus ,  bu t  th e findin g o f  mor e R B fo r  th e Neigh -
bor  conditio n compare d t o th e Lette r  conditio n i s mor e 
consisten t  wit h a  similarit y inhibitio n model .  However ,  thi s 
experimen t  containe d a  confoun d betwee n th e proportio n o f 
share d letter s betwee n th e Neighbo r  an d Lette r  conditions , 
and th e numbe r  o f  share d letters .  Thi s confoun d ma y ex -
plai n th e ambiguou s results .  Th e simples t  sublexica l  mode l 
assumes tha t  whe n W 2 i s affecte d b y R B ,  al l  share d letter s 
i n tha t  W 2 ar e equall y affected .  O n th e othe r  hand ,  i f  w e 
assume tha t  eac h repeate d lette r  ha s a  separat e probabilit y  o f 
bein g suppresse d b y R B ,  the n w e woul d indee d expec t  mor e 
RB fo r  th e Neighbo r  conditio n tha n fo r  th e Lette r  condition , 
becaus e wit h eac h additiona l  share d letter ,  th e probabilit y  o f 
al l  letter s bein g correctl y perceive d decreases .  I n Experi -
ment  2 ,  w e re-examine d th e questio n o f  word-to-wor d in -
hibitio n vs .  sublexica l  locu s usin g stimul i  whic h share d th e 
same number ,  bu t  differen t  proportions ,  o f  thei r  letter s 
acros s conditions . 

Experiment 2 

Experimen t  2  agai n use d word-nonwor d pair s t o investigat e 
th e locu s o f  th e R B effect .  I n thi s experiment ,  w e hel d th e 
number  o f  share d letter s constan t  acros s item s (i n th e Re -
peate d condition )  bu t  varie d th e proportio n o f  share d letter s 
by varyin g wor d length .  Thi s enable d u s t o manipulat e 
similarit y betwee n W l  an d W 2 an d resulte d i n differen t 
prediction s fo r  similarit y inhibitio n vs .  sublexica l  model s o f 
R B.  Word s an d nonword s suc h a s je t  an d J E G ar e mor e 
simila r  t o eac h othe r  tha n plan e an d P L O S H,  althoug h bot h 
shar e th e sam e numbe r  o f  letters .  Similarit y inhibitio n ac -
count s therefor e predic t  a  greate r  magnitud e o f  R B fo r  je t 
J E G compare d t o plan e P L O S H,  whil e sublexica l  account s 
predic t  simila r  amount s o f  R B . 

A methodologica l  chang e wa s als o introduce d i n Experi -
ment  2 .  I n Experimen t  1 ,  i t  i s  possibl e that ,  wit h n o la g 
separatin g W l  an d W 2 (othe r  tha n th e 15-3 0 msec ,  refres h 
time )  ou r  result s coul d hav e bee n influence d b y visua l  fu -
sion ,  eve n thoug h W l  an d W 2 wer e displaye d i n differen t 
case .  I n orde r  t o eliminat e thi s possibility ,  a  ro w o f  symbol s 
was displaye d fo r  6 0 msec ,  betwee n W l  an d W 2 ,  whic h 
introduce d a  la g o f  approximately .  75-9 0 msec . 

Materials and Procedure 

Subject s wer e 2 0 Bosto n Universit y student s w h o partici -
pate d i n exchang e fo r  cours e credit .  Al l  subject s wer e na -
tiv e Englis h speakers . 

Stimul i  fo r  Experimen t  2  consiste d o f  2 0 word-nonwor d 
pairs ,  wit h tw o differen t  lengths :  thre e letter s an d five  let -
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ters .  Withi n eac h stimulu s typ e ther e wa s als o a  Repeate d 
and Unrepeate d condition .  Fo r  th e Repeate d condition ,  th e 
wor d an d nonwor d share d th e firs t  tw o letters ;  n o letter s 
wer e share d i n th e Unrepeate d condition .  Thus ,  al l  Re -
peate d item s share d th e sam e numbe r  o f  letter s betwee n W l 
and W 2 ,  bu t  th e proportio n o f  letter s share d wa s greate r  fo r 
th e 3-lette r  stimul i  (67% )  tha n fo r  th e 5-lette r  stimul i  (40%) . 
W l ' s wer e agai n matche d fo r  frequenc y betwee n condition s 
and stimulu s types .  Example s o f  stimul i  fo r  Experimen t  2 
ar e show n i n Tabl e 6 . 

Tabl e 6 :  Example s o f  Stimul i  (Experimen t  2 ) 

Conditio n Wl  W2 

3-letter s 

Repeate d 

Unrepeate d 

cu p C U G 

ra w C U G 

Conditio n WL W2 

5-letter s 

Repeate d phon e P H U R L 

Unrepeate d ston e P H U R L 

Stimul i  wer e arrange d i n 5  block s o f  6  trial s each .  Th e 
block s eac h containe d 1  Repeate d an d 1  Unrepeate d 3-lette r 
word-nonwor d pair .  1  Repeate d an d 1  Unrepeate d 5-lette r 
word-nonwor d pair ,  an d tw o filler  U-ial s wit h n o repeate d 
letters .  Thus ,  eac h subjec t  viewe d 5  stimulu s item s o f  eac h 
of  th e fou r  types ,  plu s 1 0 filler  trials .  Stimul i  wer e rotate d 
throug h th e variou s blocks ,  creatin g 1 0 differen t  presenta -
tio n orders .  Th e wor d ( W l )  alway s appeare d i n lowe r  cas e 
letters ,  wit h th e nonwor d ( W 2 )  i n uppe r  case . 

Subject s agai n viewe d 3 0 practic e trial s prio r  t o th e ex -
perimenta l  trials .  Procedur e wa s th e sam e a s i n Experimen t 
1,  excep t  tha t  a  ro w o f  poun d sign s (##### )  wa s displaye d 
fo r  6 0 mse c followin g W l  an d prio r  t o displa y o f  W 2 .  Ex -
posur e duratio n fo r  th e nonwor d ( W 2 )  wa s se t  durin g th e 
practic e trial s a s describe d i n Experimen t  1 ;  duratio n wa s 
hel d constan t  followin g th e practic e trials .  Th e averag e 
exposur e duratio n fo r  W 2 fo r  th e experimenta l  trial s acros s 
th e 2 0 subject s wa s 9 5 msec ,  range  75-13 5 msec . 

Results and Discussion 

Correc t  repor t  o f  W l  average d 9 8 % o r  greate r  i n al l  stimu -
lu s conditions .  Percen t  correc t  repor t  o f  W 2 give n correc t 
repor t  o f  W l  i s show n i n Tabl e 7 .  Analysi s o f  varianc e 
reveale d a  significan t  mai n effec t  o f  repeatednes s i n bot h 
th e subjec t  an d ite m analyses ,  F,(l ,  19 )  =  26.6 ,  p  <  .001 , 
eta '  =  .44 ;  F,(l ,  18 )  =  67.1 ,  p  <  .001 ,  eta '  =  .50 .  Th e mai n 
effec t  o f  lengt h wa s no t  significant ,  f.(l ,  19 )  =  2.3 ,  p  >  .10 , 
eta '  =  .01 ;  F,(l ,  18 )  =  1.5 ,  p  >  .20 ,  eta ^  =  .02 .  W e als o faile d 
t o obtai n a  significan t  interactio n betwee n repeatednes s an d 
length ,  F,(l ,  19 )  =  1.2 ,  p  >  .25 ,  eta '  =  .01 ;  F/ l ,  18 )  =  1.1 , 
p > . 3 0 ,  eta'=.01 . 

Table 7: Percent Correct Report of W2 given Report of Wl 
(Experimen t  2 ) 

Conditio n 

3-letter s 

Repeate d 

Unrepeate d 

mean 

.3 1 

.7 2 

S.E . 

.0 7 

.0 6 

Conditio n 

5-letter s 

Repeate d 

Unrepeate d 

mean 

.2 9 

.6 1 

S,F „ 

.0 6 

.0 6 

Tabl e 8  show s th e percentag e o f  misreport s o f  W 2 rela -
tiv e t o correc t  report s an d omissions ,  collapse d acros s 
stimulu s length .  Misreport s includ e reportin g a  word ,  an -
othe r  nonword ,  o r  individua l  letters . 

Table 8: Percent Correct, Omission, and Misreport of W2 
(Experimen t  2 ) 

Condition Corrggt Omission Misreport 

Repeate d 

Unrepeate d 

.3 0 

.6 7 

.2 4 

.0 9 

.4 6 

.2 4 

As i n Experimen t  1 ,  sublexica l  model s predic t  tha t  i n 
misreports ,  letter s uniqu e t o W 2 wil l  b e reported ,  whil e let -
ter s share d wit h W l  wil l  b e exclude d fro m report .  I n Ex -
perimen t  2 ,  th e first  tw o letter s i n th e Repeate d conditio n 
ar e shared ;  th e remainin g letter s ar e uniqu e t o W 2 .  Tabl e 9 
shows th e percen t  repor t  o f  th e first  2  letter s vs .  th e remain -
in g letter s fo r  th e Repeate d an d Unrepeate d conditions ,  col -
lapse d acros s wor d lengths .  A s predicte d b y sublexica l 
models ,  W 2 misreport s i n th e Repeate d conditio n selec -
tivel y omitte d th e letter s share d wit h W l  a s compare d t o th e 
same letter s i n th e Unrepeate d condition ,  /(17 )  =  6.2 ,  p  < 
.001 ,  eta '  =  .69 .  Also ,  th e uniqu e letter s i n W 2 wer e re -
porte d a t  a  highe r  rat e i n th e Repeate d conditio n compare d 
t o th e sam e letter s i n th e Unrepeate d condition ,  r(17 )  =  2.8 , 
p <  .02 ,  eta '  =  .32 . 

Table 9: Percent Report of Shared vs. Unique Letters in W2 
(Experimen t  2 ) 

%Firs t  %Uniqu e 
Conditio n 2  letter s letter ? 

Repeate d .3 6 .8 0 

Unrepeated .69 .54 

Example s 
Stimulu s Misrepor t 

sweet  swan d swee t  ran d 
m ud m u p m u d wu p 
thic k swan d thic k swam p 
ro w m u p ro w ma t 

Tabl e 1 0 show s percen t  repor t  o f  wor d conversions ,  othe r 
nonwor d report ,  lette r  stripping ,  an d repor t  o f  othe r  letter s 
(non-lette r  stripping )  a s a  percentag e o f  al l  W 2 misrepor t 
error s fo r  eac h condition .  Thi s analysi s show s simila r  re -
sult s t o Experimen t  1 :  som e lette r  strippin g di d occu r  alon g 
wit h th e othe r  misrepor t  types . 

Tabl e 10 :  Misrepor t  Type s (Experimen t  2 ) 

Conditio n 
W o rd 

Convergip n 
Othe r 

Nonwor d 
Lette r 

Strippin g 
Othe r 

Letter s 

Repeate d 

Unrepeated 

.3 9 

.54 

.2 2 

.29 

.1 8 

0 

.2 1 

.17 

Th e result s o f  Experimen t  2  ar e inconsisten t  wit h similar -
it y inhibitio n model s o f  R B :  Eve n thoug h th e 3-lette r 
stimul i  share d a  greate r  proportio n o f  letter s tha n th e 5-lette r 
stimuli ,  the y di d no t  demonstrat e a  greate r  degre e o f  RB . 
The erro r  analysi s i s als o mor e consisten t  wit h a  sublexica l 
model ;  R B appear s t o selectivel y affec t  onl y th e share d let -
ter s betwee n W l  an d W 2 . 
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G e n e r a l  D iscuss io n 

Our  previou s investigation s o f  R B betwee n word s o f 
varyin g orthographi c similarit y (Harri s &  Morris ,  1996 , 
1997 ;  Morri s &  Harris ,  1997 )  hav e suggeste d tha t  R B be -
twee n non-identica l  word s i s no t  a  matte r  o f  similarit y in -
hibition ,  bu t  rathe r  a n emergen t  propert y o f  interaction s a t 
subiexica l  levels .  I n sublexica l  model s o f  R B ,  onl y th e 
share d letter s betwee n word s ar e affected ;  th e nonshare d 
letter s ar e unaffecte d an d availabl e fo r  activatin g words . 
The tw o experiment s presente d i n thi s paper ,  usin g word -
nonwor d pair s a s stimuli ,  provid e additiona l  evidenc e fo r 
th e sublexica l  natur e o f  R B .  I n Experimen t  1 ,  word -
nonwor d pair s sharin g al l  bu t  on e lette r  (Neighbo r  condi -
tion )  showe d greate r  R B tha n word-nonwor d pair s sharin g 
onl y thei r  firs t  letter s (Lette r  condition) .  Thi s resul t  i s  con -
sisten t  wit h sublexica l  model s i f  i t  i s  assume d tha t  eac h 
share d letter ,  o r  lette r  cluster ,  ca n b e differentiall y  affecte d 
by th e mechanis m responsibl e fo r  R B ;  i t  i s  als o consisten t 
wit h prediction s o f  similarit y inhibitio n models .  However , 
i n Experimen t  2 ,  three-lette r  word-nonwor d pair s sharin g 
th e sam e numbe r  o f  thei r  letter s a s five-lette r  word-nonwor d 
pair s faile d t o sho w a  greate r  amoun t  o f  R B ,  i n spit e o f  thei r 
greate r  degre e o f  orthographi c similarity .  Thi s resul t  i s  in -
consisten t  wit h th e prediction s o f  similarit y inhibitio n mod -
els .  Furthermore ,  analysi s o f  subjects '  repor t  error s i n bot h 
experiment s showe d tha t  share d letter s ar e statisticall y les s 
likel y t o appea r  i n misreport s o f  repeate d conditions ,  com -
pare d t o th e sam e letter s i n unrepeate d conditions .  Non -
share d letters ,  o n th e othe r  hand ,  ar e mor e likel y t o appea r 
i n misreport s o f  repeate d condition s tha n ar e thos e sam e 
letter s i n unrepeate d conditions . 

Our  findin g o f  a  sublexica l  locu s fo r  orthographi c R B i s 

als o o f  interes t  i n tha t  i t  contradict s Kanwishe r  an d Potter' s 

assertio n tha t  R B occur s onl y a t  th e leve l  o f  representatio n 

bein g attende d (Kanwishe r  &  Potter ,  1990) .  Althoug h sub -

ject s ar e attendin g t o an d reportin g words ,  R B i s exhibite d 

fo r  letter s withi n thos e words . 

The result s presente d her e ar e consisten t  wit h eithe r  sin -

gl e letter s o r  lette r  cluster s a s th e locu s o f  sublexica l  R B 

effects ;  however ,  elsewhere ,  w e hav e presente d evidenc e i n 

favo r  o f  a  lette r  cluster s vie w (Harri s &  Morris ,  1997) .  W e 

obtaine d greate r  amount s o f  R B betwee n word s sharin g 

thre e consecutiv e letter s {awai t  aware ;  geniu s gender )  tha n 

word s sharin g alternatin g letter s {abov e alone ;  gunme n gen -

der) .  Furthe r  exploratio n o f  th e unit s involve d i n R B wil l 

shed ligh t  o n genera l  processe s i n wor d recognitio n an d 

orthographi c processing .  Thes e i n tur n wil l  infor m large r 

question s abou t  subsymboli c processin g an d th e perceptual -

cognitiv e interface . 
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Abstrac t 

There is now very wide psychological evidence that some 
quantifier s licens e subsequen t  referenc e t o subset s o f  th e 
complemen t  o f  th e se t  normall y ope n t o subsequen t 
reference .  Thi s ha s pose d problem s fo r  som e forma l 
theorie s o f  th e kind s o f  referenc e mad e possibl e b y 
quantifie d sentences .  Thi s pape r  examine s th e 
phenomenon ,  it s  interpretation ,  an d it s  limits .  A 
process-mode l  i s suggested . 

Introduction 

Th e bul k o f  psycholinguisti c researc h int o anaphor a ha s 
bee n concerne d wit h relativel y simpl e case s i n whic h a 
pronou n refers  bac k t o a n individua l  mentione d i n th e tex t 
(e.g. ,  Havilan d &  Clark ,  1974) .  However ,  ther e ar e man y 
mor e comple x case s includin g reference  t o plural s an d sets , 
particularl y wher e th e anapho r  o r  th e anteceden t  expressio n 
i s withi n th e scof) e o f  quantificatio n o r  negation .  Suc h 
case s hav e bee n discusse d i n th e forma l  semantic s literature , 
especiall y b y K a m p an d Reyl e (1993) .  I n th e presen t  pape r 
we shal l  discus s a  phenomeno n highlighte d b y th e researc h 
of  M o x e y an d Sanfor d (1987) ,  i n whic h w e claime d a 
differenc e betwee n th e focu s pattern s induce d b y positive , 
and negativ e (o r  monoton e decreasing )  quantifiers .  Thi s 
discover y ha s bee n problemati c fo r  som e interpretation s o f 
Discours e Representatio n Theor y ( D R T ) ,  an d i n thi s pape r 
we discus s th e interdisciplinar y lesson s tha t  migh t  b e learne d 
fro m researc h o n thi s problem . 

Accordin g t o D R T th e semanti c interpretatio n o f  a  piec e 
of  tex t  i s represente d i n a  Discours e Representatio n Structur e 
( D R S)  whic h i s update d wit h eac h ne w utterance .  A  D R S 
contain s a  se t  o f  discours e referents ,  an d a  se t  o f  condition s 
normall y displaye d a s i n (1 )  whic h represent s th e utteranc e 
Doug love s Carol : 

(1 ) 

Doug (x ) 
Caro l  (y ) 
X love s y 

DRT can explain uses of the plural pronoun where it refers 
t o a  previousl y mentione d se t  (sinc e thi s woul d b e availabl e 
as a  discours e referen t  i n th e D R S ) ,  o r  t o a  se t  whic h ca n b e 
doive d fro m singula r  entitie s alread y mentione d usin g th e 
processe s o f  summatio n an d abstraction ,  whic h allo w u s t o 
refe r  t o Dou g an d Caro l  wit h the y i n th e exampl e above ,  fo r 
instance . 

As w e shal l  illustrat e belo w thi s standar d machiner y 
withi n D R T i s no t  capabl e o f  accountin g fo r  complemen t 
set  anaphora .  Th e thrus t  o f  thi s pape r  i s  tha t  th e 
understandin g o f  th e broa d rang e o f  anaphori c phenomen a 
depend s upo n th e developmen t  o f  a n accoun t  base d o n 
knowledg e base d inference . 

Complement Set Reference 

I n severa l  studies ,  Moxe y an d Sanfor d (1987 ;  1993a ; 
Sanford ,  Moxe y &  Paterson ,  1996 )  hav e show n tha t 
negativ e quantifier s giv e ris e t o diffus e pattern s o f  reference. 
The y presente d subject s wit h quantifie d sentences ,  an d 
invite d the m t o writ e continuatio n sentence s whic h w o e 
heade d b y th e pronou n They .  Th e result s showe d tha t  fo r 
negativ e quantifier s (suc h a s few) ,  a  hig h proportio n o f 
continuation s appeare d t o refer  t o wha t  M o x e y an d Sanfw d 
terme d th e Complemen t  Set .  Th e contras t  i s  betwee n (2 ) 
and (3) : 

(2) A few members of parliament were at the meeting. 
The y talke d abou t  th e Educatio n Bill . 

(3) Few members of parliament were at the meeting. 
The y wer e ou t  wit h thei r  secretarie s instead . 

In (2), They refers to the MPs who were at the meeting, 
whil e i n (3) ,  i t  appear s t o refe r  t o thos e M P s w h o wer e no t 
at  th e meeting .  Subject s report s o f  intende d reference 
supporte d thi s interpretation .  I n exampl e (2 )  wher e The y 
refer s t o th e subse t  o f  M P s w h o wer e a t  th e meeting ,  Moxe y 
and colleague s us e th e ter m referenc e subse t  o r  refset , 
whil e i n (3 )  The y refer s t o th e complemen t  subse t  o r 
C o m p s e t . 

Th e result s o f  th e studie s b y M o x e y an d he r  colleague s 
hav e a  numbe r  o f  principa l  features .  First ,  positiv e 
quantifier s giv e ris e t o th e compse t  patter n onl y ver y rarely . 
I n contrast ,  negativ e quantifier s giv e rise  t o a  mixtur e o f 
compse t  continuation s an d refse t  continuations .  Thu s th e 
reference  patter n fo r  negative s i s mor e diffuse .  Th e secon d 
featur e i s tha t  th e incidenc e o f  compse t  reference  i s  increase d 
by th e us e o f  th e connectiv e because ,  a s i n (4) : 

(4) Few members of Parliament were at the meeting 
becaus e the y 

Thirdly,  compset references occur with negative quantifiers 
whic h denot e a  ful l  rang e o f  possibl e proportions .  Thu s 
the y ar e jus t  a s prevalen t  a  respons e t o sentence s includin g 
Not  quit e al l  X  a s the y ar e t o thos e includin g Hardl y an y X . 
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Finally ,  ther e ar e n o systemati c (reliable )  difference s i n th e 
incidenc e o f  apparen t  compse t  reference  a s a  functio n o f 
proportion s denote d b y quantifiers :  A n illustrativ e sampl e i s 
shown i n Tabl e 1 ,  (take n fro m Sanfor d e t  al. ,  1996) . 

Table 1: Proportions of reference types for quantifiers 
denotin g varyin g proportions . 

Quantifie r 
A fe w 
Mor e tha n hal f 
nearl y al l 

Few 
Les s tha n hal f 
Not  quit e al l 

refse t 
1. 0 
.9 0 
.9 7 

.2 7 

.2 5 

.1 3 

compse t 
0 
0 
0 

.6 7 

.6 4 

.6 3 

othe n 
0 

.0 1 

.0 3 

.0 6 

.1 1 

.2 4 

C o m p l e m e n t  Set s i n F o r m a l  A n a l y s e s 

Formal  approache s relatin g quantificatio n t o anaphor a rang e 
fro m Discours e Representatio n Theor y (DRT ;  K a m p & 
Reyle ,  1993 )  throug h t o th e semantic s o f  quantifier s pe r  se . 
Withi n D R T ,  onl y superset s an d explicitl y  introduce d 
subset s (correspondin g t o th e Refset )  ca n occu r  a s discours e 
antecedents ,  thi s bein g sufficien t  fo r  a  truth-functiona l 
semanti c account s o f  quantifier s (e.g. ,  Corblin ,  1997 ; 
Guerts ,  i n press ;  Percus ,  Gibso n &  Tunstall ,  1997) .  Ther e 
i s n o operatio n correspondin g t o set-subtractio n i n whic h th e 
Superse t  minu s th e Referenc e se t  come s t o b e represented . 
Historically ,  th e empirica l  suppor t  i n favou r  o f  thi s come s 
fro m th e well-know n "marbles "  example ,  wher e th e us e o f 
They i n (5 )  i s  infelicitous .  However ,  Eigh t  o f  th e te n i s no t 
negative ,  s o th e exampl e doe s no t  conflic t  wit h ou r  o w n 
claims : 

(5) Eight of the ten marbles are in the bag. They are 
unde r  th e sofa . 

The apparent conflict between the original Moxey and 
Sanfor d observation s an d thi s interpretatio n o f  D R T ha s 
give n ris e t o a  numbe r  o f  reactions .  O n e i s t o den y th e 
existenc e o f  Complemen t  Se t  referenc e a s a  reality .  I t  i s 
perfectl y wel l  accepte d tha t  ther e i s a  mor e diffus e patter n o f 
referenc e wit h negativ e quantifiers ,  bu t  no t  tha t  ther e i s 
compset  reference .  Thu s Corbli n (1997 )  ha s claime d tha t 
what  appear s t o b e compse t  referenc e m a y b e reference  t o a 
set  i n general .  Fo r  instance ,  give n (3) ,  i t  m a y simpl y b e th e 
cas e tha t  i n general ,  M P s wer e ou t  wit h thei r  secretaries . 
However ,  w e hav e argue d i n Sanfor d e t  al .  (1996 )  tha t  eve n 
i f  thi s ma y b e tru e i n som e instances ,  i t  canno t  b e tru e i n 
general ,  a s show n b y th e occurrenc e o f  case s lik e (6 )  i n th e 
data : 

(6) Not quite all of the fans went to the game. They 
watche d i t  o n T V instead . 

Here what is true of the compset cannot be true of the fans 
i n genera l  (sinc e the y canno t  b e sai d t o b e generall y 
watchin g i t  o n T V instead) .  I n addition ,  M o x e y an d he r 
colleague s alway s gav e subject s th e chanc e t o choos e th e 

superse t  i n genera l  a s thei r  "intende d referent" ,  an d thi s 
categor y wa s rarel y used . 

A mor e sophisticate d versio n o f  th e generalisatio n 
argumen t  ha s bee n pu t  forwar d b y Percu s e t  al .  (1997 )  an d 

Guert s (i n press )  an d i s restricte d t o th e treatmen t  o f 
predicate s whic h ca n tak e a  collectiv e reading ,  a s i n (7) : 

(7) Not quite all of the cows gave milk. Their 
unproductivit y wa s a  ba d omen . 

Since unproductivity is a property of the herd as a whole, it 
i s no t  necessar y fo r  al l  o r  eve n mos t  o f  th e cow s t o b e 
unproductiv e fo r  th e her d t o b e unproductive .  I f  onl y 1 0 % 
of  th e cow s produce d n o milk ,  th e her d coul d stil l  b e deeme d 
unproductive .  Again ,  whil e thi s m a y accoun t  fo r  som e 
instance s o f  possibl e compse t  reference ,  i t  canno t  accoun t 
fo r  compse t  referenc e i n general ,  a s evidence d b y (6) ,  fo r 
instance .  Th e fac t  tha t  subject s seldo m checke d th e Set-in -
genera l  optio n a s thei r  intende d referen t  applie s her e also . 
We conclud e tha t  compse t  referenc e canno t  b e dismisse d i n 
thi s way ,  an d s o canno t  b e accommodate d withi n th e D R T 
( K a m p &  Reyle ,  1993 )  framework . 

Othe r  semanticist s (Kibble ,  1997 ;  Devlin ,  1997 )  hav e 
accepte d compse t  referenc e a s a  reality ,  an d hav e trie d t o 
explai n i t  wit h mino r  alteration s t o existin g frameworks . 
Devli n suggest s th e introductio n o f  a  ne w rul e int o D R T , 
Distraction .  Thi s work s i n a  simila r  wa y t o abstraction ,  bu t 
i s base d o n th e negatio n o f  th e predicat e i n th e quantifie d 
statement ,  rathe r  tha n o n th e predicat e itsel f  Afte r  a 
sentenc e lik e F e w o f  th e childre n left ,  Distractio n ca n b e 
applie d t o yiel d th e se t  o f  childre n w h o di d no t  leave ,  whic h 
i s a  straightforwar d negatio n o f  th e predicate .  Thi s i s a 
simpl e manoeuvr e admittin g a  complemen t  se t  t o th e grou p 
of  possibl e discours e entities . 

Kibbl e (1997 )  take s a  differen t  approach ,  takin g u p va n 
den Berg' s (1996 )  proposa l  tha t  monoton e decreasin g 
quantifier s ca n b e modelle d a s negation s o f  monoton e 
increasin g ones .  H e consider s th e possibilit y  tha t  an y on e 
monoton e decreasin g quantifie r  m a y hav e mor e tha n on e 
monoton e increasin g quantifie r  a s it s  counterpart .  Kibbl e 
point s t o wor k b y Zwart s (1996 )  o n th e relationshi p 
betwee n sentenc e negatio n an d predicat e negation .  Thu s fo r 
exampl e th e complemen t  o f  a  quantifie r  (-Q )  i s th e opposit e 
of  th e quantifie r  itself ;  les s tha n 2 0 % become s 2 0 % o r 
more ,  an d no t  al l  become s all .  Thi s relate s t o Kibble' s 
externa l  negation ,  accordin g t o whic h (8 )  translate s t o (8') . 
Th e contradua l  (Q- )  i s  th e par t  o f  th e overal l  se t  no t  denote d 
by th e quantifier .  Fo r  example ,  les s tha n 2 0 % become s 
8 0 % o r  more ,  no t  al l  become s some ,  an d s o on .  Wit h thi s 
interna l  negation ,  (8 )  translate s t o (8") : 

(8) Few of the MPS were at the meeting. 

(8') It is not the case that the set of MPs who came to 
th e meetin g wa s a  se t  o f  -fe w o f  th e M P s (wher e 
-fe w i s th e externa l  negatio n o f  few) . 

(8")Th e se t  o f  M P s w h o di d no t  c o m e t o th e meetin g 
was a  se t  few -  o f  th e M P s (wher e few -  i s th e 
interna l  negatio n o f  few) . 

735 



Kibbl e argue s tha t  interna l  an d externa l  negatio n resul t  i n 
statement s whic h hav e th e sam e trut h conditions ,  bu t  whic h 
lea d t o differen t  possibilitie s fo r  anaphori c reference .  Thu s 

externa l  negatio n (8' )  migh t  b e followe d b y a  pronou n 
referrin g t o th e refse t  o r  t o th e se t  o f  M P s generally ;  interna l 
negatio n (8" )  migh t  b e followe d b y a  pronou n referrin g t o 

th e se t  o f  M P s generall y o r  t o th e compset .  Dependin g o n 
th e typ e o f  negatio n interprete d fro m (8 )  i t  i s  therefor e 
possibl e t o refe r  t o th e refset ,  th e compset ,  o r  th e se t 
generall y wit h a  simpl e plura l  pronoun . 

Problems 

I n ou r  vie w ther e ar e tw o basi c problem s fo r  th e forma l 
account s outline d above .  Th e first  i s  tha t  the y rel y o n th e 
ide a tha t  th e plura l  pronou n the y ca n refe r  t o th e compse t 
wher e th e compse t  i s th e overal l  se t  minu s th e refset .  I n 
fac t  ther e ar e man y mor e possibilities : 

(9) Few football fans were at the match. They had 
bee n playin g reall y badl y recently ,  (on e o f  ou r 
subject s completion s from  th e stud y reporte d i n 
1987) . 

(10) Few carol singers came to my door last night. 
The y wer e al l  doubl e glazin g salesmen . 

In (9) They refers to the football team supported by the fans 
(accordin g t o ou r  subject) ,  a  referen t  clearl y accessibl e from 
th e scenari o bu t  no t  fto m th e set s mentione d i n th e text .  I n 
(10 )  The y refer s t o th e se t  o f  peopl e w h o cam e t o m y doo r 
w ho wer e no t  caro l  singers .  I n orde r  t o acces s thi s se t  w e 
hav e t o mak e us e o f  th e knowledg e tha t  caro l  singer s ar e a 
subse t  o f  a  se t  whic h cam e t o m y door .  A s wit h (9 )  thi s 
involve s specifi c  worl d knowledge . 

Eve n i f  w e ignor e case s suc h a s (9 )  an d (10 )  wher e th e 
pronou n refer s t o a  se t  no t  directl y relate d t o th e initia l  nou n 
phrase ,  ther e ar e stil l  problem s wit h th e ide a tha t  th e 
compse t  i s th e overal l  se t  minu s th e refset .  On e restrictio n 
whic h Kibbl e place s o n interna l  negatio n i s tha t  i t  ca n onl y 
be calculate d fo r  proportiona l  quantifier s an d no t  numeri c 
one s suc h a s les s tha n 5 .  Thi s i s becaus e fo r  hi s forma l 
definitio n t o wor k w e mus t  b e abl e t o calculat e th e valu e o f 
th e overal l  se t  minu s th e refset .  I n th e experimen t  whic h w e 
repor t  i n th e nex t  sectio n w e teste d th e hypothesi s tha t 
subject s woul d produc e mor e compse t  reference s afte r  a 
proportiona l  quantifier ,  suc h a s les s tha n 5 % tha n afte r  th e 
equivalen t  numeri c one ,  les s tha n 5 .  Th e experimen t 
include d th e expression s les s tha n 5  an d fewe r  tha n 5  bot h o f 
whic h ar e considere d b y Kibbl e (1997 )  t o rul e ou t  compse t 
reference. 

A secon d proble m fo r  th e forma l  account s abov e i s tha t 
ther e ar e man y factors ,  linguisti c an d non-linguisti c whic h 
appea r  t o influenc e th e exten t  t o whic h subject s produc e 
compse t  continuations .  Kibble' s analysi s specifie s tha t 
thos e quantifier s whic h licens e compset s ar e monoton e 
decreasing ,  whil e Devli n suggest s tha t  i t  wil l  follo w from 
quantifier s whic h ar e negative :  indeed ,  sh e eve n suggest s tha t 
i t  i s  negativit y an d no t  th e propert y monoton e decreasin g 
whic h license s compse t  reference . 

As w e hav e show n (e.g. ,  tabl e 1) ,  compse t  referenc e i s no t 
th e inevitabl e outcom e o f  eithe r  negativ e o r  monoton e 
decreasin g quantifiers ;  sometime s refse t  reference s occur , 

althoug h ther e i s scan t  evidenc e fo r  compset s eve r  occurrin g 
wit h positive ,  monoton e increasin g quantifier s (e.g .  Moxe y 
& Sanford ,  1987) .  Althoug h Kibbl e propose s a  mean s b y 

whic h th e variou s subset s migh t  b e accessibl e fo r  anaphori c 
reference,  h e doe s no t  explai n wh y on e quantifie r  lead s t o 
one typ e o f  reference  mor e frequently  tha n another .  I n th e 
followin g experimen t  w e compare d th e expression s liste d i n 
tabl e 2  fo r  compse t  continuations .  W e wil l  thu s compar e 
absolut e versu s proportiona l  quantifier s an d larg e versu s 
smal l  quantifier s (sinc e th e siz e o f  th e subse t  indicate d b y 
th e quantifie r  i s  know n t o hav e som e influenc e th e frequency 
of  compse t  reference) .  Th e basi c expression s use d i n th e 
experimen t  wer e A t  most ,  N o mor e than ,  les s tha n an d fewe r 
than .  A t  mos t  wa s include d a s Kibbl e (1997 )  ha s argue d 
tha t  i t  ma y b e a n exampl e o f  a  monoton e decreasin g 
quantifie r  whic h doe s no t  lea d t o focu s o n th e compse t  i.e .  a 
proble m fo r  Kibble' s o w n account .  Les s tha n an d fewe r 
tha n wer e include d t o provid e a  baselinea s wel l  a s t o allo w a 
tes t  o f  whethe r  absolut e number s produc e compse t 
references. 

Experiment 

M e t h o d 

Subject s wer e 25 7 undergraduate s a t  th e Universit y o f 
Glasgo w w h o volunteere d t o complet e th e sentences. '  Eac h 
subjec t  complete d onl y 1  sentenc e s o tha t  the y woul d b e 
unawar e o f  th e variable s bein g manipulated .  Subject s wer e 
aske d t o complet e on e o f  th e followin g sentences ,  wher e Q 
was on e o f  th e 1 6 quantifier s liste d i n tabl e 2 : 

Q guests dressed up for the party 

or 

Q student s attende d th e rally . 

Approximately 15 subjects were presented with each 
quantifier .  Thes e particula r  sentence s wer e chose n becaus e 
the y wer e considere d t o b e neutra l  wit h respec t  t o th e 
number  o f  guest s o r  student s on e woul d expec t  t o dres s u p 
or  t o attend . 

As wit h previou s studie s subject s wer e invite d t o tur n th e 
pag e afte r  completin g thei r  sentence .  The y wer e the n aske d 
t o indicat e th e referen t  o f  th e plura l  pronou n from  thei r 
sentenc e b y circlin g on e o f  th e following : 

(i) the guests who dressed up for the party (or the 
student s w h o attende d th e rally) . 

(ii )  th e guest s w h o di d no t  dres s u p fo r  th e part y (o r  th e 
student s w h o di d no t  atten d th e rally) . 

(iii )  th e guest s (o r  students )  i n genera l 
(iv )  othe r 

'We woul d lik e t o than k Katharin e Youn g an d Mitchel l  T . 
Well s wh o conducte d thi s experimen t  unde r  th e supervisio n o f 
th e first  author . 
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Clearl y  (i )  correspond s t o th e refset ;  (ii )  correspond s t o th e 
compset ;  an d (iii )  coiresprand s t o th e se t  i n general .  I f  (iv ) 
was circle d th e subjec t  wa s aske d t o specif y wha t  The y 
refoie d t o i n thei r  sentence .  T w o independen t  judge s 
categorise d sentence s a s above .  Wher e th e judge s di d no t 
agre e tha t  th e subject s us e o f  th e pronou n wa s consisten t 
wit h th e categor y th e subjec t  ha d circled ,  th e sentenc e wa s 
place d i n th e "other "  category . 

Results 

The result s ar e show n i n tabl e 2 . 

Table 2 - The percentage of subjects who completed 
sentence s wit h plura l  pronoun s referrin g t o th e 
compse t  i.e .  categor y (ii )  completion s 

Expressio n 

At  mos t  5 % 

At  mos t  8 0 % 

At  mos t  1/ 4 

At  mos t  3/ 4 

No mor e tha n 5 % 

No mor e tha n 8 0 % 

No mor e tha n 5 

No mor e tha n 8 0 

les s tha n 5 % 

les s tha n 8 0 % 

les s tha n 5 

les s tha n 8 0 

fewe r  tha n 5 % 

fewe r  tha n 8 0 % 

fewe r  tha n 5 

fewe r  tha n 8 0 

% Compse t 

18% 
0% 
5% 
0% 
54 % 
27 % 
50 % 
23 % 
45 % 
60 % 
25 % 
35 % 
50 % 
50 % 
36% 
50 % 

% othe r 

82 % 
100% 
95 % 
100% 
46 % 
73 % 
50 % 
77 % 
55 % 
40 % 
75 % 
65 % 
50 % 
50 % 
64 % 
50 % 

Give n th e variatio n eviden t  i n tabl e 2  i t  wa s clea r  tha t  a t 
leas t  tw o factor s influence d ou r  data .  Chi-squar e 
comparison s carrie d ou t  o n th e frequency  o f  compse t 
continuation s revea l  a t  mos t  wa s followe d b y significantl y 
fewe r  compse t  reference s tha n th e other s (x^=37.32 ,  d.f. = 3 , 
p«.001 )  -  thoug h w e shoul d not e tha t  ther e wer e som e 
compset  reference s afte r  a t  mos t  5 % an d a t  mos t  1/4 . 
Proportion s ar e mor e frequently  followe d b y a  compse t 
referenc e compare d t o absolut e number s (x^=4.58 ,  d.f. = 1 , 
p<.05) .  Althoug h th e differenc e betwee n hig h an d lo w 
denotin g expression s wa s no t  significan t  i n thi s study ,  th e 
differenc e i s i n th e expecte d directio n an d previou s studie s 
hav e show n tha t  thi s ca n b e a  facto r  (se e M o x e y an d Sanfor d 
1993a) . 

Conclusion and Discussion 

Our  result s indicat e tha t  a t  mos t  lead s t o fewe r  compse t 
reference s tha n th e othe r  quantifiers .  Indee d th e onl y tw o 
expression s whic h di d no t  lea d t o an y compse t  references 
wer e a t  mos t  8 0 % an d a t  mos t  3/4 .  Th e othe r  expression s 
le d t o compse t  reference s betwee n 5 % an d 6 0 % o f  th e time . 
However  Kibble' s (1997 )  conjectur e tha t  a t  mos t  woul d no t 
lea d t o compse t  referenc e a t  al l  i s simpl y no t  correct . 

I t  i s als o clea r  tha t  ther e ar e mor e compse t  reference s whe n 
th e quantifie r  i s  proportiona l  rathe r  tha n numeric . 
Nevertheles s 2 4 % o f  subjec t  continuation s afte r  numeri c 
quantifier s referred  t o th e compset .  Give n tha t  fo r  Kibbl e 
compse t  reference  i s onl y possibl e throug h interna l 
negatio n a s i n (8" )  thi s dat a present s a  problem . 

Whil e Kibble' s definition s o f  externa l  an d interna l 
negatio n d o allo w fo r  som e variatio n i n wha t  i s referre d t o 
usin g a  plura l  pronou n afte r  quantifie d statements ,  hi s 
accoun t  doe s no t  explai n w h y on e negativ e expressio n 
cause s greate r  focu s o n th e compse t  tha n othe r  negativ e 
quantifiers .  No r  doe s i t  explai n w h y th e sam e negativ e 
quantifie r  i s mor e likel y t o lea d t o focu s o n th e compse t  i n 
one situatio n tha n another .  Fo r  example ,  M o x e y an d 
Sanfor d (1987 )  showe d tha t  connective s followin g quantifie d 
statement s ha d a n impac t  o n th e incidenc e o f  complemen t 
sets . 

Dowt y (1994 )  ha s take n a  rathe r  differen t  approac h from 
othe r  forma l  thinkers ,  arguin g tha t  onl y positiv e quantifier s 
allo w anaphora ,  an d tha t  monoton e decreasin g quantifier s d o 
not  licens e anaphor a a t  all ;  compse t  referenc e i s i n Dowty' s 
vie w a  pragmati c phenomenon ,  i n whic h a  se t  i s  generate d 
t o accommodat e a  compse t  o n th e basi s o f  pragmatics .  Th e 
exac t  mean s b y whic h thi s migh t  occu r  i s lef t  open . 
Nevertheles s i t  i s ou r  o w n vie w tha t  pragmati c informatio n 
i s crucia l  t o th e understandin g o f  thi s typ e o f  anaphor a 
resolution .  Pragmati c informatio n m a y explai n difference s 
i n th e incidenc e o f  compse t  referenc e betwee n compse t 
licensin g quantifier s an d betwee n interpretation s o f  th e sam e 
quantifie r  i n differen t  situations ,  an d i t  i s  wit h thi s i n min d 
tha t  th e accoun t  outline d i n th e followin g sectio n wa s 
developed . 

An Inference based account 

We propos e tha t  whe n sentence s ar e interprete d a s part s o f 
discourse ,  the y initiall y  se t  u p pattern s o f  inferenc e whic h 
the n giv e rise  t o set s whic h m a y b e referre d to .  I n th e 
presen t  case ,  thi s ca n b e illustrate d wit h negativ e quantifiers . 
I t  i s recognise d tha t  negative s asser t  denial s o f  supposition s 
(Clark ,  1976) ,  an d M o x e y an d Sanfor d (1993b )  showe d tha t 
negativ e quantifier s d o indee d appea r  t o den y a n expectation . 
For  example ,  no t  m a n y wa s show n t o generat e th e 
expectatio n tha t  mor e migh t  wel l  b e considere d reasonable , 
but  tha t  thi s wa s simpl y no t  th e case .  I n term s o f  th e 
patter n o f  inference s whic h i s generate d b y a  negativ e 
quantifier ,  w e propos e tha t  th e processo r  i s se t  t o determin e 
w hy th e expectatio n wa s no t  met .  Fo r  instance ,  give n 
sentenc e (11 )  th e processo r  generate s a n implici t  questio n o f 
w hy s o fe w fan s went : 

(11) not many fans went to the match. 

In a continuation task, a subject writing a continuation to 
(11 )  migh t  wel l  writ e abou t  wha t  i t  wa s tha t  affecte d th e 
fan s suc h tha t  the y di d no t  atten d th e match .  Give n 
whateve r  reaso n o r  se t  o f  reason s th e subjec t  come s u p with , 
focu s m a y o r  m a y no t  b e o n th e se t  o f  fan s w h o wer e no t 
there .  Th e plura l  pronou n simpl y refer s t o a  se t  o f  entitie s 
i n focus . 
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W h en interpretin g tex t  produce d b y others ,  peopl e expec t 
t o hea r  abou t  certai n thing s give n tha t  certai n other s hav e 
bee n introduced .  Thu s i f  I  hea r  tha t  no t  man y o f  th e fan s 
wer e a t  th e match ,  I  expec t  t o b e give n a  reason ,  o r  perhap s 
a consequenc e fo r  thi s sa d stat e o f  affairs .  Al l  sort s o f 
possibl e reasons ,  consequences ,  etc .  migh t  c o m e t o min d 
and th e mos t  likel y referen t  fo r  a  plura l  pronou n wil l  b e th e 
on e mos t  associate d wit h thes e reason s o r  consequences . 

Dat a whic h w e hav e collecte d i n on-lin e studie s support s 
thi s vie w (Paterson ,  Sanford ,  M o x e y ,  an d Dawydiak ,  i n 
press) .  Tha t  is ,  whil e pronoun s followin g positiv e 
quantifier s ar e processe d mor e quickl y tha n thos e followin g 
negativ e quantifiers ,  mismatche s ar e mor e ofte n notice d an d 
notice d soone r  whe n the y follo w a  positiv e quantifier .  Afte r 
a positiv e quantifie d statemen t  th e reasons ,  consequence s o r 
likel y nex t  statement s al l  concer n th e refset .  Th e refse t  i s 
therefor e ver y likel y t o b e th e referen t  o f  an y plura l  pronou n 
whic h come s up ,  an d th e pronou n wil l  b e resolve d ver y 
quickly .  I f  i t  turn s ou t  tha t  th e pronou n doe s no t  mak e 
sens e whe n use d t o refer  t o th e refse t  a s i n (12) ,  the n th e 
processo r  run s int o trouble : 

(12) A few of the MPs attended the meeting. Their 
absenc e helpe d th e meetin g ru n smoothly . 

After a negative quantified statement the reasons, 
consequence s an d s o o n ar e m u c h mor e diffiise .  Ther e m a y 
be severa l  potentia l  set s o f  peopl e o r  thing s involved .  I f 
ther e ar e m a n y reason s involvin g on e particula r  se t  (e.g .  th e 
compset )  the n thi s wil l  b e a  preferre d referen t  fo r  a  pronoun , 
but  i t  i s  m u c h mor e likel y tha t  th e processo r  wil l  hol d of f 
o n an y definit e resolutio n unti l  th e predicat e o f  th e secon d 
sentenc e i s processed .  Fo r  thi s reaso n th e processo r  wil l  b e 
slowe r  t o realis e w h e n th e pronou n doe s no t  refe r  t o th e 
compse t  eve n i n a  situatio n wher e compse t  continuation s ar e 
normall y produce d b y subjects . 

Our  vie w i s als o consisten t  wit h th e finding  tha t  th e sam e 
quantifie r  ca n var y fro m on e situatio n t o th e othe r  wit h 
respec t  t o th e numbe r  o f  compse t  references  i t  generates . 
Thu s w e woul d argu e tha t  althoug h (13 )  belo w migh t  lea d 
peopl e t o focu s o n reason s w h y th e fan s di d no t  g o t o th e 
match ,  an d (14 )  migh t  lea d the m t o focu s o n w h y th e 
childre n di d no t  ea t  thei r  ice-cream ,  th e kind s o f  inferenc e 
whic h becom e availabl e i n th e interpreter s hea d wil l  no t  b e 
th e sam e i n eac h case .  Thu s whil e (13 )  i n on e stud y 
produce d aroun g 6 0 % compse t  continuations ,  (14 )  produce d 
ove r  9 0 % (Moxe y an d Sanford ,  1993a) .  Perhap s al l  th e 
reason s tha t  subject s ca n thin k o f  w h y childre n d o no t  ea t 
ice-crea m involv e th e se t  o f  childre n w h o di d no t  ea t  it. ^ 
Give n th e expectatio n tha t  childre n d o ea t  ice-crea m i t  woul d 
be har d t o c o m e u p wit h a  reaso n fo r  no t  eatin g i t  i n term s 
of  thos e w h o di d (the y wer e determine d t o ea t  it?) .  O n th e 
othe r  han d w e d o no t  hav e stron g expectation s abou t 
attendanc e a t  a  footbal l  matc h sinc e w e don' t  k n o w i f  th e 
tea m i s popula r  o r  i f  th e matc h i s a n importan t  one .  Th e 

'  I n fac t  i t  i s  quit e likel y tha t  i f  th e subject s ha d no t  bee n 
force d t o continu e afte r  th e plura l  pronou n the y woul d hav e 
continue d wit h "I t  wa s yucky "  sinc e thi s migh t  b e a  c o m m o n 
reaso n fo r  no t  eatin g ice-cream . 

violatio n indicate d b y th e quantifie r  i s  m u c h les s convincin g 
and peopl e ma y focu s o n inference s whic h ar e no t  reason s 
but  consequences ,  fo r  exampl e o f  th e smal l  numbe r 
attending .  Thi s mean s tha t  ther e i s mor e tha n on e se t 

availabl e fo r  referenc e an d ther e m a y b e fewe r  compse t 
continuations . 

(13) Few fans were at the match. They... 
(14 )  F e w childre n at e thei r  ice-cream .  They.. . 

All monotone decreasing expressions make assertions 
whic h coul d b e considere d denial s o f  possibl e state s o f 
affairs .  So ,  i f  w e hea r  tha t  n o mor e tha n 1 0 fan s wen t  t o th e 
match ,  par t  o f  th e patter n o f  inferenc e generate d migh t  b e th e 
implici t  questio n o f  w h y no t  mor e tha n 1 0 went .  However , 
additiona l  question s m a y wel l  b e generated .  Fo r  example , 
w hy woul d a  speake r  selec t  10 ,  w h y no t  simpl y sa y hardl y 
an y fan s instead ? Followin g thi s lin e o f  reasonin g w e 
sugges t  tha t  althoug h monoton e decreasin g expression s lea d 
t o denials ,  th e exac t  wa y i n whic h the y ar e worde d i s no t 
incidental ,  an d m a y wel l  produc e differen t  pattern s o f 
inference .  W e propos e tha t  th e stronges t  trigger s o f  denia l 
ar e explici t  negative s an d thes e wil l  lea d t o th e highes t 
incidenc e o f  compse t  reference . 

A n analysi s o f  th e conten t  o f  th e continuation s associate d 
wit h complemen t  se t  referenc e show s mos t  o f  the m t o b e 
explanation s o f  denial s o f  expectation .  Not e howeve r  tha t 
ther e i s nothin g i n ou r  accoun t  whic h mean s tha t  compse t 
references  ar e dependen t  upo n thi s typ e o f  continuation . 
Indee d w e hav e als o foun d compse t  reference s i n situation s 
wher e n o explanatio n i s m a d e b y th e subject : 

(15) Few of the children hated Santa Claus. They left 
hi m plent y o f  mil k an d cookies . 

In (15) no norm has been violated (we do not expect children 
t o hat e Sant a Claus) ,  an d s o a n explanatio n i s no t  i n order . 
Nevertheles s th e continuatio n concern s thos e childre n wh o 
do no t  hat e Sant a Clau s -  a  consequenc e o f  thei r  likin g fo r 
him .  I n thi s situatio n a  reaso n fo r  violatio n i s likel y t o b e a 
reaso n w h y thos e w h o hat e Sant a hat e hi m (i.e .  th e refset) . 

I t  i s  als o clea r  fro m ou r  dat a tha t  quantifier s lea d subject s 
t o focu s o n th e compse t  t o differen t  extent s regardles s o f  th e 
situation .  Hardl y an y lead s t o mor e compse t  continuation s 
tha n fe w fo r  example .  I n ou r  vie w thi s i s becaus e ead i 
quantifie r  lead s u s t o m a k e a  slightl y differen t  se t  o f 
inference s b y markin g th e informatio n conveye d b y th e 
quantifie d statemen t  i n a  slightl y differen t  way .  W e woul d 
predic t  tha t  th e degre e t o whic h som e quantifier s constrai n 
our  thought s abou t  wha t  wil l  b e sai d nex t  varies . 

Thu s w e woul d argu e tha t  th e compse t  phenomeno n i s a 
sid e effec t  o f  th e inference s whic h w e ar e le d t o focu s o n a s 
we proces s text .  W e woul d furthe r  predic t  tha t  sinc e thi s i s 
th e cas e th e contex t  o f  a  positiv e quantifie d statemen t  coul d 
possibl y lea d t o compse t  reference .  W e observe d on e cas e 
fro m a  recen t  experimen t  (unpublishe d data )  wher e subject s 
wer e tol d tha t  th e tex t  concerne d nursin g staf f  a t  a  Geriatri c 
hospital : 
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(16 )  O f  th e 40 0 nursin g staf f  employe d a t  th e hospital ,  a 
fe w nurse s appea r  t o lik e children .  The y see m mor e relaxed 
wit h olde r  people . 

Our subject checked the compset category as the referent for 
They .  Sinc e w e wer e deliberatel y tryin g t o elici t  compse t 
references ,  w e fel t  tha t  subject s migh t  misrea d a  fe w as/e w , 
and s o afte r  checkin g th e referen t  fo r  The y subject s wer e 
invite d t o tur n th e page .  Withou t  lookin g bac k the y wer e 
aske d t o stat e whic h o f  th e followin g expression s ha d 
speare d i n th e sentenc e the y ha d completed ;  a  few ,  few , 
onl y a  few ,  no t  man y o r  hardl y any .  A  previou s stud y o n 
memory fo r  quantifier s indicate s tha t  subject s ar e likel y t o 
confus e positiv e quantifier s wit h othe r  positiv e quantifier s 
and negativ e quantifier s wit h othe r  negativ e quantifiers . 
Hence i f  ou r  subjec t  ha d misrea d th e quantifie r  a s a  negativ e 
quantifie r  h e o r  sh e shoul d chec k an y bu t  th e firs t  o f  th e 
quantifier s listed .  Ou r  subjec t  circle d a  few ,  indicatin g tha t 
th e quantifie r  i n th e firs t  statemen t  ha d bee n rea d correcd y . 
Aldioug h thi s wa s jus t  on e subjec t  ou t  o f  2 0 (th e othe r  al l 
produce d refse t  o r  genera l  continuations )  w e woul d argu e tha t 
i t  support s ou r  argument .  Complemen t  se t  reference  t o 
positive s doe s occur ,  bu t  ca n onl y b e explaine d i n term s o f 
pragmatics . 

Conclusion 

The demonstratio n o f  compse t  referenc e license d b y 
monoton e decreasin g quantifier s ha s bee n considere d a 
proble m fo r  som e forma l  account s o f  anaphora ,  suc h a s 
Discours e Representatio n Theory .  On e respons e ha s bee n t o 
clai m tha t  compse t  referenc e doe s no t  occur ,  rathe r  wha t 
appear s t o b e compse t  reference  i s reall y a  reference  t o th e 
set  i n general .  Thi s approac h doe s no t  explai n th e ful l  rang e 
of  sentenc e type s generate d i n continuatio n task s however . 
Some formalists ,  notabl y Kibbl e (1997 )  an d Devli n (1997 ) 
have accepte d th e phenomeno n a s rea l  an d hav e attempte d t o 
develo p way s i n whic h complemen t  set s ma y becom e 
availabl e withi n th e machiner y o f  th e semanti c analysi s o f 
quantifiers ,  an d D R T respectively . 

Whil e thes e treatment s ar e concerne d wit h way s o f 
representin g th e possibilit y  o f  compsets ,  the y d o no t  explai n 
why th e incidenc e o f  compse t  reference s varie s widel y wit h 
quantifie r  types ,  whe n thos e quantifier s ar e monoton e 
decreasing .  I n Kibbles '  case ,  h e argue s tha t  expression s 
containin g number s rathe r  tha n proportion s shoul d no t 
produc e compse t  references .  Thi s i s empiricall y falsified . 
No-on e ha s give n an y seriou s consideratio n t o th e 
possibilit y  tha t  positiv e expression s coul d yiel d compsets , 
yet  ther e i s no w a  littl e evidenc e tha t  thi s to o i s possible . 

The variabilit y  o f  incidenc e o f  compse t  referenc e no t 
specificall y addresse d b y forma l  theorie s (bu t  no t 
incompatibl e wit h Kibbles '  approach) ,  an d i s illustrate d 
dramaticall y i n th e presen t  experiment .  Th e Inference -
Drive n accoun t  whic h w e offe r  assume s tha t  th e set s whic h 
become available ,  an d i n focus ,  ar e determine d b y fields  o f 
inferenc e generate d b y th e quantifie d statements .  Thi s ca n b e 
readily  illustrate d wit h respect  t o negativ e quantifiers ,  an d 
offer s a  framewor k wit h whic h th e variabilit y  migh t  b e 

explored . 

A final  commen t  w e shoul d mak e i s tha t  relianc e o n 
intuitio n regardin g th e possibilit y  o f  compse t  referenc e i s 
demonstrabl y fallacious . 
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Abstrac t 

We investigate some aspects of cognition involved in invention, 
more precisel y i n th e inventio n o f  th e telephon e b y Alexande r 
Graha m Bell .  W e propos e th e us e o f  th e Structure-Behavior -
Functio n (SBF )  languag e fo r  th e representation  o f  inventio n 
knowledge ;  w e clai m tha t  becaus e SB F ha s bee n show n t o 
suppor t  a  wid e rang e o f  reasonin g abou t  physica l  devices ,  i t 
constitute s a  plausibl e accoun t  o f  ho w a n invento r  migh t  repre -
sent  knowledg e o f  a n invention .  W e furthe r  propos e th e us e o f 
th e ACT- R architectur e fo r  th e implementatio n o f  thi s model . 
ACT- R ha s bee n show n t o ver y precisel y mode l  a  wid e rang e o f 
human cognition .  W e dra w upo n th e architectur e fo r  executio n 
of  production s an d matchin g o f  declarativ e knowledg e throug h 
spreadin g activation .  Thu s w e presen t  a  mode l  whic h combine s 
th e well-establishe d cognitiv e validit y  o f  ACT- R wit h th e pow -
erful ,  specialize d model-base d reasonin g method s facilitate d 
by S B F 

Introduction 

Th e cognitio n involve d i n inventio n m a y b e amon g th e rares t 
and mos t  difficul t  t o understan d an d model .  Th e processe s 
involve d ofte n tak e plac e ove r  th e cours e o f  month s o r  eve n 
year s an d thu s ar e no t  generall y amenabl e t o extremel y fine -
graine d modeling ,  an d ar e difficul t  t o stud y experimentally . 
Furthermore ,  grea t  inventor s ar e rare ,  an d th e recordin g o f 
thei r  discoverie s an d invention s ar e ofte n sketch y an d incom -
plete .  Bu t  thi s i s no t  th e cas e wit h Alexande r  Graha m Bell' s 
inventio n o f  th e telephone ,  whic h i s probabl y on e o f  th e bes t 

documente d an d analyze d invention s (e.g. .  Notebook' ;  U S v . 
Bell ,  1908 ;  Gorman ,  1997) . 

Let' s conside r  th e inventio n o f  th e telephone' s microphone . 
Durin g a  famou s experimen t  o n Jun e 2 ,  1875 ,  Bel l  realize d 
tha t  electromagneti c inductio n coul d b e practicall y use d fo r 
th e purpose s o f  speec h transmission .  B y movin g a  magne t 
clos e t o a  coil ,  a n electrica l  curren t  wit h a n amplitud e pro -
portiona l  t o th e movemen t  o f  th e magne t  coul d b e generate d 
i n th e coi l  circuit .  Consequently ,  b y movin g th e magne t  i n 
th e sam e wa y a s th e ai r  pressur e generate d b y speech ,  speec h 
coul d b e transmitte d electricall y a t  distance .  Thi s i s Bell' s 
accoun t  o f  th e invention : 

Th e proble m tha t  the n aros e i n m y min d was ,  h o w 
t o m o v e a  piec e o f  stee l  i n th e wa y tha t  th e ai r  wa s 
moved b y th e actio n o f  th e voice .  Whil e thi s proble m 
was i n m y mind ,  I  wa s carryin g o n experiments  wit h th e 
phonautograp h constructe d from  th e h u m a n ear.. .  an d i t 
occurre d t o m e tha t  i f  suc h a  thi n an d delicat e membran e 
coul d m o v e bone s tha t  were ,  relativ e t o it ,  ver y massiv e 
indeed ,  w h y shoul d no t  a  large r  an d stoute r  membran e b e 

'Alexande r  Graha m Bell' s  Notebook s ar e availabl e o n th e 
W WW at :  http://jefferson.vitlage.virginia.edu/~meg3c/id/albell / 
homepage.htm l 

abl e t o m o v e a  piec e o f  stee l  i n th e manne r  I  desired ? A t 
onc e th e conceptio n o f  a  membran e speakin g telephon e 
became complet e i n m y mind ;  fo r  I  sa w tha t  a  simila r 
instrumen t  t o tha t  use d a s a  transmitte r  coul d als o b e 
employe d a s a  receive r  (U S v .  Bell ,  1908) . 

Unfortunately ,  thi s shor t  paragrap h doe s no t  emphasiz e 
enoug h th e ric h descriptio n o f  th e phonautograp h i n Bell' s 
memory,  no r  it s leve l  o f  activatio n compare d wit h othe r  de -
vices ,  whic h hav e no t  bee n relevan t  o r  reasone d abou t  recently . 
But  thes e aspect s ar e crucia l  fo r  cognitiv e modeling .  Accord -
in g t o Bell' s  accoun t  (U S v .  Bell ,  1908) ,  a s a  "teache r  o f 
th e deaf" ,  h e wa s intereste d i n a  devic e abl e t o transfor m 
th e h u m a n voic e i n a  visua l  form ,  i n orde r  t o provid e visua l 
feedbac k t o dea f  student s learnin g t o speak .  H e starte d b y 
experimentin g wit h Leo n Scott' s  phonautograph ,  whic h un -
fortunatel y wa s no t  sensitiv e enoug h fo r  hi s purposes .  Whil e 
tryin g t o improv e th e phonautograp h design .  Bel l  wa s struc k 
by th e similarit y betwee n th e mechanis m o f  th e phonauto -
grap h an d th e mechanis m o f  th e huma n ear .  H e cam e t o th e 
conclusio n tha t  a  phonautograp h modele d afte r  th e patter n o f 
th e h u m a n ea r  woul d probabl y produc e mor e accurat e visua l 
feedback ,  an d h e eve n buil t  suc h a  device .  Consequently ,  dur -
in g th e ques t  fo r  th e microphone .  Bel l  ha d a  ric h an d recen t 
descriptio n o f  th e phonautograph .  Thi s afforde d subtl e prim -
in g effects ,  resultin g i n th e retrieva l  o f  th e phonautograph , 
whil e lookin g fo r  a  devic e abl e t o mov e a  piec e o f  stee l  i n 
th e sam e wa y a s th e huma n voice .  W e suspect ,  an d wan t  t o 
emphasize ,  tha t  th e retrieva l  o f  th e phonautograp h wa s no t  a 
classica l  long-ter m m e m o r y ( L T M )  retrieval ,  bu t  a  fine-grain 
working-memor y ( W M )  retrieva l  fro m th e "activated "  par t 
of  th e memory .  Namely ,  th e retrieva l  o f  th e phonautograp h 
probabl y wa s no t  base d o n it s function ,  bu t  o n it s interna l  be -
havio r  (Simin a &  Kolodner ,  1995) .  Not e tha t  th e retrieva l  o f 
th e phonautograph ,  a s a  source ,  i s a  prerequisit e fo r  analogy . 

Let' s als o conside r  Bell' s  descriptio n o f  th e phonautograph : 

Th e phonautograp h consiste d essentiall y o f  a 
stretche d membrane ,  i n fron t  o f  whic h wa s arrange d a 
conica l  mouth-piece ,  int o whic h a  perso n coul d speak . 
A lon g an d ligh t  leve r  o f  woo d wa s hinge d t o on e edg e 
of  th e membran e support ,  an d th e othe r  en d projecte d 
horizontall y beyon d th e opposit e edge ,  an d cartie d a t  it s 
extremit y a  vertica l  bristl e .. . 

The operatio n o f  th e instrumen t  wa s a s follows :  A 
perso n uttere d a  soun d int o th e con e o f  th e phonauto -
graph ,  thereb y causin g th e vibratio n o f  th e membran e 
and it s attache d lever ,  an d th e bristl e a t  th e en d o f  th e 
leve r  wa s force d t o partak e o f  th e motio n (U S v .  Bell , 
1908).. . 

Th e first  paragrap h o f  th e abov e descriptio n emphasize s 
th e structur e o f  th e phonautograph ,  whil e th e secon d para -
grap h emphasize s it s behavior .  Fro m thi s an d othe r  simila r 
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examples ,  w e argu e tha t  Bell' s  reasonin g ca n b e mode le d use d 
th e Structure-Behavior-Functio n ( S B F )  devic e representatio n 
(Goe l  e t  al. ,  1997 )  t o reaso n abou t  physica l  devices . 

Elsewher e w e hav e propose d a  ful l  computationa l  archi -
tectur e fo r  model in g creativ e design ,  an d i n particula r  Bell' s 
invention s (Simin a an d Kolodner ,  1997 ;  S iminae t  al. ,  1998) , 
by relyin g o n th e S B F representatio n o f  artifacts .  Bu t  t o 
investigate ,  a s closel y a s possibl e t o h u m a n cognition ,  th e 
m e m o ry issue s durin g th e inventio n o f  th e microphone ,  w e 
als o decide d t o experimen t  wit h th e ric h m e m o r y m e c h a n i s m s 
provide d b y A C T - R (Anderson ,  1993 )  an d le t  A C T - R ' s archi -
tectur e guid e th e m e m o r y processin g involve d i n th e inventio n 

of  th e microphone. ^ 
Figur e 1  illustrate s ou r  analysi s o f  Bell' s  p rob le m solv -

in g activit y i n thi s instance .  W e hav e develope d a  cognitiv e 
model  whic h instantiate s thi s analysis .  O u r  m o d e l  get s a  func -

tio n specificatio n o f  transformin g speec h (i.e. ,  a  substance ^ 
of  typ e s o u n d )  int o a n electri c curren t  (i.e. ,  a  substanc e o f 
typ e e l e c t r i c i t y ) .  I t  r e m e m b e r s th e devic e implement -
in g electromagneti c induction ,  an d i t  ha s t o solv e a  simplifie d 
)roblem ,  namel y transformin g speec h int o a  mechanica l  vi -
jratio n locate d i n a  magnet .  Next ,  th e m o d e l  consider s a 

possibl e synerg y wit h othe r  informatio n wh ic h m a y b e activ e 
i n workin g m e m o r y .  I n thi s analysis ,  w e argu e tha t  desig n o f 
th e phonautograp h i s activ e i n W M ,  affordin g primin g effects , 
so th e mode l  ca n perfor m a  fine-grained  matc h (includin g in -
terna l  behaviora l  states )  betwee n th e evolvin g specificatio n o f 
th e microphon e an d th e ea r  phonautograph . 

Phonautograp h 

SOUND 
loc :  mouthpiec e 
par :  AO,  f O 

Matc h (2 ) 

Microphon e 

SOUND 
loc :  ?lo c 
par :  Al.f l 

(connecte d mouthpiec e membrane ) 

VIBRATION 
loc :  membran e 
par :  AO,  f D 

Transfe r  (3 ) 

(connecte d membran e lever ) 
_ T  __ 

VIBRATION 
I  loc:leve r  ^ 

par :  AO,  fO ,  heav y 

Matc h (1 ) 
-  T 

VIBRATIO N 
loc :  magne t 
par :  Al ,  fl ,  heav y 

(connecte d leve r  bristle ) (nea r  magne t  coil ) 

V IBRATIO N 
loc :  mouthpiec e , 
par :  AO.  f O 

! 
ELECTRIC IT Y 
loc :  mouthpiec e 
par:Al,f l 

(i n contac t  bristl e smoked-glass ) 

G - V I B R A T I O N 
loc :  mouthpiec e 
par :  AO ,  I D 

Figur e 1 :  Ana log y betwee n phonautograp h &  m ic rophon e 

We have developed a computational system in ACT-R 
whic h instantiate s thi s mode l .  T h e syste m begin s operatio n 
wit h a  nearl y complet e desig n o f  a  mic rophon e wh i c h i s onl y 

The cod e fo r  thi s cognitiv e mode l  ca n b e foun d a t 
http://www.cc.gatech.edU/grads/m/BiIl.Murdock/bell / 

'Th e ter m "substance "  her e m a y b e somewha t  misleading .  A s 
use d i n th e S B F languag e an d a  variet y o f  othe r  desig n modelin g 
languages ,  thi s ter m refer s no t  onl y t o physica l  substance s suc h a s 
liquid s flowing  throug h a  pipe ,  bu t  als o t o abstrac t  phenomen a suc h 
as energ y o r  forc e whic h ca n b e see n a s flowing  throug h a  device . 

missin g a  singl e piece ,  th e on e wh i c h transform s soun d t o vi -
bration .  I t  complete s th e desig n b y performin g th e followin g 
operations : 

• The system analyzes the relevant pieces of the existing mi-
crophon e m o d e l  t o determin e th e specification s o f  a  desire d 
analogue . 

•  I t  retrieve s a  referenc e t o a  piec e o f  th e interna l  behav -
io r  o f  th e phonautograp h wh i c h matche s thi s specification . 
Specifica l  y ,  i t  retrieve s th e transitio n f ro m soun d t o vibra -
tion . 

•  Finally ,  th e syste m perform s analogica l  transfe r  be twee n 
th e t w o mode ls ,  i.e. ,  i t  take s th e relevan t  detail s o f  th e 
transitio n f ro m soun d t o vibratio n i n th e phonautograp h 
an d instantiate s i t  i n th e microphone . 

We will present the execution of this system in greater detail 
i n a  late r  sectio n o f  thi s paper . 

SBF Models 

I n orde r  t o represen t  th e device s an d c o m p o n e n t s involve d 
i n thi s m o d e l ,  w e chos e S B F (Structure-Behavior-Function ) 
models .  O n e issu e involve d i n selectin g a  representatio n 
withi n a  cognitiv e m o d e l  i s th e issu e o f  whethe r  th e repre -
sentatio n i s bot h adequat e an d effectiv e fo r  th e kind s o f  rea -
sonin g tha t  h u m a n s do .  I t  w o u l d b e extremel y eas y t o desig n 
an a d ho c model in g languag e wh i c h supporte d th e reasonin g 
capabilitie s displaye d i n thi s project .  H o w e v e r ,  becaus e a  par -
ticula r  tas k suc h a s thi s specifi c  for m o f  analog y impose s s o 
fe w constraint s o n th e natur e o f  th e representation ,  w e w o u l d 
hav e ver y littl e confidenc e tha t  suc h a  languag e w o u l d suppor t 
a plausibl e genera l  m o d e l  o f  a  h u m a n designer .  I n contrast , 
th e S B F languag e ha s bee n s h o w n t o directl y suppor t  divers e 
an d challengin g desig n capabilities .  A m o n g thes e ar e case -
base d desig n (e.g. ,  Kriti k  an d Kritik2 ,  Goe l  1989 ;  Goe l  e t 
al. ,  1997 )  analogica l  transfe r  usin g generi c abstraction s (e.g. , 
I D e A L ,  Bhatt a e t  al. ,  1994) ,  natura l  languag e understandin g 
i n th e d o m a i n o f  devic e desig n (e.g. ,  K A ,  Goe l  e t  al. ,  1996b ) 
explanatio n o f  desig n proces s an d product s (e.g. .  Interactiv e 
Kritik ,  Goe l  e t  al. ,  1996a) ,  creativ e desig n (e.g. ,  A L E C ,  S i m -
in a &  Kolodne r  1997 )  an d conceptua l  chang e i n scientifi c 
theor y formatio n (e.g. ,  T o R Q U E ,  Griffit h e t  al. ,  1996) .  Thi s 
i s clearl y a  broa d an d interestin g se t  o f  d o m a i n s an d prob -
lems .  T h u s w e argu e tha t  S B F language s provid e a  plausibl e 
accoun t  o f  desig n reasoning ,  an d w e conside r  i t  t o b e a  clos e 
approximatio n o f  a n abstrac t  for m o f  h u m a n knowledge . 

A s th e n a m e suggests ,  th e S B F model in g languag e break s 
device s d o w n int o thre e aspects :  thei r  structure ,  thei r  behav -
ior s an d thei r  functions .  T h e structur e o f  a  devic e describe s th e 
physica l  c o m p o n e n t s o f  th e devic e an d h o w the y ar e intercon -
nected .  Behavio r  consist s o f  a  causa l  m o d e l  o f  th e d y n a m i c 
interaction s betwee n thes e structura l  elements ,  i n th e f o r m 
o f  a  sequenc e o f  behaviora l  state s an d transition s be twee n 
thes e states .  T h e functio n o f  th e syste m describe s th e overal l 
intensiona l  consequence s o f  th e behavior . 

Analogica l  matching s f ro m on e concep t  t o anothe r  ar e m a d e 
o n th e basi s o f  spreadin g activatio n throug h element s o f  th e 
system' s behaviora l  properties .  I n th e cas e o f  th e phonauto -
graph ,  th e functio n i s t o visuall y recor d auditor y information . 
T h e purpos e o f  th e m ic rophon e i s t o transfor m auditor y in -
formatio n int o electroni c pulses .  Thes e function s ar e no t 
sufficientl y simila r  t o suppor t  th e detaile d leve l  o f  analog y 
performe d i n thi s project ,  an d the y ar e no t  use d b y thi s sys -
tem .  T h e actua l  analogica l  remindin g wh i c h i s d o n e i n thi s 
projec t  i s  a t  th e leve l  o f  behaviors .  W h e n lookin g a t  th e 
behavior ,  independen t  o f  wha t  th e functio n o f  th e objec t  is , 
ther e ar e m o r e direc t  correspondence s wh i c h defin e th e actua l 
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recognitio n o f  similarit y don e b y thi s mode l  (an d w e argue , 
wer e actuall y describe d b y Bel l  i n hi s journal) .  S o Bel l  kne w 
he wante d a  stic k t o b e movin g u p an d dow n i n accordanc e 
wit h th e vibration s create d b y th e voice .  W h e n considerin g 
th e behavio r  o f  th e phonautograph ,  i t  i s  apparen t  tha t  a  bon e 
i s movin g i n th e sam e wa y tha t  th e stic k i s suppose d t o b e 
moving .  A t  thi s poin t  a n analog y i s mad e betwee n th e bon e 
and th e stick ,  an d th e microphon e i s invented . 

T h e o r y D e v e l o p m e n t / R a t i o n a l e 

We use d th e A C T - R cognitiv e mode l  i n orde r  t o tr y t o replicat e 
one o f  th e critica l  step s o f  Bell' s  discovery .  Specifically ,  w e 
wante d t o mode l  th e analog y betwee n th e phonautograp h an d 
Bell' s  targe t  concept ,  th e microphone . 

Our first attempt at representing Bell's analogy led us into 
some stylisticl y questionabl e constructs .  W e foun d i t  difficul t 
t o expres s ou r  idea s withi n th e constraint s o f  th e A C T - R the -
ory ,  s o som e o f  ou r  cod e relie d o n call s t o th e laye r  underneat h 
ACT-R:  LIS R W e als o foun d ourselve s re-implementin g LIS P 
functionalit y i n A C T - R itself .  I n particula r  w e trie d t o searc h 
fo r  relevan t  memor y element s b y doin g a  linea r  searc h acros s 
th e relevan t  portion s o f  ou r  mode l  usin g a  mechanis m simi -
la r  t o th e m e m b e r  functio n i n LIS R Th e matchin g itsel f  i n 
thi s mode l  wa s don e usin g har d code d call s t o LIS P withi n 
th e productio n itself .  I t  wa s relativel y eviden t  tha t  thi s first 
cut  mode l  di d no t  benefi t  fro m th e researc h whic h wen t  i n t o 
th e developmen t  o f  th e A C T - R cognitiv e mode l  becaus e i t  s o 
thoroughl y circumvente d th e relevan t  feature s o f  ACT-R . 

We tried to remove as much of our "machinery" as possible, 
and le t  A C T - R d o th e wor k it s way .  Becaus e A C T - R ha s built -
i n mechanism s fo r  analogy ,  w e considere d th e possibilit y  o f 
applyin g the m t o ou r  problem .  Howeve r  w e immediatel y re -
alize d tha t  th e A C T - R analog y syste m woul d no t  serv e us . 
A C T - R draw s analogie s i n th e for m o f  directe d generaliza -
tion s ove r  inferencin g mechanisms .  Whil e thi s  i s clearl y on e 
importan t  kin d o f  analogy ,  w e d o no t  believ e tha t  th e protoco l 
(describe d i n th e introductor y section )  suggest s tha t  thi s  i s th e 
kin d o f  analog y tha t  Bel l  i s doin g i n thi s problem .  W e argu e 
tha t  th e analog y i n thi s proble m i s i n th e for m o f  th e transfe r 
of  a  smal l  portio n o f  a  complex ,  declarativ e knowledg e ite m 
i n t o anothe r  suc h item .  I n th e languag e o f  ACT-R ,  w e ar e 
examinin g analog y ove r  interconnecte d collection s o f  chunk s 
whil e th e buil t  i n analog y mechanis m i s intereste d i n analog y 
ove r  individua l  productions . 

In fact, the particular task that we are addressing is very sim-
ila r  t o th e tas k addresse d i n S M E (Centner ,  1983) .  S M E als o 
perform s a n analogica l  transfe r  o f  smal l  portion s o f  comple x 
interrelate d knowledg e elements .  I t  i s  clea r  tha t  on e coul d 
combin e a  spreadin g activatio n retrieva l  mechanis m (suc h a s 
th e on e whic h w e propos e late r  i n thi s paper )  wit h a n S M E -
lik e analogica l  transfe r  mechanis m t o accomplis h th e result s 
describe d i n thi s paper .  W e d o no t  d o this .  Th e mechanis m 
whic h w e us e t o d o analogica l  transfe r  i s specificall y tailore d 
t o th e particula r  representatio n languag e use d i n thi s project : 
th e S B F language .  S M E i s inherentl y a  wea k method ;  i t  op -
erate s completel y independentl y o f  th e conten t  o f  th e knowl -
edg e whic h i t  i s  performin g analog y over .  Thi s make s i t  a n 
extremel y genera l  an d powerfu l  method .  However ,  thi s ap -
proach  i s a n implausibl e accoun t  o f  h o w a n exper t  invento r 

suc h a s Bel l  reason s abou t  devices.' '  W e argu e tha t  th e kind s 
of  reasonin g mechanism s (i.e. ,  productions )  tha t  Bel l  use d 
wer e specialize d fo r  reasonin g abou t  devices .  I n th e syste m 
describe d here ,  specialize d model-base d production s ar e use d 
providin g a  stron g metho d o f  analogica l  transfer . 

Device Representation 

The languag e use d t o represen t  th e phonautograp h an d th e 
microphon e combine s th e conten t  o f  th e S B F languag e fo r 
devic e representatio n wit h th e syntacti c mechanism s i n ACT -
R fo r  specifyin g declarativ e memor y elements .  A  devic e i s 
define d a s a n elemen t  whic h contain s a  structure ,  a  behavior , 
and &  function .  Th e definitio n o f  thi s typ e an d a n exampl e 
(th e phonautograph ,  abbreviate d pag )  follows : 

(chunk-type device function structure 
behavior ) 

(add-dit i 
(pa g IS A devic e 

functio n pag-funct io n 
structur e pag-structur e 
behavio r  pag-behavior) ) 

The function, structure, and behavior slots are, in turn, filled 
by comple x memor y element s whic h i n tur n contai n comple x 
lowe r  leve l  elements .  A  complet e descriptio n o f  S B F i s be -

yon d th e scop e o f  thi s paper. '  Fo r  th e purpose s o f  thi s system , 
i t  i s  importan t  t o not e tha t  S B F provide s a  causa l  mode l  o f  th e 
operatio n o f  a  devic e a s a  se t  o f  state s an d stat e transition s 
betwee n them .  Transition s describ e eithe r  th e movemen t  o f 
a substanc e fro m on e locatio n t o anothe r  o r  th e conversio n 
of  on e substanc e int o another .  A  transitio n i s define d b y th e 
startin g an d endin g stat e a s wel l  a s numerou s relevan t  proper -
tie s suc h a s condition s unde r  whic h th e transitio n ca n occur , 
etc .  A  stat e i s define d b y th e adjacen t  state s an d transition s 
as wel l  a s a  substanc e stat e schema ,  i.e. ,  th e presenc e an d 
natur e o f  a  particula r  substanc e a t  a  state .  A  substanc e stat e 
schema refer s t o a  particula r  instantiatio n o f  a  substanc e a t 
a particula r  location .  Tha t  instantiatio n furthe r  refer s t o th e 
generi c substanc e whic h i t  instantiates .  Th e definition s o f  th e 
memory type s directl y relevan t  t o representin g transition s are : 

(chunk-typ e state- t ransi t io n contex t 
prev ious-stat e next-stat e by-behavio r 
us ing- funct io n as-per-domain-pr incipl e 
parameter- re la t ion s condit ion ) 

(chunk-typ e stat e previou s nex t  enabled-b y 
enabl in g substance-state-schem a 
component-state-schema ) 

(chunk-typ e substance-state-schem a locatio n 
main-substanc e contained-substances ) 

(chunk-typ e substanc e is- a property-l ist ) 
(chunk-typ e gener ic-substanc e is-a ) 

An example of a transition is the first transition in the pho-
nautograp h model .  Th e memor y element s whic h defin e thi s 
transitio n are : 
(add-d m 

(pag-t l  IS A state- t ransi t io n 

' '  Not e tha t  ACT- R doe s hav e buil t  i n learnin g capabilitie s fo r  com -
pilin g application s o f  generall y usefu l  productio n rule s int o mor e 
specialize d productio n mle s tune d t o specifi c  situations ,  h  seem s 
possibl e tha t  suc h capabilitie s migh t  b e abl e t o transfor m a  wea k 
analogica l  transfe r  mechanis m lik e S M E int o a  strong ,  domai n de -
penden t  analogica l  transfe r  mechanis m lik e th e on e presente d here . 
I f  thi s hypothesi s i s correct ,  thi s woul d provid e a n interestin g ac -
coun t  o f  a  novic e t o exper t  transitio n i n th e domai n o f  invention . 
Considerabl y mor e wor k woul d b e neede d t o explor e thi s idea . 

'Fo r  suc h a  description ,  se e Goe l  e t  al .  (1997) . 
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previous-stat e pag-s l 
next-stat e pag-s 2 

using-functio n pag-cfl ) 

(pag-sl ISA state 
nex t  pag-s 2 
enablin g pag-t l 
substance-state-schem a pag-sssl ) 

(pag-sss l  IS A substance-state-schem a 
locatio n membrane l 
main-substanc e soundl ) 

(sound l  IS A substanc e is- a sound ) 

(pag-s2 ISA state 
previou s pag-s l 
nex t  pag-s 3 
enabled-b y pag-t l 
enablin g pag-t 2 
substance-state-schem a pag-sss2 ) 

(pag-sss 2 IS A substance-state-schem a 
locatio n bone l 
main-substanc e vibrationl ) 

(vibration l  IS A substanc e is- a vibration ) 
These memory elements describe a transition, pag-tl, 
whic h convert s soun d a t  a  membran e (pag-sl )  t o vibratio n 
i n a  bon e (pag-s2 )  vi a th e functionalit y o f  th e membran e 
(pag-cfl) .  Thi s i s th e transitio n fro m whic h th e analog y 
t o th e microphon e proble m i s drawn ,  a s describe d i n th e nex t 
section . 

Mechanism 

Our  mode l  ca n b e loosel y divide d int o a  sequenc e o f  stage s 
whic h describ e th e overal l  proces s o f  recognitio n an d appli -
catio n o f  th e analog y betwee n th e microphon e an d th e pho -
nautograph .  Th e inpu t  t o thi s mechanis m i s a  nearl y complet e 
model  o f  a  microphon e whic h i s onl y missin g a  particula r 
componen t  whic h i s specifie d a s bein g capabl e o f  transform -
in g soun d int o vibratio n withi n a  stee l  stick .  Th e outpu t  o f  th e 
mechanis m i s a  complet e mode l  o f  th e microphon e i n whic h 
a membran e i s use d t o d o thi s transformation . 

Lookup 

The first  phas e o f  thi s mode l  i s th e analysi s o f  th e origina l 
microphon e mode l  i n orde r  t o extrac t  th e particula r  feature s 
whic h ar e relevan t  t o thi s problem .  A t  thi s phas e o f  th e pro -
cess ,  th e syste m i s onl y considerin g th e microphon e proble m 
whic h i t  i s  currentl y workin g on ;  th e curren t  goa l  refer s t o 
th e completio n o f  th e desig n o f  th e microphone ,  wher e th e 
particula r  stat e transitio n i n th e microphon e i s unknown .  A t 
thi s poin t  ther e i s n o referenc e t o th e phonautograph .  Th e 
resul t  o f  th e looku p mechanis m i s a  retrieva l  cu e fo r  a  relate d 
analog .  Thi s cu e take s th e for m o f  a  goal . 

Our  looku p mechanis m i s divide d int o tw o productio n rules . 
The first  o f  thes e rule s ( l o o k u p - s u b s t a n c e - i n )  gener -
ate s a  cu e fo r  a  stat e transitio n i n a n existin g devic e whos e 
inpu t  substanc e i s th e sam e a s th e inpu t  o f  th e desire d tran -
sition .  Th e secon d ( loo)cup-substance-out )  doe s th e 
same fo r  th e transition' s output . 

( P loo)cup-substance-i n 
=goal > IS A goal-retrieve-componen t 

transitio n =transitio n 
generic-substance-i n ni l 

=transition > IS A state-transitio n 
previous-stat e =stat e 

=state > IS A stat e 
substance-state-schem a =ss s 

=sss > IS A substance-state-schem a 
main-substanc e =substanc e 

=substance > IS A substanc e 
is- a =gen-substanc e 

=goal> 
generic-substance-i n =gen-substance ) 

The production (lookup-substance-in) finds a 
generi c substanc e tha t  correspond s t o a  give n transition .  I n 
th e telephon e example ,  thi s mode !  involve d i s th e microphon e 
and th e particula r  transitio n bein g considere d i s th e transitio n 
fro m soun d t o vibration .  Th e productio n identifie s th e stat e 
whic h act s a s inpu t  t o th e transitio n i n th e variabl e =s ta te . 
I n ou r  example ,  thi s inpu t  stat e describe s th e presenc e an d 
natur e o f  th e soun d wave s locate d i n th e precedin g com -
ponent .  Fro m thi s stat e i s extracte d th e generi c substanc e 
(=gen-subs tance) ;  i n th e example ,  thi s generi c substanc e 
i s sound .  Finally ,  a  goa l  i s  generate d t o find  a  simila r  transitio n 
i n a  devic e whic h als o take s thi s generi c substance . 

An importan t  featur e t o observ e abou t  thi s productio n i s tha t 
(unlik e th e retrieva l  productio n presente d i n th e nex t  section ) 
i t  doe s no t  rel y o n spreadin g activatio n t o mediat e betwee n 
severa l  possibl e relevan t  memor y elements .  Th e transitio n 
typ e i n questio n specifie s exactl y on e possibl e bindin g fo r  th e 
variable s becaus e th e transitio n contain s a  direc t  lin k t o th e 
state ,  whic h contain s a  direc t  lin k t o a  substanc e stat e schema , 
whic h specifie s a  singl e substance .  Thu s thi s productio n i s 
simpl y analyzin g a  knowledg e structur e whic h i s alread y th e 
focu s o f  attentio n rathe r  tha n identifyin g somethin g ne w t o 
focu s on . 

Retrieval / Matching 

Once th e initia l  analysi s o f  th e microphon e ha s bee n com -
pleted ,  th e syste m need s t o b e abl e t o find  a  relate d exampl e 
i n it s  memor y wit h whic h i t  ca n mak e a n analogy .  On e mech -
anis m fordoin g retrieva l  an d matchin g i n a  productio n syste m 
i s t o retriev e a  memor y tha t  matche s al l  o f  th e desire d features . 
However ,  i n ou r  syste m w e hav e divide d retrieva l  an d match -
in g int o tw o separat e steps .  I n th e first  o f  thes e steps ,  w e 
retriev e transition s base d o n thei r  similarit y t o eithe r  th e inpu t 
or  th e outpu t  o f  th e transitio n bein g considered .  I n th e secon d 
step ,  w e the n verif y tha t  th e transitio n retrieve d matche s bot h 
th e inpu t  an d th e output .  Thi s mechanis m i s mor e consisten t 
wit h ou r  understandin g o f  comple x memor y retrieva l  i n hu -
mans;  man y element s ar e retrieve d base d o n partia l  relevanc e 
and the n thes e element s ar e filtered  throug h an d onl y th e full y 
(o r  almos t  fully )  relevan t  one s ar e actuall y furthe r  considered . 
Belo w i s on e o f  th e transition s fo r  th e retrieva l  step : 

( P retr ieve-substance-i n 
=goal > IS A goal-retr ieve-componen t 

generic-substance-i n =gen-substanc e 
generic-substance-ou t  =gen-substance-ou t 
retr ieved-transit io n ni l 

=transition > IS A state-transit io n 
previous-stat e =stat e 
-  contex t  =goa l 

=goal > IS A 
goal-retr ieve-componen t 
-  transitio n =transit io n 

=scate > IS A stat e 
substance-state-schem a =ss s 

=sss > IS A substance-state-schem a 
main-substanc e =substanc e 

=substance > IS A substanc e 
is- a =gen-substanc e 

=transition> context =goal 
=newgoal > IS A goal-check-transit io n 

generic-substance-i n =gen-substanc e 
generic-substance-ou t  =gen-substance-ou t 
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matches- i n =gen-substanc e 
t ransi t io n =transi t io n 
re t r ieved- t rans i t io n =r t 

ipush !  =newgoa l 
=goal > 

ret r ieved- t rans i t io n =rt ) 
There is a corresponding retrieve-substance-out 
productio n a s well .  Thi s productio n rul e retrieve s a  transitio n 
whic h matche s th e substanc e inpu t  o f  th e desire d transitio n 
(ther e i s a  comparabl e productio n fo r  retrievin g transition s 
base d o n th e outpu t  state) .  Th e goa l  fo r  thi s productio n i s tha t 
of  th e retrieva l  o f  a n analogu e fo r  whic h th e relevan t  generi c 
substance s hav e bee n identifie d (i.e. ,  th e looku p mechanis m 
has £ilread y bee n applied) .  Th e =  t r a n s i t  i o n variabl e ca n 
bin d t o an y transitio n i n memor y whos e inpu t  stat e ha s th e 
generi c substanc e sought ;  i n th e example ,  i t  bind s t o th e tran -
sitio n i n th e phonautograp h i n whic h th e membran e convert s 
soun d int o vibration . 

Once suc h a  transitio n i s retrieved ,  a  ne w goa l  i s  pushe d 
ont o th e goa l  stack .  Thi s ne w goa l  i s  picke d u p b y th e pro -
ductio n m a t c h - s u b s t a n c e - i n whic h check s t o se e i f  th e 
transitio n matche s th e desire d transition ;  th e m a t c h e s - i n 
slo t  i s filled  t o denot e tha t  thes e transition s d o matc h wit h 
regard s t o thei r  inpu t  (sinc e tha t  i s ho w th e transitio n wa s 
retrieved) .  Not e tha t  th e presenc e o f  th e c o n t e x t  slo t  i n 
th e transitio n i s use d t o preven t  th e rul e fro m retrievin g th e 
same transitio n multipl e times ;  onc e th e transitio n ha s bee n 
retrieve d i t  i s  marke d a s bein g identifie d i n th e contex t  o f  th e 
curren t  goal . 

I n a  scale d u p versio n o f  thi s mode l  whic h actuall y con -
taine d a  ver y larg e numbe r  o f  models ,  thi s mechanis m woul d 
become overwhelmingl y cumbersom e an d woul d no t  gener -
all y suppor t  tractabl e retrieval .  I n particular ,  i t  woul d b e 
expecte d tha t  thes e model s woul d typicall y no t  hav e a  hig h 
enoug h activatio n leve l  t o b e retrieve d unles s ther e wer e man y 
stron g link s t o th e mode l  bein g considere d (i.e. ,  th e analog y 
was extremel y "obvious") .  W e fee l  tha t  thi s i s  a  cor e theoret -
ica l  commitmen t  o f  ou r  model ;  th e recognitio n o f  analogica l 
similarit y whic h i s bein g don e i n thi s particula r  cas e i s no t  con -
sisten t  wit h a  complet e searc h o f  al l  o f  memory .  I n particular , 
we not e tha t  i n th e protocol ,  i t  i s  state d tha t  Bel l  wa s alread y 
thinkin g abou t  an d workin g o n experiment s wit h th e phonau -
tograp h whic h wer e bein g drive n b y a  detaile d consideratio n 
of  ho w th e phonautograp h actuall y worked .  I n th e languag e 
of  ACT-R ,  i t  i s  apparen t  tha t  th e declarativ e representatio n o f 
th e behaviora l  element s o f  th e phonautograp h wer e highl y ac -
tivate d i n Bell' s  memor y a t  th e tim e o f  th e experiment .  Thus , 
we argue ,  th e generall y intractabl e retrieva l  mechanis m use d 
i n thi s mode l  i s  specialize d t o retrievin g highl y activate d an d 
immediatel y relevan t  item s i n memory .  I n othe r  words ,  th e 
retrieva l  mechanis m presente d her e i s a n opportunisti c mode l 
of  analogu e retrieval ,  i.e. ,  on e whic h operate s onl y whe n a  par -
ticula r  opportunit y fo r  matchin g arise s du e t o th e conjunctio n 
of  relevan t  activate d memor y elements . 

Once element s ar e retrieved ,  the y mus t  b e matche d t o en -
sur e tha t  bot h th e input s an d th e output s ar e relevan t  t o th e 
transitio n bein g analyzed .  A s note d above ,  th e productio n 
whic h retrieve s th e substanc e base d o n th e input ,  obviousl y 
guarantee s tha t  th e input s o f  th e transition s match .  Thu s tha t 
retrieva l  productio n feed s int o thi s matchin g productio n whic h 
ensure s tha t  th e output s als o match : 

( P match-substance-ou t 
=goal > IS A goal -check- t rans i t io n 

matches- i n =gen-substance- i n 
gener ic-substance-ou t  =gen-substanc e 
transi t io n =transi t io n 

=transi t ion > IS A state- t ransi t io n 

next-stat e =stat e 
=sss > IS A substance-state-schem a 

main-substanc e =substanc e 
=substance > IS A substanc e 

is- a =gen-substanc e 

=goal> 
retr ieved-transi t io n =transit io n 

!pop! ) 

This transition takes as a goal a request to check a transition 
whic h ha s alread y asserte d tha t  th e inpu t  substance s match ,  a s 
generate d b y th e retrieva l  productio n above .  Th e goa l  bind s 
th e variabl e = g e n - s u b s t a n c e t o th e generi c substanc e de -
sire d a s output .  I t  check s th e transitio n bein g analyze d t o 
confir m tha t  thi s generi c substanc e i s indee d th e outpu t  o f  th e 
transition .  I f  thi s chec k succeeds ,  th e transitio n i s confirme d 
t o hav e matche d an d th e goa l  t o chec k th e transitio n i s poppe d 
of f  th e goa l  stack . 

Placement / Specification 

The actua l  adaptatio n o f  th e matche d element s i s als o don e 
usin g stron g model-base d methods .  A  ne w componen t  i s 
generate d t o accoun t  fo r  th e transformatio n betwee n soun d 
and vibration .  Thi s componen t  i s place d i n th e particula r 
portio n o f  th e behavio r  wher e thi s transformatio n take s place . 
Furthermore ,  th e particula r  link s betwee n thi s componen t  an d 
othe r  aspect s o f  th e mode l  ar e specifie d usin g production s 
whic h ar e specifi c  t o th e S B F language .  A t  thi s poin t  th e 
ne w mode l  ha s bee n full y defined .  Th e initia l  desig n goa l  i s 
satisfie d an d th e syste m terminates . 

The placemen t  an d specificatio n portion s o f  th e syste m 
consis t  o f  a  numbe r  o f  closel y interrelate d production s whic h 
creat e th e ne w memor y element s fo r  th e modifie d model , 
specif y link s fro m th e existin g memor y element s t o th e ne w 
elements ,  an d specif y link s fro m th e ne w element s t o th e 
existin g elements .  On e exampl e o f  thes e production s follows : 

( P place-componen t 
=goal > IS A goal-desig n 

retr ieved-componen t  =componen t 
transit io n =transit io n 
new-componen t  ni l 

=component > IS A componen t 
is- a =gen-componen t 

=transi t ion > IS A state-transi t io n 
previous-stat e =stat e 

=state > IS A stat e 
substance-state-schem a =ss s 

=sss > IS A substance-state-schem a 
locatio n ni l 

=new-component> ISA component 
is- a =gen-componen t 

=sss > 
locatio n =new-componen t 

=goal > 
new-componen t  =new-component ) 

This production is responsible for generating a new com-
ponent .  I n ou r  example ,  i t  create s a  membran e analogou s t o 
th e vibratin g membran e i n th e phonautograph .  Th e activatio n 
of  thi s productio n require s tha t  a n existin g componen t  ha s 
bee n retrieve d (i.e. ,  tha t  th e r e t r i e v e d - c o m p o n e n t  slo t 
i n th e goa l  i s  filled),  tha t  a  stat e transitio n requirin g a  simila r 
componen t  ha s bee n identifie d (i.e. ,  tha t  th e t r a n s i t i o n 
slo t  i s  filled),  bu t  n o componen t  ha s bee n place d i n th e mode l 
bein g designe d (i.e. ,  tha t  th e n e w - c o m p o n e n t  slo t  ha s no t 
yet  bee n filled).  Th e resul t  o f  th e productio n i s tha t  a  ne w 
componen t  i s create d an d th e locatio n fro m whic h th e transi -
tio n take s plac e i s identifie d a s tha t  component .  Late r  rule s 
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fill  i n value s fo r  thi s component ,  identifyin g it s functio n a s 
analogou s t o th e functio n o f  th e existin g componen t  (th e on e 
fro m th e phonautograph) . 

Discussion 

Analog y i s a n importan t  techniqu e i n inventio n (an d man y 
othe r  tasks) .  However ,  i n a  give n situatio n ther e may b e a n 
enormou s numbe r  o f  potentia l  candidate s fo r  a  mapping ,  eac h 
of  whic h i s extremel y complex .  I n a  purel y sequentia l  retrieva l 
system ,  checkin g al l  o f  thes e candidate s i s clearl y intractable . 
Even whe n retrieva l  i s don e i n paralle l  b y spreadin g activa -
tion ,  a  searc h o f  al l  o f  memor y fo r  al l  possibl e matche s wil l 
generall y  b e unsuccessfu l  becaus e activatio n i s sprea d to o thi n 
(an d thu s n o individua l  elemen t  i s found )  o r  th e numbe r  o f 
element s retrieve d i s enormou s (an d thu s i t  i s intractabl e t o 
conside r  eac h o f  th e matches) . 

Case-Base d Reasonin g (Kolodner ,  1993 )  provide s a  par -
tia l  answe r  t o thi s question :  provid e eac h comple x cas e wit h 
a simple ,  easil y analyze d inde x whic h specifie s th e feature s 
whic h ar e relevan t  t o reuse .  SB F furthe r  elaborate s o n thi s 
ide a i n som e domain s suc h a s desig n an d invention ,  b y pro -
vidin g account s fo r  wha t  constitute s a  usefu l  inde x (typically , 
functiona l  properties) .  Thu s i t  i s possibl e t o avoi d havin g t o 
conside r  al l  o f  th e detail s o f  al l  o f  memor y i n orde r  t o find  a 
relevan t  match . 

However ,  th e historica l  cas e bein g analyze d her e i s  no t  eas -
il y  accounte d fo r  b y thi s theory .  Th e analogica l  transfe r  don e 
her e wa s no t  don e o n th e basi s o f  abstrac t  functiona l  charac -
teristic s o f  th e sor t  tha t  pas t  wor k suggest s ar e use d t o inde x 
cases i n memory .  Instea d th e transfe r  occur s base d o n ver y 
specifi c  behaviora l  details .  We clai m tha t  thi s sor t  o f  trans -
fe r  i s  no t  usuall y possibl e becaus e o f  th e proble m wit h to o 
many potentia l  matches .  I n thi s cas e i t  appear s t o hav e bee n 
done opportunistically ;  th e interna l  (non-indexed )  feature s o f 
th e phonautograp h coul d b e matche d becaus e the y ha d bee n 
recentl y accessed ,  i.e. ,  the y wer e heavil y prime d withi n work -
in g memory .  Ou r  mode l  no t  onl y show s ho w transfe r  fro m 
th e phonautograp h t o th e microphon e coul d occu r  wit h th e 
phonautograp h bein g recentl y used ,  bu t  als o ho w i t  woul d no t 
have occure d i f  th e phonautograp h hadn' t  bee n use d recently . 
Thi s i s  th e primar y contributio n o f  ACT- R t o thi s model :  a n 
accoun t  o f  ho w knowledg e whic h i s activ e i n memor y ca n en -
abl e reasonin g whic h i s no t  possibl e withou t  thi s activation . 
Becaus e th e AC T theory ,  a s oppose d t o (fo r  example )  SOAR, 
focuse s heavil y o n thes e sort s o f  workin g memor y issue s (An -
derson ,  1983 ;  Anderson ,  1993) ,  i t  i s particularl y wel l  suite d 
to modelin g th e particula r  phenomeno n addresse d here . 

The exampl e analyze d her e i s a  smal l  piec e relevan t  t o 
th e wor k bein g don e i n ALE C (Simin a &  Kolodner ,  1997 ; 
Simin a e t  al. ,  1998) ,  ToRQUE (Griffit h e t  al. ,  1996 ;  Griffit h 
& Murdock ,  1998) ,  an d NICOL E (Franci s an d Ram,  1997) . 
By modelin g thi s exampl e i n ACT- R w e ar e abl e t o examin e 
th e issue s o f  activatio n an d retrieva l  i n grea t  depth .  Thi s 
analysi s i s potentiall y  o f  grea t  benefi t  t o understandin g th e 
rol e o f  memor y phenomen a i n analog y an d othe r  reasonin g 
processes . 
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Abstrac t 

How can we integrate interrelated theories of individual ele-
ment s o f  cognition ? Computationa l  model s o f  reasonin g pro -
cesse s encod e a n understandin g o f  reasoning .  Consequently ,  a 
computationa l  modelin g languag e ma y b e ideall y suite d t o th e 
presentatio n o f  theorie s o f  cognition .  B y representin g theorie s 
of  a  variet y o f  phenomen a i n a  singl e modelin g language ,  w e 
can potentiall y  explor e ho w thes e theorie s migh t  interact .  Th e 
Task-Method-Knowledg e ( T M K )  modelin g languag e evolve s 
fro m artificia l  intelligenc e researc h o n th e subjec t  o f  multi -
strateg y reasoning .  T M K model s provid e a  compositiona l  ac -
coun t  o f  reasonin g processes ;  the y describ e no t  onl y wha t  th e 
element s o f  a  proces s are ,  bu t  als o ho w th e functiona l  propertie s 
of  thes e element s combin e t o for m th e functiona l  propertie s o f 
th e proces s a s a  whole .  Thi s pape r  explore s th e compositio n o f 
theorie s o f  cognitio n withi n th e T M K framework ,  drawin g o n 
some existin g theorie s withi n cognitiv e scienc e a s examples . 

Introduction 

Th e goa l  o f  cognitiv e scienc e i s th e developmen t  o f  model s o f 
th e functionalit y o f  th e huma n mind .  Th e vas t  majorit y o f  re -
searc h i n thi s field  ha s focuse d o n th e developmen t  o f  specifi c 
model s o f  particula r  phenomen a suc h a s patter n recognition , 
short-duratio n remembering ,  dual-tas k performance ,  etc .  Th e 
underlyin g assumptio n i n suc h researc h i s tha t  thes e individ -
ual  piece s o f  a  genera l  mode l  o f  huma n intelligenc e coul d 
potentiall y b e combine d t o for m a  complet e model .  Thi s ap -
proac h raise s th e issu e o f  h o w suc h a n integratio n migh t  b e 
accomplished . 

T wo ver y successfu l  theorie s o f  a  genera l  framewor k fo r 
model s o f  cognitio n ar e S O A R (Lair d e t  al. ,  1987 )  an d A C T 
(Anderson ,  1983 ;  Anderson ,  1993) .  Bot h o f  thes e theorie s 
model  cognitiv e capabilitie s a s productio n rules .  Integratio n 
of  reasonin g strategie s withi n thes e framework s i s don e b y 
combinin g set s o f  productio n rules .  Thi s provide s a  parsimo -
niou s environmen t  fo r  combinin g model s o f  variou s aspect s o f 
cognition .  Suc h system s generall y provid e a  powerfu l  mech -
anis m fo r  modelin g precisel y wha t  a  min d i s doing .  However , 
suc h system s d o no t  provid e highe r  leve l  abstraction s whic h 
combin e individua l  production s int o mor e comple x unit s o f 
functionality .  Consequently ,  I  claim ,  productio n rul e system s 
ar e ver y limite d i n th e exten t  t o whic h the y represen t  h o w an d 
why a  min d doe s wha t  i t  does .  Thu s a  mode l  i n thes e frame -
work s ma y no t  conve y a  ful l  understandin g o f  a  phenomenon . 

What  doe s i t  mea n t o understan d a  comple x system ,  suc h a s 
th e mind ? O n e answe r  t o thi s questio n i s suggeste d b y a  lin e 
of  researc h whic h examine s computationa l  representation s o f 
physica l  device s (Goel ,  1989;Bhatta ,  1995;Goe l  e t  al. ,  1996 ; 

Goel  e t  al. ,  1997 ;  Griffith ,  1997) .  I n thi s work ,  i t  i s  show n tha t 
a wid e variet y o f  reasonin g task s relatin g t o physica l  device s 
ca n b e supporte d b y model s whic h ar e causa l  (i.e. ,  tha t  sho w 
th e mechanism s b y whic h effect s occur) ,  compositiona l  (i.e. , 
tha t  sho w ho w th e effect s o f  th e separat e element s o f  a  devic e 
ar e combined) ,  an d functiona l  (i.e. ,  tha t  tak e a n intentiona l 
stanc e towar d describin g wh y element s ar e arrange d a s the y 
are) .  Th e basi c ide a behin d thes e model s i s tha t  th e relation -
shi p betwee n th e physica l  constructio n o f  a  devic e an d th e 
intende d effec t  o f  tha t  devic e i s describe d b y a  flow  o f  causa l 
interaction s describin g th e device' s behavior .  Becaus e thes e 
trait s hav e bee n show n t o produc e model s whic h enabl e a  ver y 
broa d rang e o f  reasonin g tasks ,  I  argu e tha t  the y for m a n ex -
ampl e o f  tru e comprehension .  I n othe r  words ,  th e importan t 
contributio n tha t  thi s bod y o f  wor k make s t o th e argumen t  I 
a m makin g her e is : 

A n accurat e causal ,  compositional ,  functiona l  mode l  o f 
a comple x syste m inherentl y constitute s a  dee p under -
standin g o f  suc h a  system . 

The Task-Method-Knowledg e ( T M K )  modelin g languag e 
(Stroulia ,  1994 ;  Goe l  e t  al. ,  1996 ;  Griffith ,  1997 ;  Murdoc k 
and Goel ,  1998 )  provide s a  causal ,  compositional ,  functiona l 
framewor k fo r  describin g cognitiv e capabilities .  T M K model s 
hav e bee n use d t o suppor t  processe s suc h a s explanatio n an d 
adaptatio n i n a  variet y o f  A l  systems .  Fo r  example ,  (Mur -
doc k an d Goel ,  1998 )  describe s a  recentl y develope d agen t 
architectur e fo r  implementing ,  executing ,  an d adaptin g T M K 
models .  T M K model s ar e ver y muc h a n extensio n o f  th e 
physica l  devic e modelin g framewor k fro m whic h the y wer e 
derived .  Th e divisio n o f  reasonin g int o task s (i.e. ,  functiona l 
elements )  an d method s (i.e. ,  behaviora l  elements )  ver y muc h 
duplicate s th e functiona l  an d causa l  feature s o f  th e physica l 
devic e models ,  an d th e explici t  modelin g o f  knowledg e state s 
duplicate s th e compositiona l  aspect s o f  thes e models . 

I  clai m tha t  th e T M K languag e provide s a  usefu l  frame -
wor k fo r  integratin g model s o f  cognitiv e processe s becaus e 
a comprehensiv e mode l  presente d withi n thi s framewor k ca n 
conve y a  dee p understandin g o f  cognition .  Thi s pape r  inves -
tigate s thi s claim . 

Technical Details 

The thre e basi c element s o f  T M K model s ar e tasks ,  meth -
ods ,  an d knowledge .  Task s ar e unit s o f  functionality ;  the y 
represen t  wha t  i s done .  Method s ar e unit s o f  behavior ;  the y 
represen t  h o w somethin g i s done .  Task s an d method s ar e in -
timatel y interconnected ;  task s ar e linke d t o a  se t  o f  method s 
whic h accomplis h thos e tasks ,  an d method s ar e i n tur n linke d 
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t o a  se t  o f  lower-leve l  task s wh i c h ar e necessar y t o accomplis h 
tha t  method .  Conside r  fo r  example ,  th e mathematica l  tas k o f 
addin g a  se t  o f  thre e digi t  numbers .  Thi s tas k migh t  b e accom -
plishe d b y a  standar d lon g additio n algorithm ,  wh ic h wou lde d 
cal l  a  metho d i n th e T M K language .  Thi s me tho d i s define d 
by th e subtask s wh ic h accomplis h it ,  i.e. ,  addin g o f  co lumn s 
and carryin g o f  remainders ,  ordere d i n a n iterativ e loop .  T h e 
tas k o f  addin g a  c o l u m n might ,  i n turn ,  b e accomplishe d b y 
one o f  severa l  methods ,  e.g. ,  direc t  m e m o r y retrieval ,  count -
in g o n one' s fingers,  etc .  T h e k n o w l e d g e portio n o f  th e T M K 
model s provide s th e languag e i n wh i c h th e requirement s o f 
th e task s an d th e capabilitie s o f  th e m e t h o d s ar e defined ;  fo r 
th e additio n task ,  th e k n o w l e d g e portio n o f  th e T M K m o d e l 
migh t  describ e concept s suc h a s numbers ,  digits ,  co lumns , 
etc .  a s wel l  a s relationship s suc h a s s u m s o f  digits ,  adjacenc y 
of  columns ,  etc . 

Conside r  a  m o r e elaborat e example :  qualitative ,  concep -
tua l  desig n o f  physica l  devices .  T h e Kr i t i k  serie s o f  system s 
(Goel ,  1989;Goeletal. ,  1997;Goeletal. ,  1996 )  instantiate s a 
theor y o f  thi s reasonin g process .  Figur e 1  s h o w s a  fe w o f  th e 
highes t  level s o f  a  T M K m o d e l  o f  desig n inspire d b y Krit ik . 
Thi s figure  describe s a  desig n tas k wit h t w o to p leve l  methods : 
case-base d reasonin g an d generat e an d test .  T h e case-base d 
reasonin g metho d involve s retrieval ,  adaptation ,  verification , 
and storage .  T h e generat e an d tes t  m e t h o d involve s genera -
tio n (e.g. ,  b y followin g simpl e desig n heuristics )  followe d b y 
verification .  T h e tas k o f  desig n verification ,  wh ic h i s c o m -
m on t o th e tw o top-leve l  me thods ,  i s  furthe r  elaborate d b y 
tw o lower-leve l  methods :  qualitativ e simulatio n an d physica l 
instantiation .  T h e qualitativ e simulatio n m e t h o d involve s trac -
in g throug h th e desig n t o m a k e certai n tha t  th e devic e shoul d 
accomplis h th e specifie d function .  T h e physica l  instantiatio n 
metho d involve s actuall y buildin g th e devic e an d seein g i f  i t 
operate s a s specifie d (thi s m e t h o d illustrate s a  crucia l  featur e 
of  T M K models ;  the y seamlessl y integrat e reasonin g an d ac -
tio n b y allowin g task s t o b e accomplishe d b y bot h reasonin g 
strategie s an d actio n strategies) . 

Case-Base d 
Desig n 

Generat e 
and Tes t 

Case 
I  Retrieva l 

Desig n 
Adaptatio n 

Case 
Storag e 

Desig n 
Verificatio n Generatio n 

/̂ Qualitativ e ^ 
V Simulatio n J 

r  Physica l  A 
VInstantiation y 

Figur e 1 :  T h e to p fe w level s o f  a  T M K mode l  o f  a  desig n 
process .  Rectangula r  boxe s represen t  tasks ;  roun d boxe s rep -
resen t  methods .  T h e circle-and-arro w diagram s withi n th e 
roun d dotte d boxe s represen t  th e contro l  portio n o f  th e meth -
ods . 

Consider the top level task in this decomposition: de-

sign .  T h e desig n tas k migh t  b e represente d wit h th e followin g 
know ledg e element: ' 

Task design 
-domain :  physical-device s 
-input :  (desired-function ) 
-output :  (new-model ) 
-given :  desired-functio n i s feasibl e 
-it\akes : 

new-mode l  i s internall y consisten t 
AND 
th e functio n o f  new-mode l  i s equivalen t 

t o desired-functio n 
-by :  (case-based-desig n generate-and-test ) 

This knowledge element asserts that design is a process 
which ,  give n a  desire d function ,  produce s a  ne w model ,  wher e 
th e knowledg e type s associate d wit h th e desire d functio n an d 
th e new-mode l  ar e define d withi n th e domai n o f  physical -
devices. ^  I t  furthe r  assert s tha t  fo r  thi s tas k t o b e performed , 
th e desire d functio n mus t  b e feasibl e an d tha t  whe n th e tas k 
i s completed ,  th e ne w mode l  shoul d b e a n internall y consis -
ten t  mode l  whos e functio n i s equivalen t  t o th e desire d func -
tion .  Lastly ,  thi s knowledg e elemen t  assert s tha t  tw o method s 
ar e know n t o accomplis h thi s task :  case-base d desig n an d 
generate-and-test .  Conside r  th e followin g representatio n fo r 
th e case-base d desig n method : 

Method case-based-design 
-domain :  physical-device s 
-given : 

desired-functio n i s feasibl e 
AND 
ther e exist s a n old-mode l  i n th e cas e memor y 

suc h tha t  th e functio n o f  th e old-mode l 
approximate s desired-functio n 

-makes : 
new-mode l  i s internall y consisten t 
AND 
th e functio n o f  new-mode l  i s equivalen t 

t o desired-functio n 
-subtasks :  (case-retrieva l  design-adaptat io n 

design-veri f icat io n case-storage ) 
-control : 

DO 
(case-retrieva l 
design-adaptat io n 
design-verif ication ) 

UNTI L new-mode l  i s verif ie d 
case-storag e 

This method has requirements and results (i.e., : given 
and :  m a k e s )  whic h ar e consisten t  wit h th e desig n task .  How -
ever ,  ther e i s a n additiona l  conditio n require d fo r  th e metho d 

'i n thi s paper ,  I  presen t  example s i n English-lik e pseudo-cod e 
rathe r  tha n provid e a n elaborat e forma l  exploratio n o f  T M K synta x 
and semantics .  A  technica l  presentatio n o f  th e mos t  recen t  computa -
tiona l  implementatio n o f  th e T M K  languag e (i n th e SIRRINE 2 agen t 
architecture )  appear s i n (Murdoc k an d Goel ,  1998) . 

^Th e precis e conten t  o f  th e domai n knowledg e elemen t  itsel f 
is ,  o f  course ,  a  majo r  componen t  o f  th e T M K language .  I n 
general ,  domain s contai n description s o f  bot h abstrac t  concept s 
(e.g. ,  th e concep t  o f  a  function )  an d concret e variable s (e.g. ,  th e 
desired-functio n variable) .  A  detaile d examinatio n o f  thi s 
portio n o f  th e T M K languag e is ,  however ,  beyon d th e scop e o f  thi s 
paper . 
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t o function :  ther e mus t  b e a  mode l  i n th e cas e m e m o r y whos e 
functio n approximate s th e desire d function .  Th e case-base d 

desig n metho d set s u p fou r  subtasks :  retrieval ,  adaptation , 
verification ,  an d storage .  Th e contro l  informatio n fo r  th e 
metho d indicate s tha t  th e first  thre e subtask s ar e t o b e ex -
ecute d i n order ,  repeatedly ,  unti l  a  ne w mode l  i s produce d 
whic h i s verifie d b y th e verificatio n subtask ,  afte r  whic h th e 

fourt h subtas k i s executed .  Unde r  thi s control ,  a  reasone r 
base d o n thi s mode !  woul d continu e t o retrieve ,  adapt ,  an d 
verif y case s unti l  i t  eithe r  succeeded ,  o r  i t  faile d t o retriev e 
any mor e case s (i n whic h cas e th e requirement s fo r  th e adap -
tatio n tas k woul d no t  b e me t  an d th e metho d a s a  whol e woul d 
fail) . 

Thes e example s illustrat e th e conten t  o f  th e task s an d meth -
ods o f  T M K models .  Task s ar e define d b y (i )  th e knowledg e 
whic h the y requir e an d produce ,  an d (ii )  th e method s whic h 
accomplis h them .  Method s ar e define d b y (i )  th e knowledg e 
whic h the y requir e an d produce ,  (ii )  th e subtask s whic h the y 
establish ,  an d (iii )  th e orderin g requirement s tha t  the y defin e 
fo r  thei r  subtasks . 

Topics in Cognition 

To explor e th e notio n o f  T M K a s a  unifyin g them e fo r  th e 
stud y o f  cognition ,  le t  u s conside r  som e specifi c  topic s an d 
model s fro m th e perspectiv e o f  T M K .  I n doin g so ,  w e wil l 
encounte r  deepe r  issue s regardin g th e natur e o f  th e modelin g 
language . 

Visual Pattern Recognition 

A n extremel y basi c tas k whic h form s a  foundatio n fo r  a  wid e 
rang e o f  cognitio n i s tha t  o f  visua l  patter n recognition .  Con -
side r  th e mode l  o f  patter n recognitio n presente d i n (Treisman , 
1988) .  Thi s mode l  involve s fou r  cor e elements : 

•  Immediate ,  simultaneou s recognitio n o f  certai n specifi c 
primitiv e feature s suc h a s colo r  an d size . 

•  Seria l  focus  o f  £Ui  "attentio n spotlight "  whic h bind s togethe r 
cluster s o f  features . 

•  Generatio n o f  a n "objec t  file"  t o labe l  suc h a  cluster . 

•  Recognitio n o f  a  store d descriptio n matchin g a n objec t  file. 

Thi s mode l  ca n b e implemente d i n a  T M K mode l  wit h th e 
followin g task-metho d hierarchy : 

+ Task :  Recogniz e Patter n 
*  Method :  Feature-Base d Patter n Recognitio n 

+ Task :  Assig n Objec t  Fil e 
*  Method :  Spotlightin g 

+ Task :  Identif y Feamre s 
*  Method :  Featur e Recognitio n 

+ Task :  Recogniz e Colo r 
+ Task :  Recogniz e Orientatio n 
+ Task :  Recogniz e Siz e 
+ Task :  Recogniz e Stere o Distanc e 

+ Task :  Focu s Spotligh t 
+ Task :  Creat e Objec t  Fil e 

+ Task :  Matc h Store d Descriptio n 

T wo particularl y interestin g issue s aris e fro m thi s repre -
sentatio n o f  thi s mode l  o f  patter n recognition .  Th e first  o f 
thes e issue s i s th e representatio n o f  th e knowledg e bein g ac -
cessed ;  fo r  example ,  th e for m o f  th e objec t  file,  th e natur e o f 
th e store d objec t  descriptions ,  an d th e mechanis m fo r  match -
in g th e tw o ar e comple x an d interestin g problems .  I  wil l  no t 

conside r  thi s issu e furthe r  becaus e i t  i s  largel y unspecifie d i n 
(Treisman ,  1988) .  Th e othe r  interestin g issu e raise d b y thi s 

decompositio n i s th e natur e o f  th e contro l  informatio n i n th e 
method s above .  Fo r  example ,  th e featur e recognitio n metho d 
has fou r  subtasks ,  al l  o f  whic h ar e execute d simultaneously , 
as man y time s a s ther e ar e input s available .  I n contrast ,  th e 
higher-leve l  spotlightin g tas k i s seria l  an d loopin g i n nature ; 
th e identif y feature s tas k run s t o completion ,  the n th e focu s 
spotligh t  an d creat e objec t  file  subtask s ru n sequentially ,  bu t 
repeatedl y fo r  a s man y cluster s o f  feature s a s ar e available . 

T M K,  i n it s curren t  form ,  doe s no t  hav e sufficientl y pow -
erfu l  mechanism s fo r  specifyin g contro l  t o implemen t  th e 
orderin g requirement s describe d above .  T M K doe s suppor t 
describin g set s o f  task s a s no t  bein g boun d b y orderin g con -
straints .  However ,  i t  doe s no t  suppor t  th e executio n o f  mul -
tipl e instance s o f  th e sam e tas k simultaneously ;  T M K coul d 
specif y a  mode l  i n whic h th e size ,  color ,  orientation ,  etc .  o f  a 
singl e shap e wer e determine d i n paralle l  bu t  no t  on e i n whic h 
thes e feature s wer e identifie d fo r  multipl e shape s a t  once .  Th e 
reaso n fo r  thi s restrictio n i s tha t  task s i n T M K mus t  b e define d 
as bein g boun d t o a  specifi c  proble m variabl e (e.g. ,  th e desire d 
functionalit y i n th e desig n case) ;  th e ide a o f  runnin g a  tas k 
on al l  input s whic h ar e currentl y availabl e doe s no t  hav e a 
formalizatio n withi n T M K . 

Thi s conflic t  afford s tw o possibl e resolutions : 

• TMK needs to be enhanced to support running identical 
task s i n paralle l  ove r  a  rang e o f  inputs . 

•  Visua l  patter n recognitio n i s outsid e o f  th e scop e o f  th e 
T M K framework . 

The latter resolution is not entirely unreasonable; existing 
T M K wor k ha s largel y focuse d o n extremel y high-leve l  cog -
nitio n (suc h a s design )  whic h ar e generall y accepte d t o b e 
roughl y seria l  i n mos t  regard s (Newel l  an d Simon ,  1972) .  Fo r 
suc h a  topic ,  on e coul d expec t  t o trea t  patter n recognitio n 
as inherentl y primitive .  However ,  t o th e exten t  tha t  w e ar e 
seekin g t o us e T M K a s a  unifyin g framewor k acros s level s o f 
abstraction ,  thi s i s a  ver y unsatisfyin g solution .  I  thin k tha t  i t 
i s mor e fiii r  t o sa y tha t  t o th e exten t  t o whic h w e wan t  t o wor k 
at  thi s level ,  th e T M K languag e need s t o b e augmented . 

Automatization 

Automatizatio n i s a  phenomeno n which ,  whil e no t  a s primi -
tiv e a s patter n recognition ,  i s  stil l  a  relativel y basi c elemen t 
of  cognition .  Conside r  th e issu e addresse d b y (Logan ,  1988) , 
speed-u p learnin g i n simple ,  repeate d task s suc h a s lexica l  de -
cisio n an d "alphabe t  arithmetic "  ( a mor e comple x tas k involv -
in g determinin g th e trut h o f  equation s o f  th e for m A-t-2=C ,  etc . 
wher e th e positio n o f  letter s i n th e alphabe t  determine s thei r 
value) .  Logan' s mode l  coul d b e describe d wit h th e followin g 
tas k decompositio n (fo r  th e alphabe t  arithmeti c problem ;  th e 
lexica l  decisio n proble m i s represente d similarly) : 

+ Task: Solve Problem 
*  Method :  Instanc e Retrieva l 

+ Task :  Retriev e Instanc e 
*  Method :  Analytica l  Solutio n 

+ Task :  Comput e Firs t  Lette r  Valu e 
+ Task :  Comput e Secon d Lette r  Valu e 
+ Task :  Ad d number s 
+ Task :  Compar e 
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Some ke y commitment s o f  Logan' s mode l  whic h provid e 
particula r  challenge s t o th e T M K analysi s are ; 

• The instance retrieval and the analytical solution methods 
ar e ru n i n paralle l  an d onl y th e result s o f  th e first  metho d 
t o succee d ar e used . 

•  Th e tim e take n b y th e instanc e retrieva l  metho d whe n a 
singl e instanc e i s i n memor y shoul d b e a  variabl e o f  a 
specifi c  distributio n (unde r  ver y broa d assumptions) . 

•  Th e tim e take n b y th e instanc e retrieva l  metho d whe n N 
instance s ar e i n memor y shoul d the n b e th e min imu m o f  N 

suc h variables . 

The TMK language does not specify a mechanism for al-
lowin g alternativ e method s (a s oppose d t o tasks )  t o b e ru n 
i n parallel ;  thi s would ,  however ,  b e a  trivia l  addition .  Th e 
secon d issu e i s on e o f  h o w th e retriev e instanc e tas k i s im -
plemented ;  however ,  i t  seem s extremel y plausibl e tha t  a  rea -
sonabl e implementatio n woul d satisf y thi s requirement .  Th e 
thir d issu e i s somewha t  tricky .  W e coul d suppor t  thi s metho d 
by performin g th e retriev e instanc e tas k simultaneousl y o n 
al l  instance s o n memor y (a s pe r  th e featur e recognitio n task s 
i n th e previou s example) .  Ther e i s a  significan t  difference ; 
th e featur e recognitio n tas k run s i n paralle l  o n al l  input s an d 
conclude s whe n al l  input s ar e concluded ,  thi s tas k run s o n 
al l  input s an d conclude s whe n an y inpu t  i s  concluded .  H o w -
ever ,  I  fee l  tha t  b y augmentin g T M K t o suppor t  bot h o f  thes e 
sort s o f  parallelism ,  w e ca n represen t  bot h o f  thes e model s o f 
cognition . 

A ke y observatio n her e i s tha t  immediatel y prio r  t o solvin g 
th e problem ,  th e viewer s ar e require d t o recogniz e th e letter s 
and number s i n th e problem .  Thi s woul d b e represente d i n 
th e T M K mode l  a s a  repeate d sequenc e o f  patter n recognitio n 
tasks .  Thes e task s could ,  i n turn ,  b e represente d b y th e featur e 
base d recognitio n metho d describe d i n th e previou s example . 
I n thi s way ,  T M K provide s a  framewor k fo r  integratin g thes e 
models . 

Implicit Memory 

Conside r  th e mode l  o f  implici t  memor y task s fro m (Jacoby , 
1991) .  Thi s wor k generall y posit s tw o genera l  subtask s o f 
recognition :  determinatio n o f  recollectio n an d determinatio n 
of  familiarity .  T w o to p leve l  task s ar e presente d t o subjects : 
inclusio n recognitio n (i.e. ,  recognitio n wit h primin g know n t o 
be correct )  an d exclusio n recognitio n (i.e. ,  recognitio n wit h 
primin g know n t o b e incorrect) .  Th e method s posite d fo r 
use i n th e tw o task s bot h invok e thes e sam e tw o recognitio n 
subtask s bu t  the y us e a  differen t  procedur e fo r  synthesizin g 
th e results .  W e ca n describ e thi s mode l  usin g th e followin g 
T MK decomposition : 

+ Task :  Inclusio n Recognitio n 
*  Method :  Inclusio n Recognitio n Metho d 

+ Task :  Familiarit y Analysi s 
+ Task :  Recollectio n Analysi s 
+ Task :  Inclusio n Resul t  Synthesi s 

+ Task :  Exclusio n Recognitio n 
*  Method :  Exclusio n Recognitio n Metho d 

+ Task :  Familiarit y Analysi s 
+ Task :  Recollectio n Analysi s 
+ Task :  Exclusio n Resul t  Synthesi s 

Let  u s loo k a t  som e o f  thes e item s i n mor e detail : 

Metho d Exc lus ion-Recogn i t ion-Metho d 
-domain :  word - recogn i t ion -domai n 
-makes : 

recognized ? hold s I F AN D ONL Y I F 
st imulu s wa s see n i n t ra in in g 
AND 
st imulu s wa s no t  see n i n pr imin g 

-contro l : 
DO I N PARALLEL 

(Fami l iar i ty-Analysi s 
Reco l lec t ion-Analys is ) 

Exc lus ion-Resu l t -Synthes i s 

This method states that the exclusion recognition method 
produce s a  boolea n resul t  r e c o g n i z e d ? whic h shoul d b e 
tru e i f  an d onl y i f  th e wor d wa s see n durin g stimulu s trainin g 
or  wa s see n durin g stimulu s priming .  Th e metho d has  tw o 
seria l  components :  first  th e tw o memor y task s ar e execute d (i n 
paralle l  o r  arbitrar y order )  an d the n th e result s ar e synthesized . 
Let  u s conside r  th e synthesi s task : 

Tas k Exc lus ion-Resu l t -Synthes i s 
-domain :  memory-syn thes is -domai n 
- input :  ( recal led- f rom-pr iming ? fami l iar? ) 
-output :  (recognized? ) 
-makes : 

recognized ? hold s I F AN D ONL Y I F 
famil iar ? AN D NO T reca l led- f rom-pr im ing ? 

-by :  exc lus ion- log ic -procedur e 

This specification says that the exclusion result synthesis 
tas k take s a s inpu t  informatio n (derive d fro m th e memor y 
subtasks )  abou t  whethe r  th e stimulu s i s familia r  an d whethe r 
i t  i s  recalle d fro m th e earlie r  (exclusive )  priming .  I t  the n 
derive s a  trut h valu e fo r  whethe r  th e wor d i s recognize d b y 
a logica l  inferenc e whic h hold s i f  an d onl y i f  th e wor d i s 
familia r  an d no t  recalle d fro m th e priming . 

Thi s analysi s show s ho w th e T M K modelin g languag e ca n 
encod e a  memor y retrieva l  mechanism .  A  grea t  man y task s 
referre d t o i n cognitiv e model s o f  othe r  phenomen a mak e us e 
of  memor y retrieval ;  i t  i s  possibl e tha t  som e o f  th e familiarit y 
and retrieva l  task s ca n b e use d a s subtask s t o other ,  mor e 
comple x tasks .  Usin g thi s framework ,  knowledg e derive d 
abou t  thes e tw o task s (e.g. ,  implication s o f  thei r  conditiona l 
independence )  ca n b e establishe d withi n thi s mode l  an d the n 
directl y applie d t o othe r  models . 

Reflection 

I f  T M K model s presen t  a  framewor k b y whic h we ,  a s sci -
entists ,  ca n understan d cognition ,  migh t  the y als o provid e a 
basi s fo r  a  knowledg e accoun t  o f  h o w human s understan d thei r 
o wn cognition ? Sinc e human s ar e abl e t o provid e explana -
tion s (albei t  ofte n incomplet e an d incorrec t  ones )  o f  thei r  o w n 
reasoning ,  i t  i s  apparen t  the y d o hav e som e for m o f  interna l 
knowledg e o f  themselves . 

Recal l  fro m th e introductor y sectio n tha t  T M K model s ar e 
originall y derive d fro m earl y wor k i n th e modelin g o f  physica l 
devices .  Thes e physica l  devic e model s hav e bee n use d fo r  a 
wid e variet y o f  tasks ,  bu t  th e mos t  prevalen t  tas k t o whic h 
the y hav e bee n applie d (an d th e on e t o whic h the y ar e mos t 
tightl y tuned )  i s tha t  o f  adaptiv e redesign .  Consequently ,  i t 
i s  no t  unreasonabl e t o suspec t  tha t  T M K model s migh t  b e 
appropriat e t o th e adaptiv e redesig n o f  a n intelligen t  reasoner . 
I n fact ,  som e A I  researc h has  suggeste d tha t  T M K model s d o 
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provid e suppor t  fo r  suc h adaptatio n (Stroulia ,  1994 ;  Murdoc k 
and Goel ,  1998) .  T o th e exten t  tha t  thes e A I  system s us e 

T M K model s t o redesig n themselves ,  th e T M K languag e ca n 
be viewe d a s encodin g th e knowledg e whic h enable s reflectiv e 
learning .  Becaus e thes e model s hav e bee n show n t o suppor t 
thi s sor t  o f  reasonin g i n artificia l  agents ,  i t  i s conceivabl e tha t 
the y coul d approximat e th e analogou s knowledg e possesse d 
by humans . 

I f  w e accep t  tha t  T M K migh t  provid e a  (possibl y limited ) 

accoun t  o f  knowledge ,  ther e arise s th e questio n o f  whethe r 
and t o wha t  exten t  thi s knowledg e i s consciousl y accessible . 
(Stroulia ,  1994 ,  p .  249 )  argue s tha t  reasonin g usin g mod -

el s o f  thi s sor t  correspond s wit h consciou s reflection .  Ar e 
consciousnes s an d model-base d reflectio n simpl y differen t 
perspective s o n th e sam e phenomeno n o r  i s th e relationshi p 
betwee n the m mor e complex ? 

O ne obviou s measuremen t  o f  consciousnes s i s introspec -
tiv e accessibility. ^  I t  i s  apparen t  tha t  human s ar e abl e t o 
introspectivel y describ e thei r  processin g mechanisms .  H o w -
ever ,  i t  i s  als o apparen t  tha t  human s ar e severel y limite d i n 
thi s abilit y  an d frequentl y produc e demonstrabl y incorrec t  o r 
incomplet e description s o f  thei r  o w n reasoning .  H o w ca n w e 
accoun t  fo r  thi s c o m m o n observatio n withi n a  cognitiv e T M K 
framework ? S o m e possibilitie s include : 

1. TMK models are purely conscious reasoning structures, but 
the y ar e inherentl y incomplet e an d incorrect . 

2.  T M K model s ar e purel y unconsciou s reasonin g structures . 
To th e exten t  tha t  peopl e ca n describ e them ,  the y ar e onl y 
inferre d fro m th e consequence s o f  thei r  use . 

3.  T M K model s ar e bot h consciou s an d unconsciou s reason -
in g structures .  The y ar e onl y partiall y  an d inaccuratel y 
availabl e t o consciou s thought . 

The first possibility seems to be the most superficially ob-
viou s choice ;  give n tha t  thes e model s ma y b e elicite d fro m 
peopl e i n a n incomplet e /  incorrec t  form ,  th e defaul t  hypothe -
si s i s clearl y tha t  peopl e hav e incomplet e /  incorrec t  version s 
of  thes e model s i n thei r  consciou s memory .  However ,  ther e 
ar e seriou s problem s wit h thi s idea ;  mos t  significantly ,  muc h 
of  th e wor k o n reflectiv e self-redesig n whic h provide s th e 
primar y motivatio n fo r  T M K model s a s cognitivel y plausi -
bl e structures ,  involve s self-adaptation s whic h ar e difficul t  t o 
envisio n bein g completel y accessibl e t o consciousness .  I  be -
liev e tha t  i t  woul d b e possible ,  wit h empirica l  studies ,  t o sho w 
tha t  som e adaptiv e learnin g scenario s whic h wer e typica l  o f 
th e kind s o f  T M K self-redesig n w e hav e propose d involv e 
component s o f  th e T M K model s whic h ar e no t  consciousl y 
accessible .  I f  thi s wer e done ,  w e coul d rul e ou t  possibilit y  1 
as a n accoun t  o f  th e relationshi p betwee n consciousnes s an d 
T M K models . 

Th e secon d possibilit y  als o seem s initiall y  appealing ;  sinc e 
peopl e clearl y don' t  hav e ful l  acces s t o thes e models ,  w h y 
shoul d w e believ e tha t  the y hav e an y acces s a t  all .  I t  woul d b e 

^Whil e th e limitation s o f  introspectio n a s a  genera l  mechanis m 
fo r  studyin g cognitio n ar e wel l  known ,  i t  seem s lik e a n essentia l 
too l  fo r  studyin g consciousnes s a s a  phenomenon .  I t  i s difficul t  t o 
argu e tha t  som e aspec t  o f  cognitio n i s consciou s bu t  no t  accessibl e t o 
introspection ;  unde r  thes e assumptions ,  wha t  woul d th e ter m "con -
sciousness '  mean ? Fo r  a  mor e detaile d loo k a t  som e o f  thes e issues , 
see (Reisberg ,  1997 ,  p .  589 ,  f.f.) . 

difficul t  t o empiricall y validat e o r  falsif y thi s position ;  fro m 
a behaviora l  perspective ,  i t  i s difficul t  t o distinguis h betwee n 

knowledg e tha t  exist s an d knowledg e tha t  i s  inferre d wheneve r 
i t  i s  needed . 

However ,  ou r  knowledg e o f  memor y phenomen a suggest s 
tha t  i t  i s  unlikel y tha t  thes e model s ar e alway s computed ,  i n 
tha t  man y computationa l  task s hav e bee n widel y show n t o b e 
supplante d b y memor y acces s whe n applicable .  Fo r  example , 
bot h th e effec t  o f  prio r  (eve n "unremembered" )  exposur e t o 
word s o n fragmen t  completio n (TU I  ving ,  1985 )  an d th e preva -
lenc e o f  cryptomnesi a i n mor e comple x task s (Mars h an d 
Bower ,  1993 )  sugges t  that ,  a t  th e ver y least ,  specifi c  memor y 
trace s o f  pas t  inferenc e proces s ar e available ;  t o th e exten t 
tha t  w e hav e ha d occasio n t o infe r  T M K structure s fo r  certai n 
reasonin g task s i n th e past ,  i t  i s  potentiall y  reasonabl e t o clai m 
tha t  thes e inferre d structure s ar e availabl e i n memory ,  eve n i f 
thei r  sourc e (i.e. ,  th e particula r  reasonin g even t  durin g whic h 
thi s T M K mode l  wa s inferred )  has  bee n forgotten . 

Conside r  th e positio n take n b y (Kahnema n an d Miller , 
1986 )  wit h respec t  t o th e issu e o f  th e existenc e o f  norm s 
(i.e. ,  judgement s o f  typica l  instance s o f  a  class )  a s a  memor y 
structure .  Thi s vie w i s ver y simila r  t o th e positio n take n i n 
possibilit y  3 ;  thei r  pape r  focuse s o n post-hoc ,  inferre d norm s 
(analogou s t o inferre d T M K structures )  bu t  clai m tha t  fo r  som e 
situations ,  pre-existing ,  know n norm s d o exis t  (analogou s t o 
remembere d T M K structures) .  Pendin g furthe r  evidence ,  I 
woul d lik e t o mak e a  simila r  clai m here ;  that ,  t o th e exten t 
t o whic h th e T M K languag e provide s a  plausibl e accoun t  o f 
self-knowledge ,  thi s self-knowledg e i s partiall y  bu t  no t  full y 
accessibl e t o consciou s memory . 

The notio n o f  T M K model s a s partiall y  consciou s reason -
in g structure s seem s t o relat e t o th e notio n o f  a  consciousnes s 
"fringe "  a s describe d i n (Mangan ,  1993).' '  Ca n w e conside r 
reflectiv e self-representatio n o f  th e sor t  embodie d i n T M K 
model s t o b e guidin g reasonin g fro m th e fring e o f  conscious -
ness ? I f  so,  w e woul d expec t  tha t  attempt s t o brin g suc h 
representation s int o full y  consciou s focu s (fo r  example ,  i n 
introspectiv e description s o f  one' s o w n reasoning )  t o resem -
bl e othe r  phenomen a whic h involv e shift s fro m fring e t o fo -
cal  consciousness .  A n exampl e o f  suc h a  shif t  whic h Man -
gan present s i s th e "tip-of-the-tongue "  (TOT )  phenomeno n i n 
whic h peopl e k n o w tha t  the y hav e encountere d som e fac t  bu t 
ca n no t  immediatel y recal l  it .  T o wha t  exten t  d o th e limita -
tion s an d restriction s o f  consciou s acces s t o self-knowledg e 
resembl e th e limite d memor y acces s o f  T O T ? Furthe r  researc h 
i s neede d t o addres s thes e topics . 

Conclusions 

I t  i s  clea r  tha t  a  grea t  man y issue s nee d t o b e resolve d be -
for e th e T M K modelin g languag e ca n b e use d effectivel y a s a 
theoretica l  framewor k fo r  synthesizin g model s o f  cognition . 
As I  hav e argued ,  th e T M K mechanism s fo r  specifyin g con -
tro l  o f  instantiatio n o f  subtask s need s t o b e enhance d t o dea l 
wit h a  variet y o f  differen t  kind s o f  paralle l  computation .  Fur -
thermore ,  ther e d o see m t o b e (a t  least )  tw o kind s o f  cognitiv e 
issue s fo r  whic h th e T M K modelin g framewor k provide s littl e 
value : 

•"Thi s pape r  furthe r  cite s (James ,  1890 )  bu t  present s th e notio n 
i n th e contex t  o f  a  modem,  cognitiv e framework ;  i t  i s  thi s mode m 
formulatio n t o whic h I  a m referrin g here . 
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•  Cognitiv e processe s whic h ar e inherentl y atomic ,  i.e. , 
whic h canno t  b e furthe r  decompose d int o elements .  Thes e 
ar e easil y modele d i n T M K (i.e. ,  a s a  singl e task )  bu t  suc h 
model s provid e ver y littl e insight .  Issue s o f  thi s sor t  ca n 
be see n a s belo w th e leve l  o f  abstractio n fo r  whic h T M K i s 

useful . 

•  Cognitiv e processe s whic h ar e inherentl y inamenabl e t o 
teleologica l  analysis ,  (va n Gelder ,  1997 )  argue s tha t  cog -
nitio n ma y no t  b e decomposabl e int o causa l  flows  o f  func -
tiona l  elements .  T o th e exten t  tha t  thi s i s tru e o f  eve n certai n 
cognitiv e phenomena ,  T M K i s probabl y no t  usefu l  fo r  thes e 
phenomena . 

Despite these limitations, I believe that TMK models do 
provid e a  usefu l  mechanis m fo r  integratin g model s o f  cog -
nition .  Th e overwhelmin g majorit y o f  model s o f  cognitiv e 
phenomena whic h hav e bee n develope d d o no t  fal l  int o ei -
the r  o f  th e tw o categorie s above :  the y ar e comple x i n natur e 
and ar e decompose d int o functiona l  elements .  I n providin g 
causal ,  compositional ,  functiona l  description s o f  reasonin g 
processes ,  th e T M K languag e suggest s a n accoun t  o f  h o w 
model s o f  reasonin g ma y b e combine d t o for m a  dee p un -
derstandin g o f  cognition .  Furthermore ,  sinc e thes e model s 
can provid e suc h a n understanding ,  the y als o for m a  plau -
sibl e hypothesi s regardin g th e knowledg e conten t  o f  huma n 
self-understanding . 
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Abstrac t 

Human language processing relies on many kinds of linguistic 
knowledge ,  an d i s sensitiv e t o thei r  frequency ,  includin g lexi -
cal  frequencie s (Tyler ,  1984 ;  Salaso o &  Pisoni ,  1985 ;  Marslen -
Wilson ,  1990 ;  Zwiteerlood .  1989 ;  Simpso n &  Burgess ,  1985) , 
idio m frequencie s (d'Arcais ,  1993) .  phonologica l  neighbor -
hood frequencie s (Luce .  Pisoni ,  &  Goldfinger ,  1990) ,  subcate -
gorizatio n frequencie s (Trueswell ,  Tanenhaus ,  &  Kello ,  1993) , 
and themati c rol e frequencie s (Trueswell ,  Tanenhaus ,  &  Gar -
nsey ,  1994 ;  Gamsey ,  Pearlmutter ,  Myers ,  &  Lotocky ,  1997) . 
But  whil e w e kno w tha t  eac h o f  thes e knowledg e source s mus t 
be probabilistic ,  w e kno w ver y littl e abou t  exactl y ho w thes e 
probabilisti c  knowledg e source s ar e combined .  Thi s pape r  pro -
pose s th e us e o f  Bayesia n decisio n tree s i n modelin g th e prob -
abilistic ,  evidentia l  natur e o f  huma n sentenc e processing .  Ou r 
metho d reifie s conditiona l  independenc e assertion s implici t  i n 
sign-base d linguisti c theorie s an d describe s interaction s amon g 
feature s withou t  requirin g additiona l  assumption s abou t  modu -
larity .  W e sho w tha t  ou r  Bayesia n approac h successfull y mod -
el s psycholinguisti c result s o n evidenc e combinatio n i n huma n 
lexical ,  idiomatic ,  an d syntactic/semanti c processing . 

I n t roduc t i o n 

M a ny m o d e m psychologica l  model s o f  languag e process -

in g ar e base d o n th e on-lin e interactio n o f  man y kind s o f 

linguisti c knowledge ,  (Clifton ,  Speer ,  &  Abney ,  1991 ;  Fer -

reir a &  Clifton ,  1986 ;  MacDonald ,  1994 ;  Spivey-Knowlton , 

Trueswell ,  &  Tanenhaus ,  1993 ;  Trueswel l  etai ,  1994 ;  lyier , 

1989) .  Althoug h th e exac t  time-cours e o f  th e us e o f  thes e 

differen t  knowledg e source s i s no t  ye t  full y  understood ,  i t 

i s  clea r  tha t  th e processin g o f  thi s knowledg e i s  sensitiv e 

t o frequency ,  from  lexica l  frequencie s (lyier ,  1984 ;  Salaso o 

& Pisoni ,  1985 ;  Marslen-Wilson ,  1990 ;  Zwitserlood ,  198 9 

Simpso n &  Burgess ,  1985) ,  idio m frequencies  (d'Arcais , 

1993) ,  phonologica l  neighborhoo d frequencies  (Luc e e t  al . 

1990) ,  subcategorizatio n frequencie s (Trueswel l  e t  al ,  1993 ) 

and themati c rol e frequencie s (Trueswel l  e t  al. ,  1994 ;  Ga r 

nse y e t  al ,  1997) .  Probabilisti c  version s o f  linguisti c know l 

edg e ar e als o becomin g c o m m o n i n linguistic s (Resnik ,  199 3 

1992 ;  Jurafsky ,  1996) . 

But  whil e w e k n o w tha t  eac h o f  thes e knowledg e source s 

must  b e probabilistic ,  an d i n fac t  w e hav e preliminar y prob -

abilisti c  model s o f  som e specifi c  linguisti c levels ,  w e kno w 

ver y littl e abou t  exactl y h o w thes e probabilisti c  knowledg e 

source s ar e combined .  Thi s i s particularl y tru e wit h highe r 

leve l  knowledge ,  wher e th e associatio n o f  probabilitie s wit h 

sophisticate d linguisti c structura l  representatio n ha s onl y re -

centl y begun .  Ca n a  coheren t  probabilisti c  interpretatio n b e 

give n fo r  th e proble m o f  languag e interpretatio n a t  differen t 

levels ? Wha t  kind s o f  conditiona l  independenc e assumption s 

ca n w e mak e i n combinin g knowledge ,  an d ho w ca n w e rep -

resen t  thes e assumptions ? H o w ca n sophisticate d linguis -

ti c  structura l  knowledg e b e combine d wit h probabilisti c  aug -

mentations ? Th e automati c speec h processin g (ASR )  an d nat -

ura l  languag e processin g (NLP )  literatur e (Bahl ,  Jelinek ,  & 

Mercer ,  1983 ;  Fujisaki ,  Jelinek ,  Cocke ,  & .  Black ,  1991 ;  Char -

nia k & .  Goldman ,  1988 ;  Hobb s &  Bear ,  1990 )  hav e argue d 

tha t  languag e processin g mus t  b e evidentia l  an d Bayesian . 

Thi s pape r  propose s th e us e o f  Bayesia n decisio n tree s t o ad -

dres s th e issue s i n modelin g th e probabilistic ,  evidentia l  na -

tur e o f  huma n sentenc e processing . 

Basic Result 

The idea that lexical access is parallel is well-accepted (Swin-

ney ,  1979) ,  an d i t  i s  als o widel y assume d tha t  a t  leas t  som e 

aspect s o f  syntacti c processin g ar e paralle l  (Gorrell ,  1989 ; 

MacDonald ,  1993) .  Similarl y well-accepte d i s th e rol e tha t 

frequenc y play s i n lexica l  (Marslen-Wilson ,  1990 ;  Salaso o & 

Pisoni ,  1985 ;  Simpso n & .  Burgess ,  1985 ;  Zwitserlood ,  1989) , 

idiomati c (d'Arcais ,  1993) ,  syntacti c (Trueswel l  etal ,  1993) , 

and themati c processin g (Trueswel l  e t  al ,  1994 ;  Gamse y 

etal ,  1997) . 

Jurafsk y (1996 )  argue d tha t  a  Bayesia n mode l  (i.e .  usin g 

posterio r  probabilitie s rathe r  tha n frequencies)  wa s als o abl e 

t o accoun t  fo r  a  numbe r  o f  effect s tha t  wer e no t  explainabl e 

by a  frequentist  model ,  includin g th e intuition s o f  th e Cacciar i 

and Taboss i  (1988 )  result s o n idio m access ,  th e Luc e e t  a l 

(1990 )  result s o n similarit y neighborhoods ,  an d th e insigh t  o f 

Tanenhau s an d Luca s (1987 )  tha t  psycholinguisti c evidenc e 

of  top-dow n effect s i s ver y c o m m o n i n phonology ,  bu t  muc h 

rare r  i n syntax . 

But  complet e probabilisti c  model s o f  syntacti c an d seman -

ti c processin g hav e bee n m u c h harde r  t o build .  Fo r  example , 

a numbe r  o f  studie s hav e focuse d o n th e main-ver b ( M V ) , 

reduce d relativ e (RR )  ambiguit y (Frazie r  &  Rayner ,  1987 ; 

MacDonald ,  1993 ;  MacDonald ,  Pearhnutter ,  &  Seidenberg , 

1994 ;  Spivey-Knowlto n &  Sedivy ,  1995 ;  Trueswel l  & .  Tanen -

haus ,  1994 ,  1991 ;  Traeswel l  etal ,  1994 ;  Spivey-Knowlto n 

& Sedivy ,  1995) .  I n man y case s th e M V / R R ambiguit y  i s re -

solve d i n favo r  o f  th e Mai n Claus e readin g leadin g t o a  garde n 
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pat h analysis . 

1. # The horse raced past the bam fell. 

Proponents of the constraint satisfaction model have ar-

gued tha t  thi s ca n b e accounte d fo r  b y th e differen t  lexi -

cal/morphologica l  frequencies  o f  th e preterit e an d particip -

ia l  form s o f  th e ver b race d (MacDonald ,  1993 ;  Simpso n & 

Burgess ,  1985) . 

But  i n othe r  cases ,  constraint s o n ver b subcategorizatio n 

permi t  th e R R interpretation .  Th e ver b found ,  fo r  example ,  i s 

transitive ,  an d s o doesn' t  caus e a s stron g a  garde n pat h i n th e 

RR interpretatio n (Pritchett ,  1988 ;  Gibson .  1991) : 

2. a. The horse carried past the bam fell. 

b.  Th e bir d foun d i n th e roo m died . 

Studie s hav e als o foun d probabilisti c  effect s o f  ver b sub -

categorizatio n preference s (Jurafsky ,  1996 ;  True s wel l  e t  al , 

1993) .  Fo r  exampl e Jurafsk y (1996 )  suggeste d tha t  th e 

garden-pat h effec t  coul d b e cause d b y a  combinatio n o f 

lexical ,  syntactic ,  an d ver b subcategorizatio n probabilities . 

Mor e recen t  studie s hav e suggeste d tha t  semanti c contex t 

and themati c fit  ca n als o impac t  disambiguation .  Fo r  in -

stanc e True s wel l  e t  al .  (1994 )  showe d tha t  stron g themati c 

constraint s wer e als o abl e t o ameliorat e garde n pat h effect s 

i n R R / M V ambiguities ;  subject s experience d difficult y a t  th e 

phras e "b y th e lawyer "  onl y i n th e first  o f  th e followin g thre e 

examples :  ' 

3. a. The witness examined by the lawyer tumed out to 

be unreliable . 

b.  Th e witnes s w h o wa s examine d b y th e lawye r 

tume d ou t  t o b e unreliable . 

c.  Th e evidenc e examine d b y th e lawye r  tume d ou t 

t o b e unreliable . 

Thus assorte d previou s wor k ha s argue d tha t  variou s prob -

abilisti c  knowledg e source s eac h pla y a  rol e i n processing ; 

but  ho w exacd y ar e thes e probabilitie s t o b e combined ? Ou r 

model  i s  base d o n 3  assumptions :  linguisti c knowledg e i s rep -

resente d probabilistically ,  multipl e interpretation s ar e main -

taine d i n parallel ,  an d th e probabilitie s o f  thes e interpretation s 

can b e compute d vi a a  Belie f  ne t  ('probabilisti c  independenc e 

net') .  Give n th e probabilitie s an d th e Baye s formalism ,  th e 

model  explain s a  numbe r  o f  psychologica l  results .  Th e nex t 

sectio n explain s wha t  w e mea n b y 'assignin g probabilitie s t o 

linguisti c stioicture' .  W e the n inti-oduc e th e probabilisti c  inde -

pendenc e ne t  formalis m fo r  combinin g differen t  probabilities . 

Finally ,  w e examin e h o w wel l  th e mode l  stand s u p t o variou s 

psychologica l  results . 

Prior Probabilities 

We assum e tha t  linguisti c knowledg e i s represente d a s a  col -

lectio n o f  sign s o r  constructions ,  eac h o f  whic h represent s 

a conventionalize d pairin g o f  meanin g an d form ,  an d eac h 

of  whic h i s represente d a s sign s i n type d unification-base d 

augmente d context-fre e rule s (Pollar d &  Sag ,  1987 ;  Fill -

more ,  1988) .  Thu s words ,  morphologica l  stî cture s (lik e th e 

•e d pas t  tens e morpheme) ,  an d syntacti c constioiction s (lik e 

th e passiv e constinction )  ar e eac h represente d a s 'construc -

tions'.  Eac h o f  thes e construction s i s associate d wit h a  prio r 

probability ,  whic h ca n b e compute d from  relativ e frequen -

cie s from  corpor a o r  normin g studies .  ^  Fo r  example ,  i n 

orde r  t o comput e th e probabilit y  o f  th e simplifie d Stochas -

tic  Context-Fre e G r a m m a r  ( S C F G )  rul e i n (1) ,  w e ca n us e th e 

Penn Treeban k (Marcu s e t  al ,  1993 )  t o ge t  a  frequenc y fo r 

al l  N P s (52,627) ,  an d the n fo r  thos e NP' s whic h consis t  o f  a 

Det  an d a n N  (33,108) .  Th e conditiona l  probabilit y  i s  the n 

33,108/52,627=.63 . 

(1) [.63] NP -y DetN 

Similarly, verb subcategorization probabilities can be com-

pute d fro m th e Treeban k o r  from  normin g studie s lik e Con -

nin e e t  al .  (1984) .  Themati c probabilitie s ca n b e compute d 

by normalizin g ver b bia s norms ,  fo r  exampl e fro m Garnse y 

etal .  (1997) .  Tabl e 1  show s som e lexica l  probabilities ,  fo r  th e 

ver b examine ,  includin g morphological ,  subcategorization , 

an d themati c probabilities .  Th e themati c probabilitie s wer e 
compute d b y usin g psychologica l  normin g studie s (Tmeswel l 

et  al. ,  1994 )  t o quantif y th e degre e o f  fit  betwee n a  specifi c 

filler  (suc h a s "witness" )  t o a  specifi c  argumen t  slo t  ("agent " 

or  "theme" )  give n a  predicat e ver b ("examined") .  Thi s infor -

matio n ca n als o b e obtaine d from a  semanti c databas e (lik e 

WordNet )  a s wa s don e b y Resni k (Resnik ,  1993) .  Se e Juraf -

sk y (1996 )  fo r  furthe r  detail s o f  th e probabilit y  computations . 

Table 1: Lexical and Thematic fit probabilities for examined. 

Not e "A "  refer s t o Agent ,  "e "  t o examined ,  "ev "  t o evidence , 

" w "  t o witness ,  an d " T '  t o theme . 

Past 

.3 9 
F(A|w,e ) 

.64 2 

PP 
.6 1 

P ( T w , e ) 

.35 8 

Tran s 

.9 4 
P(A|ev,e ) 

.1 8 

Inti-a n 

.0 6 
P(T|ev,e ) 

.8 2 

'Althoug h th e origina l  stud y b y Ferreir a an d Clifto n (1986 )  ha d 
not  foun d semanti c effects ,  Trueswel l  e t  al .  (1994 )  use d a  stronge r 
manipulatio n o f  themati c constraint . 

C o n s t r u c t i o n P rocess in g vi a Belie f  net s 

Bayesia n belie f  network s ar e data-stmcture s tha t  represen t 

probabilit y  distribution s ove r  a  collectio n o f  rando m vari -

ables .  Th e basi c networ k consist s o f  a  se t  o f  variable s an d 

directe d edge s betwee n variables .  Eac h variabl e ca n tak e o n 

on e o f  a  finite  se t  o f  states .  Th e variable s an d edge s togethe r 

for m a  directe d acycli c  graph(DAG) .  Fo r  eac h variabl e A  ( a 

nod e i n th e graph )  wit h parent s B i , . . .Bn ,  ther e i s a n at -

tache d conditiona l  probabilit y  tabl e P{A\Bi,. . .  , B n ) .  Im -

portantly ,  th e networ k stî ctur e reflect s conditiona l  indepen -

^See (Roland & Jurafsky, 1998; Merlo. 1994; Gibson & Pearl-
mutter ,  1994 )  fo r  comparison s o f  experimenta l  an d corpus-base d 
frequencies . 
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Dac.Mr M 
ContK l 

P(cle*,e ) 

Oflhognphi c Evkltnc * 

Join t  cjuu l  M K i M M 

Con»tnictlon(c1,c2....) 

^notllc InlKMnc* 

PhofwUc EvMme* 

Figur e 1 :  Source s o f  evidenc e fo r  access ,  an d a  Belie f  net -

wor k representin g th e rol e o f  top-dow n an d bottom-u p evi -

dence . 

dence relations between variables, which allow a decompo-

sitio n o f  th e join t  distributio n int o a  produc t  o f  conditiona l 

distributions .  Th e followin g theore m set s u p th e basi c chai n 

rul e whic h i s use d fo r  computin g th e join t  distributio n fro m 

th e conditiona l  distribution. ' 

T h e o r e m 1  .  Jense n (1995 )  Le t  B  b e a  Belie f  networ k ove r 

U =  {Ai,... ,  A m }  •  The n th e join t  probabilit y  distributio n 

P(  U )  i s th e produc t  o f  th e loca l  conditiona l  probabilit y  distri -

bution s specifie d i n B : 

P{U) = X[P{Ai\pa{A,)) (1) 

i 

where pa,{Ai) is the parent set of Ai. 

Th e crucia l  insigh t  o f  ou r  Belie f  ne t  mode l  i s  t o vie w 

specifi c  construction s a s value s o f  laten t  variable s tha t  ren -

der  top-dow n (e"*" )  an d bottom-u p evidenc e ( e ~ )  condi -

tionall y independen t  (d-separat e the m (Pearl ,  1988)) .  Thu s 

syntactic ,  lexical ,  argumen t  structure ,  an d othe r  contextua l 

informatio n act s a s prio r  o r  causa l  suppor t  fo r  a  construc -

tion/interpretation ,  whil e bottom-u p phonologica l  o r  grapho -

logica l  an d othe r  perceptua l  informatio n act s a s likelihood , 

evidential ,  o r  diagnosti c support .  Figur e 1  show s a  computa -

tiona l  realizatio n o f  thi s idea . 

Usin g Behe f  net s t o mode l  h u m a n sentenc e processin g al -

low s u s t o a )  quantitativel y evaluat e th e impac t  o f  differen t 

independenc e assumption s i n a  unifor m framework ,  b )  di -

rectl y mode l  di e impac t  o f  highl y structure d linguisti c knowl -

edg e source s wit h loca l  conditiona l  probabilit y  tables ,  whil e 

wel l  k n o w n algorithm s fo r  updatin g th e Belie f  ne t  (Jense n 

(1995) )  ca n comput e th e globa l  impac t  o f  ne w evidence ,  an d 

c )  develo p a n on-lin e interpretatio n algorithm ,  wher e partia l 

inpu t  correspond s t o partia l  evidenc e o n th e network ,  an d 

th e updat e algorith m appropriatel y marginalize s ove r  unob -

serve d nodes .  S o a s evidenc e come s i n incrementally ,  dif -

feren t  node s ar e instantiate d an d th e posterio r  probabilit y o f 

differen t  construction s change s appropriately . 

V fc-iftminc-t^  lyije_of(Subj )  =  *itnL* s 

P(T  I V. lyiSubJh 

SemAntic^fa 

P(Tevi\v ) 

Tens e 

Tense =  pas t 
MV S e m ^t  =  Agen t 

th m 

Ar g -  iron s 
Tens e =  p p 
Semfi t  =  Them e 

thm 

Figur e 2 :  Th e Belie f  ne t  tha t  represent s lexica l  suppor t  fo r  th e 

tw o interpretation s fo r  th e sam e input .  Th e inpu t  i s fro m dat a 

i n Tabl e 1 . 

To appl y ou r  mode l  t o on-lin e disambiguation ,  w e assum e 

tha t  ther e ar e a  se t  o f  construction s ((ci,.. .  c„ )  e  C )  tha t 

ar e consisten t  wit h th e inpu t  data .  A t  differen t  stage s o f  th e 

input ,  w e comput e th e posterio r  probabilitie s o f  th e differen t 

interpretation s give n th e to p dow n an d bottom-u p evidenc e 

see n s o far .  W e the n appl y th e beam-searc h algorith m o f  Ju -

rafsk y (1996) :  prun e ou t  al l  construction s whos e posterio r 

probabilit y  i s  les s tha n a  certai n rati o o f  th e bes t  constructio n 

(highes t  posterior) .  W e wil l  refe r  t o thi s rati o a s th e Thresh -

ol d Confidenc e Rati o (TCR) .  (i.e .  prun e ou t  al l  c  €  C  wher e 

^ $ ^ > r c i ? ) . ' ' 

Modeling Lexical and Thematic support 

Our  mode l  require s conditiona l  probabilit y  distribution s 

specifyin g th e preferenc e o f  ever y ver b fo r  differen t  argumen t 

structures ,  a s wel l  it s preferenc e fo r  differen t  tenses .  W e als o 

comput e th e semanti c fit  betwee n possibl e fillers  i n th e in -

put  an d differen t  conceptua l  role s o f  a  give n predicate. *  Fig -

ur e 2  show s th e genera l  structur e an d organizatio n o f  lexica l 

an d themati c informatio n sources .  Th e themati c probabilitie s 

an d thei r  metho d o f  computatio n wer e show n i n Tabl e 1 .  A s 

show n i n Figur e 2 ,  th e M V an d R R interpretation s requir e 

th e conjunctio n o f  specifi c  value s correspondin g t o tense ,  se -

manti c fit  an d argumen t  structur e features .  Not e tha t  onl y th e 

R R interpretatio n require s th e transitiv e argumen t  structure . 

Modeling syntactic support 

I n Figur e 3 ,  th e conditiona l  probabilit y o f  a  constructio n 

give n top-dow n syntacti c evidenc e P{c\e )  i s relativel y sim -

pl e t o comput e i n a n augmented-stochastic-context-fre e for -

malis m (pars e tree s show n i n Figur e 3 .  Recal l  tha t  th e 

'Fo r  a  comprehensiv e expositio n se e Pear l  (1988) ,  Jense n 
(1995) . 

*I n thi s paper ,  w e wil l  focu s o n th e suppor t  fro m thematic ,  an d 
syntacti c feature s fo r  th e Reduce d Relativ e (RR )  an d Mai n Ver b 
( M V)  interpretation s a t  differen t  stage s o f  th e inpu t  fo r  th e exam -
ple s w e sa w earlier .  S o w e wil l  hav e tw o construction s ci ,  C2 G  C 
wher e P(ci|e+,e" )  =  MV,P(c2|e+,e" )  =  R R .  Fo r  al l  exam -
ple s reporte d her e w e se t  T C R =  5  (prun e ou t  th e R R interpre -
tatio n i f  f ^  >  5  ) . 

'Th e rol e o f  othe r  feature s suc h a s voic e an d aspec t  i n acces s an d 
disambiguatio n ca n b e tematicall y studie d usin g method s develope d 
here . 
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NP •H I  v p 

the witness examined 

MAIN VERB 

(.14 1 NF- > N T x r  S 
/^92|S->NP . 

NP V P 

LE ÎCAiyrHEMATI C 
V lylK_of(Subj) 

SYNTACTIC 
S->NFl  v. . 

The witnes s examine d 
REDUCED RELATIVE 

Figur e 3 :  T h e syntacti c pars e tree s fo r  th e M V an d th e R R 

interpretation s assumin g a n S C F G generatin g grammar . 

I92\s->NP.. . A ^ S . > N P ^ V 

[.\A]np->npx p 

examine d 

Figur e 4 :  Th e Behe f  networ k correspondin g t o th e syntacti c 

support . 

SCFG prior probability gives the conditional probability of 

th e righ t  han d sid e o f  a  rul e give n th e lef t  han d side .  I n par -

ticular ,  sinc e th e parse r  operate s lef t  t o right ,  th e top-dow n 

probabilit y F(c|e,y„ )  i s  th e probabilit y  tha t  th e evidenc e 

left-expand s t o c : 

P( e H  c ) (2 ) 

I n a  context-fre e grammar ,  a  nontermina l  a  left-expand s 

t o a  nontermina l  b  i f  ther e i s som e derivatio n tre e whos e roo t 

i s o  an d whos e leftmos t  lea f  i s  b . 

Figur e 4  illustrate s th e Belie f  networ k representatio n tha t 

correspond s t o th e syntacti c pars e tree s i n Figur e 3 .  Not e tha t 

th e context-fireenes s propert y translate s int o th e conditiona l 

independenc e statement s entaile d b y th e network .  * 

Computing the joint influence 

The overal l  posterio r  rati o require s propagatin g th e conjunc -

tiv e impac t  o f  syntacti c an d lexical/themati c source s o n ou r 

model .  Figur e 5  show s ou r  Belie f  ne t  architectur e fo r  com -

binin g th e tw o sources .  Th e Belie f  ne t  i n Figur e 5  embodie s 

th e assumptio n tha t  th e syntacti c an d themati c influence s ar e 

dependen t  onl y th e valu e o f  th e specifi c  construction ,  whic h 

i n thi s cas e i s eithe r  th e Mai n Ver b ( M V )  o r  th e Reduce d 

Relativ e (RR )  construction .  I n othe r  words ,  inter-sourc e de -

pendencie s ar e explicid y capture d b y specifi c  constructions . 

Furthermore ,  i n computin g th e conjunctiv e impac t  o f  th e lex -

ical/themati c an d syntacti c suppor t  t o comput e M V an d 

R R,  w e us e th e wel l  studie d noisy-an d mode l  (Pearl ,  1988 ) 

'Fo r  exac t  technica l  details ,  includin g a n automati c networ k con -
stnictio n technique ,  refe r  t o (Narayanan ,  1998 ) 

Figur e 5 :  Th e Belie f  ne t  tha t  combine s th e themati c an d syn -

tacti c suppor t  fo r  a  specifi c  construction . 

fo r  combinin g conjunctiv e source s wher e i t  i s  assume d tha t 

whateve r  inhibit s a  specifi c  sourc e (syntactic )  fro m indicatin g 

suppor t  fo r  a  construction ,  i s  independen t  o f  mechanism s tha t 

inhibi t  othe r  source s (lexical )  fro m indicatin g suppor t  fo r  th e 

same construction .  Thi s i s calle d th e assumptio n o f  excep -

tio n independence ,  an d i s use d widel y wid i  respec t  t o bot h 

disjunctiv e (NOISY-OR )  an d conjunctiv e sources . 

Model results 

There are a number of psycholinguistic results which argue 

fo r  a  Bayesia n mode l  o f  sentenc e processing .  Se e Jurafsk y 

(1996) ,  fo r  example ,  fo r  a  summar y o f  th e argumen t  tha t 

conditiona l  probabilitie s ar e a  mor e appropriat e metri c tha n 

frequencies .  Th e mai n resul t  w e wil l  discus s her e i s evi -

denc e fro m on-lin e disambiguatio n studie s tha t  show s tha t  a 

Bayesia n implementatio n o f  probabilisti c  evidenc e combina -
tio n account s fo r  garden-pat h disambiguatio n effects . 

We teste d ou r  mode l  i n th e ambiguou s regio n o f  th e in -

put  fo r  al l  exampl e sentence s presente d earlier ,  b y computin g 

th e rati o ̂ ^  o f  di e posterio r  a t  differen t  stage s o f  th e input . 

Not e tha t  unde r  partia l  inpu t  th e Belie f  ne t  inferenc e automat -

icall y marginalize s ove r  th e value s o f  th e unsee n input .  S o i n 

th e cas e whe n onl y th e subjec t  ha s bee n inpu t  ("th e horse " 
i n th e example s i n Figur e 6 )  th e themati c influenc e i s mini -

mal  an d th e ^  rati o i s basicall y a  resul t  o f  th e syntacti c 

support . 

Th e dat a i n Figur e 6  wa s take n fro m (MacDonald ,  1993 ) 

and fro m (Marcu s e t  ai ,  1993 )  (fo r  found) .  Figur e 6  show s 

th e relevan t  posterio r  probabilitie s fo r  th e example s "Th e 

hors e race d pas t  th e bar n feH"an d th e replacemen t  o f  race d 

by carrie d o r  foun d a t  differen t  stage s o f  th e input .  A s show n 

i n Figur e 6 ,  ou r  mode l  predict s tha t  th e M V / R R rati o ex -

ceed s th e threshol d immediatel y afte r  th e ver b race d i s ac -

cesse d (  M V / R R «  38 7 »  5  )  leadin g t o th e prunin g o f  th e 
R R interpretation .  I n th e othe r  cases ,  whil e th e M V / R R 

rati o i s temporaril y  rising ,  i t  neve r  overshoot s th e threshold , 

allowin g bot h th e M V an d th e R R interpretation s t o b e ac -

tiv e throughou t  th e ambiguou s region . 

Figur e 6  an d Figur e 7  sho w th e M V / R R rati o a t  differen t 
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I 

M[V/R R = 

^ 

T CR =  5. 0 

hors e X-e d pas t  th e b a m 

Figur e 6 :  Disambiguat io n wit h Lexica l  Probabilitie s show in g 

tha t  th e M V / R R posterio r  rati o fo r  race d fall s abov e th e 

threshol d an d th e R R interpretatio n i s pruned .  F o r / o u m / a n d 

carried ,  bot h interpretation s ar e activ e i n th e disambiguatin g 

region . 

TCRxS 

contro l  \  • 

TTie X examine d b y th e lawye r 

F igure? :  T h e rol e o f  themati c fi t  o n th e M V / R R ratio .  Dat a 

s h o w n fo r  animat e N P i n th e subjec t  positio n (th e witness) , 

inanimat e N P wit h stron g semanti c fi t  ("th e evidence") ,  an d 

wit h a n u n a m b i g u o u s control . 

stage s o f  th e examine d cxampl^^s .  Informatio n o n themati c fit , 

w as culle d f ro m TVpicaht y rating s use d i n th e psychologica l 

stud y b y (Trueswel l  e t  a i ,  1994) . 

A s illustrate d i n Figur e 7  afte r  processin g th e inpu t  phras e 

" T h e witnes s examined",lh e R R interpretatio n i s  les s pre -

ferre d bu t  no t  pruned .  Thi s lead s t o limite d processin g diffi -

cult y (limite d becaus e i t  approache s th e T C R ,  bu t  neve r  ex -

ceed s it )  w h e n encounterin g th e nex t  phras e "b y th e lawyer " 

w h i c h i s  bot h syntacticall y an d semanticall y incompatibl e 

wit h th e M V interpretation .  N o reassignmen t  o f  role s i s 

require d i n th e cas e o f  " T h e evidenc e examine d ..." ,  o r  wit h 

th e u n a m b i g u o u s control ,  henc e n o processin g difficult y i s 

predicted . 

T h u s ou r  m o d e l  garden-path s o n th e examp l e " T h e hors e 

race d pas t  th e bar n fell "  bu t  wil l  no t  garde n pat h o n th e exam -

pl e " T h e hors e carrie d pas t  th e b a m fell "  o r  o n th e exampl e 

" T h e hors e foun d pas t  th e bar n fell" .  O u r  m o d e l  als o ex -

plain s th e correlation s tha t  (Trueswel l  e t  a i ,  1994 )  foun d be -

twee n themati c fi t  an d processin g difficulty .  Furthermor e w e 

ar e abl e t o explai n garden-pathin g a s a  grade d effect ,  wher e 

processin g difficult y an d chanc e o f  garde n pathin g depend s 

o n h o w strongl y th e inpu t  favor s a  give n interpretation . 

Conclusion 

Th e computationa l  mode l  propose d her e combine s tw o basi c 

idea s i n languag e processing .  Th e firs t  ide a i s tha t  multipl e 

source s o f  linguisti c knowledge ,  conceptua l  an d perceptual , 

interac t  i n acces s an d disambiguation .  Thi s ide a i s manifes t 

i n th e psychologica l  literatur e o n lexica l  acces s an d sentenc e 

processing ,  a s wel l  a s i n P D P an d dynamica l  system s model s 

of  languag e processin g (Tabor ,  Juliano ,  &  Tanenhaus ,  1997) . 

Th e secon d ide a i s tha t  linguisti c knowledg e i s highl y struc -

tured ,  an d hierarchicall y organize d (exemplifie d b y syntacti c 

an d argument-structur e knowledge) .  Usin g probabilisti c  net s 

allow s u s t o comput e th e join t  distributio n o f  multipl e cor -

relate d feature s b y usin g structura l  relationship s t o minimiz e 

th e numbe r  o f  inter-featur e interactions .  Thi s ha s th e dua l 

advantage s o f  compac t  representatio n an d clarit y o f  model . 

Our  hypothesi s tha t  linguisti c structure s ar e code d i n partiall y 

independen t  dimension s allow s u s t o mode l  a  wid e arra y o f 

psycholinguisti c results ,  an d offer s a  computationi d metho d 

t o systematicall y investigat e th e modularity/non-modularit y 

hypothesis . 
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Abstrac t 

We have simulated the brain mechanisms involved in 
semanti c processin g task s suc h a s th e differentiatio n o f 
tw o sequentia l  stimul i  base d upo n recalle d semanti c 
features .  I n thi s pape r  w e examin e th e relationshi p 
betwee n perceptua l  inputs ,  workin g memor y an d semanti c 
memory i n thes e tasks .  W e propos e tha t  phas e 
synchronou s firing  bind s feature s i n semanti c memor y 
wit h concept s i n workin g memory ,  an d tha t  a  phas e 
compariso n mechanis m subserve s th e proces s o f  respons e 
selection .  Th e mode l  i s consisten t  wit h th e anatom y an d 
physiolog y o f  th e componen t  brai n circuit s wher e known . 
Thi s researc h i s  importan t  becaus e th e relationshi p 
betwee n workin g memor y an d long-ter m memor y i s a 
centra l  componen t  o f  man y theorie s o f  cognition . 

Semantic Memory and Working Memory in 
Cognitiv e Task s 

A lin k fro m long-ter m memor y t o workin g memor y i s 
require d fo r  thos e cognitiv e processe s tha t  requir e 
informatio n i n additio n t o tha t  provide d b y th e perceive d 

input .  Thi s i s  a  fundamenta l  organizationa l  principl e o f 
many cognitiv e model s suc h a s A C T an d S O A R (Anderson , 
1993 ;  Newell ,  1990) .  I n thi s pape r  w e conside r  a  simpl e 
tas k o f  thi s typ e an d attemp t  t o mode l  th e brai n circuit s 
involved .  Th e tas k i s on e i n whic h a  questio n i s  pose d 
abou t  th e semanti c feature s o f  tw o sequentiall y  presente d 
stimul i  wit h a  shor t  interva l  i n between .  Thi s tas k migh t 
consis t  o f  a  1  secon d presentatio n o f  a  pictur e o f  a n bear ,  a 
10 secon d blan k scree n an d a  1  secon d presentatio n pictur e o f 
an deer .  Th e questio n pose d i n advanc e i s whic h o f  thes e 
tw o animal s hibernates .  Wha t  w e lear n fro m modelin g thi s 
simpl e proces s ca n b e extende d t o task s concernin g mor e 
comple x comparison s an d relation s betwee n th e tw o inpu t 
stimuli . 

The purpos e o f  thi s projec t  i s t o understan d th e overal l 
operatio n o f  th e brai n a t  th e system s leve l  fo r  highe r 
cognitiv e functions .  Wher e possible ,  w e hav e trie d t o 
faithfull y follo w wha t  i s  know n abou t  th e anatom y an d 
physiolog y o f  th e brai n region s involved .  I n othe r  case s 
abstracte d functiona l  model s wer e used . 

PREMOTOR 
CORTEX 

OUTPUT 

ATTENDED FEATURE PHASE^ 
REFERENCE 

VISUAL 
CORTEX 

RESPONSE 
SELECTION 

PHASE 
COMPARISON 

WORKING 
MEMORY 

SEMANTIC PROJECTiqUJO-SEMANTIC 
PONENTS 

< 

CONCEPT PHASE REFERENCE 

STIMULUS INPU T 

Figur e 1 :  A  schemati c representatio n o f  th e brai n system s simulate d i n th e mode l 
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M o d e l  A r c h i t e c t u r e 

A schemati c diagra m o f  th e overal l  syste m i s show n i n 
Figur e 1 .  I n th e typ e o f  tas k simulate d here ,  th e stimulu s i s 
presente d i n pictur e form .  Thi s require s tha t  th e visua l 
syste m identif y th e stimulu s usin g th e dorsa l  visua l  strea m 
endin g i n th e inferotempora l  corte x (IT )  (Ungerleide r  & 
Mishkin ,  1982) .  Ther e i s a  stron g projectio n i n monkey s 
from  I T t o prefronta l  corte x throug h th e uncinat e fascicl e an d 
we assum e tha t  a  simila r  projectio n exist s i n thi s mode l 
(Ungerleider ,  Gaffa n &  Pelak ,  1989 ) 

The principa l  featur e o f  th e syste m i s tha t  th e perceive d 
stimulu s inpu t  i s projecte d t o workin g memor y an d the n a 
projectio n fro m workin g m e m o r y t o semanti c memor y 
excite s thos e semanti c feature s tha t  ar e associate d wit h th e 
inpu t  stimuli .  W e utiliz e synchronou s firin g o f  neuron s t o 
bin d thes e representation s i n th e tw o memor y system s an d a 
phas e compariso n mechanis m t o selec t  th e appropriat e 
output .  Ther e i s considerabl e evidenc e tha t  th e workin g 
memory are a associate d wit h semanti c function s i s i n lef t 
inferio r  prefronta l  corte x an d tha t  i t  i s  closel y linke d t o 
semanti c memor y area s i n lef t  tempora l  associatio n corte x 
(Buckner ,  1996 ;  Jennings ,  Mcintosh ,  Kapur ,  Zipursk y & 
Houle ,  1998 ;  Nyberg ,  Cabez a &  Tulving ,  1996 ;  Thompson -
Schill ,  D'Esposito ,  Aguirr e &  Farah ,  1997) . 

I n thi s mode l  a  mechanis m fo r  persisten t  excitatio n i n 
workin g memor y excite s representation s o f  semanti c feature s 
associate d wit h th e inpu t  stimul i  fo r  th e duratio n o f  th e task . 
An attentiona l  circui t  focuse s attentio n o n th e semanti c 
featur e o r  feature s appropriat e t o th e task .  Excitatio n o f  thes e 
feature s plu s th e representation s o f  th e inpu t  stimul i  i n 
workin g memor y ar e the n transferre d t o a  selectio n circui t  i n 
PFC whos e outpu t  goe s t o premoto r  cortex .  Significan t 
projection s exis t  fro m prefronta l  corte x t o premoto r  corte x 
t o subserv e th e outpu t  connectio n (Lu ,  Presto n &  Strick , 
1994) . 

Prefronta l  W o r k i n g M e m o r y Circuit s 

Shor t  ter m persisten t  respons e o f  prefronta l  corte x neuron s 
has bee n postulate d a s a  mechanis m fo r  short-ter m m e m o r y 
( S T M ) .  Th e prefronta l  corte x ha s specifi c  reciproca l 
projection s wit h th e thalamus ,  resultin g i n loca l  cortico -
thalami c loops .  W h e n activated ,  thes e loop s ca n sustai n 
activit y i n fronta l  corte x neuron s (Alexander ,  Crutche r  & 
DeLong ,  1990 ;  Groenewege n &  Berendse ,  1994 ;  Houk , 
1995 ;  Selemo n &  Goldman-Rakic ,  1985) .  Th e detail s o f 
thes e circuit s an d thei r  functionalit y ha s bee n describe d b y 
Gelfan d e t  al .  (Gelfand ,  Gullapalli ,  Raye ,  Johnso n & 
Henderson ,  1997 ) 

The overal l  architectur e fo r  th e postulate d prefronta l 
workin g memor y circuit s an d thei r  relatio n t o perceptua l  an d 
semanti c memor y area s i s show n i n Fig .  2 .  Thi s figur e 
expand s th e portio n o f  Fig .  1  from  th e highes t  visua l  are a 
throug h workin g memor y t o semanti c memory .  I t  show s th e 
relevan t  anatomica l  detail s mentione d i n th e discussio n 
below .  W e assum e tha t  P F C ,  I T an d semanti c m e m o r y i n 
tempora l  associatio n corte x ar e organize d a s multipl e group s 
of  mutuall y inhibitor y neuron s whic h correspon d t o cortica l 
column s (Goldman-Rakic ,  1995 ;  Mountcastle ,  1978) . 
Thes e column s ar e indicate d b y grouping s o f  neuron s i n th e 
figure .  Th e column s ar e no t  necessaril y  adjacen t  t o eac h 
othe r  i n eac h cortica l  are a bu t  m a y b e anatomicall y 
distributed . 

We use d a  distribute d representatio n ove r  th e inpu t  cortica l 
column s wit h cortico-cortica l  interconnection s betwee n 
column s forme d throug h Hebbia n learnin g t o encod e th e 
stimulu s i n visua l  cortex .  I n thi s representation ,  eac h 
colum n represent s a  clas s o f  features .  Withi n eac h column , 
neuron s o r  group s o f  neuron s encod e a  particula r  featur e i n 
th e clas s whos e excitatio n i s associate d wit h tha t  stimulus . 

TEMPORAL 
ASSOCIATION CORTEX 

SEMANTIC FEATURES 

PREFRONTAL 
CORTEX 

TS AN D CATEGORIES 

PERCERtUAL/EATURE 

m M 

Reciproca l 
Monosynapti c 
Connection s 

INFERIOR TEMPORAL VISUA L CORTEX 

THALAMUS 

Figur e 2 :  Schemati c diagra m o f  th e projection s betwee n I T cortex ,  workin g memor y an d semanti c memory . 
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We assum e tha t  thes e column s hav e group s o f  neuron s 
representin g concept s an d tha t  th e columna r  region s ar e 

organize d a s group s o f  concept s i n categories .  Thi s 
organizatio n i s consisten t  wit h proactiv e inhibitio n an d th e 
releas e fro m proactiv e inhibitio n phenomen a i n short-ter m 
memory (Gelfan d e t  al. ,  1997) . 

Binding of Semantic and Working Memory 

I n thi s simulation ,  th e semanti c representatio n o f  a  concep t 
i s encode d a s a  constellatio n o f  feature s ove r  cortica l 

columns .  Fo r  cognitiv e task s tha t  requir e th e mediatio n o f 
workin g memory ,  th e individua l  feature s i n semanti c 
memory ar e activate d b y projection s fro m neuron s i n 
workin g memor y representin g th e concept s bein g processed . 
Thes e projection s ar e show n i n Figur e 2 .  Becaus e 
oscillation s i n thalamocortica l  loop s produc e persisten t 
concept-base d storag e i n prefronta l  cortex ,  thes e projection s 
wil l  produc e persisten t  excitatio n o f  th e semanti c feature s 
associate d wit h a  particula r  concept .  Thi s referentia l  proces s 
i s no t  unlik e pointer s i n symboli c system s an d resemble s 
th e relationshi p betwee n workin g memor y an d declarativ e 
memory i n th e ACT- R cognitiv e mode l  (Anderson ,  1993) . 

The representationa l  capacit y  o f  neuron s probabl y doe s no t 
permi t  the m t o hol d informatio n comple x enoug h t o b e 
construe d a s a  pointer .  S o informatio n i n tw o separat e 
cortica l  area s requir e som e mean s o f  integration .  Thi s i s a 
typ e o f  bindin g problem .  On e clas s o f  propose d solution s 
t o th e bindin g proble m make s us e o f  th e burstin g natur e o f 
neurona l  activity .  Neuron s whic h fire  i n synchrony ,  an d i n 
phase ,  ar e t o b e regarde d a s referrin g t o th e sam e 
representationa l  entit y (Singer ,  1993) .  W e hav e chose n t o 
use phas e informatio n t o bin d togethe r  concept s i n workin g 
memory wit h componen t  feature s i n semanti c memory . 

I n ou r  mode l  neuron s representin g differen t  concept s i n 
workin g memor y eac h oscillat e a t  a  differen t  phase .  Thi s i s 
base d upo n Lisma n an d Idiart' s  proposa l  tha t  node s 
representin g individua l  item s i n prefronta l  corte x oscillat e i n 
distinc t  phas e fro m on e anothe r  (Lisma n &  Idiart ,  1995) . 
Concept s i n workin g memor y ar e boun d t o thei r  semanti c 
component s b y oscillatin g i n th e sam e phase .  Throug h 
excitator y projections ,  a  constellatio n o f  neuron s i n 
semanti c memor y representin g th e componen t  semanti c 
feature s o f  a  concep t  ar e drive n t o fire  synchronousl y wit h 
th e neuron s i n workin g memor y tha t  excit e them .  Thi s 
assumptio n i s justifie d experimentall y b y th e dat a o f 
Samthei n e t  al .  wh o hav e show n tha t  ther e i s synchronou s 
activit y betwee n prefronta l  an d posterio r  associatio n corte x 
durin g cognitiv e task s (Samthein ,  Rappelsberger ,  Sha w & 
von Stein .  1998) . 

Response Selection 

Our  tas k involve s th e differentiatio n o f  tw o stimul i  base d o n 
a store d semanti c feature .  Th e appropriat e featur e i n 
semanti c memor y mus t  b e retrieve d an d compare d wit h th e 
activate d concept s i n PFC .  Becaus e thi s relationshi p i s 
base d upo n synchronou s firing,  w e mus t  us e a  phas e 
compariso n t o execut e thi s manipulation .  W e propos e tha t 
a separat e are a o f  prefronta l  cortex ,  distinc t  fro m workin g 

memory,  i s responsibl e fo r  thi s process .  Thi s i s base d upo n 
th e dat a o f  D'Esposit o e t  al .  wh o hav e foun d distinc t  area s o f 
prefronta l  corte x ar e responsibl e fo r  short-ter m memor y an d 

fo r  othe r  cognitiv e processin g (D'Esposit o e t  al. ,  1997) . 
An attentiona l  circui t  i s responsibl e fo r  passin g th e phas e 

of  th e appropriat e featur e t o th e respons e selectio n circuit . 
The respons e selectio n circui t  perform s a  compariso n o f  th e 
phas e o f  th e selecte d featur e wit h th e phase s o f  th e concept s 

tha t  ar e activate d i n workin g memory .  I t  select s a s it s 
outpu t  tha t  concep t  whic h i s i n phas e wit h th e tas k 
appropriat e feature .  Thi s outpu t  feed s int o th e premoto r 
corte x t o initiat e th e subject' s actua l  response .  Fo r  eac h 
outpu t  fro m workin g memor y ther e i s a  cell ,  o r  comple x o f 
cells ,  whic h perform s thi s phas e comparison .  Phas e 
comparato r  circuit s o f  thi s kin d hav e bee n foun d i n th e 
auditor y syste m o f  th e ba m ow l  (Spenc e &  Pearson ,  1995) . 

Model Simulation 

Our  simulatio n i s base d i n par t  o n th e previou s wor k o f 
Gullapall i  an d Gelfand ,  an d use s th e sam e networ k 
simulatio n system ,  writte n i n C+ + (Gelfan d e t  al. ,  1997 ; 
Gullapall i  &  Gelfand ,  1995) .  W e chos e t o mode l  th e 
followin g specifi c  task ,  diagramme d i n Figur e 3 .  A  subjec t 
i s first  instructe d t o verball y respon d a s t o whic h o f  2  visua l 
stimul i  i s  m o r e dangerous .  Then ,  i n succession ,  th e subjec t 
i s  presente d wit h a  pictur e o f  a n apple ,  an d a  pictur e o f  a n 
alligato r  fo r  1  secon d eac h wit h a  5  secon d dela y i n between . 

TASK 

Which is 
dangerous ? 

STIMULUS # 1 

9 

STIMULUS # 2 R E S P O N SE 

Alligato r 

15 20 35 

Figur e 3 :  A  schemati c tim e lin e fo r  th e tas k simulatio n 

We trained the visual system network to recognize 12 
differen t  objects ,  includin g appl e an d alligator ,  base d upo n 
visua l  features .  Visua l  corte x i n th e m o d e l  project s t o 
work in g m e m o r y wh ic h becaus e o f  th e feedbac k loop s 
betwee n thalamu s an d P F C cause s a  persisten t  excitatio n 
afte r  th e stimulu s i s  removed .  T h e persisten t  excitatio n i n 
th e neuron s encodin g th e first  stimulu s last s fo r  a  perio d o f 
tim e wh i c h overlap s wit h th e secon d stimulu s befor e 
decaying .  T h e are a o f  associatio n corte x attribute d t o 
semanti c m e m o r y ha d 3 3 feature s represente d includin g th e 
targe t  feature ,  dangerous .  W e han d code d weight s fo r  th e 
strength s o f  projection s t o semanti c m e m o r y i n a  fashio n 
tha t  w a s consisten t  wit h th e semanti c definitio n o f  th e 
stimuli . 
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R e s u l t s 

The stimul i  appl e an d alligato r  wer e presente d t o th e 
simulatio n i n sequence .  Figur e 4  plot s th e activit y o f  th e 
prefronta l  corte x module s durin g th e simulation .  Bot h appl e 
and alligato r  activat e durin g stimulu s presentation ,  an d 
persis t  wit h slo w deca y du e t o feedbac k loops .  Th e 
oscillation s o f  th e concep t  node s ar e no t  i n phas e wit h eac h 
other .  Th e activit y o f  th e othe r  node s i s presen t  i n Figur e 4 
but  negligible .  Figur e 5  illustrate s th e outpu t  o f  th e 
respons e selectio n module .  W h e n appl e i s activated ,  i t  doe s 
not  excit e th e featur e representatio n o f  dangerous ,  an d s o 
dangerou s doe s no t  oscillat e i n phas e wit h apple .  Th e 

centra l  executiv e modul e whos e attentiona l  circui t  i s  focuse d 

on th e semanti c feature ,  dangerous ,  ha s n o outpu t  fo r  th e 
firs t  hal f  o f  stimulu s presentation .  I n thi s case ,  n o respons e 
selectio n node s displa y excitatio n durin g th e first  stimulus . 

W h en alligato r  i s  present ,  th e semanti c feature ,  dangerous . 
i s excite d causin g th e excitatio n passe d throug h th e centra l 
executiv e t o serv e a s a  referenc e i n th e phas e comparato r 
circuit .  Becaus e thi s oscillatio n i s i n phas e wit h alligator . 
th e alligato r  outpu t  i s excited .  Figur e 5  illustrate s this . 
Th e respons e selectio n outpu t  nod e whos e inpu t  representin g 
alligato r  begin s t o oscillat e whe n th e alligato r  stimulu s i s 

introduced . 

Alligato r  aciivsiio n Appl e aciivaiior , 

w mm 

i i 

T i m e (araitrar /  unils ) 

Figur e 4 :  Excitatio n o f  th e neurona l  assemblie s representin g A P P L E an d A L L I G A T O R i n th e P F C 

Time (sees.) 

1-1 
1:: : 

m 
i:i::; . 

Alligato r  activalio n 

Hi!!!i!, „ 
;::::'.;::::;; ;  :] •  :::t::;j:;Jii. . 
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Figure 5: Output of response selection circuit to premotor cortex for the response, ALLIGATOR 
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Discuss io n 

The routin g o f  signal s i n th e simulatio n i n thi s pape r  i s tas k 
dependent .  Fo r  exampl e i n thi s simulatio n th e initia l 
statemen t  o f  th e tas k require s th e circui t  t o pa y attentio n t o a 
particula r  semanti c feature ,  i n thi s cas e dangerousness ,  an d 
transfe r  it s phas e t o th e phas e comparato r  i n th e respons e 
selectio n circuit .  Anothe r  tas k suc h a s a  ran k orderin g o f 
stimul i  woul d requir e differen t  semanti c knowledg e an d 
differen t  manipulations .  W e presum e tha t  ther e mus t  b e a 
circui t  tha t  provide s thi s functio n o f  proble m specifi c 
routin g an d processing .  Thi s modul e woul d implemen t  th e 
centra l  executiv e functio n postulate d b y Baddele y (Baddeley , 
1986) . 

The primar y observabl e propert y i n huma n subject s tha t 
has som e bearin g o n th e correctnes s o f  ou r  mode l  i s  th e tim e 
cours e o f  activatio n i n th e brai n durin g tas k execution .  Th e 
simulatio n predict s tha t  ther e wil l  b e excitatio n i n visua l 
corte x immediatel y followin g th e stimul i  an d a  subsequen t 
transfe r  o f  excitatio n t o PF C fo r  th e workin g memor y 
function .  Thi s excitatio n wil l  the n b e transferre d bac k t o 
posterio r  region s associate d wit h semanti c memory .  Finall y 
excitatio n wil l  the n agai n g o t o PF C fo r  th e respons e 
selectio n circuit .  Thi s proces s ha s actuall y bee n observe d b y 
Dal e fo r  simila r  cognitiv e task s usin g even t  relate d potentia l 
measurement s (Dale ,  1997) . 

We woul d als o predic t  tha t  synchron y o f  oscillation s wil l 
be observe d betwee n posterio r  associatio n corte x an d PF C 
durin g semanti c tasks .  Synchron y ha s bee n reporte d fo r 
relate d tasks .  Samthei n ha s foun d synchronou s oscillation s 
fo r  PF C an d posterio r  associatio n area s fo r  delaye d respons e 
task s a s mentione d earlie r  (Samthein ,  1998) .  Desmed t  an d 
Tomber g repor t  synchronou s oscillatio n betwee n PF C an d 
parieta l  corte x durin g a  finge r  shoc k perceptio n tas k 
(Desmed t  &  Tomberg ,  1994) .  W e woul d expec t  tha t 
synchron y woul d als o b e foun d fo r  semanti c task s o f  th e 
typ e modele d here . 

Our  approac h i s simila r  t o th e wor k o f  Shastr i  i n tha t  w e 
bot h postulat e neura l  mechanism s whic h perfor m operation s 
base d o n phas e information .  Shastr i  ha s propose d a 
functiona l  similarit y t o circuit s i n hippocampu s whic h ca n 
subserv e rapi d memor y formatio n (Shastri ,  1997) .  Th e 
purpos e o f  ou r  researc h i s t o examin e mechanism s tha t 
subserv e reasonin g processe s whic h becom e possibl e wit h 
th e additio n o f  workin g memor y capability .  Thi s allow s u s 
t o examin e cognitiv e processe s involvin g th e manipulatio n 
of  multipl e stimuli i  presente d sequentially .  Also ,  th e 
introductio n o f  a n orderin g mechanis m i n th e workin g 
memory circui t  woul d allo w fo r  a n accoun t  o f  languag e 
processin g whic h i s mor e genera l  (Chomsky ,  1957) . 
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Abstrac t 

In this paper, we review the literature on the relation 
betwee n solvin g nonspecifi c  goa l  problem s an d learning . 
Researc h ha s show n tha t  reduce d goal-specificit y 
facilitate s learnin g o f  rule s an d principle s o f  th e targe t 
domain .  Researcher s hav e accounte d fo r  thi s effec t  usin g a 
cognitiv e loa d theor y (Sweller ,  1988 )  an d a  dua l  spac e 
theor y o f  proble m solvin g (Vollmeyer ,  Bums ,  &  Holyoak , 
1996) .  Othe r  researcher s hav e show n tha t  learnin g ca n b e 
bot h facilitate d b y nonspecifi c  a s wel l  a s specifi c  goal s an d 
accoun t  fo r  thei r  finding s usin g goa l  appropriatenes s 
theor y (Miller ,  Lehman .  &  Koedinger ,  1997) .  W e judg e 
eac h theoretica l  accoun t  b y evaluatin g thei r  consistencie s 
wit h unifie d theorie s o f  cognitio n an d othe r  empirica l  data . 
We not e th e shortcoming s o f  th e eac h theor y an d 
incorporat e element s o f  eac h t o explai n al l  th e data . 

Introduction 

Th e specificit y o f  th e goa l  o f  a  proble m ca n b e quit e varied . 
Th e goa l  ca n b e ver y specific .  Fo r  example ,  i n orde r  t o ge t 
lunch ,  a  perso n shor t  o n cas h migh t  se t  a  specifi c  goa l  t o g o 
t o th e ban k o n Firs t  Stree t  befor e goin g t o lunch .  A  studen t 
solvin g a  geometr y proble m migh t  b e aske d t o find  th e 
valu e o f  a  particula r  angl e i n a  give n diagram .  O n th e othe r 
hand ,  th e goa l  ca n b e relativel y nonspecific .  T h e perso n 
shor t  o n cas h migh t  se t  a  nonspecifi c  goa l  t o g o ge t  cas h 
befor e lunch .  T h e geometr y studen t  migh t  b e aske d t o find 
th e value s o f  al l  angle s i n th e figure. 

A numbe r  o f  researcher s hav e explore d th e relatio n 
betwee n goa l  specificit y an d learnin g addressin g th e 
question :  D o student s lear a mor e fi-om  solvin g problem s 
wit h specifi c  goal s o r  non-specifi c  goals ? Thi s questio n i s 
relate d t o th e mor e genera l  debat e abou t  discover y learning : 
Do student s lear n mor e w h e n give n specifi c  task s o r  whe n 
give n open-ende d discover y tasks ? Inspectio n o f  th e 
researc h literatur e o n thes e question s lead s unequivocall y t o 
th e answe r  "I t  depends!" .  Th e goa l  o f  thi s pape r  i s  t o 
clarif y wha t  i t  depend s on ,  namely ,  unde r  wha t 
circumstance s d o nonspecifi c  goa l  problem s lea d t o bette r 
learnin g an d w h e n d o the y lea d t o poore r  learning ? Th e 
approac h i s fu-st ,  t o systematicall y investigat e th e theoretica l 
conjecture s diflferen t  researcher s us e t o explai n thei r 
^parentl y conflictin g result s an d second ,  t o sif t  thes e 
conjecture s throug h th e filter  o f  unifie d theorie s o f  cognition , 
A C T - R (Anderson ,  1993 )  an d Soa r  (Newell ,  1990) . 

R e d u c e d - G o a l  Specificit y Effec t 

Swelle r  an d hi s colleague s (Sweller ,  M a w e r ,  &  Ward ,  1983 ; 
O w en &  Sweller ,  1985 ;  Sweller ,  1988 )  ca n b e credite d wit h 
originatin g investigation s o f  th e relationshi p betwee n goa l 
specificit y an d learning .  I n thei r  studies ,  the y hav e 
consistentl y foun d tha t  student s lear a mor e i n nonspecifi c 
goa l  condition s tha n i n specifi c  goa l  conditions .  Fo r 
example ,  a  nonspecifi c  goa l  geometr y proble m m a y as k a 
proble m solve r  t o find  al l  th e angle s i n a  figure.  Th e goa l  o f 
suc h a  proble m i s  nonspecifi c i n tha t  i t  doe s no t  as k fo r  a 
specifi c  valu e fo r  a  specifi c  angle .  I n th e specifi c  goa l 
condition ,  stud y participant s ar e instea d aske d fo r  a  specifi c 
angle .  Swelle r  e t  al .  (1983 )  foun d tha t  nonspecifi c  goa l 
participant s acquire d appropriat e proble m schema s bette r 
tha n specifi c  goa l  participants . 

Sweller ,  Mawer ,  &  W a r d (1983 )  als o foun d tha t 
participant s w h o solve d nonspecifi c  goa l  physic s problem s 
exhibite d behavio r  mor e characteristi c o f  expertis e tha n 
participant s w h o solve d specifi c goa l  physic s problems . 
Initially ,  participant s i n bot h group s solve d a  se t  o f  specifi c 
goa l  problem s b y usin g means-end s analysis .  However , 
onl y th e participant s w h o solve d a  se t  o f  nonspecifi c  goa l 
problem s switche d t o a  forward-workin g strateg y o n th e las t 
set  o f  specifi c  goa l  problems .  I n contrast ,  participant s wh o 
solve d onl y specifi c  goa l  problem s continue d t o us e means -
end s analysis . 

Means-end s analysi s i s characterize d b y workin g backwar d 
fi-om  th e goa l  stat e an d settin g subgoal s t o reduc e th e 
differenc e betwee n th e curren t  stat e an d th e goa l  state . 
Larkin ,  McDermott ,  Simon ,  an d Simo n (1980 )  an d Simo n 
and S imo n (1978 )  foun d tha t  novic e physic s proble m 
solver s use d means-end s analysi s t o solv e th e problems . 
On th e othe r  hand ,  exper t  proble m solver s use d a  working -
forwar d strateg y (se e also ,  Koedinge r  &  Anderson ,  1990) . 
Th e expert s wer e abl e t o recogniz e an d choos e th e 
appropriat e equation s tha t  lea d t o th e goa l  an d appl y the m 
immediately . 

I n additio n t o th e expert-lik e strateg y use ,  Swelle r  e t  al . 
(1983 )  foun d tha t  th e nonspecifi c  goa l  participant s wrot e 
significantl y fewe r  equation s withou t  variabl e substitutio n t o 
solv e thes e problems .  The y als o solve d thes e problem s 
wit h fewe r  moves .  Thes e behavior s ar e als o characteristi c c f 
expertise .  I n contrast ,  participant s i n th e specifi c goa l  grou p 
wrot e equation s tha t  require d variabl e substitutio n (i.e. , 
equation s wit h tw o unknow n variables) ,  an d performe d th e 
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same numbe r  o f  move s t o solv e th e final  se t  o f  problem s a s 
the y di d o n th e initia l  problems .  Thes e result s als o indicat e 
tha t  th e participant s w h o solve d nonspecifi c  goa l  problem s 
develope d expertise . 

Simila r  result s hav e bee n foun d wit h geometr y an d 
trigonometr y problems .  I n a  serie s o f  studie s simila r  i n 
desig n t o th e physic s studies ,  Swelle r  e t  al .  (1983 )  foun d 
tha t  reduce d goa l  specificit y o n geometr y problem s als o 
facilitate d th e switc h from a  means-end s t o a  forward -
woridng  strategy .  Mor e participant s i n th e nonspecifi c  goa l 
conditio n use d a  forward-workin g strateg y o n th e final 
problem s tha n participant s i n th e specifi c  goa l  condition .  I n 
thei r  experiment s testin g th e participant s abilit y  t o appl y th e 
sine ,  cosine ,  an d tangen t  trigonometri c ratios ,  O w e n an d 
Swelle r  (1985 )  foun d tha t  participant s w h o wen t  throug h a 
nonspecifi c  goa l  acquisitio n phas e committe d fewe r  error s a t 
post-test .  Mor e importantly ,  the y committe d fewo -
fundamenta l  errors ,  i.e. ,  basi c error s indicatin g th e lac k o f 
understandin g o f  th e meanin g o f  eac h trigonometri c ratio , 
when t o appl y it ,  an d h o w t o appl y it .  Furthermore ,  o n a 
structurall y differen t  trigonometr y proble m give n afte r  th e 
post-test ,  participant s i n th e nonspecifi c  goa l  grou p 
continue d t o commi t  fewe r  fundamenta l  errors . 

Take n together ,  thes e result s appea r  t o provid e a  stron g 
case ,  a t  leas t  unde r  th e condition s studied ,  tha t  learnin g i s 
more eflFectiv e whe n student s practic e wit h nonspecifi c  goa l 
problem s rathe r  tha n specifi c  goa l  problems .  W h y migh t 
thi s b e so ? 

Cognitive Load Theory 

Swelle r  an d colleague s (Owe n &  Sweller ,  1985 ;  Sweller , 
1988 )  hav e propose d a n explanatio n fo r  th e positiv e effect s o f 
nonspecifi c  goa l  problem s o n learnin g a s illustrate d b y link s 
1,  2 ,  an d 3  i n Figur e 1 .  Proble m solver s ten d t o solv e 
nonspecifi c  goa l  problem s usin g a  forward-workin g strateg y 
(lin k 1 )  whil e thos e solvin g specifi c  goa l  problem s ten d t o 
use a  means-end s strateg y a s wa s demonstrate d i n Swelle r  e t 
al .  (1983) . 

Further ,  Swelle r  (1988 ,  O w e n &  Sweller ,  1985 )  argue s 
tha t  means-end s analysis ,  wit h it s emphasi s o n subgoa l 
storag e an d differenc e reduction ,  i s  taxin g t o a  limite d 
cognitiv e processin g capacity .  A  forward-workin g strategy , 
i n contrast ,  doe s no t  requir e subgoa l  storag e an d thu s 
require s les s cognitiv e loa d (lin k 2  i n Figur e 1) .  Th e final 
ste p i n Sweller' s argumen t  (lin k 3 )  i s tha t  sinc e mor e 
cognitiv e resourc e i s require d t o us e a  means-end s strategy , 
ther e i s les s resourc e tha t  ca n b e allocate d t o th e learnin g o f 
rules .  Or ,  t o stat e i t  th e othe r  way ,  a  forward-woikin g 
strateg y require s les s cognitiv e resourc e an d thu s ther e i s 
more availabl e t o learning . 

What  evidenc e i s ther e t o suppor t  Sweller' s argumen t  tha t 
means-end s analysi s place s a  heav y loa d o n thi s resourc e 
(lin k 2) ? Swelle r  presente d som e indirec t  evidenc e 
consistin g o f  performanc e characteristic s o f  th e strategie s 
used .  H e foun d tha t  solutio n time s ar e longe r  an d 
mathematica l  error s mor e frequent  w h e n participant s us e a 
means-end s strateg y (Owe n &  Sweller ,  1985) .  Swelle r 
(1988 )  als o provide d a  theoretica l  argumen t  i n th e for m o f  a 
cognitiv e mode l  tha t  showe d means-end s strateg y requirin g 
more cognitiv e resource s tha n a  working-forwar d strategy . 

I n particula r  hi s productio n syste m mode l  illustrate d tha t 
mor e productions ,  cycles ,  an d condition s mus t  b e matche d 
t o implemen t  a  means-end s strateg y compare d t o a  working -
forwar d strategy . 

Swelle r  (1988 )  als o gav e som e direc t  evidenc e fo r  hi s 
cognitiv e loa d theory .  I n a n experimen t  wit h trigonometr y 
problems ,  i n additio n t o th e primar y tas k o f  solvin g th e 
problems ,  participant s performe d th e secondar y tas k o f 
reproducin g th e proble m structur e an d correc t  solutio n pat h 
on precedin g problems .  Th e hypothesi s wa s tha t  i f  means -
end s analysi s require s mor e cognitiv e load ,  fewe r  resource s 
woul d b e availabl e t o perfor m th e secondar y task .  Swelle r 
foun d tha t  participant s w h o solve d specifi c  goa l  problem s b y 
usin g means-end s analysi s performe d mor e poorl y o n th e 
secondar y tas k b y committin g fewe r  error s i n reproducin g 
th e structur e an d solutio n pat h o f  previou s problems .  Thi s 
support s th e hypothesi s tha t  mor e exces s capacit y i s 
availabl e whe n solvin g nonspecifi c  goa l  problem s tha n 
conventiona l  problem s (Sweller ,  1988) . 

Th e propositio n tha t  cognitiv e loa d ha s a  direc t  influenc e 
on learnin g (lin k 3 ,  i n Figur e 1 )  i s inconsisten t  wit h th e 
A C T - R (Anderson ,  1993 )  an d Soa r  (Newell ,  1993 )  theorie s 
of  cognition .  I n A C T - R ,  learnin g result s from  successfull y 
analogizin g from  pas t  example s (Anderson ,  1993) .  Thus , 
learnin g occur s whe n a  correc t  representatio n o f  th e curren t 
sitiiatio n ha s bee n mappe d t o a n analogou s pas t  situation . 
I n Soar ,  learnin g occur s whe n n e w chunk s ar e create d t o 
remed y a n impass e durin g proble m solvin g (Newell ,  1990) . 
Under  bot h o f  thes e unifie d theorie s o f  cognition ,  learnin g 
mechanism s d o no t  dra w o n cognitiv e resource s an d thus , 
cognitiv e loa d canno t  hav e a  direc t  impac t  o n learning . 

A n alternativ e explanatio n fo r  th e relatio n betwee n 
cognitiv e loa d an d learnin g i s tha t  rathe r  tha n a  direc t  link , 
ther e i s a n indirec t  lin k betwee n cognitiv e loa d an d 
performanc e (lin k 9) .  Swelle r  ha s show n tha t  unde r 
condition s o f  les s cognitiv e load ,  participant s i n th e worke d 
exampl e conditio n commi t  fewe r  error s durin g acquisitio n 
tha n participant s w h o solve d conventiona l  problem s 
(Swelle r  &  Cooper ,  1985) .  Th e enhance d performanc e 
durin g acquisitio n m a y accoun t  fo r  th e learnin g o n th e post -
tes t  (lin k 10) .  Thi s explanatio n the n i s consisten t  wit h 
bot h theor y an d results . 

Othe r  researcher s hav e propose d alternativ e theorie s fo r 
w hy nonspecifi c  goal s ca n lea d t o bette r  learning .  Further , 
ther e ar e als o som e experimenta l  result s i n whic h th e 
specifi c  goal s lea d t o mor e learning ,  suggesting ,  a t  best ,  th e 
nee d fo r  boundar y condition s o n th e Cognitiv e Loa d theory . 

Alternative Theoretical Accounts 

The task s an d problem s use d b y Swelle r  wer e quit e simple . 
The mathematic s problem s require d knowledg e o f  onl y tw o 
or  thre e theorem s o r  principles .  N o on e ha s trie d t o 
replicat e thes e result s fo r  a  bigge r  searc h spac e i n domain s 
simila r  t o Sweller's .  However ,  othe r  researcher s hav e 
explore d goa l  specificit y i n differen t  domains . 

Vollmeyer ,  B u m s ,  an d Holyoa k (1996) ,  usin g a  dynami c 
proble m solvin g environment ,  foun d advantage s c f 
nonspecifi c  goa l  proble m solvin g ove r  specifi c  goa l  proble m 
solving .  I n a  biology-la b simulation ,  participant s wer e 
aske d t o explor e an d lear n th e system .  Th e nonspecifi c  goa l 
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grou p wa s no t  give n an y goal s t o ai m fo r  durin g th e 
learnin g rounds .  However ,  th e specifi c  goa l  grou p wa s 

informe d o f  th e goa l  durin g th e learnin g rounds .  Learnin g 
or  solvin g th e biology-la b syste m require s relativel y 
comple x inductio n no t  onl y o f  th e connection s betwee n fou r 
inpu t  an d fou r  outpu t  variables ,  bu t  als o th e strength s o f 
connections .  A s the y learne d th e system ,  th e participant s 
complete d a  structur e diagra m t o indicat e h o w the y believe d 
th e inpu t  variable s affecte d th e outpu t  variables .  I n th e 
solutio n round ,  bot h group s wer e aske d t o brin g th e 
biology-la b t o a  specifie d state ,  whic h wa s th e sam e a s th e 
specifi c  goa l  grou p ha d dxuin g th e learnin g rounds .  I n th e 
transfe r  round ,  bot h group s wer e aske d t o brin g th e syste m 
t o a  n e w stat e no t  see n befor e b y eithe r  group . 

Vollmeye r  e t  al .  (1996 )  foun d tha t  th e nonspecifi c  goa l 
grou p produce d bette r  structur e diagrams ,  bu t  bot h group s 
performe d equall y wel l  i n th e solutio n round .  However ,  th e 
nonspecifi c goa l  grou p committe d fewe r  error s i n th e transfe r 
roun d tha n thos e i n th e specifi c  goa l  group .  Thi s resul t 
suggest s tha t  acquisitio n o f  th e structur e an d rule s o f  th e 
syste m wa s fostere d b y usin g a  nonspecifi c  goal . 

Stevenso n an d Gedde s (1997 )  foun d analogou s result s 
wit h thei r  dynami c contro l  task .  Th e tas k require d 
participant s t o interac t  wit h a  "compute r  person "  name d 
Clegg .  Th e nonspecifi c  goa l  grou p wer e aske d t o pla y wit h 
Cleg g t o find  ou t  th e patter n tha t  explaine d hi s behavior . 
Th e specifi c  goa l  grou p wer e aske d t o lear n h o w Cleg g 
operate d b y tryin g t o brin g hi m t o a  specifie d emotiona l 
stat e (e.g. ,  "mak e Cleg g ver y fiiendly"). 

Stevenso n an d Gedde s (1997 )  foun d tha t  participant s i n 
th e nonspecifi c  goa l  conditio n outperforme d participant s i n 
th e specifi c  goa l  condition .  The y wer e bette r  abl e t o predic t 
Clegg' s respons e o n late r  tes t  trials .  The y als o provide d 
bette r  rule s describin g Clegg' s behavior . 

H o w d o thes e researcher s accoun t  fo r  thei r  results ? 
Thoug h th e result s ar e simila r  t o Sweller' s results ,  instea d 
of  usin g a  cognitiv e loa d account ,  thes e researcher s accoun t 
fo r  thei r  dat a wit h a  dua l  spac e theor y o f  learning . 

D u a l  S p a c e T h e o r y 

Simo n an d Le a (1974 )  define d tw o space s wher e searc h 

diuin g proble m solvin g ca n occur :  instanc e spac e an d ml e 
space .  The y propose d tha t  a  searc h i n instanc e spac e i s 
characterize d b y testin g a  ne w stat e agains t  a  goa l  state . 
Thi s behavio r  i s a n essentia l  featur e i n proble m solving . 
However ,  w h e n a  proble m solve r  examine s th e rul e spac e b y 
generatin g a  hypothesi s (i.e. ,  a  possibl e "rule" ,  a s oppose d 
t o a  specifi c  instance )  an d experimentin g i n th e instanc e 
spac e t o tes t  th e validit y o f  th e hypothesis ,  thi s behavio r  i s 
characteristi c o f  learning .  A  proble m solve r  engage s i n ml e 
inductio n whe n h e o r  sh e make s connection s betwee n th e 
rul e spac e an d th e instanc e space .  Klah r  an d Dunba r  (1988 ) 
hav e propose d a n analogou s dua l  spac e theor y consistin g o f 
hypothesi s spac e an d experimen t  space . 

Applyin g th e dua l  spac e theor y describe d above , 
Vollmeye r  e t  al .  (1996 )  suggeste d tha t  nonspecifi c  goa l 
problem s accelerat e th e inductio n o f  rule s b y encouragin g 
proble m solver s t o searc h throug h hypothesi s spac e (se e lin k 
4 o f  Figur e 1) .  O n th e othe r  hand ,  specifi c  goa l  problem s 
promot e th e searc h throug h instanc e o r  experimen t  spac e 
alone ,  whic h m a y b e a n effectiv e metho d fo r  finding a 
solutio n t o a  proble m bu t  i s no t  conduciv e fo r  learnin g 
genera l  rule s an d principles .  Thus ,  participant s i n specifi c 
goa l  condition s ar e les s ap t  t o induc e rule s abou t  th e 
proble m structure . 

Stevenso n an d Gedde s (1997 )  similarl y interprete d thei r 
result s wit h a  dua l  spac e theory .  The y suggeste d tha t  th e 
rul e learnin g tha t  wa s facilitate d b y nonspecifi c  goal s an d th e 
instanc e learnin g tha t  wa s fostere d b y specifi c  goal s ca n b e 
bes t  accounte d fo r  b y a  dua l  spac e model .  Specifi c  goal s 
appea r  t o lea d t o th e acquisitio n o f  mor e superficia l  relation s 
("withou t  understanding "  a s educator s woul d say )  whil e 
nonspecifi c  goa l  problem s lea d t o th e acquisitio n o f  deepe r 
domai n principle s (learnin g "wit h understanding") .  Thi s 
misdirecte d attentio n prevent s th e learnin g o f  rules . 

Goal Appropriateness Theory 

Miller ,  Lehman ,  an d Koedinge r  (1997 )  foun d tha t  free 
exploratio n (nonspecifi c  goa l  proble m solving )  wa s no t  th e 
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Figur e 1 :  Alternativ e explanation s fo r  th e relatio n betwee n goa l  specificit y an d learning . 
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onl y conditio n tha t  ba d a  positiv e influenc e o n learning . 
Thes e author s use d a  microworl d calle d Electri c Fiel d 
Hocke y (EFH )  t o tes t  th e specificit y o f  th e goa l  o n learning . 
The pedagogica l  goa l  o f  thi s interactiv e microworl d wa. s t o 
hel p student s develo p a  qualitativ e understandin g o f  th e 
physic s o f  electrica l  interaction .  T h e immediat e goa l  o f  th e 
E FH compute r  g a m e w a s t o maneuve r  "pucks "  int o net s 
analogou s t o th e spor t  o f  hockey . 

The author s foun d tha t  thei r  EFH-Soa r  mode l  o f  learnin g 
i n th e standar d goa l  conditio n w a s abl e t o becom e skille d a t 
th e game .  However ,  i t  di d no t  lear n th e underlyin g physic s 
principles .  Mille r  e t  al .  hypothesize d tha t  b y changin g th e 
tas k s o tha t  participant s woul d hav e t o follo w a  specifi c 
path ,  the y woul d hav e t o emplo y underlyin g physics 
principles .  T o tes t  thei r  hypothesis ,  th e author s use d thre e 
conditions .  Student s i n th e nonspecifi c  conditio n wer e aske d 
t o freely  explor e th e E F H environmen t  (the y playe d wit h 
charge s an d thei r  interaction-n o hockey-We e goa l  wa s 

presente d o n th e screen) .  Student s i n th e standard-goa l 
conditio n wer e aske d t o pla y th e E F H g a m e an d tr y t o ge t 
th e puc k int o th e net .  Student s i n th e specific-pat h 
conditio n wer e aske d t o ge t  th e puc k int o th e ne t  b y 
followin g a  specifie d pat h outline d fo r  them .  T h e author s 
posite d tha t  th e specific-pat h wa s mor e likel y t o requir e 
physic s principle s an d thu s b e mor e difficul t  an d demandin g 
of  cognitiv e load . 

Thes e author s foun d tha t  student s i n th e explorator y 
learnin g (nonspecifi c  goal )  conditio n learne d th e physics 
principle s bette r  tha n student s i n th e conventiona l  standard -
goal  condition .  Thi s w a s illustrate d b y thei r  highe r  score s 
on a  post-tes t  consistin g o f  question s create d t o asses s thei r 
acquisitio n o f  th e underlyin g physic s principles .  However , 
student s i n th e specific-pat h conditio n als o performe d bette r 
on th e post-tes t  tha n student s i n th e standard-goa l 
condition .  Note ,  th e specific-pat h conditio n i s mor e 
detaile d an d "specific "  tha n th e "standar d goal "  conditio n 
tha t  i s  mos t  lik e th e conditio n use d b y Swelle r  an d othe r 
researchers .  I n addition ,  student s i n th e specific-pat h 
conditio n progresse d mor e slowl y throug h th e level s o f  th e 
microworl d tha n student s i n th e standard-goa l  condition . 
Thi s resul t  suggest s tha t  th e specific-pat h conditio n wa s 
more difficul t  tha n th e standard-goa l  condition . 

Obviously ,  thes e result s contradic t  thos e o f  Sweller' s an d 
canno t  b e accounte d fo r  b y Cognitiv e Loa d theory .  H o w 
can a n eve n mor e specifi c  goal ,  whic h presumabl y i s mor e 
taxin g o n cognitiv e resource s tha n a  conventiona l  goal , 
resul t  i n bette r  learning ? 

Perhaps ,  i t  i s  no t  th e specificit y o f  th e goa l  pe r  s e tha t 
affect s learning .  Rather ,  learnin g m a y b e influence d b y th e 
appropriatenes s o f  th e goa l  an d subgoal s tha t  i t  elicit s t o th e 
targe t  activitie s tha t  ar e th e objective s o f  instruction .  W h a t 
matter s i s tha t  th e goa l  i s  pedagogicall y relate d t o th e tas k 
at  hand .  So ,  i f  eithe r  goa l  (specifi c  o r  nonspecific )  elicit s 
pedagogicall y relevan t  knowledge ,  i t  wil l  lea d proble m 
solver s t o engag e i n a  searc h o f  hypothesi s spac e tha t  wil l 
resul t  i n effectiv e learning .  Thus ,  contrar y t o Sweller , 
Mille r  e t  al .  (1997 )  sugges t  tha t  learnin g m a y b e achieve d 
eithe r  throug h solvin g specifi c  o r  nonspecifi c  goa l  problem s 
(se e Figur e 1 ,  link s 6 ,  7 ,  an d 8) . 

Under  a  Goa l  Appropriatenes s account .  Mille r  e t  al . 
sugges t  tha t  student s i n th e nonspecifi c  goa l  conditio n 
learne d th e principle s o f  physics  becaus e the y se t  appropriat e 
goal s fo r  themselve s (lin k  6) .  Student s i n th e specific-pat h 
conditio n ha d th e appropriat e goal s se t  fo r  the m (lin k 7) . 
However ,  student s i n th e standard-goa l  conditio n ba d a n 
inappropriat e goa l  se t  fo r  them .  Thei r  goa l  w a s t o ge t  th e 
puc k int o th e net .  I n othe r  words ,  thei r  goa l  w a s t o pla y th e 
game.  I n contrast ,  student s i n th e nonspecifi c  an d specifi c 
goa l  condition s se t  o r  wer e give n specifi c  pedagogica l  goals . 
Thus ,  thei r  goal s wer e appropriat e an d lea d t o mor e effectiv e 
learnin g o f  th e principle s o f  physic s (lin k  8) . 

Th e findings fix)m  C b a m e y ,  Reder ,  an d Kusbi t  (1990 ) 
provid e additiona l  suppor t  fo r  a  goal-appropriat e account . 
Thes e researcher s traine d participant s o n a  compute r 
spreadshee t  apphcation .  Participant s eithe r  trie d t o lear n th e 
syste m throug h a  problem-solvin g tutoria l  o r  throug h free 
exploration .  I n th e proble m solvin g tutoria l  (specifi c  goal ) 
condition ,  participant s wer e give n problem s wit h specifi c 
goal s t o solve .  Participant s i n th e free  exploratio n 
(nonspecifi c  goal )  conditio n wer e allowe d t o se t  u p thei r 
o wn goal s t o lear n th e system . 

C h a m e y,  Reder ,  an d Kusbi t  (1990 )  foun d tha t  participant s 
learne d th e spreadshee t  applicatio n bette r  w h e n the y wen t 
throug h a  problem-solvin g tutorial .  Th e tutoria l  se t  m a n y 
specifi c  goal s fo r  th e student s t o solve .  I t  teste d the m o n 
skill s  an d c o m m a n d s relevan t  t o learnin g th e spreadsheet . 
I n othe r  words ,  i t  se t  appropriat e goal s fo r  the m t o lea m th e 
application .  O n th e othe r  hand ,  student s i n th e free 
exploratio n conditio n di d no t  lear a th e applicatio n becaus e 
the y di d no t  se t  appropriat e goal s t o lea m it .  Thes e 
student s wer e compute r  novice s an d wer e no t  awar e o f  th e 
fiinction  an d utilit y  o f  a  spreadsheet .  Thus ,  a s C h a m e y e t 
al .  (1990 )  suggested ,  th e student s i n th e nonspecifi c  goa l 
conditio n coul d no t  se t  appropriat e goal s fo r  themselves . 

Not e th e result s o f  C h a m e y ,  Reder ,  an d Kusbi t  (1990 )  di d 
not  repUcat e thos e o f  earlie r  discover y learnin g studies .  Fo r 
example ,  Carroll ,  Mack ,  Lewis ,  Grischkowsky ,  an d 
Robertso n (1985 )  foun d tha t  participant s w h o explore d 
(calle d "guide d exploration "  b y th e authors )  a  wor d 
processo r  learne d th e progra m bette r  tha n participant s w h o 
followe d a  conventiona l  tutorial .  Thes e participant s wer e 
guide d i n thei r  exploratio n o f  th e wor d processo r  b y functio n 
card s whic h gav e the m hint s (rathe r  tha n step-by-ste p 
specification s give n b y th e manual )  t o se t  u p goal s t o 
perfor m a  targete d function .  Th e participant s w h o followe d 
th e self-stud y manua l  ha d difficult y recognizin g an d 
adoptin g th e appropriat e goals . 

I n addition ,  a s note d b y C h a m e y e t  al ,  participant s i n th e 
Carrol l  e t  al .  stud y wer e no t  naiv e t o th e functio n o f  th e 
wor d processin g program .  Th e participant s wer e temporar y 
offic e worker s w h o wer e skille d typist s an d ha d relevan t 
knowledg e o f  th e goal s an d strategie s use d t o produc e 
busines s letters .  Consequently ,  thes e participant s wer e abl e 
t o se t  specific ,  understandable ,  an d appropriat e goal s o n 
thei r  o w n (Carrol l  e t  al. ,  1985 ,  pp .  296-297) .  Thoug h th e 
dat a appea r  t o b e contradictory ,  th e Goa l  Appropriatenes s 
theor y account s fo r  th e result s fî o m bot h studies . 
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D i s c u s s i o n 

We hav e reviewe d evidenc e illustratin g th e benefit s o f 

solvin g problem s wit h nonspecifi c  goals .  Swelle r  an d hi s 
colleague s sugges t  tha t  nonspecifi c  goal s lea d t o mor e 
effectiv e learnin g becaus e the y promot e a  workin g forwar d 
strateg y whic h bear s littl e cognitiv e loa d (Sweller ,  1988) . 
Othe r  researchers ,  however ,  sugges t  th e nonspecifi c  goal s 
lea d t o mor e effectiv e learnin g becaus e the y induc e a  sciirc h 
throug h hypothesi s spac e (Vollmeye r  e t  al. ,  1996 ; 

Stevenso n &  Geddes ,  1997) .  A  thir d se t  o f  researcher s 
(Mille r  e t  al. ,  1997 ;  C h a m e y e t  al. ,  1990 )  sugges t  tha t 
irrespectiv e o f  th e specificit y o f  th e goal ,  learnin g i s mos t 
eflFectiv e w h e n proble m goal s ar e appropriat e an d 

pedagogicall y relate d t o th e tas k a t  hand . 
Althoug h thes e theorie s appea r  t o accoun t  fo r  th e result s o f 

studie s the y cam e fi^om,  d o the y generaliz e t o th e result s o f 
others '  experiments ? A n d d o the y d o s o i n a  w a y tha t  i s 
consisten t  wit h th e unifie d theories ,  A C T - R an d Soar ? 

Can th e cluste r  o f  result s supportin g th e dua l  spac e theor y 
(Vollmeye r  e t  al. ,  1996 ;  Stevenso n &  Geddes ,  1997 )  b e 
accounte d fo r  b y th e Cognitiv e Loa d o r  Goa l 
Appropriatenes s theories ? W e focu s o n th e Volhneye r 
result s t o investigat e thi s question . 

First ,  doe s Cognitiv e Loa d theor y accoun t  fo r  th e 
Vollmeye r  results ? A  straightforwar d applicatio n o f 
Cognitiv e Loa d theor y t o VoUmeyer' s tas k i s difficul t  sinc e 
i t  i s  no t  clea r  h o w th e nonspecifi c  goa l  conditio n i n thi s 
cas e woul d lea d t o a  workin g forwar d strateg y (lin k 1) . 
However ,  Vollmeye r  e t  al .  reporte d tha t  specifi c  goa l 
subjects ,  despit e bein g instructe d t o us e a  rule-inductio n 
strateg y (i.e. ,  var y on e thin g a t  a  time) ,  eventuall y switche d 
t o a  difference-reductio n strateg y (i.e. ,  iterativel y twea k 
multipl e inpu t  variable s t o achiev e th e specifie d outputs) . 
Thus ,  accordin g t o Cognitiv e Loa d theor y thes e subject s 
shoul d experienc e greate r  cognitiv e loa d (invers e o f  lin k 2 ) 
and therefor e les s effectiv e learnin g (invers e o f  Un k 3) . 

As discusse d above ,  th e direc t  relatio n betwee n cognitiv e 
loa d an d learnin g (lin k 3 )  i s inconsisten t  wit h A C T - R an d 
Soar .  Furthermore ,  th e dat a d o no t  eve n suppor t  th e 
modificatio n o f  Cognitiv e Loa d theor y (link s 9  an d 10 ) 
sinc e th e nonspecifi c  group ,  unde r  les s cognitiv e load ,  di d 
not  perfor m bette r  durin g training . 

Does Goa l  Appropriatenes s accoun t  fo r  th e Vollmeye r 
results ? Sinc e th e nonspecifi c  goa l  grou p wa s instructe d t o 
lear n th e rule s o f  th e system ,  the y operate d unde r  a n 
appropriat e goa l  t o perfor m wel l  i n th e transfe r  round .  The y 
als o performe d wel l  i n th e solutio n roun d becaus e the y ha d 
alread y learne d th e rule s o f  th e system .  Th e specifi c  goa l 
grou p performe d equall y wel l  i n th e solutio n roun d becaus e 
the y alread y ha d previou s attempt s a t  attainin g th e goal . 
Thus ,  thei r  goa l  wa s onl y appropriat e fo r  doin g wel l  i n th e 
solutio n round . 

Can th e cluste r  o f  result s supportin g th e Goa l 
Appropriatenes s theor y (Mille r  e t  al ,  1997 ;  C h a m e y e t  al. , 
1990 )  b e accounte d fo r  b y th e Cognitiv e Loa d o r  Dua l  Spac e 
theories ? W e focu s o n th e Mille r  result s t o investigat e thi s 
question . 

Th e findin g tha t  th e specific-pat h conditio n fi-om  Mille r  e t 
al. ,  whic h i s mor e "specific "  an d require s highe r  load , 
facilitate d learnin g i s inconsisten t  wit h Cognitiv e Loa d 

theory .  Th e Dua l  Spac e accoun t  als o canno t  explai n thi s 
effec t  Th e specific-pat h condition ,  m u c h lik e th e specifi c 
conditio n use d b y Vollmeye r  e t  al .  (1996 )  an d Stevenso n 
and Gedde s (1997) ,  require s th e proble m solve r  t o brin g th e 
syste m t o a  particula r  state .  Accordingly ,  Dua l  Spac e 
theor y predict s thi s t o lea d t o a  searc h o f  onl y instanc e spac e 
and consequentl y shoul d no t  facilitat e learning . 

Unlik e Cognitiv e Loa d theory .  Goa l  Appropriatenes s 
theor y suggest s tha t  cognitiv e loa d shoul d no t  hav e a  direc t 
effec t  o n teaming .  Wha t  i s importan t  i s tha t  th e goal s brin g 
t o bea r  knowledg e require d t o interac t  successfull y wit h th e 
system .  Thus ,  a s Mille r  e t  al .  suggested ,  solvin g goal-base d 
problem s wil l  transfe r  t o learnin g whe n goal-dependen t 
knowledg e an d pedagogicall y relevan t  materia l  agree .  Thi s 
knowledge-dependen t  accoun t  i s  consisten t  wit h th e learnin g 
mechanism s o f  bot h th e Soa r  (Newell ,  1990 )  an d A C T 
(Anderson ,  1993 )  unifie d theor y o f  cognition . 

Not e Cognitiv e Loa d theor y predict s tha t  th e mor e 
cognitiv e resource s tha t  ar e available ,  th e mor e likel y i t  i s 
fo r  learnin g t o tak e place .  Thi s suggest s a  linea r  relatio n 
betwee n cognitiv e loa d an d leartiing .  Accordingly , 
cognitiv e loa d theor y suggest s tha t  solvin g ver y simpl e 
problems ,  whic h require s lo w load ,  wil l  resul t  i n learnin g 
and tha t  solvin g ver y difficul t  problems ,  whic h require s hig h 
load ,  wil l  no t  likel y resul t  i n learning . 

The relatio n betwee n cognitiv e loa d an d learnin g i s mor e 
Ukel y U-shape d tha n linear .  O n e ca n imagin e condition s c f 
reduce d cognitiv e loa d (e.g. ,  solvin g ver y simpl e problems , 
havin g th e experimente r  solv e th e problem s fo r  th e 
participant )  wher e learnin g woul d no t  likel y occur .  Fo r 
example ,  i f  student s wer e onl y give n worke d ou t  example s 
t o stud y an d wer e no t  require d t o solv e an y problems , 
woul d w e expec t  an y learning ? Cognitiv e Loa d predict s 
learnin g t o occu r  du e t o th e lo w loa d required .  However , 
Anderso n an d Single y (1993 )  showe d tha t  calculu s student s 
w ho selecte d an d apphe d thei r  o w n operator s (hig h loa d 
condition )  learne d mor e tha n student s w h o ha d a  compute r 
selec t  an d appl y th e operator s fo r  the m (lo w loa d condition) . 
On th e othe r  end ,  on e ca n imagin e situation s o f  ver y hig h 
cognitiv e loa d (e.g. ,  performin g multipl e task s 
simultaneously ,  solvin g ver y difficul t  problems )  wher e 
learnin g shoul d als o b e inhibited . 

Finally ,  w e addres s whethe r  Sweller' s result s ca n b e 
accounte d fo r  b y Dua l  Spac e o r  Goa l  Appropriatenes s 
theory ? I n Sweller' s studies ,  participant s i n bot h th e 
specifi c  an d nonspecifi c  goa l  group s wer e aske d t o find 
value s t o mathematic s problems .  U n h k e participant s i n 
Vollmeye r  e t  al .  (1996 )  an d Stevenso n an d Gedde s (1997) , 
the y wer e no t  expUcitl y  aske d t o induc e rule s t o explai n th e 
system .  Alon g thi s lin e o f  reasoning ,  i t  appear s tha t 
Sweller' s participant s onl y operate d i n instanc e spac e an d 
thus ,  th e superio r  learnin g o f  th e nonspecifi c  grou p ca n no t 
be accounte d fo r  b y th e Dua l  Spac e theory .  However ,  i t 
possibl e tha t  becaus e nonspecifi c  goa l  participant s di d no t 
get  caugh t  u p i n th e hig h loa d difference-reductio n strategy , 
the y ha d mor e capacit y availabl e t o engag e i n rul e 
induction .  A n d i t  i s  thi s rul e inductio n activit y tha t  lead s 
t o mor e effectiv e learning .  Thi s account ,  combinin g 
element s o f  bot h Cognitiv e Loa d theor y an d Dua l  Spac e 
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theory ,  ha s th e advantag e o f  bein g consisten t  wit h th e 
learnin g mechanism s o f  ACT- R an d Soar . 

Can Goa l  Appropriatenes s theor y accoun t  fo r  Sweller' s 
results ? W e thin k i t  can ,  bu t  her e again ,  w e nee d t o borro w 
element s o f  Dua l  Spac e theory .  Rathe r  tha n lo w workin g 
memory loa d i n th e nonspecifi c  goa l  condition ,  freeing 
student s t o d o rule-induction ,  perhap s nonspecifi c  goal s 
encourag e rul e spac e searc h wherea s specifi c  goal s encourag e 
instanc e spac e search ,  distractin g participant s from  th e mor e 
genera l  learnin g tha t  result s from  rul e spac e search .  Thus , 
accordin g t o Goa l  Appropriateness ,  th e attainmen t  o f  a 
correc t  representatio n o f  th e problem ,  whic h i s aide d b y a n 
appropriat e goal ,  whic h ca n b e achieve d unde r  lo w o r  hig h 
cognitiv e load ,  i s th e importan t  prelud e t o learning . 

Is Goa l  Appropriatenes s consisten t  wit h a  dua l  spac e 
accoun t  o f  proble m solving ? A  distinctio n mus t  b e mad e 
betwee n goal s tha t  ar e appropriat e fo r  learnin g an d goal s tha t 
are appropriat e fo r  proble m solving .  Goal s tha t  ar e 
appropriat e fo r  inducin g rule s ma y lea d t o a  searc h o f  th e 
hypothesi s space .  Goal s tha t  ar e intende d fo r  solvin g a 
proble m ma y lea d t o a n exploratio n o f  instanc e space . 

Not e solvin g a  proble m wit h goal s t o induc e rule s i s 
analogou s t o a  scienc e mode l  o f  proble m solving .  O n th e 
othe r  hand ,  goal s intende d t o find a  specifi c  valu e i s 
analogou s t o a n engineerin g mode l  o f  proble m solvin g 
(Schauble ,  Klopfer ,  &  Raghavan ,  1991) .  Th e scienc e mode l 
of  proble m solving ,  whic h i s characterize d b y th e searc h fiir 
rule s an d causa l  relation s amon g variable s (i.e. ,  searchin g 
hypothesi s space) ,  ha s bee n show n t o lea d t o mor e genera l 
learnin g an d understanding .  I n contrast ,  a n engineerin g 
model ,  whic h i s characterize d b y maximizin g o r  achievin g a 
certai n specifie d targe t  (i.e. ,  searchin g instanc e space) ,  doe s 
not  resul t  i n th e learnin g o f  rule s an d principles .  However , 
it  ca n lea d t o goo d result s fo r  jus t  thos e specifi c  goal s 
targeted .  Thi s furthe r  support s th e conjectur e tha t  mor e 
appropriat e goal s facilitat e learning . 

I n summary ,  i t  appear s tha t  non e o f  th e theorie s ca n 
accoun t  fo r  al l  o f  th e results .  Neithe r  Cognitiv e Loa d o r 
Dual  Spac e ca n accoun t  fo r  th e Mille r  e t  al .  an d Chamey e t 
al .  results .  Withou t  incorporatm g element s o f  Dua l  Space , 
th e Goa l  Appropriatenes s theor y canno t  accoun t  fo r  eithe r 
th e VoUmeyer  o r  Swelle r  results .  W e hav e provide d 
argument s fo r  ho w combinin g element s o f  Goa l 
Appropriatenes s an d Dua l  Spac e ca n accoun t  fo r  al l  results . 

Whil e th e Cognitiv e Loa d theor y alon e fair s poorl y i n 
accountin g fo r  al l  th e result s and ,  a t  leas t  withou t 
modification ,  i s  inconsisten t  wit h ACT- R an d Soar ,  w e ar e 
not  read y t o rejec t  al l  element s o f  it .  Modification s o f  th e 
theor y t o includ e a  U-shape d relatio n wit h learnin g mediate d 
by eithe r  performanc e enhancemen t  o r  increase d hypothesi s 
searc h appea r  t o strengthe n th e theory .  Furthermore , 
combinin g Cognitiv e Loa d an d Dua l  Spac e seem s t o 
provid e a  bette r  explanatio n fo r  Sweller' s result s tha n Dua l 
Space an d Goa l  Appropriateness . 
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Abstrac t 

In this paper, we investigate students' use of the generate-
and-tes t  strateg y t o solv e algebr a wor d problems .  Thi s 
strateg y involve s firs t  choosin g a n estimat e fo r  th e answe r 
and the n checkin g whethe r  th e estimat e satisfie s th e 
constraint s o f  th e problem .  Base d o n verba l  protoco l  data , 
we develope d a  productio n syste m mode l  t o simulat e 
students '  behavio r  whe n the y appl y thi s informa l  strategy . 
The mode l  predict s proble m feature s tha t  shoul d affec t  th e 
difficult y o f  th e problems .  A  large-scal e experimen t  teste d 
th e prediction s o f  th e model .  Verba l  protoco l  dat a provide d 
additiona l  insight s int o ho w student s us e th e generate-and -
tes t  strategy . 

Introduction 

W h at  i s th e weakes t  w a y t o solv e a  problem ? Tak e a  guess . 
Generate-and-tes t  i s a  heuristi c tha t  a t  first  blus h m a y see m 
hopelessl y unlikel y t o lea d t o solution .  Ye t  i n th e domai n 
of  algebr a wor d problems ,  generate-and-tes t  i s  use d 
effectivel y b y m a n y students .  A  for m o f  thi s heuristi c 
(calle d "gues s an d check" )  i s  eve n taugh t  b y som e algebr a 
instructors .  I n severa l  studie s o f  algebr a proble m solving , 
BCTger  &  Kat z (1995 )  foun d tha t  participant s (hig h schoo l 
students )  use d generate-and-tes t  o n £q)proximatel y 5 0 % o f 
problem s presente d b y th e researchers .  Generate-and-tes t  i s 
not  necessaril y a  "fallback "  strateg y fo r  weake r  students ,  bu t 
i s use d effectivel y b y student s wit h goo d mat h skill s  (Katz , 
Friedman ,  Bennett ,  &  Berger ,  1 9 % ;  Tabachneck ,  Koedinger , 
& Nathan ,  1995) .  Othe r  researcher s hav e similarl y note d th e 
prevalenc e o f  generate-and-tes t  an d othe r  "informal " 
strategie s (e.g. .  Hall ,  Kibler ,  Wenger ,  &  Truxaw ,  1989 ; 
Koedinge r  &  Tabachneck ,  1994) .  Ye t  generate-and-tes t  i s 
underrepresente d i n th e proble m solvin g literature ,  an d 
practicall y unmentione d i n researc h o n algebr a wor d proble m 
solving .  M u c h o f  th e researc h o n algebr a wor d proble m 
solvin g ha s focuse d o n th e forma l  representation s an d 
procedure s use d b y student s whe n solvin g traditiona l  wor d 
problem s (e.g. ,  Kintsc h &  Greeno ,  1985 ;  Mayer ,  Larkin ,  & 
Kadane ,  1984 ;  Paig e &  Simon ,  1966) .  Thes e problem s 
typicall y hav e on e uniqu e solutio n an d ca n b e solve d usin g 
standar d algorithmi c techniques . 

I n th e generate-and-tes t  strategy ,  a  studen t  choose s a 

possibl e iinswer ,  the n check s whethe r  tha t  answe r  satisfie s 
th e constraint s o f  th e problem .  I f  th e candidat e answe r  doe s 
not  fit,  th e studen t  generate s a  ne w one . 

Th e us e o f  a n informa l  strateg y suc h a s generate-and-tes t 
raise s severa l  theoretica l  issues .  Fo r  example ,  ho w d o 
proble m solver s generat e thei r  initia l  estimat e o f  a  potentia l 
solution ? I f  thei r  first  estimat e i s foun d t o b e incorrect ,  ho w 
do the y updat e tha t  estimat e t o ge t  anothe r  (hopefull y better ) 
estimate ? Anothe r  theoretica l  questio n i s h o w proble m 
solver s mak e th e initia l  decisio n t o us e th e generate-and-tes t 
strategy .  W h y d o the y choos e generate-and-tes t  whe n the y 

coul d us e th e forma l  algebrai c strateg y the y ha d bee n taught ? 
Thi s pape r  present s a  productio n syste m mode l  o f  th e 

generate-and-tes t  strateg y a s i t  appear s whe n solvin g algebr a 
wor d problems .  Thi s mode l  i s  consisten t  wit h observe d 
solutio n procedure s o f  student s solvin g traditiona l  algebr a 
wor d problems .  However ,  a n explanator y mode l  alon e i s 
not  particularl y stron g evidenc e fo r  one' s accoun t  o f  huma n 
behavior .  T o provid e stronge r  evidence ,  prediction s doive d 
from  th e mode l  wer e teste d i n a  large-scal e experiment .  A 
secon d experiment ,  involvin g collectio n o f  verba l  protocols , 
suggest s tha t  generate-and-tes t  m a y b e a  mor e comple x skil l 
tha n i s capture d i n th e model . 

T o investigat e th e generate-and-tes t  strategy ,  w e us e a  typ e 
of  algebr a wor d proble m tha t  engender s us e o f  th e strategy . 
Under-determine d problem s canno t  b e solve d b y a  purel y 
algebrai c approach .  Eac h proble m i s under-determine d i n tha t 
i t  canno t  b e represente d a s a n algebrai c equatio n wit h a 
singl e unknown .  Instead ,  th e proble m solve r  pose s exampl e 
answer s tha t  fit  th e constraint s presente d i n th e problem . 
Th e nex t  sectio n describe s under-determine d problem s i n 
mor e detail .  Followin g tha t  discussion ,  w e describ e ou r 
productio n syste m mode l  tha t  account s fo r  solvin g bot h 
under-determine d problem s an d well-determine d problem s 
(i.e. ,  traditiona l  wor d problems) . 

Under-determined problems 

Under-determine d problem s d o no t  provid e al l  th e 
informatio n necessar y t o find  a  uniqu e solutio n t o a 
problem—i.e. ,  i t  i s  impossibl e t o appl y a  standar d algebrai c 
solutio n strateg y t o determin e a  correc t  solution .  B y 
algebrai c strategy ,  w e mea n a  strateg y tha t  allow s th e 
proble m solve r  t o isolat e an d solv e fo r  on e unknow n 
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Figur e 1 .  M o d e l  o f  th e generate-and-tes t  an d forma l  algebr a strategies . 

variabl e (e.g. ,  x  =  22) .  Not e s o m e under-detemiine d 
problem s m a y involv e inequalitie s tha t  allo w th e proble m 
solve r  t o us e algebrai c manipulatio n o f  inequalitie s t o 
isolat e a  variabl e wit h a n inequalit y (e.g. ,  x  >  20) .  Note , 
thi s final  derive d inequalit y doe s no t  constitut e a  solution . 
The proble m solve r  mus t  stil l  generat e a  solutio n base d o n 
tha t  inequality .  Thus ,  under-determine d problem s require 
proble m solver s t o generat e example s o f  potentia l  solutions . 
Belo w i s a n exampl e o f  a n under-determine d problem : 

If some tickets to a play were bought for a total of $50.00 
and i f  ticket s cos t  $1.0 0 fo r  adult s an d $0.5 0 fo r  children , 
ho w man y children' s ticket s coul d hav e bee n bought ? 

The problem solver must produce an example value for the 
tota l  numbe r  o f  children' s ticket s tha t  satisf y a  variet y o f 
explicitl y  state d constraints : 

1. The total amount paid for the tickets is $50.00; 
2.  Th e cos t  o f  a n adult' s  ticke t  i s  $1.00 ; 
3.  Th e cos t  o f  a  child' s ticke t  $0.50 ; 

These constraints do not determine a unique solution to the 
problem .  Severa l  value s fo r  th e tota l  numbe r  o f  children' s 
ticket s satisf y thes e constraints . 

A proble m solve r  migh t  procee d i n solvin g th e abov e 
proble m b y first  identifyin g th e explici t  constraint s give n i n 
th e problem .  Th e proble m solve r  migh t  the n infe r  that , 
sinc e th e tota l  amoun t  pai d i s $50.00 ,  th e numbe r  o f 
children' s ticket s mus t  b e even .  Throug h thi s derivatio n o f 
implici t  constraints ,  th e proble m solve r  greatl y reduce s th e 
spac e o f  possibl e example s t o consider .  Ultimately , 
however ,  takin g int o consideratio n al l  th e constraint s tha t 

hav e bee n identified ,  bot h explici t  an d implicit ,  th e proble m 
solve r  mus t  propos e a  candidat e solutio n an d evaluat e i t 
agains t  th e constraints .  A  successfii l  exampl e i s foun d i f  th e 
propose d solutio n doe s no t  violat e an y proble m constraint . 

I t  i s  thi s reasonin g wit h constraint s tha t  make s under -
determine d problem s seemingl y differen t  fro m traditional , 
well-determined  wor d problems .  Unles s th e studen t  detects , 
prioritizes ,  an d instantiate s th e constraint s b y specifyin g 
appropriat e values ,  th e problem s canno t  b e solved .  Vnder -
determine d problem s ar e potentiall y  m o r e realisti c tha n 
traditiona l  wor d problems ,  a s mos t  real  problem s ar e no t 
wel l  formulate d (Frederiksen ,  1984) . 

Computational Model 

O ur  mode l  simulate s th e behavio r  o f  student s solvin g eithe r 
well-determine d o r  under-determine d algebr a wor d problems , 
usin g th e generate-and-tes t  strategy ,  a n algebrai c sffategy ,  o r 
a combinatio n o f  th e two .  O u r  mode l  w a s vmtte n i n th e 
A C T - R productio n syste m languag e (Anderson ,  1993) . 

T h e genera l  structur e o f  th e generate-and-tes t  strateg y c a m e 
fi-om  protocol s o f  5 5 student s solvin g well-determine d 
algebr a wor d problems ,  simila r  t o thos e foun d o n th e S A T -
Mathematic s test .  Fo r  tw o problem s i n particular ,  student s 
tende d t o us e a  generate-and-tes t  strateg y t o find a  solutio n 
rathe r  tha n a n algebrai c approach .  Thi s preferenc e cut s 
acros s al l  abilit y  levels ,  suggestin g tha t  generate-and-tes t  i s 
not  necessaril y  a  fallbac k strateg y t o b e use d onl y w h e n on e 
doe s no t  k n o w a  stronge r  w a y t o approac h a  problem . 

T h e mode l  simulate s th e generate-and-tes t  strateg y b y first 
estimatin g a  potentia l  solution .  The n i t  propagate s th e valu e 
throug h th e constraint s o f  th e problem .  Propagatio n 
continue s unti l  al l  o f  th e constraint s hav e bee n used .  T h e 
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proces s tenninate s wit h succes s i f  th e propose d solutio n 
simultaneousl y satisfie s al l  o f  th e constraint s o f  th e 

problem .  I f  a  discrepjinc y i s found ,  th e estimat e i s updiUe d 
and th e propagatio n proces s i s repeated . 

Dat a o n th e estimatio n an d updatin g portion s o f  th e mode l 
wer e gathere d fro m verba l  protocol s o f  seve n student s ii s 
the y solve d fou r  problem s simila r  t o th e "tickets "  proble m 
presente d abov e (i.e. ,  well-determined ,  simultaneou s 
equatio n problems). '  Th e numbe r  o f  generate-and-tes t  "csises " 
was reduce d (fro m 28 )  becaus e student s occasionall y solve d 
th e problem s algebraically ,  despit e instructions .  O f  1 6 case s 
i n whic h student s generate d a n initia l  estimate ,  students ' 
estimate s wer e hal f  o f  th e potentii U m a x i m u m valu e fo r  th e 
estimate d elemen t  i n nin e o f  th e cases .  Th e othe r  two-third s 
of  case s wer e no t  a s easil y categorize d a s reflectin g a 
Ijarticula r  estimatio n strategy .  Th e mode l  implement s thi s 

"half-of-total "  initia l  estimatio n strategy . 
I f  a n estimat e i s foun d t o b e incorrect ,  th e mode l 

simulate s a n updat e strateg y observe d i n students .  I n thi s 
strategy ,  th e estimat e i s change d base d o n th e relatio n 
betwee n a  derive d quantit y an d th e know n quantity .  Fo r 
example ,  a  well-determine d versio n o f  th e ticket s proble m 
state d tha t  "7 0 ticket s wer e bough t  t o a  play. "  Throug h th e 
propagatio n process ,  a  studen t  migh t  deriv e a  valu e o f  8 0 fo r 
th e tota l  numbe r  o f  ticket s (b y firs t  estimatin g 6 0 t o th e 
number  o f  children' s tickets ,  the n derivin g $3 0 fo r  th e cos t 
of  children' s tickets ,  an d the n derivin g $2 0 an d 2 0 ticket s fo r 
adult' s  tickets) .  Th e studen t  woul d decreas e th e estimat e o f 
th e children' s ticke t  b y 10 .  Alternatively ,  i f  th e derive d 
valu e wer e 60 ,  th e studen t  woul d increas e th e estimat e b y 
10.  W e cal l  thi s strateg y th e "logi c chang e rule" .  Not e 
followin g thi s rul e wil l  no t  necessaril y  resul t  i n th e correc t 
choice .  Th e correcmes s o f  th e rul e depend s o n th e relatio n 
among th e variable s i n th e problem .  Nonetheless ,  student s 
do no t  realiz e thi s cavea t  an d appl y th e rul e indiscriminately . 
Of  th e 1 7 case s i n whic h student s update d thei r  estimat e a t 
leas t  once ,  o n 1 1 occasion s students '  performanc e wa s 
consisten t  wit h thi s updat e approach .  I n othe r  words ,  6 3 % 
of  th e time ,  student s update d thei r  initia l  estimate s i n a  wa y 
consisten t  wit h th e logi c chang e rule . 

Th e mode l  als o solve s algebr a wor d problem s b y applyin g 
a forma l  algebrai c strategy .  Th e strateg y wa s derive d fro m 
th e protocol s mentione d earlier .  Th e mode l  first  select s a n 
equatio n fro m th e proble m situation .  I t  the n simulate s 
symboli c manipulation  b y matchin g an d substitutin g 
variables .  Th e mode l  iterate s unti l  a  singl e final  equatio n 
wit h jus t  on e unknow n variabl e i s lef t  o r  unti l  al l  th e 
equation s hav e bee n used .  Onc e a  final  equatio n i s obtained , 
th e answe r  ca n the n b e solve d for .  O n th e othe r  hand ,  whe n 
a final  equatio n canno t  b e obtaine d becaus e th e equatio n 
contain s mor e tha n on e unknow n variabl e an d ther e ar e n o 
mor e value s o r  equation s t o substitut e in ,  th e mode l  eithe r 
retrie s th e algebr a strateg y o r  switche s t o th e generate-and -
tes t  strategy . 

Predictions 

Th e mode l  suggest s th e type s o f  factor s tha t  shoul d affec t 

th e difficult y o f  under-determine d problems .  Fo r  example , 
requestin g a  secon d exampl e fro m a  solve r  shoul d b e mor e 
likel y t o resul t  i n a n erro r  becaus e o f  th e additiona l 
processin g needed .  Th e additiona l  processin g provide s th e 
solve r  wit h mor e opportunitie s t o commi t  mat h errors . 
Alternatively ,  a  studen t  migh t  hav e happene d upo n a  correc t 
first  exampl e b y chance ,  bu t  doe s no t  understan d th e 
proble m sufficientl y t o find  a  secon d example . 

A secon d predictio n i s tha t  additiona l  constraint s migh t 
increas e difficulty ,  agai n becaus e o f  predicte d increase d 
processing .  However ,  th e mode l  suggest s tha t  onl y certai n 
type s o f  constraint s wil l  increas e processing .  "Verifie r 
consffaints "  ar e use d t o verif y whethe r  a  correc t  exampl e 
solutio n ha s bee n derived .  Thes e consu-aint s ofte n involv e a 
relation  betwee n tw o variables .  Accordin g t o ou r  model ,  th e 
use o f  suc h a  constrain t  involve s a n extr a iteratio n throug h 
th e propagatio n proces s (se e Figur e 1) .  O n th e othe r  hand ,  a 
constrain t  tha t  jus t  change s th e rang e o f  possibl e estimate s 
shoul d no t  necessaril y  b e mor e difficul t  becaus e i t  affect s a 
smal l  par t  o f  th e model .  Suc h "generato r  constraints " 
involv e a  singl e viuiabl e tha t  broadl y suggest s w h ^ e a 
solutio n m a y b e found .  I n th e model ,  suc h constraint s ar e 
use d t o estimat e potentia l  solutions .  Thus ,  addin g a 
generato r  constrain t  t o a  proble m shoul d no t  entai l  extr a 
iteration ,  an d s o migh t  no t  affec t  difficulty . 

Experiment V 

Method 

Participants .  Participant s wer e 25 7 pai d volunteers , 
includin g advance d undCTgraduate s (54%) ,  first-year  graduat e 
student s (28%) ,  an d individual s no t  currentl y registered  a s 
student s w h o intende d t o appl y t o graduat e schoo l  (18%) . 
Participant s wer e recruite d throug h 1 0 institution s o f  highe r 
educatio n i n differen t  regions  o f  th e Unite d States . 

Design and Materials. Two parallel test forms were 
created ,  eac h containin g nin e under-determine d problems. ' 
Th e first  fou r  problem s represented a  manipulatio n o f  th e 
number  o f  constraint s provided .  Th e ffeatment  grou p 
received  problem s tha t  containe d on e additiona l  constrain t 
compare d wit h th e problem s give n t o th e contro l  group . 
Th e contro l  an d treatmen t  problem s wer e otherwis e identica l 
(se e Tabl e 1) .  I n th e first  thre e problems ,  th e additiona l 
constrain t  wa s a  generato r  constraint ;  th e final  proble m 
containe d a n additiona l  verifie r  constraint .  Not e eithe r  a 
verifie r  o r  a  generato r  constrain t  wa s adde d t o eac h problem , 
not  both .  However ,  eithe r  a  generato r  o r  a  verifie r  constrain t 
coul d hav e bee n adde d t o a  problem .  Fo r  example ,  i n th e 
fu-s t  proble m o f  Tabl e 1 ,  a  generato r  constrain t  coul d hav e 
bee n adde d b y statin g tha t  th e "compan y sol d mor e tha n 
150 0 paperbac k books. "  Th e las t  five  item s represented  a 

'  Th e algebr a wor d problem s wer e give n t o thes e participant s a s 
warm-u p exercise s fo r  a n unrelate d experiment . 

^hi s sectio n describe s a n experimen t  reporte d i n Bennett , 
Morley ,  Quardt ,  Singley ,  Katz ,  &  Nhouyvanisvon g (1998) .  W e 
limi t  th e curren t  discussio n t o thos e portion s o f  th e experimen t 
tha t  tes t  th e computationa l  model . 
'  A s reporte d i n Bennet t  e t  al .  (1998) ,  th e tes t  form s containe d 
an additiona l  1 1 problems ,  representin g tw o othe r 
manipulations . 
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Tabl e 1 .  Problem s showin g th e additio n o f  a  verifie r  versu s generato r  constraint .  Additiona l  constraint s ar e i n bold . 

Additio n o f  a  Verifie r  Constrain t 

A compan y make s a  profi t  o f  $3.3 0 o n ever y 
hardbac k boo k i t  sell s an d a  profi t  o f  $1.2 0 o n ever y 
paperbac k boo k i t  sells .  I f  i t  mad e a  profi t  o f  $3,96 0 
CD hardbac k an d paperbac k book s las t  month ,  ho w 
many book s coul d i t  hav e sol d las t  month ? 

A compan y make s a  profi t  o f  $3.3 0 o n ever y hardbac k boo k i t  sell s 
and a  profi t  o f  $1.2 0 o n ever y paperbac k boo k i t  sells .  Las t  mont h 
th e compan y sol d mor e tha n twic e a s man y paperbac k book s 
as hardbac k book s an d i t  mad e a  profi t  o f  $3,96 0 o n th e books . 
How man y book s coul d th e compan y hav e sol d las t  month ? 

Additio n o f  a  Generato r  Constrain t 

A certai n populatio n o f  bacteri a double d ever y d 
hours .  A t  /=6 0 hour s th e populatio n wa s 1,024,000 . 
What  i s a  possibl e valu e fo r  th e initia l  bacteri a 
populatio n a t  t= Q an d th e correspondin g valu e o f  tf ? 

A certai n populatio n o f  bacteri a double d ever y d  hours , 
wher e d  <  20 .  A t  ̂=6 0 hour s th e populatio n wa s 1,024,000 . 
What  i s a  possibl e valu e fo r  th e initia l  bacteri a populatio n a t  t= 0 
and th e correspondin g valu e oft/ ? 

manipulatio n o f  th e numbe r  o f  solution s requested .  Thes e 
five  problem s wer e identica l  i n th e treatmen t  an d contro l 
condition s excep t  tha t  th e treatmen t  grou p wa s aske d t o 
provid e tw o example s fo r  eac h proble m wherea s th e contro l 
grou p wa s aske d t o provid e jus t  on e example . 

Procedures. Test forms were randomly assigned to 
participants ,  wit h eac h participan t  receivin g eithe r  th e 
contro l  o r  treatmen t  problems .  Th e mat h problem s wer e 
administere d o n a  computer .  Participant s wer e allowe d t o 
use scratc h pape r  an d a  calculato r  durin g th e 60-minut e 
proble m solvin g session . 

Results 

To tes t  th e effect s o f  th e additiona l  constrain t  o n 
performance ,  w e ra n a  2x 2 repeated-measure s A N O V A,  wit h 
number  o f  constraint s (fewe r  constraints/mor e constraints )  a s 
a between-subject s facto r  an d constrain t  typ e (generato r  o r 
verifie r  constrain t  added )  a s a  within-subject s factor. *  Th e 
main effec t  o f  number-of-constraint s wa s significant , 
F(l,228)=9.05 ,  p<.01 ,  a s wa s th e mai n effec t  o f  constrain t 
type ,  F(l,228)=10.32 ,  p<.01 .  O f  primar y interes t  wa s th e 
significan t  interactio n betwee n number-of-constraint s an d 
consu-ain t  type ,  F(l,228)=16.19 ,  p<.01 .  Figur e 2  show s 
th e interaction .  A s predicted ,  addin g a  generato r  constrain t 
di d no t  affec t  proble m difficulty ,  bu t  th e additio n o f  a  verifie r 
constrain t  doe s increas e difficulty . 

A one-wa y A N O VA revealw l  th e predicte d significan t 
effec t  o f  number-of-examples ,  F(l,234)=27.77 ,  p<.01 . 
Participant s i n th e one-exampl e grou p solve d mor e o f  th e 
problem s correcU y tha n di d participant s i n th e two-exampl e 
group ,  3. 3 an d 2.3 ,  respectively .  Furthermore ,  a  compariso n 
of  onl y  th e fu-s t  solutio n fro m th e two-exampl e grou p wit h 
th e one-exampl e grou p di d no t  revea l  a  significan t  diffoenc e 
betwee n th e mea n numbe r  o f  problem s correct ,  3. 1 an d 3.3 , 
respectively .  Thi s resul t  suggest s tha t  th e greate r  difficult y 
of  th e two-exampl e problem s come s fro m derivin g th e 
secon d example . 

Discussion 

Thi s experimen t  investigate d th e effec t  o f  tw o proble m 

features—numbe r  o f  consu-aint s an d numbe r  o f  requested 
examples—o n proble m difficulty .  A s predicte d b y th e 
model ,  a n additiona l  constrain t  increase s difficult y onl y i f 
tha t  constrain t  lead s t o mor e processin g (i.e. ,  verifie r 
constraints) .  Generatin g a  secon d exampl e increase s 
difficult y a s well ,  agai n supposedl y du e t o th e greate r 
processin g neede d t o generat e a  secon d solution . 

I n th e nex t  experiment ,  w e investigat e whethe r  th e 
proble m feature s ha d th e expecte d effect s fo r  th e reason s 
predicte d b y th e model .  Tha t  is ,  th e mode l  predict s tha t 
providin g th e secon d exampl e solution s require s mor e 
iteratio n o f  th e generate-and-tes t  strateg y an d tha t  verifie r 
constraint s affec t  difficult y becaus e the y affec t  th e 
propagatio n proces s o f  th e model .  Th e secon d experimen t 
seek s thi s evidenc e throug h a n investigatio n o f  participants ' 
solutio n processe s a s inferre d fro m concurren t  verba l 
protocol s (c f  Ericsso n &  Simon ,  1993) . 
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•*  Analyse s exclude d case s fo r  whic h on e o r  mor e proble m score s 
were missin g (becaus e th e participan t  exceede d a  tim e limit) . 

Figur e 2 .  Proportio n correc t  i n contro l  (fewe r  constraints ) 

and treatmen t  (mor e constraints )  conditions . 

Experiment 2 

Method 

Participants .  Si x colleg e senior s ;in d recen t  graduate s 
fi-om  th e Princeton ,  N e w Jerse y are a participate d fo r  pay . 

Design and Materials. The design and materials were 

773 



identica l  t o thos e o f  Experimen t  1 . 

Procedure. The volunteers participated individually in 
session s lastin g fro m l-1.5hr .  Al l  problem s wer e 

administere d o n paper ,  wit h a  lOmi n tim e limi t  pe r 
problem .  Participant s wer e iiske d t o provid e concurren t 
verba l  protcKol s a s the y solve d th e problems .  Al l  writte n 
wor k wa s videotape d an d participan t  uttenuice s wer e nxxMde d 
o n th e videotape .  Participant s wer e provide d wit h a  simpl e 
Cidculato r  (analogou s t o th e calculato r  provide d i n 

Experimen t  1) . 

Results 

Th e sam e genera l  patter n o f  mean s wa s foun d a s i n 
Experimen t  1 .  Additio n o f  a  generato r  constrain t  di d no t 
affec t  proportio n correc t  (control :  0.67 ;  generato r  constrain t 
added ;  0.67) ,  wherea s additio n o f  a  verifie r  constrain t  di d 
impac t  difficult y (control :  0.67 ;  verifie r  constrain t  adde d 
0.33) .  One-exampl e problem s wer e mor e difficul t  tha n two -
exampl e problem s (one-example :  0.80 ;  two-example :  0.67) . 

Th e analysi s o f  participan t  solutio n procedure s shoul d 
addres s thre e questions :  (1 )  C a n th e extr a difficult y associate d 
wit h two-exampl e problem s b e attribute d t o participant s re -
applyin g th e generate-and-tes t  strategy ? (2 )  Doe s th e additio n 
of  a  verifie r  constrain t  increas e difficult y becaus e o f  th e extr a 
processin g involve d i n judgin g whethe r  a  potentia l  solutio n 

fits  al l  o f  th e proble m constraints ? (3 )  W h y d o generato r 
constraint s no t  ad d difficulty ? 

Producing a second example. When asked at the end 
of  th e sessio n whethe r  providin g tw o example s wa s difficult , 
a fe w o f  th e participant s expresse d tha t  "i t  wasn' t  difficult " 
becaus e the y "cou W jus t  doubl e th e firs t  answer. "  Tha t  is , 
fo r  tw o o f  th e five  problems ,  simpl y takin g a  trivia l 
transformatio n o f  th e fu^ t  respons e coul d generat e a  correc t 
secon d example .  Fo r  instance ,  t o provid e a  secon d example , 
participant s coul d simpl y doubl e th e fu-s t  exampl e (o r  tak e 
an y multipl e o f  it) .  Fo r  on e problem ,  mor e elaborat e 
(nontrivial )  calculation s wer e required '  Thi s suggest s tha t 
th e difficult y betwee n th e one-exampl e an d two-exampl e 
problem s m a y b e solel y du e t o th e nontrivia l  transformatio n 
problem . 

T h e analysi s di d no t  reveal  an y differenc e i n th e mea n 
proportio n correc t  betwee n th e one-exampl e an d two -
exampl e trivia l  transformatio n problems .  Th e comparabl e 
differenc e wa s .3 3 fo r  th e proble m tha t  require d mor e 
comple x calculations .  Reanalysi s o f  th e dat a fro m 
Experimen t  1  suppor t  thes e results .  Th e differenc e i n mea n 
proportio n correc t  betwee n th e one-exampl e an d two -
exampl e trivia ]  transformatio n an d nontrivia l  transformatio n 
problem s wa s .1 4 an d .39 ,  respectively.  Thes e result s 
suppo n th e clai m tha t  th e adde d sourc e o f  difficult y fro m 
providin g tw o example s come s from  havin g t o recycl e 
throug h th e generate-and-tes t  strategy .  However ,  th e extr a 
processin g occur s onl y fo r  problem s tha t  d o no t  allo w a 
shortcu t  strateg y (i.e. ,  trivia l  transformatio n problems) . 

The remainin g tw o item s coul d no t  b e classifie d 
unambiguousl y an d therefor e ar e omitte d from  thi s discussion . 

A d d i n ^  a  verifie r  constraint .  W h y doe s a n additiona l 
verifie r  constrain t  increas e proble m difficulty ? O f  th e si x 
participants ,  thre e correctl y iinswere d thi s problem .  The y 

provide d correc t  solution s b y usin g th e generate-and-tes t 
strategy .  T h e thre e participant s w h o di d no t  provid e conu; t 
example s use d symbolic-lik e strategie s b y manipulatin g th e 
constrjiinL s an d value s o f  th e problem .  Thus ,  i t  i s  unclea r 
whethe r  verifie r  constraint s caus e mor e iteratio n o f  processe s 
as suggeste d b y ou r  model .  Futur e researc h can  determin e 
whethe r  verifie r  constraint s caus e mor e cyclin g o f  a  strateg y 

or  lea d t o us e o f  inappropriat e strategies . 

Adding a generator constraint. Analysis of the 
protoco l  dat a reve<iled  tha t  o n 5 0 % o f  th e problems , 
participant s i n th e conu-o l  conditio n generate d exjunpl e 
solution s tha t  satisfie d th e additiona l  generato r  constrain t  i n 
th e experimenta l  condition .  I n othe r  words ,  participants ' 
estimate s wer e unaffecte d b y th e generato r  constraint . 

Discussion 

Th e analyse s o f  verba l  protocol s suggest s tha t  th e accoun t  o f 
generate-and-tes t  presente d i n Figur e 1  i s incomplete . 
Generatin g a  secon d exampl e sometime s involve s reasonin g 
tha t  fall s  outsid e th e generate-and-tes t  o r  forma l  algebr a 
strategies .  I n addition ,  th e difficult y o f  th e verifie r 
constrain t  m a y b e du e t o it s encouragin g a n inappropriat e 
solutio n strateg y rathe r  tha n becaus e i t  cause s mor e 
processin g i n a  generate-and-tes t  strategy .  Finally ,  th e 
analysi s o f  participants '  estimate s suggest s tha t  differen t 
manipulation s o f  th e generato r  constraint s may ,  i n fact , 
affec t  difficulty .  Th e curren t  generato r  constraint s sugges t 
solutio n range s tha t  over i ^  wit h participants '  natura l 
propensities .  Problem s m a y b e mad e mor e difficul t  (o r 
easier )  b y addin g generato r  constraint s tha t  "push " 
participant s int o estimatio n range s tha t  hav e a  lesse r  (o r 
greater )  densit y o f  acceptabl e solutions . 

General Discussion 

Our  productio n syste m mode l  illuminate s th e cognitiv e 
processe s involve d i n solvin g bot h under-determine d an d 
well-determine d algebr a wor d problems .  Th e mode l 
simulate s th e processe s involve d i n performin g th e generate -
and-tes t  strateg y fo r  bot h well-determine d an d under -
determine d problems .  I t  als o simulate s th e symbolic 
manipulatio n o f  constraints ,  a n integra l  skil l  o f  th e forma l 
algebrai c strategy . 

I n additio n t o accountin g fo r  th e solutio n paths ,  th e mode l 
correctl y predicte d factor s tha t  affec t  th e difficult y o f  under -
determine d problems .  W e foun d tha t  providin g t o example s 
i s mor e difficul t  tha n on e an d tha t  addin g a  constrain t  tha t 
influence s th e propagatio n proces s o f  th e mode l  affect s 
difficulty .  Th e protocol s revealed  tha t  th e sourc e o f 
difficult y ca n b e attribute d t o elaborat e calculation s t o deriv e 
th e secon d exampl e an d no t  t o short-circuitin g o f  thi s 
process .  Althoug h thi s insightfu l  strategi c behavio r  o f 
short-circuitin g th e proces s doe s no t  wor k o n al l  problems . 
i t  ca n b e a n effectiv e strateg y o n othe r  problems .  Futur e 
research  shoul d investigat e h o w snident s decid e t o us e thi s 
strategy .  Base d o n tha t  research ,  w e ca n revis e an d exten d 
our  mode l  t o accoun t  fo r  thi s behavior . 
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Currently ,  ou r  mode l  als o doe s no t  accoun t  fo r  th e 
strateg y choic e betwee n generate-and-tes t  an d forma l  algebra . 
Recall ,  ou r  research  onl y use d undCT-determine d problems . 
Consequently ,  th e forma l  algebrai c strateg y coul d no t  b e 
implemente d t o solv e them .  T o forc e th e mode l  t o us e 
generate-and-test ,  th e probabilit y  o f  th e processe s involve d 
leadin g t o eventua l  succes s i s se t  highe r  fo r  production s 
involve d i n th e generate-and-tes t  strategy .  Fo r  example ,  th e 
model  wil l  star t  t o generat e an d tes t  i f  w e se t  th e probabilit y 
of  th e productio n tha t  estimate s a  potentia l  solutio n t o b e 
highe r  tha n th e probabilit y  o f  th e productio n tha t  select s a n 
equation .  Conversely ,  i f  w e reverse d th e probabilities ,  th e 
model  wil l  star t  th e forma l  algebrai c strateg y b y selectin g a n 
equation ,  instea d o f  estimatin g a  potentia l  solution .  Thus , 
i n ou r  simulation s o f  under-determine d problems ,  w e se t  th e 
probabilit y  o f  estimatin g a  solutio n highe r  tha n selectin g a n 
equatio n (se e Figur e 1) . 

Thi s probabilit y  dependen t  decisio n proces s i s analogou s 
t o a  lo w abilit y  studen t  alway s choosin g on e strateg y ove r 
th e othe r  strategie s irrespectiv e o f  th e proble m type .  Th e 
studen t  migh t  no t  b e mathematicall y sophisticate d an d 
consequentl y lack s th e skill s  (th e productio n rules )  t o 
perfor m th e alternativ e strategies .  O n th e othe r  hand ,  a  hig h 
abilit y  mat h studen t  wil l  posses s th e skill s  t o solv e a 
proble m successfuU y throug h numerou s means . 
Consequently ,  th e studen t  mus t  decid e whic h strateg y t o 
implement .  Thi s decisio n t o selec t  on e sd-ateg y ove r  th e 
other s migh t  b e dependen t  o n proble m features .  Fo r 
example ,  factor s suc h a s th e numbe r  o f  variables ,  equations , 
and typ e o f  equation s i n a  proble m ma y affec t  thi s decisio n 
process .  Futur e researc h comparin g under-determine d 
problem s t o thei r  well-determine d counterpart s shoul d 
provid e u s wit h a  bette r  imderstandin g o f  ho w th e choic e 
betwee n usin g generate-and-tes t  an d forma l  algebr a i s made . 

In additio n t o developin g th e strateg y selectio n 
component ,  w e pla n t o buil d ability-reference d model s an d 
devis e metric s o f  proble m difficulty .  Throug h th e inclusio n 
or  omissio n o f  certai n production s a s wel l  a s certai n bugg y 
productions ,  w e ca n produc e model s tha t  simulat e differen t 
mathematica l  abilit y  levels .  A s allude d t o earlier ,  a  lo w 
abilit y  studen t  ma y lac k th e skill s  t o matc h an d substitut e 
variables .  Analogously ,  a  lo w abilit y  mode l  ma y lac k th e 
necessar y productio n rule s t o perfor m thes e procedures . 
Anothe r  varian t  o f  a  lo w abilit y  mode l  ma y b e t o includ e 
buggy production s tha t  manipulat e th e proble m informatio n 
(declarativ e memor y elements )  incorrectl y o r  appl y the m a t 
inappropriat e times .  Hig h abilit y  mathematic s student s ma y 
posses s mor e mat h knowledg e an d skill s  tha n lo w abilit y 
students .  Thus ,  a  hig h abilit y  mode l  ma y includ e mor e 
productio n rule s t o reflec t  th e advance d knowledg e an d skill s 
of  a  hig h abilit y  student . 

The mode l  simulatio n outpu t  ca n provid e u s wit h metric s 
of  proble m difficulty .  I n th e simples t  case ,  th e numbe r  o f 
productio n cycle s (i.e. ,  th e numbe r  o f  time s th e production s 
fired)  ma y b e predictiv e o f  proble m difficulty .  Anothe r 
predicto r  ma y b e th e numbe r  an d kin d o f  production s tha t 
fired .  Thi s metri c no t  onl y reveal s th e skill s  tha t  ar e 
necessary ,  i t  als o disclose s th e skill s  tha t  student s 
predominantl y us e t o solv e th e problem .  Knowin g th e 

skill s  mor e likel y t o b e employe d fo r  a  certai n proble m ma y 
lea d u s t o bette r  predic t  th e difficult y  o f  th e problem . 
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Abstrac t 

We describe a hybrid agent architecture capable of simulat-
in g emotiona l  behaviour .  Agent s hav e certai n fixed  personalit y 
traits ,  whic h influenc e emotio n level s a s wel l  a s relationship s 
wit h othe r  agents .  Change s i n emotion s ar e modelle d throug h 
propagatio n i n a n emotio n network .  W e exten d a  standar d 
actio n representatio n t o includ e emotiona l  precondition s an d 
effects .  Result s fro m a  test-be d environmen t  wit h tw o sam -
pl e scenario s sho w ho w difference s i n environmenta l  factor s 
and personalit y affec t  th e socia l  behaviou r  an d emotion s o f  th e 
agent s i n a  grou p ove r  time . 

I n t r o d u c t i o n 

We describ e a n architectur e tha t  combine s deliberativ e an d 
reactiv e mechanism s fo r  simulatin g affect-drive n agent s 

whic h operat e i n agen t  communities .  Th e deliberativ e mech -
anis m use s a  simpl e planne r  whic h choose s action s t o satisf y 
physiologica l  an d emotiona l  needs .  Reactiv e behaviou r  oc -

cur s w h e n extrem e emotion s trigge r  a n overridin g action . 
M u ch o f  th e recen t  wor k o n socia l  agent s focuse s o n th e de -

velopmen t  o f  individua l  believabl e agent s fo r  interactio n wit h 
h u m an user s (Loyal l  an d Bates .  1997 ;  Webbe r  an d Badler , 

1995 ;  Ric h e t  al. ,  1994 )  o r  fo r  completin g domain-specifi c 

task s (Marti n an d Firby ,  1991) .  I n contrast ,  th e focu s o f  thi s 
pape r  i s o n th e exploratio n o f  th e long-ter m effect s o f  envi -

ronmenta l  condition s an d personalit y trait s o n th e interaction s 
betwee n agent s i n a  group .  Thi s focu s motivate s a  represen -
tatio n o f  action s an d speec h act s a t  a  highe r  leve l  o f  granu -
larit y tha n tha t  o f  th e abov e systems ,  an d als o th e desig n o f 
simple r  agents ,  whic h engag e i n comple x interactions .  Ou r 
agen t  architecture ,  lik e tha t  describe d i n (Bate s e t  al. .  1992 ; 
Loyal l  an d Bates ,  1997) ,  support s th e modelin g o f  emotion s 
an d personalities .  However ,  ou r  architectur e i s i n th e mod -
ula r  styl e o f  (Webbe r  an d Badler .  1995 ;  Ric h e t  al. .  1994) . 
O ur  syste m furthe r  differ s fro m tha t  describe d i n (Bate s e t  al. . 
1992 ;  Loyal l  an d Bates ,  1997 )  i n tha t  w e explicitl y  mode l  re -

lationship s betwee n agents ,  an d ou r  agent s perfor m action s 
and speech-act s tha t  achiev e emotiona l  effect s i n othe r  agent s 
as wel l  a s themselves . 

Agent Architecture 

Th e architectur e fo r  ou r  affect-drive n agent s i s show n i n Fig -
ur e 1 .  T h e simpl e interfac e wit h th e worl d consist s o f  th e 
perceptio n o f  externa l  event s (b y th e Perceptio n module )  an d 
th e executio n o f  action s (b y th e Action-Executio n module) . 
Perceive d event s lea d t o a n updat e o f  a n agent' s Memory , 
whic h use s a  predicate-base d representatio n o f  th e state s o f 

Actio n 
Executio n 
Modul e 

Action s 

Memory 
Modul e 

Relationshi p 
Modul e 

Personalit y 
Modul e 

Emotio n 
Modul e 

Speech-Ac t 
Modul e 

Planne r 
Modul e 

Goal 
Modul e 

Externa l 
Event s 

Worl d 
Perceptio n 
Modul e 

Physiolog y 
Modul e 

Figur e 1 :  A g e n t  architecture . 

the world, e.g.. at(x). have{x). The architecture reflects 
th e focu s o n affect-drive n agent s wit h m o d u l e s fo r  emotions , 

personalit y an d relationships ,  w h i c h interac t  wit h th e Plan -

ner  an d Goa l  module s an d th e M e m o r y module .  W e no w de -

scrib e briefl y th e Physiology ,  Planning ,  Goal ,  Executio n an d 
Personalit y modules ,  followe d b y a  detaile d descriptio n o f  th e 
Emotion ,  Relationshi p an d Speech-Ac t  modules . 

Physiolog y Module .  A n agent' s physiologica l  stat e i s mod -

elle d b y a  se t  o f  physiologica l  needs ,  suc h a s hunger ,  tirednes s 
and health .  Thes e need s rang e fro m 0. 0 t o 1.0 .  The y increas e 
ove r  time ,  an d ar e change d b y appropriat e actions ,  e.g. ,  a n 
agen t  eat s t o reduc e it s hunger .  I n th e curren t  implementation , 
a simplifie d physiologica l  mode l  i s use d wher e th e need s in -
creas e b y a  constan t  amoun t  eac h tim e step ,  an d appropriat e 
action s reduc e the m b y a  constan t  amount .  Th e healt h o f  a n 
agen t  i s a  combinatio n o f  it s tirednes s an d hunge r  (thirs t  ha s 

not  ye t  bee n implemented) ,  an d ca n als o b e directl y affecte d 
by actions ,  e.g. ,  i t  wil l  decreas e i f  th e agen t  i s physicall y hur t 
(sa y throug h fighting  anothe r  agent) ;  i f  i t  goe s belo w a  certai n 
value ,  th e agen t  dies . 

Planne r  an d Goa l  Modules .  Agents '  goal s ar e mainl y ba -

si c maintenanc e goal s relatin g t o physiologica l  an d emotiona l 
need s (rathe r  tha n goal s o f  achievement) .  The y us e a  sim -
pl e actio n representatio n fo r  thei r  action s an d appl y a  basi c 

backward-chainin g plannin g procedure . 
Maintenanc e goal s ar e prioritize d accordin g t o a  fixed  util -

it y  base d o n h o w m u c h th e curren t  nee d i s belo w a  specifie d 
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Figur e 2 :  Emot io n model . 

threshold. Goals of maintenance based on emotional needs 
( § Emotio n Module )  ar e give n a  lowe r  priorit y tha n physio -

logica l  goals . 

Executio n Modu le .  Thi s modul e i s give n a  pla n t o b e exe -

cuted .  Thi s pla n m a y b e interrupte d b y situation s tha t  requir e 
an immediat e respons e (thi s i s a  for m o f  Brooks '  subsumptio n 
architectur e (Brooks ,  1986)) ,  e.g. ,  a n agen t  bein g scare d an d 
havin g t o ru n away .  I n thi s case ,  ou r  simpl e agent s replac e 
th e curren t  pla n wit h th e action(s )  tha t  addres s th e mor e ur -
gent  need .  Th e implementatio n o f  a  stac k architecture ,  whic h 
support s th e resumptio n o f  th e curren t  pla n afte r  urgen t  event s 
hav e bee n handled ,  wil l  b e undertake n i n th e future . 

Personalit y M o d u l e .  Eac h agen t  ha s a  se t  o f  personalit y 
attributes .  W e hav e chose n t o represen t  thes e attribute s b y 
means o f  th e "Big-Fiv e Facto r  Structure" ,  namel y introver -
sion/extroversion ,  pleasantnes s o r  agreeableness ,  conscien -
tiousnes s o r  dependability ,  emotiona l  stability ,  an d intellec t  o r 
sophisticatio n (Goldberg ,  1990) .  Numerica l  value s fo r  thes e 
factor s ar e i n th e [0,1 ]  range ,  wit h 0. 5 representin g "normal" . 

Emotion Module 

Emotio n Model .  Th e emotio n mode l  i s base d o n tha t  pro -
posed i n (Nicholso n an d Dutta ,  1997) .  We mode l  a  numbe r 
of  emotio n categorie s (Goleman ,  1996) ,  e.g. ,  fear ,  happiness , 
sadness ,  ange r  an d love .  T h e valu e fo r  eac h category  i s i n 
th e [0,1 ]  range .  Fo r  eac h emotion ,  a n agen t  ha s a  desire d 
emotio n value ,  E d e s > whic h m a y b e considere d a  goa l  o f 
maintenance ,  an d a  defaul t  emotio n value ,  E d e f  •  Thes e ar e 
function s o f  th e agent' s personalit y profile .  A t  eac h tim e step , 
i f  ther e ar e n o externa l  event s t o influenc e emotions ,  th e cur -
ren t  emotio n valu e wil l  m o v e toward s th e defaul t  valu e (wit h 
a sligh t  rando m perturbation) .  W e als o us e a n agent' s e m o -
tiona l  stabilit y  (fro m it s personalit y profile )  t o determin e th e 
degre e t o whic h it s emotion s ar e affecte d b y a n emotiona l  in -
fluence  (Figur e 2  illustrate s variation s i n emotio n ove r  time) . 
I n th e future ,  w e wil l  als o tak e int o accoun t  th e relatio n be -
twee n thi s emotiona l  influenc e an d th e agent' s pleasantness , 
e.g. ,  a n even t  whic h cause s ange r  o r  a  relate d emotio n i s likel y 
t o hav e a  stron g effec t  o n agent s w h o ten d t o b e angry . 

Emotio n Network .  A n agent' s emotion s ar e represente d b y 
a network ,  wit h eac h nod e E i  representin g a  separat e emotio n 
(Figur e 3 )  (Orton y e t  al. ,  1988) .  Eac h nod e ha s a  se t  o f  tar -
gets ,  {Ti,T2,... ,  T „ } ,  whic h represen t  th e entitie s a t  whic h 
tha t  emotio n i s directe d (emotion s suc h a s happines s an d sur -
pris e m a y b e directe d a t  oneself) .  Thi s se t  o f  target s i s dy -

(T4,T 1 

Figur e 3 :  Emot io n networ k wit h targe t  lists . 

namic during a run of the simulation and depends on who the 
agen t  ha s interacte d with .  Thus ,  nod e E i  contain s n  values , 

Ei{Ti) , . . . ,  E i {Tn) ,  whic h represen t  th e leve l  o f  emotio n as -
sociate d wit h th e variou s targets . 

Change s i n th e leve l  o f  a n emotio n m a y b e cause d b y 

th e action s o f  othe r  agent s o r  th e agen t  itsel f  (detail s ar e 
give n late r  i n thi s section) .  Emotion s ar e no t  independen t 
an d change s i n on e emotio n m a y trigge r  change s i n relate d 

emotions ,  e.g. ,  a n increas e i n happines s normall y cause s a 
reductio n i n sadnes s o r  anger .  T o represen t  h o w emotion s 
influenc e on e another ,  an d t o provid e a  mechan is m fo r  prop -
agatin g emotiona l  changes ,  node s ar e connecte d b y directe d 
links .  Eac h directe d lin k fro m nod e E ,  t o nod e E j  ha s a  (posi -
tiv e o r  negative )  weight ,  W i j ,  tha t  represent s th e influenc e o f 
emotio n i  o n emotio n j .  W e us e a  for m o f  activatio n wit h de -
ca y (Anderson ,  1983) ,  spreadin g fro m th e emotio n whic h ha s 
changed ,  Ei{Tj) ,  t o propagat e emotiona l  change .  Activatio n 
throug h link s wit h heavie r  weight s receiv e priority ,  an d th e 
spreadin g activatio n proces s cease s w h e n a n attemp t  i s m a d e 
t o updat e an y nod e fo r  th e secon d tim e (i.e. ,  feedbac k cycle s 
ar e no t  allowed) . 

Emo t i o n Influencin g Behaviour .  Emot io n influence s be -
haviou r  i n tw o ways :  (1 )  b y changin g th e action s availabl e 
t o th e planne r  t o choos e from ,  throug h th e us e o f  emotiona l 
preconditions ;  an d (2 )  b y triggerin g a n emotiona l  actio n re -
spons e w h e n extrem e emotion s ar e experienced . 

Prohibitin g o r  enablin g particula r  action s dependin g o n 
emotion s i s achieve d b y addin g emotiona l  precondition s t o 
th e actio n description .  W e cal l  thes e E-Preconditions ,  t o dis -
tinguis h the m fro m ordinary  physica l  preconditions ,  whic h 
we cal l  P-Preconditions .  Th e E-precondition s ar e satisfie d 
w h en th e leve l  o f  a n emotio n exceed s a  particula r  threshol d 
(thi s i s simila r  t o th e stimulu s condition s describe d i n (Gree n 
an d Carberry ,  1992)) .  Thi s cause s a n actio n t o b e c o m e a  can -
didat e t o b e considere d b y th e planner .  T h e r u n - a w a y (x ) 
actio n illustrate s thes e preconditions ;  th e P-preconditio n i s 
tha t  th e agen t  i s  a t  locatio n x ,  whil e th e E-preconditio n i s tha t 
th e agent' s fea r  exceed s th e threshol d valu e 0.7 . 

Actio n name :  r u n - a w a y (x ) 
P-Preconditions :  a t ( x ) 
E-Preconditions :  E/ea r  >  0. 7 
Effects :  -'at(x ) 

T h e additio n o f  emotiona l  precondition s m e a n s tha t  a n 
agent' s emotiona l  level s determin e whic h goal s ca n b e satis -

fied.  Fo r  example ,  i f  e a t  ha s th e E-preconditio n Ef,.a r  <  0.8 , 
an agen t  wil l  b e unabl e t o achiev e it s d e c r e a s e - h u n g e r 
goa l  i f  i t  i s  ver y afraid . 

777 



We als o incorporat e int o ou r  syste m wha t  w e cal l  a n 

emotiona l  trigger ,  whic h correspond s t o situation s wher e a n 

agent' s emotion s tak e contro l  o f  th e agen t  an d overrid e previ -

ousl y constructe d plan s (Brooks ,  1986 ;  Goleman ,  1996) .  Thi s 

happen s w h e n a n emotio n i  ha s exceede d a  trigge r  threshold , 
thi ,  fo r  a  certai n numbe r  o f  tim e step s T .  I n thi s case ,  th e 

Planne r  choose s on e o f  th e action s whic h hav e emotio n i  i n 

thei r  E-precondition s an d whos e E-preconditio n threshol d i s 
greate r  tha n th e trigge r  threshold .  Fo r  example ,  i f  fea r  ha s 

a trigge r  valu e greate r  tha n 0.9 5 an d a n agent' s fea r  goe s t o 
1.0 ,  the n th e Planne r  choose s on e o f  th e action s tha t  hav e fea r 

abov e threshol d 0.9 5 i n thei r  E-precondition s (sa y run-awa y 
an d s t r ike) .  Th e rational e fo r  thi s polic y i s tha t  i f  a n even t 
i s s o extrem e tha t  i t  warrant s a  purel y emotiona l  response , 
the n extrem e responses ,  i.e. ,  thos e whic h requir e thi s hig h 

threshol d t o b e activated ,  ar e appropriate .  Othe r  policie s fo r 

handlin g emotiona l  trigger s wil l  b e considere d i n th e future . 

Behaviour Influencing Emotion. The action representa-
tion  als o include s th e possibl e effect s o f  a n agent' s behaviou r 

o n it s o w n emotion s an d thos e o f  others .  Fo r  example , 

conside r  a  situatio n wher e agen t  A  i s  angr y a t  agen t  B 
{Eanger{A ,  B )  =  0.94) ,  an d insult s B  a s a  resul t  o f  th e ac -

tivation  o f  >l' s  insu l t  (x )  action : 
Actio n name :  insu l t  (x ) 
P-Preconditions :  nea r - to (x ) 
E-Preconditions :  Eanger{A ,  x )  >  0. 9 

Effects :  £a««,rU > X )  i .  Eshame{x ,  x )  t , 

Ea„ger{x ,  A )  t 
Th e Effect s fiel d o f  thi s actio n descriptio n indicate s 

tha t  a s a  resul t  o f  th e insult ,  A' s  ange r  a t  B  wil l  de -

creas e (Ea„ger{A,x )  i ) ,  B' s ange r  a t  A  wil l  increas e 
(Eangerix ,  A )  t )  an d B' s sham e -  directe d a t  itsel f  -  wil l  in -
creas e {Eshame{x,x )  t) -  I n th e curren t  implementation ,  th e 

degre e t o whic h a n actio n change s a n agent' s emotiona l  leve l 
i s a  functio n o f  th e agent' s emotiona l  stabilit y  only .  W e en -
visag e extendin g thi s t o includ e th e relationshi p betwee n th e 
agen t  performin g th e actio n an d th e recipien t  o f  th e action . 

Relationship Module 

The relationship between agents influences their behaviour in 
eac h others '  presence .  Th e Relationshi p modul e monitor s a n 

agent' s opinion s o f  othe r  agents .  A n opinio n m a y b e base d 
o n persona l  interaction s o r  o n wha t  a n agen t  ha s hear d abou t 
othe r  agents .  A t  present ,  onl y th e forme r  ha s bee n imple -

mented . 

A relationshi p valu e range s fro m 0. 0 t o 1.0 .  I n th e curren t 
implementation ,  th e relationshi p betwee n tw o agent s depend s 
o n thei r  initia l  reactio n t o eac h othe r  an d thei r  interactio n his -
tory .  Th e initia l  reactio n m a y b e base d o n a  numbe r  o f  factors , 
includin g th e agents '  personalit y profiles ,  thei r  curren t  emo -
tiona l  stat e an d th e othe r  agent' s physica l  appearance .  H o w -
ever ,  a t  presen t  onl y th e first  o f  thes e factor s ha s bee n imple -
mente d i n th e computatio n o f  th e initia l  reaction .  Thi s i s don e 
by th e followin g formula . 

wher e t o i s  th e first  time-ste p whe n th e relationshi p i s be -

in g monitored ,  P{i ,  x )  i s  facto r  i  i n th e personalit y profil e o f 

agen t  x ,  an d N  i s th e tota l  numbe r  o f  profil e factors .  Thi s for -

mul a i s base d o n th e notio n tha t  agent s wit h simila r  person -

alit y trait s ar e likel y t o b e positivel y dispose d toward s eac h 

other .  Thus ,  i t  implicitl y  assume s tha t  th e initia l  relationship s 

betwee n agent s ar e symmetrical .  Thi s simplifyin g assump -

tio n wil l  b e relaxe d i n th e futur e throug h th e introductio n o f 

additiona l  factor s i n th e calculatio n o f  a  valu e fo r  th e initia l 

reaction .  A s state d above ,  th e effec t  o f  th e initia l  reactio n i s 

moderate d wit h th e passag e o f  tim e b y th e emotiona l  influ -
ence s whic h resul t  fro m th e interaction s betwee n agents .  A n 
agent' s relationshi p wit h anothe r  agen t  i s change d b y ho w thi s 

othe r  agen t  affect s it s emotions ;  i f  agen t  B  perform s a n ac -
tio n tha t  move s agen t  A' s emotion s toward s (o r  awa y from ) 

th e desire d level ,  A' s relationshi p wit h B ,  R { A ,  B ) ,  wil l  im -
prov e (o r  deteriorate) .  Thi s improvemen t  (o r  deterioration )  i s 

a functio n o f  th e differenc e betwee n agen t  A' s emotiona l  lev -
el s befor e B  performe d th e actio n i n questio n an d A' s emo -

tiona l  level s after . 

Speech-Act Module 

Speech-act s ar e a  particula r  subgrou p o f  a n agent' s possibl e 

action s an d ar e handle d b y th e Speech-ac t  module ,  withi n th e 
Planne r  module .  W e us e a  standar d speech-ac t  classificatio n 
(propose ,  re ject ,  accept ,  request-c lar i f icat ion , 
query ,  answer )  plu s additiona l  speech-act s whic h di -

rectl y affec t  emotion s (share-feel ing ,  insult ,  scream , 
pra ise) .  Thes e emotio n relate d speech-act s ar e represente d 
usin g actio n description s ( § Emotio n Module) . 

Recal l  tha t  th e planne r  choose s action s dependin g o n th e 
curren t  goa l  priorities .  I f  a n agent' s physiologica l  need s ar e 
currenU y satisfied ,  th e planne r  wil l  attemp t  t o satisf y emo -

tiona l  needs .  Thi s m a y b e don e eithe r  throug h a  physica l  ac -
tion,  e.g. ,  kissing ,  o r  throug h th e performanc e o f  a  speech-act , 

whic h a t  thi s stag e i s  unspecified .  Th e Speech-ac t  modul e 
the n determine s th e actua l  speech-act ,  it s  addressee(s) ,  an d 
when i t  shoul d b e uttered . 

Selectio n o f  a  Speech-act .  Th e speech-act s tha t  ar e avail -
abl e a t  eac h poin t  i n time,  i.e. ,  thos e tha t  m a y b e reasonabl y 
uttere d afte r  othe r  action s o r  speech-acts ,  ar e controlle d b y 
a state-transitio n mode l  (Stei n an d Thiel ,  1993) .  Fo r  exam -

ple ,  th e accep t  an d re jec t  speech-act s ma y b e chose n onl y 
i f  a n existin g proposa l  i s  ye t  t o b e resolved .  I n addition , 

afte r  a  p ropos e speech-act ,  likel y candidate s ar e accept , 
re jec t  an d request -c la r i f i ca t ion ,  bu t  a n agen t  ma y 
generat e othe r  speech-act s i f  i t  i s  highl y compelle d t o d o so . 
e.g. ,  i t  wil l  execut e a  share- fee l in g speech-act ,  eve n af -

te r  a  proposal ,  i f  it s  emotiona l  stat e exceed s th e emotiona l 
trigge r  threshol d ( § Emotio n Module) .  I n th e curren t  imple -
mentatio n th e choic e o f  speech-ac t  depend s o n factor s tha t 
pertai n t o a n agent' s emotiona l  state ,  rathe r  tha n o n objec -
tive  attribute s o f  th e situation .  Fo r  example ,  a n agen t  i s likel y 
t o re jec t  a  particula r  proposa l  i f  it s  relationshi p wit h th e 

agen t  w h o mad e thi s proposa l  i s  negative ,  regardles s o f  th e 
meri t  o f  th e proposal '  Th e followin g factor s affec t  a n agent' s 

r{b,aY °  =  r{a,bY' > =  -
\ 

N 
'£iP{hA)-P{i,B)r , 

' a modul e fo r  th e evaluatio n o f  proposal s wil l  b e implemente d i n 
th e future ,  an d it s operatio n integratec f  wit h th e affect-relate d mod -
ules . 
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choic e o f  a  speech-ac t  amon g th e availabl e ones :  (1 )  th e 

agent' s personalit y profile ,  (2 )  th e numbe r  o f  agent s i n th e 
group ,  (3 )  th e conversationa l  histor y o f  th e group ,  (4 )  th e sus -

pecte d emotiona l  stat e o f  th e othe r  agent s i n th e grou p (no t 

yet  implemented) ,  (5 )  th e relationship s betwee n th e agent s 
i n th e group ,  an d (6 )  th e agent' s goals .  Normally ,  onl y a 

subse t  o f  thes e factor s influence s th e selectio n o f  a  particu -
la r  speech-act .  Fo r  instance ,  a t  presen t  th e selectio n o f  a n 
insul t  speech-ac t  i s base d o n a n agent' s ange r  level ,  whil e 
th e selectio n o f  a  p r a i s e speech-ac t  i s  a  functio n o f  th e 

agent' s pleasantness .  Th e selectio n o f  a n accep t  o r  rejec t 
speech-ac t  depend s o n a n agent' s personalit y profil e (whethe r 

it  i s agreeable) ,  it s relationshi p wit h th e agen t  w h o uttere d th e 
proposal ,  it s emotiona l  stat e (e.g. ,  h o w scare d i t  is )  an d th e re -
sponse s o f  th e othe r  agent s i n th e grou p s o fa r  (e.g. ,  whethe r 

most  hav e agree d wit h th e proposal) .  I f  upo n completio n o f 
th e speech-ac t  selectio n proces s ther e i s mor e tha n on e possi -
bl e candidate ,  e.g. ,  re jec t  o r  insult ,  a  rando m selectio n i s 

made. 

Addressee(s )  o f  a  Speech-ac t  W h e n ther e ar e group s o f 
agents ,  i t  i s  difficul t  t o spea k t o everyon e equally .  Thi s i s 
modele d b y a  factor ,  whic h w e cal l  conversationa l  attention , 
tha t  indicate s h o w m u c h attentio n a n agen t  i s givin g t o eac h 
othe r  agen t  i n th e grou p whe n generatin g a  speech-act .  Thi s 
attention ,  whic h range s fro m 0. 0 t o 1.0 ,  i s  a  combinatio n o f 
th e suspecte d relevanc e o f  th e speech-ac t  t o th e othe r  agen t 
and th e relationshi p wit h tha t  agent ;  th e detail s o f  h o w thi s 
attentio n i s determine d var y fo r  th e differen t  speech-act s an d 
thei r  differen t  instantiations . 

W h en t o Perfor m a  Speech-ac t  Onc e a  speech-ac t  ha s 
been chose n an d th e addressee s determined ,  th e Speech-ac t 
modul e decide s whe n th e speech-ac t  i s t o b e performed .  A n 
agent  ha s a  speech-ac t  activatio n level ,  rangin g fro m 0. 0 t o 
1.0 ,  whic h i s use d a s par t  o f  a  trigge r  mechan i sm ,  i n th e s a m e 
way a s emotion s ca n trigge r  actions .  E a c h agen t  als o ha s a n 
activatio n leve l  threshold ,  wh ic h i s fixed  base d o n it s person -
ality .  A  speech-ac t  i s  triggere d w h e n it s speech-ac t  activatio n 
leve l  exceed s it s activatio n threshold .  T h e speech-ac t  activa -
tio n leve l  fo r  a n agen t  i s a  functio n o f  th e followin g factors : 
(1 )  th e n u m b e r  o f  agent s i n th e conversation ,  (2 )  th e agent' s 
leve l  o f  introversion-extroversion ,  (3 )  th e averag e relation -
shi p valu e betwee n th e agen t  an d al l  othe r  agent s i n th e group , 
(4 )  th e tim e elapse d sinc e th e las t  speec h act ,  an d (5 )  a  "rele -
vance "  value ,  betwee n 0. 0 an d 1.0 ,  wh ic h reflect s h o w wel l 
th e chose n speech-ac t  fits  withi n th e curren t  conversation . 
For  example ,  th e speech-ac t  activatio n leve l  o f  a n introverte d 
agen t  wil l  b e lo w w h e n a  leu'g e n u m b e r  o f  agent s  i s participat -
in g i n th e conversation .  I n addition ,  talkin g t o enemie s wil l 
reduc e th e speech-ac t  activatio n level ,  whil e talkin g t o friend s 
wil l  increas e it .  T h e leve l  o f  activatio n als o increase s wit h th e 
passag e o f  time ,  sinc e participatin g i n th e conversatio n be -
comes m o r e compelling .  Finally ,  th e relevanc e valu e wil l  b e 
lo w i f  th e agen t  ha s jus t  aske d a  questio n o r  m a d e a  proposal , 
or  i f  th e chose n speech-ac t  i s n o w inappropriat e give n othe r 
agents '  recen t  speech-acts .  I n th e curren t  implementation ,  th e 
relevanc e valu e i s obtaine d f ro m a  simpl e looku p table . 
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Figur e 4 :  Averag e choic e o f  action s a s th e averag e emotiona l 
instabilit y  increase s (3 2 agents ,  afte r  100 0 tim e steps) . 

Experimental Results 

I n th e curren t  implementatio n o f  th e system ,  agent s hav e 
th e followin g goals :  dec rease-hunge r  an d sleep , 
whic h involv e reducin g th e physiologica l  nee d levels ,  an d 

sat is fy -emot ions ,  whic h involve s movin g emotion s to -
ward s thei r  desire d levels .  Agent s hav e th e followin g ac -
tion s availabl e t o them :  work ,  buy ,  sleep ,  f ight ,  k iss , 
run-away ,  t rave l - t o an d eat ,  whic h ar e specifie d i n th e 
modifie d actio n representation ,  an d a  generi c speech-ac t , 
wit h th e exac t  speech-ac t  determine d b y th e Speech-ac t  mod -
ule .  T w o scenario s hav e bee n develope d t o tes t  th e system . 

Scenario 1. Large Population, General Living. This sce-
nari o involve s a  populatio n o f  agent s (3 2 fo r  th e result s give n 
i n thi s section) ,  w h o ar e give n a  h o m e wher e the y ca n slee p 
and a  workplac e wher e the y ca n work .  The y kno w abou t 
th e locatio n o f  shop s wher e the y ca n bu y food .  A n agent' s 
physiologica l  need s ar e satisfie d b y sleepin g o r  eating .  It s 
emotiona l  need s ar e satisfie d b y interactin g wit h othe r  agents . 
Personalit y traits ,  relationship s an d emotion s ar e modelle d a s 
describe d i n previou s sections .  Thi s scenari o i s execute d ove r 
discret e tim e interval s (100 0 tim e cycle s fo r  th e result s give n 
i n thi s section) .  Prioritie s o f  goal s var y ove r  time ,  a s physi -
ologica l  need s an d emotion s vary .  Th e physiologica l  value s 
use d fo r  thes e experiment s ar e a s follows . 

Typ e Initia l  valu e Threshol d Incremen t 

hunge r 
t i rednes s 

0. 6 
0. 0 

0. 8 
0. 8 

0.001 0 
0.000 5 

Figur e 4  show s h o w th e behaviou r  o f  th e agent s varies ,  i n 
term s o f  th e numbe r  o f  time s th e differen t  action s wer e per -
formed ,  a s a  functio n o f  th e emotiona l  instabilit y  personalit y 
trait. ^  A s th e personalitie s o f  th e agent s ar e mad e o n aver -
age mor e emotionall y unstabl e (fo r  experimenta l  purposes) , 
th e physica l  action s o f  eatin g an d workin g tak e les s o f  a  cen -
tra l  role ,  wherea s th e numbe r  o f  affect-relate d actions ,  suc h 
as speech-acts ,  runnin g awa y an d fighting,  increases .  Fig -
ur e 5  show s tha t  th e mor e emotionall y unstabl e a n agen t  is . 

Î n th e curren t  implementation ,  foo d ca n b e obtaine d onl y b y 
buyin g it ,  henc e eatin g an d buyin g ar e performe d th e sam e num -
ber  o f  times . 
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Figur e 5 :  A v e r a g e emot io n level s a s th e averag e emotiona l 

instabilit y  increase s (3 2 agents ,  afte r  1 0 0 0 t im e steps) . 
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Figur e 6 :  Speech-ac t  choice s a s negativ e environmenta l  influ -

ence s increas e ( m e d i u m leve l  agen t  archetypes) . 

th e highe r  it s averag e emot io n leve l  (fo r  happiness ,  sadness , 

fear ,  ange r  an d love) .  Sinc e th e emot io n level s o f  emotionall y 
unstabl e agent s ar e m o r e volatile ,  m o r e emotiona l  precondi -
tion s ar e bein g m e t  o r  th e emotiona l  trigge r  m e c h a n i s m i s ac -
tivate d a s emotiona l  instabilit y  rises ,  thereb y affectin g agen t 

behaviour .  I n addition ,  th e m o r e emotiona l  a n agen t  b e c o m e s , 
th e m o r e it s behaviou r  affect s othe r  agents '  emotions ,  s o ther e 
i s a  snow-ballin g effect .  N o t e tha t  th e leve l  o f  bot h happines s 

an d sadnes s rise s o n averag e fo r  al l  agents .  Thi s i s  becaus e 

fo r  eac h agen t  th e reductio n i n o n e d u e t o a n increas e i n th e 
activatio n o f  th e othe r  i s lowe r  tha n th e increas e i n activation . 

T h e simulatio n als o s h o w s a n increas e i n th e averag e n u m -

be r  o f  death s a s th e emotiona l  instabilit y  increase s (du e t o a n 
increas e i n fighting);  an d a  reductio n i n th e averag e relation -
shi p leve l  a s th e pleasantnes s leve l  decreases . 

Scenario 2: Small Group, Verbal Interaction. A group 
of  five agents  i s tryin g t o escap e fro m thei r  plac e o f  impris -
onment ;  the y hav e reache d a  doo r  an d foun d i t  locked. '  Sub -
sequen t  physica l  action s an d speech-act s ar e recorded . 

I n thi s experimen t  al l  th e agents  hav e a  m e d i u m leve l  (i.e. , 
0.5 )  fo r  al l  five  personalit y traits ,  an d eac h ha s 0.7 5 leve l  rela -
tionship s wit h hal f  th e othe r  agent s (reasonabl y goo d friends ) 
an d 0.2 5 wit h th e othe r  hal f  (reasonabl y ba d enemies) .  Wit h 
thi s configuratio n w e var y wha t  w e cal l  th e environmenta l  in -
fluence  b y increasin g th e value s fo r  fea r  an d ange r  a t  eac h 
tim e ste p (simulatin g negativ e externa l  events) .  Thi s consti -
tute s a  crud e implementatio n o f  result s fro m (Lepor e e t  al. , 
1991) ,  whereb y som e chroni c environmenta l  stressor s (e.g. , 
crowding )  m a y increas e th e impac t  o f  socia l  stressors.' ' 

I n Figur e 6  w e se e tha t  a s th e negativ e environmenta l  influ -
ence s increase ,  th e agent s choos e mor e emotionall y charge d 

speech-acts ;  th e incidenc e o f  re jec t ,  insul t ,  screei m 
an d s h a r e - f e e l i n g increases ,  whil e th e incidenc e o f  th e 
othe r  speech-act s decreases .  Th e Average-choice-of-speech -

ac t  axi s represent s a  proportio n o f  th e availabl e action s a t 
any time ;  fo r  example ,  afte r  a  p r o p o s e speech-act ,  th e 
subsequen t  speech-act s ar e primaril y accep t  an d re ject , 
wit h a  fe w r e q u e s t - c l a r i f i c a t i o n speech-act s an d som e 
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ŷ * '  ,-''*̂' ^ 

_ 
. 

A. 
/  \ 

"  1 
\ 

•• •  X 

,̂  ' 

A / 

V 
v ^  • 

\  '"'' ' 
\ "  \ 
\ 

/ • 
/ 

/ 

\ 

'••X 

0 •• •  < 

4 6 
Time step s 

10 

'Thi s scenari o wa s als o use d i n (Nicholso n an d Dutta ,  1997) . 
•"i n th e futur e w e expec t  t o implemen t  a  functio n tha t  link s exter -

nal  event s wit h a n agent' s emotiona l  levels . 

Figur e 7 :  Activatio n level s o f  five  agents ,  wit h extrover -
sion/introversio n value s o f  0.2,0.4,0.6,0. 8 an d 1.0 . 

chanc e o f  a n "interruption "  wit h a n unrelate d speech-act .  Th e 
averag e numbe r  o f  acceptance s an d rejection s exceed s th e 
number  o f  proposal s becaus e a  singl e proposa l  m a y b e ac -
cepte d o r  rejecte d b y mor e tha n on e agent . 

Tur n takin g i n conversatio n emerge s fro m th e agents ' 

speech-ac t  activatio n level s ( § Speech-Ac t  Module) .  Agent s 
wit h simila r  personalit y profile s normall y tr y t o activat e a t 
simila r  times ,  whic h i n tur n result s i n contentio n fo r  a  speak -
in g turn .  Figur e 7  show s th e activatio n level s ove r  tim e fo r 
five  agent s w h o hav e varyin g extroversion/introversio n val -
ues bu t  simila r  speech-ac t  activatio n thresholds .  Agen t  1 . 
whic h i s th e mos t  extroverted ,  break s it s activatio n threshol d 
first  an d make s a  proposal ,  afte r  whic h i t  wait s fo r  a  respons e 

(indicate d b y a  reduce d activatio n level) .  Th e orde r  o f  th e 
speech-ac t  activation s fo r  th e remainin g agent s corresponds , 
as expected ,  t o thei r  extroversio n levels .  W e als o foun d tha t 
th e amoun t  o f  contentio n fo r  a  conversationa l  tur n rise s a s th e 
extroversio n level s o f  th e agent s rise ,  an d a s th e numbe r  o f 
agent s i n th e conversatio n increases . 

Finally ,  Figur e 8  show s h o w th e averag e rati o o f  accep -

tance s an d rejection s o f  proposal s change s a s th e averag e re -
lationshi p leve l  increase s (fo r  a n introverte d an d emotionall y 

unstabl e grou p o f  agents) . 
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Figure 8: Average acceptances and rejections of proposals as 
th e relationshi p amon g agent s improves . 

Conclusions and Future Work 

We have described a modular agent architecture for the sim-
ulatio n o f  emotiona l  behaviour .  Thi s i s don e b y addin g emo -
tiona l  precondition s an d effect s t o a  standar d representatio n 
of  actions ,  an d usin g limite d spreading-activatio n t o mode l 
affectiv e impact .  Personalit y trait s an d relationship s wit h 
othe r  agent s als o influenc e emotiona l  levels .  Result s fro m 
tw o sampl e scenario s illustrat e ho w comple x interaction s ca n 
be achieve d wit h comparativel y simpl e constituen t  modules . 
Thi s suggest s tha t  ou r  syste m provide s a  suitabl e platfor m fo r 
simulatin g psychologica l  an d socia l  theories . 

The behaviou r  o f  ou r  agent s i s influence d b y emotions ;  al l 
action s whos e P -  an d E-precondition s ar e satisfie d becom e 
candidate s fo r  th e planner .  Currently ,  th e choic e betwee n 
candidat e action s i s mad e randomly .  I n th e future ,  w e pla n 
t o selec t  action s probabilisticall y base d on :  (1 )  th e exten t  t o 
whic h th e emotio n level s i n th e E-precondition s excee d th e 
thresholds ,  an d (2 )  som e personalit y traits .  I n addition ,  a t 
presen t  relationship s ar e take n int o accoun t  i n th e selectio n 
of  onl y certai n speech-acts ,  suc h a s accep t  o r  reject .  I n 
th e future ,  w e envisag e a  mor e genera l  wa y o f  incorporatin g 
relationship s i n th e action-selectio n process ,  e.g. ,  b y havin g 
relationshi p level s affec t  th e probabilit y  o f  choosin g actions . 
Unlik e th e researc h describe d i n (Bate s e t  al. ,  1992) ,  wher e 
agent s simpl y hav e attitude s toward s object s (whethe r  phys -
ica l  o r  othe r  agents) ,  ou r  explici t  mode l  o f  relationship s be -
twee n agent s wil l  allo w mor e comple x relationshi p models , 
e.g. ,  th e relationshi p o f  a n agen t  A  wit h anothe r  agen t  B  ma y 
be influence d b y thei r  relationship s wit h othe r  agents . 

Bot h th e mai n five  personalit y factor s an d th e emotio n cat -
egorie s coul d b e extende d t o mor e detaile d sub-categories , 
e.g. ,  anxiet y o r  concer n rathe r  tha n fea r  (a s don e i n (Bate s 
et  al. ,  1992)) .  However ,  th e advantage s fro m th e resultan t 
additiona l  disfinction s i n agen t  behaviou r  mus t  b e weighe d 
agains t  th e increas e i n computationa l  complexity . 

At  present ,  agent s hav e a  simpl e mode l  fo r  th e effec t  o f 
emotion s o n pla n generatio n an d execution .  Pla n generatio n 
i s currentl y affecte d b y mean s o f  th e E-precondition ,  whic h 
modifie s th e candidat e action s availabl e t o a  planner ;  pla n 
executio n i s affecte d b y th e emotiona l  trigge r  "override "  fea -
ture ,  whic h replace s a  curren t  pla n wit h a  pla n tha t  addresse s 

an extrem e emotiona l  need .  I n th e future ,  w e inten d t o inves -

tigat e mor e sophisticate d model s o f  th e effec t  o f  emotion s o n 
bot h pla n generatio n an d execution .  Durin g plannin g thes e 

model s wil l  tak e int o accoun t  th e effec t  o f  a n agent' s emo -
tiona l  stat e o n it s menta l  resource s (attentiona l  an d inferentia l 
capacit y (Walker ,  1996)) .  Durin g pla n executio n thes e m o -

del s wil l  conside r  differen t  policie s fo r  resumin g a  previou s 

pla n afte r  a n emotiona l  nee d ha s bee n addressed . 
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Abst rac t 

Hierarchical systems can adapt by adjusting the strengths 
of  thei r  component s i n respons e t o environmenta l 
feedback .  Regimen s fo r  propagatin g adjustment s throug h a 
hierarch y ar e eithe r  cascadin g o r  distributional ,  dependin g 
on whethe r  th e su m o f  th e adjustment s i s  variabl e o r  fixed . 
Bot h type s o f  regimen s ca n b e dampened ,  amplifie d o r 
sustained ,  dependin g o n whethe r  node s highe r  i n th e 
hierarch y ar e adjuste d less ,  mor e o r  wit h th e sam e amoun t  a s 
lowe r  nodes .  W e sho w tha t  a  cascadin g regime n learn s mos t 
efficientl y wit h amplifie d propagation ,  whil e a 
distributiona l  regime n learn s mos t  efficientl y wit h 
sustaine d propagation .  Cognitiv e scientist s ough t  t o 
explor e a  wide r  rang e o f  propagatio n regimens . 

Hierarchy and Strength 

Adaptiv e systems ,  whethe r  artificia l  (e.g. ,  A .  I .  systems) , 

menta l  (e.g. ,  skills )  o r  natura l  (e.g. ,  ecologies )  ten d toward s 

hierarchica l  organization .  I n particular ,  cognitiv e skill s ar e 

hierarchica l  i n par t  becaus e goal s ar e analyze d int o subgoal s 

i n th e cours e o f  performin g a  tas k o r  solvin g a  proble m 

(Catrambone ,  1996) .  Fo r  example ,  plannin g a  tri p migh t 

brea k d o w n int o decidin g o n m o d e o f  travel ,  bookin g 

accommodatio n an d purchasin g equipment ,  eac h o f  whic h 

break s d o w n int o subgoal s o f  ye t  smalle r  scope .  Hierarchica l 

tas k representation s ca n als o aris e becaus e a  skill ,  onc e 

mastered ,  i s  integrate d int o mor e encompassin g skill s 

(Brune r  &  Bruner ,  1968) ,  a  proces s referre d t o a s part-whol e 

transfe r  (Schmid t  &  Young ,  1987 )  o r  vertica l  transfe r 

(Gagne ,  1970) .  Fo r  example ,  additio n an d substractio n ar e 

subprocedure s i n th e standar d procedur e fo r  lon g division . 

Adaptiv e hierarchica l  system s chang e i n distinctiv e way s 

ove r  tim e (Salthe ,  1985) .  I n particular ,  cognitiv e skill s 

spee d u p durin g practic e (Ericsson ,  Kramp e &  Tesch-Romer , 

1993 ;  Lane ,  1987 ;  Procto r  &  Dutta ,  1995) .  Model s o f 

practic e typicall y assum e tha t  component s o f  tas k 

representation s hav e strength s tha t  ar e adjuste d i n respons e 

t o feedbac k fro m th e environmen t  (Anderson ,  1993 ;  Logan , 

1988 ;  Ohlsso n &  Jewett ,  1997ab) .  Th e strengt h value s 

affec t  over t  behavio r  primaril y b y resolvin g conflict s 

betwee n competin g actions . 

Althoug h th e tw o concept s o f  hierarch y an d feedback -

drive n strengthenin g ar e ofte n invoke d separatel y t o explai n 

learning ,  th e cognitiv e literatur e lack s a  rigorou s analysi s o f 

thei r  relation .  H o w shoul d feedbac k b e propagate d throug h 

hierarchica l  representations ? T h e centra l  featur e o f  suc h a 

representatio n i s th e existenc e o f  non-termina l  node s (i.e. , 

goal s an d subgoals) .  Goal s ar e onl y indirectl y linke d t o 

termina l  node s (actions )  an d henc e t o environmenta l  input .  I f 

an actio n generate s positiv e (o r  negative )  feedback ,  ho w 

shoul d th e strength s o f  th e relevan t  goal s an d subgoal s b e 

adjusted ? 

Cognitiv e model s typicall y assum e tha t  a  strengt h 

adjustmen t  decrease s i n magnitud e a s i t  propagate s throug h a 

network .  W e refe r  t o thi s a s dampene d propagation .  Th e 

opposit e hypothesis-tha t  th e strengt h adjustmen t  increase s 

i n magnitud e a s i t  propagates~i s seldo m studied ,  becaus e 

suc h amplifie d propagatio n regimen s ar e no t  possibl e i n 

non-hierarchica l  networks .  A  signa l  tha t  grow s a s i t  spread s 

wil l  eventuall y reac h al l  node s i n th e networ k an d increas e 

withou t  bounds .  Amplifie d propagatio n ca n onl y wor k i n a 

hierarchica l  representatio n wit h a  well-define d stoppin g poin t 

(th e to p goal) .  Sandwiche d betwee n amplifie d an d dampene d 

strengthenin g i s a  regime n i n whic h th e strengt h adjustmen t 

neithe r  decrease s no r  increase s durin g propagation .  W e refer 

t o thi s a s sustaine d propagation . 

Strengthenin g regimen s als o diffe r  alon g another ,  les s 

familiar ,  dimension .  Th e propagatio n regimen s typicall y 

considere d i n cognitiv e model s ar e cascading ,  i.e. .  th e chang e 

start s a t  som e poin t  o f  origi n an d move s t o a n adjacen t  node . 

Th e amoun t  o f  chang e i n th e adjacen t  nod e i s  determine d 

solel y b y th e amoun t  o f  chang e i n th e poin t  o f  origin ,  b y 

th e relatio n betwee n th e tw o node s and/o r  b y som e 

parameter .  A s th e proces s move s fro m nod e t o node ,  th e 

chang e i n eac h nod e i s  determine d locally ,  withou t 

interactio n wit h th e change s occurrin g i n othe r  nodes . 

Becaus e cascadin g strengthenin g doe s no t  limi t  h o w muc h 

chang e ca n occu r  i n th e contex t  o f  an y on e learnin g event ,  i t 

raise s question s abou t  h o w th e strengt h concept-s o 

ubiquitou s i n cognitiv e models-shoul d b e interprete d i n 

physiologica l  terms .  Brai n researcher s hav e no t  ye t  reache d 

consensu s o n h o w th e brai n change s durin g practice ,  s o w e 

hav e t o conside r  alternativ e hypotheses . 

For  example ,  suppos e tha t  th e strengt h o f  a  lin k betwee n 

tw o node s correspond s t o th e amoun t  o f  transmitte r 

substanc e availabl e a t  th e synapse s betwee n th e relevan t 

neura l  circuits .  I f  so .  the n i t  ca n hardl y b e th e cas e tha t 

strengt h increment s hav e n o uppe r  limit .  Th e brai n i s  a 

finite  physica l  syste m an d i t  ca n onl y produc e a  certai n 

amount  o f  transmitte r  substanc e pe r  uni t  o f  time .  Hence ,  th e 
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amount  b y whic h a  particula r  synaps e ca n chang e i n th e 

cours e o f  a  singl e learnin g even t  mus t  b e limited .  Simila r 

argument s appl y t o othe r  physiologica l  interpretation s o f  th e 

cognitiv e strengt h concept ,  e .  g. ,  numbe r  o f  synapti c 

connections ,  numbe r  o f  neurons ,  spik e frequency ,  an d s o on . 

Hence ,  i t  i s  reasonabl e t o conside r  strengthenin g regimen s 

i n whic h th e tota l  amoun t  o f  chang e i n an y on e learnin g 

even t  i s fixed .  W e cal l  the m distributiona l  becaus e the y 

distribut e th e adjustment s ove r  th e relevan t  components . 

Distributiona l  regimen s ca n b e amplifie d (i f  component s 

highe r  i n th e hierarch y receiv e large r  adjustments) ,  dampene d 

(i f  highe r  component s receiv e smalle r  adjustments )  o r 

sustaine d (i f  th e siz e o f  th e adjustmen t  i s a  constant) . 

What  ar e th e behaviora l  consequence s o f  thes e type s o f 

propagatio n regimens ? H o w doe s typ e o f  propagatio n 

regime n affec t  learning ? Thi s i s th e questio n addresse d i n 

thi s paper .  W e presen t  a  serie s o f  compute r  simulations , 

usin g th e abstrac t  modelin g methodolog y develope d i n pas t 

wor k (Ohlsso n &  Jewett ,  1995 ,  1997ab) .  W e first  determin e 

th e effect s o f  amplified ,  dampene d an d sustaine d propagatio n 

on th e for m an d efficienc y o f  learnin g i n bot h cascadin g an d 

distributiona l  regimens .  W e the n investigat e th e interactio n 

betwee n thes e tw o dimensions . 

The mai n resul t  i s  tha t  a  cascadin g syste m learn s mos t 

effectivel y whe n th e propagatio n regime n i s amplified ,  whil e 

a distributiona l  syste m learn s mos t  efficiend y whe n th e 

regime n i s sustained ,  i n contras t  t o th e dampene d cascad e 

typicall y assume d i n cognitiv e models . 

A Hierarchical Learning System 

The purpos e o f  th e compute r  mode l  describe d i n thi s sectio n 

i s t o captur e th e essentia l  characteristic s o f  acquirin g a 

hierarchica l  tas k representatio n vi a feedbac k durin g practice . 

The mode l  i s implemente d i n Macintos h C o m m on Lisp . 

Performance Module 

A goa l  ca n typicall y b e achieve d b y severa l  methods ;  a 

metho d typicall y require s th e satisfactio n o f  severa l 

subgoals .  Hence ,  a  hierarchica l  tas k representatio n ca n b e 

modele d b y a n A N D / O R tre e i n whic h goal s ar e modele d b y 

OR node s wit h link s leadin g t o th e alternativ e method s an d 

method s ar e modele d b y A N D node s wit h link s t o th e 

subgoal s require d t o execut e them .  A  tas k performanc e i s a 

top-down ,  left-to-righ t  traversa l  o f  suc h a  tree .  Th e termina l 

nodes i n th e tre e correspon d t o (executabl e an d observable ) 

actions .  Th e traversa l  o f  th e tre e generate s a  tas k solutio n i n 

th e for m o f  a  sequenc e o f  termina l  node s (actions) . 

Performance s ca n diffe r  wit h respec t  t o whic h metho d i s 

selecte d a t  eac h O R nod e an d i n whic h orde r  th e subgoal s 

attache d t o a n A N D nod e ar e execute d an d henc e wit h respec t 

t o whic h sequenc e o f  action s i s generated . 

At  eac h O R node ,  th e performanc e modul e retrieve s al l 

link s leadin g t o alternativ e method s an d select s on e fo r 

executio n Th e probabilit y  tha t  lin k L  i s selecte d i s a 

probabilisti c  functio n o f  it s  strength .  Specifically ,  th e 

strengt h o f  eac h lin k i s multiplie d wit h a  rando m numbe r 

betwee n zer o an d unit y an d select s th e lin k wit h th e highes t 

product .  Th e AND-nod e accesse d b y tha t  lin k i s instate d a s 

th e curren t  node . 

At  eac h A N D node ,  th e performanc e modul e retrieve s al l 

link s leadin g t o conjunctiv e subgoal s an d order s thes e i n 

accordanc e wit h thei r  strengths .  Th e probabilit y  tha t  lin k L , 

i s  ordere d befor e lin k L j  i s  a  probabilisti c  functio n o f  thei r 

strengths .  Specifically ,  eac h strengt h i s multiplie d wit h a 

rando m numbe r  betwee n zer o an d unit y an d th e subgoal s ar e 

ordere d i n accordanc e wit h th e resultin g products . 

Notic e tha t  decision s ar e mad e b y comparin g lin k 

strength s i n bot h O R an d A N D nodes .  Hence ,  bot h type s o f 

decision s ar e affecte d b y th e propagatio n o f  strengt h 

increments . 

Learning Mechanisms 

We designat e a n arbitraril y  chose n sequenc e o f  termina l 

node s (actions )  a s th e targe t  performance .  Initially ,  al l  link s 

hav e strength s equa l  t o unity .  Th e performanc e modul e the n 

choose s method s randoml y i n O R node s an d pose s subgoal s 

i n rando m orde r  i n A N D nodes ,  thu s generatin g a  haphazar d 

sequenc e o f  actions .  Learnin g h o w t o perfor m th e targe t  tas k 

i s t o adjus t  th e strength s suc h tha t  th e correc t  metho d i s 

chose n i n eac h O R nod e an d th e subgoal s ar e pose d i n th e 

correc t  orde r  i n eac h A N D node . 

Durin g execution ,  eac h termina l  nod e generate d b y 

traversin g th e A N D / O R tre e i s compare d t o th e 

correspondin g actio n i n th e targe t  performance .  I f  the y 

match ,  th e mode l  receive s positiv e feedback .  I f  not ,  th e 

model  ca n receiv e negativ e feedbac k bu t  thi s featur e wa s no t 

use d i n th e wor k reporte d i n thi s pape r  (se e Ohlsson ,  1996 , 

Ohlsso n &  Jewett ,  1997ab ,  fo r  model s o f  negativ e 

feedback) .  U p o n receivin g feedbac k th e mode l  propagate s 

strengt h increment s upward s throug h th e A N D / O R tree . 

Strengt h adjustmen t  i n O R node s i s straightforward :  Th e 

strengt h o f  th e successfu l  lin k i s increase d wit h a n amoun t 

determine d b y th e particula r  strengthenin g regime n used .  I n 

A N D nodes ,  a  successfu l  subgoa l  i s  strengthene d i n 

proportio n t o it s positio n i n th e sequenc e o f  subgoals .  A 

successfu l  subgoa l  i s  strengthene d mor e i f  i t  succeed s a s th e 

first  lin k selecte d i n th e relevan t  A N D nod e tha n i f  i t 

succeed s as ,  fo r  example ,  th e thir d lin k selected .  Successiv e 

strengt h increment s thu s order s th e link s (subgoals )  i n th e 

A N D node .  I n short ,  th e mode l  learn s bot h t o choos e th e 

appropriat e metho d (i n O R nodes )  an d t o execut e th e chose n 

metho d correctl y (i n A N D nodes) . 

O ne traversa l  o f  th e A N D / O R tre e correspond s t o on e 

trainin g trial .  Ove r  repeate d trials ,  th e lin k strength s 

graduall y chang e an d th e mode l  begin s t o mak e correc t 

decisions .  Eventually ,  th e sequenc e o f  termina l  element s 

generate d matche s th e sequenc e o f  element s i n th e targe t 

performance ,  i.e. ,  th e mode l  perform s th e targe t  tas k 

correctly .  W h e n th e mode l  reliabl y generate s th e targe t 

performance ,  th e tas k ha s bee n mastered . 
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Simulat io n M e t h o d o l o g y 

Our  simulatio n experiment s replicate d th e methodolog y o f 

experimenta l  studie s o f  huma n skil l  practice :  A  se t  o f 

learner s ar e give n a  sequenc e o f  practic e trial s unti l  the y 

reac h a  criterio n o f  mastery .  (Du e t o th e probabilisti c  natur e 

of  th e decisio n algorithm ,  th e behavio r  o f  th e mode l  varie s 

fro m ru n t o run. )  Quantitativ e measure s ar e average d acros s 

learners . 

The simulatio n experiment s reporte d her e use d betwee n 1 0 

and 10 0 simulate d learners ,  dependin g o n ho w man y learner s 

wer e neede d t o obtai n regula r  results .  Th e criterio n o f 

master y wa s thre e consecutiv e error-fre e performance s o f  th e 

targe t  task .  Th e branchin g facto r  o f  th e hierarchica l 

representatio n varie d betwee n thre e an d six ,  an d th e heigh t 

betwee n tw o an d eight . 

The simulatio n result s ar e reported  i n term s o f  tw o 

numerica l  measures .  First ,  effor t  pe r  tria l  measure s tas k 

performanc e i n term s o f  th e numbe r  o f  decision s tha t  th e 

model  ha d t o mak e t o perfor m th e task .  Eac h visi t  t o a  nod e 

count s a s on e decision .  Bot h O R node s an d A N D node s ar e 

counted .  Repeate d visit s t o a  nod e du e t o error-induce d 

backu p ar e counte d a s separat e decisions .  I f  w e assum e tha t 

each decisio n take s time ,  the n effor t  pe r  tria l  shoul d b e 

monotonicall y related  t o solutio n time ,  th e measur e mos t 

ofte n use d i n empirica l  studie s o f  practic e effects . 

Second ,  effor t  t o master y i s compute d b y summin g effor t 

per  tria l  acros s al l  trial s neede d t o reac h th e criterio n o f 

master y fo r  th e targe t  task .  Thi s variabl e measure s ho w 

efficientl y th e syste m learns . 

Cascading Strengthening Regimens 

Intuitio n suggest s tw o opposit e way s t o propagat e strengt h 

increment s i n respons e t o positiv e feedback .  First ,  becaus e 

non-termina l  node s ar e onl y indirectl y relate d t o th e termina l 

nodes (actions )  tha t  generat e th e feedback ,  i t  i s  reasonabl e t o 

adjus t  thei r  strength s wit h a  smalle r  amoun t  tha n tha t  use d 

t o adjus t  th e strengt h o f  th e termina l  node .  Tha t  is ,  a s th e 

strengt h incremen t  i s propagate d upwards ,  i t  become s 

smalle r  an d smaller .  Thi s i s dampene d propagation . 

On th e othe r  hand ,  a  wron g choic e a t  a  nod e hig h i n th e 

tre e ha s mor e devastatin g effect s o n performanc e tha n a 

wron g choic e a t  a  lo w node ,  becaus e al l  node s dominate d b y 

th e nod e a t  whic h th e incorrec t  decisio n i s mad e wil l 

themselve s b e incorrec t  an d a  highe r  nod e dominate s mor e 

nodes tha n a  lowe r  one .  Thi s suggest s tha t  strengt h 

increment s ough t  t o increas e a s the y ar e propagate d upwards . 

Thi s i s amplifie d propagation . 

Ther e seem s t o b e n o a  prior i  rational e fo r  sustaine d 

propagation . 

We implemen t  al l  thre e type s o f  regimen s b y multiplyin g 

th e curren t  strengt h (initiall y  se t  t o 1.0 )  b y unit y plu s a 

strengt h incremen t  (i n thes e simulation s arbitraril y  se t  t o 

0.1) ,  multiplie d b y a  propagatio n paramete r  (pp) ,  whic h 

itsel f  i s  raise d t o th e numbe r  o f  step s i n th e propagatio n 

process .  I f  s ,  i s  th e strengt h o f  lin k X  a t  tim e t  an d X  i s n 

level s abov e a  termina l  nod e tha t  generate s positiv e 

feedback ,  the n th e strengt h o f  X  a t  tim e t+ 1 i s 

s,„=s,*(l+0. 1 •pp") .  (1 ) 

I f  th e paramete r  p p i s smalle r  tha n unity ,  the n th e incremen t 

i s smalle r  an d smalle r  fo r  eac h ste p i n th e propagatio n 

process ,  an d w e hav e dampene d propagation .  I f  p p i s large r 

tha n unity ,  w e hav e amplifie d propagation .  Finally ,  i f  p p i s 

equal  t o unity ,  w e hav e sustaine d propagatio n 

How doe s typ e o f  strengthenin g regime n affec t  th e 

behavio r  o f  th e model ? Figur e 1  show s learnin g curve s fo r 

five  value s o f  th e propagatio n parameter ,  tw o smalle r  tha n 

unit y (0. 3 an d 0.6) ,  unit y an d tw o large r  tha n unit y (1. 2 an d 

1.8) .  Al l  five  curve s ar e roughl y linea r  whe n plotte d wit h 

logarithmi c coordinates ,  i.e. ,  the y approximat e powe r  laws , 

as d o huma n learnin g curve s (Delaney ,  Reder ,  Staszewsk i  & 

Ritter .  1998 ;  Lane ,  1987 ;  Logan ,  1988 ;  Newel l  & 

Rosenbloom ,  1981) .  Fo r  th e sustaine d regime n (p p =  1.0) , 

shown b y th e straigh t  lin e i n Figur e 1 ,  th e r ^  fit  t o a  powe r 

la w i s bette r  tha n 0.99 .  Th e powe r  la w fits  fo r  th e dan^ne d 

propagatio n regimen s ar e .9 3 (p p =  0.3 )  an d .9 8 (p p =  0.6) , 

suggestin g increasin g departur e fro m powe r  la w fit  th e mor e 

sever e th e dampening .  Th e powe r  la w fits  fo r  amplifie d 

propagatio n regimen s ar e .9 6 (p p =  1.2 )  an d .9 5 (p p =  1.8) . 

I n short ,  a  sustaine d propagatio n regime n generate s a  bette r 

fit  t o a  powe r  la w tha n eithe r  a n amplifie d o r  dampene d 

strengthenin g regimen . 

1000 

Si  100 -

y =  349.503X-0-59 7 ^ 2 ̂  0^99 2 

Trial s 

100 

Figur e 1 :  Learnin g curve s fo r  five  differen t  strengthenin g 

regimen s i n a  cascadin g system ,  plotte d wit h logarithmi c 

coordinates .  Th e straigh t  lin e an d th e equatio n show s th e 

power  la w fit  fo r  th e sustaine d regime n (p p =  1.0) . 
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A secon d observatio n i s tha t  th e five  curve s i n Figur e 1 

for m a n orderl y progression ,  wit h gradua l  downwar d 

displacemen t  fo r  increasin g value s o f  th e p p parameter .  Tha t 

is ,  learnin g appear s t o b e becom e mor e efficien t  a s p p 

increases . 

Thi s impressio n i s confirme d i f  w e plo t  learnin g 

efficienc y i n term s o f  tota l  effor t  t o master y a s a  functio n o f 

th e propagatio n parameter ;  se e Figur e 2 .  Th e effor t  t o 

master y turn s ou t  t o b e a  monotonicall y decreasin g functio n 

of  the/?/ )  parameter .  W h e n strengthenin g cascades ,  amplifie d 

propagatio n lead s t o mor e efficien t  learnin g tha n dampene d 

or  sustaine d propagation ,  althoug h th e advantag e ove r 

sustaine d propagatio n quickl y approache s a n asymptot e onc e 

PP> I -
The reaso n fo r  thi s patter n i s tha t  amplifie d propagatio n 

quickl y settle s high-leve l  choices .  Th e mode l  therefor e 

spend s les s tim e explorin g th e wron g par t  o f  th e hierarchy . 

1000000 0 

1000000 -

a 10000 0 

1000 0 

Propagatio n paramete r 

Figure  2: Learning efficiency for cascading propagation. Tree 

siz e wa s 3  (branchin g factor )  b y 6  (height) . 

Distributional Strengthening Regimens 

The model s describe d i n th e previou s sectio n implicitl y 

assume tha t  strengt h adjustment s ar e variable ,  i.e. ,  tha t  eac h 

learnin g even t  ca n ad d a  large r  o r  smalle r  amoun t  o f  strengt h 

t o th e system .  I n particular ,  th e amplifie d regimen s ad d mor e 

strengt h t o th e representatio n tha n th e dampene d regimens . 

The mor e amplifie d th e propagation ,  th e large r  th e amoun t 

of  strengt h tha t  i s adde d t o th e representatio n i n eac h 

learnin g event .  Thi s m a y o r  ma y no t  b e a  plausibl e 

assumptio n fo r  a  physicall y realized  syste m lik e th e huma n 

brai n o r  a n A .  I .  system . 

To mode l  learnin g wit h fixed  strengt h adjustments ,  w e se t 

th e amoun t  o f  strengt h t o b e distribute d i n an y give n 

learnin g even t  t o a  fixed  number .  T o mak e simulation s 

comparable ,  w e mad e th e amoun t  equa l  t o th e amoun t  o f 

strengthenin g distribute d b y th e first  ru n o f  th e cascadin g 

system .  W e distribute d tha t  amoun t  acros s th e relevan t  link s 

i n suc h awa y tha t  th e relation s betwee n th e strengt h 

increment s confor m t o Equatio n 1  an d th e increment s s u m 

t o th e se t  limit . 

Figur e 2  show s learnin g curve s fo r  th e distributiona l 

model .  (Thes e curve s overla p to o m u c h t o b e displaye d i n a 

singl e panel. )  First ,  pane l  (a )  display s th e curv e fo r  p p = 

1.0 .  Th e curv e ha s a  sligh t  S-shap e acros s th e first  5- 8 

trials ,  bu t  th e powe r  la w fit  i s  bette r  tha n .96 . 

100 0 

g.  1 0 0 -

I 

100 

100 0 

D.  1 0 0 -

y =  536 .037x-o^7 7 ^ 2 =  0 .96 7 

y =  354.517X-0-29 4 r ^  =  0 .95 2 

100 

Trial s 

(b) 

Figure 3: Learning curves for distributional regimens. Panel 

(a )  display s th e curv e fo r  a  sustaine d regime n (p p =  1.0) , 

whil e pane l  (b )  display s curve s fo r  dampene d (p p =  0.5 )  an d 

amplifie d (p p =  2.0 )  regimens . 
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Panel  (b )  i n Figur e 3  show s th e learnin g curve s fo r  a 

distributiona l  regime n whe n propagatio n i s dampene d (p p = 

0.5 )  a s wel l  a s amplifie d (j) p =  2.0) .  Th e amplifie d regime n 

produce s a  ver y linea r  curve ,  althoug h th e powe r  la w fit 

(.95 )  i s somewha t  lowe r  tha n tha t  fo r  p p =  1. 0 (0.99 )  du e t o 

th e highe r  variabilit y  o f  point s aroun d th e en d o f  th e curve . 

Thus ,  a n amplifie d regimen t  robustl y generate s powe r  la w 

curves .  Th e curv e fo r  p p =  0. 5 ha s a  sligh t  positiv e 

curvatur e an d it s fit  t o a  powe r  la w i s th e lowes t  o f  al l  th e 

curve s considere d (0.74) . 

As th e aler t  reade r  migh t  hav e noticed ,  th e curve s i n 

Figur e 3  doe s no t  exhibi t  th e sam e successiv e downwar d 

displacemen t  a s th e curve s i n Figur e 1 ,  indicatin g tha t 

learnin g efficienc y i s no t  a  monotoni c functio n o f  th e 

propagatio n paramete r  fo r  distributiona l  regimens . 

Thi s impressio n i s confirme d b y Figur e 4 ,  whic h display s 

effor t  t o master y a s a  functio n o f  th e p p parameter .  Th e 

distributiona l  mode l  exhibit s a  U-shape d pattern .  Dampene d 

propagatio n generat e les s efficien t  learning ,  bu t  s o doe s 

amplifie d propagation .  W h e n strengthenin g i s distributional . 

sustaine d propagatio n lead s t o mor e efficien t  learnin g tha n 

eithe r  amplifie d o r  dampene d propagation .  Tha t  is , 

hierarchica l  learnin g i s mos t  efficien t  whe n th e siz e o f  th e 

strengt h incremen t  doe s no t  chang e a s th e incremen t  i s 

propagate d upward s throug h th e hierarchy . 

1000000 0 

1000000 -

I  10000 0 

i 

; £ 1000 0 
i n 

100 0 

Propagatio n paramete r 

Figure 4: Learning efficiency for distributional regimens. 

Tre e siz e wa s 3  (branchin g factor )  b y 6  (height) . 

The results in Figures 2 and 4 were derived for a 

hierarchica l  structur e wit h a  branchin g facto r  o f  thre e an d a 

heigh t  o f  six .  T o brin g ou t  th e contras t  betwee n cascadin g 

and distributiona l  propagation ,  an d t o bolste r  ou r  mai n 

finding.  Figur e 5  show s a  replicatio n fo r  a  structur e wit h a 

branchin g facto r  o f  tw o an d a  heigh t  o f  eight .  Th e patter n i s 

replicated . 

1000000 0 

B 
o 

Distributiona l 

Cascadin g 
100000 0 

100000 -

U 10000 -

100 0 

Propagatio n paramete r 

Figure 5: Efficiency of hierarchical learning for cascading 

and distributiona l  strengthenin g a s a  functio n o f  propagatio n 

regimen .  Tre e siz e wa s 2  (branchin g factor )  b y 8  (height) . 

Discussion 

Adaptiv e system s ar e hierarchicall y organized .  Th e notio n 

tha t  adaptatio n occur s vi a gradua l  strengthenin g o f  som e 

syste m component s ove r  other s i n respons e t o informatio n 

fro m th e environmen t  i s ubiquitou s throughou t  th e 

cognitiv e sciences .  However ,  i t  i s  no t  obviou s ho w t o 

combin e th e tw o idea s o f  hierarch y an d strengthening .  A 

hierarchica l  structur e pose s th e proble m o f  h o w a  strengt h 

adjustmen t  i s t o b e propagate d throug h th e hierarchy .  I f  a 

termina l  nod e receive s feedback ,  whic h o f  th e non-termina l 

node s i n th e hierarch y shoul d als o hav e thei r  strength s 

adjuste d an d how ? 

I n th e particula r  clas s o f  system s w e explored ,  cascadin g 

systems-i.e. ,  system s tha t  ca n ad d mor e o r  les s strengt h t o 

th e syste m i n eac h learnin g even t  dependin g o n th e 

propagatio n regime n used-produce s powe r  la w learnin g fo r 

amplified ,  dampene d an d invarian t  su-engthenin g regimens , 

althoug h th e powe r  la w fit  lessen s fo r  severel y dampene d 

regimens .  Distributiona l  systems-i.e. ,  system s tha t 

distribut e a  fixed  amoun t  o f  strengt h ove r  th e relevan t  links -

als o produce s powe r  la w learnin g fo r  al l  thre e type s o f 

propagatio n regimens .  Powe r  la w fit  disappear s fo r  severel y 

dampened regimens .  (I n a  maximall y dampene d regimen , 

i.e. ,  a  regime n i n whic h th e strengt h incremen t  i s no t 

propagate d a t  all ,  ther e i s n o learnin g an d henc e n o learnin g 

curve. )  I n short ,  th e shap e o f  th e learnin g curv e i s largel y 

unaffecte d b y th e strengthenin g mechanism . 

I n contrast ,  th e efficienc y o f  learning ,  i.e. ,  th e effor t 

require d t o reac h mastery ,  i s  strongl y affected .  I n a  cascadin g 

system ,  learnin g efficienc y i s greate r  fo r  amplifie d tha n fo r 

sustaine d an d dampene d propagation .  I n a  distributiona l 

system ,  o n th e othe r  hand ,  learnin g i s maximall y efficien t 

fo r  sustaine d propagation . 
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The result s confir m on e conclusio n reache d i n prio r  wor k 

on non-hierarchica l  learning :  That ,  contrar y t o claim s 

sometime s mad e o n it s behal f  (Loga n 1988) ,  th e powe r  la w 

of  learnin g ha s littl e powe r  t o discriminat e betwee n learnin g 

theorie s (Ohlsso n &  Jewett ,  1997ab) .  ( A simila r  conclusio n 

has bee n reache d b y Shrager ,  Hob b &  Huberman ,  1988 ,  o n 

differen t  grounds. ) 

The efficienc y result s wer e unexpecte d an d mor e 

interesting .  The y becom e mor e interestin g stil l  i f  w e assum e 

tha t  human s hav e evolve d t o b e optima l  learners .  Natura l 

selectio n doe s no t  necessaril y  generat e optima l  designs ,  bu t 

i t  doe s s o sometime s an d ou r  capacit y fo r  learnin g i s th e ke y 

ston e o f  ou r  species '  surviva l  strategy .  Hence ,  i t  i s  a t  leas t 

possibl e tha t  w e ar e optima l  learners . 

I n conjunctio n wit h thi s assumption ,  ou r  first  se t  o f 

result s (Figur e 2 )  impl y tha t  i f  th e huma n brai n operate s 

wit h a  cascadin g regimen ,  w e shoul d find  tha t  strengt h 

adjustment s ar e amplifie d a s the y ar e propagated .  O n th e 

othe r  hand ,  i f  th e brai n operate s wit h a  distributiona l 

regimen ,  w e ough t  t o find  tha t  strengt h adjustment s ar e 

propagate d withou t  increasin g o r  decreasin g i n magnitud e 

(Figur e 4) .  Thes e implication s ar e interestin g becaus e 

cognitiv e model s ar e typicall y usin g dampene d propagation . 

To discove r  an d investigat e quantitativ e regularitie s lik e 

th e one s w e repor t  o n thi s paper ,  w e nee d model s tha t  allo w 

us t o mak e comparativ e evaluation s (e.g. ,  betwee n cascadin g 

and distributiona l  models )  an d sensitivit y experiment s 

(Schneider ,  1988 )  i n whic h w e systematicall y var y 

parameter s (e.g. ,  th e propagatio n parameter) .  W e hav e foun d 

abstrac t  compute r  model s t o b e a  bette r  too l  fo r  thi s kin d o f 

exploratio n tha n symboli c model s (Ohlsso n &  Jewett ,  1995 , 

1997ab) ,  a s hav e other s (Cooper ,  Farringto n &  Shallice , 

1996) . 

It  woul d b e prematur e t o mak e stron g claim s fo r  ou r 

conclusions .  Th e presen t  result s nee d t o b e replicate d an d 

generalize d b y varyin g th e decisio n algorithm ,  th e densit y o f 

feedback ,  th e tre e representatio n an d othe r  variables .  Th e 

onl y clai m tha t  w e ca n mak e a t  thi s poin t  i s  tha t  amplifie d 

and sustaine d propagatio n withi n distributiona l 

strengthenin g regimen s deserv e t o b e considere d i n model s o f 

hierarchica l  adaptiv e systems .  Whethe r  thi s messag e wil l 

itsel f  b e amplifie d o r  dampene d a s i t  propagate s throug h th e 

cognitiv e scienc e communit y remain s t o b e seen . 
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Abstrac t 

Three  experiment s ar e presente d tha t  examin e th e 
influenc e o f  Emotiona l  Valenc e an d Familiarit y o f 
visuall y presente d lexica l  stimul i  o n low-leve l  visua l 
processing .  Th e result s provid e suppor t  fo r  th e ide a 
tha t  a n earl y proces s o f  automati c appraisa l  act s t o 
preferentiall y  direc t  attentiona l  resource s t o Negativ e 
or  Nove l  stimuli .  Th e result s ar e discusse d wit h 
respec t  t o evolutionar y considerations . 

I n t r o d u c t i o n 

A numbe r  o f  recen t  studie s hav e demonstrate d tha t  emotio n 
ca n influenc e relativel y automati c cognitiv e an d perceptua l 
processe s i n severa l  ways .  Fo r  example ,  Pratt o &  Joh n 
(1991 )  showe d tha t  undesirabl e trai t  word s capture d 
processin g capacit y awa y fi-om  a  primar y tas k mor e 
effectivel y tha n di d desirabl e trai t  words .  I n thei r  stud y the y 
use d a  modifie d versio n o f  th e Stroo p tas k (1935) ;  subject s 
wer e aske d t o n a m e th e colo r  o f  in k i n whic h positiv e an d 
negativ e trai t  adjective s wer e printed .  Subject s response s 
wer e slowe r  wit h negativ e adjective s tha n the y wer e wit h 
positiv e adjectives .  Th e author s attribute d thi s effec t  t o a 
proces s tha t  the y calle d Automati c Vigilance .  Thi s proces s 
evaluate s stimul i  o n a  positive-negativ e dimensio n an d 
direct s attentio n preferentiall y t o negativ e o r  aversiv e 
stimuli . 

Niedentha l  &  Setterlun d (1994 )  demonstrate d a n 
emotion-perceptio n congruit y effec t  tha t  i s  als o consisten t 
wit h claim s tha t  affectiv e stat e ca n influenc e cognitiv e o r 
perceptua l  processing .  I n thei r  studies ,  subject s first 
underwen t  a n emotio n inductio n procedure ,  an d the n wer e 
aske d t o m a k e lexica l  decision s t o word s tha t  wer e eithe r 
positiv e (Cheer ,  Joy )  o r  negativ e (Weep ,  Despair )  i n thei r 
affectiv e tone .  Th e finding  wa s tha t  word s tha t  wer e 
consisten t  wit h a n induce d emotio n wer e verifie d mor e 
quickl y tha n word s tha t  wer e inconsisten t  wit h th e induce d 
state .  I n a  simila r  study ,  Halberstadt ,  Niedenthal ,  & 
Kushne r  (1995 )  demonstrate d a  mood-consistenc y effec t 
w h en th e tas k wa s t o disambiguat e auditoriall y  presente d 
homograph s i n whic h on e m e m b e r  o f  th e pai r  wa s eithe r 
H a p p y (rose-rows )  o r  Sa d (die-dye) .  Subject s underwen t  a 
m o od inductio n procedure ,  eithe r  happ y o r  sad ,  an d the n 
wer e presente d auditoriall y  wit h th e lis t  o f  homographs . 

Thei r  tas k wa s simpl y t o prin t  wha t  the y heard .  Subject s i n 
th e positiv e an d negativ e induce d m o o d conditio n di d no t 
diffe r  i n th e proportio n o f  happ y resolution s (selectio n o f  on e 
or  th e othe r  spellings )  o f  th e homographs ,  bu t  subject s i n 
th e negativ e m o o d conditio n selecte d a  highe r  proportio n o f 
negativ e alternative s tha n di d subject s i n th e positiv e 
condition .  Thi s resul t  i s  consisten t  wit h a  numbe r  o f  othe r 
findings  suggestin g tha t  th e effec t  o f  negativ e emotion , 
whethe r  i n term s o f  presente d stimul i  o r  affectiv e state ,  i s 

mor e pronounce d tha n tha t  o f  positiv e emotio n (cf .  Frijda , 
1988 ;  Schwarz ,  1990) .  Th e result s o f  thes e thre e studie s 
sugges t  tha t  m o o d ca n influenc e perceptua l  an d cognitiv e 
processes .  Finally ,  i n recen t  years ,  Zajon c an d other s hav e 
collecte d dat a tha t  speak s t o th e curren t  issu e i n a n obliqu e 
w ay (Kunst-Wilson ,  W. ,  &  Zajonc ,  R. ,  1980 ;  Zajonc , 
1984 )  Thei r  conclusion ,  base d o n th e findings  o f  a  larg e 
number  o f  studies ,  i s  tha t  affectiv e reaction s ca n occu r  a t 
level s o f  stimulu s intensit y an d exposur e duratio n tha t  see m 
t o preclud e th e possibilit y  o f  prio r  cognitiv e appraisal ,  thi s 
proposa l  i s  k n o w n a s Affectiv e Primacy . 

W hy shoul d emotio n influenc e lo w leve l  processes ? 
It' s  reasonabl e t o assum e tha t  th e ecologica l  utilit y o f 
directin g attentio n t o negativ e event s a s quickl y a s possibl e 
i s high .  Negativ e event s o r  stimul i  cal l  fo r  behaviora l 
change ,  whil e positiv e event s favo r  maintainin g th e statu s 
quo .  Thi s stat e o f  affair s i s  exemplifie d i n th e gambler' s 
aphoris m "Wi n stay ,  los e switch" .  Ther e ar e tw o distinc t 
way s tha t  th e attentiona l  processin g calle d fo r  b y negativ e 
an d positiv e event s migh t  differ .  First ,  negativ e event s 
migh t  simpl y cal l  fo r  mor e o r  faste r  processin g wit h th e 
"aim "  o f  discoverin g a s quickl y a s possibl e th e potentialit y 
o f  a  particula r  stimulu s o r  situation ,  a  strictl y quantitativ e 
change .  I t  i s  als o possibl e tha t  a  mor e analyti c o r  focuse d 
styl e o f  attentio n migh t  b e calle d fo r  b y negativ e stimul i 
becaus e o f  th e valu e o f  identifyin g th e exac t  attribut e o r 
attribute s tha t  create s th e aversiv e stat e associate d wit h 
them .  Easterbroo k (1959 )  present s dat a i n suppor t  o f  thi s 
possibility .  Thi s accoun t  o f  attentiona l  deman d depend s 
mor e o n qualitativ e tha n quantitativ e change s i n attention , 
but  obviousl y migh t  involv e bot h i f  heightenin g foca l 
attentio n ha s som e cos t  associate d wit h it .  Thes e studie s 
addres s a  venerabl e questio n abou t  th e relationshi p betwee n 
emotio n an d perceptua l  o r  cognitiv e processes ,  "Whic h 
comes first,  emotiona l  o r  cognitiv e evaluation? " 
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It' s  no t  clea r  tha t  a  simpl e answe r  t o tha t  questio n i s 
likel y t o b e reached ,  perhap s becaus e o f  th e difficult y o f 
definin g th e term s emotio n an d cognition ,  o r  becaus e th e 
clai m tha t  on e proces s o r  th e othe r  i s alway s first  i s 
overstrong .  A  reasonabl e conclusio n i s tha t  emotiona l 
evaluation ,  o f  a t  leas t  a  genera l  type ,  ca n tak e plac e ver y 
earl y an d influenc e th e result s o f  subsequen t  processing .  O f 
th e studie s w e reviewed ,  Pratt o &  John' s (1991 )  lend s th e 
greates t  suppor t  t o th e ide a tha t  th e directio n o f  attentiona l 
resource s t o negativ e stimul i  i s  automatic .  Colo r  naming , 
however ,  i s a  tas k tha t  seem s t o depen d o n a  relativel y hig h 
degre e o f  processing .  An d althoug h ther e i s som e debat e 
regardin g th e locu s o f  interferencei n th e Stroo p tas k (1935 ) 
a grea t  dea l  o f  evidenc e suggest s tha t  th e slowin g tha t  i s 
typicall y observe d result s largel y fro m competitio n a t  th e 
leve l  o f  respons e selectio n o r  outpu t  (Keele ,  1972 ; 
MacLeod,  1991) .  Respons e selectio n i s relativel y lat e i n 
th e stag e o f  cognitiv e events .  I n th e presen t  pape r  w e 
presen t  dat a fro m severa l  experiment s tha t  demonstrat e a n 
automati c effec t  ofnegativ e an d positiv e emotio n word s a t  a 
much earlie r  stag e throug h a  nove l  applicatio n o f  th e 
backwar d maskin g procedure . 

Capacity Demands of the Mask 

Ohnesorg e &  Theios  (1996 )  showe d tha t  visua l 
recognitio n unde r  backwar d maskin g i s sensitiv e t o th e 
processin g demand s o f  th e maskin g stimulus .  I n thos e 
studies ,  whic h wer e directe d a t  th e questio n o f  ho w a 
backwar d mas k affect s targe t  recognition ,  subject s wer e 
aske d t o identif y word s tha t  wer e i n tur n maske d b y othe r 
words .  Characteristic s o f  th e maskin g word s suc h a s printe d 
wor d frequenc y (familiarity )  an d repetitio n (recency )  wer e 
manipulate d an d show n t o affectth e abilit y  o f  subject s t o 
identif y a  briefl y presente d targe t  word .  W e assume d tha t 
wit h greate r  familiarity ,  i.e .  highe r  printe d frequency ,  th e 
demand fo r  whateve r  processin g resource s ar e necessar y fo r 
wor d recognitio n i s reduced .  Thi s assumptio n i s supporte d 
by a  larg e numbe r  o f  studie s tha t  emplo y a  broa d rang e o f 
dat a collectio n technique s fro m th e duratio n o f  eye-fixation s 
durin g readin g (Henderson ,  J. ,  &  Ferreira ,  F. ,  1990 )  t o 
lexica l  decision s unde r  dua l  tas k condition s (Herdman , 
C M.  1992) .  W e furthe r  assume d tha t  repetitio n o f  a  lexica l 
stimulu s i s anothe r  wa y t o manipulat e it s deman d fo r 
processin g resource s tha t  i s  distinc t  from  it s overal l 
frequency  o f  occurrence .  Thi s conclusio n i s supporte d b y a 
larg e bod y o f  researc h findings  (Theio s &  Walter ,  1973 ; 
Scarborough ,  Cortese ,  &  Scarborough ,  1977 ;  Forste r  & 
Davi s 1984) .  Together ,  thes e manipulation s affec t  a 
relativel y stabl e inde x o f  processin g deman d (frequency)an d 
a transien t  influenc e (repetition) .  I n Experimen t  On e L o w 
Frequenc y maskin g word s wer e mor e effectiv e tha n Hig h 
Frequency .  I n Experimen t  T w o w e factoriall y  combine d 
Frequenc y an d Repetition .  Th e findings  o f  interes t  i n tha t 
stud y wer e 1. )  A  replicatio n o f  th e Frequenc y effect ,  2. ) 
demonstratio n ofa n analogou s effec t  wit h repetition ,  3. )  N o 
interactio n betwe n th e factors .  Ou r  conclusio n wa s tha t 
backwar d maskin g appeare d t o influenc e targe t  recognitio n 
throug h siphonin g of f  sufficien t  resource s t o suppor t 

recognitio n o f  th e mask ,  wit h targe t  recognitio n dependen t 
on th e remainder .  W e characterize d thi s a s a  Capacit y 
Sharin g mode l  o f  masking . 

I n th e presen t  researc h w e simpl y inver t  th e logi c o f 
thos e studie s an d assum e tha t  th e tas k o f  wor d recognitio n 
unde r  backwar d maskin g ca n b e use d t o prob e fo r  effect s o f 
emotio n o n perception .  O f  cours e thi s strateg y require s tha t 
we hol d constant ,  o r  manipulate ,  factor s suc h a s th e wor d 
frequency  o r  repetitio n o f  ou r  positiv e an d negativ e maskin g 
words .  B y manipulatin g th e emotiona l  valenc e (e.g . 
Positiv e vs .  Negative )  o f  word s tha t  ar e use d a s mask s an d 
lookin g fo r  differentia l  targe t  recognitio n performanc e w e ca n 
ask th e question :  "D o negativ e an d positiv e emotio n word s 
make equa l  demand s fo r  attentional/processin g resources? " 
Any differenc e tha t  occur s unde r  maskin g b y Positiv e an d 
Negativ e emotio n word s provide s suppor t  fo r  th e notio n tha t 
emotiona l  meanin g i s evaluated ,  o r  a t  leas t  exert s a n 
influence ,  ver y earl y i n perceptua l  processing .  Th e exac t 
locu s o f  thi s effec t  ma y b e difficul t  t o establis h wit h 
complet e precision ,  bu t  i t  seem s reasonabl e t o assum e tha t 
i t  woul d b e a t  a  fa r  earlie r  stag e tha n th e interferin g effectso f 
negativ e trai t  adjective s demonstrate d b y Pratt o &  Joh n 
(1991 )  i n respons e competition .  Ther e is ,  o f  course ,  a 
theoretica l  reaso n t o predic t  tha t  word s referringt o negativ e 
or  threatenin g event s shoul d b e mor e effectiv e a t  capturin g 
attentio n resource s tha n stimul i  tha t  refe r  t o positiv e o r 
non-threatenin g events .  Tha t  reaso n i s th e asymmetr y 
betwee n a  subject' s appropriat e respons e t o th e tw o 
situations .  A  consideratio n o f  surviva l  fimess  o r 
evolutionar y pressur e suggest s tha t  ther e i s a  stron g pressur e 
t o evaluat e negativ e event s a s soo n a s possible ,  whethe r  t o 
respon d throug h decisiv e actio n o r  withdrawin g from 
potentia l  harm .  I n contrast ,  i t  ca n b e argue d tha t  positiv e 
event s evok e n o suc h heightene d attentiona l  processing ,  a s 
ther e i s littl e pressur e fo r  behaviora l  change .  I t  i s  thi s 
differentia l  deman d fo r  processin g capacit y betwee n negativ e 
and positiv e event s tha t  ough t  t o lea d t o th e allocatio n o f 
greate r  attentiona l  resource s t o negativ e stimuli ,  an d a s a 
result ,  mor e effectiv e masking . 

E x p e r i m e n t  O n e 

Subject s 
27 subject s participate d i n retur n fo r  cours e credit .  Al l 
subject s ha d norma l  o r  correcte d vision . 

Design 
The Emotiona l  Valenc e o f  th e maskin g word s wit h tw o 
level s (Positive ,  Negative )  wa s manipulate d withi n subjects . 

Stimuli 
The maskin g stimul i  wer e set s o f  Positiv e an d Negativ e 
Emotio n word s selecte d throug h a  pilo t  stud y (  n  =  50 )  i n 
whic h subject s rate d a  se t  o f  candidat e word s o n a  nine-poin t 
Negative-Positiv e emotio n dimension .  Th e individua l  item s 
withi n th e set s wer e closel y matche d o n frequency  (Mean s 
fo r  Positiv e an d Negativ e =  9 4 &  9 8 respectively) , 
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N u m b er  o f  letter s (Mean s fo r  Positiv e an d Negativ e =  4. 4 
& 4. 3 respectively) ,  an d numbe r  o f  syllable s (Mean s fo r 

Positiv e an d Negativ e =  1.1 8 &  1.1 3 respectively) .  I n 
eac h case ,  th e inevitabl e smal l  difference s wer e i n th e 
directio n o f  reducin g th e processin g deman d o f  th e negativ e 
set .  Ther e wer e 4 0 word s i n eac h o f  th e valence d sets ,  an d 

80 Neutra l  wor d filler  items .  Th e targe t  stimul i  wer e a  se t  o f 
21 6 pair s o f  lo w frequenc y word s tha t  differe d i n a  singl e 
lette r  (e.g .  D I N E ,  D I M E ) .  Th e location ,  withi n th e words , 
of  th e substitute d lette r  wa s varie d t o preclud e strategi c 
attentio n t o a  singl e location .  O n eac h tria l  on e o f  th e pai r 
was randoml y selecte d an d presente d a s th e target ;  th e othe r 

wor d the n becam e th e foi l  i n th e respons e phase . 

Apparatus 
The experimen t  wa s designed  an d conducte d usin g th e 
softwar e progra m PsyScop e (Cohen ,  MacWhi imey ,  Flat t  & 
Provost ,  1993) .  A  Powe r  Macintos h 720 0 controlle d th e 
displa y sequenc e an d collecte d th e data . 

Procedure 
Subject s initiate d eac h tria l  o f  th e experimen t  b y pressin g 
th e spacebar .  Eac h tria l  wa s a s follows .  Firs t  a  fixation 
cros s wa s presente d fo r  30 0 milliseconds .  Followin g a  30 0 
ms blan k interva l  th e targe t  wor d wa s presente d fo r  13. 3 
ms, .  Afte r  a  4 0 m s interstimulu s interva l  (ISI )  th e maskin g 
stimulu s w a s presente d fo r  26. 6 m s .  A  furthe r  30 0 ms . 
interva l  passe d an d the n subject s wer e presente d wit h th e 
choic e alternatives .  Eac h choic e alternativ e wa s a  pai r  o f  lo w 
fi-equency  words .  O n e ha d jus t  bee n presente d a s th e targe t 
and th e othe r  serve d a s a  foil .  Th e subject s indicate d whic h 
of  th e pai r  the y believe d the y ha d see n b y pressin g key s tha t 
corresjwnde d t o th e position s o f  th e tw o stimul i  o n th e 
monitor ;  " z "  fo r  left ,  an d "/ "  fo r  right .  Th e experimenta l 
sessio n comprise d a  practic e bloc k o f  2 5 trial s followe d b y 
160 experimenta l  trials :  4 0 eac h unde r  maskin g b y Positiv e 
an d Negativ e Emotio n words ,  an d 8 0 filler  trial s wit h 
Emotionall y Neutra l  words .  Feedback ,  i n th e for m o f  tones , 
was provide d followin g eac h tria l  o f  th e practic e an d 
experimenta l  blocks . 

Result 
Eac h subject' s percentag e o f  correc t  targe t  recognition s wa s 
calculate d fo r  th e Positiv e an d Negativ e conditions .  Th e 
averag e percen t  correc t  unde r  maskin g b y Negativ e word s 
was 6 2 percen t  V s 6 7 percen t  fo r  th e Positiv e masks .  A 
paire d sample s T-tes t  reveale d tha t  th e Negativ e emotio n 
word s wer e mor e effectiv e mask s tha n th e Positiv e emotio n 
words ,  T(26 )  =  2.7 ,  p  <  .05 .  I n othe r  words ,  targe t 
recognitio n performancewa s poore r  whe n th e mas k wa s a 
Negativ e Emotio n word .  Conversio n o f  th e T  statisti c t o a 
poin t  biseria l  correlatio n coefficien t  reveale d tha t  Emotiona l 
Valenc e produce d a  m e d i u m size d effect ,  rp b =  .46 . 

The mean s ca n b e see n i n figure  1 . 

IMKtJATIV K P O S I T I V E 

Figur e I ;  Targe t  recognitio n unde r  maskin g b y Negativ e 
and Positiv e Emotio n Words . 

Discussion 

This result strengthens and extends the conclusion reached 
on th e basi s o f  emotio n congruenc y effect s (Halberstadt , 
Niedenthal ,  &  Kushner ,  1995 ;  Niedentha l  &  Setterlund , 
1994 )  an d th e demonstratio n o f  automati c vigilanc e (Pratt o 
& John ,  1991) .  Ther e i s ver y littl e chanc e tha t  bia s o r 
strategi c influenc e play s a  rol e i n ou r  finding  tha t  emotiona l 
valenc e ca n influenc e th e tas k o f  wor d recognition .  Th e fac t 
tha t  negativ e emotio n word s ar e mor e effectiv e a s mask s 
tha n positiv e word s support s th e conclusio n tha t  the y 
demand mor e attentiona l  o r  processin g resources .  Give n tha t 
subject' s succes s i n targe t  recognitio n depend s o n thei r 
abilit y  t o ignor e o r  inhibi t  th e mask ,  w e conclud e tha t  ou r 
result s spea k strongl y i n favo r  o f  automati c vigilanc e a s 
suggeste d b y Pratt o &  Joh n (1991) .  Further ,  ou r  us e o f  a 
2af c desig n an d tigh t  stimulu s contro l  motivat e th e 
conclusio n tha t  th e emotio n valenc e o f  ou r  lexica l  stimul i  i s 
affectin g targe t  recognitio n performanc e vi a perceptua l 
sensitivity ,  a s ther e i s littl e opportunit y fo r  bia s t o influenc e 
subject' s selectio n i n th e choic e phase .  Subject s simpl y 
canno t  identif y th e targe t  a s wel l  whe n a  Negativ e Emotio n 
mask' s highe r  deman d ha s limite d th e availabl e capacity . 
O ne questio n raise d b y thi s finding  i s whethe r  th e 
Emotiona l  Valenc e effec t  i s  coextensiv e wit h th e Familiarit y 
effectexplore d b y Ohnesorg e &  Theio s (1996) .  Th e sam e 
argumen t  ca n b e applie d t o eac h situafion .  Ther e i s greate r 
ecologica l  utilit y  i n attendin g t o potentiall y  threatenin g 
events ,  whethe r  du e t o th e ambiguit y inheren t  i n novelt y o r 
th e specifi c  threa t  o f  a  Negativ e stimulus ,  tha n i n attendin g 
t o thei r  mor e benig n counterparts .  Ou r  nex t  stud y explore s 
th e relatio n betwee n Familiarit y an d Emotiona l  Valenc e 
wit h regard s t o th e Automati c Vigilanc e hypothesis . 

Experiment Two 

In our previous experiments (Ohnesorge & Theios, 1996) 
we investigate d differentia l  demand s fo r  processin g resource s 
throug h manipulation s o f  familiarity ,  indexe d vi a th e 
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printe d wor d frequency  o f  th e maskin g stimuli ,  an d recency , 
indexe d vi a mas k repetition .  Thos e studie s showe d tha t 
manipulation s o f  frequency  an d recenc y o f  th e mas k exerte d 
separat e an d independen t  influence s o n targe t  recognition .  I n 
Experimen t  Tw o w e explor e a  factoria l  combinatio n o f  mas k 
frequency  an d emotiona l  valenc e t o as k th e questio n D o 
familiarit y an d emotiona l  valenc e mak e separat e an d 
independen t  contribution s t o masking ? Severa l  issue s ca n 
be addresse d throug h thi s study .  Fo r  example ,  i t  i s  possibl e 
tha t  negativ e emotio n an d novelt y (unfamilia r  o r  lo w 
frequency  words )  ar e no t  distinguishe d i n th e earl y 
evaluatio n process .  Thi s woul d predic t  tha t  separat e effect s 
of  Frequenc y an d Valenc e woul d no t  manifes t  together . 
Assumin g tha t  thes e effect s d o occu r  i n conjunction ,  w e ca n 
asses s thei r  independenc e throug h th e presenc e o r  absenc e o f 
an interaction . 

Subjects 
The subject s wer e 6 0 undergraduate s wh o participate d i n 
remm fo r  cours e credit .  Eac h ha d norma l  o r  correcte d vision . 

Design 
Ther e wer e tw o withi n subject s variable s wit h tw o level s 
each:  Frequenc y o f  th e maskin g word s (High ,  Low )  an d 
Emotiona l  Valenc e o f  th e maskin g word s (Positive , 
Negative) . 

Stimuli 
The stimul i  wer e collecte d b y askin g subject s ( n =  50 )  t o 
rat e 21 6 candidat e word s fo r  emotiona l  valenc e negativ e 
item s wer e thos e tha t  receive d rating s <  4  an d Positiv e >  6 
on ou r  nin e poin t  scale .  W e the n sorte d the m int o categorie s 
based o n th e thir d inde x o f  th e Kucer a &  Franci s (1967 ) 
corpu s (i.e .  numbe r  o f  sample s containin g th e item) .  Hig h 
Frequenc y item s wer e define d a s >  5 0 samples ,  an d Lo w 

Frequenc y <_2 5 samples .  I n additio n w e controlle d fo r 

number  o f  letter s an d syllable s t o closel y equat e th e spatia l 
and featura l  propertie s o f  th e variou s sets . 

Result s 
Mean targe t  recognitio n percentag e fo r  eac h conditio n wa s 
compute d fo r  eac h subjec t  an d submitte d t o a n A N O V A. 
The mai n effec t  o f  Valenc e wa s significant ,  £(1,59 )  =  6.0 ,  p 

< .05 .  Th e measur e o f  effec t  siz e epsilo n reveale d a  mediu m 
size d effect ,  e  =  .28 .  Th e mai n effecto f  Frequenc y wa s als o 
significant,f(1,59 )  =  12.3 ,  p  <  .05 .  Epsilo n agai n reveale d 

a mediu m size d effect. e =  .40 .  Th e interactio n o f  Valenc e 
and Frequenc y wa s no t  significant ,  L(l,59 )  =  .168 .  Th e 

means o f  th e subject s analysi s ca n b e viewe d i n figure  2 . 
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Figur e 2 :  Th e independen t  influence s o f  Emotiona l  Valenc e 
and Frequenc y o f  th e maskin g wor d o n Targe t  recognition . 

Apparatu s 
The experimen t  wa s designe d an d conducte d usin g th e 
softwar e progra m PsyScop e (Cohen ,  MacWhinney ,  Flat t  & 
Provost ,  1993) .  A  Powe r  Macintos h 720 0 controlle d th e 
displa y sequenc e an d collecte d th e data . 

Procedure 
The subject s wer e seate d 30 0 m m from  th e compute r 
monitor .  Afte r  receivin g instruction s the y complete d 2 0 
practic e trial s an d the n 21 6 experimenta l  trials .  Th e 
sequenc e o f  event s wa s a s follows .  Subject s presse d th e 
spaceba r  t o initiat e eac h trial .  A  fixation  cros s wa s presente d 
fo r  30 0 ms ,  followe d b y th e targe t  wor d whic h remaine d o n 
th e scree n fo r  1 3 ms .  Followin g a  4 0 m s blan k interva l  th e 
mask wa s presente d fo r  2 7 ms .  Afte r  a  30 0 m s interva l  th e 
choic e alternative s (targe t  an d foil )  wer e presente d unti l 
subject s indicate d thei r  choice .  Feedbac k wa s presente d o n 
each trial . 

Discussio n 

The result s o f  Experimen t  Tw o sho w tha t  familiarit y an d 
valenc e mak e separat e an d independen t  contribution s t o th e 
backwar d maskin g effect .  Thi s preclude s th e possibilit y  tha t 
Frequenc y (familiarity )  an d Emotiona l  Valenc e ar e treate d 
equivalentl y b y th e automati c appraisa l  process .  Th e lac k o f 
an interactio n betwee n thes e factor s suggest s tha t  th e 
allocatio n o f  attention ,  a t  leas t  wit h respec t  t o thes e 
dimensions ,  i s automati c an d no t  grade d b y consideratio n o f 
othe r  presen t  stimulu s attributes ,  i.e .  i t  i s  no t  strategic . 
Furthe r  dat a relevan t  t o th e examinatio n o f  thes e relate d 
question s woul d resul t  from a  join t  manipulatio n o f 
Repetitio n an d Valence ,  th e subjec t  o f  Experimen t  Three . 

Experiment Three 

Subjects 
The subject s wer e 3 1 undergraduate s wh o participate d i n 
retur n fo r  cours e credit .  Eac h ha d norma l  o r  correcte d vision . 
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Desig n 
Ther e wer e tw o withi n subject s variable s wit h tw o level s 

each :  Emotiona l  Valenc e (Positive ,  Negative )  an d 
Repetitio n conditio n (Repeated ,  Non-Repeated) . 

Stimuli 
The stimul i  wer e collecte d b y askin g subject s ( n =  50 )  t o 
rat e 21 6 candidat e word s fo r  emotiona l  valenc e negativ e 
item s wer e thos e tha t  receive d rating s <  4  an d Positiv e >  6 
on ou r  nin e poin t  scale .  W e controlle d th e featura l  leve l 
similarit y o f  ou r  Positiv e an d Negativ e set s an d th e 
similarit y o f  eac h maskin g se t  t o th e choic e alternativ e se t 
ver y carefully .  W e assesse d ou r  degre e o f  contro l  b y 
countin g th e frequencyof  occurrenc e o f  eac h lette r  (A-Z )  a t 
eac h o f  th e 5  possibl e position s fo r  ou r  maskin g set s an d th e 
4 position s i n ou r  choic e alternativ e se t  an d conductin g a n 
overal l  correlationa l  analysi s o n th e resultan t  frequencies. 
Our  contro l  wa s ver y good ,  r  (average d acros s positions )  fo r 

th e Positiv e an d Negativ e set s wa s .85 .  Mor e importantly , 
th e Positiv e an d Negativ e maskin g set s wer e equall y simila r 
t o th e choic e alternativ e set ,  r  =  .7 3 an d .7 4 respectively . 

Apparatus 
The experimen t  wa s designe d an d conducte d usin g th e 
softwar e progra m PsyScop e (Cohen ,  MacWhinney ,  Flat t  & 
Provost ,  1993) .  A  Powe r  Macintos h 760 0 controlle d th e 
displa y sequenc e an d collecte d th e data . 

Procedure 
The subject s wer e seate d 30 0 m m from  th e compute r 
monitor .  Afte r  receivin g instruction s the y complete d 2 5 
practic e trial s an d the n 16 0 experimenta l  trials .  Th e 
sequenc e o f  event s wa s a s follows .  Subject s presse d th e 
spaceba r  t o initiat e eac h trial .  A  fixatio n cros s wa s presente d 
fo r  30 0 m s ,  followe d b y a  previe w wor d tha t  remaine d o n 
th e scree n fo r  1  second .  A  1  secon d refractor y perio d wa s 
allowe d t o pas s an d the n th e target-mask-choic e sequenc e 
analogou s t o Experiment s O n e an d T w o occurred .  Fo r 
Repeate d Trial s th e Previe w stimulu s wa s th e mas k tha t 
woul d appea r  late r  i n th e sequenc e o f  events ,  fo r  Nove l  trial s 
th e Previe w stimulu s wa s a  Neutra l  Valenc e wor d tha t  di d 
not  appea r  agai n i n th e sequenc e o f  events .  Feedbac k wa s 
presente d o n eac h trial . 

Results 
Mean targe t  recognitio n percentag e fo r  eac h conditio n wa s 
compute d fo r  eac h subjec t  an d submitte d t o a n A N O V A. 
The mai n effec t  ofValenc e wa s significant ,  £(1,30 )  =  9.5 ,  p 

< .05 .  Th e measur e o f  effec t  siz e epsilo n reveale d a  larg e 
size d effect ,  e  =  .47 .  Th e mai n effecto f  Frequenc y wa s als o 
significant ,  f (  1,30 )  =  21 .  3 ,  p  <  .05 .  Epsilo n agai n reveale d 

a larg e size d effect ,  e  =  .63 .  Th e interactio n o f  Valenc e an d 
Frequenc y wa s no t  significant ,  £.(1,30 )  =  .216 .  Th e mean s 

ca n b e viewe d i n figur e 3 . 
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Figur e 3 :  Th e effect s o f  Emotiona l  Valenc e an d Repetitio n o f 

th e maskin g stimulu s ar e independent . 

Discussion 

The three experiments we present support several 
conclusion s abou t  th e automati c allocatio n o f  visua l 
attentio n t o negativ e o r  aversiv e stimuli .  First ,  w e sho w 
tha t  thi s effec t  occur s i n th e lo w leve l  perceptua l  tas k o f 
wor d identification .  Ther e i s goo d reaso n t o believ e tha t  th e 
maskin g effec t  mus t  occu r  prio r  t o lexica l  acces s (o f  th e 
targe t  word )  an d thu s reveal s a n earlie r  influenc e o f  emotio n 
o n perceptua l  o r  cognitiv e processe s tha n ha s bee n 
demonstrate d before .  Identifyin g th e locu s o f  thi s effec t 
woul d b e o f  s o m e interest ,  a s woul d discoverin g th e exten t 
o f  th e appraisa l  process .  However ,  th e answer s t o thes e 
question s ar e no t  eas y t o deliver .  W e believ e tha t  th e effec t 
i s  occurrin g ver y earl y i n th e wor d recognitio n process ,  tha t 
i t  i s  automatic ,  an d tha t  th e exten t  o f  processin g i s no t 
great .  Opinion s abou t  th e locu s an d automaticit y o f  thi s 
effectar e no t  eas y t o tes t  directly ,  s o ou r  conclusion s res t 
largel y o n inference s tha t  ar e supporte d b y ou r  selectio n o f 
metho d an d tigh t  stimulu s confrol .  Fo r  example ,  th e us e o f 
a two-alternativ e forced-choicerespons e tas k greatl y reduce s 
th e bia s potentiall y  presen t  i n dat a collecte d wit h free  report , 
supportin g th e inferenc e tha t  th e effec t  i s  happenin g a t  a 
relativel y earl y stag e o f  cognitiv e processing .  Thi s i s 
becaus e th e recognitio n tas k require d o f  subject s depend s 
onl y o n thei r  abilit y t o selec t  th e targe t  w o r d from  a  pai r  o f 
presente d stimuli .  Similarly ,  th e fac t  tha t  w e observ e larg e 
effect s o f  m a s k frequency  o n targe t  identificatio n i n thi s 
cognitivel y undemandin g tas k suggest s tha t  th e effec t  i s 
occurrin g prio r  t o lexica l  acces s o r  durin g th e proces s o f 
activatin g th e representation s tha t  suppor t  w o r d recognition . 
T h e tim e tha t  passe s betwee n targe t  presentatio n an d choic e 
i s les s tha n one-hal f  second ,  to o littl e t o m a k e differentia l 
forgettin g a  compellin g alternativ e explanation .  Finally ,  th e 
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effectmus t  b e automati c becaus e i t  appear s s o earl y i n th e 
cascad e o f  perceptua l  events . 

An issu e o f  furthe r  interes t  i s th e questio n o f  jus t  ho w 
extensiv e a n analysi s support s th e differentia l  allocatio n o f 
attentiona l  resources .  Thi s i s a n importan t  question ,  bu t  a t 
thi s tim e w e hav e n o dat a tha t  directl y addresse s thi s issue . 
Give n tha t  i t  i s carrie d ou t  preconsciousl y i t  seem s tha t  th e 
analysi s coul d no t  b e extensive .  Further ,  th e result s o f 
Experiment s T w o an d Thre e len d n o suppor t  t o th e ide a 
tha t  th e analysi s i s ver y detailed .  Thi s i s becaus e ther e wa s 
no interactio n betwee n Emotiona l  Valenc e an d th e variable s 
manipulate d i n thos e studies .  I f  Emotiona l  Valenc e ha d 
interacte d wit h eithe r  Frequenc y (Experimen t  T w o )  o r 
Repetitio n (Experimen t  Three )  i t  woul d b e reasonabl e t o 
conside r  th e possibilit y  tha t  a  mor e detaile d analysi s ha d 
been carrie d out ,  an d tha t  processin g resource s ca n b e 
allocate d i n a  contex t  sensitiv e manner .  T o illustrat e wit h 
Emotiona l  Valenc e an d Repetition ,  i f  th e Repetitio n effec t 
wer e smalle r  fo r  Negativ e tha n fo r  Positiv e word s i t  woul d 
sugges t  th e Automati c Vigilanc e mechanis m ca n distinguis h 
betwee n Affectiv e ton e an d Familiarity ,  an d differentiall y 
allocat e attentiona l  resource s o n tha t  basis .  Fro m a  surviva l 
standpoin t  i t  woul d b e reasonabl e t o assum e tha t  a  Repeate d 
Positiv e stimulu s present s n o threa t  whatsoever ,  whil e a 
Repeate d Negativ e continue s t o exer t  a  larg e deman d fo r 
processin g capacity .  A  simila r  argumen t  hold s wit h respec t 
t o Frequenc y an d Emotiona l  Valence .  A s i t  stands ,  wit h n o 
interactio n betwee n thes e variables ,  th e mos t  conservativ e 
conclusio n i s tha t  th e allocatio n o f  attentio n o r  processin g 
capacit y reflect s a  lo w leve l  proces s tha t  depend s o n a n 
automati c respons e t o a  broa d definitio n o f  potentia l  threa t 
rathe r  tha n a  strategi c o r  logica l  analysi s o f  stimulu s 
properties . 

One obviou s dange r  o f  arguin g fo r  th e ecologica l  utilit y 
of  automaticall y directin g attentio n t o on e stimulu s typ e o r 
th e othe r  i s th e potentia l  circularit y o f  th e argument .  I f 
attribution s ofcapacit y deman d rel y solel y o n th e patter n o f 
targe t  recognitio n result s thi s coul d b e a  relativel y vapi d 
exercis e a s sufficien t  powe r  i s guarantee d t o resul t  i n a 
statisticall y significan t  differencebetwee n tw o level s o f  an y 
variabl e whatsoever .  Th e larg e bod y o f  dat a o n th e 
differentia l  impac t  o f  Nove l  an d Familia r  (stimul i  an d 
Positiv e an d Negativ e stimul i  (Easterbrook ,  1959 ;  Pratt o & 
John ,  1991 ;  Taylor ,  1991 )  provide ,  i f  no t  a  warrant ,  a t  leas t 
probabl e caus e fo r  th e investigatio n o f  thes e factors .  Th e 
fmdin g o f  mediu m t o larg e effec t  size s i n severa l  distinc t 
manipulations ,  acros s differen t  experiments ,  wit h differen t 
stimulu s set s show s tha t  th e automati c allocatio n o f 
processin g resource s t o nove l  o r  negativ e stimul i  i s  a  robus t 
effec t  tha t  manifest s unde r  a  variet y o f  circumstances . 
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Abstrac t 

One of the major questions in child language acquisition re-
searc h i s whethe r  childre n an d adult s hav e th e sam e menta l  or -
ganizatio n fo r  gramma r  W e conside r  th e cas e o f  th e acquisi -
tion  o f  -e d an d -ing .  Thi s ha s standardl y bee n assume d t o sho w 
tha t  childre n organiz e thei r  grammatica l  knowledg e differentl y 
fro m adults .  I n conU^s t  t o model s tha t  clai m tha t  children' s re -
strictio n o n thes e morpheme s argue s fo r  a  noncontinuou s vie w 
of  grammar ,  w e sho w tha t  i t  i s  mos t  parsimoniousl y accounte d 
fo r  b y a  privativ e aspec t  an d tens e mode l  (Olsen ,  1997) ,  inde -
pendentl y neede d i n th e adul t  grammar .  I n particular ,  w e sho w 
i )  tha t  on e canno t  attribut e thi s patter n o f  developmen t  t o chil -
dren' s simpl e modelin g o f  restriction s i n th e adul t  data ,  an d ii ) 
tha t  i t  i s  no t  necessar y t o assum e initia l  hypothese s discontinu -
ous wit h th e adul t  state ,  o r  primitive s no t  foun d therein .  Rather , 
th e dat a require s a  stron g innat e componen t  tha t  bot h delimit s 
possibl e adul t  grammar s an d define s earl y stages .  Ou r  mode l 
provide s a n accoun t  o f  wh y childre n sho w thes e restrictions , 
ho w the y recover ,  an d wha t  cross-linguisti c variatio n migh t  oc -
cur  i n th e emergenc e o f  adul t  competence . 

I n t r o d u c t i o n 

Previou s researc h i n chil d languag e acquisitio n identifie s dis -
crepancie s betwee n chil d an d adul t  us e o f  verba l  inflectiona l 
morphology .  I n thi s paper ,  w e conside r  a  cas e o f  partia l  un -
dergeneralizatio n wher e children' s us e o f  Englis h -e d an d -
in g ending s seem s constraine d b y th e aspectua l  clas s o f  th e 
hos t  ver b i n a  w a y unatteste d i n th e adul t  grammar .  I n con -
tras t  t o model s tha t  clai m tha t  thi s restrictio n i s a n argumen t 
fo r  a  noncontinuou s vie w o f  grammar ,  w e sho w tha t  i t  i s mos t 
parsimoniousl y accounte d fo r  b y a  learnin g theor y base d o n 
markednes s an d a  cross-linguisticall y grounde d aspec t  an d 
tens e mode l  (Olsen ,  1997) .  I n fact ,  w e sho w tha t  on e canno t 
attribut e thi s patter n o f  developmen t  t o children' s simpl e mod -
elin g o f  restriction s i n th e adul t  dat a (cf .  (Shira i  an d Ander -
sen ,  1995)) ,  no r  doe s i t  sho w tha t  initia l  hypothese s ar e dis -
continuou s o r  m a k e us e o f  primitive s no t  foun d i n th e adul t 
state .  Rathe r  i t  argue s fo r  a  stron g innat e componen t  tha t  de -
limit s possibl e adul t  grammar s an d define s earl y stages .  I n 
contras t  t o previou s analyses ,  ou r  mode l  provide s a n accoun t 
of  w h y childre n sho w thes e restrictions ,  h o w the y recover ,  an d 
what  cross-linguisti c variatio n migh t  occu r  i n th e emergenc e 
of  adul t  competence . 

Overview of previous work 

I t  ha s bee n frequentl y observe d tha t  childre n observ e restric -
tion s o n th e us e o f  progressiv e an d pas t  tens e morpheme s tha t 
ar e no t  wholl y reflecte d i n th e adul t  grammars .  Fo r  English , 
thi s characterizatio n describe s a  stag e wher e th e -e d endin g 

i s no t  normall y foun d o n verb s tha t  denot e unbounde d event s 
(hug ,  paint ,  o r  walk )  despit e th e fac t  tha t  thes e ar e fine  i n 
th e adul t  grammar .  Similarly ,  childre n resis t  usin g -in g wit h 
states ,  an d indee d resis t  morpholog y altogether ,  fo r  verb s suc h 
as love ,  know ,  appreciate ,  etc .  I n thi s case ,  th e restrictio n 
foun d i n youn g childre n i s als o partl y observe d i n th e adul t 
state ,  a s i n Joh n wa s appreciating/?knowin g hi s ne w job . 

Theorie s abou t  th e acquisitio n o f  th e progressiv e an d pas t 
tens e morpheme s i n Englis h diffe r  mainl y wit h respec t  t o th e 
factor s tha t  gover n th e child' s initia l  hypothesis .  A  STAGE 
model  explain s earl y restriction s o n th e basi s o f  mor e genera l 
cognitiv e principles ,  e.g .  t o clai m tha t  som e leve l  o f  linguis -
ti c  organizatio n tha t  i s activ e i n th e adul t  gramma r  i s no t  ye t 
availabl e t o a  chil d a t  th e appropriat e leve l  o f  development . 
Thu s th e chil d i s force d t o analyz e adul t  inpu t  o n th e basi s o f 
a defectiv e conceptua l  organization .  Sinc e th e child' s earl y 
cognitiv e organizatio n i s assume d t o b e differen t  fro m tha t  o f 
an adult ,  restriction s o n th e for m o f  adul t  grammar s ar e irrele -
van t  t o th e characterizatio n o f  possibl e initia l  states .  Onc e th e 
chil d move s o n t o a  stag e wher e th e relevan t  categorie s appear , 
th e linguisti c environmen t  ca n pla y a  rol e i n forcin g general -
izatio n o f  th e initia l  hypothesis . 

I n th e cas e a t  hand .  B loo m (Bloom ,  1973) ,  inte r  alia ,  ha s 
adopte d version s o f  th e "defectiv e tens e hypothesis "  (Weis t 
et  al. ,  1984) ,  positin g a  perio d o f  developmen t  durin g whic h 
tens e i s simpl y no t  availabl e t o youn g children .  The y there -
for e canno t  organiz e morpholog y accordin g t o tens e bu t  ac -
cordin g t o aspectua l  classe s lik e "durativ e event "  (,-ing )  o r 
"complete d event "  {-ed )  — givin g ris e immediatel y t o th e cir -
cumscribe d state .  A s th e chil d mature s an d ha s th e relevan t 
supportin g cognitiv e experiences ,  th e aspectua l  categoriza -
tio n i s disconfirmed ,  e.g .  b y example s oi-e d wit h stat e verbs . 

A secon d styl e o f  explanatio n als o eschew s innat e linguis -
ti c  specifications ,  bu t  place s mor e weigh t  o n th e rol e o f  th e 
environment .  I n crud e form ,  f r e q u e n c y - b a s e d theorie s 
clai m tha t  children' s earl y productio n o r  comprehensio n mod -
el s subtl e difference s betwee n th e presentatio n o f  categorie s i n 
adul t  speec h t o youn g childre n an d th e ful l  correc t  patter n a t 
th e adul t  stag e (Brown ,  1973 ;  L i  an d Bowerman ,  t o appear ; 
Shira i  an d Andersen ,  1995) .  Shira i  an d Andersen ,  fo r  exam -
ple ,  clai m tha t  grammatica l  categorie s ar e organize d accord -
in g t o prototypes :  a  ver b undergoin g th e progressiv e m a y hav e 
a cor e meanin g o f  "actio n i n progress, "  bu t  m a y includ e othe r 
notion s tha t  for m th e ful l  progressiv e class .  Shira i  an d An -
derse n sugges t  tha t  childre n searc h fo r  prototypica l  pattern s 
i n th e adul t  speec h t o children ,  generalizin g acros s th e cor e 
prototype ,  befor e acquirin g th e ful l  category . 
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A thir d styl e o f  accoun t  relie s o n a  differen t  typ e o f  se -
manti c circumscriptio n draw n fro m th e repertoir e o f  adul t  lan -

guages .  Bickerto n (Bickerton ,  1981) ,  fo r  example ,  propose s a 
"Languag e Bioprogram "  hypothesis ,  base d o n dat a fro m pid -
gin s A N D CREOLES.  H e claim s tha t  adult s speakin g pidgi n 
and Creol e language s organiz e thei r  tens e markin g alon g tw o 
innat e dimensions :  a  distinctio n betwee n event s an d states , 
and a  distinctio n betwee n a  punctua l  event s wit h a  definit e en d 
and non-punctua l  event s tha t  ca n continu e indefinitely .  Chil -
dre n follo w thes e distinctions ,  reservin g -in g fo r  nonpunc -
tua l  unbounde d event s lik e pain t  an d -e d fo r  -e d fo r  bounde d 
(punctual )  verb s lik e win . 

Bickerton' s accoun t  i s  simila r  t o our s i n tha t  h e assume s 
tha t  th e sam e innatel y specifie d feature s guid e th e child' s mor -
pheme selectio n a s ar e relevan t  fo r  th e descriptio n o f  th e adul t 
state .  I n bot h models ,  semanti c circumscriptio n come s from 
leamabilit y  consideration s constraine d b y innateness .  Fol -
lowin g standar d assumption s i n generativ e linguistics ,  w e as -
sume tha t  th e chil d ca n choos e from  a  repertoir e o f  possibl e 
grammar s give n b y a n innat e linguisti c endowment .  Al l  o f 
thes e option s correspon d t o existin g adul t  languages .  Th e ini -
tia l  hypothesi s mus t  b e a n optio n tha t  ca n b e falsifie d usin g 
positiv e evidenc e from  th e type s o f  sentence s foun d i n th e 
child' s linguisti c environment .  Correction s o f  imprope r  us -
age ar e no t  take n t o b e vali d inpu t  dat a t o thi s learnin g the -
ory .  Give n this ,  th e chil d wil l  pic k th e mos t  restrictiv e optio n 
give n b y th e innat e endowment .  Positiv e example s ca n sho w 
tha t  initia l  restriction s nee d t o b e relaxe d i n a  particula r  lan -
guage .  I f  th e chil d mad e th e opposit e assumptio n — pickin g 
th e leas t  restrictiv e hypothesis—h e woul d overgenerate ,  pro -
ducin g example s tha t  wer e no t  restricte d b y th e rule s o f  th e 
languag e an d woul d nee d correctio n (negativ e evidence )  t o re -
trea t  fro m overgeneralization .  Thi s ide a i s formalize d a s th e 
SYNTACTIC SUBSET PRINCIPL E (Berwick ,  1985) . 

The Model 

Our  accoun t  relie s o n Olsen' s analysi s o f  aspec t  (Olsen , 
1997) ,  whic h describe s principle d relation s betwee n lexica l 
and grammatica l  aspect ,  an d betwee n grammatica l  aspec t  an d 
tense .  Lex ica l  aspec t  refer s t o th e abilit y o f  verb s an d 
othe r  lexica l  item s t o describ e h o w a  situatio n (even t  o r  state ) 
develop s o r  hold s i n time .  G r a m m a t i c a l  aspec t  refer s t o 
th e vie w som e verba l  auxiliarie s an d affixe s presen t  o f  th e de -
velopmen t  o r  resul t  o f  a  situatio n a t  a  give n time ,  als o know n 
t o a s verba l  o r  viewpoin t  aspec t  (Smith ,  1991) . 

Lexical Aspect 

The apparen t  nonindependenc e o f  lexica l  aspec t  ver b classe s 
and grammatica l  aspec t  morpholog y i n th e chil d ma y b e ex -
plaine d withi n a  framewor k i n whic h lexica l  an d granmiatica l 
aspec t  categorie s ar e par t  o f  th e innat e endowment ,  th e Un i -
versa l  G r a m m a r  ( U G ) .  W e firs t  characteriz e th e lexica l 
aspec t  syste m i n adult s an d the n sho w h o w i t  relate s t o gram -
matica l  aspect . 

Olse n observe s tha t  aspectua l  classificatio n o f  verb s oper -
ate s o n th e leve l  o f  semanti c feature s ((Olsen ,  1994 ;  Olsen , 
1997) ,  cf .  (Smith ,  1991)) .  Olse n furthe r  demonstrate s tha t 
th e feature s ar e semanticall y privativ e (+/unmarked )  a s show n 
i n Tabl e 1 ,  rathe r  tha n equipollen t  {+/-) .  Unde r  thi s analy -
sis ,  [+telic ]  verb s specif y a n inheren t  bound ,  wherea s [Otelic ] 

Tabl e 1 :  Aspectua l  classe s describe d i n privativ e featur e term s 

1 Aspectua l  Clas s 
Stat e 
Activit y 
Accomplishmen t 

1 Achievemen t 

Teli c 

+ 
+ 

Dynami c 

+ 
+ 
+ 

Durativ e 
+ 
+ 
+ 

Example s 
know,  hav e 
march ,  pain t 
destro y 
notice ,  wi n 

verb s generall y lac k a  bound ,  althoug h the y m a y acquir e 
telicit y i n th e appropriat e sententia l  o r  discours e context . 
Th e mode l  restrict s th e contributio n o f  othe r  sententia l  con -
stituent s an d th e pragmati c contex t  t o lexica l  aspec t  interpre -
tation :  the y m a y ad d feature s bu t  no t  remov e them .  Thus ,  al -
thoug h pain t  i s  unmarke d fo r  telicity ,  i t  m a y b e use d i n sen -
tence s wit h bot h teli c an d ateli c interpretations ,  a s i n Dega s 
painte d (tw o blu e dancers/fo r  a n hour) .  I n contrast ,  [-Htelic ] 
verb s lik e wi n an d destroy ,  alway s entai l  a  bound . 

Th e privativ e featur e mode l  predict s tha t  onl y marke d fea -
ture s ar e semanticall y  "real "  an d m a y b e use d a s determinant s 
of  linguisti c behavior .  Thi s hold s cross-linguisticall y fo r  phe -
nomena a s divers e a s grammatica l  aspect ,  unaccusativit y aux -
iliar y selection ,  tense ,  an d discours e movemen t  o f  narrativ e 
time .  Th e mode l  therefor e predict s simila r  result s wit h th e 
acquisitio n data :  telicity ,  eventhoo d an d duratio n wil l  b e op -
erative ,  wherea s thei r  unmarke d counterpart s (atelicity ,  state -
hood ,  an d punctiliarity )  wil l  no t  affec t  inflectiona l  affixation . 

Grammatical Aspect 

We n o w discus s h o w th e lexica l  aspec t  feature s interac t  wit h 
th e inflectiona l  morpholog y unde r  consideration .  W e sugges t 
tha t  th e -in g an d -e d morpheme s i n Englis h encod e grammati -
cal  aspec t  i n th e chil d a s wel l  a s i n th e adul t  (se c Olse n 1997) . 
Sinc e grammatica l  aspec t  concern s t ime—bot h h o w situation s 
develo p ove r  tim e an d h o w speaker s vie w situation s a t  a  give n 
time—i t  ha s ofte n bee n confounde d wit h tense .  Tens e i s DE -
ICTIC :  i t  "relate s th e tim e o f  th e situatio n referre d t o t o som e 
othe r  time. "  I n contrast ,  grammatica l  aspec t  look s internall y 
at  situations ,  independen t  o f  th e tim e a t  whic h the y ar e lo -
cated . 

Althoug h othe r  language s decoupl e thes e distinction s mor -
phologically ,  language s lik e Englis h us e singl e morpheme s 
i n bot h tens e an d aspec t  systems .  I n English ,  th e imperfec -
tiv e i s marke d b y th e affi x  -ing .  Althoug h i t  appear s wit h th e 
auxiliar y b e i n it s variou s tens e form s (is/was/wil l  b e paint -
ing ,  i t  ca n als o occu r  a s a  participle ,  withou t  a n auxiliar y (H e 
observe d th e scene ,  paintin g th e dancer) .  Th e perfectiv e i s 
marke d b y th e -e d affi x an d use d wit h th e h a v e auxiliary , 
or  alone ,  a s a  "simpl e past "  tense ,  o r  a  perfec t  participl e {th e 
painte d pictures .  Th e perfectiv e participl e denote s a  com -
plete d situation ,  becaus e perfectiv e grammatica l  aspec t  fo -
cuse s o n th e boun d o f  situations . 

Olse n claim s tha t  grammatica l  aspec t  cruciall y interact s 
wit h th e lexica l  aspec t  features ,  pointin g ou t  tha t  thes e lexica l 
aspec t  feature s presuppos e a  two-par t  even t  structure :  [-i-dura -
tive ]  an d [+dynamic ]  hol d o f  th e ongoin g portio n o f  a n event , 
th e even t  n u c l e u s .  Th e presenc e o f  telicit y indicate s tha t  th e 
even t  progresse s towar d a n eventua l  en d o r  C O D A.  Th e result -
in g structur e i s a s follows : 
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H-durativ e 

+dynami c 

NUCLEUS 

[+telic ] 

CODA 

Imperfectiv e grammatica l  aspec t  ma y therefor e b e sai d t o fo -

cu s o n th e nucleu s o f  a n even t  an d perfectiv e aspec t  o n th e 
coda ,  eac h assertin g tha t  th e relevan t  feature s hold .  Th e ap -
plicatio n o f  grammatica l  aspec t  m a y als o b e restricte d i n pre -
dictabl e ways .  Olse n provide s numerou s example s fro m th e 
literatur e o f  imperfectiv e grammatica l  aspec t  restricte d t o sit -

uation s wit h on e o r  bot h marke d nucleu s features .  Fo r  exam -
ple ,  th e progressiv e m a y b e sai d t o b e a n imperfectiv e tha t  i s 
restricte d (althoug h no t  completel y i n English )  t o verb s wit h 
a marke d [+dynamic ]  feature .  Tha t  is ,  a s man y observe ,  th e 
progressiv e i s fine  wit h event s bu t  od d wit h man y states ,  a s 
i n Joh n i s leaming/?knowin g Greek .  I n Mandarin ,  state s ar e 
completel y prohibite d wit h th e za i  imperfective s i n th e adul t 
languag e ((L i  an d Bowerman ,  t o appear)) .  I n contrast ,  w e 
find  perfective s restricte d t o verb s tha t  hav e th e cod a featur e 
[+telic] .  I n Korean ,  fo r  example ,  th e resultativ e aspec t  auxil -
iar y *- e issta '  ca n onl y occu r  wit h [+telic ]  intransitiv e verbs : 
E.g .  cwuk-t a 't o die, '  nwup-t a 'li e down, '  anc-t a 't o si t  down , 
se-t a 't o stand' ,  .. .  etc .  cf .  Ho-M i n Soh n (1994:329) "  (Lee , 
1995)) . 

Developmental predictions of the models 

I n thi s section ,  w e wil l  outlin e som e differin g prediction s be -
twee n ou r  model ,  an d som e o f  th e other s discusse d above . 
Our  mode l  assume s a n innatel y drive n styl e o f  explanatio n 
fo r  difference s betwee n th e initia l  an d adul t  state .  A s men -
tione d above ,  th e restrictio n o f  relevan t  inpu t  t o positiv e ex -
ample s onl y require s tha t  th e child' s initia l  hypothesi s b e th e 
most  restrictive ,  suc h tha t  environmenta l  inpu t  ma y serv e t o 
rela x thes e restrictions .  Th e notio n "mos t  restrictive "  i s de -
fined  wit h respec t  t o th e rang e o f  possibl e adul t  languages . 
For  example ,  sinc e th e mappin g betwee n progressiv e affixe s 
and verba J form s i s restricta i  t o th e lexica l  aspectua l  clas s o f 
event s i n Chinese ,  an d sinc e Chines e i s a  possibl e final  stat e i n 
th e child' s linguisti c development ,  th e syntacti c subse t  princi -
ple (  par t  o f  th e child' s innat e linguisti c endowment )  require s 
tha t  h e assum e initiall y  tha t  th e restriction s tha t  appl y i n Chi -
nes e als o appl y t o Englis h (Berwick ,  1985) .  Sinc e Olsen' s 
syste m use s privativ e features ,  onl y marke d (+) ,  value s ca n 
defin e lexica l  classes .  Th e "event "  clas s i s define d b y th e 
featur e [+dynamic] .  Simila r  remark s appl y t o th e perfective . 
Sinc e th e perfectiv e i s restricte d t o tell e verb s i n Korean ,  an d 
sinc e thi s i s th e mos t  restrictiv e mappin g betwee n grammat -
ica l  morphem e an d verba l  class ,  i t  mus t  b e th e child' s initia l 
hypothesi s fo r  al l  languages .  S o childre n assum e a s a n initia l 
hypothesi s i n al l  language s tha t  th e imperfectiv e i s restricte d 
t o [+dynamic ]  verb s an d th e perfectiv e t o [+telic ]  predicates . 

Sinc e [+telic ]  predicate s ar e ̂ s o [+dynamic] ,  the y occu r  wit h 
bot h -e d an d -in g morpheme s i n th e restricte d chil d gramma r 
our  data . 

I f  thi s assumptio n i s incorrec t  fo r  a  give n language ,  th e 
chil d wil l  se e example s tha t  disconfir m thi s initia l  hypothe -
sis .  T o summarize ,  w e predic t  tha t  adul t  inpu t  i n language s 
lik e English ,  whic h hav e aspectuall y unrestricte d form s fo r 
th e graimnatica l  aspectua l  categorie s o f  perfectiv e an d imper -
fective ,  wil l  hel p childre n recove r  from  thei r  initia l  undergen -
eralization .  Therefore ,  w e predic t  tha t  w e wil l  se e a n initia l 

asymmetr y betwee n th e child' s dat a an d th e adul t  data .  Chil -
dre n wil l  us e disproportionatel y fewe r  ateli c verb s wit h -e d 
ending s tha n d o adults .  Similarly ,  the y wil l  restric t  th e -in g 
endin g t o [+dynamic ]  an d [+<lurative ]  verbs .  W e mak e th e 
followin g additiona l  assumptions ,  tha t  th e rea l  worl d contex t 
associate s verb s t o lexica l  aspec t  classes ,  an d tha t  childre n 
assume tha t  meaning s an d strings ,  grammatica l  morpheme s 
i n thi s case ,  m a p one-to-one ,  a n assumptio n als o know n a s 
th e uniquenes s principl e (Wexle r  an d Culicover ,  1980 ;  Clark , 
1987 ;  Pinker ,  1984) ,  o r  th e less-is-mor e hypothesi s (New -
port ,  1988 ;  Newport ,  1990 ;  Goldowsk y an d Newport ,  1992) , 
cf.(Elman ,  1993) .  Specifically ,  whe n tens e an d aspec t  ar e en -
code d b y th e sam e morpheme ,  a s wit h -ed ,  w e assum e tha t 
th e childre n assig n th e morphem e a  singl e meaning :  aspect , 
i n thi s case ,  demonstrabl y close r  t o th e ver b tha n tens e (se e 
Slobin' s introductio n t o (Newport ,  1988)) . 

By contrast, environmentally driven theories like those of 
Shira i  an d Anderson ,  an d L i  an d Bowerma n deriv e evidenc e 
fo r  grammatica l  classificatio n fro m th e linguisti c environmen t 
of  th e child' s o w n language .  Th e chil d shoul d tun e t o thi s en -
vironment ,  producin g mapping s tha t  resembl e wha t  i s  hear d 
i n adul t  speech .  Thus ,  eve n i f  th e adul t  patter n i s ver y dif -
feren t  from  th e prototypica l  mappin g betwee n a  morphem e 
and a  verba l  class ,  i f  th e evidenc e fo r  thi s divergenc e i s stron g 
enoug h i n adul t  utterances ,  th e chil d shoul d sho w n o asym -
metr y wit h respec t  t o adul t  productions .  Th e chil d utterance s 
shoul d mimi c thos e o f  th e adult's . 

In the next section, we verify these predictions by the devel-
opmenta l  evidence .  W e wil l  se e tha t  children' s initia l  produc -
tio n o f  th e perfectiv e an d imperfectiv e indicate d b y th e -in g 
and -e d morpheme s ar e semanticall y circumscribe d i n th e wa y 
predicte d b y ou r  theory ,  despit e th e fac t  tha t  th e C H I L D E S 
adul t  tier s include ,  fo r  example ,  state s wit h -in g i n th e imper -
fectiv e an d ateli c verb s i n th e perfective .  Childre n ar e clearl y 
not  tunin g t o th e adul t  pattern ;  rather ,  adul t  inpu t  help s t o 
driv e th e chil d from  th e semanticall y circumscribe d stag e t o 
th e adul t  state .  Thu s ther e i s th e predicte d stron g asymme -
tr y wit h respec t  t o th e larg e numbe r  o f  ateli c verb s appearin g 
wit h -e d i n th e adul t  stat e an d th e smal l  numbe r  appearin g wit h 
thi s suffi x  a t  th e earlies t  developmenta l  stages .  Thi s asymme -
tr y shoul d graduall y disappea r  ove r  tim e give n environmenta l 
cue s tha t  th e child' s initia l  hypothesi s i s incorrect . 

The environmentally driven theory falsely predicts that the 
larg e numbe r  o f  ateli c verb s appearin g wit h -e d i n th e adul t 
stat e shoul d driv e th e chil d awa y from  a  hypothesi s whic h re -
strict s -e d t o t o tell e verb s an d s o w e shoul d se e n o asymmetr y 
i n th e adul t  an d earl y developmenta l  state s betwee n tell e an d 
ateli c verb s wit h -ed . 

Our findings contrast with previous studies in which the 
relationshi p betwee n lexica l  an d grammatica l  aspec t  i s no t 
made clear .  B loo m (Bloom ,  1973) ,  fo r  exampl e associate s 
-in g wit h prototypica l  [+durative ,  -telic ]  situation s an d -e d 
(includin g irregula r  pas t  tenses )  wit h prototypica l  [-durative , 
+telic ]  events .  I n contrast ,  w e focu s o n th e positiv e feature s 
[+dynamic ]  an d [+telic ]  an d sho w tha t  i t  i s  these ,  rathe r  tha n 
thei r  unmarke d counterpart s o r  frequency  i n th e adul t  lan -
guag e tha t  determine s th e distributio n o f  th e morpholog y i n 
th e chil d grammar . 
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M e t h o d o l o g y 

The dat a fo r  thi s pape r  wa s draw n fro m fou r  C H I L D E S file 
sets ,  representin g eigh t  children ,  severa l  o f  w h o m appeare d 
i n previou s studie s o n Englis h ver b morphology :  th e subject s 
i n Bloom ,  e t  al .  (Bloom ,  Lifter ,  an d Hafitz ,  1980) .  W e hand -
compile d a n exhaustiv e lis t  o f  th e 66 4 verb s use d b y bot h 
adult s an d childre n i n thes e files.  Eac h ver b wa s assigne d a n 
aspectua l  clas s compose d o f  privativ e feature s base d o n it s be -
havio r  o n standardize d test s  (cf .  (Dowty ,  1979)) ,  suc h a s com -
patibilit y  wit h tim e phrase s lik e i n a n hou r  o r  fo r  a n hour ,  an d 
entailmen t  i n th e progressive .  Verb s wer e teste d i n th e mos t 
minima l  frame :  wit h singula r  subjects ,  an d n o objec t  (Joh n 
ra n vs .  Joh n ra n a  mile )  o r  a  singula r  objec t  (Joh n go t  a  sand -
wic h rathe r  tha n Joh n go t  sandwiches) .  Al l  rater s agree d o n 
29 0 (43.7% )  o f  th e verbs ,  an d tw o rater s o n a n additiona l  32 6 
(49.1%) .  Fo r  4 8 verb s (7.2%) ,  th e thre e rater s eac h ha d a  dif -
feren t  category .  I n thi s study ,  w e examin e onl y thos e verb s fo r 
whic h ther e wa s complet e agreement. ' 

M e an Lengt h o f  Utteranc e wa s calculate d fo r  eac h o f  th e 
children' s files,  als o usin g th e C H I L D E S tool .  Th e chil -
dren' s files  wer e groupe d b y stages ,  followin g B r o w n (Brown , 
1973) .  Stage s I  an d I I  wer e collapse d fo r  severa l  reasons . 
First ,  th e file  set s sho w a  les s consisten t  tempora l  developmen t 
i n thes e stages .  I t  wa s therefor e difficul t  t o assig n a  se t  o f  files 
t o Stag e n ,  i f  a  singl e file  ha d th e relevan t  M L U ,  an d thre e o r 
fou r  late r  files  wer e belo w th e threshold .  Second ,  collapsin g 
thes e stage s als o allow s fo r  mor e parit y o f  corpu s siz e i n eac h 
division .  File s wer e divide d a s follows : 

• Stage I-n (MLU 1.5-2.5): adamOl-06, allisonl-4, ericOl-
03 ,  eveOl-07 ,  ninaOl-12 ,  peterOl-06 ,  sarahOOI-03 9 

STAGES l- U 

•  Stag e m ( M L U 2.5-3.125) : 
sarah040-064,ninal3-3 6 

adam07-18 ,  eve08-ll . 

•  Stag e I V (3.125-I-) :  adaml9-55 .  allison05-06 ,  evel2-20 , 
peter07-20 ,  sarah065-139 ,  nina37-5 6 

It is not our purpose to examine the theoretical importance 
of  th e stage s a s crucia l  unit s i n morphologica l  development ; 
rathe r  w e wan t  t o focu s o n th e fac t  tha t  th e asymmetrie s ar e 
eviden t  a t  th e earlies t  stage ,  diminishe d i n late r  stages ,  an d ab -
sent  i n th e adul t  data .  O u r  result s ar e base d o n th e followin g 
token/typ e count s a t  eac h stag e (se e als o Table s 2  an d 3) . 

• Stage I-II: 1,060 tokens, representing 151 verb types 

• Stage ni: 1,634 tokens, representing 173 verb types 

• Stage IV and up: 7,533 tokens, representing 223 verb types 

• Adult: 21,220 tokens, representing 243 verb types 

We counted verbs-morphology pairs in the relevant feature 
categorie s ([Otelic] ,  [+dynamic ]  an d [-i-durative ]  i n th e cas e 
of  walk )  a s bot h token s an d types .  I n th e toke n analysis ,  w e 
incremente d th e frequenc y coun t  onc e fo r  ever y instanc e o f 
a ver b wit h th e relevan t  featur e an d morpholog y a t  a  give n 
stage .  I n th e typ e analysis ,  w e incremente d th e frequenc y 

'We ar e currentl y analyzin g th e dat a usin g al l  o f  th e verb s i n th e 
files.  Ou r  conclusion s d o no t  see m t o b e affecte d s o fa r  b y incorpo -
ratin g th e ful l  se t  o f  thes e verbs . 

•In f 
•t i 

'•̂ Jf ' 
4<9 
m 

l+iebc j 
35 
4M 

[tUynmlc I 
0 
•) 

I-Hlynunic j 
JM 
547 

lUduraUvc ) 
Z2 
451 

l̂ iumive l 
487 
IU5 

STAGE U l 

•m 
•J 

lOielic I 
«« 
174 

|«.Ik: I 
174 
5S0 

indynunic l 
15 
19 

l+dynamic l 
795 
WB 

lOdunlivc l 
111 
503 

l-Kluranve l 
689 
321 

STAGE r V an d u p 

•«i « 
•ed 

[Olelic l 
H\6 
I«7 7 

IfUllc ] 
663 
Tm 

lUdynamit l 
55 
304 

[•4-dyiujnic l 
28J 4 
4350 

lUdurauvt j 
445 
7759 

l+dunuvc l 
2434 
1895 

A D U LT 

-l/ W 
t i 

[Olelic l 
!99 S 
!)25 0 

l+ielic l 
1328 
4644 

lUdynamic j 
164 
IU1 4 

[•fdyiumic ] 
7I « 
\TWS 

lUdurauvc ) 
963 
4240 

|+<)uniavc | 
6363 
9654 

Tabl e 2 :  Ver b token s wit h tense/aspec t  morpho log y 

STAGES i n 

•\n % 
-I d 

[OtcHc l 
48 
12 

[+ielic l 
13 
15 

(Odynamic ] 
0 
1 

l+dynamic l 
61 
26 

UkJuraiive l 
12 
14 

l-Hjunitive l 
49 
13 

STAGE m 

•mg 
•ed 

lOtelic I 
73 
23 

|+ichc | 
20 
22 

lUdynamic I 
2 
3 

|+dynamic | 
91 
42 

lOdurauve l 
18 
21 

|+durauve | 
75 
24 

STAGES IV + 

-in . 
-ed 

lOlcIic I 
112 
62 

l+lelic j 
34 
48 

[Udynamic l 
1 
5 

l+dynamic j 
145 
105 

lOduralivc l 
34 
44 

l-fdurauvc ] 
112 
66 

A D U LT 

•mt 
•ed 

[Olelic l 
119 
73 

l+ttlic | 
44 
44 

[Udynamic ] 
5 
9 

l-Hlynamic ) 
158 
108 

lUdurauve l 
42 
38 

l-fdurauve ] 
121 
79 

Tabl e 3 :  Ver b type s wit h tense-aspec t  morpholog y 

onc e fo r  on e o r  mor e instance s a t  a  give n stag e o f  a  verb -
morpheme pair .  Thus ,  th e hypothetica l  sentenc e I' m walking , 
walking ,  walkin g woul d ad d thre e instance s t o th e toke n cell s 
i n th e -in g ro w o f  [Otelic] ,  [+dynamic ]  an d [-i-durative ]  an d 
one instanc e t o th e sam e cell s i n th e typ e count .  Th e toke n 
informatio n i s relevan t  fo r  compariso n wit h frequenc y base d 
account s tha t  assum e tha t  mor e frequen t  verb s hav e greate r 
effec t  o n subsequen t  output .  Th e typ e informatio n abstract s 
away fro m th e repetition s c o m m o n i n speec h t o an d b y chil -
dren . 

I n bot h experiments ,  w e teste d bot h whethe r  ver b morphol -
og y an d lexica l  aspec t  feature s wer e independen t  an d wha t 
feature s o f  lexica l  aspec t  classificatio n predicte d th e appear -
anc e o f  whic h morpheme .  W e als o assume d tha t  morpholog y 
was independen t  o f  ag e fo r  verb s tha t  ha d eac h o f  th e si x fea -
tur e specification s ([-(-/Otelic] ,  [+/0dynamic] ,  [-H/Odurative]) . 
We teste d thes e hypothesi s usin g x ^  test s a t  significanc e level s 
of p <  .00 1 an d p  <  .O L 

Results 

E x p e r i m e n t  1 :  T o k e n s 

Tabl e I  show s tha t  th e presenc e o f  th e aspectua l  featur e o f 
telicit y i s significantl y correlate d wit h th e presenc e o f  th e 
'ed' '  morphem e durin g al l  stage s o f  developmen t  i n childre n 
( p <  .001) .  Th e adult s showe d a  significan t  correlatio n i n 
th e opposit e directio n wit h respec t  t o teli c  verbs .  Fo r  adults , 
-e d occurre d significantl y mor e ofte n wit h ateli c verb s tha n 
wit h teli c  item s ( p <  <  .001) .  Th e dat a als o appea r  t o 
sho w a  correlatio n betwee n th e featur e [Odurative ]  an d th e -
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STAGES M I 

STAGE II I 

STAGE IV + 

ADULTS 

-in g 

-e d 

Otel 

80 

20 

+te l 

46. 4 

53. 6 

-in g 

-e d 

Otel 

76. 1 

23. 9 

+te l 

47. 6 

52. 4 

-in g 

-e d 

Otel 

64. 4 

35. 6 

+te l 

41. 5 

58. 5 

-in g 

-e d 

Ote l 

62 
38 

+te l 

50 
50 

Stage s I-I I 
Stag e II I 
Stag e 1V + 
Adul t 

State s 

10 
23. 1 
35. 7 
56. 3 

Event s 

52. 5 
66. 3 
81. 3 
80. 2 

Tabl e 4 :  Percen t  o f  inflecte d (a)teli c verb s type s wit h -ing ,  -e d 

ed morpheme .  However ,  close r  inspectio n reveal s tha t  thi s i s 
du e t o th e hig h percentag e o f  teli c  verb s tha t  ar e [ 0 durative] . 
I n fact ,  N O N E o f  th e [Odurative ]  [Otelic ]  verb s occu r  wit h -e d 
i n stage s I- U an d IQ . 

Furthermore ,  ther e wa s a  stead y ris e i n th e numbe r  o f  ateli c 
verb s tha t  appea r  wit h -e d a s th e chil d matures ,  evidence d b y 
significantl y differen t  distribution s betwee n [Otelic ]  an d -e d 
acros s al l  ag e group s ( p <  .001) .  Adult s an d childre n a t 
stag e r v showe d a  significan t  correlatio n betwee n th e [-i-dy -
namic ]  featur e an d -e d ( p <  .001) ,  bu t  thi s correlatio n wa s 
not  observe d a t  eithe r  Stag e I- U o r  Stag e ID . 

Experiment 2: Types 

To furthe r  tes t  ou r  hypothesis ,  tha t  lexica l  aspec t  feature s an d 
morpholog y wer e relate d an d change d b y age ,  w e compare d 
th e distributio n o f  verb-morpholog y pai r  type s wit h respec t 
t o [+/0 ]  feature s distributio n an d wit h respec t  t o th e si x fea -
ture s b y age .  Tha t  is ,  th e distributio n o f  th e tense/aspec t  mor -
pholog y i s correlate d wit h th e valu e fo r  th e lexica l  aspec t  fea -
ture s telicit y an d durativit y onl y fo r  childre n ( p <  .01) . 
Agin ,  verb s i n th e perfective-er f  wer e overwhelmingl y [+telic ] 
or  [Odurative] ,  an d verb s i n th e imperfectiv e overwhelmingl y 
[Otelic ]  an d [+durative] . 

Furthermore ,  th e difference s i n distributio n m a y be ,  wit h a 
weake r  leve l  o f  confidenc e ( p <  .05) ,  attribute d t o onl y on e 
m e m b er  o f  th e featur e opposition :  agai n w e se e th e stead y ris e 
i n th e numbe r  o f  ateli c verb s wit h -ed ,  a s see n i n Tabl e 4 .  Th e 
distributio n o f  bot h [Otelic ]  an d [-i-durative ]  verb s differe d be -
twee n stage s I- n an d IV ,  I-I I  an d Adult ,  II I  an d IV ,  an d H I  an d 
Adult .  I n othe r  words ,  ther e wa s a  loos e clusterin g o f  Stag e 
I-n ,  m ,  an d Stag e IV ,  Adult . 

As wit h th e token  data ,  n o clea r  patter n emerge s fo r  th e 
[+/Odynamic ]  verb s o n thi s test .  N o significan t  differenc e i n 
distributio n i s observe d fo r  dynami c ver b type s withi n a  give n 
stage .  W e di d a n additiona l  test ,  comparin g th e distributio n o f 
th e [+/Odynamic ]  verb s tha t  appeare d wit h -ing ,  -ed ,  o r  bot h 
wit h th e verb s tha t  di d no t  appea r  wit h morpholog y a t  all .  Thi s 

Tabl e 5 :  Percen t  o f  verb s wit h tense/aspec t  morphology ,  b y 

typ e 

tes t  reveale d tha t  significantl y fewe r  [Odynamic ]  verb s appea r 

wit h tense/aspec t  morpholog y tha n [+dynamic ]  verbs .  Thes e 
result s ar e expresse d a s a  percentag e i n Tabl e 5 .  Th e distri -
butio n o f  state s wit h an d withou t  morpholog y a t  eac h chil d 
stag e i s significan t  a t  p  <  .01 .  Furthermore ,  ther e i s a  signif -
ican t  differenc e betwee n th e distributio n o f  state s ( p <  .01 ) 
and event s ( p <  .001 )  betwee n th e younges t  childre n an d 
th e adult .  Th e adul t  distributio n doe s no t  reac h significanc e 
at p <  .0 1 (althoug h i t  i s  significan t  a t  p  <  .05) . 

Experiment 3: Verb classes 

We als o investigate d th e ver b classe s a s composite s o f  fea -
tures ,  a s represente d i n Tabl e 1 .  Th e accomplishmen t  verb s i n 
thi s chart ,  sinc e the y hav e al l  th e features ,  shoul d b e allowe d 
t o appea r  wit h al l  morphology ,  wherea s verb s tha t  diffe r  i n 
onl y i n lackin g [+durative ]  shoul d b e les s likel y t o appea r  wit h 
th e imperfective ,  an d verb s lackin g [+telic ]  shoul d b e les s 
likel y t o appea r  wit h th e perfective .  Thes e verb s shoul d ap -
pea r  mos t  freel y wit h morphology .  Althoug h th e accomplish -
ment  dat a i s relativel y sparse ,  especiall y i n th e earl y stage s 
(onl y 3  accomplishment s i n I- U an d 6  i n HI) ,  preliminar y con -
clusion s suppor t  ou r  hypothesis .  O f  th e ver b type s tha t  appea r 
wit h morphology ,  a  greate r  proportio n o f  accomplishment s 
appea r  wit h -in g tha n o f  achievement s i n th e earlies t  stages , 
suggestin g tha t  th e absenc e o f  durativit y i s operativ e fo r  th e 
children. ^ 

Discussion 

Th e result s o f  Experiment s 1  an d 2  ar e consisten t  wit h th e hy -
pothesi s tha t  childre n initiall y  choos e th e mos t  restricte d rela -
tionshi p betwee n grammatica l  an d lexica l  aspect ,  constrain -
in g th e us e o f  -e d t o [+telic ]  verb s an d th e us e o f  -in g t o [+dy -
namic ]  an d [+durative ]  verbs .  Give n tha t  adult s d o no t  sho w 
thes e patterns ,  an d i n fac t  sho w th e opposit e patter n wit h re -
spec t  t o -ed ,  children' s initia l  production s ca n no t  b e th e resul t 
of  tunin g t o frequenc y i n child-directe d speech .  Thes e dat a 
sho w that ,  beside s bein g to o weak ,  a  frequency-base d accoun t 
i s to o strong ,  i n tha t  pattern s tha t  ar e robustl y atteste d i n adul t 
data ,  suc h a s th e relationshi p betwee n -e d an d [+dynamic] ,  i s 
not  replicate d i n earl y chil d speech .  Ou r  theor y explain s th e 
lac k o f  replicatio n o f  thi s patter n becaus e thi s restrictio n doe s 
not  gover n th e relationshi p betwee n grammatica l  an d lexica l 
aspec t  cross-linguistically . 

Bot h Experiment s 1  an d 2  sho w tha t  th e asymmetr y i n th e 
chil d an d adul t  dat a m a y b e attribute d particularl y t o change s 
i n th e verb s unmarke d fo r  th e relevan t  feature :  [Otelic ]  verb s 
chang e t o allo w -e d an d [Odurative ]  verb s chang e t o allo w -
ing .  Withi n ou r  model ,  exposur e t o adul t  dat a tha t  doe s no t 

^ A greater proportion of inflected achievements appear with -ed 
at  al l  stages . 
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confor m t o th e initia l  restriction s se t  b y Universa l  Grammar , 
force s th e chil d t o adop t  on e o f  th e les s restrictiv e alternative s 
i t  allows . 

Althoug h ou r  mode l  naturall y account s fo r  th e restriction s 
and ag e difference s observe d i n experiment s 1  an d 2 ,  th e cor -
relation s ar e als o consisten t  wit h a  mode l  tha t  associate s [Odu -
rative ]  wit h th e perfectiv e (e.g .  Bickerton )  an d [Otelic ]  wit h 
th e imperfective .  However ,  i n thi s sample ,  th e result s o n th e 
featur e [Odurat i  ve ]  ca n b e completel y attribute d t o th e [Odura -
tive ]  [+telic ]  verbs .  Experimen t  3  demonstrate s tha t  durativit y 
(an d no t  punctiliarity)i s operativ e i n explainin g th e differenc e 
betwee n [+telic ]  verb s wit h respec t  t o -ing .  Moreover ,  restric -
tion s base d o n unmarke d feature s ar e completel y absen t  i n th e 
cross-linguisti c dat a Olse n discusse s (e.g .  Bickerton' s punc -
tiliarity) . 

Conclusion 

I n conclusion ,  th e childre n learnin g Englis h w h o m w e stud -
ie d sho w asymmetrie s i n associatin g [-Kiynamic ]  an d [+telic ] 
lexica l  aspec t  feature s wit h th e -in g an d -e d morphology ,  no t 
trackin g adul t  frequenc y i n an y relevan t  way .  Ou r  mode l  pre -
dict s tha t  thes e asymmetrie s woul d exist ,  give n tha t  ther e ar e 
adul t  language s tha t  sho w th e relevan t  restriction s a s well . 
The adul t  distributio n provide s positiv e evidenc e fo r  relaxin g 
th e restriction s fo r  language s lik e English ,  rathe r  tha n a  mode l 
fo r  th e chil d t o follow ,  a s i n connectionis t  proposal s suc h a s 
Li  an d Bowerma n (L i  an d Bowerman ,  t o appear )  an d Shira i 
and Anderse n (Shira i  an d Andersen ,  1995) .  Furthermore ,  ou r 
model  predict s tha t  acquisitio n pattern s wil l  vary ,  dependin g 
on whethe r  tens e an d aspec t  ar e conflate d i n a  singl e mor -
pheme (English )  o r  no t  (Polis h an d othe r  Slavi c languages) . 
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Abstrac t 

This paper presents simulation results and network 
analysi s o f  generativ e Cascade-Correlatio n (CC )  network s 
whic h mode l  th e child' s learnin g o f  Englis h persona l 
pronouns .  Th e networ k analysi s reveale d tha t  overhear d 
speec h i s crucia l  i n learnin g th e correc t  semanti c rule s no t 
onl y fo r  first  an d secon d perso n pronoun s bu t  als o fo r  thir d 
perso n pronouns .  I n addition ,  i n orde r  t o induc e th e full y 
correc t  semanti c rule s withou t  error-correctin g feedback , 
th e network s nee d t o lear n al l  thre e persona l  pronouns . 
N^wo i k analysi s technique s use d i n th e presen t  stud y 
prove d t o b e a  powerfu l  too l  fo r  understandin g o f  wha t  th e 
network s ar e actuall y learning . 

Introduction 

Rec^i t  studie s hav e show n tha t  th e learnin g o f  persona l 
pronoun s i s  gradua l  an d canno t  b e explaine d b y an y fas t 
mappin g mechanism s specifi c t o wor d learnin g a s propose d 
b y th e specia l  lexica l  constraint s iq;̂ )roac h (Markman ,  1989 ; 
Oshima-Takane ,  1985 ,  i n press) .  Unlik e coun t  noun s an d 
prope r  nouns ,  th e referrai t  o f  a  persona l  pronou n shift s 
systematicall y dependin g o n th e discours e situation , 
althoug h eac h pronou n ha s a  fixed  meanin g (Kaplan ,  1978) . 
I n orde r  t o acquir e th e correc t  semanti c rule s fo r  persona l 
pronouns ,  childre n mus t  discove r  th e systemati c relationshi p 
betwee n pronoun s an d speec h roles .  Firs t  perso n pronoun s 
refe r  t o th e pCTso n usin g th e pronoun ,  whil e secon d perso n 
pronoun s refe r  t o th e perso n addressed .  Thir d perso n 
pronoun s refe r  t o a  non-addresse e w h o i s neithe r  speake r  no r 
addressee ,  an d hav e distinc t  masculin e an d feminin e forms . 

Oshima-Takane' s (1985 )  mode l  fo r  pronou n learnin g ha s 
provide d a  detaile d pictur e o f  th e changin g semanti c 
representation s childre n sho w i n th e cours e o f  acquisition . 
T h e basi c assumptio n o f  th e mode l  i s  tha t  childre n firs t 
determin e th e referen t  o f  a  pronou n i n eac h occuranc e o f  us e 
an d &.e a induc e it s semanti c rules .  W h a t  typ e o f  semanti c 
rule s childre n induc e depend s o n wha t  typ e o f  inpu t  the y 
hav e recdve d an d wha t  kin d o f  constraint s childre n brin g t o 
th e learnin g situatio n (e.g. ,  prio r  knowledg e relevan t  t o th e 
wor d learning ,  an d limite d attention ,  memory ,  o r 
informatio n processing) .  Accordin g t o thi s model ,  whethe r 
th e inpu t  contain s th e followin g situation s i s  specificall y 
inqxntant :  (a )  situation s i n whic h childre n ca n recogniz e tha t 
th e sam e pronou n use d i n differen t  discours e situation s refw s 
t o diffwen t  person s an d (b )  situation s i n whic h the y ca n 
recogniz e tha t  th e differai t  pronoun s refe r  t o th e sam e 
person .  T h e forme r  situation s (a )  provid e informatio n 

necessar y fo r  distinguishin g persona l  pronoim s fro m prope r 
names becaus e childre n coul d avoi d a  propo -  nam e 
interpretatio n fo r  a  pronou n (e.g. ,  "you "  i s anothe r  nam e o f 
th e child )  i f  th e pronou n i s no t  limite d t o a  specifi c 
individual .  Th e latte r  situation s (b )  facilitat e th e learnin g o f 
th e distinctiv e meaning s amon g differen t  form s o f  persona l 
pronoun s (i.e. ,  first,  second ,  an d thir d perso n pronouns) . 
Thi s i s  becaus e whe n differen t  form s refe r  t o th e sam e 
individual ,  childre n ar e force d t o searc h an y dat a tha t  ca n 
distinguis h the m i n th e input .  The y ar e force d t o utiliz e 
speec h rol e informatio n a s wel l  a s referen t  information .  A s a 
result ,  childre n ar e mor e likel y t o lear n th e distinctiv e 
meaning s amon g first ,  second ,  an d thir d perso n pronoims . 

I n suppor t  o f  thi s model ,  Oshima-Takan e an d he r 
collaborator s hav e conducte d a  serie s o f  expoim^ta l  an d 
observationa l  studie s an d hav e provide d enpirica l  evidenc e 
tha t  overhear d speec h i s a n inpu t  necessar y fo r  inducin g th e 
correc t  semanti c rule s withou t  error-correctin g feedbac k 
becaus e i t  provide s childre n wit h thes e tw o situations , 
wherea s child-directe d speec h doe s no t  (Oshima-Takane , 
1988 ,  1992 ;  Oshima-Takane ,  Goodz ,  &  Derevensky ,  1996) . 
Recen t  compute r  modelin g studie s o n th e learnin g o f  first 
and secon d perso n pronoun s wit h th e Cascade-Correlatio n 
( C C )  learnin g algorith m (Fahlma n &  Lebiere ,  1990 ; 
Oshima-Takane ,  Takane ,  &  Shultz ,  1995 )  hav e provide d 
convergin g evidenc e i n suppor t  o f  th e hypothesi s tha t 
childre n induc e th e incorrect ,  me-yo u reversa l  mie s b y 
observin g prcmoun s use d i n child-addresse d speech ,  wherea s 
the y induc e th e correc t  semanti c rule s b y observin g 
pronoun s use d i n non-addresse d speech .  I n addition ,  th e 
studie s hav e show n tha t  th e prio r  knowledg e tha t  individual s 
appearin g i n trainin g pattern s wer e member s o f  th e sam e 
kin d facilitate s netwoiks '  gaieralizatio n capabiUt y t o 
untraine d pattern s (Oshima-Takane ,  1985) .  Networ k 
analysi s o f  non-addresse e netwoik s revealed ,  however ,  tha t 
th e network s learne d eithe r  on e o f  th e tw o possibl e partiall y 
correc t  fimction s (i.e ,  partiall y  correc t  wit h regar d t o th e 
correc t  semanti c rules) .  The y ccwrectl y produce d a  prcmou n 
referrin g t o a  perso n w h o take s eithe r  a  speak w o r  a n 
addresse e rol e (e.g. ,  "me "  refarin g t o q)eaker )  bu t 
overgeneraUze d th e othe r  pronou n referrin g t o th e non -
addresse e (e.g. ,  "you "  refarin g t o addresse e an d non -
addressee) .  Becaus e n o trainin g pattern s wer e give n fo r  th e 
situation s wher e neidie r  ̂ jeake r  no r  addresse e i s referent ,  i t 
i s  quit e natura l  tha t  th e network s showe d overgeneralization s 
t o thos e patterns .  Brene r  (1983 )  reporte d tha t  children ,  too , 
showe d simila r  overgeneralizatio n o f  th e secon d perso n 
pronoim s t o non-addresse e befor e the y acquir e th e thir d 
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perso n pronouns .  Furtho- ,  the y sho w simila r  error s fo r  thir d 
perso n pronouns ,  wher e thir d perso n pronoun s ar e use d t o 
refe r  t o bot h addresse e an d non-addresse e befor e the y 
understan d tha t  thir d perso n pronoun s refe r  onl y t o non -
addressee . 

A primar y motivatio n fo r  th e presen t  simulatio n stud y i s 
t o understan d th e mechanism s b y whic h childre n lear n t o 
produc e persona l  pronoun s withou t  explici t  corrections ,  h i 
particular ,  w e investigate d if ,  wit h th e additio n o f  thir d 
pCTson pronoun s i n non-addresse d speech ,  th e C C network s 
can correc t  overgenerabzatio n error s an d ca n induc e th e 
correc t  semanti c rul e fo r  firs t  an d secon d perso n pronouns . 
Further ,  w e investigate d i f  overhear d speec h i s als o crucia l 
fo r  learnin g th e correc t  semanti c rul e fo r  thir d perso n 
pronouns . 

The CC learning algorithm 

Unlik e stati c feed-forwar d network s suc h a s back-propagatio n 
networks ,  a  C C networ k begin s wit h a  minima l  networ k 
topolog y consistin g o f  onl y th e inpu t  an d outpu t  units ,  t o 
u^c h Udde n unit s ar e adde d an d traine d automaticall y t o 
inqvov e performance .  Hidde n unit s ar e adde d on e a t  a  tim e 
unti l  erro r  i s  withi n a  rang e specifie d b y th e user ,  a t  whic h 
poin t  learnin g ha s b e ^  accomplished . 

Each inpu t  uni t  i s  coimecte d t o th e outpu t  unit s b y a n 
adjustabl e weight .  Initia l  weight s ar e selecte d randomly ,  an d 
ar e adjuste d base d o n activation s give n i n th e trainin g 
pattwns .  W h e n performanc e caimo t  b e improve d an y furthe r 
by weigh t  adjustments ,  a  hidde n uni t  wit h a  sigmoi d 
activatio n functio n i s recruited ,  producin g nonlinea r 
interactio n effect s i n th e mappin g o f  input s t o outputs . 
Incomin g weight s t o thi s ne w uni t  ar e determine d b y 
maximizin g correlatio n betwee n th e unit' s  activatio n an d 
networ k error ,  an d ar e fixe d throughou t  th e remainde r  o f  th e 
trainin g period .  Thu s erro r  i s no t  propagate d bac k acros s 
differen t  level s o f  th e network ,  resultin g i n quicker ,  mor e 
stabl e convergence .  Afte r  th e hidde n uni t  ha s bee n recruited , 
outpu t  weight s ar e readjuste d t o optimiz e poformance .  Thi s 
cycl e o f  erro r  reductio n i s rqjeate d unti l  a n accqjtabl e rang e 
i s reached . 

Simulation 

The presen t  simulatio n consist s o f  thre e trainin g phase s t o 
simulat e h o w childre n lear n t o produc e al l  pronou n form s b y 
listenin g t o othe r  person s producin g them .  I n Phas e I 
training ,  network s lear n other-speakin g patton s wit h a  firs t 
perso n pronou n "me "  an d a  secon d perso n pronou n "you" . 
I n Phas e I I  trainin g the y lear n other-speakin g pattern s wit h 
th e thir d perso n pronoun s "he "  an d "she "  adde d t o Phas e I 
trainin g patterns .  I n Phas e II I  training ,  child-speakin g 
pattem s wit h al l  pronou n form s ar e adde d t o Phas e 1  an d 
Phase n  trainin g pattems .  Thir d perso n pronoun s wer e 
presente d t o th e network s afte r  exposur e t o firs t  an d secon d 
perso n pronoun s i n orde r  t o simulat e th e child' s pronou n 
learnin g environmen t  (Oshima-Takan e &  Derat ,  1996) . 

The initia l  C C network s i n thi s simulatio n ha d thre e 
inpu t  unit s represoitin g speaker ,  addressee ,  an d referoit .  I n 
addition ,  ther e wa s a  bia s uni t  havin g a  valu e o f  -•- 1 o n th e 
inpu t  side .  Fiv e persons ,  child ,  mother ,  father ,  an d tw o 
additiona l  persons ,  on e femal e an d on e male ,  appeare d i n th e 

trainin g pattems .  Analo g codin g wa s use d i n orde r  t o 
implemen t  prio r  knowledg e tha t  individual s appeare d i n th e 
trainin g pattem s wer e i n th e sam e kin d P E R S O N.  Th e chil d 
was code d a s 0 ,  th e mothe r  a s -)-2 .  th e fathe r  a s -2 ,  an d th e 
othe r  tw o person s wer e code d a s + 1 an d -1 .  Positiv e value s 
represente d femal e person s an d negativ e value s Kpreaeale d 
mal e persons ,  t o cod e fo r  gendra -  i n thi s system .  Th e gendo -
of  th e chil d wa s no t  explicitl y  code d an d mus t  b e derive d 
fro m th e regularitie s o f  pronou n us e i n th e trainin g pattems . 
I n thi s simulation ,  th e chil d wa s treate d a s female . 

Localis t  codin g w a s use d t o cod e fo r  th e outpu t  pronoun . 
Of  th e fou r  units ,  thre e ha d a  negativ e value ,  whil e th e 
remainin g uni t  wa s positive .  Th e positio n o f  thi s positiv e 
uni t  determine d th e pronoun .  Th e pronoun s "me" ,  "you" , 
"she" ,  an d "he "  wer e represente d whe n th e first ,  second ,  thir d 
and fourt h unit s wer e positive ,  respectively .  Eac h inpu t  uni t 
was connecte d t o fou r  outpu t  units .  Figiu ^  1  dq)ict s a 
networ k afte r  th e recruitmen t  o f  tw o hidde n units . 

Network s wer e traine d unde r  thre e differen t  conditions : 
pur e addressee ,  pur e non-addressee ,  an d mixed .  I n Phas e I 
and Phas e I I  training ,  network s i n th e pur e addresse e 
conditio n wo- e traine d wit h th e addresse e pattem s i n whic h 
th e chil d wa s th e addressee ,  wherea s thos e i n th e piu e non -
addresse e amditio n wer e traine d wit h th e non-addresse e 
pattem s i n whic h th e chil d wa s neithe r  th e addresse e no r  th e 
speaker .  I n th e mixe d condition ,  network s wer e traine d wit h 
a combinatio n o f  equa l  number s o f  addresse e an d non -
addresse e pattems .  A s ther e wer e 2 0 addressee ,  6 0 non -
addressee ,  an d 2 0 child-speakin g pattems ,  th e numbe r  o f 
trainin g pattem s wa s equalize d acros s conditions .  I n eac h 
phase ,  th e addresse e pattem s wer e give n si x time s pe r  epoc h 
fo r  network s i n th e addresse e condition ,  whil e non-addresse e 
pattem s wer e give n twic e fo r  thos e i n th e non-addresse e 
condition .  Network s i n th e mixe d conditio n wer e give n th e 
addresse e pattem s thre e time s an d th e non-addresse e patton s 
onc e pe r  epoch ,  fo r  a n equa l  numbe r  o f  pattem s acros s 
conditions .  I t  shoul d b e note d tha t  repeated  pattem s di d no t 

pronou n 

IIiddcn 2 

me + 
vou — + 

Output s 

Hiddcn s 

^̂ Ilid.l.M. I 

Input s 

speake r  addresse e referen t 

Figur e 1 :  Pronoi m networ k afte r  recraitmen t  o f  tw o hidde n 
units . 
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affec t  learnin g tun e significantly .  Child-speakin g pattern s 

w h » e th e chil d wa s th e speake r  wer e adde d i n th e final  phas e 
of  trainin g fo r  al l  conditions . 

I t  wa s expecte d tha t  network s i n th e addresse e conditio n 
woul d lear n incorrect ,  nie-yo u reversa l  rule s durin g Phas e I 

trainin g an d woul d produc e "you '  i n referenc e t o th e chil d 
exclusivel y an d "me "  i n referenc e t o an y othe r  person .  I n 
Phas e I I  training ,  fou r  person s othe r  tha n th e chil d wer e 
referre d t o b y nwr e tha n on e pronoun ,  specificall y "me "  an d 
"she/he* .  Thus ,  th e addresse e networks  wer e expecte d t o 
produc e "me *  i n referenc e t o anothe r  perso n a s speaker ,  an d 
"she/he "  i n referenc e t o anothe r  perso n a s non-addressee . 
However ,  n o thir d perso n pronoun s woul d b e produce d i n 
referenc e t o th e chil d a s non-addressee ,  becaus e th e gendo *  o f 
th e chil d coul d no t  b e derive d from  th e addresse e patterns . 

Th e network s i n th e non-addresse e conditio n an d thos e i n 
th e mixe d conditio n wer e expecte d t o induc e eithe r  on e o f  th e 
tw o possibl e partiall y  correc t  function s i n Phas e I  trainin g 
and woul d sho w overgeneralizatio n error s o f  eithe r  "me "  o r 
"you "  t o non-addressee .  However ,  wit h th e additio n o f  thir d 
perso n pronoun s i n Phas e I I  training ,  thes e network s woul d 
lear n th e full y correc t  semanti c rule s fo r  al l  pronou n forms . 
Thi s i s becaus e al l  fou r  otho "  person s wer e referred  t o b y 
thre e pronoun s i n th e trainin g patterns .  Therefore ,  th e 
network s wer e force d t o utiliz e th e speec h rol e information , 
not  jus t  ref(»en t  information .  Th e performanc e o f  th e mixe d 
networic s wa s expecte d t o b e slightl y bette r  tha n tha t  o f  th e 
non-addresse e networks ,  siiK e th e onl y differenc e betwee n 
the m i s tha t  th e chil d i s referre d t o b y bot h "you "  an d "she " 
i n th e mixe d conditio n a s oppose d t o onl y "she "  i n th e non -
addresse e condition . 

Results 

Tabl e 1  simmiarize s th e mea n q)och s require d fo r  learnin g 
trainin g pattern s b y jAias e an d b y condition .  Non-addresse e 
network s too k a  significantl y greate r  numbe r  o f  epoch s t o 
trai n i n Phas e I  compare d t o mixe d networks ,  t(57)=5.46 , 
one-tailed ,  p<0.001 .  I n addition ,  th e numbe r  o f  epoch s fo r 
th e addresse e network s wa s significantl y fewe r  tha n thos e i n 
th e non-addresse e an d mixe d conditio n combined ,  t(54) = 
-55.92 ,  one-tailed ,  p<0.001 .  Al l  network s recruite d on e 
hidde n unit .  I n Phas e II ,  th e differenc e i n numbe r  o f  epoch s 
betwee n th e non-addresse e an d mixe d network s wa s no t 
significant ;  however ,  addresse e network s agai n too k 
significantl y fewe r  epoch s compare d t o thos e i n th e non -
addresse e an d mixe d ccmdition s combined ,  t(52)=-26.15 ,  one -
tailed ,  p<0.001 .  Network s recruite d a n averag e o f  1.9 5 
hidde n unit s (range :  1  -  3 )  i n th e addresse e condition ,  3.2 0 
(range: 3 -  4 )  i n th e non-addresse e condition ,  an d 3.9 5 
(range: 3 -5 )  i n th e mixe d condition .  I n Wias e II I  training , 
non-addresse e network s require d significantl y mor e epoch s t o 
lear n tha n mixe d networks ,  t(26)=2.54 ,  th e separat e varianc e 
estimate ,  one-tailed ,  p<0.01 .  Addresse e netwwk s require d 
significantl y mor e epoch s t o lear n th e child-speakin g 
pattern s conq>are d t o th e non-addresse e an d mixe d network s 
combined ,  t(20)=12.27 ,  th e separat e varianc e estimate ,  one -
tailed ,  p<0.001 .  Addresse e network s recruite d a n averag e o f 
2.6 5 hidde n unit s (range :  2  5) ,  whil e non e o f  th e non -
addresse e an d mixe d networks  require d an y additiona l  hidde n 

unit s i n Phas e III .  On e non-addresse e networ k an d fou r 
mixe d networks  di d no t  requir e an y Phas e II I  trainin g a t  all . 

Tabl e 1 :  Mea n epoch s require d fo r  th e thre e phase s o f 
learnin g b y condition . 

Phas e I 

Phase I I 

Phase m 

Mean 
SD 
Range 

Mean 
SD 
Range 

Mean 
SD 
Range 

Pur e 
addresse e 
n=2 0 

96. 8 
6.1 5 

82-10 7 

281. 2 
47.9 8 

225-39 1 

458. 2 
158.3 5 

237-76 6 

Conditio n 
pur e 

non-addresse e 
«=2 0 

266. 8 

16.2 1 
239-31 0 

742. 8 
73.9 5 

637-95 5 

31. 2 
33.0 8 
0-12 7 

mixe d 

n=2 0 

243. 9 
15.1 6 

218-28 5 

771. 2 
108.7 0 

445-88 8 

10. 8 
13.8 4 
0-6 5 

N e t w o r k A n a l y s i s 

Networ k analysi s wa s conducte d i n ordo -  t o examin e th e 
functio n th e network s hav e learne d an d thei r  goieralisatio n 
capabilities .  I n orde r  t o depic t  th e networ k representation , 
separat e graph s wer e mad e fo r  th e father ,  mo^et ,  an d chil d 
as referents.  I n addition ,  tw o graph s wer e presoite d fo r  eac h 
referent:  r l  whic h distinguishe s betwee n th e pronoun s "me " 
and "you" ,  an d r 2 whic h distinguishe s betwee n th e mal e an d 
th e femal e thir d perso n pronoun s "he "  an d "she" .  I n both , 
th e lef t  horizonta l  axi s represent s th e speake r  dimension ,  an d 
th e right  horizonta l  axi s repres ît s th e addresse e dimension . 
Numbers o n thes e dimension s represen t  w h o th e speako -  an d 
addresse e are ,  rangin g fro m - 2 t o +2 .  Th e vertica l  axi s 
represent s th e outpu t  pronoun . 

Target function 
We first  defin e 

y l=sigmoid(-c{(S-R)2-0.125} ) 

y2=sigmoid(-c{(A-R)2-0.125} ) 
y3=sigmoid(c(R+0.25) ) 

wher e S ,  A ,  an d R  represen t  th e value s fo r  th e speaker , 
addressee ,  an d referait,  an d wher e c  i s som e larg e positiv e 
valu e (e.g. ,  c=5000) .  Th e calculate d valu e the n undergoe s 

th e sigmoi d transformatio n 1/(1+e"^) ,  wher e x  i s th e valu e 
t o b e transformed .  Thus ,  y l  wil l  equa l  1  i f  th e speake r  an d 
referai t  agre e (ie .  "me "  i s produced )  an d wil l  equa l  0  i f  the y 
disagree .  Th e sam e ca n b e sai d abou t  y2 ,  bu t  wit h th e 
addresse e instea d o f  th e speaker .  I n y3 ,  femal e referents  ar e 
distinguishe d from  mal e referents ,  a s 1  i s produce d whe n th e 
referen t  i s  non-negativ e (female )  an d 0  i s produce d whe n th e 
referen t  i s  negativ e (male) . 
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CHIL D MOTHER 
rel> 2 

ffl 0 
-0. 5 

Figur e 2 :  Targe t  representatio n fo r  correc t  us e o f  first 
an d secon d perso n p ronoun s (rl) .  m e = + 0 . 5 ,  you= -
0.5 ,  he/she= 0 

FATHER 
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CHIL D 
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F igur e 3 :  Ta rge t  representatio n fo r  correc t  u s e o f 
thir d pe rso n p r o n o u n s (r2) .  h e = + 0 . 5 ,  she=-0 .5 , 
me/you= 0 

r»f.- 2 reM) re(« 2 ra<a- 2 rel ^ ral> 2 

ret.- 2 

ret— 2 

Figur e 4 :  A d d r e s s e e n e t w o r k representation s afte r 
Phas e I ,  P h a s e I I  a n d P h a s e E H trainin g fo r  us e o f  first 
an d secon d perso n p r o n o u n s (rl) . 

rel— 2 

ret—2 rel> 0 ret- 2 

i n 0 

Figures :  Addresse e networ k representation s afte r 
Phase I ,  Phas e n  an d Phas e H I  trainin g fo r  us e o f 
thir d perso n pronoun s (r2) . 

i»t— 2 raM> tal. 2 re*—2 rsf* 0 ret> 2 

rBta- 2 (• W 

Figur e 6 :  Non-addresse e networ k representation s afte r 
Phas e I ,  Phas e 1 1 a n d Phas e I D trainin g fo r  us e o f  first 
an d secon d perso n pronoun s (rl) . 

rel« 0 

spk- 2 - 2 $pk- 2 - 2 aa r 

Figur e 7 :  Non-addresse e networ k representation s afte r 
Phas e I ,  Phas e n  an d Phas e H I  trainin g fo r  us e o f 
thir d perso n pronoun s (r2) . 
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We the n defin e 

zl= y 1-0. 5 
z2=y2-0. 5 
z3=y3(J-yJXl-y2)-0. 5 

z4=(i-yi)(l-y2Xl-y3)-0. 5 
I n zl ,  "me "  i s distinguishe d fro m al l  othe r  pronoun s a s +0. S 
i s produce d whe n "me "  i s produce d (whe n y  1=1 ,  se e above ) 
and -0. 5 i s produce d fo r  al l  othe r  pronouns .  Similarly ,  th e 
othe r  thre e function s z2 ,  z3 ,  an d z 4 respectivel y distinguis h 
th e pronoun s "you" ,  "she" ,  an d "he "  from  al l  othe r 
pronouns . 

T o conserv e space ,  w e furthe r  transfor m z' s into : 
rl=03x(zl-z2 ) 
r2=0.5x(z4-z3 ) 

wher e zl ,  z2 ,  z3 ,  an d z 4 ar e function s producin g +0. 5 fo r  a 
specifi c  pronou n ("me" ,  "you" ,  "she" ,  an d "he" , 
respectively) ,  an d -0. 5 fo r  al l  othe r  pronouns .  Th e functio n 
r l  combine s th e representation s o f  "me "  an d "you "  int o one , 
wher e r l  equal s +0. 5 whe n "me "  i s produce d an d equal s -0. 5 
when "you "  i s produced .  Th e othe r  pronoun s woul d hav e a n 
outpu t  o f  0 .  Likewise ,  r 2 combine s th e representation s o f 
"she "  an d "he" ,  suc h tha t  th e outpu t  i s +0. 5 whe n "he "  i s 
produce d an d i s -0. 5 whe n "she "  i s produced .  Th e targe t 
fimctio n fo r  correc t  us e o f  first ,  second ,  an d thir d perso n 
pronoun s i s show n i n Figure s 2  &  3 .  I n Figur e 2 ,  th e 
grq)hica l  rq)resentati(H i  o f  rl ,  "me "  i s produce d whe n th e 
referen t  an d ̂ )eake r  agree ,  an d "you "  i s p-oduce d whe n th e 
referai t  an d addresse e agree .  A t  al l  othe r  points ,  wher e 
refa«i t  doe s no t  agre e wit h speake r  o r  addressee ,  thir d pa-so n 
pronoun s ar e produced ,  an d therefor e th e outpu t  shoul d b e 
zero .  I n Figur e 3 ,  th e representatio n o f  r2 ,  "he "  i s produce d 
v^e n th e referen t  i s a  mal e thir d p^-son ,  an d "she "  i s 
produce d w h o i  th e referrai t  i s  a  femal e thir d person . 
Otherwise ,  firs t  o r  secon d perso n j)ronoun s ar e product ,  an d 
th e outpu t  i s  zero . 

Function Approximations 

Networ k analysi s examine d th e graphica l  representation s o f 
networ k approximation s a t  trainin g point s an d th e 
generalisatio n t o tes t  points .  Generalisatio n test s consiste d 
primaril y o f  intopolatio n betwee n trainin g points .  I n 
general ,  th e cIosc t  th e networks '  approximation s wer e t o th e 
targe t  function ,  th e greate r  thei r  generalisatio n capability . 

Figure s 4  &  5  presen t  th e functio n approximatio n o f  a 
networ k i n th e pur e addresse e conditio n b y phase .  A s see n i n 
Figur e 4 ,  who i  th e chil d i s th e referen t  (ref=0) ,  th e graphica l 
surfac e afto -  Phas e I  trainin g i s a t  th e -0. 5 level ,  indicatin g 
tha t  "you "  i s produced .  Also ,  whe n th e referen t  i s th e 
mothe r  (ref=2 )  o r  fathe r  (ref=^2) ,  "me "  i s produced ,  a s th e 
graphica l  surfac e i s a t  +0.5 .  Thus ,  network s learne d th e 
incorrect ,  me-yo u reversa l  rul e durin g Phas e I  training . 
Durin g Hias e I I  training ,  th e networ k learne d t o differentiat e 
betwee n th e referent s a s speaker s an d non-speakers :  "me " 
was produce d whe n th e refer̂ i t  i s  th e speaker ,  an d thir d 
perso n pronoun s wer e produce d elsewhere .  Th e exceptio n t o 
thi s wa s whe n th e chil d wa s th e referent ,  w h o wa s refere d t o 
almos t  exclusivel y b y th e pronou n "you" ,  excep t  whe n 
takin g o n th e rol e o f  speaker . 

Th e resul t  seeme d t o indicat e tha t  th e network s wer e abl e 
t o discer n tha t  "you "  wa s no t  th e correc t  pronou n t o produc e 

i n thi s situatio n bu t  wer e unabl e t o discove r  whic h pronou n 
shoul d b e produced .  Network s di d no t  lear n t o produc e "me " 
i n referenc e t o th e chil d a s speakta -  an d "you "  i n referenc e t o 
person s othe r  tha n th e chil d a s addresse e unti l  Phas e III . 

Further ,  th e degre e o f  correc t  generalisatio n o f  "me "  an d 
"you "  t o untraine d pattern s varie d fo r  eac h network .  Thir d 
perso n pronoun s i n referenc e t o chil d wer e neve r  learne d 
correctl y b y addresse e network s becaus e th e goide r  o f  th e 
chil d coul d no t  b e derive d fro m th e addresse e an d th e child -
speakin g pattern s only . 

Th e non-addresse e an d mixe d network s wer e ver y similar , 
and therefor e onl y on e se t  o f  figure s fo r  a  non-addresse e 
networ k (Figure s 6  &  7 )  ar e presented .  A s th e networ k 
traine d wit h me-yo u pattern s onl y i n Phas e I ,  a  partiall y 
correc t  functio n wa s formed .  I n thi s case ,  th e networ k 
learne d th e pronou n "me "  correctly ,  bu t  overgeneralise d th e 
us e o f  "you "  t o non-addresse e (Fig .  6 ,  to p row) .  However , 
thi s wa s correcte d i n Phas e I I  training ,  wit h th e additio n o f 
thir d perso n pronouns ,  a s th e networ k learne d tha t  th e 
pronoun s "he "  o r  "she "  shoul d b e use d i n referenc e t o non -
addressees .  Networ k analysi s o f  mor e detaile d developmenta l 
dat a indicate d tha t  correc t  learnin g o f  "you "  too k plac e upo n 
recruitmen t  o f  on e o r  mor e hidde n unit s i n Phas e II . 

Discussion 

Bot h th e analysi s o f  learnin g tim e an d th e networ k analysi s 
indicat e tha t  addresse e network s underg o th e bul k o f  thei r 
learnin g afte r  th e additicH i  o f  child-speakin g pattern s i n Phas e 
III ,  wha-ea s non-addresse e an d mixe d network s lear n th e 
correc t  semanti c rule s i n th e firs t  tw o phases .  Th e networ k 
analysi s clearl y indicate d tha t  wit h th e additio n o f  thir d 
perso n pronoun s t o th e Hias e I  trainin g pattans ,  non -
addresse e an d mixe d netw(»k s wer e abl e t o correc t 
overgeneralizatic m error s o f  eitho -  "me "  o r  "you "  an d learne d 
th e fiill y  correc t  semanti c rule s fo r  al l  persona l  pronou n 
forms .  I n fact ,  som e o f  th e mixe d an d non-addresse e 
network s showe d perfec t  generalizatio n t o diild-speakin g 
pattern s withou t  Phas e II I  training .  Th e remainin g mixe d 
and non-addresse e network s neede d som e Phas e II I  trainin g 
fo r  simpl y adjustin g weights ,  a s non e o f  the m recruite d 
hidde n units .  O n th e othe r  hand ,  al l  th e addresse e network s 
neede d Phas e II I  trainin g t o correc t  th e me-yo u reversa l  error s 
and neve r  learne d th e thir d perso n pronou n i n referenc e t o th e 
child .  W h e n th e representation s o f  th e network s afte r 
completio n o f  al l  th e trainin g ar e examined ,  non-addresse e 
and mixe d network s showe d bette r  generalisation s t o 
untraine d pattem s compare d t o addresse e networks .  N o clea r 
diffa-enc e wa s observe d betwee n mixe d an d non-addresse e 
network s excep t  tha t  ther e wer e slightl y mor e mixe d 
network s tha n non-addresse e network s whic h coul d lea m th e 
correc t  semanti c rule s withou t  Phas e II I  training . 

A n interestin g findin g i s tha t  withou t  child-̂ )eakin g 
pattems ,  addresse e network s wer e unabl e t o produc e "you "  i n 
referoic e t o a  p^-so n othe r  tha n th e child .  Instead ,  th e 
addresse e network s produce d thir d perso n pronoun s i n 
referenc e t o other s a s addressee ,  althoug h th e network s coul d 
hav e produce d "me "  rathe r  tha n "he "  o r  "she "  i n thi s 
situation .  Th e consisten t  overgeneralizatio n o f  thir d perso n 
pronoun s t o other s a s addresse e suggest s tha t  addresse e 
network s wer e influence d b y th e fac t  tha t  a  perso n othe r  tha n 
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thechildwasreferredtob y "he "  o r  "she "  (1 2 patterns )  mor e analysis .  Technica l  Repor t  2095 ,  McGil l  Paper s i n 
frequentl y tha n b y "me "  ( 4 patterns )  i n th e addresse e trainin g Cognitiv e Science ,  McGil l  University ,  Montreal . 

patterns .  This ,  i n turn ,  suggest s tha t  th e network s use d 
referen t  informatio n only ,  eve n thoug h th e sam e perso n wa s 
referre d t o b y mor e tha n on e pronoun .  I t  appeare d tha t 
situation s i n whic h th e sam e pronou n refers  t o differen t 
poson s ar e als o neede d i n orde r  t o forc e th e network s t o us e 
speec h rol e information . 

I n sum ,  th e networ k analysi s revealed  tha t  network s nee d 
t o lea m al l  thre e persona l  pronoun s i n orde r  t o induc e th e 
fiill y  correc t  semanti c rule s withou t  error-correctin g 
feedback .  I n addition ,  th e result s confirme d tha t  overhear d 
speec h i s crucia l  i n learnin g th e correc t  semanti c rule s no t 
onl y fo r  firs t  an d secon d perso n pronoun s bu t  als o fo r  thir d 
perso n pronouns . 
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Abstrac t 

The performance of a neural network that categorizes facial 
expression s i s compare d wit h huma n subject s ove r  a  se t  o f 
experiment s usin g interpolate d imagery .  Th e experiment s fo r 
bot h th e huma n subject s an d neura l  network s mak e us e o f  in -
terpolation s o f  facia l  expression s fro m th e Picture s o f  Facia l 
Affec t  Databas e [Ekma n an d Friesen ,  1976] .  Th e onl y differ -
enc e i n material s betwee n thos e use d i n th e huma n subject s 
experiment s [Youn g e t  al. ,  1997 ]  an d ou r  material s ar e th e 
manner  i n whic h th e interpolate d image s ar e constructe d -
image-qualit y morph s versu s pixe l  averages .  Nevertheless ,  th e 
neura l  networ k accuratel y capture s th e categorica l  natur e o f  th e 
human responses ,  showin g shar p transition s i n labelin g o f  im -
ages alon g th e interpolate d sequence .  Cruciall y fo r  a  demon -
stratio n o f  categorica l  perceptio n [Hamad ,  1987] ,  th e mode l 
shows th e highes t  discriminatio n betwee n transitio n image s a t 
th e crossove r  point .  Th e mode l  als o capture s th e shap e o f  th e 
reactio n tim e curve s o f  th e huma n subject s alon g th e sequences . 
Finally ,  th e networ k matche s huma n subjects '  judgement s o f 
whic h expression s ar e bein g mixe d i n th e images .  Th e mai n 
failin g o f  th e mode l  i s tha t  ther e ar e intrusion s o f  "neutral " 
response s i n som e transitions ,  whic h ar e no t  see n i n th e huma n 
subjects .  W e attribut e thi s differenc e t o th e differenc e betwee n 
th e pixe l  averag e stimul i  an d th e imag e qualit y morp h stim -
uli .  Thes e result s sho w tha t  a  simpl e neura l  networ k classifier , 
wit h n o acces s t o th e biologica l  constraint s tha t  ar e presumabl y 
impose d o n th e huma n emotio n processor ,  an d whos e onl y ac -
ces s t o th e surroundin g cultur e i s  th e categor y label s place d b y 
America n subject s o n th e facia l  expressions ,  ca n nevertheles s 
simulat e fairi y  wel l  th e huma n response s t o emotiona l  expres -
sions . I n t r o d u c t i o n 

Research into the nature of the perception of facial im-
age s i n human s (i n task s suc h a s identificatio n o f  th e 
subjec t  a s wel l  a s wha t  expressio n i s  bein g displayed ) 
has uncovere d considerabl e evidenc e tha t  th e proces s i s 
categorica l  [Beal e an d Keil ,  1992 ,  Etcof f  an d Magee ,  1992 , 
Youn g e t  al. ,  1997] .  Thi s researc h ha s focuse d o n h o w huma n 
response s chang e ove r  a  sequenc e o f  interpolate d imager y be -
twee n tw o prototypes .  Th e studie s hav e consistentl y reporte d 
categorica l  transition s i n th e sequences .  Categorica l  percep -
tio n (CP )  typicall y involve s demonstratin g a  boundar y regio n 
wher e response s b y subject s chang e rapidl y an d wher e th e 
subject s sho w a  correspondingl y greate r  abilit y  t o discrimi -
nat e th e stimul i  [Liberma n e t  A. ,  1957 ,  Harnad ,  1987] . 

I n previou s wor k w e evaluate d severa l  type s o f  imag e 
feature s i n term s o f  thei r  efficac y a s input s t o neura l  net -
wor k model s o f  emotio n recognition .  Th e facia l  expres -
sio n image s w e use d wer e fro m th e Picture s o f  Facia l  Af -
fec t  (PFA )  databas e [Ekma n an d Friesen ,  1976] .  Th e cat -
egorizatio n rate s o f  h u m a n subject s i n a  six-wa y force d 
choic e labelin g o f  th e image s [Ekma n an d Friesen ,  1977 ] 

(provide d wit h th e P F A )  wer e use d b y th e mode l  a s tar -
get s fo r  th e emotio n categories .  Th e bes t  networ k cor -
rectl y recognize d 8 6 . 2 % o f  th e expression s displaye d i n 
nove l  fac e image s [Padget t  an d Cottrell ,  1997] .  W e the n 
use d thi s mode l  t o predic t  huma n response s t o constructe d 
image s tha t  dissolve '  fro m on e facia l  expressio n imag e t o 
anothe r  [Padget t  e t  al. ,  1996 .  Adolph s e t  al. ,  1998] .  W h e n 
teste d o n pixel-average d transition s betwee n facia l  expres -
sion s o f  th e sam e subject ,  th e mode l  predicte d tha t  som e 
transition s woul d b e les s "categorical "  tha n others ,  wit h 
shallowe r  transitio n curve s [Padget t  e t  al. ,  1996] .  Huma n 
response s o n th e sam e pixel-average d stimul i  sho w simi -
la r  variation s [Adolph s e t  al. ,  1998] .  H u m a n subjec t  stud -
ie s makin g us e o f  th e E k m a n an d Friese n prototype s 
als o sho w categorica l  response s usin g morp h sequence s 
of  lin e drawing s extracte d fro m th e E k m a n an d Friese n 
image s [Etcof f  an d Magee ,  1992] ,  an d usin g image-qualit y 
morp h sequence s tha t  appea r  a s natura l  a s th e origina l  im -
age s [Calde r  e t  al. ,  1996 ,  Youn g e t  al. ,  1997] . 

I n on e o f  th e mos t  extensiv e studie s wit h huma n subjects . 
Youn g e t  al .  (1997 ,  hencefort h "Megamix" )  sho w tha t  image -
qualit y morp h sequence s betwee n si x emotiona l  expression s 
(Happy ,  Sad ,  Afraid ,  Angry ,  Surprised ,  an d Disgusted )  an d 
"neutral "  expression s exhibi t  categorica l  behavior .  I n con -
tras t  t o Etcof f  an d Magee' s work ,  the y use d phot o qualit y 
image s instea d o f  lin e drawings .  I n contras t  t o Calde r  e t  al. , 
al l  possibl e transition s betwee n emotio n pair s fo r  a  singl e 
subjec t  ("JJ" )  fro m th e P F A databas e (includin g neutral )  wer e 
tested .  Thi s comprehensiv e stud y o f  huma n response s t o fa -
cia l  expression s i s th e inspiratio n fo r  ou r  curren t  study .  I n th e 
followin g section s w e revie w th e result s fro m th e Megami x 
stud y i n mor e detail ,  describ e th e neura l  networ k mode l  fro m 
whic h w e develo p th e comparison ,  an d presen t  ou r  results . 

Review of "Megamix" 

The Megami x stud y i s importan t  a s i t  exhaustivel y examine d 
th e transitio n spac e betwee n al l  si x pair s o f  emotion s i n th e 
P FA plu s "neutral "  faces .  Th e stud y provide d th e mos t  in -
dept h loo k a t  h o w human s classif y morp h stimul i  an d thei r 
abilit y  t o discer n difference s withi n an d betwee n clas s bound -
aries .  Althoug h th e stimul i  wer e limite d t o a  singl e individ -
ual' s expression s (th e "JJ "  image s i n th e P F A )  an d a  rathe r 
coars e ste p siz e betwee n th e image s alon g th e transition ,  th e 
amount  an d kin d o f  dat a collecte d wa s quit e large ,  an d i s thu s 
extremel y useful . 

Th e focu s o f  th e M e g a m i x stud y wa s i n demonstrat -
in g tha t  tw o dimensiona l  account s o f  classifyin g emo -

'  "Dissolve "  i s a  ter m fro m graphic s denotin g a  fad e fro m on e 
imag e whil e fadin g int o anothe r  W e us e thi s ter m t o distinguis h 
our  linea r  pixel-averag e transition s fro m image-qualit y morphing , 
an inherentl y nonlinea r  process . 
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Figur e 1 :  Exampl e dissolv e sequence s o f  subjec t  J J fro m th e Facia l  Affec t  database .  Al l  seve n emotion s use d i n th e stud y ar e 
shown here .  Th e imag e sequence s ar e linearl y interpolate d betwee n th e tw o databas e image s a t  eac h extreme . 

tion s [Russell ,  1980 ]  base d o n a  multi-dimensiona l  scalin g 
( M D S)  o f  similarit y rating s o f  emotio n categorie s d o no t  ade -
quatel y accoun t  fo r  th e observe d boundar y behavio r  betwee n 
emotions .  M D S result s i n a  "circumplex "  o f  emotions ,  a  two -
dimensiona l  scalin g solutio n wher e emotion s ar e arrange d 
aroun d a  circl e i n th e scalin g space .  Account s base d o n thi s 
woul d sugges t  morphin g betwee n pair s o f  emotion s o n op -
posit e side s o f  th e circumple x woul d pas s throug h a  neu -
tra l  spac e i n th e center .  O n th e contrary ,  al l  emotio n pair s 
showed categorica l  behavio r  wit h fe w intrusion s fro m othe r 
categorie s [Youn g e t  al. ,  1997] . 

For  thi s study ,  w e ar e intereste d i n comparin g th e 
reporte d result s o f  th e huma n subjec t  experiment s i n 
Megamix t o th e neura l  networ k mode l  use d i n ou r  previou s 
stud y [Padget t  e t  al. ,  1996] .  Th e dat a use d i n thei r  exper -
iment s consiste d o f  morphe d imager y fro m PFA .  A  singl e 
subjec t  i n databas e ("JJ" )  serve d a s th e endpoint s fo r  th e 
transitio n sequences .  I n thei r  Experimen t  2 ,  image-qualit y 
morph s wer e constructe d betwee n al l  si x emotion s plu s neu -
tra l  (Experimen t  1  jus t  use d th e si x emotio n prototype s a s 
morp h endpoints) .  Ste p size s o f  9 0 % ,  7 0 % ,  5 0 % ,  3 0 % ,  an d 
1 0 % wer e use d betwee n eac h pai r  o f  endpoint s (10 5 uniqu e 
images) .  Thes e wer e presente d i n rando m orde r  t o subjects , 
who mad e a  7-wa y force d choic e betwee n th e si x emotio n la -
bel s an d neutral .  A n exampl e o f  th e huma n subjec t  respons e 
curve s i s give n i n Figur e 3  (middle) .  Respons e time s (RT's ) 
wer e als o recorded .  The y foun d th e resultin g R T curve s wer e 
"scalloped" ,  wit h th e fastes t  RT' s nea r  th e prototyp e emotion , 
droppin g of f  farthe r  fro m th e prototype . 

I n thei r  Experimen t  3 ,  subject s wer e require d t o discrim -
inat e (same/differen t  judgements )  simultaneousl y presente d 
image s tha t  wer e on e ste p awa y fro m eac h othe r  alon g th e 
transitions .  Th e subject s showe d bette r  discriminatio n nea r 
categor y boundarie s tha n nea r  prototypes ,  a  standar d require -
ment  fo r  categorica l  perception . 

Finally ,  i n Experimen t  4  o f  Megamix ,  Youn g e t  al .  teste d 
th e exten t  t o whic h thei r  subject s coul d tel l  wha t  tw o emotion s 
wer e represente d i n th e morp h images .  Thi s i s importan t 
because ,  i f  th e image s ar e perceive d categorically ,  on e expect s 
tha t  subject s shoul d b e poo r  a t  judgin g wha t  othe r  emotio n i s 
mixe d int o th e image .  The y aske d th e subject s t o giv e thre e 
response s t o a n image :  whic h emotio n i t  wa s closes t  to ,  the n 
th e nex t  closes t  emotion ,  the n th e next ,  score d a s 3 ,  2 ,  an d 1 , 
respectively .  The y include d th e prototyp e image s a s well ,  i n 
orde r  t o b e abl e t o contro l  fo r  th e intrinsi c similarit y betwee n 
certai n emotions .  I f  a  surpris e imag e alread y look s lik e fear , 
fo r  example ,  thi s coul d bia s th e results .  B y collectin g th e thre e 

score s fo r  th e prototypes ,  the y coul d subtrac t  of f  th e respons e 
th e prototyp e engendere d t o othe r  emotio n categories .  Thes e 
differenc e score s wer e the n average d acros s al l  emotions ,  an d 
th e averag e response s t o th e prototyp e bein g move d toward s 
plotted .  Tliei r  dat a i s plotte d i n Figur e 5 .  I t  clearl y show s th e 
subject s ar e sensitiv e t o th e secondar y categor y i n th e images . 

Neural Network Model 

Althoug h w e wer e unabl e t o obtai n th e Megami x morp h se -
quences ,  w e ha d previousl y develope d dissolv e sequence s 
fo r  testin g o n th e transitio n behavio r  betwee n emotio n pairs . 
Th e dissolve s ar e a  weighte d averag e o f  correspondin g pixel s 
betwee n tw o expressio n prototyp e image s o f  th e sam e indi -
vidual .  Th e transition s ar e produce d b y varyin g th e weight s 
i n fixed  step s o f  1 0 % .  Thi s techniqu e worke d reasonabl y 
wel l  sinc e th e image s wer e preprocesse d t o alig n th e eye s an d 
mouth ,  an d normalize d fo r  brightness .  S o m e artifact s (multi -
pl e features )  ca n occasionall y b e observe d i n th e images .  A 
sequenc e thu s consiste d o f  9  dissolv e image s (no t  includin g 
th e prototypes )  a t  1 0 % mi x interval s fo r  th e subjec t  JJ .  Fig -
ur e I  show s example s o f  th e transitions .  W e use d th e sam e 
image s o f  J J fro m th e databas e a s wer e use d i n M e g a m i x fo r 
th e endpoints . 

I n previou s wor k [Padget t  an d Cottrell ,  1997] ,  w e deter -
mine d tha t  extractin g feature s fro m th e ey e an d mout h regions , 
rathe r  tha n whole-fac e "eigenfaces "  give s th e bes t  generaliza -
tio n performanc e fo r  emotio n recognition .  Th e feature s w e 
use d wer e th e principa l  component s o f  32x3 2 pixe l  patche s 
randoml y sample d fro m th e fac e images .  Thes e for m a  se t  o f 
basi s image s tha t  resembl e th e filtering  performe d b y som e 
type s o f  cell s i n primar y visua l  corte x (se e Figur e 2 ,  right) . 
Overlappin g patche s fro m th e eye s an d mout h wer e projecte d 
ont o thes e feature s an d th e resultin g score s wer e give n a s in -
put s t o a  neura l  networ k model .  T w o patche s ar e use d fo r 
eac h eye ,  an d thre e fo r  th e mouth ,  fro m th e region s show n i n 
th e lef t  sid e o f  Figur e 2 .  Eac h patc h i s projecte d o n t o th e 
to p 1 5 principa l  component s o f  th e rando m block s resultin g 
i n 10 5 dimensiona l  inpu t  patterns . 

The trainin g pattern s consiste d o f  8 9 image s o f  eleve n sub -
ject s (fiv e male ,  si x female )  fro m th e P F A databas e (no t  in -
cludin g mal e subjec t  "JJ" ,  w h o i s use d fo r  testing). ^  Thes e 
include d image s o f  al l  si x expression s plu s eleve n neutra l  im -

^Th e PF A databas e i s unbalanced ,  i n tha t  no t  al l  subject s hav e 
al l  expression s represente d i n th e database ,  an d som e hav e multipl e 
occurrence s o f  som e expressions .  Henc e th e numbe r  o f  image s i s 
not  77 . 
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Figur e 2 :  Left :  T h e featur e region s o n a  normalize d tes t  im -
age .  Right :  T h e to p 2 5 r a n d o m bloc k principa l  components , 
1 5 o f  wh i c h ar e use d a s feature s t o construc t  th e input s t o th e 
neura l  networks . 

ages .  I n a n attemp t  t o ge t  a  balance d trainin g set ,  r a n d o m 
sample s o f  a n equa l  n u m b e r  o f  eac h emot io n (10 )  wer e d r a w n 
f ro m th e 8 9 image s an d reserve d fo r  trainin g (7 0 images) .  T h e 
remainin g 1 9 image s wer e use d a s a  hol d ou t  se t  t o sto p net -
w o r k training .  Differen t  subset s o f  7 0 trainin g image s wer e 
use d fo r  eac h network . 

T h e ne twor k m o d e l  o f  a  "subject "  consist s o f  ensemble s o f 

11 feed-forward ,  full y  connecte d "vanilla "  neura l  networks.' ' 
E a c h networ k ha s 10 5 inputs ,  1 0 hidde n units ,  an d a n outpu t 
laye r  o f  7  units ,  o n e fo r  eac h emot io n plu s neutral .  Al l  unit s 
excep t  th e input s ar e standar d logisti c functions .  W e traine d 
th e network s wit h bac k propagatio n an d th e mean-square d er -
ro r  cos t  functio n [Rumelhartetal. ,  1986] .  T h e teachin g signa l 
w as a  " 1 "  fo r  th e putativ e expressio n bein g portrayed ,  an d " 0 " 
fo r  th e othe r  si x outputs .  E a c h networ k i n th e ensembl e use s 
differen t  initia l  r a n d o m weights ,  a  differen t  r a n d o m sampl e o f 
7 0 trainin g image s (subjec t  t o th e 1 0 image s pe r  emot io n con -
straint) ,  an d thu s a  differen t  hold-ou t  set .  Trainin g w a s halte d 
w h e n th e erro r  o n th e hold-ou t  se t  w e n t  u p ove r  thre e epochs . 
T h e network s too k abou t  1(X )  epoch s t o train .  W e traine d 5 0 
suc h networ k ensembl e "subjects" .  Al l  networ k ensemble s 
generalize d t o th e "JJ "  image s wit h 1 0 0 % accuracy .  "JJ "  i s 
a particularl y g o o d subject ,  i n tha t  i t  i s  eas y t o recogniz e hi s 
expressions ,  w h i c h i s w h y Y o u n g e t  al .  use d hi s image s fo r 
thei r  h u m a n subjects . 

T o c o m b i n e th e score s o f  th e 1 1 network s i n th e ensemble , 
a n u m b e r  o f  differen t  technique s ar e possible :  winne r  tak e 
all ,  weighte d averag e output ,  voting ,  etc .  T h e m e t h o d tha t  w e 
foun d t o consistentl y giv e th e highes t  generalizatio n rat e i s t o 
us e Z  score s o n a  pe r  outpu t  basi s f ro m th e 1 1 networks .  T h e 
" r a w "  ensembl e outpu t  fo r  emot io n j  is : 

^j  = J 2 ° * i 
i= \ 

wher e o, j  i s th e outpu t  o f  ensembl e componen t  networ k i  o n 
emotio n j .  Thi s  i s converte d t o a  Z  score : 

a,  — a 1 

wher e d j  an d ct j  ar e th e averag e an d standar d deviatio n o f  th e 
ra w ensembl e outpu t  fo r  emotio n j  ove r  al l  trainin g patterns . 
The "final "  ensembl e output ,  O j  fo r  emotio n j ,  i s  th e softma x 
of  th e Z  scores : 
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'Th e numbe r  "11 "  i s no t  critica l  here ,  i t  i s  use d fo r  historica l 
reasons . 
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Figur e 4 :  T h e to p graph s s h o w th e neura l  networ k response s 
fo r  t w o emotio n transitions .  T h e to p lef t  grap h i s  Anger -
Disgus t  an d th e to p righ t  grap h s h o w s Sad-Surprise .  T h e cor -
respondin g bot to m graph s s h o w th e associate d discriminatio n 
wh ic h w e m o d e l  a s 1  -  th e cosin e betwee n t w o consecutiv e 
outpu t  respons e vectors . 

T h e outpu t  value s f ro m th e ensembl e network s ar e use d t o 
generat e response s t o a  give n stimulu s input ,  correspondin g 
t o a  butto n pres s i n th e M e g a m i x study .  T h e highes t  outpu t 
value ,  m a x j  O j ,  fo r  a  particula r  inpu t  imag e i s considere d t o 
b e th e emot io n labe l  o f  th e butto n pressed . 

We ca n als o extrac t  respons e time s f ro m ou r  model .  A 
standar d measur e o f  reactio n tim e o f  a  feed-forwar d neura l 
networ k i s t o assum e tha t  i t  i s  proportiona l  t o th e outpu t 
erro r  [Seidenber g an d McClel land ,  1989] .  I n ou r  case ,  sinc e 
ther e i s n o predetermine d correc t  respons e t o th e dissolv e 
imagery ,  w e simpl y us e th e differenc e betwee n th e m a x i m u m 
outpu t  (correspondin g t o th e network' s response) ,  an d th e 
m a x i m u m possibl e outpu t  (1.0) .  T h u s ,  th e m o r e uncertai n th e 
m a x i m u m respons e i s (th e farthe r  f ro m 1.0) ,  th e slowe r  th e 

RT 
T o m o d e l  th e discriminabilit y  betwee n a  pai r  o f  stimul i  mea -

sure d i n M e g a m i x Exper imen t  3 ,  w e suppos e tha t  eac h stimu -
lu s patter n i s processe d b y th e network ,  an d th e 7-dimensiona l 
outpu t  vector s (th e seve n O ,  score s treate d a s a  vector )  ar e 
stored .  Thi s give s th e overal l  respons e t o th e stimulus ,  wit h 
n o decisio n imposed .  T h e cosin e betwee n thes e t w o vector s 
give s th e similarit y o f  th e t w o stimul i  t o th e network .  Th e 
m o r e th e outpu t  varies ,  th e les s simila r  th e stimul i  wil l  be .  W e 
thu s us e 1  -  cosin e a s a  measur e o f  discriminability . 

Finally ,  t o m o d e l  th e rankin g o f  "closes t  emot ions "  give n 
b y th e subject s i n Exper imen t  4 ,  w e simpl y us e thei r  corre -
spondin g ran k i n th e outpu t  vector . 
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Figur e 3 :  E x a m p l e compariso n o f  th e neura l  networ k m o d e l  t o th e h u m a n response s give n i n 
th e M e g a m i x study .  T h e emot io n sequenc e i s a s follows :  Happy-Surprise-Afraid-Sad-Disgust -
A n g r y - H a p p y .  T h e to p grap h i s th e neura l  networ k mode l s response .  T h e middl e grap h s h o w s 
th e result s from  th e M e g a m i x study .  T h e final  plo t  give s th e mode l s respons e time .  E a c h grap h 

s h o w s th e respons e a s th e interpolatio n value s chang e betwee n th e emot io n prototypes . 
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Resu l t s 

The first experiment examines the average response curves 
(percentag e o f  subject s givin g a  particula r  labelin g t o a  stimu -
lus )  a s th e mixtur e o f  th e tw o emotio n prototype s varies .  Th e 
stimul i  presente d t o bot h th e neura l  networ k mode l  an d th e 
h u m an subject s wer e nove l  transitiona l  faces .  A n exampl e 
of  th e averag e response s fo r  th e 5 0 ensembl e network s ar e 
presente d a t  th e to p o f  Figur e 3 .  Th e averag e respons e o f 
4 0 h u m a n subject s t o th e sam e sequenc e o f  emotio n transi -
tion s ar e reproduce d fro m th e Megami x stud y i n th e middl e 
grap h [Youn g e t  al. .  1997] . 

Th e mos t  strikin g featur e foun d i n bot h th e ensembl e mode l 
and th e subjects '  response s i s ver y shar p transitio n region s 
fro m emotio n t o emotio n acros s th e sequence .  Thi s i s tru e 
fo r  al l  huma n transition s includin g thos e no t  shown .  Fo r  th e 
model ,  th e transitio n behavio r  wa s als o sharp .  However ,  i n 
nearl y hal f  o f  th e instance s (7/15 )  o f  emotion-emotio n tran -
sition s (no t  involvin g neutral )  th e neutra l  respons e i s stronge r 

tha n tha t  o f  on e o f  th e endpoin t  emotion s nea r  th e transition.' * 
I n Megamix ,  the y di d find  intrusion s o f  othe r  emotion s i n 
2/1 5 o f  thes e case s (usin g a  binomia l  test) ,  bu t  th e response s 
wer e lowe r  tha n th e endpoin t  emotions .  W e ge t  simila r  intru -
sion s o f  thi s type ,  fo r  example ,  fea r  intrude s o n surpris e i n th e 
Megam i x dat a an d i n ou r  network .  Thes e neutra l  intrusion s 
canno t  b e accounte d fo r  b y th e finer  grai n o f  ou r  transitions ,  a s 
th e averag e numbe r  o f  image s fo r  whic h neutra l  i s th e highes t 
respons e nea r  a  transitio n i s 3  (i.e. ,  thes e intrusion s spa n 3 
1 0 % ste p sizes) .  M o r e likely ,  th e model' s behavio r  i s du e t o 
th e us e o f  dissolv e face s instea d o f  morphs .  Sinc e dissolve s 
ar e pur e weighte d averages ,  an d morph s ar e inherentl y non -
linear ,  i t  make s sens e tha t  som e mixe s m a y actuall y resembl e 
th e neutra l  prototyp e mor e tha n a  morp h would ,  a s neutra l 
i s  probabl y th e averag e i n pixe l  spac e o f  al l  emotions .  W e 
pla n o n rerunnin g th e experimen t  wit h image-qualit y morph s 
(currentl y unde r  construction )  t o eliminat e thi s possibl e con -
found . 

Th e final  grap h i n Figur e 3  present s th e ensembles '  sim -
ulate d reactio n tim e (RT )  fo r  th e sam e emotio n sequence . 
Youn g e t  al .  foun d th e resultin g R T curve s wer e scalloped , 
wit h th e fastes t  RT' s nea r  th e prototyp e emotio n an d drop -
pin g of f  farthe r  fro m th e prototype .  I n th e lowe r  panel ,  w e 
sho w th e networ k RT' s fo r  th e response s fo r  an y emotio n fo r 
whic h th e mode l  subjec t  respons e curv e wa s ove r  2 3 % (th e 
cutof f  the y use d fo r  thei r  plots ;  unfortunately ,  w e wer e un -
abl e t o obtai n th e huma n dat a t o plo t  here) .  Thes e curve s 
sho w th e sam e scallo p shap e a s i n th e Megami x paper .  Fig -
ur e 4  present s tw o example s o f  th e ensembl e models '  stimu -
lu s discrimination .  Th e to p graph s sho w th e subjec t  respons e 
curve s fo r  tw o pair s o f  emotion s an d th e botto m graph s de -
pict s th e discriminatio n scor e ( 1 -  cosin e o f  th e tw o outpu t 
vectors) .  Th e curve s demonstrat e tha t  th e mode l  i s mos t 
sensitiv e t o stimulu s change s nea r  th e boundary ,  whic h wa s 
als o tru e fo r  discriminatio n test s o n huma n subjects .  Th e 
model  als o showe d tha t  th e mea n discriminabilit y  scor e o f 
0.4 5 (0.31 )  fo r  transition s (90-70,30-10 )  nea r  prototype s wa s 
significantl y differen t  (z=26.0,p<.01 )  usin g a  norma l  tes t  fo r 
differen t  mean s [Keeping ,  1995 ]  tha n th e scor e o f  0.6 9 (0.29) , 
fo r  transition s fa r  fro m th e prototyp e (70-50,50-30) .  Thi s to o 
was significan t  i n th e Megam i x stud y [Youn g e t  al. ,  1997] . 

*l n fact ,  i n som e sense ,  w e ar e puttin g ou r  wors t  foo t  forwar d here , 
i n tha t  w e als o modele d thei r  Experimen t  1  (dat a no t  shown )  whic h 
was a  six-wa y force d choic e no t  includin g neutral .  There ,  onl y thre e 
of  fifteen  (3/15 )  transition s resulte d i n a n emotio n respons e mor e 
prominen t  tha n eithe r  en d point ,  an d thes e wer e restricte d t o on e 
imag e i n th e sequence . 
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Figur e 5 :  Thi s grap h compare s th e neura l  networ k mode l  an d 
th e actua l  huma n score s fro m th e Megami x study ,  compute d 
by th e sam e method .  Th e plot s represen t  th e averag e ratin g 
subject s giv e t o th e emotio n i n a  fac e a s  i t  fall s  furthe r  fro m a 
give n ancho r  prototyp e (se e tex t  fo r  details) .  Th e emotion s ar e 
lumpe d int o tw o classes ,  th e relate d emotio n (th e on e bein g 
mixe d wit h th e prototype )  an d th e unrelate d emotions .  Bot h 
th e neura l  networ k mode l  an d th e huma n subject s exhibi t 
a stee p ris e i n prominenc e fo r  th e relate d emotio n wit h n o 
detectabl e increas e fo r  unrelate d emotions . 

Experiment s 1  - 3 o f  Megami x strongl y suppor t  categorica l 
perceptio n o f  emotio n categories .  I n Experimen t  4 ,  Youn g 
et  al .  considere d t o wha t  exten t  subject s wer e nevertheles s 
sensitiv e t o th e othe r  categor y bein g mixe d int o th e image . 
For  example ,  ca n th e subject s perceiv e th e ange r  i n a  9 0 % 
happy/10 % angr y morph ,  eve n thoug h the y respon d "happy " 
t o th e image ? A s describe d earlier ,  the y aske d th e subject s 
t o giv e thre e response s t o a n image :  whic h emotio n i t  wa s 
closes t  to ,  the n th e nex t  closes t  emotion ,  the n th e next .  The y 
score d th e thre e response s a s 3,2 ,  an d 1 ,  an d subtracte d of f  th e 
averag e scor e fo r  th e dominan t  prototyp e a s describe d earlier . 
Thes e differenc e score s wer e the n average d acros s subject s fo r 
th e "prototyp e bein g move d towards "  (the y cal l  thi s th e "fa r 
prototype") .  Th e score s fo r  th e othe r  fou r  unrelate d emotio n 
categorie s (thos e no t  represente d i n th e morph )  wer e average d 
togethe r  a s well .  Thes e tw o score s wer e the n average d acros s 
al l  transitions ,  an d plotted .  Thei r  dat a i s show n a s th e dashe d 
line s i n Figur e 5 . 

We use d th e sam e methodolog y fo r  ou r  networks ,  usin g 
th e ran k orde r  o f  th e networ k output s t o extrac t  scores .  Th e 
result s ar e show n i n Figur e 5  a s th e soli d lines .  Th e unfille d 
circle s an d square s sho w th e differenc e score s fo r  th e fou r 
emotion s no t  represente d i n th e dissolve s o r  morphs .  A s ca n 
be see n fro m th e Figure ,  th e networ k dat a lie s righ t  o n to p o f 
th e huma n dat a i n thi s case . 

Discussion 

We hav e show n tha t  a  fee d forwar d neura l  networ k mode l 
usin g a  featur e base d representatio n o f  th e fac e (projection s 
of  featur e region s o n a  fixed  filter  set )  account s fo r  th e obser -
vation s foun d i n th e huma n study .  Specifically ,  th e model s 
exhibi t  categorica l  responses :  shar p transition s i n th e respons e 
curve s an d highe r  discriminatio n acros s categor y boundaries . 
The scallo p shap e i n th e huma n RT' s wa s als o modele d b y 
th e sam e network .  I n addition ,  th e model s sho w a  ver y goo d 
matc h t o th e huma n subjects '  sensitivit y t o th e non-dominan t 
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prototyp e bein g mixe d int o th e images .  Unlik e th e classica l 
accoun t  o f  categorica l  perception ,  human s wer e abl e t o mak e 
intra-categorica l  distinctions ,  an d thes e result s wer e reflecte d 
i n th e mode l  a s well . 

The poin t  o f  departur e betwee n ou r  mode l  an d th e dat a i s th e 
intrusio n o f  neutra l  response s i n ou r  replicatio n o f  thei r  Exper -
imen t  2  (no t  a s prevalen t  i n ou r  Experimen t  1 ,  se e footnote4) . 
We believ e tha t  thi s differenc e i s du e t o th e wa y i n whic h 
we constructe d ou r  faces ;  simpl e pixe l  average s ar e mor e 
likel y t o b e lik e neutra l  images  tha n tru e morphs ,  whic h d o 
not  fal l  o n straigh t  line s betwee n th e endpoint s i n perceptua l 
spac e [Busey ,  1997] .  W e pla n t o verif y thi s conjectur e b y 
applyin g ou r  mode l  t o image-qualit y morph s i n futur e work . 

These result s sho w tha t  a  neura l  networ k classifier ,  wit h 
no acces s t o th e biologica l  constraint s tha t  ar e presumabl y 
impose d o n th e huma n emotio n processor ,  an d n o acces s t o 
th e surroundin g cultur e excep t  t o th e exten t  tha t  th e networ k i s 
instructe d t o carv e u p th e inpu t  spac e int o th e sam e categories , 
can nevertheles s simulat e fairl y  wel l  th e huma n response s t o 
emotiona l  expressions . 

Neura l  networ k modeler s ma y objec t  that ,  give n th e wa y w e 
extracte d th e variou s respons e variables ,  o f  cours e th e result s 
woul d com e ou t  thi s way .  Fo r  example ,  becaus e th e outpu t 
vecto r  i s  changin g th e mos t  a t  categor y boundaries ,  ou r  mea -
sur e o f  discriminatio n wil l  b e highes t  there .  I n othe r  words ,  i t 
i s  "embarrassingl y easy "  t o accoun t  fo r  thes e results .  Rathe r 
tha n a n embarrassment ,  w e sugges t  tha t  th e mode l  i s there -
for e a  natura l  explanatio n o f  th e phenomeno n o f  categorica l 
perception . 

The reaso n tha t  th e neura l  networ k show s categorica l  per -
ceptio n i s simple .  Earl y i n training ,  th e networ k doe s no t 
sho w stee p boundarie s betwee n th e classes ,  s o th e chang e i n 
response s alon g a  transitio n i s mor e shallow .  A s learnin g 
progresses ,  reducin g th e erro r  correspond s t o sharpenin g th e 
boundarie s betwee n th e categories .  Thu s th e regio n o f  am -
biguit y i s  shortened .  However ,  differen t  exemplar s giv e dif -
feren t  results .  Easil y identifie d emotions ,  a s i n th e J J images , 
giv e ris e t o steepe r  respons e change s tha n morph s betwee n 
othe r  subject s whos e portrayal s ar e no t  a s pronounced .  Thi s 
i s  i n agreemen t  wit h othe r  studie s [Beal e an d Keil ,  1995 ]  tha t 
sho w familiarit y wit h th e endpoint s determine s th e steepnes s 
of  th e transitio n i n huma n subjects . 

I n futur e work ,  w e inten d t o sho w tha t  ou r  mode l  provide s a 
nearl y complet e accoun t  o f  th e perception-classificatio n pro -
cess i n tha t  i t  learn s t o classif y emotions .  Thi s i s o f  interes t 
becaus e recen t  wor k ha s show n that ,  i n th e cas e o f  iden -
tit y [Beal e an d Keil ,  1995 ]  (bu t  no t  show n s o fa r  fo r  emo -
tions )  perceptio n o f  identit y  i s non-categorica l  fo r  unfamilia r 
stimuli ,  bu t  i s categorica l  fo r  familia r  stimuli .  Thi s suggest s 
tha t  categorica l  perceptio n i s a  phenomeno n tha t  naturall y 
fall s  ou t  o f  a  learnin g proces s tha t  put s increasingl y sharpe r 
boundarie s betwee n stimulu s categorie s a s the y becom e mor e 
familiar . 
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Abstrac t 

Three experiments test the processing of compound predictors 
i n contingenc y judgments .  Participant s judge d th e relatio n 
betwee n compoun d predictor s an d a n outcome ,  a s wel l  a s th e 
relation  betwee n thei r  constituen t  element s an d th e outcome , 
unde r  differen t  predictor-outcom e contingencies .  I n 
Experimen t  1 ,  th e contingenc y o f  a n A B compoun d predicto r 
was judge d a s independen t  o f  th e contingencie s o f  it s 
element s A  an d B .  I n E q̂perimen t  2 ,  judgment s o f  a 
compoim d predicto r  (ABC )  remaine d similarl y unaffecte d b y 
change s i n th e contingencie s o f  it s  elements ,  eve n thoug h th e 
similarit y betwee n th e compoun d predicto r  an d on e o f  it s 
constituen t  element s (AC )  wa s high .  I n Experimen t  3 , 
compound predictor s wer e perceive d a s unique ,  althoug h th e 
rat e o f  acquisitio n o f  a n A+ ,  A B -  discriminatio n di d no t  diffe r 
from  tha t  o f  a n A C + ,  A B C -  discrimination ,  contrar y t o th e 
predictio n o f  Pearce' s (1994 )  contlgura l  model .  Overall ,  th e 
elementa l  associativ e vie w i s rejecte d i n favo r  o f  a  modified , 
lo w generalization ,  configura l  model . 

Associative or connectionist models make predictions 
consisten t  wit h empiricall y observe d judgment s o f  th e 
contingenc y betwee n singl e predictor s an d a n outcom e 
(Allan ,  1993 ;  Siege l  &  Allan .  1996) .  Accordin g t o thes e 
models ,  learnin g th e contingenc y betwee n a  predicto r  an d a n 
outcom e i s a  byproduc t  o f  association s forme d betwee n 
thes e events ,  an d judgment s ar e presume d t o hav e a 
monotoni c relatio n wit h th e strengt h o f  thes e associations . 
Associativ e model s differ ,  however ,  i n thei r  analyse s o f  ho w 
a predicto r  compose d o f  multipl e element s an d a n outcom e 
become associated . 

T wo classe s o f  associativ e model s m a y b e identifie d tha t 
ar e relevan t  t o compoun d predicto r  processing :  elementa l 
an d configural .  Bot h classe s relat e th e chang e o f  associativ e 
strengt h betwee n a  predicto r  an d a n outcom e wit h 
experience ,  an d describ e interactio n effect s amon g 
predictor s al l  associate d wit h th e sam e outcome .  However , 
th e tw o classe s describ e differen t  processe s b y whic h a 
compoun d predicto r  become s associate d wit h a n outcome , 
an d h o w associativ e strengt h i s  generalize d betwee n a 
compoun d predicto r  an d th e individua l  predictor s tha t 
compos e it . 

Accordin g t o th e Rescorla-Wagne r  (1972 )  model ,  (se e 
also .  Mackintosh ,  1975 ;  Pearce-Hall ,  1980) ,  whe n a 
compoun d predicto r  i s  paire d wit h a n outcome ,  a n 
associatio n wil l  develo p betwee n eac h elemen t  o f  th e 
compoim d an d th e outcome ,  a s wel l  a s betwee n th e 

compoun d a s a  configura l  cu e an d th e outcom e (Rescorla , 
1973 ;  Rescorla ,  Grau ,  &  Durlach ,  1985) .  Th e respons e t o a 

compoun d predicto r  wil l  b e th e su m o f  th e associativ e 
strength s o f  th e configura l  prediao r  an d th e individua l 
predictor s tha t  compos e it .  Th e individua l  prediaor s ar e 
see n t o contribut e 1 0 0 % o f  thei r  respectiv e associativ e 
strength s t o th e respons e t o th e compoun d predictor ,  h i 
general ,  th e salienc e o f  th e configura l  cu e i s though t  t o b e 
smal l  relativ e t o th e salienc e o f  it s constituents ,  an d th e 
respons e t o th e compoim d i s largel y relate d t o th e su m o f 
th e associativ e strength s o f  it s  constituen t  predictor s 
(Rescorla ,  1997 ,  Wagne r  &  Rescorla ,  1972) . 

Pearc e (1987 ;  1994 )  develope d a  configura l  mode l  t o 
accoun t  fo r  findings  fro m anima l  researc h tha t  appea r 
incompatibl e wit h a n elementa l  vie w o f  associativ e 
processin g (Pearc e &  Redhead ,  1993 ;  Wilso n &  Pearce , 
1992) .  Accordin g t o Pearc e (1987) ,  whe n a  compoun d o f 
severa l  predictor s i s  paire d wit h a n outcome ,  th e onl y 
associatio n tha t  wil l  develo p i s tha t  betwee n th e compoun d 
cu e an d th e outcome .  ;Aji y chang e i n th e constituen t 
element s o f  a  compoun d wil l  resul t  i n a n associatio n 
betwee n a  ne w configura l  predicto r  an d th e outcome .  Th e 
respons e t o a  compoun d wil l  b e th e su m o f  th e associativ e 
strengt h o f  th e configura l  cu e an d th e associativ e strengt h 
generalize d t o i t  fiom  othe r  predictor s a s a  fimction  o f  thei r 
similarity .  Th e similarit y betwee n tw o predictor s i s 
proportiona l  t o th e numbe r  o f  element s the y hav e i n 
c o m m on (Pearce ,  1994) .  Thus ,  wherea s elementa l  model s 
predic t  tha t  th e generahzatio n o f  associativ e strengt h 
betwee n a  compoun d an d it s element s i s complete ,  Pearce' s 
(1987 ;  1994 )  mode l  predict s tha t  generalizatio n i s somewha t 
les s tha n complet e an d relate d t o th e similarit y betwee n th e 
predictors . 

A modifie d feature-negativ e discriminatio n paradig m wa s 
implemente d i n thre e studie s t o asses s elementa l  an d 
configura l  cue s i n contingenc y judgments ,  an d contras t  th e 
tw o classe s o f  associativ e models . 

Experiment 1 

We assesse d tf  judgment s o f  th e relatio n betwee n a 
compoun d predicto r  compose d o f  tw o element s an d a n 
outcom e ar e mediate d b y th e relatio n betwee n it s constituen t 
element s an d th e outcome ,  i n a  modifie d feature-negativ e 
discriminatio n paradigm .  Th e contingenc y (Ap )  betwee n th e 
thre e possibl e predictor s an d th e outcom e (O )  wa s 
calculate d a s th e differenc e betwee n th e tw o independen t 

812 

mailto:LPASTO@sympatico.ca
mailto:NITCH@inailbox.uottawa.ca


conditiona l  probabilities ,  P(0|prediaor )  an d P(0|~predictor ) 
(Allan ,  1980 ;  Jenkin s &  Ward ,  1965) . 

I n th e classi c feature-negativ e discriminatio n paradig m 
animal s ar e presente d wit h A + ,  A B -  discriminatio n ( + 
indicate s th e presenc e o f  th e outcom e an d -  it s absence) .  Tli c 
outcom e occur s ever y tim e A  i s presente d alon e bu t  neve r 

when i t  i s  presente d i n compoun d wit h B  I n thi s 
experiment ,  participant s wer e presente d wit h A  B ,  an d A B 
trials .  Th e contingencie s betwee n th e thre e predictor s an d 
th e outcom e wer e presente d i n a  2  X  2  factoria l  design .  Th e 
fou r  condition s eac h involve d tw o contingencie s betwee n A 
and th e outcome ,  an d tw o contingencie s betwee n B  an d th e 
outcome .  Th e contingenc y betwee n A  an d th e outcom e wa s 
eithe r  . 6 [P(0|A )  =  .8 ,  P(0|~A )  =  .2] ,  o r  . 3 [P(0|A )  =  .65 , 
P ( O h A )  =  .35] .  Th e contingenc y betwee n B  an d th e 
outcom e wa s eithe r  0  [P(0|B )  =  .5 ,  P(0|~B )  =  .5] ,  o r  -. 5 
[P(0|B )  =  .25 ,  P(0|~B )  =  .75] .  Th e contingenc y betwee n th e 
A B compoun d an d th e outcom e remaine d constan t  a t  .3 4 
acros s condition s [P(0|AB )  =  .2 ,  P ( O h A B )  =  .54] .  Th e 
contingencie s fo r  eac h predicto r  b y experimen t  an d 
conditio n ar e presente d i n Tabl e 1 . 

The differen t  condition s o f  predictor-outcom e relatednes s 
wer e implemente d withi n a  fictitious  medica l  contex t  wher e 
participant s wer e aske d t o mak e judgment s o f  th e relatio n 
betwee n takin g differen t  medication s (predictors )  fo r  a 
give n diseas e an d th e occurrenc e o f  a  facia l  ras h (outcome) . 

Method 

Participant s Twenty-fou r  undergraduat e student s (2 2 
females ,  2  males ;  mea n ag e =  2 6 years )  wer e recruite d a t  th e 
Universit y o f  Ottaw a t o serv e a s participant s fo r  thi s 
experiment .  Afte r  2 4 participant s wer e tested ,  on e perso n 
was chose n randoml y an d awarde d a  $5 0 prize . 

Apparatus Three EBM compatible microcomputers, located 
i n individua l  testin g rooms ,  serve d t o administe r  th e task s 
and collec t  dat a fo r  thi s experimen t  Eac h compute r  wa s 
equippe d wit h a  keyboard ,  a  mouse ,  an d a  1 4 i n V G A colo r 
monitor .  Th e compute r  progra m use d fo r  tas k presentatio n 
and dat a collectio n wa s develope d usin g Microsof t  Visua l 

Table 1: Predictor contingencies by 
experimen t  (Exp. )  an d conditio n (Cond.) . 

Predictors (Ap) 

Exp.  Cond . B AB A C AB C 
1 1 

2 
3 
4 

.6 

.3 

.6 

.3 

0 
0 

-. 5 
-. 5 

.3 4 
-.3 4 
-.3 4 
-.3 4 

1 
2 
3 
4 

.5 5 

.3 4 

.5 2 

.3 6 

0 -.3 4 
0 .5 5 
0 -.3 6 
0 .5 2 

. 6 

. 6 

.3 

.3 

.3 4 

.3 4 
•.3 4 
.3 4 

3 1 
2 
3 
4 

.6 

.3 
0 
0 
0 
0 

=.3 4 
=.3 4 

.6 

.3 
-.3 4 
-.3 4 

Basi c Professiona l  4.0 . 

Stimuli All stimuh were presented sequentially in a discrete 
tria l  procedur e t o participant s o n 1 0 c m b y 1 5 c m graphica l 
window s centere d i n th e middl e o f  th e compute r  screen . 
Withi n eac h experimenta l  condition ,  a  graphica l  w indo w 
represente d th e medica l  file  o f  on e patien t  w h o participate d 
i n th e clinica l  tria l  fo r  a  give n fictitious  disease .  Th e lef t 
han d portio n o f  th e graphica l  w indo w displaye d th e 
treatment(s )  administere d t o th e patient ,  whil e th e right  han d 
portio n displaye d th e treatmen t  outcom e (i.e. ,  facia l  rash ,  o r 
no facia l  rash) .  Th e treatment s wer e represente d wit h oval -
shape d medicatio n piUs ,  on e re d an d on e green .  Eac h 
medicatio n pil l  measure d approximatel y . 9 c m verticall y 
and . 5 c m horizontally .  Th e outcom e wa s represente d wit h a 
roun d yello w ico n depictin g a  face ,  whic h measure d 
approximatel y 1. 2 c m i n diameter .  Th e presenc e o f  ras h o n 
th e fac e wa s indicate d wit h re d spots .  Th e displa y o f  eac h 
medica l  file  remaine d visibl e o n th e compute r  scree n fo r  3 
sec ,  wit h a  1  se c inter-tria l  interval . 

Procedure The participants were first presented with task 
instruction s o n th e compute r  screen .  The y wer e tol d t o 
imagin e the y ha d acces s t o th e files  o f  patient s w h o too k 
par t  i n a  clinica l  tria l  t o asses s th e effectivenes s o f  certai n 
medication s fo r  treatin g a  disease .  I t  wa s explaine d tha t  th e 
patient s wer e al l  il l  wit h th e disease ,  tha t  on e possibl e 
sympto m o f  th e diseas e wa s facia l  rash ,  an d tha t  th e 
medication s give n coul d affec t  th e Ukelihoo d wit h whic h th e 
patient s ge t  facia l  rash .  I t  wa s emphasize d tha t  thei r  tas k 
was t o judg e th e effec t  o f  th e medication s o n th e Ukelihoo d 
of  th e facia l  rash.  I t  wa s explaine d tha t  the y woul d b e aske d 
t o mak e thes e judgment s i n th e contex t  o f  five  differen t 
clinica l  trials ,  eac h fo r  a  differen t  fictitious  disease .  Th e firs t 
clinica l  tria l  wa s a  practic e durin g whic h the y coul d reques t 
th e clarificatio n o f  tas k instructions . 

Followin g th e initia l  instructions ,  participant s wer e show n 
th e graphica l  component s tha t  represente d patien t  files, 
possibl e medication s (i.e. ,  re d pil l  alone ,  gree n pil l  alone , 
and re d an d gree n pil l  together) ,  an d possibl e outcome s (i.e. , 
facia l  rash ,  an d n o facia l  rash).  The y wer e tol d a  treatmen t 
coul d eithe r  inaease ,  decrease ,  o r  leav e th e likelihoo d o f 
facia l  ras h unchange d relativ e t o th e absenc e o f  th e 
treatmen t  unde r  consideration .  I t  wa s emphasize d tha t  th e 
relation s betwee n th e variou s medication s an d th e facia l 
ras h remaine d constan t  vnthi n a  clinica l  trial ,  bu t  varie d 
betwee n clinica l  trials . 

Eac h clinica l  tria l  consiste d o f  4 0 individua l  trial s (patien t 
files),  an d participant s wer e aske d t o judg e th e relation s 
betwee n eac h medicatio n treatmen t  an d th e facia l  rash  afte r 
ever y 4  trial s fo r  a  tota l  o f  1 0 judgement s pe r  medicatioi L 
Judgment s wer e mad e o n a  respons e scree n tha t  presente d 
eac h possibl e treatmen t  wit h it s respectiv e ico n o n a 
differen t  line .  Response s wer e recorde d b y manipulatin g a 
horizonta l  scrol l  ba r  place d t o th e right  o f  eac h medicatio n 
treatmen t  wit h a  mouse .  Manipulation s o f  th e scrol l  ba r 
wer e reflecte d wit h a  numbe r  i n a  dat a inpu t  bo x place d 
betwee n th e treatmen t  icon s an d th e scrol l  bars .  Possibl e 
response s range d fro m -10 0 t o +  100 ,  i n increment s o f  1 . 
Th e locatio n o f  th e slide r  o n th e horizonta l  scrol l  ba r  wa s 
rese t  t o 0  fo r  eac h n e w judgmen t  screen ,  s o tha t  participant s 
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di d no t  hav e acces s t o thei r  previou s responses .  Sinc e 

judgment s wer e mad e afte r  ever y 4  trials ,  i t  wa s emphasize d 

tha t  judgment s shoul d b e base d o n al l  th e files  see n u p t o th e 
curren t  respons e scree n fo r  a  give n disease . 

Afte r  th e initia l  tas k instructions ,  participant s complete d a 

practic e clinica l  trial .  Th e practic e wa s identica l  t o th e 
experimenta l  clinica l  trial s excep t  fo r  th e normativ e 
contingencie s betwee n th e predictor s an d th e outcome .  I n 
th e practic e trial ,  th e contingenc y fo r  A  wa s . 5 [P(0|A )  = 
.75 ,  P(0|~A )  =  .25] ,  th e contingenc y fo r  B  wa s -. 5 [P(0|B ) 

= .25 ,  P(0|~B )  =  .75] ,  an d th e contingenc y fo r  th e A B 
compound wa s 0  [P(0|AB )  =  .5 ,  P(0|~AB )  =  .5] .  Th e name s 
of  th e fictitious  disease s (Laparosis ,  Oxyopathy , 
Hypermegia ,  Anoperosis ,  Dendropathy )  wer e displaye d a t 
th e to p o f  th e compute r  scree n fo r  eac h clinica l  trial .  Withi n 
eac h experimenta l  condition ,  th e orde r  o f  tria l  presentatio n 
was randomize d wit h on e constrain t  A t  leas t  on e o f  th e first 
fou r  trial s containe d th e presentatio n o f  a  compoun d 

treatment ,  thereb y exposin g participant s t o al l  th e individua l 
pill s  prio r  t o th e first  judgmen t  screen .  Thi s wa s t o ensur e 
tha t  eve n th e earl y judgment s wer e base d o n a  minimu m o f 
empirica l  information .  Th e orde r  o f  presentatio n o f 
e?q)erimenta l  condition s wa s counterbalance d betwee n 
participants ,  accordin g t o th e 2 4 possibl e permutation s o f 
fou r  objects .  Th e assignmen t  o f  pil l  colo r  t o contingenc y 
was counterbalance d betwee n condition s an d betwee n 
subjects .  Betwee n eac h conditio n participant s wer e 
presente d wit h a  scree n explainin g tha t  a  ne w clinica l  tria l 
was beginning ,  an d instructe d t o disregar d al l  the y ha d see n 
previousl y an d star t  thei r  evaluation s afiesh .  Th e fi^equency 
of  th e outcom e (20 )  wa s kep t  constan t  acros s condition s a s 
judgment s hav e bee n reported  t o var y wit h frequenc y 
(Dickinson ,  Shanks ,  &  Evenden ,  1984) . 

Results and Discussion 

A within-subjec t  analysi s o f  variance ,  wit h individua l 
judgment s a s th e dependen t  variable ,  wa s use d t o examin e 
th e variable s o f  contingenc y o f  A  (A p =  . 6 o r  .3) , 
contingenc y o f  B  (A p =  . 5 o r  0) ,  stimulu s judge d ( A alone , 
B alone ,  A B compound) ,  an d judgment s ( 1 t o 10) .  Plaime d 
comparison s wer e protecte d wit h th e Bonferron i  procedure . 
A Typ e I  erro r  rat e o f  .0 5 wa s used . 
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Figur e 1 .  Judgment s o f  predictor s b y th e contingenc y fo r  A . 

Figur e 2 .  Judgment s o f  predictor s b y th e contingenc y fo r  B . 

This analysis revealed main effects of A (Fi 23 = 7.80, MSE 
= 4600.88) ,  B  (Fi ^  =  36.57 ,  M S E =  3812.71) ,  stimu U (F 2 4 6 

= 33.58 ,  M S E =  15704.37) ,  an d judgmen t  (Fŝ o ? =  21.62 , 
M SE =  294.54) ;  two-wa y interaction s betwee n A  an d 
stimul i  (F2.4 6 =  4.93 ,  M S E =  11777.39) ,  B  an d judgmen t 
(F9,20 7 =  2.89 ,  M S E =  356.86) ,  an d stimu h an d judgmen t 
(Fig,4i 4 =  5.41 ,  M S E =  476.64) ;  an d ,  three-wa y interaction s 
betwee n A ,  stimuli ,  an d judgmen t  (Fi8,4i 4 =  1-87 ,  M S E = 
316.6) ,  an d betwee n B ,  stimuli ,  an d judgmen t  (Fi g 41 4 = 
2.79 ,  A/SF = 364.24) . 

Plarme d comparison s wer e use d t o examin e th e three-wa y 
interactions .  I n th e three-wa y interactio n betwee n A , 
stimuli ,  an d judgment ,  participant s discriminate d betwee n 
di e tw o A  contingencie s (F, ^  =  14.08 ,  M S E =  10633.2) ,  bu t 
varyin g th e contingenc y betwee n pil l  A  an d th e outcom e di d 
not  affec t  judgment s o f  eithe r  B  o r  th e A B compoun d 
(Figur e 1) .  I n th e three-wa y interactio n betwee n B ,  stimuli , 
and judgment ,  participant s discriminate d betwee n th e tw o B 
contingencie s (F,,2 3 =  1145 ,  M S E =  12277.8) ,  bu t  varyin g 
th e contingenc y betwee n pil l  B  an d th e outcom e di d no t 
affec t  judgment s o f  eithe r  A  o r  A B (Figur e 2) . 

The result s o f  Experimen t  1  ar e consisten t  wit h a 
configura l  model .  Varyin g th e contingenc y o f  an y elementa l 
ti-eatment  ha d n o affec t  o n judgment s o f  th e othe r  elementa l 
treatmen t  o r  o f  th e compound .  Judgment s o f  th e relation 
betwee n th e A B compoun d an d th e outcom e remaine d 
constan t  acros s conditions ,  neve r  ̂ proachin g th e sim i  o f 
th e normativ e contingencie s betwee n it s constituen t 
element s an d th e outcome ,  whic h varie d systematicall y fro m 
.6 t o -. 2 amon g conditions . 

Experiment 2 

Associativ e account s specif y tha t  generalizatio n fro m th e 
constituen t  element s shoul d affec t  respondin g t o th e 
compound.  Althoug h n o evidenc e fo r  suc h generalizatio n 
was foun d i n Experimen t  1 ,  i t  coul d b e becaus e th e element s 
wer e ver y differen t  firom  on e another .  I n Experimen t  2 ,  a 
common elemen t  C  wa s adde d t o creat e th e AC+ ,  ABC -
discriminatio a Th e additio n o f  C  increase s th e similarit y 
betwee n th e tw o predictors ,  an d th e likelihoo d tha t  changin g 
th e A C contingenc y wil l  influenc e judgment s o f  AB C 
throug h generalizatio a Also ,  althoug h th e contingenc y 
betwee n B  an d th e outcom e i n Experimen t  1  wa s eithe r  0  o r 
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-.5 ,  judgment s remaine d consistentl y positiv e wit h mea n 
termina l  judgment s o f  approximatel y .34 .  Th e curren t 
e;q)erimen t  addresse s th e exten t  t o whic h thi s finding  i s 
relate d t o a  limitatio n o f  th e experimenta l  tas k used . 

The five  differen t  predictor s i n thi s experimen t  were : 
ABC,  A C ,  A ,  B ,  an d C .  Th e contingencie s betwee n thes e 
predictor s an d th e outcom e wer e presente d i n a  2  X  2 
factoria l  design ,  wit h A C an d A  th e onl y treatment s varyin g 
systematicall y acros s condition s (Tabl e 1) .  Th e contingenc y 
betwee n A C an d th e outcom e wa s eithe r  . 6 [P(0|AC )  =  .8 , 
P(0|~AC )  =  .2] ,  o r  . 3 [P(0|AC )  =  .65 ,  P(0|~AC )  =  .35] ,  Th e 
contingenc y betwee n A  an d th e outcom e wa s yoke d wit h th e 
contingenc y betwee n C  an d th e outcom e a s follows :  whe n 
Ap fo r  A  wa s -.3 4 [P(0|A )  =  .46 ,  P ( O h A )  =  .8 ]  A p fo r  C 
was .5 5 [P(0|C )  =  .76 ,  P(0|~C )  =  .21] ,  whe n A p fo r  A  wa s -
.3 6 [P(0|A )  =  .42 ,  P ( O h A )  =  .78 ]  A p fo r  C  wa s .5 2 [P(0|C ) 
= .71 ,  P(0|~C )  =  .19] ,  whe n A p fo r  A  wa s .5 5 [P(0|A )  =  .76 , 
P(0|~A )  =  .21 ]  A p fo r  C  wa s -.3 4 [P(0|C )  =  .46 ,  P(0|~C )  = 
.8] ,  whe n A p fo r  A  wa s .5 2 [P(0|A )  =  .71 .  P(0|~A )  =  .19 ] 
Ap fo r  C  wa s -.3 6 [P(0|C )  =  .42 ,  P ( O K )  =  .78] .  Th e tw o 
level s o f  th e positiv e an d o f  th e negativ e contingencie s fo r 
bot h A  an d C  wer e considere d equivalen t  fo r  purpose s o f 
statistica l  analysi s an d imerpretation ,  thu s yieldin g on e leve l 
of  A  a t  .5 4 (wit h C  a t  -.35) ,  an d anothe r  leve l  o f  A  a t  .3 5 
(wit h C  a t  .54) .  Th e contingenc y betwee n A B C an d th e 
outcom e remaine d constan t  a t  -.3 4 [P(0|ABC )  =  .2 , 
P(0|~ABC )  =  .54] ,  an d th e contingenc y betwee n B  an d th e 
outcom e remaine d constan t  a t  0  [P(0|B )  =  .5 ,  P(0|~B )  =  .5] , 
acros s conditions . 

Method 

Participant s Twenty-fou r  undergraduat e student s (2 1 
females ,  3  males ;  mea n ag e =  2 4 years )  wer e recruite d a t  th e 
Universit y o f  Ottawa .  Afte r  2 4 participant s wer e tested ,  on e 
perso n wa s chose n randoml y an d awarde d a  $5 0 prize . 

Apparatus and Stimuli The ^paratus and stimuU were the 
same a s i n Experimen t  1 ,  excep t  fo r  th e additio n o f  a  blu e 
pill . 

Procedure The procedure used in Experiment 1 was 
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Figur e 3 .  Judgment s o f  predictor s b y th e contingenc y 
fo r  A C ,  whe n th e contingenc y fo r  A  wa s .54 . 
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Figiu- e 4 .  Judgment s o f  predictor s b y th e contingenc y 
fo r  A C ,  whe n th e contingenc y fo r  C  wa s .54 . 

modified to acconmiodate five predictors on the response 
screen .  Durin g th e instructio n phase ,  participant s wer e 
shown th e icon s fo r  five  possibl e treatment s (re d alone , 
gree n alone ,  blu e alone ,  re d an d blu e together ,  an d re 4 
green ,  an d blu e together) .  Trial s di d no t  includ e treatment s 
fo r  whic h participant s wer e no t  aske d t o mak e judgments . 
For  example ,  B C wa s no t  a  possibl e treatmen t  type .  I n th e 
practic e trial ,  th e contingenc y fo r  A  wa s . 5 [P(0|A )  =  .75 , 
P(01~A )  =  .25] ,  th e contingenc y fo r  B  wa s -. 5 [P(0|B )  = 
.25 ,  P(0|~B )  =  .75] ,  th e contingenc y fo r  C  wa s . 5 [P(0|C )  = 
.75 ,  P(0|~C )  =  .25] ,  th e contingenc y fo r  th e A C compoun d 
was . 5 [P(0|AC )  =  .75 ,  P ( O h A C )  =  .25] ,  an d th e 
contingenc y fo r  th e A B C compoun d wa s 0  [P(0|ABC )  =  .5 , 
P ( O h A B C)  =  .5] . 

Results and Discussion 

The judgment s wer e analyze d accordin g t o a  within-subjec t 
factoria l  analysi s o f  varianc e wit h th e contingenc y o f  A C 
(A p =  . 6 o r  .3) ,  th e contingenc y o f  A  (A p =  -.3 5 o r  .54) , 
stimulu s judge d (A ,  B ,  C ,  A C ,  A B C ) ,  an d judgmen t  ( 1 t o 
10)  a s sources .  Ther e wer e mai n effect s o f  A C (F i ^  =  6.92 , 
M SE =  8156.59) ,  an d stimul i  (F4.9 2 =  60.69 ,  M S E = 
21605.39) .  Th e analysi s als o reveale d interaction s betwee n 
A C an d judgmen t  (̂9,20 7 =  6.56 ,  M S E =  533.25) ,  A C an d 
stimul i  (F4,9 2 =  10.75 ,  M S E =  6861.58) ,  A  an d stimul i  (̂4,9 2 
= 75.95 ,  M S E =  10280.18) ,  an d judgmen t  an d stimul i 
(F36.82 8 =  14.51 ,  M S E =  673.92) .  Three-wa y interaction s 
wer e foun d betwee n A C ,  judgment ,  an d stimu h (F36,82 8 = 
1.44 ,  M S E =  638.77) ,  an d betwee n A ,  judgment ,  an d stimul i 
(F36.82 8 =  11-65 ,  M S E =  671.08) .  Finally ,  th e four-wa y 
interactio n betwee n th e variable s wa s reliabl e (Fjgga g =  2.81 , 
^52: = 640.4) . 

Plarme d comparison s wit h Bonferron i  correctio n wer e 
use d t o examin e th e four-wa y interaction .  Varyin g th e 
contingenc y betwee n A C an d th e outcom e firom  . 6 t o . 3 di d 
not  affec t  judgment s o f  A B C ( p >  .8) .  Similarly ,  change s i n 
tiie  contingenc y betwee n A  an d th e outcom e fi-om  -.3 5 t o 
.5 4 di d no t  affec t  judgment s o f  A B C ( p >  .3) .  Change s i n A p 
fo r  A C affecte d judgment s o f  A  i n condition s whe n A  wa s 
involve d i n a  positiv e contingenc y wit h th e outcom e (F1.2 3 = 
13.72 ,  M S E =  8736.4) ,  suc h tiiat  judgment s o f  A  wer e lowe r 
when A p fo r  A C wa s . 6 tha n whe n A p fo r  A C wa s . 3 (Figur e 
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3) .  Similarly ,  change s i n A p fo r  A C afifecte d judgment s o f  C 

i n condition s whe n C  wa s involve d i n a  positiv e 

contingenc y wit h th e outcom e (Fi a =  22.72 ,  A/S E = 
7556.6) ,  suc h tha t  judgment s o f  C  wer e lowe r  whe n A p fo r 
A C wa s . 6 tha n whe n A p fo r  A C wa s . 3 (Figur e 4) . 

The result s o f  Experimen t  2  ar e agai n mor e consisten t 
wit h a  configura l  model .  Althoug h participant s reliabl y 

discriminate d th e tw o level s o f  contingenc y betwee n A C 

and th e outcome ,  judgment s o f  A B C remaine d constan t 
acros s conditions .  Similarly ,  varyin g th e contingenc y 
betwee n A  an d th e outcom e ha d n o affec t  o n judgment s o f 
ABC.  Further ,  i n th e presenc e o f  a  compoun d predicto r  wit h 
a moderat e positiv e contingenc y wit h th e outcom e (i.e. ,  AC , 
Ap =  .6) ,  judgment s o f  a  slightl y weake r  one-elemen t 
predicto r  (i.e. ,  eithe r  A  o r  C ,  A p =  .54 )  wer e reliabl y 
suppressed .  Thi s resul t  i s  suggestiv e o f  a  for m o f 
overshadowin g (Baker ,  Mercier ,  Vallee-Tourangeau ,  Frank , 
& Pan ,  1993) .  Finally ,  th e negativ e judgment s obtaine d i n 

thi s experimen t  preclud e th e possibilit> '  tha t  participant s 
completin g th e experimenta l  tas k fai l  t o us e th e negativ e 
portio n o f  th e respons e scale . 

Experiment 3 

I n thi s experiment ,  participant s wer e aske d t o mak e 
judgment s o f  predictor-outcom e contingenc y i n th e contex t 
of  a  feature-negativ e discriminatio n unde r  tw o degree s o f 
similarity .  I n a  conditio n wit h relativel y lo w similarity , 
participant s judge d a  compoun d predicto r  wit h tw o element s 
(AB) ,  a s wel l  a s it s constituen t  element s ( A an d B) ,  a t  tw o 
level s o f  A .  Th e contingenc y betwee n A  an d th e outcom e 
was eithe r  . 6 [P(0|A )  =  .8 ,  P(0|~A )  =  .2] ,  o r  . 3 [P(0|A )  = 
.65 ,  P(0|~A )  =  .35] .  Th e contingenc y betwee n A B an d th e 
outcom e remaine d constan t  a t  -.3 4 [P(0|AB )  =  .2 , 
P(0|~AB )  =  .54 ]  acros s level s o f  A .  I n a  conditio n wit h 
highe r  similarity ,  participant s mad e judgment s o f  a  thre e 
elemen t  compoun d predicto r  (ABC) ,  a  tw o elemen t 
compound (AC) ,  an d a  singl e predicto r  (B) ,  a t  tw o level s o f 
AC.  Th e contingenc y fo r  A C wa s eithe r  . 6 [P(0|AC )  =  .8 , 
P(OhAC)  =  .2] ,  o r  . 3 [P(0|AC )  =  .65 ,  P(0|~AC )  =  .35] .  Th e 
contingenc y fo r  A B C remaine d constai U a t  -.3 4 [P(0|ABC ) 
= .2 ,  P(0|~ABC )  =  .54 ]  aaos s level s o f  AC .  Th e 
contingenc y fo r  B  remaine d constan t  a t  0  rP(0|B )  =  .5 , 
P(0|~B )  =  .5) ]  acros s al l  fou r  experimenta l  condition s 
(Tabl e 1) .  Pearce' s configura l  mode l  (1994 )  predict s tha t  a n 
AC+,  ABC -  discriminatio n wil l  b e acquire d a t  a  slowe r  rat e 
tha n a n A+ ,  AB -  discriminatio n becaus e th e amoun t  o f 
generalizatio n i s directl y proportiona l  t o th e similarit y 
betwee n predictors .  Conversely ,  a n elementa l  mode l 
predict s a  faste r  discriminatio n o f  A C + ABC -  becaus e A C + 
trial s wil l  resul t  i n a  ne t  gai n i n associativ e strengt h greate r 
tha n tha t  o n A + trials . 

Method 

Participant s Twenty-fou r  undergraduat e student s (1 9 
females ,  5  males ;  mea n ag e =  2 1 years )  participated .  Afte r 
24 participant s wer e tested ,  on e perso n wa s chose n 
randoml y an d awarde d a  $5 0 prize . 

Apparatus and Stimuli The apparatus and stimuli were the 

^  2 0 

po-^^o^r^Vo o AB\ABC 

A\AC 

B 1 2 3 4 5 6 7 8 9 1 0 1 2 3 4 5 6 7 8 9 1 0 - . 

A/A C =  . 6 A/A C =  . 3 

Figure 5. Judgments of predictors by 

th e contingenc y fo r  A/A C 

same a s i n Experimen t  2 . 

Procedure The procedure was generally the same as in 
Experimen t  2 ,  excep t  tha t  i n tw o conditions ,  treatment s 
consiste d o f  eithe r  a  red ,  a  green ,  o r  re d an d gree n pill s 
togethe r  wherea s i n th e othe r  tw o conditions ,  treatment s 
consiste d o f  eithe r  re d an d blu e pill s  together ,  red ,  gree n an d 
blu e pill s  together ,  o r  a  gree n pill .  On e practic e o f  eac h typ e 
was administered ,  alway s begimiin g wit h lo w similarity .  I n 
th e lo w similarit y practic e trial ,  th e contingenc y fo r  A  wa s 
. 5 [P(0|A )  =  .75 ,  P(0|~A )  =  .25] ,  th e contingenc y fo r  B  wa s 
-. 5 [P(0|B )  =  .25 ,  P(0|~B )  =  .75] ,  th e contingenc y fo r  th e 
AB compoun d wa s 0  [P(0|AB )  =  .5 ,  P(0|~AB )  =  .5] .  to  th e 
hig h similarit y practic e trial ,  th e contingenc y fo r  th e A C 
compound wa s . 5 [P(0|AC )  =  .75 ,  P(0|~AC )  =  .25] ,  th e 
contingenc y fo r  B  wa s -. 5 [P(0|B )  =  .25 ,  P(0|~B )  =  .75] , 
and th e contingenc y fo r  th e A B C compoun d wa s 0 
[P(0|ABC )  =  .5 ,  P(OhABC )  =  .5] . 

Results and Discussion 

A within-subjec t  analysi s o f  varianc e wit h factor s o f 
similarit y (low ,  high) ,  contingenc y fo r  constituen t  A/A C 
(A p =  .6 ,  o r  .3) ,  stimulu s judge d (A/AC ,  B ,  an d AB/ABC) , 
and judgmen t  ( 1 t o 10 )  reveale d mai n effect s o f  stimul i 
(F2.4 6 =  35.37 ,  M S E =  19717.89) ,  an d judgmen t  (Fs ^  = 
33.97 ,  M S E =  576.36) .  Th e analysi s als o reveale d two-wa y 
interaction s betwee n A/A C an d stimul i  (Fx̂ e ~  23.68 ,  M S E 
= 1308.68) ,  A/A C an d judgmen t  (F9;20 7 =  4.59 ,  M S E = 
307.4) ,  an d stimul i  an d judgmen t  (Fig.̂ u =  16.38 ,  M S E = 
430.25) .  Contrar y t o th e prediction s o f  Pearce' s (1987 ; 
1994)  configiua l  model ,  ther e wa s n o effec t  involvin g 
similarity . 

Plaime d comparison s wit h Bonferron i  correctio n reveale d 
tha t  participant s discriminate d betwee n th e level s o f  A/A C 
(Fi,2 3 =  28.1 ,  M S E =  2780.43) ,  an d tha t  changin g A p fo r 
A/A C ha d n o efifec t  o n judgment s o f  an y othe r  predictor s 
(Figur e 5) .  Thes e result s ar e consisten t  wit h a  configura l 
vie w o f  stimuli .  However ,  the y ar e no t  entirel y consisten t 
wit h Pearce' s (1994 )  configura l  mode l  becaus e th e lac k o f 
effec t  o f  similarit y ca n onl y occu r  i f  generalizatio n o f 
associativ e strengt h amon g predictor s i s neghgible . 
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G e n e r a l  Discussio n 

The result s o f  thre e experiment s strongl y indicat e tha t 
peopl e proces s compoun d predictor s a s uniqu e cues , 
independen t  o f  th e element s tha t  constitut e them .  Thi s i s 
consisten t  wit h a  configura l  associativ e mode l  suc h a s 
Pearce' s (1994) .  Pearce' s mode l  als o consider s 
generalizatio n amon g predictor s t o contribut e significantl y 
t o discrimination s thu s predictin g slowe r  acquisitio n whe n 
discriminativ e stimu U ar e mor e simila r  t o on e another .  Thi s 
reasonabl y intuitiv e predictio n wa s no t  verifie d here , 
implyin g that ,  a t  a  minimum ,  th e extensio n o f  Pearce' s 
model  t o contingenc y judgment s require s th e abandonmen t 
of  th e hig h generalizatio n assumptio a Th e lac k o f 
differentia l  discriminatio n spee d associate d wit h similarit y 
among stimul i  coul d b e accoimte d fo r  b y a n elementa l 
associativ e mode l  wit h th e assimiptio n tha t  th e salienc e o f  a 
compound predicto r  i s significantl y large r  tha n th e salienc e 
of  th e individua l  predictor s o f  whic h i t  i s  composed .  Thi s 
assumptio n i s partl y supporte d b y th e result s o f  Experimen t 
2 indicatin g overshadowin g b y a  compoun d predicto r  o f  on e 
of  it s  elements .  However ,  th e elemeitta l  vie w i s s o strongl y 
contradicte d b y ou r  cor e finding,  th e thre e time s reproduce d 
demonstratio n o f  th e uniquenes s o f  configura l  cues ,  tha t  w e 
must  rejec t  i t  i n favo r  o f  a  modified ,  lo w generaUzation , 
configura l  associativ e model . 
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Abstruc t 

Advice-giving is improved by understanding and responding 
t o use r  feedback.  Previou s model s o f  thi s tasi c trea t  use r  re -
sponse s a s misunderstanding s o r  misconception s an d focu s o n 
generatin g altemat e o r  correctiv e explanations .  B y an d large , 
however ,  thes e model s d o no t  conside r  th e possibilit y  tha t  th e 
system' s advic e i s inappropriat e an d ma y nee d revisio n durin g 
th e cours e o f  a n on-goin g dialog .  Thi s pape r  present s a  mode l 
of  th e proces s o f  revisin g plan-oriente d advic e i n respons e t o 
user  feedback.  Ou r  focu s i s o n mechanism s fo r  evaluatin g 
plannin g alternatives ,  for  detemiinin g whe n t o revise  advice , 
and for  dynamicall y generatinge.\planaiionso f  thes e revisions. 

Introduction 

Advisin g ca n b e viewe d a s th e proces s o f  providin g suggeste d 
course s o f  action .  A n advice-givin g dialo g i s on e i n whic h th e 
adviso r  give s advice ,  th e use r  provide s feedbac k abou t  tha t 
advice ,  an d th e adviso r  addresse s tha t  feedback . 

Researc h int o constructin g computationa l  model s o f  advis -
in g ha s focuse d o n th e proble m o f  recognizin g an d respond -
in g t o use r  misunderstaridingso r  misconceptions .  Addressin g 
misunderstanding s ha s bee n modele d a s a  reactiv e plannin g 
process ,  wher e th e adviso r  ha s a  se t  o f  plan s fo r  gettin g aaos s 
a particula r  piec e o f  advic e (e.g. ,  tryin g a n exampl e o r  pro -
vidin g a n analogy )  an d execute s altemat e plan s i n respons e 
t o recognize d understandin g failure s [  1,2,9,10] .  Addressin g 
misconception s ha s bee n modelle d a s a  proces s o f  inferrin g in -
correc t  use r  belief s an d plannin g appropriat e explanation s fo r 
w hy thes e belief s ar e incorrec t  4,5,6,8,13] .  I n bot h cases , 
however ,  th e mistak e i s assume d t o li e wit h th e user ,  an d whil e 
th e advisor' s presentatio n changes—eithe r  b y choosin g dif -
feren t  presentatio n plan s o r  b y extendin g th e presentatio n t o 
encompas s explanation s fo r  incorrec t  beliefs—th e advisor' s 
suggeste d course s o f  aaio n remai n stati c 

Othe r  earlie r  wor k [11 ,  12 ]  extende d thes e effort s t o ac -
knowledg e tha t  a  use r  reject s advic e no t  becaus e o f  a  mis -
understandin g o r  misconceptio n bu t  becaus e o f  flaws  i n th e 
advic e itself ,  suc h a s failin g t o tak e int o accoun t  al l  o f  th e 
user' s goals .  However ,  thi s wor k focuse d o n th e proble m o f 
inferrin g h o w a  use r  respons e relate s t o previousl y state d ad -
vic e (Le. ,  relatin g a  state d use r  belie f  t o th e advisor' s specifi c 
suggestion s o r  explanation s fo r  thos e suggestions) ,  an d di d 
not  provid e a  mode l  o f  th e proces s o f  actuall y revisin g advic e 
or  o f  generatin g appropriat e explanation s fo r  thos e revisions . 

Thi s paf>e r  extend s earlie r  wor k t o addres s thes e problems , 
concentratin g o n plan-oriente d advice .  Specifically ,  w e pro -
vid e a  detaile d mode l  o f  th e proces s b y whic h a n adviso r 
ca n revis e a  pla n t o tak e int o accoun t  use r  feedbac k an d the n 
generat e a n explanatio n fo r  an y revision . 

'Thi s wor k wa s sponsore d b y NS F researc h initiatio n awar d #IRI -
9309795 . 

T h e P r o b l e m 

Our  mode l  o f  th e advisor' s behavio r  assume s th e followin g 
scenario .  Th e use r  ha s initiall y  provide d th e adviso r  wit h 
an explici t  reques t  t o kno w th e bes t  pla n fo r  a  use r  goa l  G , 
and th e advisor' s tas k i s t o provid e tha t  plan ,  alon g wit h a n 
explanatio n fo r  w h y th e pla n i s best .  Furthermore ,  th e adviso r 
be ieve s tha t  G  ca n b e achieve d b y an y on e o f  a  se t  o f  plans , 
Pi.. .  Pn ,  an d tha t  th e use r  possesse s som e additiona l  goal s 
(an d weighting s o f  thei r  relativ e importance )  tha t  influenc e 
whic h P i  i s  actuall y th e bes t  pla n fo r  G . 

Initially ,  th e advisor' s proble m i s t o determin e whic h P i  t o 
sugges t  t o th e use r  an d t o provid e a n explanatio n fo r  wh y i t 
i s  th e best .  However ,  th e advisor' s belief s abou t  whic h goal s 
th e use r  possesse s (an d thei r  relativ e weightings )  ma y wel l  b e 
incorrea ,  leadin g t o a  suggeste d pla n tha t  i s  no t  acceptabl e t o 
th e use r  A s a  result ,  th e use r  provide s feedbac k t o th e advisor , 
and th e adviso r  mus t  re-evaluat e candidat e plan s i n ligh t  o f 
thi s newl y acquire d information .  I n particular ,  th e user' s 
feedbac k i s a  descriptio n o f  a  use r  goa l  and/o r  weighting ,  o r 
alternatively ,  i t  i s  on e o r  mor e belief s fro m whic h a  use r  goa l 
and/o r  weighting s ca n b e inferre d [  12] . 

Figur e 1  i s a n exampl e advice-givin g dialo g tha t  fits  thi s 
scenario .  I n thi s dialog : 

•  Th e use r  ask s th e adviso r  fo r  th e bes t  wa y t o remov e a  file. 
•  Th e adviso r  believe s tha t  removin g a  file  ca n b e adiieve d 

by an y on e o f  th e plan s represente d b y th e command s "r m 
file",  "r m - i  file",  " m v file  Amp" ,  " m v file  /dev/floppy" . 

•  Th e adviso r  believe s tha t  whic h remova l  pla n i s bes t  de -
pend s o n possibl e use r  goal s suc h a s preventin g accidenta l 
file  removal ,  allowin g file  recovery ,  minimizin g remova l 
time ,  an d avoidin g questions ,  a s wel l  a s th e relativ e im -
portanc e th e use r  give s t o eac h (e.g. ,  whethe r  preventin g 
accidenta l  file  remova l  i s  mor e importan t  tha n minimizin g 
remova l  time) . 

•  Th e adviso r  believe s tha t  thi s particula r  use r  ha s th e addi -
tiona l  goa l  o f  preventin g accidenta l  file  remova l  an d allow -
in g file  recovery ,  wit h preventin g accidenta l  file  remova l 
bein g slightl y preferred . 

•  Th e user' s response s explicitl y  indicat e th e additiona l  goal s 
of  o f  avoidin g question s an d ensurin g th e file  n o longe r 
exist s o n th e machine . 

To participat e i n thi s dialog ,  th e adviso r  mus t  abl e t o deter -
min e th e bes t  pla n fo r  th e user ,  accep t  use r  feedbac k (i n th e 
for m o f  additiona l  goal s an d change d weightings) ,  revis e thi s 
pla n t o tak e th e feedbac k int o account ,  an d provid e a  suitabl e 
explanation . 

The Advisor Architecture 

Our  adviso r  mode l  consist s o f  a  stereotypica l  use r  model , 
a dialo g model ,  a  pla n library ,  a  pla n evaluator ,  a  respons e 
generator ,  an d a  feedbac k processor . 

818 



User .  What' s th e bes t  wa y t o remove a  file? 

Advisor .  Us e "r m - i  file''.  I t  ask s yo u t o confir m befor e removing 
th e file. 

User  I  don' t  wan t  t o answe r  question s whe n I  remove a  file. 
Advisor .  A n alternativ e i s t o us e "m v A m p file".  Tha t  wa y yo u ca n 

copy bac k an y file  yo u accidentall y remove . 
User  I  wan t  th e file  of f  th e machine . 
Adviso r  "m v file  /dev/floppy "  wil l  als o allo w yo u t o recover  you r 

file.  I t  remove s you r  file  ont o a  floppy  disk . 

Figure 1: An Example Dialog 

The stereotypica l  use r  mode l  contain s a  "standard "  se t  o f 
U N I X use r  belief s  [3] .  Thi s include s a  standar d se t  o f  goal s 
and thei r  relativ e importanc e t o th e user .  Fo r  example , 
wit h file  removal ,  th e standar d use r  goal s ar e t o preven t 
accidenta l  file  remova l  an d t o allo w fo r  file  recovery ,  wit h 
th e forme r  preferre d slightl y ove r  th e latter .  Thes e goal s 
ar e use d i n determinin g th e advisor' s initia l  suggestio n o f 
apian . 

The dialo g mode l  contain s th e se t  o f  state d use r  an d advi -
sor  belief s (includin g use r  goals) ,  alon g wit h thei r  inferre d 
connection s t o th e dialo g [12] .  Fo r  example ,  on e inferre d 
connectio n i s tha t  a  use r  no t  wantin g t o answe r  question s 
i s addressin g a n unstate d effec t  o f  th e advisor' s suggeste d 
pla n o f  usin g "r m -i" .  Thes e belief s ar e use d i n evaluatin g 
plan s (overridin g th e advisor' s default s i n th e stereotypi -
cal  use r  model )  an d i n generatin g appropriat e explanation s 
(allowin g th e adviso r  t o generat e explanation s tha t  ar e cus -
tomize d t o what' s bee n previousl y discusse d i n th e dialog) . 
The pla n librar y contain s description s o f  availabl e plans , 
alon g wit h a  lis t  o f  eac h plan' s enablement s (condition s 
tha t  mus t  b e tru e befor e th e pla n ca n b e executed) ,  effect s 
(condition s tha t  ar e tru e afte r  th e pla n i s  executed) ,  an d ex -
ecutio n prof)ertie s (condition s tha t  ar e tru e abou t  th e plan' s 
execution) .  Fo r  example ,  th e pla n o f  " m v file  /tmp "  ha s 
th e effec t  tha t  th e file  n o longer  exist s i n th e origina l  direc -
tor y an d tha t  th e file  exist s i n "/tmp" ,  i t  ha s a n enablemen t 
tha t  "/tmp "  i s writeable ,  an d i t  ha s a  propert y tha t  i t  take s 
a tim e o n th e orde r  o f  second s t o execut e th e c o m m a n d . 
The effect s ca n b e bot h direc t  an d indirect ,  wit h th e indi -
rec t  effect s linke d t o direc t  effect s throug h causa l  chain s 
(e.g. ,  "r m -i "  ha s th e direc t  effec t  o f  askin g a  question , 
whic h lead s t o th e use r  answerin g a  question ,  whic h ca n 
)reven t  accidenta l  file  removal) .  Thi s informatio n i s use d 
)ot h i n evaluatin g plan s (supportin g pla n comparisons )  an d 

i n generatin g appropriat e explanation s (supportin g causa l 
rationale s fo r  pla n choices ) 
The pla n evaluato r  determine s th e bes t  pla n fo r  th e user ,  tak -
in g int o accoun t  th e se t  o f  possibl e plan s tha t  achiev e th e 
user' s state d goal ,  th e use r  belief s i n th e dialo g model ,  an d 
th e informatio n abou t  thes e plan s foun d i n th e pla n library . 
Thi s determinatio n i s don e b y a  weighted ,  numeri c compu -
tation ,  rathe r  tha n symbolically ,  an d result s i n a  rankin g o f 
plan s b y score s an d a n enumeratio n o f  th e relativ e influenc e 
of  th e variou s factor s tha t  determine d thi s ranking . 
The respons e generato r  form s a  symbolic ,  causa l  explana -
tio n fo r  w h y a  give n pla n i s mos t  appropriate .  Thi s ex -
planatio n take s advantag e o f  th e prio r  dialo g contex t  (fro m 
th e dialo g model) ,  th e advisor' s causa l  knowledg e o f  th e 
relevan t  pla n alternative s (fro m th e pla n library) ,  an d th e 
relativ e influenc e o f  th e differen t  factor s tha t  determine d 
th e final  pla n ranking . 
The feedbac k recognize r  determine s th e connectio n be -
twee n a  state d use r  goa l  an d previously-give n advice ,  infer s 

th e othe r  causally-relate d use r  belief s an d goals ,  an d deter -
mine s whic h factor s i n th e advisor' s earlie r  computatio n o f 
th e bes t  pla n nee d t o b e revised .  Thi s componen t  ha s bee n 
describe d i n detai l  elsewher e [12] . 

The focus of this paper is on plan evaluation and explanation 
generation . 

Plan Evaluation 

Our  mode l  evaluate s a  pla n i n th e contex t  o f  a  se t  o f  effec t 
goal s an d a  se t  o f  propert y goals .  A n effec t  goa l  i s  a  desire d 
conditio n o f  th e worl d afte r  executin g a  plan .  O n e exampl e 
i s th e goa l  o f  allowin g file  recovery ,  a  conditio n user s wan t  t o 
hol d tru e afte r  executin g a  file  remova l  command .  A  propert y 
goal  i s a  desire d conditio n whil e executin g a  plan .  O n e ex -
ampl e i s th e goa l  o f  fas t  executio n o f  th e remov e c o m m a n d , 
as i t  i s  a  constrain t  o n th e executio n o f  th e plan . 

Our  mode l  assume s th e use r  ha s a  singl e explicitl y  provide d 
use r  effec t  goal ,  G  (e.g. ,  remov e a  file),  an d a  se t  o f  unstate d 
effec t  an d propert y goals .  Give n G ,  th e adviso r  locate s a n 
initia l  se t  o f  plans .  P i  throug h P^ ,  b y finding  al l  plannin g 
operator s tha t  hav e th e user' s state d effec t  goa l  a s on e o f  thei r 
effects ,  an d eliminate s an y fro m th e se t  o f  possibl e alternative s 
tha t  hav e currentl y unachievabl e enablements . 

The proces s o f  determinin g th e bes t  P i  the n involve s ana -
lyzin g eac h P i  agains t  use r  goals ,  eithe r  state d o r  inferred ,  i n 
term s o f  thre e factors : 

1. The relative desirability of Pi's side effects. All else being 
equal ,  a  pla n tha t  no t  onl y achieve s th e user' s mai n goa l 
but  als o a n additiona l  use r  goal ,  i s  preferre d t o a  pla n tha t 
onl y achieve s th e user' s mai n goal . 

2.  Th e relativ e undesirabilit y  o f  P i  failin g t o hav e al l  desire d 
use r  properties .  Al l  els e bein g equal ,  a  pla n whos e ex -
ecutio n propertie s ar e simila r  t o wha t  th e use r  desire s i s 
preferre d t o on e whos e propertie s ar e fa r  fro m wha t  th e 
use r  desires . 

3.  Th e relativ e undesirabilit y  o f  havin g t o achiev e Pi' s un -
achieve d enablements .  Al l  els e bein g equal ,  a  pla n whos e 
enablement s ar e al l  satisfie d i s bette r  tha n a  p  a n wit h a n 
unsatisfie d enablement . 

Th e ke y proble m is :  H o w d o w e creat e a  computationa l 
model  o f  pla n evaluatio n tha t  encompasse s thes e factors ? O u r 
model  i s  tha t  th e proces s require s computin g a  desirabilit y  (o r 
undesirability )  measur e fo r  eac h o f  thes e factor s an d the n 
combinin g them . 

Computing Effect Desirability 

Effec t  desirabilit y  capture s th e relationshi p betwee n th e pla n 
and th e user' s effec t  goal s (othe r  tha n th e mai n effec t  goal , 
whic h triggere d thi s particula r  se t  o f  plans) .  I t  i s  define d a s 
{ E G D X  E A ) ,  wher e E G D represent s effec t  goa l  desirability , 
E A represent s goa l  achievement . 

E G D i s a  vecto r  tha t  capture s th e relativ e desirabilitie s 
(weightings )  o f  th e possibl e use r  effec t  goals .  Thi s vecto r 
contain s on e entr y pe r  possibl e use r  goal ,  whic h represent s 
th e goal' s strength .  Th e entr y correspond s t o a n intege r  be -
twee n 1 0 an d — 1 0 ,  wher e 1 0 represent s th e stronges t  goal , 
0 represent s apathy ,  an d — 1 0 represent s th e opposit e bein g a 
goal .  Thes e weighting s ar e initiall y  forme d fro m th e stereo -
typica l  use r  mode l  an d augmented ,  a s th e dialo g progresses , 
by state d an d inferre d use r  goals . 

E A i s a  matri x tha t  capture s th e relationshi p o f  eac h candi -
dat e pla n t o th e se t  o f  possibl e use r  effec t  goals ,  wher e ther e 
i s on e colum n pe r  plan ,  on e ro w pe r  goal ,  an d th e entrie s ar e 
value s tha t  captur e th e relationshi p betwee n th e pla n an d th e 
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goal .  Thes e value s als o correspon d t o a n intege r  betwee n 1 0 
and - 1 0 ,  wher e 1 0 represent s achievin g th e goal ,  0  represent s 
not  bein g relevan t  t o th e goal ,  - 1 0 represent s thwartin g th e 
goal ,  A  valu e betwee n 0  an d 1 0 mean s th e pla n onl y partiall y 
or  sometime s achieve s th e goa l  (e.g. ,  "r m -i "  onl y prevent s 
accidenta l  file  remova l  i f  th e use r  answer s "n "  fo r  files  tha t 
actuall y shouldn' t  b e removed) .  Thi s matri x capture s onl y 
th e final  relationshi p betwee n plan s an d goals ,  no t  th e causa l 
relationshi p o f  h o w thes e plan s achiev e o r  thwar t  th e goals . 

Th e resul t  o f  multiplyin g E G D x  E A i s a  vecto r  tha t 
capture s th e relativ e abilit y  o f  thes e plan s t o satisf y th e user' s 
effect-relate d goals .  Th e highe r  th e scor e fo r  a n individua l 
plan ,  th e close r  i t  come s t o satisfyin g th e user s goals . 

As a n example ,  th e stereotypica l  startin g value s o f  E G D 
fo r  ou r  exampl e dialo g i s  [10 ,  8,0,0] ,  wit h th e entrie s repre -
sentin g th e desirabilit y  o f  preventin g accidenta l  file  removal , 
allowin g file  recovery ,  avoidin g questions ,  an d ensurin g th e 
file  i s actuall y remove d fro m th e host .  Tha t  is ,  user s hav e pre -
ventin g accidenta l  remova l  a s a  stron g goal ,  wit h allowin g file 
recover y a  clos e second ,  an d user s ar e apatheti c abou t  avoid -
in g question s o r  ensurin g th e file  i s reaJl y removed) .  E A ' s 
initia l  value s ar e determine d base d o n causa l  relationship s an d 
ar e fixed  acros s al l  users ,  a s show n below : 

preven t  accidenta l 
file  remova l 
allo w recovery  o f 
an accidentall y 
removed file 
avoi d question s 
afte r  comman d 
ensur e file  no t  o n 
hos t  afte r  comman d 

use 
r m 

-1 0 

-1 0 

10 

10 

use 
r m - i 

9 

- 1 

-1 0 

10 

usemv 
/tm p 

0 

9 

10 

-1 0 

usemv 
floppy 

0 

10 

10 

10 

Th e result ,  fo r  ou r  exampl e file  remova l  plans ,  i s 
[-180,82,72 ,  80 ]  ("r m -i "  i s  ranke d th e highest ,  "m v floppy" 
i s ranke d a  clos e second ,  " m v /tmp "  i s ranke d third ,  an d "rm " 
i s ranke d a  distan t  fourth) .  Thi s lo w rankin g fo r  "rm "  i s a 
direc t  resul t  o f  it s  thwartin g bot h goal s th e use r  i s assume d t o 
have . 

Thi s computatio n o f  effec t  desirabilit y  rank s plan s i n term s 
of  effec t  goals ,  withou t  considerin g propert y goal s o r  enable -
ments .  A n adviso r  usin g onl y thi s informatio n t o evaluat e 
plan s coul d no t  addres s use r  response s dealin g wit h proper -
tie s o r  enablements ,  suc h a s "Bu t  I  wan t  a  faste r  file-removal 
c o m m a n d"  o r  "Bu t  I  don' t  wan t  t o hav e t o find  a  floppy  disk" . 

Computing Property Undesirability 

Propert y desirabilit y  capture s h o w clos e th e propertie s o f  eac h 
plan' s executio n c o m e t o meetin g th e user' s desire d con -
straint s o n tha t  execution .  I t  i s  compute d an d define d i n a 
way that' s simila r  t o effec t  desirability .  I n particular ,  i t  i s  de -
fined  a s P G D X  P D ,  wher e P G D represent s propert y goa l 
desirabilit y  an d P D represent s properl y distance . 

P G D i s a  vecto r  tha t  capture s th e relativ e desirabilitie s 
(weightings )  o f  th e possibl e use r  propert y goals .  Lik e E G D , 
i t  contain s on e entr y pe r  possibl e use r  goa l  tha t  represent s th e 
strengt h o f  th e goal ,  wit h a  valu e betwee n 1 0 an d - 1 0 ,  an d 
thes e weight s ar e initiall y  forme d fro m th e stereotypica l  use r 
model . 

P D i s a  matri x tha t  capture s th e relationshi p o f  eac h candi -
dat e pla n t o th e se t  o f  possibl e propert y goals ,  wher e ther e i s 
on e colum n pe r  pla n an d on e ro w pe r  property .  Wit h proper -
ties ,  however ,  w e ar e concerne d wit h measurin g distance ,  s o 
th e entrie s i n th e matri x represen t  h o w clos e th e plan' s exe -
cutio n come s t o havin g th e desire d property .  Tha t  is ,  becaus e 

ther e i s n o notio n o f  thwartin g a  propert y goal ,  th e value s i n 
thi s matri x ar e non-positive ,  betwee n 0  an d - 1 0 ,  wit h 0  rep -
resentin g a  pla n tha t  exactl y ha s th e particula r  propert y an d 
th e negativ e number s representin g h o w fa r  th e pla n i s fro m 
havin g tha t  property . 

As a n example ,  fo r  file-removal  ther e ar e tw o c o m m o n 
user-desire d properties :  fas t  executio n an d c o m m a n d sim -
plicity .  Ou r  stereotypica l  startin g value s o f  E P D fo r  thes e 
goal s i s [4,6 ]  (comman d simplicit y i s slightl y preferre d t o 
fas t  execution) .  P A ' s initia l  value s ar e determine d base d o n 
causa l  relationship s an d ar e fixed  acros s al l  users ,  a s show n 
below : 

use use us e m v us e m v 

execute s 
quickl y 
command 
simplicit y 

r m 
0 

0 

r m - i 
-4 

-2 

/tm p 
-4 

-4 

floppy 
-8 

-6 

That  is ,  "rm "  ha s bot h o f  thes e properties ,  bu t  th e other s ten d 
t o execut e mor e slowl y an d ar e no t  a s simpl e (sinc e the y al l 
requir e command-lin e arguments) . 

Th e overal l  resul t  fo r  propert y desirabilit y  fo r  ou r  exam -
pl e (computin g E P D x  P D )  i s  [0 ,  - 2 8 ,  - 4 0 ,  - 68 ]  ("rm "  i s 
ranke d th e highest ,  "r m -i "  i s  ranke d a  distan t  second ,  " m v 
/tmp "  i s ranke d third ,  an d "m v file  /dev/floppy "  i s ranke d th e 
lowest) .  Here ,  "rm "  ha s a  hig h rankin g i s a  direc t  resul t  o f  it s 
havin g exactl y th e propertie s th e use r  desire s i n a  removal -
command. 

Computing Enablement Undesirability 

Enablement undesirability captures the negative conse-
quence s t o th e use r  o f  havin g t o achiev e enablin g conditions . 
Our  mode l  compute s enablemen t  undesirabilit y  a s E U x  R E , 
wher e E U i s a  enablemen t  undesirabilit y  vector ,  an d R E i s 
a require d enablement s matrix . 

E U i s a  vecto r  tha t  capture s th e relativ e undesirabilit y  o f 
eac h o f  th e know n enablement s fo r  th e se t  o f  plan s unde r  con -
sideration .  I t  i s  intende d t o mode l  th e user' s perceive d attitud e 
to'var d havin g t o achiev e th e enablement .  Sinc e an y enable -
ment  i s somewha t  undesirable ,  th e value s rang e betwee n — 1 0 
and 0 ,  wit h a  - 1 0 indicatin g a  highl y undesirabl e enablemen t 
conditio n an d a  0  indicatin g apath y towar d th e enablement . 

R E capture s whic h plan s ar e associate d wit h whic h en -
ablements .  It s value s rang e fro m 0  t o 10 ,  wit h a  1 0 indicatin g 
an unsatisfie d enablement ,  a  0  indicatin g tha t  it' s  no t  a n en -
ablemen t  o r  tha t  it' s  a  currentl y satisfie d enablement ,  an d 
an in-betwee n valu e indicatin g a  partiall y  unsatisfie d enable -
ment .  Th e ide a i s tha t  eve n i f  a  pla n ha s a n enablemen t  that' s 
a lo t  o f  wor k t o achieve ,  tha t  wor k i s irrelevan t  i f  it' s  alread y 
achieved . 

As a n example ,  fo r  th e file-removal  commands ,  th e possibl e 
plan-specifi c  enablement s ar e spac e i n "/tmp "  an d locatin g 
a floppy  dis k (director y writ e permissio n i s a n enablemen t 
of  an y pla n fo r  removin g a  file,  s o i t  ca n b e ignored) .  A 
stereotypica l  E U i s [—3 ,  — 6 ] ,  whic h indicate s th e use r  mind s 
tryin g t o clea n u p "/tmp" ,  bu t  mind s m u c h mor e havin g t o 
locat e a  floppy. 

spac e i n /tm p 
availabl e floppy 

use 
r m 

0 
0 

use 
r m - i 

0 
0 

usemv 
/tm p 

10 
0 

usemv 
floppy 

0 
10 

By multiplyin g E U an d R E ,  w e com e u p wit h a n undesir -
abilit y  cos t  vecto r  fo r  thes e plan s o f  [0,0 ,  — 3 0 ,  - 6 0 ] . 

820 



C o m p u t i n g A n Overal l  R a n k i n g 

Essentially ,  effec t  desirabilit y  capture s th e progres s th e use r 
can mak e towar d achievin g variou s use r  goals ,  whil e properl y 
undesirabilit y  an d enablemen t  undesirabilit y  captur e th e pric e 
th e use r  ha s t o pay—jus t  h o w fa r  th e pla n i s fro m ideal .  Ou r 
model  combine s thes e measurement s t o achiev e a n overal l 
desirabilit y  fo r  th e pla n b y normalizin g eac h o f  thes e mea -
surement s an d the n computin g a  weighte d sum , 

where scorei is Pi's score, iwj represents a weight, n^d is 
th e normalize d effec t  desirability ,  n„t ,  i s th e normalize d pla n 
undesirability ,  an d n^ u i s th e normalize d enablemen t  undesir -
ability . 

We normaliz e effec t  desirabilit y  an d propert y undesirabilit y 
by dividin g th e respectiv e score s b y th e numbe r  o f  effec t  an d 
propert y goals ,  respectively .  Fo r  effec t  goals ,  thi s result s i n 
a scor e betwee n - 1 0 0 an d 10 0 (wher e 10 0 i s a  pla n tha t 
achieve s al l  th e goals ;  a  scor e o f  0  i s a  pla n tha t  i s essentiall y 
side-effec t  neutral ,  an d — 1 0 0 i s a  pla n tha t  thwart s al l  th e 
goals) .  Fo r  propert y goals ,  w e d o th e same ,  bu t  thi s result s 
i n a  scor e betwee n - 1 0 0 an d 0 ,  wher e 0  i s a  pla n tha t  i s 
idea l  i n term s o f  it s properties ,  an d — 1 0 0 i s a  pla n that' s a s 
fa r  a s possibl e fro m ideal .  W e normaliz e enablin g condition s 
by dividin g b y th e numbe r  o f  enablemen t  conditions ,  whic h 
lead s t o a  scor e betwee n - 1 0 0 an d 0 ,  wher e 0  i s a  pla n wit h n o 
negativ e attitud e towar d achievin g it s enablement s an d - 1 0 0 
i s a  pla n wit h maxima l  negativ e attitude . 

The weights ,  Wi ,  represen t  th e user' s overal l  weighting s 
of  eac h o f  thes e type s o f  factors .  I f  eac h lU j  i s 1 ,  th e use r 
weight s eac h facto r  evenl y (which ,  i n turn ,  implie s tha t  th e 
same desirabilit y  scal e ha s bee n use d fo r  effec t  goals ,  propert y 
goals ,  an d attitud e towar d enablements) .  B y providin g thes e 
weightings ,  th e mode l  allow s eac h o f  thes e factor s t o b e place d 
on thei r  o w n relative ,  rathe r  tha n absolute ,  scale .  I n addition , 
th e weighting s ca n b e use d t o captur e genera l  attitude s o f  th e 
user ,  suc h a s a  use r  fo r  w h o m i t  i s  m u c h mor e importan t  t o 
achiev e a s man y effec t  goal s a s possibl e tha n t o hav e a  pla n 
that' s a  lo t  o f  wor k t o execute . 

We hav e use d stereotypica l  startin g weighting s o f  1 ,  .5 , 
and . 5 fo r  ou r  pla n evaluations ,  givin g eve n weigh t  t o effec t 
desirabilit y  o n on e han d an d th e combine d undesirabilit y  o f 
pla n propertie s an d pla n enablement s o n th e othe r  hand .  Th e 
resul t  fo r  ou r  exampl e i s approximatel y [—45 ,  14 ,  3 ,  — 1 1 ] , 
whic h suggest s fo r  th e standar d use r  "r m -i "  i s  th e best ,  "m v 
/tmp "  i s a  distan t  second ,  an d bot h "rm "  an d " m v floppy" 
leav e th e use r  wors e of f  whe n thei r  sid e effect s ar e considered . 
However ,  exactl y wha t  th e variou s stereotypica l  weighting s 
shoul d b e i s a n ope n questio n tha t  need s t o b e experimentall y 
addressed . 

Revising Goal Weightings 

Our  mode l  o f  pla n evaluatio n i s heavil y dependen t  o n th e 
relativ e desirabilitie s o f  effec t  goals ,  propert y goals ,  an d pla n 
enablements .  A  ke y questio n i s h o w t o th e adviso r  ca n modif y 
thes e weighting s durin g th e cours e o f  a n on-goin g dialog . 

Our  mode l  currentl y revise s weight s differentl y depend -
in g o n severa l  differen t  classe s o f  goal-base d use r  responses : 
thos e tha t  provid e unqualifie d goal s (e.g. ,  " I  wan t  X "  o r  " I 
do no t  wan t  X " ) ,  thos e tha t  provid e qualifie d goal s (e.g. ,  " I 
reall y wan t  X "  o r  " I  ver y m u c h d o no t  wan t  X " ) ,  an d thos e 
tha t  provid e goa l  preference s (e.g. ,  " I  prefe r  X  t o Y " ) .  Th e 
assumptio n i s tha t  th e user' s underlyin g purpos e i n makin g 
thes e statement s i s t o infor m th e adviso r  tha t  th e curren t  pla n 
i s insufficien t  becaus e i t  doesn' t  appropriatel y tak e th e newl y 
state d goa l  int o account . 

For  unqualifie d goals ,  th e adviso r  simpl y change s th e goa l 
weightin g t o th e m a x i m u m valu e (-1 0 o r  10 ,  dependin g o n 
whethe r  it' s a  positiv e o r  negativ e goal) ,  rathe r  tha n tryin g t o 
infe r  a n appropriat e value .  Thi s "maxima l  change "  approac h 
i s attractiv e becaus e i n re-evaluatin g a  plan ,  ther e ar e onl y tw o 
outcomes :  th e pla n eithe r  remain s th e bes t  pla n o r  anothe r 
pla n become s th e best .  I f  maximall y revisin g th e weightin g 
doe s no t  resul t  i n a  ne w "best "  alternative ,  i t  suggest s tha t 
th e curren t  alternativ e canno t  b e improve d o n i n term s o f  thi s 
goal .  O n th e othe r  hand ,  i f  i t  doe s resul t  i n a  n e w alternative , 
tha t  alternativ e i s provide d a s th e bes t  plan ,  an d th e use r  i s 
give n th e opportunit y t o reduc e thi s weightin g i n subsequen t 
response s (throug h qualifie d goal s o r  goa l  preferences) . 

I n ou r  example ,  whe n th e use r  specifie s tha t  h e doesn' t  wan t 
t o answe r  questions ,  th e goa l  o f  avoidin g question s i s auto -
maticall y give n a  10 .  Thi s result s i n a n effec t  goa l  desirabilit y 
vecto r  o f  [10,8 ,  10,0] ,  resultin g i n a  n e w rankin g fo r  file  re -
moval  plan s i n term s o f  goa l  effects ,  [-80,-12 ,  172 ,  180] . 
Havin g thi s ne w informatio n make s "rm "  a  bette r  alternativ e 
tha n before ,  an d i t  make s " m v /dev/floppy "  th e bes t  pla n w h e n 
considere d solel y i n term s o f  goa l  effects .  However ,  whe n th e 
adviso r  consider s propert y undesirabilit y  an d enablemen t  un -
desirability ,  " m v /tmp "  become s th e bes t  plan . 

For  qualifie d goals ,  th e adviso r  change s th e goa l  weightin g 
by a  eithe r  a  fixed  amoun t  o r  a  "delta" ,  dependin g o n th e 
linguisti c ter m use d a s a  qualifie r  (e.g. ,  "really "  cause s th e 
goal  weightin g t o b e se t  t o a  hig h value ,  "prefe r  not "  cause s 
th e goa l  weightin g t o b e a  med iu m value ,  an d s o on) .  T h e 
assumptio n her e i s tha t  th e use r  i s awar e th e adviso r  considere d 
th e goal ,  bu t  believe s th e adviso r  pu t  a n incorrec t  weightin g 
on it . 

Finally ,  fo r  goa l  preferences ,  th e adviso r  change s th e goa l 
weighting s t o reflec t  th e state d preference .  I n a  use r  statemen t 
suc h a s " I  prefe r  X  t o Y "  cause s X' s weightin g t o b e increase d 
t o a  delt a ove r  Y  (wit h th e precis e delt a dependin g o n an y 
qualifiers) . 

As wit h ou r  initia l  weighting s an d ou r  relativ e weighting s o f 
effec t  goals ,  propert y goals ,  an d enablements ,  exactl y wha t  th e 
delta s shoul d b e fo r  variou s linguisti c term s an d preference s 
i s a n ope n question . 

Providing An Explanation 

Our  mode l  assume s tha t  th e adviso r  wil l  respon d t o th e use r 
by eithe r  providin g a  ne w alternativ e (an d a n appropriat e ex -
planation) ,  explainin g tha t  th e previou s alternativ e i s th e bes t 
(eve n takin g int o accoun t  th e user' s lates t  feedback) ,  o r  pro -
vidin g a n explanatio n tha t  correct s a  mistake n use r  belie f  [12] . 
D ue t o spac e considerations ,  w e tackl e onl y th e first:  explain -
in g w h y a  n e w alternativ e i s th e best . 

Our  mode l  fo r  providin g a n explanatio n relie s o n fou r 
advice-givin g principles ,  derive d fro m Grice' s conversationa l 
max im s [7] .  Thes e are : 

1. Don't waste the user's time by stating anything the user 
alread y knows . 

2.  Don' t  confus e th e use r  b y changin g th e dialo g focu s onc e 
it' s o n th e ne w alternative . 

3.  Don' t  confus e th e use r  b y providin g informatio n tha t  form s 
a cas e agains t  thi s alternative . 

4.  Don' t  wast e th e user' s tim e b y tellin g th e use r  somethin g 
tha t  ca n b e inferre d b y a n assumptio n o f  adviso r  coopera -
tiveness . 

We illustrate these principles by showing how the model 
applie s the m t o determin e th e conten t  fo r  th e respons e ex -
plainin g w h y "m v /tmp "  i s n o w th e bes t  pla n fo r  th e goal . 
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Goal  Effects : 
la )  r m - i  doe s involv e answerin g question s 
1 b )  m v /tm p doe s no t  involv e answerin g question s 
2a)  r m - i  doe s preven t  accidenta l  file  remova l 
2b)  m v A m p doe s no t  preven t  accidenta l  file  remova l 
3a)  r m - i  doe s no t  allo w recover y 
3b)  m v /tm p allow s recover y 
Enablemen t  costs : 
4a)  r m - i  doe s no t  requir e spac e i n /tm p 
4b)  m v /tm p require s spac e i n /tm p 
Propert y Effects : 
5)  r m - i  execute s faste r  tha n m v /tm p 
6)  r m - i  i s  a  simple r  tha n m v /tm p 

Figure 2: The factors where "mv tmp" and "rm -i" differ. 

F ro m examinin g dialogs ,  i t  appear s tha t  advisor s consis -
tentl y us e comparativ e explanation s t o explai n w h y a  ne w 
pla n i s a  bette r  choic e tha n a n existin g alternative .  Thus ,  th e 
advisor' s firs t  tas k i s t o determin e t o whic h alternativ e th e ne w 
pla n shoul d b e compared .  O n e approac h i s t o compar e th e 
recommende d pla n t o eac h o f  it s  a  ternatives ;  however ,  thi s 
ca n lea d t o a  comple x an d length y respons e eve n i n ou r  simpl e 
example .  Anothe r  approac h i s t o compar e th e pla n t o th e nex t 
bes t  alternative .  However ,  i f  th e nex t  bes t  alternativ e ha s no t 
yet  bee n mentione d i n th e dialog ,  thi s suddenl y change s th e 
focu s o f  th e dialog ,  an d ha s th e potentia l  t o confus e th e user . 
As a  result ,  ou r  mode l  applie s th e principl e o f  maintainin g 
focus ,  an d th e adviso r  compare s th e ne w alternativ e wit h th e 
most  recentl y suggeste d alternative .  Fo r  ou r  example ,  thi s 
means comparin g " m v /tmp "  t o "r m -i" ,  th e pla n currentl y 
unde r  discussion . 

Th e advisor' s nex t  tas k i s generat e a n explanatio n fo r  w h y 
" m v /tmp "  i s bette r  tha n "r m -i" .  Thi s explanatio n involve s 
a compariso n o f  cost s an d benefit s betwee n th e tw o plans , 
whic h hav e bee n compute d a s par t  o f  th e advisor' s calcula -
tio n o f  th e plan' s desirability ,  Fo r  ou r  example .  Figur e 2  list s 
th e variou s cost s an d benefit s i n genera l  orde r  o f  mos t  influen -
tia l  differenc e t o leas t  (item s wit h th e sam e numbe r  reflec t  th e 
same underlyin g goal ,  suc h a s answerin g questions) .  Becaus e 
of  th e larg e numbe r  o f  influences ,  i t  i s  cumbersom e t o discus s 
al l  o f  thes e influence s i n a  singl e response .  A s a  result ,  th e ad -
viso r  mus t  determin e a n appropriat e subse t  o f  thes e influence s 
i n a  give n response . 

O ne approac h t o determinin g whic h cost s an d benefit s t o 
discus s i s t o mentio n onl y th e mos t  salien t  difference s be -
twee n th e plans ,  wit h salienc e define d i n term s o f  th e larges t 
influenc e o n th e plan' s overal l  score .  However ,  thi s heuristi c 
ofte n fails ,  a s m a n y differen t  factor s m a y contribut e relativel y 
equally ,  o r  th e mos t  salien t  differenc e m a y b e on e th e use r  i s 
alread y awar e of .  A s a  result ,  ou r  approac h i s t o appl y th e 
advice-givin g principle s abov e t o reduc e th e se t  o f  candidat e 
cost s an d benefits . 

I n particular ,  th e adviso r  first  avoid s confusin g th e use r  b y 
eliminatin g fro m consideratio n an y facto r  tha t  argue s agains t 
th e advisor' s n e w recommendation .  Fo r  ou r  example ,  th e 
adviso r  ignore s an y facto r  tha t  negativel y influence s whethe r 
" m v /tmp "  i s th e bes t  plan .  Thi s eliminate s (2a )  an d (2b) , 
whic h indicat e a  failur e o f  "m v /tmp "  t o achiev e a  goal ,  (4a ) 
and (4b) ,  whic h indicat e tha t  i t  require s a n additiona l  enable -
ment ,  an d (5 )  an d (6) ,  whic h indicat e tha t  "r m -i "  ha s som e 
additional ,  desirabl e properties . 

Next ,  th e adviso r  avoid s tellin g th e use r  wha t  th e use r  al -
read y k n o w s b y eliminatin g an y belie f  foun d i n th e dialo g 
model .  Thi s eliminate s (la) ,  whic h th e user' s previou s re -

spons e explicitl y  addressed .  A t  thi s point ,  th e remainin g 
choice s ar e (lb) ,  whic h point s ou t  tha t  m v "/tmp "  doe s no t 
involvinganswerin g questions ,  an d (3a )  an d (3b) ,  whic h poin t 
out  tha t  m v "/tmp "  allow s recover y an d "r m -i "  doe s not . 

Afte r  narrowin g d o w n th e se t  o f  factor s t o thos e tha t  wil l 
not  confus e th e use r  an d tha t  th e use r  doesn' t  alread y know , 
th e adviso r  ha s a n acceptabl e response . 

Advisor .  Us e m v "/tmp" .  I t  doe s no t  requir e tha t  yo u answe r 
questions .  I t  allow s yo u t o recove r  you r  file  an d "r m -i " 
doe s not . 

However ,  th e adviso r  the n trie s t o mak e th e respons e a s 
brie f  a s possibl e b y repeatedl y applyin g th e cooperativenes s 
principle ,  whil e ensurin g tha t  th e focu s principl e i s no t  vi -
olated .  I n particular ,  th e adviso r  assume s tha t  i f  th e use r 
mention s a  pla n flaw,  F ,  th e use r  expect s tha t  an y ne w sug -
geste d pla n wil l  no t  hav e thi s F  (o r  tha t  i f  i t  does ,  th e adviso r 
wil l  mentio n it) .  I t  ca n therefor e eliminat e fro m consideratio n 
any respons e tha t  suggest s th e ne w pla n wil l  no t  hav e a  previ -
ousl y mentione d flaw.  I n thi s case ,  thi s eliminate s (lb) ,  sinc e 
i f  th e adviso r  simpl y state s "us e m v /tmp "  i n respons e t o th e 
user' s desir e no t  t o answe r  questions ,  th e use r  wil l  infe r  tha t 
thi s pla n doe s no t  involv e answerin g questions—s o there' s n o 
nee d fo r  th e adviso r  t o explicitl y  mentio n it . 

Afte r  thi s  first  applicatio n o f  th e cooperativenes s principle , 
th e adviso r  i s lef t  wit h (3a )  an d (3b) ,  whic h lead s t o a  briefe r 
response . 

Advisor :  Us e m v "/tmp" .  I t  allow s yo u t o recove r  you r  file 
and "r m -i "  doe s not . 

However ,  b y agai n applyin g th e cooperativenes s assumption , 
th e adviso r  ca n narro w thi s respons e d o w n t o simpl y (3b) .  I n 
particular ,  th e adviso r  assume s tha t  i f  i t  mention s tha t  a  ne w 
pla n ha s a n effec t  E ,  th e use r  wil l  infe r  tha t  th e ol d pla n doe s 
not  resul t  i n effec t  E .  A s a  result ,  statin g (3b )  alon e wil l  impl y 
(3a) .  Whil e th e adviso r  ca n als o us e th e convers e o f  thi s rul e 
t o reduc e th e respons e t o (3a) ,  whic h implie s (3b) ,  doin g s o 
violate s th e focu s principle .  Tha t  is ,  mentionin g tha t  "r m -i " 
doesn' t  suppor t  file  recover y allow s th e use r  t o infe r  tha t  " m v 
/tmp "  doe s suppor t  recovery ;  however ,  i t  shift s th e focu s fro m 
th e ne w alternativ e t o a n ol d one . 

Future Work 
Ther e ar e severa l  ke y area s o f  futur e work :  verifyin g th e be -
haviora l  prediction s mad e b y th e model ,  experimentin g wit h 
alternat e weightings ,  extendin g an d revisin g th e model ,  an d 
integratin g th e mode l  wit h existin g wor k i n dialo g respons e 
planning . 

Verifying The Model's Predictions 

Our  mode l  make s severa l  prediction s abou t  advisor y dialog s 
tha t  nee d t o b e verifie d experimentally .  O n e predictio n i s tha t 
adviso r  explanation s fo r  w h y on e pla n i s bette r  tha n anothe r 
wil l  no t  necessaril y  involv e th e facto r  tha t  i s  "largest "  differ -
enc e betwee n th e tw o candidat e plans .  A  relate d predictio n i s 
tha t  explanation s tha t  follo w ou r  model' s advice-givin g prin -
ciple s wil l  b e rate d t o b e mor e cooperativ e tha n explanation s 
base d o n th e heuristi c o f  choosin g th e "largest "  differenc e 
betwee n pla n candidates .  Whil e ou r  mode l  i s base d o n anal -
ysi s o f  a  variet y o f  UNIX-relate d advice-givin g dialogs ,  an d 
i t  appear s t o mode l  th e behavior s i n man y o f  thes e dialogs , 
thes e experiment s ar e necessar y t o evaluat e th e model' s over -
al l  quality . 

Experimenting With Alternate Weightings 

O ne drawbac k t o ou r  curren t  approac h lie s i n h o w w e hav e 
forme d ou r  stereotypica l  weightings .  Fo r  th e U N I X domain . 
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th e stereotypica l  value s fo r  user s hav e bee n assigne d b y ap -
)lyin g genera l  principle s t o specifi c  U N I X commands .  W e 
lav e treate d file  removal ,  fo r  example ,  a s a n instanc e o f  th e 

genera l  notio n o f  destroyin g something ,  an d w e applie d th e 
principl e tha t  user s wan t  t o ensur e the y don' t  destro y anythin g 
accidentally ,  an d i f  the y do ,  the y wan t  a  wa y t o ge t  i t  b a c k — 
but  preferrin g no t  t o destro y somethin g i n th e first  place .  W e 
hav e the n trie d t o approximat e thi s notio n wit h ou r  weigh t 
values .  Fo r  a  full-blow n U N I X advisor y system ,  however ,  i t 
i s  necessar y t o hav e a  mor e accurat e mode l  o f  use r  goals .  O n e 
way t o addres s thi s proble m i s b y providin g differen t  U N I X 
user s wit h questionnaire s tha t  hav e the m ran k variou s goal s 
i n differen t  situations .  Thi s empirica l  approac h ca n als o b e 
applie d t o determinin g th e weighting s o f  propert y goal s an d 
of  enablemen t  undesirability . 

A featur e o f  ou r  curren t  approac h i s tha t  w e ca n readil y 
experimen t  wit h differen t  weighting s an d stud y th e resultin g 
adviso r  behavior .  I n particular ,  i t  appear s tha t  w e ca n us e 
our  mode l  t o begi n t o explor e th e effect s o f  use r  personalit y 
on advice-giving .  Fo r  example ,  i t  m a y wel l  b e possibl e t o 
represen t  lazines s b y givin g a  hig h undesirabilit y  t o enablin g 
condition s (i.e. ,  tha t  th e bes t  solutio n i s th e on e requirin g th e 
leas t  effort ,  regardles s o f  whethe r  i t  achieve s othe r  goals )  an d 
t o explor e h o w th e dialog s generate d b y ou r  syste m com -
par e t o real-worl d advisor y dialog s involvin g "lazy "  users . 
Whil e other s hav e represente d personalit y trait s a s weighte d 
combination s o f  goal s [14] ,  ther e ha s bee n littl e wor k o n 
studyin g h o w personalit y affect s user-adviso r  interactio n i n 
advice-givin g dialogs . 

Extending And Revising The Model 

Our model currently uses a straightforward algorithm for re-
visin g it s weightings :  i t  simpl y substitute s a  maxima l  positiv e 
or  negativ e weighting .  Ther e ar e a  variet y o f  alternative ,  mor e 
subtl e approache s tha t  m a y lea d t o a  mor e accurat e mode l  o f 
th e advice-givin g process .  O n e i s t o us e a  "delta "  i n respons e 
t o use r  goals ,  rathe r  tha n a  fixed  target .  Tha t  is ,  th e mode l  ca n 
slightl y incremen t  o r  decremen t  it s weightin g eac h tim e th e 
user  mention s a  goal .  A  mor e subtl e versio n o f  thi s approac h 
i s t o hav e th e amoun t  o f  chang e dependen t  o n th e valu e o f 
th e weighting :  th e les s initia l  informatio n abou t  a  goal ,  th e 
more i t  change s (e.g. ,  a n initia l  weightin g o f  0 ,  indicatin g a n 
apatheti c user ,  woul d resul t  a  larg e change ;  a  weightin g o f  — 7 
indicatin g a  strongl y negativ e goa l  woul d chang e littl e i n re -
spons e t o a  use r  statement) .  It' s  clearl y necessar y t o compar e 
th e behavio r  o f  thes e approache s wit h ou r  own . 

Integrating With Dialog Planning 

Our plan evaluator and response generator together determine 
th e high-leve l  conten t  o f  a n explanator y justificatio n fo r  w h y 
a give n pla n i s th e bes t  alternative .  Thi s content ,  however , 
may no t  b e suitabl e a s th e entir e response .  Ou r  model ,  fo r 
example ,  generate s a n explanatio n tha t  " m v /tmp "  allow s th e 
user  t o recove r  a  file,  bu t  ou r  illustrativ e dialo g show s tha t  th e 
adviso r  ha s embellishe d tha t  explanatio n wit h a n additiona l 
causa l  justificatio n o f  exactl y h o w th e file  ca n b e recovered : 
namely ,  tha t  th e file  exist s i n "/tmp "  an d ca n b e recovere d 
by copyin g i t  back .  Whil e w e ca n ge t  reasonabl e adviso r 
behavio r  b y tweakin g ou r  mode l  t o automaticall y provid e 
a causa l  explanatio n fo r  an y goal ,  a  bette r  approac h i s t o 
thin k o f  ou r  respons e generato r  a s generatin g a  goa l  fo r  a 
dialo g plannin g proces s (e.g. ,  infor m th e use r  tha t  " m v /tmp " 
allow s th e use r  t o recove r  a  file),  wher e th e dialo g planne r 
i s responsibl e fo r  determinin g whethe r  i t  i t  i s  necessar y t o 
provid e th e causa l  justification . 

C o n c l u s i o n s 

Thi s pape r  ha s presente d a  mode l  o f  th e proces s b y whic h a n 
adviso r  ca n revis e plan-oriente d advic e i n respons e t o use r 
feedback .  I n particular ,  th e mode l  provide s a  genera l  mech -
anis m fo r  evaluatin g candidat e plan s i n respons e t o differen t 
state d use r  goals ,  an d i t  demonstrate s h o w applyin g a  smal l 
set  o f  advice-givin g principle s ca n determin e th e conten t  o f 
an appropriat e explanatio n fo r  an y newl y recommende d plan . 

Thes e advice-givin g dialog s ca n b e viewe d a s a  collabo -
rativ e plannin g proces s [4 ,  5 ,  6 ,  15] ,  wher e th e adviso r  an d 
use r  cooperat e t o locat e th e bes t  pla n fo r  th e user' s goals .  O u r 
wor k i s complimentar y t o earlie r  effort s i n thi s area .  I t  differ s 
i n tha t  i t  provide s a  formalizatio n o f  th e proces s o f  evaluatin g 
a pla n tha t  take s int o accoun t  al l  factor s (effects ,  properties , 
and enablements) ,  a s oppose d t o onl y a  subse t  o f  them .  I t 
als o provide s a  mechanis m base d o n genera l  conversationa l 
principle s fo r  determinin g th e factor s t o discus s i n a  response , 
as oppose d t o th e heuristi c o f  simpl y discussin g th e "mos t 
important "  factor . 
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Abstrac t 

As Simon (1981) has pointed out, coming to characterize 
phenomena a s functiona l  system s i s fundamenta l  fo r  ou r 
understandin g o f  th e natura l  an d man-mad e worlds .  Ye t 
littl e i s know n abou t  people' s propensitie s fo r  makin g 
suc h characterizations .  I n contras t  t o previou s researc h 
tha t  ha s focuse d o n unfamiliar ,  opaqu e systems ,  th e 
stud y reporte d her e investigate d expert s an d novice s 
relativ e us e o f  structure-functio n relationship s t o 
understan d a  familiar ,  inspectabl e system~ a bicycle .  A s 
th e stud y shows ,  th e experts ,  bu t  no t  th e novices , 
spontaneousl y an d consistentl y utilize d a  system s 
approac h t o characteriz e thi s familia r  object . 

Introduction 

O ne o f  th e mos t  salien t  feature s o f  huma n lif e i s th e 
continua l  nee d t o effectivel y understan d an d dea l  wit h a 
wide-rang e o f  phenomena ,  fo r  example ,  diagnosin g 
automobile s tha t  wil l  no t  start ,  writin g comple x compute r 
programs ,  forecastin g th e weathe r  o r  predictin g predator -
pre y cycles .  Lik e m a n y natura l  an d man-mad e 
phenomena ,  thes e fou r  case s ca n b e describe d a s system s 
i n whic h function s ar e produce d b y structure d collection s 
of  components . 

Centra l  t o th e syste m concep t  i s th e ide a o f  functiona l 
decompositio n i n whic h a  phenomeno n i s considere d i n 
term s o f  it s  function(s )  an d underlyin g structure(s ) 
(Bradshaw ,  1992 ;  Goe l  & .  Pirolli ,  1992 ;  Simon ,  1981) . 
For  example ,  Bradsha w ha s argue d tha t  th e Wrigh t 
brothers '  succes s i n designin g th e first  powere d airplan e 
was du e t o thei r  decisio n t o characteriz e fligh t  a s a  se t  o f 
independen t  subsystems .  The y the n designe d a  collectio n 
of  systems ,  eac h o f  whic h accomplishe d on e o f  th e 
function s necessar y fo r  powere d flight . 

Comin g t o decompos e phenomen a i n term s o f  functio n 
an d strucmr e i s a n importan t  mean s o f  developin g ou r 
understandin g o f  th e man-mad e an d natura l  world s 
(Simon ,  1981) .  A s Miyak e (1986 )  ha s pointe d out , 
understandin g a  fimction  require s focusin g o n th e 
underlyin g mechanism .  Tha t  is ,  understandin g develop s 
as individual s c o m e t o characteriz e phenomen a i n term s o f 
structure-functio n relationship s an d no t  simpl y a s 
collection s o f  components .  Moreover ,  a  focu s o n 
functiona l  decompositio n appear s t o b e a n importan t 
aspec t  i n th e developmen t  o f  expertis e (Lesgol d &  Lajoie , 
1991) .  Th e stud y reporte d belo w investigate s th e relativ e 
abilit y  o f  expert s an d novice s t o constru e a  familia r 
system~ a bicycle~i n term s o f  structure-ftjnctio n 
relationships . 

S y s t e m s R e s e a r c h 

Despit e th e apparen t  usefulnes s o f  a  system s approac h fo r 
understandin g th e naUira l  an d man-mad e worlds ,  ther e ha s 
bee n relativel y littl e researc h int o people' s abilit y  t o us e 
suc h knowledge .  Previou s system s researc h ha s looke d 
primaril y a t  people' s abilit y  t o lis t  th e structure s makin g 
up c o m m o n systems ,  fo r  example ,  elementar y an d hig h 
schoo l  students '  knowledg e abou t  th e constituen t  part s o f 
th e circulator y an d digestiv e system s (e.g. ,  Amaud i n & 
Mintzes ,  1985 ,  1986 ;  Catherall ,  1981;Gellert ,  1962) . 
Thi s wor k foun d tha t  olde r  childre n lis t  mor e o f  th e 
component s tha n d o younge r  children ;  however ,  i t  ha s 
provide d littl e insigh t  int o people' s understandin g o f  h o w 
structure s an d function s ar e related .  B y focusin g onl y o n 
th e constituent s o f  strucmre s rathe r  tha n structure-fiinctio n 
relationships ,  thi s wor k implie s tha t  system s ar e simpl y 
collection s o f  parts . 

Previou s wor k ha s als o complicate d system s researc h 
by choosin g complex ,  opaqu e systems ,  suc h a s th e 
circulator y system ,  tha t  ar e close d t o direc t  inspection .  A 
mor e appropriat e beginnin g poin t  woul d b e t o investigat e 
h o w peopl e dea l  wit h familiar ,  relativel y simple , 
inspectabl e systems .  Tha t  is ,  peopl e ar e mor e likel y t o 
firs t  thin k o f  structure-functio n interaction s wit h system s 
tha t  the y frequently  se e i n operatio n an d ope n t o 
inspection .  O n e familiar ,  inspectabl e syste m i s th e 
bicycle . 

I n contras t  t o m a n y systems ,  suc h a s th e circulator y o r 
digestiv e systems ,  a  bicycl e ca n b e visuall y decompose d 
int o a  smal l  se t  o f  relativel y simple ,  visible ,  an d largel y 
independen t  subsystems :  th e drive ,  braking ,  steerin g an d 
shiftin g subsystems .  Complet e understandin g o f  th e 
operatio n o f  a  bicycl e require s graspin g th e interaction s 
among thes e fou r  functions .  Yet ,  th e relativ e independenc e 
of  th e fiinction s suggest s tha t  m u c h o f  a  bicycle' s behavio r 
ca n b e understoo d b y focusin g o n eac h subsyste m i n 
isolation . 

Althoug h mos t  peopl e ar e familia r  wit h bicycles ,  ver y 
fe w spen d extensiv e period s o f  tim e ridin g o r  maintainin g 
them .  However ,  ther e i s on e grou p tha t  doe s hav e 
considerabl e ridin g an d maintenanc e experience -
competitiv e cyclists .  Contrastin g experts'-bicycl e racers -
and novices '  characterizatio n o f  th e bicycle' s subsystem s 
m ay provid e insigh t  int o people' s abilit y  t o constru e a 
system~th e bicycle—i n term s o f  structure-functio n 

relationships .  Thi s stud y specificall y addresse s tw o 
questions : 

1.  W h a t  happen s w h e n expert s an d novice s ar e aske d t o 
grou p a  selectio n o f  bicycl e components ? Knowledg e o f 
system s suggest s th e abilit y  t o decompos e th e syste m 
int o fimctiona l  arrangements ,  no t  simpl y o n th e basi s o f 
physica l  proximit y o r  similarit y o f  components .  I f 
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expertis e i s associate d wit h a  focu s o n structure-fiinctio n 
relations ,  the n onl y th e expert s shoul d us e functio n t o 
grou p components . 

2.  Wha t  happen s whe n novice s ar e aske d specificall y t o 
selec t  from  a  grou p o f  component s thos e necessar y lo r  a 
specifi c  functiona l  system ,  suc h a s th e driv e system ? I t 
may b e th e cas e tha t  novice s ar e abl e t o constru e a  familia r 
objec t  i n term s o f  functiona l  system s whe n specificall y 
aske d t o d o so .  Thi s woul d sugges t  that ,  a t  leas t  wit h 
familia r  phenomena ,  eve n novice s hav e som e implici t 
understandin g o f  h o w structur e an d functio n ar e related . 

Method 

Participant s 

Eightee n adul t  novice s an d 9  adul t  experts ,  al l  student s a t 
a larg e midweste m university ,  participate d i n thi s study . 
Expert s wer e volunteer s from a  bicyclin g clu b i n th e sam e 
community .  Ai l  participant s ha d bee n bicyclin g sinc e 
childhoo d an d wer e familia r  wit h bicycles .  Th e criteri a fo r 
determinin g whethe r  a  participan t  wa s a n exper t  o r  a 
novic e wa s base d o n th e degre e o f  bicycl e maintenanc e a 
perso n performed .  Expert s performe d al l  o f  thei r  o w n 
bicycl e maintenance ;  beyon d occasionall y inflatin g th e 
tires ,  novice s performe d non e o f  thei r  o w n bicycl e 
maintenance . 

Procedure 

A modifie d card-sor t  tas k wa s use d t o explor e people' s 
spontaneou s groupin g o f  bicycl e component s ( a bicycl e 
wit h labele d component s wa s availabl e fo r  referenc e 
throughou t  th e study) .  Participant s wer e show n a  se t  o f 
inde x card s i n rando m order ,  labele d wit h th e followin g 
bicycl e components :  frame,  fork ,  front  an d rea r  wheels , 
front  an d rea r  derailleurs ,  front  an d rea r  gears ,  chain , 
pedals ,  cranks ,  shif t  levers ,  brakes ,  brak e levers , 
handlebar ,  saddle ,  horn ,  an d pump .  Participant s wer e 

aske d t o pu t  th e card s int o group s o f  component s tha t  "g o 
together "  an d t o justif y thei r  groupings .  TTie y wer e fre e t o 

make a s man y group s a s the y wished . 
Followin g thi s genera l  probe ,  I  investigate d people' s 

abilit y  t o adop t  a  system s perspectiv e whil e thinkin g 
specificall y abou t  eac h o f  th e bicycle' s functiona l 
subsystems .  Participant s wer e aske d t o selec t  an d justif y 
th e component s the y though t  importan t  fo r  eac h 
subsystem .  Participant s wer e aske d t o thin k alou d 
throughou t  th e study ,  an d protocol s wer e audiotape d fo r 
late r  analysis . 

Interview Coding 

To characteriz e participants '  justification s fo r  bot h th e 
spontaneou s an d subsyste m sortin g questions ,  a  codin g 
scheme wa s develope d b y readin g an d categorizin g thre e 
protocol s from  eac h o f  th e groups .  Thes e categorie s reflec t 
th e man y way s i n whic h participant s justifie d thei r 
componen t  groupings .  Thi s scorin g schem e wa s 
subsequentl y applie d t o th e remainin g protocols .  A 
secon d individua l  the n applie d th e scorin g schem e t o hal f 
of  th e protocol s from  eac h group .  Fo r  th e spontaneou s 
sortin g question ,  th e percentag e o f  initia l  agreemen t  wa s 
8 8 %;  fo r  th e subsyste m sortin g questions ,  agreemen t  wa s 
9 5 %.  Disagreement s wer e resolve d throug h discussion . 

Tabl e 1  show s th e classificatio n scheme .  Justification s 
ca n b e broke n int o tw o genera l  categories :  systemi c an d 
non-systemic .  Onl y systemi c justification s referre d 
specificall y t o structure-functio n relations .  Non-systemi c 
justification s wer e broke n d o w n int o si x sub-categories : 
justification s focusin g o n th e component s a  cyclis t  i s  i n 
physica l  contac t  wit h whil e ridin g wer e classifie d a s 
agent-based ;  justification s referrin g t o th e component s 
tha t  defm e a  bicycl e wer e classifie d a s primary ;  grouping s 
of  urmecessar y component s wer e classifie d a s tertiar y 

Tabl e 1 :  Participants '  justification s fo r  componen t  groupings . 

Categor y Definitio n Exampl e 

Systemi c 

Agent-Based 

Primary 

Tertiary 

Contiguous 

Nominal 

Miscellaneous 

Explici t  mappin g o f  functio n t o 
structur e 
Component s th e cyclis t  i s i n 
contac t  wit h 

Definitive components 

Unnecessar y component s 

Groups based on contiguous 
component s 

"Levers ,  brake s an d wheel s wor k togethe r  t o sto p th e bike. " 

"Levers, shifters, and pedals, because those are the things 
yo u touc h o n a  bike. " 

"Wheels, frame and fork—without those you don't have a 
bike. " 

"You don't need the pump." 

"Front wheel is connected to the fork, and that is connected 
t o th e handlebar. " 

Component s wit h c o m m o n n a m e "Fron t  an d rea r  wheels ,  becaus e the y ar e bot h wheels. " 

"The chain, gears and wheels, they all go around, so I'll 
put  the m together. " 
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Figur e 1 :  M e a n proportio n o f  justification s b y group . 

justifications ;  justification s highlightin g grouping s base d 
on componen t  proximit y wer e classifie d a s contiguous ; 
an d /jowi/«a/justification s referre d t o grouping s base d o n 
component s tha t  share d a  c o m m o n name .  Justification s 
tha t  di d no t  fal l  int o an y o f  th e abov e categorie s wer e 
classifie d a s miscellaneous .  Give n th e lo w proportio n o f 
miscellaneou s justification s acros s groups ,  thi s categor y 
was exclude d from  th e analyse s reporte d below . 

Results 

Spontaneous Sorting Question 

The initial sorting question provided evidence of how 
peopl e spontaneousl y conceptualiz e a  bicycle .  A s 
discusse d above ,  a  bicycl e ca n b e decompose d int o fou r 
functiona l  units .  Thus ,  a  structure-functio n approac h 
shoul d lea d participant s t o grou p th e componen t  card s 
int o fou r  fiinctiona l  group s plu s a n "accessories "  grou p 
(e.g. ,  p u m p ,  horn ,  an d seat) .  Th e result s sho w tha t 
expert s an d novice s produce d approximatel y fou r  group s 
eac h o n average . 

At  firs t  blush ,  th e abov e resul t  suggest s tha t  expert s an d 
novice s alik e migh t  b e approachin g th e tas k from a 
system s perspective .  However ,  a s Figur e 1  shows , 
participant s use d a  variet y o f  justification s t o suppor t  thei r 
spontaneou s groupings .  Paire d t-test s wer e conducte d 
comparin g th e group s o n eac h o f  th e si x justificatio n 
categorie s describe d above .  Th e test s reveale d tha t  expert s 
m a de systemi c reference s significantl y mor e ofte n tha n di d 
th e novices ,  t(25 )  =  2.24 ,  g  <  .05 .  Moreover ,  expert s 
m a de significantl y fewe r  justification s base d o n 
contiguou s component s tha n di d th e novices ,  t(25 )  = 
2.96 ,  p  <  .01 .  Finally ,  althoug h non e o f  th e expert s eve r 
m a de a  nomina l  justification ,  5 % o f  th e novices ' 
justification s wer e o f  thi s form . 

Thi s analysi s o f  participants '  justification s suggest s 
tha t  onl y th e expert s relie d o n structure-functio n 
relationship s whe n spontaneousl y groupin g components . 
However ,  al l  participant s use d a  mixtur e o f  approache s fo r 
justifyin g thei r  groupings .  I n orde r  t o characteriz e a 
participant' s overal l  approac h t o th e spontaneou s 
groupin g task ,  the y wer e categorize d accordin g t o thei r 
modal  justificatio n type .  Comparin g th e group s o n thei r 
preferenc e fo r  systemi c versu s non-systemi c (i.e. ,  agent -
based ,  primary ,  secondary ,  contiguous ,  o r  nominal ) 
justification s reveale d tha t  mor e expert s (89% )  tha n 
novice s (50% )  preferre d makin g systemi c justifications , 
x 2 ( l , N =  27 )  =  3.89,u<.05 . 

Subsystem Sorting Questions 

Response s t o th e genera l  sortin g tas k sugges t  tha t  onl y 
th e expert s consistentl y use d a  syste m stanc e fo r 
spontaneousl y sortin g th e bicycl e component s int o 
groups .  However ,  i t  coul d b e tha t  novice s ca n conside r 
th e ftmctional  natur e o f  system s whe n explicitl y  aske d t o 
do so .  T o explor e thi s possibility ,  participant s wer e aske d 
t o specif y whic h component s wer e importan t  fo r  eac h 
subsyste m function . 

Adoptin g a  system s focu s require s tha t  on e isolate ,  a t 
leas t  temporarily ,  th e syste m o f  interes t  from  th e 
surroundin g structures .  I  refe r  t o thi s isolatio n abilit y  a s 
th e independenc e competency .  Further ,  participants ' 
abilit y  t o selec t  al l  o f  th e component s i n a  syste m reflect s 
thei r  understandin g o f  whic h component s ar e require d fo r 
th e functio n unde r  consideration .  Fo r  example ,  a  sufficien t 
driv e subsyste m require s a t  a  m i n i m u m th e front  an d rea r 
gears ,  th e chain ,  th e crank s an d th e rea r  wheel .  I  refe r  t o 
th e abilit y  t o selec t  al l  th e require d component s fo r  a 
syste m a s th e sufficienc y competency .  I n addition , 
participants '  choice s an d justificatio n o f  th e mos t 
importan t  componen t  i n eac h subsyste m ca n reflec t  thei r 
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stanc e toward s th e task .  Thu s participant s wer e aske d t o 

justif y thei r  choic e o f  th e mos t  importan t  componen t  i n 
subsystem .  Justification s wer e code d usin g th e schem e 
describe d above . 

Independence Competency Across subsystems, between 
7 8 % an d 1 0 0 % o f  th e expert s an d novice s wer e abl e t o 
conside r  eac h o f  th e subsystem s i n isolatio n whe n aske d 
t o d o so . 

Sufficiency Competency in order to assess subsystem 
sufficiency ,  five  additiona l  experience d cyclist s wer e aske d 
t o collaborativel y determin e th e m i n i m u m numbe r  o f 
component s necessar y fo r  eac h o f  th e fou r  functions . 
Sufficienc y wa s judge d b y matchin g participants ' 
subsystem s agains t  thi s template . 

For  eac h subsystem ,  a  Chi-squar e analysi s compare d 
th e group s o n th e numbe r  o f  participant s meetin g th e 
sufficienc y criterion .  Thes e analyse s reveale d tha t  betwee n 
89-100 % o f  th e expert s an d 7 2 - 7 7 % o f  th e novice s wer e 
abl e t o generat e sufficien t  steering ,  shifting ,  an d brakin g 
subsystems ;  difference s wer e non-significant .  However , 
ahhoug h 1 0 0 % o f  th e expert s wer e abl e t o construc t  a 
sufficien t  driv e system ,  onl y 3 3 % o f  th e novice s wer e abl e 
t o d o so ,  x ^  (1 ,  N  =  27 )  =  10.8 ,  £  <  .01 .  Inspectin g th e 
protocol s reveale d tha t  th e novice s mos t  ofte n faile d t o 
includ e th e fron t  and/o r  rea r  gear s i n thei r  driv e 
subsystems . 

Together ,  performanc e o n th e independenc e an d 
sufficienc y competencie s sho w tha t  th e groups ,  i n general , 
had littl e difficult y isolatin g functions .  Th e driv e syste m 
represent s a n interestin g exceptio n i n th e cas e o f  th e 
novices . 

Component Justification Participants' justifications for 
thei r  choice s o f  th e mos t  importan t  component s provid e 
additiona l  insigh t  int o thei r  utilizatio n o f  syste m 
knowledge .  Fo r  example ,  a n agent-base d Justificatio n 
suggest s tha t  a  participan t  i s focusin g o n wheresontro \ 
ove r  th e subsyste m i s established ;  i n contrast ,  a  systemi c 
justificatio n suggest s tha t  a  participan t  i s concerne d wit h 
ho w th e functio n i s achieved . 

For  eac h subsystem ,  I  compare d th e proportio n o f 
participant s i n eac h grou p w h o mad e systemi c reference s 
whil e justifyin g thei r  componen t  selections .  A s Tabl e 2 
shows ,  mor e expert s tha n novice s produce d systemi c 
justification s whe n discussin g th e steerin g subsystem , 
X^(l .  M =  27 )  =  11.20 ,  c  <  .0001 ;  th e shiftin g 
subsystem ,  X  (1 .  N  =  27 )  =  6.70 ,  g  <  .01 ,  an d th e driv e 
subsystem ,  y }  (1 ,  N  =  27 )  =  15.01 ,  u  <  001 . 

Thus ,  i n general ,  onl y th e expert s justifie d thei r 
componen t  selection s o n th e basi s o f  structure-fionctio n 
relations .  However ,  ther e wa s on e exceptio n t o thi s 
genera l  pattern ;  almos t  hal f  o f  th e novice s mad e systemi c 
justification s whe n discussin g th e brakin g subsystem . 
Unlik e th e othe r  subsystems ,  th e functiona l  relationship s 
withi n th e brakin g subsyste m ar e visible ,  relativel y 
simpl e an d linear :  squeezin g th e brak e lever s actuate s th e 
brak e calipers ,  whic h i n tur n squeez e th e ri m o f  th e wheel . 
Moreover ,  fo r  man y people ,  understandin g h o w t o sto p 

Tabl e 2 :  Proportio n o f  participant s providin g systemi c 
justificatio n fo r  eac h subsyste m 

Subsyste m 

Expert s 
Novice s 

Steerin g Shiftin g Driv e Bmk 'n g 
.6 7 .6 7 .7 8 .7 8 
0 .1 7 .0 5 .4 4 

a bicycl e i s a  matte r  o f  considerabl e importance ;  i n 
extrem e case s i t  coul d b e a  matte r  o f  lif e o r  death .  Thi s 
suggest s tha t  a  system s focu s migh t  first  aris e w h e n 
peopl e dea l  wit h ver y simple ,  bu t  personall y important , 
system s i n whic h the y ca n easil y observ e an d experienc e 
structure-functio n relationships . 

Justification Preference Extending the above analysis, 
th e consistenc y o f  participants '  justificatio n fo r  thei r 
choic e o f  th e mos t  importan t  component s wa s explored . 
Participant s wer e considere d t o hav e a  justificatio n 
preferenc e i f  the y offere d thre e o r  mor e justification s o f  a 
singl e typ e (e.g. ,  systemic ,  agent-based ,  primary ,  etc.) , 
otherwis e the y wer e classifie d a s havin g n o justificatio n 
preference .  Acros s subsystems ,  6 7 % o f  th e expert s 
consistentl y justifie d thei r  componen t  choice s o n th e basi s 
of  structur e an d function ;  however ,  non e o f  th e novice s di d 
so.  I n fac t  5 5 % o f  th e novice s showe d n o preferenc e fo r 
any particula r  for m o f  justification . 

The Bicycle-Cyclist System 

Althoug h participant s wer e no t  specificall y aske d abou t 
th e rol e o f  th e cyclist ,  a  numbe r  o f  the m spontaneousl y 
commente d o n th e dynami c natur e o f  th e cyclist-bicycl e 
interaction .  A  ride r  ca n b e considere d fro m tw o different , 
albei t  related ,  perspectives :  (a )  a s a  sourc e o f  powe r  an d 
contro l  impose d o n th e bicycl e an d (b )  a s a  dynamic , 
integral ,  par t  o f  a  cyclist-bicycl e system .  I n th e forme r 
perspective ,  a  cyclis t  i s  regarde d simpl y a s a  sourc e o f 
energ y fo r  pedalin g an d a s a n actuato r  o f  th e shifting , 
steerin g an d brakin g subsystems .  Th e latte r  perspectiv e 
subsume s th e former ,  bu t  i n addition ,  regard s a  cyclis t  a s 
a componen t  i n th e steering ,  brakin g an d driv e 
subsystems .  Fo r  example ,  b y shiftin g bod y posido n 
whil e cornering ,  a  ride r  ca n chang e th e radiu s o f  th e turn . 
By movin g bac k o n th e saddl e durin g braking ,  a  cyclis t 
weight s th e rea r  wheel ,  whic h increase s tractio n an d 
subsequentl y improve s braking .  Shiftin g forwar d o n th e 
saddl e whil e ridin g u p a  hil l  allow s a  ride r  t o increas e 
his/he r  peda l  cadence ;  movin g bac k o n th e saddl e lead s t o 
a decreas e i n peda l  cadenc e bu t  increase s th e effectiv e 
lengt h o f  th e leg-foo t  lever ,  allowin g th e applicatio n o f 
greate r  torqu e t o th e pedals . 

Al l  participant s hav e probabl y experience d th e effect s o f 
shiftin g bod y positio n whil e bicycling-peopl e intuitivel y 
re-positio n thei r  bodie s t o balanc e an d stee r  thei r  bicycles . 
However ,  inspectio n o f  th e protocol s showe d tha t 
althoug h seve n o f  th e nin e (78% )  expert s mad e a t  leas t 
one commen t  abou t  th e integra l  rol e o f  a  cyclis t  whil e 
ridin g a  bicycle ,  onl y tw o o f  18 (11% )  novice s di d so . 
Thus ,  althoug h al l  o f  th e participant s coul d rid e a  bicycle . 
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onl y th e expert s ha d develope d a n explici t  understandin g 
of  th e natur e o f  th e dynami c interactio n betwee n cyclis t 
and bicycle . 

Discussion 

The curren t  stud y wa s motivate d b y a n interes t  i n 
seein g ho w novice s an d expert s thin k abou t  a  familiar , 

inspectabl e system- a bicycle .  A s th e resuh s show ,  onl y 
th e expert s spontaneousl y construe d a  bicycl e a s a n 
assembl y o f  semi-independen t  fiinctiona l  subsystems .  I n 
contrast ,  th e novice s justifie d thei r  spontaneou s 
component  grouping s wit h reference s t o suc h principle s a s 

agency ,  componen t  contiguity ,  componen t  names ,  an d 
occasionall y function .  Novice s appea r  t o typicall y analyz e 
even familia r  system s b y focusin g o n surfac e 
characteristics ,  suc h a s componen t  contiguity ,  rathe r  tha n 
structure-functio n relationships .  Experts ,  o n th e othe r 
hand,  immediatel y focu s o n structure-fiinctio n relation s 
when analyzin g a  familia r  system . 

Of  course ,  i t  i s  no t  th e cas e tha t  othe r  perspectives ,  suc h 
as focusin g o n th e relativ e locatio n o f  differen t 
components ,  canno t  b e useful .  Tversk y an d Hemenway 
(1984 )  stresse d tha t  i n man y cases ,  part s ar e organize d i n 
uniqu e configuration s accordin g t o function .  Moreover , 
the y clai m tha t  decompositio n o f  par t  configuration s form s 
th e basi s fo r  naiv e induction-par t  structure s ar e use d t o 
comprehend ,  infer ,  an d predic t  function .  However ,  a s othe r 
wor k ha s shown ,  overrelianc e o n locatio n a s a  heuristi c fo r 
determinin g functio n ca n b e misleadin g (Ega n & 
Schwartz ,  1974 ;  Lesgol d &  Lajoie ,  1991) .  Fo r  example , 
Lesgol d an d Lajoi e argue d tha t  skille d electronic s 
troubleshooter s us e thei r  domai n knowledg e t o guid e thei r 
proble m solving ,  knowin g tha t  i n man y case s th e fiinction 
of  interes t  i s  governe d b y non-contiguou s components . 

As th e abov e result s show ,  i n general ,  th e expert s an d 
th e novice s ha d littl e difficult y focusin g o n individua l 
subsystem s i n respons e t o th e specifi c  subsyste m probes . 
The driv e subsyste m represent s a n interestin g exceptio n 
fo r  th e novices .  On e possibl e explanatio n i s tha t 
subsystem s tha t  ar e visibl e durin g operatio n o r  directl y 
experienced ,  an d personall y importan t  ar e mor e accessibl e 
t o novice s tha n subsystem s tha t  ar e not . 

Thus ,  expert s an d novice s di d no t  diffe r  greatl y  i n thei r 
abilit y  t o construc t  appropriat e subsystems .  However , 
thei r  justification s o f  th e mos t  importan t  subsyste m 
component s d o reflec t  difference s i n ho w th e group s 
characteriz e systems .  Expert s appea r  t o consistentl y focu s 
on ho w th e functio n unde r  investigatio n i s produced ;  i n 
contrast ,  fe w novice s showe d an y consistenc y i n th e typ e 
of  justificatio n offered .  Thi s suggest s tha t  althoug h 
novice s hav e som e conceptio n o f  th e component s tha t 
make u p som e o f  th e bicycle' s subsystems ,  the y hav e 
littl e understandin g o f  th e fiinctiona l  relationship s betwee n 
components ;  tha t  is ,  ho w a  collectio n o f  component s 
produc e a  give n function . 

Adoptin g a  focu s o n structure-functio n relationships- a 
system s perspective—i s potentiall y  a  powerfu l  mean s fo r 
understandin g th e lin k betwee n structur e an d ftmction. 
Yet ,  a s thi s stud y shows ,  simpl y usin g a  familiar , 
inspectabl e syste m i s insufficien t  fo r  non-expert s t o 

spontaneousl y adop t  a  syste m stance .  Lesgol d an d Lajoi e 

(1991 )  propose d thre e characteristic s o f  exper t 
troubleshootin g tha t  ma y underli e th e successfu l  adoptio n 
of  a  syste m stance :  (a )  knowledg e o f  ho w constituen t 
component s work ,  (b )  functiona l  understandin g o f 
components ,  an d (c )  understandin g o f  relation s betwee n 
component s an d th e large r  system .  Tha t  is ,  increasin g 
differentiatio n an d increasin g integratio n ar e characteristi c 
of  a n expert' s  knowledg e abou t  systems . 

However ,  th e questio n tha t  no w emerges ,  i s ho w d o 
peopl e com e t o characteriz e system s i n term s o f  structure -
functio n relationships ? Miyak e (1986 )  argue d tha t 

understandin g phenomen a develop s throug h a n iterativ e 
searc h i n whic h identifyin g a  functio n subsequentl y 
promote s a  searc h fo r  th e underlyin g mechanism .  Mor e 
specifically ,  a  numbe r  o f  researcher s hav e suggeste d tha t 
comin g t o understan d an y syste m begin s wit h 
constructin g a n appropriat e menta l  mode l  (Bobrow ,  1985 ; 
de Klee r  &  Brown ,  1983 ;  Keira s &  Bovair ,  1984 ;  Moray , 
1987) .  Thes e model s ar e cognitiv e structure s tha t  embod y 
specifi c structure-fimctio n relation s an d ca n b e use d t o 
make prediction s abou t  syste m behavior .  However ,  a s 
Norman (1983 )  pointe d out ,  th e majorit y  o f  people' s day -
to-da y menta l  model s ma y incorporat e onl y partia l 
description s o f  structur e an d function .  Consequently ,  i n 
many case s menta l  model s ar e no t  sufficientl y detaile d t o 
be testable .  Thi s suggest s tha t  th e rol e o f  menta l  model s 
i n th e developmen t  o f  structure-fiinctio n mapping s need s 
t o b e investigated . 

I n summary ,  comin g t o understan d phenomen a appear s 
t o requir e understandin g th e underlyin g structure-fimctio n 
relations .  A s thi s stud y showed ,  experts ,  bu t  no t  novices , 
spontaneousl y an d consistentl y characteriz e a  familia r 
syste m i n suc h terms .  However ,  wha t  i s les s clea r  i s th e 
proces s b y whic h peopl e com e t o constru e phenomen a i n 
term s o f  systems .  Specifically ,  wha t  i s  th e proces s b y 
whic h novice s com e t o develo p structure-fiinctio n 
mappings ? Further ,  wha t  rol e doe s suc h knowledg e pla y 
i n th e developmen t  o f  expertise ? Futur e wor k need s t o 
addres s thes e issues . 
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Abstrac t 

We address the question of how artificial systems and natural 
organism s develo p spatia l  competence .  Mos t  artificia l  system s 
dra w upo n considerabl e sophisticate d operator -  o r  developer -
originate d knowledg e abou t  wha t  i n th e worl d senso r  signal s 
represent .  Natura l  system s d o no t  hav e suc h sophisticate d aux -
iliar y source s o f  information .  W e ar e intereste d i n how ,  despit e 
this ,  the y achiev e perceptua l  organisation ,  an d suspec t  tha t  th e 
method s the y us e wil l  hav e generalisabl e effectiveness .  W e de -
scrib e a  proces s tha t  create s coheren t  mapping s betwee n th e 
physica l  worl d an d th e phenomenologica l  realm ,  analogou s t o 
retinotopicit y an d sensor y homuncularit y i n natura l  systems , 
and discus s it s applicatio n t o problem s o f  highe r  dimensional -
it y an d highe r  level s o f  abstraction .  Importantly ,  suc h a  proc -
ess ,  havin g prove d successfu l  i n th e perceptua l  robotic s do -
mai n o f  ou r  curren t  interests ,  i s  likel y t o b e foun d i n othe r  cog -
nitiv e domain s becaus e it s strength s li e i n it s  abilit y  t o organis e 
and implicitl y  summaris e dat a i n th e absenc e o f  clue s abou t 
what  tha t  dat a represents . 

Introduction 

Most  artificia l  system s dra w upo n considerabl e sophisticate d 
operator -  o r  developer-supplie d knowledg e whe n makin g 
assumption s abou t  wha t  lie s o n th e externa l  sid e o f  thei r  sen -
sor  arrays .  Natura l  system s d o no t  hav e suc h sophisticate d 
auxiliary ,  o r  a  priori ,  source s o f  information .  The y mus t 
c o me t o mak e th e righ t  assumption s completel y autono -
mousl y (give n th e hea d star t  provide d b y thei r  geneti c en -
dowment ) . 

Severa l  artificia l  self-organisin g low-leve l  visio n system s 
hav e bee n developed ,  e.g. ,  b y Linske r  (1988) .  Generi c t o 
thes e system s i s a  dependenc e o n a  pre-existen t  orthogona l 
matri x o f  inputs ,  resultin g fro m choice s m a d e b y th e operato r 
or  developer ,  o r  impose d b y vide o o r  hardwar e standards . 
Th e dat a tha t  thes e discret e visio n system s proces s com e 
conveniend y package d i n thi s orthogona l  matrix ,  whic h itsel f 
contain s m u c h implici t  informatio n abou t  th e outsid e world , 
but  no t  al l  o f  i t  helpful . 

Prokopowic z (1994 )  showe d tha t  ther e i s n o inheren t  valu e 
i n th e orthogonalit y o f  th e inpu t  image ,  bu t  tha t  wha t  i s es -
sentia l  t o a  visua l  robo t  i s a n interna l  mappin g betwee n pixel s 
and moto r  positions .  Hi s system ,  IRV ,  eschewin g or -
thogonality ,  locate s pixel s relativ e t o eac h othe r  vi a moto r 
c o m m a n ds i n th e for m o f  a  se t  o f  statement s t o th e effec t  that , 
give n moto r  movemen t  A/ ,  th e poin t  i n th e environmen t  tha t 
n o w appear s i n pixe l  B ,  wil l  nex t  appea r  i n pixe l  A . 

I R V i s dependen t  o n unequivoca l  knowledg e o f  it s moto -
rium ,  an d i t  i s  fro m thi s soun d basi s tha t  i t  build s th e organi -
satio n o f  it s  sensorium .  Knowledg e o f  th e motoriu m take s th e 

for m o f  direc t  contro l  o f  th e pa n an d til t  motor s tha t  gover n 
it s camera' s directio n o f  gaze .  I R V therefor e bear s some -
what  asymmetrica l  relationship s t o it s  sensoriu m (ran -
doml y ordere d bu t  subjecte d t o modification )  an d it s moto -
rium  (ordered ,  fixed ,  an d use d a s a  reference) . 

Thi s asymmetr y raise s a n interestin g question :  ar e th e 
organisationa l  principle s use d b y I R V capabl e o f  learnin g 
bot h sensor y organisatio n an d moto r  organisation ? And ,  i f 
so ,  ca n the y b e use d t o evolv e a  syste m whic h migh t  li e 
betwee n an y unknow n sensorium-motoriu m coupling ,  an d 
lear n it s wa y t o a  positio n o f  contro l  ove r  th e whol e appa -
ratus ? 

Th e answe r  t o thes e question s i s  positiv e i f  th e senso -
rium  ca n self-organise ,  sinc e i t  can ,  i n turn ,  b e use d t o or -
ganis e a n unknow n motorium ,  a s ha s bee n shown ,  e.g. ,  b y 
va n de r  Smag t  (1995) ,  whos e wor k i s i n som e way s a  mir -
ro r  imag e o f  IRV .  A n d i f  so ,  thi s migh t  hel p explai n h o w 
immatur e animal s lear n t o improv e simultaneousl y bot h 
thei r  coordinatio n an d perception ,  becomin g spatiall y 
competen t  adults .  Thi s i s  on e motivatio n fo r  undertakin g 
thi s research .  Th e potentia l  t o develo p robot s tha t  firs t  con -
figur e themselve s (an d i n s o doing ,  adaptivel y lear n h o w t o 
perceiv e an d behave )  i s  a  secon d motivator ,  bu t  perhap s 
th e mos t  importan t  motivatio n i s tha t  th e proble m charac -
teristic s ca n b e cas t  i n a  context-independen t  form .  Th e 
proble m i s tha t  o f  learning ,  unsupervised ,  i n a n ope n loop , 
and i n th e absenc e o f  al l  meta-information ,  a  succinc t  rep -
resentatio n whos e interna l  similaritie s aptl y captur e simi -
larit y i n th e unsee n sourc e o f  th e data .  Th e applicabilit y o f 
a solutio n therefor e extend s beyon d th e domai n unde r  cur -
ren t  discussion . 

We us e th e analog y o f  a  jigsa w puzzl e t o illustrat e th e 
principl e characteristi c o f  ou r  algorithm .  Th e usua l  step s 
fo r  solvin g a  jigsa w puzzl e ca n b e characterise d thus : 

1. Locate corner and edge pieces 
2.  Coarsel y grou p al l  piece s accordin g t o mai n colou r 

and textur e (e.g. ,  'sky' ) 
3.  Selec t  pair s o f  hig h similarit y 
4.  Fi t  piece s t o neares t  neighbour s foun d i n ste p 3 . 

We note that steps 1 and 4 both depend on the form (edges) 
of  th e pieces ,  wherea s step s 2  an d 3  depen d onl y o n thei r 
conten t  (colou r  an d texture) .  However ,  difficul t  problem s 
ar e ofte n devoi d o f  convenien t  a  prior i  'form '  clue s 
(analogou s t o jigsa w piec e edges ,  o r  locatio n i n a n or -
thogona l  matrix )  becaus e thes e ar e th e artifact s o f  a  prio r 
organisatio n -  precisel y wha t  w e d o no t  have ,  nee d t o de -
rive,  an d canno t  assume .  W e mus t  instea d rel y solel y o n a 
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m e t h o d ana logou s t o step s 2  a n d 3 ,  g r o u p i n g accordin g t o 
similarity . 

Methods 

Rathe r  tha n simpl y arrangin g piece s o f  a n image ,  ou r  curren t 
tas k i s t o arrang e input s tha t  carr y thos e piece s o f  informatio n 
t o us .  O n c e arranged ,  th e input s wil l  c o n v e y an y i m a g e cor -
rectly .  T o exten d th e analogy ,  i t  i s a s if ,  havin g complete d th e 
jigsaw ,  w e ar e abl e t o not e th e locatio n o f  eac h piec e an d th e 
precis e uniqu e shap e o f  tha t  piece .  U s i n g tha t  informatio n 
alon e w e ar e abl e t o assembl e a n y othe r  j igsa w from  th e s a m e 
cutter ,  withou t  seein g it s i m a g e . 

We defin e a  sensor y inpu t  a s a  lin e o f  c o m m u n i c a t i o n tha t 
provide s informatio n abou t  a  singl e poin t  i n th e world .  Thi s 
information ,  it s  signal ,  varie s ove r  t im e i f  tha t  par t  o f  th e 
worl d changes .  A n inpu t  als o ha s a n interna l  locatio n i n a 
contex t  m a d e b y th e se t  o f  al l  inputs . 

Ther e ar e thre e w a y s i n w h i c h an y t w o input s ca n b e sai d 
t o b e related : 

E n v i r o n m e n t a l  P r o n m i t y -  th e point s i n th e worl d t o 
whic h th e input s refe r  ar e clos e together ; 

Behav ioura l  P r o n m i t y -  ove r  t im e th e value s o f  th e in -
put s var y proportionall y a n d i n t im e wit h eac h other ; 

Geomet r i ca l  P r o x i m i t y -  th e interna l  location s (coordi -
nates )  assigne d t o th e input s ar e clos e together . 

I t  i s th e relationship s o f  thes e thre e kind s o f  proximit y tha t 
for m th e subjec t  o f  thi s paper .  T h e inpu t  t o ou r  algorith m i s 
behavioura l  data ;  th e outpu t  i s  geometrica l  data .  W e s h o w 
tha t  ther e i s  sufficien t  i s o m o r p h i s m b e t w e e n unavailabl e en -
vironmenta l  dat a an d availabl e behavioura l  dat a suc h tha t  th e 
latte r  ca n b e use d t o construc t  a  coheren t  geometrica l  repre -
sentatio n o f  th e former .  F r o m thi s observatio n w e ultimatel y 
wis h t o bootstra p a  learnin g v isuo-moto r  agen t  (se e Figur e 1) . 

A s th e goa l  o f  thi s w o r k i s t o deriv e orde r  fo r  a  se t  o f  in -
puts ,  i t  i s  inappropriat e t o a s s u m e o r  inheri t  orde r  from  else -
where .  Therefor e w e m u s t  ignor e th e organisatio n inheren t  i n 
th e standar d vide o matrix .  Similarly ,  w e d o no t  d e p e n d o n 
an y framing  concept s suc h a s up ,  d o w n ,  left ,  right ,  o r  a n y 
alignment s wit h th e directio n o f  fall ,  o r  th e robot' s bas e o r 
moto r  axes .  I n fact ,  w e r a n d o m l y scramble d th e location s o f 
al l  pixel s (c.f .  P r o k o p o w i c z 1 9 9 4 ) .  D o i n g s o m e a n s tha t  ou r 
geometrica l  a r rangemen t  o f  input s remain s i m m u n e t o con -
figuratio n peculiaritie s an d i s  determine d onl y b y th e conten t 
of  th e signals . 

O ne ca n d r a w n o inferenc e abou t  th e organisatio n o f  a n y 
visua l  syste m o n th e basi s o f  o n e stati c image .  I f  ther e i s n o 
chang e i n th e input ,  an y applie d orderin g produce s spuriou s 
geometrica l  arrangements ,  bearin g n o relatio n t o th e envi -

Environmenta l 
Ordef 

Learnin g 
Agency 

-

-

Behavioura l 
Order 

SUmulus 
Respons e 
Coherenc e 

-

-

Geomelnea l 
Order 

Sel f 
Calibratio n 

-

-

Accurat e 
Represanlatio n 

.  \ 

Motor 
Mappin g 

Figur e 1 :  T h e interna l  organisationa l  detou r  from  envi -

ronmenta l  orde r  t o learning . 
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Figur e 2 :  Over-sorte d arrangement s o f  input s base d 
on similarit y i n stati c input ,  a )  i s  th e initia l  rando m 
orderin g o f  inputs ,  b )  -  e )  ar e stage s i n th e orderin g 
process ,  f )  i s  th e final  stabl e bu t  incorrec t 
arrangemen t  o f  inputs ,  g )  i s th e origina l  unscramble d 
environment ,  h )  anothe r  environmen t  tha t  woul d 
produc e th e sam e arrangement . 

ronmen t  (se e Figur e 2 )  a s ther e i s to o m u c h ambiguit y pre -
sen t  i n th e relationship s betwee n pixels .  I t  i s  a s i f  th e jig -
sa w ha d m a n y piece s o f  th e sam e shap e an d colour ,  whic h 
ca n jus t  a s wel l  b e se t  i n m a n y differen t  arrangements .  So , 
th e criterio n fo r  organisin g th e arra y o f  input s ca n onl y b e 
behavioura l  proximit y ( c o m m o n historie s betwee n inputs , 
or  similarit y ove r  time ,  no t  jus t  i n a  snapshot) . 

We first  trie d t o us e natura l  environmenta l  m o v e m e n t  a s 
th e sourc e o f  change .  Thi s prove d t o b e ineffective ,  a s i t  i s 
difficul t  t o find  convenien t  place s wher e a  camer a ca n b e 
set  u p i n th e confidenc e tha t  sufficien t  m o v e m e n t  wil l  b e 
detecte d b y al l  pixels .  T h e nex t  approac h wa s t o us e th e 
camera' s pan-til t  moun t  t o continuousl y chang e th e direc -
tio n o f  gaz e o f  th e camera ,  bu t  thi s wa s curtaile d du e t o 
fea r  tha t  th e motor s woul d overheat .  Th e mos t  effectiv e 
solutio n wa s t o dispens e wit h a  camer a completely ,  an d 
simpl y connec t  a  V C R ,  tune d t o a  televisio n station ,  di -
rectl y int o th e computer .  Thi s provide d a  continuou s 
sourc e o f  al l  kind s o f  'firs t  person '  movement :  pans ,  tilts , 
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Figure 3: Relative behavioural difference plotted against 
horizonta l  separatio n i n a  singl e lin e o f  vide o data .  Pixe l 
33 ha s zer o differenc e wit h itself ,  an d progressivel y 
mor e differenc e wit h pixel s fiirthe r  t o it s  lef t  an d right . 

Note: the values for pixels 63 and 64 are edge effects caused by the 
vide o imag e no t  quit e fillin g th e memor y allocate d t o it . 

zooms ,  tracking ;  an d plent y o f  natura l  'thir d person '  move -
ment  too . 

Usin g vide o inpu t  w e ca n sho w tha t  th e behavioura l 
proximit y betwee n an y tw o input s i s monotonicall y relate d t o 
thei r  environmenta l  proximit y (se e Figur e 3) .  So ,  behavioura l 
proximit y implie s environmenta l  proximity .  Curiously ,  onc e 
th e significan t  nois e ha s bee n remove d thi s relationshi p i s 
closel y approximate d b y th e elegan t  curve : 

y =  l-l/e ' (1 ) 

We wonde r  whethe r  thi s relationshi p migh t  b e a  genera l 
one ,  sinc e i t  seem s t o conve y th e diminishin g probability , 
havin g foun d somethin g a t  on e location ,  o f  fmdin g somethin g 
simila r  a t  othe r  increasingl y distan t  locations .  A r m e d wit h th e 
knowledg e o f  th e relationship' s monotonicity ,  w e ca n n o w 
describ e th e two-dimensiona l  versio n o f  th e metho d i n detail . 

We star t  b y randoml y selectin g on e input .  A ,  an d searchin g 
fo r  other s wit h hig h behavioura l  proximit y t o A .  Behavioura l 
proximit y ca n b e define d b y a  threshol d of ,  say ,  1 5 % o f  th e 
m a x i m u m possibl e behavioura l  differenc e betwee n inputs . 
Once w e hav e foun d enoug h simila r  input s (th e numbe r  re -
quire d i s th e numbe r  o f  dimension s w e inten d ou r  represen -
tatio n t o have ,  plu s 2 )  w e observ e the m fo r  a  while ,  i n orde r 
t o determin e al l  mutua l  behavioura l  proximities . 

We assig n nomina l  location s (i.e. ,  Cartesia n coordinates )  t o 
tw o o f  thes e inputs ,  startin g b y assigning ,  say ,  (0 ,  0 )  t o A ,  (1 , 
0 )  t o B .  Othe r  input s wil l  b e arrange d relativ e t o thes e tw o 
accordin g t o thei r  mutua l  behavioura l  proximities .  Fo r  in -
stance ,  i n Tabl e 1 ,  th e geometri c distance s o f  C  (0.2 ,  0.25 ) 
hav e bee n calculate d fro m th e behavioura l  difference s ab ,  ac , 
be ,  an d th e geometri c distanc e A B = 1 ,  a s follows : 

A C = 
ABf (ac ) 

f(ab ) 
BC = 

ABf jbc ) 

f(ab ) 

I 

Figur e 4 :  I n th e uppe r  diagra m A  an d B  ar e use d t o 

locat e tw o position s fo r  C .  I n th e lowe r  diagra m A  an d 

C ar e use d t o locat e tw o position s fo r  D .  I n th e cas e o f 
C th e poin t  chose n i s arbitrar y bu t  fo r  D  i t  i s  th e poin t 

neare r  th e geometri c distanc e estimate d fro m B . 

Table 1: Calculating the geometric location of inputs in 

tw o dimensions . 

Inpu t 

A 

B 
C 

X 

0.0 0 

1.0 0 
0.2 0 

y 

0.0 0 

0.0 0 
0.2 5 

Behavioura l 
Difference s 

ab:  402 3 
ac:  128 7 
be:  333 9 

Geomeuica l 
Distance s 

AB:  1.0 0 
AC:  0.3 2 
BC:  0.8 3 

(2 ) 

fro m whic h th e Cartesia n coordinate s o f  C  ar e easil y de -

rived.  Fo r  C  w e arbitraril y  choos e on e o f  th e tw o points , 
Ci ,  C2 ,  tha t  satisf y th e geometry .  Fo r  subsequen t  input s w e 

follo w essentiall y  th e sam e procedure :  comparin g a  short -

lis t  o f  input s alread y set ,  an d selectin g fro m the m thos e 
exhibitin g mos t  behavioura l  proximity ,  the n usin g formu -

la e o f  th e sam e for m a s (2) ,  calculatin g tw o possibl e loca -

tion s fo r  th e candidat e input .  O f  thes e tw o w e choos e th e 

one neare r  th e distanc e estimate d usin g th e behavioura l 
proximit y o f  anothe r  referenc e inpu t  (se e Figur e 4) . 

832 



Not e tha t  relativ e t o environmenta l  space ,  ou r  geometri c 
spac e ma y appea r  skewed ,  inverted ,  scaled ,  o r  eve n bent . 
Thi s i s no t  significan t  sinc e th e actua l  mappin g i s stil l 
monotoni c and .  minimally ,  need s onl y provid e th e motoriu m 
wit h a  monotonicall y coheren t  representatio n o t  th e environ -
ment .  I t  i s  therefor e sufficient .  A  secon d learnm g process , 
e.g. ,  va n de r  Smag t  (1995 )  mus t  b e implemente d t o ma p 
moto r  command s fro m thi s geometrica l  representatio n bac k 

t o th e world . 

Results 

Afte r  onl y on e pas s th e proces s converge s closel y upo n th e 

environmenta l  orde r  i t  canno t  directl y observe .  I n Figur e 5 

we presen t  th e resultin g geometri c locatio n plotte d agains t 

environmenta l  location .  Not e that ,  eve n a t  thi s stage ,  a  previ -
ousl y scramble d imag e passe d throug h th e ne w rearrange -

ment  o f  input s i s perfectl y comprehensibl e t o th e nake d eye , 

exhibitin g relativel y mino r  distortion s a s object s translat e 
throug h th e imag e plane .  A n y roboti c contro l  syste m tha t 
operate s non-ballisticall y  woul d b e abl e t o us e suc h inpu t  t o 
iterativel y positio n eithe r  itsel f  o r  a  mechanica l  ar m relativ e 
t o observe d objects . 

The proces s ca n b e enhance d i n a  numbe r  o f  ways .  A  shor t 
lis t  ma y b e maintaine d fo r  eac h input ,  containin g othe r  in -
puts ,  whic h hav e s o fa r  bee n foun d t o sho w greates t  behav -
ioura l  proximit y t o it .  Afte r  th e firs t  pas s throug h al l  inputs , 
thi s lis t  ca n b e use d fo r  fine-tuning  o f  location s a t  a  loca l 
level ,  fo r  al l  subsequen t  passes .  Extendin g th e tim e ove r 
whic h observation s o f  behavioura l  proximit y ar e mad e re -
duce s nois e effects .  Raisin g th e threshol d fo r  inclusio n i n 
triangulatio n calculation s als o improve s accuracy ,  sinc e i t 
constrain s selectio n t o nea r  neighbours ,  whos e environ -
mental-behavioura l  proximit y relationship s ar e les s ambigu -
ous ,  du e t o th e proxima l  steepenin g o f  th e curv e i n Figur e 3 . 

Incorrec t  triangulation s earl y o n i n th e proces s hav e stron g 
detrimenta l  effect s o n subsequen t  organisation .  I t  i s  therefor e 
worthwhil e allowin g th e earlie r  observation s t o exten d fo r 
longe r  period s tha n late r  ones ,  an d t o us e a  muc h highe r  be -
havioura l  proximit y threshold . 

The entir e proces s ma y b e analogou s t o th e extensio n o f 
axon s fro m on e are a o f  th e nervou s syste m t o another .  Thos e 
tha t  firs t  reac h a ,  say ,  cortica l  destinatio n ar e th e mos t  fre e t o 
tak e a  location ,  an d th e leas t  likel y t o chang e thei r  location . 
Late r  axon s wil l  see k ou t  area s mos t  correspondin g t o thei r 
own signals ,  bu t  wil l  exer t  negligibl e attractio n o n suc h area s 
simpl y becaus e o f  th e weigh t  o f  number s alread y there . 

Applications 

Spatia l  mapping s derive d i n th e manne r  jus t  describe d obvi -
ousl y d o no t  posses s th e nea t  orthogonalit y o f  standar d pixe l 
arrays .  Standar d grid-lik e neighbourhood s an d al l  convolu -
tion s tha t  depen d o n the m ar e therefor e inapplicabl e t o dat a 
i n thi s form .  However ,  non-orthogonal ,  neighbour -
independen t  method s hav e bee n foun d fo r  edg e detectio n 
(Prokopowic z &  Coope r  1995) ,  motio n detectio n (Proko -
powic z 1994) ,  th e locatio n o f  centroid s i n bot h artificia l  (Pe -
ter s &  S o w m y a 1996 ,  1997 ,  1998b )  an d natura l  (Sparks ,  Le e 
& Rohre r  1990 )  systems ,  an d th e calculatio n o f  spatiall y  lo -
cate d interes t  metric s (Peter s 1998) . 

2 -1 0 I 

•  '  ' °  ' 3 , 6 „  J 2 j s „  3 ,  »  3 7 4 0 4 3 « 

environmental distance 
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Figur e 5 :  Plo t  o f  geometri c distanc e agains t  environ -
menta l  distanc e calculate d afte r  onl y o n e pass ,  s h o w -
in g tha t  perfec t  monotonicit y ha s alread y b e e n 

achieved . 

T h e se t  o f  input s nee d no t  b e restricte d t o jus t  on e 
source .  Multipl e c a m e r a s ca n b e se t  u p t o suppl y i n c o m i n g 
data ,  an d th e algorith m ca n stil l  b e applied .  Th i s i s  thu s a 
solutio n t o s o m e fo rm s o f  th e dat a fusio n p rob lem .  T h e r e 
m ay b e a  nee d t o adjus t  signal s t o normal is e bot h rang e 
an d sig n i f  senso r  device s ar e o f  sufficientl y differen t  de -
sign .  Additionally ,  derivative s m a y b e use d instea d o f  th e 
origina l  signal . 

G i v e n tha t  th e geometri c a r rangemen t  o f  input s d e p e n d s 
solel y o n environmenta l  change s i t  wil l  evo lv e t o a  space -
invarian t  state ,  effectivel y creatin g th e invers e functio n fo r 
th e optica l  distortio n an d sampl in g bia s o f  th e anterio r 
part s o f  th e system .  N o t e tha t  i t  shoul d no t  b e a s s u m e d tha t 
sampl in g pattern s w o u l d b e fixed  durin g operation .  Peter s 
& S o w m y a (1998a )  hav e show n tha t  ther e ar e goo d rea -
son s fo r  changin g samplin g densit y an d bia s accordin g t o 
dat a receive d durin g operation . 

Havin g overcom e space-variance ,  th e syste m i s abl e t o 
produc e a  relativel y metrica l  memor y m a p o f  it s  sur -
roundin g space ,  whic h ca n the n b e use d t o not e change s 
tha t  tak e plac e i n th e environmen t  eve n whil e th e syste m i s 
lookin g i n anothe r  direction .  I t  ca n als o b e use d t o calibrat e 
a moto r  mappin g b y followin g a  progra m o f  rando m 
moves ,  an d observatio n o f  th e resultan t  changes . 

M u ch self-calibratio n researc h ha s bee n directe d a t 
finding  th e min imu m se t  o f  prerequisite s fo r  calibration . 
Pollefey s &  Va n Goo l  (1997 )  hav e show n tha t  a  syste m 
require s a  min imu m o f  thre e image s (o f  th e sam e scene . 
wit h c o m m o n point s identified )  t o complet e it s calibration . 
Othe r  approache s includ e developin g a  syste m t o deriv e 
th e functio n tha t  convert s give n pixe l  location s t o give n 
spatia l  location s (Sharm a &  Srinivas a 1996 ,  Srinivasa) . 
Ther e ha s bee n ver y littl e wor k attemptin g t o dea l  wit h 
varyin g camer a parameters ,  thoug h thi s ha s bee n show n t o 
be possibl e i n th e absenc e o f  ske w (Pollefeys ,  Koch ,  & 
Van Goo l  1997) . 

Thes e self-calibratio n solution s ca n onl y b e use d i n sys -
tem s tha t  ar e alread y somewha t  organised .  The y require : 
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1.  certaint y tha t  th e worl d ha s no t  change d betwee n suc -

cessiv e image s 
2.  a n organise d image-producin g infrastructur e tha t  en -

able s recognitio n o f  visio n primitive s suc h a s corner s 
or .  alternatively ,  operato r  inpu t  o f  veridica l  exampl e 

dat a 
3.  a  clea r  distinctio n betwee n calibratio n an d operatio n 

phases . 

The algorithm we have introduced requires none of these, 
thoug h i t  shoul d b e note d tha t  i t  i s  unlikel y t o matc h th e pre -
cisio n o f  othe r  techniques .  Instead ,  b y reducin g prerequisites , 
th e algorith m become s usefu l  i n situation s wher e other s ar e 
simpl y inapplicabl e (e.g. ,  whe n mor e tha n on e paramete r 
changes ,  whe n ther e i s skew ,  whe n al l  camer a parameter s ar e 
unavailabl e o r  unforeseeable) . 

Implications 

Thi s metho d provide s a  ne w interpretatio n o f  Hebbia n learn -
in g (Heb b 1949 )  i n whic h input s (neurons )  wit h behavioura l 
proximit y migrat e o r  extrud e efferen t  processe s toward s eac h 
other ,  rathe r  tha n th e traditiona l  interpretatio n i n whic h neu -
ron s someho w strengthe n a n explici t  mutua l  connection . 

I f  th e huma n visio n syste m achieve s it s spatia l  organisa -
tio n an d hig h level s o f  visua l  acuit y vi a self-organisin g 
means simila r  t o thos e described ,  the n w e woul d expec t  t o 
see larg e difference s betwee n matur e adul t  visio n an d neo -
nat e vision .  Thi s i s becaus e th e metho d depend s o n continu -
ou s environmentall y meaningful ,  temporall y varyin g visua l 
input ,  an d thi s i s no t  availabl e t o u s unti l  w e ar e bom . 

Evidenc e from  test s o f  infant s reveal s tha t  the y d o indee d 
exhibi t  inferio r  visua l  acuit y an d inferio r  contras t  sensitivity , 
jus t  a s w e woul d expect .  Developmen t  o f  visua l  acuit y i s 
rapi d unti l  approximatel y si x months ,  bu t  continue s unti l 
twelv e months ,  b y whic h tim e normall y developin g infant s 
achiev e 20/2 0 visio n (se e Figur e 6) .  Contras t  sensitivit y im -
prove s a t  a  simila r  rate . 

Severa l  neurophysiologica l  studie s demonstrat e tha t  labil e 
neurona l  leve l  mapping s ar e quit e c o m m o n .  Merzenic h & 
Kas s (1982 )  showe d h o w cortica l  rea l  estat e recentl y mad e 
vacan t  i s co-opte d b y remainin g afferen t  lines ,  whos e coher -
ent  convergenc e i n ne w area s o f  th e corte x ca n onl y b e ex -
plaine d b y th e similarit y o f  th e signal s the y convey ,  no t  a 
pre-establishe d developmenta l  arrangement . 

Th e patternin g o f  ocula r  dominanc e column s discovere d 
by Hube l  &  Wiese l  (1977 )  i s anothe r  example ,  wher e input s 
from  anatomicall y quit e separate d origin s (th e tw o eyes )  see k 
out  c o m m o n destination s i n th e cortex ,  an d actuall y terminat e 
i n area s o f  les s tha n 0. 4 m m diameter . 

Moreover ,  thei r  late r  wor k wit h Stryke r  (Hubel ,  Wiese l  & 
Stryke r  1978 )  showe d tha t  withi n thi s geometrica l  arrange -
ment  ther e exis t  stil l  finer  convergences ,  thos e o f  th e lin e 
orientatio n preferenc e neurons . 

Can a  singl e neurophysiologica l  proces s explai n al l  o f 
thes e example s o f  convergenc e o f  signal s carryin g simila r 
data ? An d ca n th e sam e proces s b y use d t o explai n th e obvi -
ous homuncularit y o f  th e somatosensor y cortex ,  discovere d 
by Penfiel d &  Jaspe r  (1954) ? W e fee l  tha t  ou r  proces s coul d 
wel l  explai n h o w suc h mapping s develop ,  an d als o give s a 

I  mont h 2 month s 

3 month s Adul t 

Figur e 6 :  Simulation s o f  wha t  1-month ,  2-month ,  an d 
3-mont h ol d infant s se e whe n the y loo k a t  a  woman' s 

fac e a t  a  distanc e o f  5 0 c m (Goldstei n 1989) . 

clu e a s t o why .  M a n y researcher s hav e looke d a t  th e brai n 
from  th e standpoin t  o f  computationa l  an d physiologica l 
economy i n variou s forms ,  bot h spatia l  an d temporal .  D o n g 
& Atic k (1995 )  concentrat e o n th e potentia l  usefulnes s o f 
inferre d decorrelatio n function s i n th e latera l  geniculat e 
nucleus ,  an d us e time-varyin g image s a s a  wa y o f  expli -
catin g th e statistic s o f  th e processe s the y infer .  W e showe d 
h o w simila r  decorrelatio n coul d bypas s massiv e computa -
tiona l  problem s i n motio n trackin g (Peter s &  S o w m y a 
1996) .  Michiso n (1991 )  speculate d tha t  ther e ar e evolu -
tionar y constraint s forcin g econom y i n th e wirin g o f  th e 
cortex .  Suc h constraint s woul d naturall y caus e neuron s 
carryin g simila r  signal s t o converg e rathe r  tha n exten d 
axon s throug h th e finite  spac e o f  th e brain . 

The advantag e o f  convergenc e accordin g t o behavioura l 
proximit y i s tha t  i f  tw o signal s ar e normall y s o simila r  tha t 
on e ca n b e take n t o impl y th e other ,  i t  i s  considerabl y mor e 
economica l  t o arrang e the m s o tha t  the y ar e literally ,  phe -
nomenologicall y an d neuro-anatomically ,  nex t  doo r  neigh -
bours ,  rathe r  tha n attemptin g t o construc t  a n explici t  rela -
tionshi p o r  rul e whic h expresse s thei r  near-identity . 

Such a  proces s coul d hav e originate d fa r  bac k i n th e 
earl y day s o f  evolutionar y developmen t  o f  th e centra l 
nervou s system ,  a s a n economica l  organisin g principle ,  ye t 
n o w b e usefu l  a t  an y leve l  o f  abstractio n wher e a  stron g 
implicatio n relatio n need s t o b e physicall y instantiated . 

Discussion 

Th e method s describe d ar e use d t o organis e a  se t  o f  one -
dimensiona l  input s int o a  two-dimensiona l  arrangement . 
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However ,  ther e i s n o limi t  o n th e dimensionalit y o f  th e prob -
le m o r  it s solution .  Simila r  technique s coul d b e use d t o or -
ganis e input s i n arrangement s havin g thre e o r  mor e dimen -
sions ,  o r  t o organis e input s wit h paire d values ,  o r  tuples . 

Bot h traditiona l  connectionis t  an d symboli c approache s 
have bee n applie d t o simila r  problems .  The y bot h shar e th e 
shortcomin g o f  attemptin g t o represen t  comple x informatio n 
i n explici t  form ,  whic h lead s t o vas t  computationa l  demands . 

A connectionis t  approac h i s t o explicitl y  represen t  relation -
ship s betwee n input s b y weights .  Thi s become s impractica l 
when dealin g wit h eve n quit e constraine d visio n problem s 
involvin g only ,  say ,  12 8 b y 9 6 pixels .  Th e numbe r  o f  weight s 
generate d fo r  a n inpu t  arra y o f  thi s siz e i s 150,994,944 .  Th e 
symboli c approac h als o ha s grea t  difficult y i n representin g 
relationship s betwee n larg e number s o f  inputs .  It s fort e i s i n 
late r  stage s whe n visua l  dat a ha s bee n condense d an d sum -
marise d i n a  for m amenabl e t o symboli c representatio n an d 

logica l  manipulation ,  bu t  i t  i s no t  practica l  t o appl y a  sym -
boli c approac h t o th e ra w dat a i n orde r  t o ge t  t o thi s posi -

tion . 
By representin g environmenta l  relationship s implicitly , 

i n a  non-orthogona l  arrangemen t  th e dat a requiremen t  i s n o 
longe r  explosiv e (i.e. ,  onl y 12.28 8 fo r  12 8 b y 96) .  Th e 
complexit y i s  reduce d from  orde r  Â ^  t o orde r  Â . 

I n summary ,  w e demonstrat e a  robust ,  adaptive ,  self -

organisin g syste m wit h minima l  dependencies ,  practica l 
usefulnes s i n robotics ,  stron g biologica l  plausibilit y  an d 
explanator y power ,  computationa l  economy ,  an d poten -
tiall y  broa d applicatio n du e t o it s contex t  independence . 
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Abstrac t 

This paper starts out from two observations: firstly, that there 
ar e comple x link s betwee n wha t  w e ter m intelligenc e an d 
what  w e ter m creativit y and ,  secondly ,  tha t  th e phenomeno n 
of  surpris e ha s a  significan t  rol e i n bot h th e genesi s an d 
evaluatio n o f  creativity ,  an d i s tightl y couple d t o perception . 
We argu e tha t  fo r  machine s t o develo p t o th e poin t  wher e w e 
attribut e t o the m intelligenc e and ,  therefore ,  thei r  ow n degre e 
of  creativity ,  the y mus t  firs t  develo p a  sensibilit y  o f  surprise . 
This ,  w e show ,  i s predicate d upo n a  multi-leve l  organisatio n 
of  perception ,  an d a  metho d o f  representin g th e interest ,  o r 
novelty ,  o f  event s an d action s takin g plac e i n th e physica l 
world .  A  sensibilit y  o f  surpris e furthe r  depend s o n a n abilit y 
t o recognis e th e novelt y o f  action s th e syste m itsel f  i s  con -
templating .  W e describ e method s o f  encodin g surpris e i n per -
ceptua l  robots ,  an d sho w ho w thi s enable s the m t o focu s o n 
what  i s interestin g i n thei r  environmen t  -  a  prerequisit e t o th e 
productio n o f  behaviou r  bot h creativ e an d intelligent . 

Introduction 

Th e Gestal t  psychologists ,  Wertheime r  (1959 )  i n particular , 

m a de a  stron g distinctio n betwee n productiv e an d reproduc -

tiv e thinking .  Reproductiv e thinkin g i s  wha t  human s d o 

w h en presente d wit h a  proble m o f  a n easil y identifiabl e 

class ,  suc h a s findin g th e lengt h o f  th e hypotenus e o f  a 

right-angled  triangle .  I t  i s  calle d reproductiv e becaus e i t  i s a 
questio n o f  recallin g an d reproducin g a  familia r  algorithm . 

Productiv e thinkin g i s th e solvin g o f  problem s i n a  manne r 

tha t  i s  significantl y new .  Thi s involve s creatin g rathe r  tha n 

recallin g a  solution ;  i t  i s  volitiona l  a s wel l  a s selective .  Pro -

ductiv e intelligenc e encompasse s moment s o f  insigh t 
(Kohle r  1927 )  and ,  unti l  suc h moment s ar e experienced ,  a n 

inabilit y o n th e par t  o f  th e subjec t  t o estimat e h o w clos e 

the y ar e t o a  solutio n (Metcalf e 1986a ,  1986b ,  Metcalf e & 
Wieb e 1987) .  I t  i s a  ste p int o unexplore d proble m space .  I n 

practice ,  th e productive-reproductiv e distinctio n become s 

stronger ,  becaus e th e reproductiv e for m o f  intelligenc e can , 

as it s n a m e implies ,  b e easil y transporte d t o othe r  individu -
al s o r  machines ,  wherea s productiv e intelligenc e prove s t o 

be difficul t  t o copy .  I t  ha s bee n argue d (Weisberg ,  1992 ) 

tha t  th e distinctio n i s  merel y question s o f  degree ,  whic h 
suggest s tha t  th e greate r  th e intelligence ,  th e harde r  i t  i s t o 

introspect ,  predict ,  an d transport ,  a s migh t  b e expected . 
Intelligenc e cas t  i n productiv e term s i s  demonstrabl y 

clos e t o creativit y onc e w e remov e th e domain-dependen t 
connotation s fro m th e tw o concepts .  W h a t  i s a n intelligen t 
solutio n i s ofte n a  creativ e solution ,  an d vic e versa .  Koestle r 
(1975 )  identifie d m a n y cross-correlation s betwee n creativit y 

i n th e art s an d intelligenc e an d insigh t  i n th e science s (an d 
surpris e i n humour ,  too) .  Thi s argumen t  ha s sinc e bee n 
take n u p b y Bode n (1992 )  w h o argue s tha t  artificia l  intelli -
genc e i s th e appropriat e researc h apparatu s fo r  th e scientifi c 
stud y o f  creativity ,  sinc e intelligenc e an d creativit y i n thei r 
pur e form s ar e inseparable .  Fa r  firo m supportin g a n argu -
ment  agains t  A I  (e.g. ,  Penros e 1989) ,  th e phenomeno n o f 
insigh t  m a y provid e usefu l  clue s abou t  wher e A I  researc h 
shoul d go ,  i f  it s agend a i s Onl y t o m a k e th e phenomeno n o f 
intelligenc e understandabl e t o u s (Nilsso n 1995) .  Paulo s 
(1980 )  als o take s u p Koestler' s baton ,  drawin g link s be -
twee n th e explorator y toyin g wit h abstrac t  stiiicture s an d 
nove l  combination s o f  idea s tha t  specificall y characterise s 
mathematician s a t  wor k an d th e intellectua l  pla y o f  humour , 
but  als o aptl y describe s intelligen t  approache s t o nove l 
problems . 

Th e connection s o f  intelligenc e an d creativit y therefor e 
appea r  t o exten d t o menta l  exploratio n (play ,  toying ,  th e 
terr a incognit a o f  insigh t  proble m space )  i n whic h th e unex -
pected ,  novel ,  o r  surprisin g i s give n hig h significance . 

Whil e i t  appear s tha t  m u c h biologica l  activit y i s homeo -
static ,  designe d t o maintai n equilibriu m i n a  changin g envi -
ronment ,  ther e i s anothe r  goal ,  ofte n conflicting :  th e activ e 
seeking  o f  n e w information ,  n e w stimuli ,  n e w situations , 
novelty ,  o r  surprise .  Suc h curiosit y ha s bee n informall y 
note d a s a  characteristi c of ,  no t  onl y remarkabl y intelligen t 
or  creativ e humans ,  an d smal l  childre n -  eve n ver y smal l 
childre n (Eimas ,  e t  a l  1971 )  bu t  als o othe r  specie s whos e 
behaviou r  w e particularl y acknowledg e a s intelligent ,  suc h 
as ape s (Kohle r  1927) .  W h a t  coul d driv e suc h a  predisposi -
tio n t o novelty ? William s (1996 )  ha s argue d tha t  th e aes -
theti c respons e i s commensurat e wit h surprise ,  an d i n pro -
portio n t o th e degre e o f  chang e a  cognitiv e stat e undergoe s 
t o accommodat e n e w information .  Thi s kin d o f  ra w pleasur e 
stimulu s woul d b e readil y co-opte d a s a  reinforcemen t 
fiinctio n t o powe r  a  curiosit y drive . 

Ther e i s a  stron g relationshi p betwee n surpris e an d per -
ception ,  mayb e eve n a n equality .  I t  seem s tha t  w e ca n onl y 
lear n fro m thos e thing s tha t  ar e sufficientl y reinforce d b y 
repetitio n o r  direc t  importanc e t o us .  Havin g pwrceive d th e 
mor e persisten t  o f  phenomen a (gravity ,  fo r  instance )  w e 
become unconsciou s o f  them ,  thoug h vi a adaptiv e homeo -
stasi s w e behav e t o al l  intent s an d purpose s a s i f  w e ar e con -
sciou s o f  the m w e ca n b e observe d t o activel y tak e the m 
int o accoun t  a s w e behave .  I t  i s  normall y onl y w h e n phe -
nomena depar t  from  thei r  nor m tha t  the y sprin g bac k int o 
our  consciousness ,  surpris e us ,  an d becom e concret e per -
cepts .  Whe r e particularl y creativ e individual s ofte n mak e 
thei r  mar k i s i n th e re-seein g o f  th e mundane ,  an d it s re -
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presentatio n t o th e res t  o f  us .  The y provid e a  servic e o f  re -
acquaintin g u s wit h ou r  miheu .  Thi s ha s bee n describe d b y 
Berge r  (1972 )  a s differen t  way s o f  seeing ,  necessar y i n 
simila r  way s fo r  bot h th e autho r  an d th e audienc e o f  creativ e 
activity . 

T o reinforc e th e notio n o f  selectiv e perceptio n o f  novelt y 
at  th e expens e o f  stasi s i n th e worl d i t  i s  instructiv e t o refe r 
t o simpl e experiment s tha t  sho w tha t  ou r  facult y o f  visio n i s 
near  wholl y dependen t  o n varianc e i n th e input .  I f  w e ar e 
force d t o fixat e o n a  stati c scen e ou r  consciou s perceptio n o f 
i t  dissolve s i n abou t  thre e seconds .  (Cric k &  Koc h 1992) . 
By extensio n w e ca n argu e tha t  i t  i s  onl y th e presenc e o f 
chang e i n th e worl d (mor e accurately ,  chang e i n th e relatio n 
betwee n ourselve s an d th e world )  tha t  create s an y nee d fo r 
perceptio n i n th e first  place . 

Additionally ,  i t  ha s t o b e recognise d tha t  muc h everyda y 
activit y performe d spontaneousl y b y human s an d animal s 
has prove d t o b e extremely  difficul t  fo r  robots .  Eithe r  th e 
robots '  perception s (representations )  o f  th e worl d ar e ful l  o f 
th e wron g kin d o f  information ,  o r  th e robot s ar e no t  re -
spondin g t o the m appropriately .  Ye t  eithe r  wa y th e repre -
sentation s ar e t o blame ,  fo r  the y canno t  depen d o n a  homun -
cula r  deu s e x machin a t o ge t  the m ou t  o f  trouble ,  the y mus t 
be responsibl e fo r  ensurin g th e correc t  respons e themselves . 

T o summaris e th e argument s s o far ,  th e mor e intelligen t 
th e behaviour ,  th e greate r  it s creativ e content .  Creativit y  i s a 
linkin g o f  seein g th e ne w an d actin g upo n it .  Fa r  fro m bein g 
th e preserv e o f  th e gifte d few ,  creativit y i s presen t  t o a 
greate r  o r  lesse r  degre e i n m u c h everyda y activity .  W e shal l 
no w discus s th e notio n tha t  surprise ,  rathe r  tha n bein g a 
cognitiv e respons e t o perceptua l  stimuli ,  actuall y form s th e 
substanc e o f  perception ,  an d tha t  therefore ,  a s Berge r  ar -
gues ,  i t  i s  greate r  perceptivit y tha t  engender s creativity ,  an d 
thu s intelligence . 

Encoding Surprise 

For  al l  biologica l  system s som e state s ar e mor e conduciv e t o 
lif e tha n others ,  an d th e basi c biologica l  functio n i s t o pre -
serv e homeostasi s b y movin g fro m les s conduciv e state s t o 
more conduciv e ones .  Thi s applie s t o state s bot h interna l 
and external .  Onc e homeostasi s i s achieved ,  a  syste m nee d 
not  d o anythin g differen t  unti l  ther e i s som e chang e o f  state . 
I n othe r  words ,  i t  doe s no t  eve n nee d t o kee p tellin g itsel f 
tha t  thing s ar e stil l  th e same .  I t  i s  no t  surprisin g then ,  tha t 
ove r  tim e individua l  neuron s an d eve n semi-discret e neura l 
system s exhibi t  reductio n i n respons e t o unvaryin g stimul i 
(Da y 1972) .  Th e processe s ar e calle d habituation ,  adapta -
tion ,  o r  depletion ,  dependin g o n th e context .  Importantly , 
suc h neura l  unit s effectivel y repor t  onse t  an d offset ,  no t 
absolut e values . 

Yet  i t  grossl y oversimplifie s t o sa y tha t  perceptio n i s "on ' 
i n th e presenc e o f  change ,  an d "of f  otherwise ,  becaus e per -
ceptio n i s actuall y 'of f  m u c h mor e frequentl y tha n sug -
gested .  W e adap t  no t  onl y t o n o change ,  bu t  als o t o consis -
tenc y o f  change ,  o r  a  derivativ e o f  change .  Tunin g ou t  con -
stan t  backgroun d phenomen a suc h a s a  cloc k tickin g i s a n 
example .  Tha t  thi s happen s shoul d no t  b e surprising ,  a s i t  i s 
a predictabl e effec t  o f  certai n multi-layere d neura l  system s 
we shal l  b e describing ,  i n whic h th e outpu t  o f  on e laye r  i s 
th e inpu t  o f  another .  A  constan t  signa l  wil l  caus e a n anterio r 

laye r  t o habituate ,  an d thu s ceas e t o activat e th e change -
measurin g functio n i n a  posterio r  layer .  A  syste m buil t  o n 
surprise-perceptio n equivalenc e ca n b e readil y instantiate d 
(Peter s &  S o w m y a 1987 ,  1998) . 

T o decompos e th e phenomeno n o f  surpris e le t  u s agre e 
tha t  ther e ar e tw o primar y components :  a n expectatio n an d a 
departure ,  withou t  eithe r  o f  whic h n o surpris e ca n b e expe -
rienced.  Th e expectatio n i s se t  u p o n th e basi s o f  previou s 
experience ,  an d migh t  loosel y b e though t  o f  a s a  for m o f 
patter n recognition .  T h e departur e i s th e discrepanc y be -
twee n wha t  wa s projecte d t o happe n an d wha t  actuall y di d 
happen . 

T o measur e th e discrepanc y w e nee d m e m o r y t o compar e 
what  i s happenin g n o w wit h wha t  ha s jus t  happened .  W e 
star t  b y providin g eac h pixe l  locatio n i n a  robot' s visua l 
field  wit h a  miniatur e processin g uni t  (whic h w e shal l  cal l  a 
memory unit) .  Thi s possesse s a  proto-memor y consistin g o f 
a singl e value ,  memory .  Th e inpu t  t o eac h uni t  i s  als o a  sin -
gl e value ,  whic h w e shal l  cal l  signal .  I n th e initia l  case ,  sig -
nal  i s jus t  th e brightnes s o f  th e pixe l  a t  th e m e m o r y unit' s 
location .  Th e valu e o f  memor y a t  tim e t  i s  update d fro m 
signal ,  usin g th e equation : 

memory, = signal + (memory^, d x retention) 

where retention is a constant between 0 (when previous 
value s o f  signa l  hav e n o effec t  o n memory )  an d 1  (whe n al l 
previou s value s o f  signa l  ar e s u m m e d an d store d i n m e m-
ory) .  Thes e extrem e case s roughl y characteris e remember -
in g nothin g an d rememberin g everything ,  respectively ,  an d 
neithe r  o f  ̂ e m i s ver y useful ,  bu t  man y intermediat e value s 
are .  Varyin g retentio n adjust s th e relativ e weigh t  give n t o 
mor e recen t  value s o f  signal ,  effectivel y determinin g 
whethe r  memor y ca n b e though t  o f  a s long-ter m o r  short -
term ,  an d thereb y havin g significan t  influenc e ove r  th e be -
haviou r  o f  th e system . 

I f  retentio n i s nea r  1  the n th e valu e o f  memor y wil l  b e 
larg e i n relatio n t o tha t  o f  signal ,  du e t o it s accumulativ e 
effect .  So ,  i f  w e n o w wis h t o compar e signa l  t o m e m o r y t o 
deriv e a  surpris e value ,  w e first  nee d t o renormalis e m e m-
ory .  T o d o thi s w e us e anothe r  constant ,  whic h w e deriv e 
fro m retention : 

persistence = 1 / (1 - retention) 

hence: 

prediction = memory I persistence 

which is an exponentially decaying moving average of 
sigruil .  Then : 

surprise = I signal - prediction I 

The value of surprise represents the difference (depar-
ture )  betwee n th e signa l  jus t  detecte d an d th e predictio n (th e 
expectation) .  Thu s surpris e correspond s t o th e 'figural ' 
conten t  se t  agains t  th e 'ground '  o f  predictio n (Pribra m 
1991) .  W h a t  i s figure  an d wha t  i s groun d i s clearl y predi -
cate d o n th e contex t  o f  th e surprise . 
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Distinction s betwee n ordinar y an d extraordinar y event s 
must  b e mad e a t  multipl e levels .  Indeed ,  a  singl e even t  m a y 

be simultaneousl y nove l  a t  on e level ,  bu t  quit e unremark -
abl e a t  th e next .  Fo r  example ,  on e mornin g a  perso n w h o 
has bee n lyin g d o w n suddenl y rise s an d walk s about ,  bu t  i s 
k n o w n t o d o thi s ever y day .  Withi n th e contex t  o f  th e da y 
thei r  activit y i s novel ,  withi n th e contex t  o f  th e week , 
month ,  year ,  lifetime ,  i t  i s  not .  I f  thi s i s a n ordinar y mornin g 
risin g i t  m a y ge t  a  secon d o r  tw o o f  ou r  attention ,  bu t  i f  thi s 
i s th e first  risin g i n man y month s i t  wil l  b e pai d fa r  mor e 
attention .  W e nee d n o w t o develo p mechanism s tha t  respon d 
t o a n even t  accordin g t o al l  it s  tempora l  contexts . 

We measur e chang e a s a  conjunctio n o f  th e output s o f 
severa l  layer s o f  surpris e generators ,  eac h buildin g upo n it s 
predecesso r  an d effectivel y measurin g a  derivativ e o f 
change ,  o r  th e wa y chang e itself ,  i n a  previou s layer ,  ha s 
bee n changing .  Eac h laye r  tune s itsel f  t o recognis e a  patter n 
(th e curren t  pattern )  i n it s inpu t  an d react s onl y whe n thi s 
patter n i s interrupted .  It s reactio n i s passe d t o th e nex t 
(higher )  layer ,  formin g anothe r  input ,  wit h a  patter n o f  it s 
o w n.  Th e su m o f  th e part s i s thu s a  patter n reactio n syste m 
i n whic h onl y th e change s betwee n pattern s ar e reacte d to . 

I f  w e creat e thes e layer s from  simila r  memor y unit s the y 
nee d t o b e connected ,  no t  t o ra w dat a suc h a s signal ,  bu t  t o a 
dat a strea m whic h ha s alread y ha d mor e superficia l  frequen-
cie s removed ,  an d predictio n fits  thi s rol e perfectly .  I t  i s 
n o w possibl e t o connec t  memor y unit s serially ,  representin g 
progressivel y deepe r  memor y layers ,  eac h inpu t  connecte d 
t o th e predictio n outpu t  o f  th e precedin g unit .  Not e tha t  onc e 
m e m o ry unit s ar e arrange d serially ,  ther e mus t  b e som e 
relativ e weightin g betwee n th e layers ,  eve n i f  thi s weightin g 
i s unifor m an d give s precedenc e t o n o laye r  i n particular . 
Th e centroi d o f  surpris e i s thu s 

x =  z.- ^  y  =  I^ f = 1 0 ) 

11=1 u=\ 

wher e n  i s th e numbe r  o f  memor y units ,  eac h o f  whic h (m) , 

has a n x  co-ordinate ,  a  y  co-ordinate ,  an d a  differenc e d ,  an d 

wher e m i s th e numbe r  o f  memor y layers ,  eac h o f  whic h ( 0 
has a  weigh t  w . 

Activitie s tha t  w e cal l  ordinar y ( a highl y contextua l  term ) 
ca n b e accommodate d i n a  finite  numbe r  o f  thes e perceptua l 
layers ,  rangin g upwar d from 1  i n th e cas e o f  inanimate ,  sta -
tionar y objects ,  t o som e arbitrar y number .  Watchin g peopl e 
workin g o n a  productio n lin e m a y fai l  t o excit e mor e than , 
say ,  6  layer s i n ou r  kin d o f  perceptua l  system .  Extraordinar y 
patterns ,  o n th e othe r  hand ,  ar e define d a s thos e tha t  excee d 
some arbitrar y numbe r  o f  activatio n levels .  A  syste m buil t 
of  severa l  layer s m a y therefor e b e able ,  base d o n th e con -
junctio n o f  reaction s a t  differen t  levels ,  t o develo p response s 
tha t  represen t  activitie s a t  man y differen t  level s i n th e 
world ,  separatin g th e extraordinar y from  th e ordinary ,  an d 
performin g a  natura l  bottom-u p hierarchica l  segmentation . 
I f  interrogated ,  suc h a  syste m woul d b e abl e t o rat e th e nov -
elt y o f  th e curren t  activit y a t  severa l  differen t  levels . 

Patter n interval s ar e comple x multi-leve l  phenomena . 
Thibadea u (1986 )  note d th e importanc e o f  identifyin g th e 
moments whe n particula r  action s star t  an d finish.  W e at -
temp t  t o mak e a  syste m reac t  t o thes e specia l  moment s bot h 
adaptively ,  an d withou t  a  prior i  knowledg e i n an y form ,  s o 
tha t  futur e highe r  functions ,  tha t  migh t  hav e specifi c  recog -
nition-base d tasks ,  m a y receiv e representation s tha t  hav e 
ah-ead y convenientl y carve d th e worl d a t  it s  joints . 

Results 

Thes e processe s ar e show n pictoriall y  i n Figur e 1  displayin g 

fou r  two-imag e block s i n eac h o f  whic h th e uppe r  imag e i s 

made from  predictio n value s an d th e lowe r  imag e i s mad e 

from  surpris e values .  Th e image s sho w th e stat e o f  th e sys -

te m i n a n instan t  o f  time .  I t  ca n b e see n tha t  memor y laye r  2 

surpris e value s ar e activate d b y th e movemen t  o f  th e sub -

ject' s hea d rathe r  tha n b y th e movemen t  o f  hi s hand .  Thi s i s 

becaus e th e han d ha s bee n wavin g almos t  continuousl y 

(evidence d b y it s hig h level s i n bot h th e histor y imag e an d 

memory uni t  2' s  predictio n image) ,  wherea s th e hea d ha s 

unti l  thi s moment  bee n quit e still .  I n othe r  word s th e syste m 

i s n o longe r  attracte d b y th e frantic  hand ,  an d ha s jus t  trans -

ferre d it s attentio n t o th e head . 

T o sho w quantifiabl y h o w ou r  system ,  know n a s 

W R A I T H,  (Peter s &  S o w m y a ,  1996 )  behave s unde r  differ -
ent  memor y configuration s w e se t  u p a  scen e containin g tw o 

S c m disc s wit h alternatin g blac k an d whit e quadrants ,  at -

tache d t o smal l  motor s se t  1 2 c m apart .  Figur e 2  plot s th e 

focu s o f  attentio n o f  thre e layer s o f  memor y units .  Th e 
short-ter m plo t  i s  tha t  o f  tw o paralle l  unit s name d channe l  1 

and channe l  2 ,  th e medium-ter m plo t  i s  tha t  o f  a  memor y 

uni t  tha t  receive s inpu t  from  th e tw o channels ,  an d th e long -

ter m plo t  i s  tha t  o f  a  thir d laye r  whic h receive s inpu t  from 

th e secon d layer .  Th e plo t  i s  actuall y th e horizonta l  x  co -

ordinat e o f  th e variou s foci ,  plotte d verticall y agains t  tim e 
(measure d i n tenth s o f  a  second) .  Th e uppe r  trac e an d lowe r 

trac e represen t  approximatel y 3 1 second s an d 4 0 seconds , 

respectively .  I n eac h trac e th e gre y bar s correspon d t o th e 

time s tha t  eac h dis c wa s spinning .  I n th e uppe r  trac e th e first 
dis c start s t o spi n afte r  abou t  a  secon d an d ha s soo n at -

tracte d th e attentio n o f  al l  thre e m e m o r y layers .  I t  ca n b e 

see n tha t  th e short-ter m m e m o r y i s highl y reactive .  Th e sec -

on d an d thir d layer s ar e slowe r  t o react .  Abou t  1. 5 second s 

late r  th e secon d dis c start s t o spin .  Th e short-ter m memor y 

simpl y centre s it s attentio n precisel y halfwa y betwee n bot h 

disc s becaus e i t  simpl y look s fo r  th e centroi d o f  ra w change . 
Th e medium-ter m memor y i s momentaril y  attracte d clos e t o 

th e secon d disc ,  bu t  als o soo n centre s it s attention ,  mean -
whil e th e long-ter m memory ,  thoug h slowe r  t o react ,  take s a 

har d loo k a t  th e secon d dis c befor e als o finally  centring . 
A mor e interestin g phenomeno n occur s whe n th e secon d 

dis c suddenl y cease s t o move .  Th e short-ter m memor y i s 
n o w free  t o retur n t o th e first  disc ,  bu t  long-ter m memory , 
havin g full y adapte d t o th e motio n o f  th e secon d disc ,  i s 
n o w dramaticall y attracte d t o th e sudde n cessatio n o f  rota -
tion ,  despit e th e fac t  tha t  al l  motio n i s o n th e othe r  sid e o f  it s 
visua l  field .  Th e sam e goe s fo r  th e medium-ter m memory , 
thoug h t o a  lesse r  extent .  Eventuall y al l  memor y i s attracte d 
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Figur e 1 :  Pictoria l  representatio n o f  activit y an d surprise . 

loit g — — m«riiu m 

Figur e 2 :  Graphica l  representatio n o f  activit y an d surprise . 

t o th e sol e remainin g spinnin g disc ,  wher e attentio n remain s 
onc e tha t  dis c to o finally  stops . 

I n th e lowe r  trac e th e sequenc e o f  onset s an d offset s i s th e 
same,  excep t  tha t  n o w th e m e m o r y i s  give n mor e tim e t o 
adap t  t o th e rotatio n o f  th e firs t  disc .  Instea d o f  onl y 1. 5 
seconds ,  i t  remain s spinnin g fo r  abou t  9  second s befor e th e 

secon d dis c starts .  B y it s reaction ,  i t  ca n b e see n tha t  th e 
long-ter m m e m o r y ha s full y adapte d t o th e constan t  rotatio n 
of  th e firs t  disc ,  s o i t  m o v e s full y t o th e centr e o f  th e secon d 
dis c w h e n i t  starts ,  an d remain s preoccupie d wit h i t  fo r  sev -
era l  second s befor e eventuall y accommodat in g t o tha t  m o -
tio n too . 
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Figur e 3 :  (Peter s 1992a) . Figur e 4 :  (Peter s 1992b) . 

W R A I T H ' S behaviou r  i n respons e t o an y particula r 
stimulu s i s predicate d o n it s interna l  memor y state .  Conse -
quentl y whe n th e secon d dis c start s turnin g i n th e uppe r 
trace ,  attentio n i s diverte d toward s it ,  bu t  no t  fa r  enoug h t o 
actuall y foveat e it .  Thi s i s becaus e th e onse t  o f  motio n fol -
low s to o soo n afte r  th e onse t  o f  th e first  disc ,  whic h i s stil l 
exertin g som e hol d o n W R A I T H ' s attention .  I n th e lowe r 
trace ,  W R A I T H ha s ha d mor e tim e t o accommodat e t o th e 
activit y o f  th e first  disc ,  an d i s therefor e muc h mor e draw n 
t o th e secon d dis c whe n i t  starts . 

Creative Applications of Surprise 

Figur e 3  an d Figur e 4  sho w example s o f  algorithmicall y 
generate d images .  Suc h image s ca n b e generate d a d infini -
tu m usin g machines ,  bu t  th e generativ e powe r  i s unchecked , 
becaus e machine s d o no t  ye t  hav e an y for m o f  aestheti c 
appreciatio n o r  evaluation .  Artist s suc h a s Sim s (1992 )  hav e 
develope d sophisticate d method s allowin g th e generativ e 
rol e t o devolv e t o th e machine ,  whil e retainin g th e editoria l 
or  qualit y assuranc e rol e themselves .  However ,  give n th e 
abilit y  t o encod e surprise ,  i t  shoul d n o w b e possibl e fo r  ma -
chine s t o develo p preliminar y method s t o suppor t  th e fac -
ult y o f  aestheti c evaluation : 

Method for Aesthetic Evaluation 

We sugges t  tha t  suc h method s wil l  consis t  o f  five  steps : 

Generate the Material. As the ability to generate material 

i s  no t  th e subjec t  o f  thi s paper ,  w e simpl y giv e th e example s 

i n Figur e 3  an d Figur e 4 .  Thi s ste p migh t  als o consis t  o f 

simpl y identifyin g objects ,  eithe r  'found '  o r  produce d b y 

othe r  agencies .  Example s m a y b e camer a input ,  imag e data -
bases . 

Identif y th e Patter n (Theme) .  Patter n need s t o b e identi -

fied  a t  multipl e levels ,  a s alread y demonstrated .  Level s t o 

include ,  ultimately ,  woul d cove r  no t  jus t  th e machine s o w n 

output ,  bu t  th e outpu t  o f  other s too . 

Build the Expectation. The theme, as predicted, must en-

capsulat e th e extrapolatio n o f  pattern s a t  al l  levels . 

Identify the Departure. This might be done before pro-

ductio n o f  th e machine' s o w n work . 

Censor the Dull. Censorship on the basis of insufficient 

departure . 

The implementation of such a system must be both circum-

spec t  an d conscientiou s -  an d therefor e highl y difficult . 

However ,  th e concep t  o f  surpris e provide s th e mean s t o d o 

it ,  an d chaine d level s o f  surpris e detector s ar e a  prove n 

metho d fo r  increasin g th e sophisticatio n o f  a  machine' s re -
sponse .  W e argu e tha t  the y are ,  i f  no t  sufficient ,  the n a t  leas t 

necessary . 

Our  implementatio n ha s chose n t o dea l  wit h particula r 

form s o f  pattern :  pattern s o f  movemen t  a s represente d b y 

level s o f  chang e i n visua l  sensors .  A  vas t  bod y o f  patter n 
recognitio n researc h alread y exist s i n severa l  domains , 

comprisin g visual ,  verbal ,  acousti c an d numeri c data .  Wha t 

i s n o w required ,  w e suggest ,  i s  tha t  patter n recognitio n b e 

co-opte d a s a  mean s t o anothe r  end .  Incorporatio n o f  multi -

pl e patter n recognitio n method s (arrange d bot h i n paralle l 

and i n series )  withi n a n architectur e whos e mai n purpos e i s 

t o detect ,  no t  s o muc h patter n itself ,  bu t  departur e fro m 

identifie d theme s wil l  b e essentia l  t o machine s whos e be -

haviou r  w e wil l  accep t  a s intelligent .  For ,  withou t  suc h sen -

sibilities ,  machin e intelligenc e wil l  continu e t o fai l  i n con -
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spicuou s ways ,  revealin g 'inhuman '  perseveratio n wit h mi -

nutiae ,  a n inabilit y  t o recognis e th e subtext s i n palimpsesti c 

messages ,  a n unresponsivenes s t o nuance ,  o r  chang e i n th e 

textur e o f  discourse ,  an d a  genera l  lac k o f  curiosity . 

Discussion 

Hofstadte r  (1997 )  recentl y observed : 

In every intellectual field that I had encountered, rang-

in g fro m mathematic s t o musi c t o ar t  t o poetry ,  I  ha d 

th e sens e tha t  th e moment  tha t  pattern s wer e perceive d 

at  on e level ,  thi s immediatel y establishe d a  highe r  leve l 

of  abstraction ,  openin g th e doo r  t o th e perceptio n o f 
totall y unanticipate d type s o f  patterns . 
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Abstrac t 

Three important findings of research on expertise in formal 
science s suc h a s physic s ar e tha t  novice s an d expert s diffe r 
wit h respec t  t o (1 )  ho w the y structur e thei r  domai n knowledge , 
(2 )  ho w the y mentall y represen t  problem s an d (3 )  ho w the y 
approac h problems .  Thoug h first  attempt s hav e bee n mad e t o 
accoun t  fo r  th e acquisitio n o f  knowledg e structure s a s pos -
sesse d b y experts ,  th e reconstructio n o f  th e involve d learnin g 
mechanism s i n a  psychologicall y plausibl e an d instructionall y 
fruitfu l  wa y stil l  remain s a  challenge .  I n a n experimenta l 
study ,  w e investigate d ho w tent h grader s acquir e an d succes -
sivel y relat e qualitativ e an d quantitativ e proble m representa -
tion s i n classica l  mechanics .  Initially ,  subject s wer e taugh t 
eithe r  qualitativ e o r  quantitativ e aspect s o f  classica l  mechan -
ics .  Afterwards ,  tw o subjects ,  wh o wer e taugh t  differently ,  col -
laborate d o n problem s whic h wer e beyon d th e competenc e o f 
eac h o f  the m separately .  Befor e an d afte r  th e collaboratio n 
subject s ha d t o wor k o n multi-componen t  tests .  I n addition , 
protocol s wer e take n o f  th e subjects '  verba l  exchang e o f  infor -
matio n durin g collaborativ e proble m solving .  A n analysi s o f 
varianc e o f  th e multi-componen t  test s reveale d tha t  th e sub -
ject s successfull y learne d t o interrelat e qualitativ e an d quanti -
tativ e proble m representations .  A  protoco l  analysi s furthe r 
indicate d tha t  subject s graduall y shifte d thei r  focu s fro m quan -
titativ e proble m representation s t o qualitativ e proble m repre -
sentation s durin g collaborativ e proble m solving . 

Introduction 

Within the last 20 years, cognitive science research on exper-
tis e i n forma l  science s suc h a s physic s ha s reveale d variou s 
difference s betwee n novice s an d expert s (fo r  overview s se e 
Chi ,  Glase r  &  Rees ,  1982 ;  VanLehn ,  1996) .  Thre e importan t 
finding s ar e tha t  novice s an d expert s diffe r  wit h respec t  t o 
(1 )  h o w the y structur e thei r  domai n knowledge ,  (2 )  h o w the y 
mentall y represen t  problem s an d (3 )  h o w the y approac h 
problems . 

Whi l e novice s frequentl y see m t o posses s knowledg e 
structure s i n whic h differen t  aspect s o f  a n applicatio n 
domai n suc h a s empiricall y observabl e aspect s an d theoreti -
cal  aspect s remai n separated ,  th e knowledg e o f  expert s 
seems t o b e structure d i n suc h a  w a y tha t  differen t  aspect s o f 
an applicatio n domai n ar e tightl y interrelate d (e.g. ,  Chi ,  Fel -
tovic h &  Glaser ,  1981) .  Furthermore ,  whil e novice s predom -
inantl y represen t  pose d problem s o n th e basi s o f  empiricall y 
observabl e aspects ,  expert s primaril y represen t  problem s o n 

th e basi s o f  theoretica l  aspect s suc h a s qualitative-conceptua l 
an d quantitative-numerica l  aspects . 

Th e mentione d difference s i n knowledg e structur e an d 
proble m representatio n severel y affec t  h o w novice s an d 
expert s approac h standar d textboo k physic s problem s (e.g. , 
Chi ,  Feltovic h &  Glaser ,  1981 ;  Larkin ,  1983) .  T o solv e a 
pose d problem ,  i n a  first  ste p novice s frequentl y construc t  a 
proble m representatio n tha t  picture s th e differen t  object s 
named i n th e proble m description .  Suc h a  proble m represen -
tation ,  however ,  ca n hardl y b e take n advantag e o f  w h e n th e 
appropriat e domai n principle s an d equation s nee d t o b e 
selecte d fo r  application . 

Therefore ,  i n a  secon d ste p novice s c o m m o n l y attemp t  t o 
construc t  a  quantitative-numerica l  proble m representatio n b y 
algebraicall y combinin g equations .  Thereb y the y typicall y 
wor k backward s fro m a  variabl e whos e valu e ha s t o b e deter -
mine d (e.g. ,  Larkin ,  McDermot t ,  S imo n &  Simon ,  1980) . 
Yet ,  i n m a n y case s novice s ge t  los t  i n a  muddl e o f  equation s 
wit h n o mean s a t  han d t o appl y the m successfull y an d effi -
ciently . 

Experts ,  i n contrast ,  initiall y  m a k e us e o f  thei r  theoretica l 
domai n knowledg e t o approac h a  pose d proble m qualita -
tivel y an d t o construc t  a  qualitative-conceptua l  proble m rep -
resentation .  Afterwards ,  suc h a  representatio n i s  take n 
advantag e o f  t o constrai n an d t o direc t  th e constructio n o f  a n 
appropriat e quantitative-numerica l  representation . 

As a  consequenc e o f  thes e findings,  artificia l  intelligenc e 
research ,  educationa l  researc h a s wel l  a s psychologica l 
researc h hav e directe d increasingl y mor e attentio n toward s 
th e constructio n o f  qualitativ e proble m representation s an d 
h o w the y ca n b e use d t o construc t  appropriat e quantitativ e 
proble m representations . 

Thoug h first  attempt s hav e bee n m a d e t o accoun t  fo r  th e 
acquisitio n o f  knowledg e structure s a s possesse d b y expert s 
(e.g. ,  Eli o &  Scharf ,  1990) ,  th e reconstructio n o f  th e 
involve d learnin g mechanism s i n a  psychologicall y plausibl e 
an d instructionall y fruitfu l  w a y stil l  remain s a  challenge .  I n 
an experimenta l  study ,  w e investigate d h o w tent h grader s 
acquire ,  exten d an d successivel y relat e qualitativ e an d quan -
titativ e proble m representation s i n classica l  mechanic s dur -
in g collaborativ e proble m solving . 

T h e result s o f  th e stud y provid e evidenc e tha t  th e subject s 
di d no t  onl y lear n t o successfull y interrelat e qualitativ e an d 
quantitativ e proble m representation s bu t  als o tha t  th e sub -
ject s graduall y shifte d thei r  focu s fro m quantitativ e proble m 
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representation s t o qualitativ e proble m representation s durin g 
collaborativ e proble m solving .  Thes e findings  ca n b e inter -
prete d a s first  step s i n th e acquisitio n o f  knowledg e struc -
ture s a s the y ar e possesse d b y experts . 

The res t  o f  th e pape r  i s organize d a s follows .  I n th e nex t 
section ,  th e distinctio n betwee n qualitative-conceptua l  an d 
quantitative-numerica l  proble m representation s i s se t  forth . 
The desig n o f  th e empirica l  study ,  th e material s used ,  th e 
procedur e applie d an d th e result s observe d ar e reporte d next . 
A discussio n conclude s th e paper . 

Qualitative and Quantitative Problem 

Representat ion s i n Classica l  M e c h a n i c s 

The investigated application domain is made up of standard 
textboo k physic s problem s whic h involv e one-dimensiona l 
motio n wit h constan t  acceleration .  Th e knowledg e unde r 
scrutin y i s knowledg e abou t  qualitativ e an d quantitativ e 
aspect s o f  variou s concept s i n dynamic s (e.g. ,  gravitationa l 
force ,  norma l  force ,  an d frictio n force )  an d kinematic s (e.g. , 
time ,  position ,  displacement ,  velocity ,  an d acceleration) . 

Knowledg e abou t  qualitativ e aspect s encode s informatio n 
suc h a s th e condition s unde r  whic h concept s ca n legitimatel y 
be applied ,  th e attribute s possesse d b y concept s an d th e val -
ues concep t  attribute s migh t  have .  I t  migh t  specify ,  fo r  exam -
ple ,  tha t  ther e i s a  kineti c frictio n forc e o n a n object , 
wheneve r  ther e i s a  norma l  forc e o n th e objec t  an d th e objec t 
i s  movin g o n a  surfac e whic h i s no t  frictionless . 

Knowledg e abou t  quantitativ e aspect s encode s informa -
tio n abou t  interactio n an d motio n laws .  I t  relie s o n mathe -
matica l  formalism s t o describ e definition s o f  an d functiona l 
relationship s betwee n concept s b y mean s o f  algebrai c an d 
vector-algebrai c equations .  I t  migh t  specify ,  fo r  instance , 
tha t  th e magnitud e o f  th e kineti c frictio n forc e F f  o n a n 
objec t  equal s th e magnitud e o f  th e norma l  forc e F ^  o n th e 
same objec t  time s th e coefficien t  o f  frictio n f :  F f  =  F ^  x  f . 

As d e Klee r  (1975 )  point s out ,  knowledg e abou t  qualita -
tiv e an d quantitativ e aspect s canno t  b e separate d a t  a  clear -
cut  boundary .  Rather ,  thi s distinctio n refer s t o th e end s o f  a 
continuu m wit h a  considerabl e bod y o f  knowledg e between 
the m (e.g. ,  Ploetzner ,  Spada ,  Stump f  &  Opwis ,  1990 ;  Whit e 
& Frederiksen ,  1990) . 

We conceptualiz e qualitativ e an d quantitativ e proble m 
representation s a s complementar y representation s base d o n 
knowledg e abou t  qualitativ e an d quantitativ e aspects ,  respec -
tivel y (se e Ploetzner ,  1995) .  Qualitativ e proble m representa -
tion s includ e informatio n abou t  essentia l  proble m feature s t o 
be take n int o accoun t  an d importan t  distinction s t o b e drawn . 
Whil e quantitativ e proble m representation s hel p t o resolv e 
ambiguitie s frequentl y inherentl y involve d i n qualitativ e 
proble m representations ,  qualitativ e proble m representation s 
ar e a  prerequisit e fo r  th e appropriat e constructio n an d us e o f 
quantitativ e proble m representations . 

Method 

Design 

Two experimenta l  group s an d on e contro l  grou p wer e 
formed .  2 4 subject s fro m tw o differen t  school s wer e equall y 

distribute d amon g th e thre e groups .  Al l  subject s ha d t o wor k 
on a  pretest ,  a n intermediat e tes t  an d a  posttest .  Betwee n th e 
pretes t  an d th e intermediat e test ,  th e subject s ou t  o f  th e 
experimenta l  group s worke d o n tw o differen t  instructiona l 
units .  Whil e th e subject s ou t  o f  th e first  experimenta l  grou p 
worke d o n a n instructiona l  uni t  o n qualitativ e aspect s o f  clas -
sica l  mechanics ,  th e subject s ou t  o f  th e secon d experimenta l 
grou p worke d o n a n instructiona l  uni t  o n quantitativ e aspect s 
of  classica l  mechanics . 

Betwee n th e intermediat e tes t  an d th e posttest ,  dyad s wer e 
forme d wit h subject s wh o ha d receive d differen t  instruc -
tiona l  units .  The y worke d collaborativel y o n fou r  classica l 
mechanic s problem s whic h wer e beyon d th e competenc e o f 
eac h o f  the m individuall y an d whic h demande d th e interrela -
tio n o f  qualitativ e an d quantitativ e proble m representations . 
The subject s ou t  o f  th e contro l  grou p di d no t  receiv e an y 
treatmen t  betwee n th e differen t  tests . 

Materials 

Instructional Units Two instructional units on classical 
mechanic s wer e constructed .  On e uni t  describe d qualitativ e 
aspect s o f  classica l  mechanic s an d on e uni t  describe d quanti -
tativ e aspect s o f  classica l  mechanics .  Bot h unit s comprise d 
section s o n (a )  coordinat e system s an d vectors ,  (b )  resolutio n 
and additio n o f  vectors ,  (c )  velocit y an d acceleratio n an d (d ) 
forces .  Th e qualitativ e an d quantitativ e aspect s o f  th e 
addresse d concept s wer e presente d b y mean s o f  concep t 
maps (e.g. ,  Novak ,  1990) .  On e o r  mor e concep t  map s wer e 
followe d b y severa l  example s an d exercises .  Th e solution s t o 
th e exercise s wer e als o presented .  Eac h instructiona l  uni t 
comprise d abou t  9 0 pages . 

Problems Four different classical mechanics problems for 
collaborativ e proble m solvin g wer e se t  up .  The y ar e show n 
i n Tabl e 1 .  Eac h proble m ask s fo r  a  precis e quantitativ e solu -
tion .  However ,  i n orde r  t o necessitat e collaboratio n durin g 
proble m solving ,  th e problem s wer e designe d i n suc h a  wa y 

Tabl e 1 :  Problem s fo r  collaborativ e proble m solvin g 

Problem 1: A coin of mass m = 0.03 kg is tossed straight 
up int o th e ai r  wit h th e velocit y v  =  7  m/s .  Afte r  whic h 
distanc e r  i s  th e coin' s velocit y reduce d t o v  =  3  m/s ? 

Proble m 2 :  A  bloc k o f  mas s m =  1 5 k g start s fro m res t 
(initia l  velocit y v  =  0  m/s )  dow n a  frictionles s ( f  =  0 ) 
plan e incline d a t  a n angl e a  =  3 0 wit h th e horizontal . 
What  i s th e block' s velocit y v  afte r  th e tim e t  =  2  s ? 

Proble m 3 :  Wha t  i s th e min imu m stoppin g distanc e fo r  a 
car  o f  mas s m =  82 0 k g travellin g alon g a  fla t  horizonta l 
roa d wit h th e velocit y v  =  1 2 m/s ,  i f  th e coefficien t  o f  fric -
tio n f  betwee n tire s an d roa d equal s 0.8 ? 

Proble m 4 :  A  bloc k o f  mas s m =  1 0 k g i s projecte d u p a n 
incline d plan e wit h th e velocit y v  =  5  m/s .  Th e plan e i s 
incline d a t  a n angl e a  =  1 5 .  Whic h distanc e r  u p th e 
plan e doe s th e bloc k go ,  i f  th e coefficien t  o f  frictio n f 
betwee n bloc k an d plan e equal s 0.3 ? 
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tha t  thei r  solution s requir e th e interrelatio n o f  qualitativ e an d 
quantitativ e proble m representations . 

Multi-Component Tests Before and after the instruction as 
wel l  a s afte r  th e collaborativ e proble m solving ,  subject s ha d 
t o wor k o n paralle l  tests .  Th e test s wer e mad e u p o f  tw o 
component s whic h asses s knowledg e abou t  qualitativ e an d 
quantitativ e aspect s o f  classica l  mechanics .  Si x item s o f  th e 
firs t  componen t  asses s knowledg e abou t  qualitativ e aspect s 
and si x item s asses s knowledg e abou t  quantitativ e aspects . 

Th e item s wer e designe d i n suc h a  wa y tha t  th e solutio n t o 
eac h ite m require d th e us e o f  informatio n presente d i n th e 
instructiona l  uni t  o n qualitativ e o r  quantitativ e aspects , 
respectively . 

Th e si x item s o f  th e secon d componen t  wer e designe d i n 
suc h a  wa y tha t  th e solutio n t o eac h ite m require d th e interre -
latio n o f  qualitativ e an d quantitativ e proble m representa -
tions .  Thus ,  whil e hal f  o f  th e item s o f  th e first  tes t 
componen t  shoul d b e solvabl e afte r  th e instructio n too k 
place ,  item s o f  th e secon d tes t  componen t  shoul d onl y b e 
solvabl e t o a  large r  exten t  afte r  th e collaborativ e proble m 
solvin g too k place . 

Th e pretest ,  th e intermediat e test ,  an d th e posttes t  wer e 
made u p o f  paralle l  items .  I n orde r  t o avoi d th e assessmen t  o f 
abilitie s whic h ar e specifi c  t o th e us e o f  concep t  maps ,  con -
cep t  map s wer e no t  include d i n th e tests .  Paralle l  item s wer e 
designe d i n suc h a  wa y tha t  th e sam e knowledg e neede d t o 
be applie d t o solv e them .  However ,  surfac e feature s suc h a s 
numerica l  value s wer e varie d acros s paralle l  items .  Withi n 
eac h test ,  item s wer e arrange d i n rando m order . 

Subjects 24 female tenth graders from two different high 
school s volunteere d fo r  th e study .  Th e subject s wer e betwee n 
16 an d 1 7 year s old .  The y wer e pai d fo r  thei r  participation . 
Al l  o f  th e subject s ha d attende d classe s o n basi c aspect s o f 
classica l  mechanics .  I n thes e classes ,  th e concept s o f  time , 
position ,  displacement ,  velocity ,  acceleration ,  an d forc e ha d 
bee n introduced .  Th e interrelation s betwee n thes e concept s 
had bee n describe d b y mean s o f  position-time- ,  velocity -
time- ,  an d acceleration-time-diagrams ,  fo r  example .  H o w -
ever ,  non e o f  th e subject s ha d attende d classe s o n mor e 
advanced ,  Newtonia n aspect s o f  classica l  mechanic s a s the y 
ar e i n th e foregroun d o f  thi s study . 

Procedure 

Th e subject s ou t  o f  th e tw o experimenta l  group s wer e inves -
tigate d i n pairs .  Eac h pai r  wa s compose d o f  subject s fro m 
differen t  school s an d wa s investigate d fo r  fou r  day s running . 
On th e first  day ,  th e subject s worke d o n th e pretest ,  a n intro -
ductio n int o th e structur e o f  concep t  map s an d th e first  sec -
tion s o f  th e instructiona l  units . 

Whil e on e subjec t  receive d instructio n o n qualitativ e 
aspect s o f  classica l  mechanics ,  th e othe r  subjec t  receive d 
instructio n o n quantitativ e aspects .  Whil e the y worke d o n th e 
pretes t  an d th e instructiona l  units ,  subject s ha d t o wor k o n 
thei r  o w n an d wer e no t  allowe d t o exchang e information . 
However ,  the y wer e allowe d t o wor k collaborativel y o n th e 
introductio n t o th e structur e o f  concep t  maps . 

On th e secon d day ,  th e subject s worke d o n th e remainin g 
section s o f  th e instructiona l  unit s an d o n th e intermediat e 

test .  Again ,  subject s ha d t o wor k o n thei r  o w n an d wer e no t 
allowe d t o exchang e information . 

On th e thir d day ,  th e subject s collaborate d o n thre e prob -
lem s (Proble m 1 ,  2 ,  an d 3  a s show n i n Tabl e 1 )  whic h 
demand th e interrelatio n o f  qualitativ e an d quantitativ e prob -

le m representations .  Durin g collaborativ e proble m solving , 
subject s wer e allowe d t o exchang e informatio n a t  thei r  will . 
Th e verba l  exchang e o f  informatio n wa s tap e recorded .  Afte r 
th e subject s finished  thei r  collaborativ e proble m solvin g 
attempt ,  the y wer e give n feedbac k abou t  th e correctnes s o f 
thei r  solution ,  I n th e cas e tha t  th e solutio n wa s incorrect , 
the y wer e tol d wher e a n erro r  wa s made .  Th e solutio n t o th e 
problem ,  however ,  wa s no t  tol d t o th e subjects .  A t  th e en d o f 
th e collaborativ e proble m solving ,  subject s wer e allowe d t o 
re-rea d selecte d section s i n th e uni t  whic h the y ha d receive d 
durin g instruction . 

On th e fourt h day ,  th e subject s collaborate d o n th e remain -
in g proble m (Proble m 4  a s show n i n Tabl e 1 )  unde r  th e sam e 
condition s a s describe d above .  Finally ,  eac h subjec t  worke d 
individuall y o n th e posttest . 

Th e subject s ou t  o f  th e contro l  grou p wer e investigate d i n 
groups .  The y worke d o n thre e differen t  day s o n th e pretest , 

th e intermediat e tes t  an d th e posttest .  Betwee n tw o day s o f 
testin g ther e wa s on e da y withou t  testing .  Durin g th e study , 
al l  subject s wer e allowe d t o us e a  rule r  an d a  calculator .  Th e 
subject s wer e no t  give n feedbac k abou t  thei r  answer s t o th e 
differen t  tests . 

Results 

Analysis of the Multi-Component Tests 

Th e averag e relativ e solutio n frequencie s o f  al l  group s i n th e 
first  tes t  componen t  o f  th e pretest ,  intermediat e test ,  an d 
posttes t  ar e show n i n Figur e 1 .  A  two-wa y analysi s o f  vari -
anc e wit h repeate d measurement s Grou p x  Tes t  wa s com -
puted .  Acros s groups ,  th e subject s improve d significantl y 
fro m th e pretes t  t o th e posttes t  (F(2 ,  42 )  =  70.57 ,  p  <  .001) . 
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Figur e 1 :  Th e solutio n frequencie s o f  al l  group s i n th e first 
componen t  o f  th e pre- ,  intermediate ,  an d posttest . 
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The subject s ou t  o f  th e experimenta l  group s gaine d signifi -
cantl y mor e fro m th e pretes t  t o th e posttes t  tha n th e subject s 
out  o f  th e contro l  grou p (F(4 ,  42 )  =  13.05 .  p  <  .001) . 

At  thi s leve l  o f  analysis ,  th e subject s ou t  o f  th e experimen -
ta l  group s di d no t  diffe r  significantl y i n thei r  gain s (F{2 ,  28 ) 
= .68 ,  p  =  .51) .  I n thei r  tendency ,  however ,  th e subject s wh o 
initiall y  wer e taugh t  qualitativ e aspect s o f  classica l  mechan -
ic s gaine d mor e fro m th e informatio n provide d b y thei r 
quantitativel y instructe d partner s durin g collaborativ e prob -
le m solvin g tha n th e othe r  wa y round .  Whil e th e correctnes s 
of  th e qualitativel y instructe d subject s increase d o n averag e 
by 3 6 % fro m th e intermediat e tes t  t o th e posttest ,  th e correct -
ness o f  th e quantitativel y instructe d subject s increase d onl y 
by 2 5 % . 

To mak e thi s differenc e eve n mor e visible ,  th e item s o f  th e 
first  tes t  componen t  whic h asses s knowledg e abou t  qualita -
tiv e aspect s o f  classica l  mechanic s wer e analyze d separatel y 
fro m th e item s whic h asses s knowledg e abou t  quantitativ e 
aspects .  Again ,  a  two-wa y analysi s o f  varianc e wit h repeate d 
measurement s Grou p x  Tes t  wa s computed .  Th e correspond -
in g averag e relativ e solutio n frequencie s ar e show n i n Figur e 
2. 
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Figur e 2 :  Th e solutio n frequencie s o f  th e experimenta l 
group s i n th e first  componen t  o f  th e intermediat e an d post -

tes t  wit h respec t  t o th e item s whic h asses s knowledg e 
abou t  qualitativ e o r  quantitativ e aspects . 

The subject s di d no t  diffe r  significantl y wit h respec t  t o 
ho w wel l  the y wer e abl e t o consolidat e an d t o exten d th e 
knowledg e the y ha d acquire d durin g th e instruction .  H o w -
ever ,  a s predicted ,  th e subject s differe d significantl y wit h 
respec t  t o ho w wel l  the y wer e abl e t o tak e advantag e o f  th e 
informatio n provide d b y thei r  partner s durin g collaborativ e 
proble m solvin g (F(l ,  14 )  =  5.3 ,  p  <  .05) .  Th e subject s w h o 
initiall y  wer e taugh t  qualitativ e aspect s o f  classica l  mechan -
ic s gaine d significantl y mor e fro m th e informatio n provide d 
by thei r  quantitativel y instructe d partner s tha n th e othe r  wa y 
round . 

The averag e relativ e solutio n frequencie s o f  al l  group s i n 

th e secon d tes t  componen t  o f  th e pretest ,  intermediat e test , 
and posttes t  ar e show n i n Figur e 3 .  A  furthe r  two-wa y analy -
si s o f  varianc e wit h repeate d measurement s Grou p x  Tes t 
was computed .  A s expected ,  th e item s o f  th e secon d tes t 
componen t  wer e onl y solvabl e t o a  large r  exten t  afte r  th e col -
laborativ e proble m solvin g too k place .  Th e subject s ou t  o f 
th e experimenta l  group s improve d significantl y fro m th e 
intermediat e tes t  t o th e posttes t  (F (  1 ,  14 )  =  9.6 ,  p  <  .01). ' 

50%-

^  0 % 
Pretes t Intermediat e 

tes t 

Quantitativ e 
grou p 

Qualitativ e 
grou p 

Control 
T ^  grou p 

Posttes t 

Figur e 3 :  Th e solutio n frequencie s o f  al l  group s i n th e 
secon d componen t  o f  th e pre- ,  intermediate ,  an d posttest . 

Protoco l  Analysi s 

Data Analyzed During collaborative problem solving, the 
subjects '  verba l  exchang e o f  informatio n wa s tap e recorded . 
On th e basi s o f  th e subjects '  achievement s i n th e tests ,  thre e 
pair s o f  subject s wer e selected .  I n on e pair ,  bot h subject s 
clearl y improve d fro m th e intermediat e tes t  t o th e posttest .  I n 
tw o pairs ,  onl y th e qualitativel y o r  th e quantitativel y 
instructe d subjec t  improve d evidently .  Th e tape s whic h 
recorde d th e subjects '  wor k o n th e first,  second ,  an d fourt h 
proble m wer e transcribed .  Th e transcript s wer e segmente d 
int o statement s whic h corresponde d mor e o r  les s t o phrases . 

The first  20 0 statement s o f  eac h transcrip t  wer e catego -
rize d b y makin g us e o f  D I S C O U N T (se e Pilkington ,  1996 ; 
Pilkingto n &  Parker-Jones ,  1996) ,  a  schem e fo r  analyzin g 
dialogu e structure s a s the y ca n b e observe d durin g collabora -
tiv e proble m solvin g an d learning . 

Whil e w e als o too k advantag e o f  D I S C O U N T t o describ e 
ho w successfull y learnin g an d les s successfull y learnin g sub -
ject s diffe r  i n thei r  dialogu e structure s (se e Knese r  &  Ploet -
zner ,  1998) ,  i n thi s pape r  w e repor t  a n analysi s i n whic h 
D I S C O U NT wa s applie d t o categoriz e whethe r  th e subjects ' 
statement s addres s qualitative ,  quantitative ,  o r  interrelation s 

1.  Becaus e i n th e pretes t  ther e wa s n o varianc e a t  al l  observable ,  w e 
di d no t  conduc t  a  comparabl e analysi s wit h respec t  t o th e pretes t 
and th e intermediat e test .  Subject s ou t  o f  bot h experimenta l 
groups ,  however ,  wer e abl e t o solv e a  fe w item s o f  thi s tes t  com -
ponen t  i n th e intermediat e test .  Thi s migh t  b e du e t o pre-knowl -
edge i n connectio n wit h knowledg e acquire d durin g th e 
instruction ,  fo r  example . 

2.  Th e shortes t  transcrip t  comprise d 11 7 statements ,  th e longes t  45 2 
statements . 
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betwee n qualitativ e an d quantitativ e aspect s o f  classica l 
mechanics . 

Qualitative and Quantitative Aspects in Subjects' State-
men t s Tabl e 2  show s h o w ofte n th e qualitativel y an d quanti -
tativel y instructe d subject s requeste d informatio n durin g 
collaborativ e proble m solvin g whic h wa s covere d b y th e 
instructiona l  uni t  o f  thei r  partners .  F ro m th e firs t  t o th e 
fourt h problem ,  th e qualitativel y instructe d subject s gradu -
all y m a d e fewe r  request s fo r  quantitativ e information .  Th e 
number  o f  request s fo r  qualitativ e information ,  i n contrast , 
raise d fro m th e firs t  t o th e fourt h problem . 

indicat e a  shif t  fro m a  continuou s emphasi s o n quantitativ e 
aspect s i n th e firs t  proble m t o a n initia l  emphasi s o n qualita -
tiv e aspect s followe d b y a n emphasi s o n quantitativ e aspect s 
i n th e fourt h problem . 

Tabl e 4 :  Frequencie s o f  statement s whic h 
addresse d qualitativ e o r  quantitativ e aspect s 

i n th e firs t  an d secon d hal f  o f  th e 
categorize d statement s 

Problem 

Tabl e 2 ;  Frequencie s o f  request s 
fo r  informatio n 

Proble m 

Instructio n 

receive d 
1 

Qualitativ e 3 3 1 6 1 2 

Quantitative 4 8 10 

H o w ofte n qualitativ e aspects ,  quantitativ e aspects ,  o r 
interrelation s betwee n bot h aspect s wer e addresse d i n th e 
subjects '  statement s i s show n i n Tabl e 3 .  Th e numbe r  o f 
statement s whic h addres s qualitativ e aspect s an d interrela -
tion s betwee n qualitativ e an d quantitativ e aspect s clearl y 
increase d fro m th e firs t  t o th e fourt h proble m wit h respec t  t o 
th e qualitativel y instructe d subject s a s wel l  a s wit h respec t  t o 
th e quantitativel y instructe d subjects .  I n contrast ,  th e numbe r 
of  statement s whic h addres s quantitativ e aspect s sharpl y 
decrease d fro m th e firs t  t o th e fourt h proble m i n bot h groups . 

Tabl e 3 :  Frequencie s o f  statement s whic h addresse d 
qualitative ,  quantitative ,  o r  interrelation s betwee n 

qualitativ e an d quantitativ e aspect s 

Instructio n 

receive d 

Quali -

tativ e 

Proble m 

1 4 

Statement s 

Quanti -

tativ e 

Proble m 

1 4 

Inter -

relatio n 

Proble m 

1 4 

Qualitativ e 2 1 3 6 6 3 4 1 3  1 4 

Quantitative 8 29 76 28 7 10 

Finally ,  th e numbe r  o f  statement s addressin g qualitativ e o r 
quantitativ e aspect s i n th e firs t  an d secon d hal f  o f  th e catego -
rize d statement s i s presente d i n Tabl e 4 .  T h e frequencie s 

X X  X X  :r .  X 
Statement s _ :  (s i  ^  ( s _  <> i 

Qualitativ e 

Quantitativ e 

13 

76 

16 

63 

33 

37 

45 

33 

52 

24 

13 

45 

D i s c u s s i o n 

The experimental study described above yielded three main 
findings.  T h e first finding  i s tha t  student s wit h initiall y  dif -
feren t  bu t  complementar y domai n representation s lear n t o 
appropriatel y interrelat e thei r  representation s durin g collabo -
rativ e proble m solvin g w h e n th e student s ar e confronte d 
wit h problem s whic h requir e suc h a n interrelation .  Becaus e 
th e initiall y  differen t  domai n representation s deman d tha t 
eac h studen t  contribute s t o th e solutio n o f  a  problem ,  stu -
dent s ar e give n variou s opportunitie s t o lear n fro m eac h 
othe r  an d migh t  b e encourage d t o construc t  ne w relation s 
whic h bridg e th e differen t  representation s (se e Schwartz , 
1995) . 

Th e secon d finding  i s tha t  collaborativ e proble m solvin g 
on th e basi s o f  differen t  bu t  complementar y domai n repre -
sentation s support s no t  onl y th e acquisitio n o f  knowledg e 
structure s i n whic h differen t  aspect s o f  a n applicatio n 
domai n ar e appropriatel y interrelate d (se e Slavin ,  1995 )  bu t 
als o th e acquisitio n o f  contro l  knowledge .  Durin g collabora -
tiv e proble m solving ,  student s graduall y shifte d thei r  focu s 
fro m exclusivel y quantitativ e proble m representation s t o 
appropriat e sequence s o f  qualitativ e an d quantitativ e prob -
le m representations .  However ,  w e ar e full y  awar e tha t  th e 
result s o f  ou r  protoco l  analysi s ar e o f  rathe r  preliminar y 
nature . 

Th e thir d finding  i s tha t  durin g collaborativ e proble m solv -
ing ,  qualitativel y instructe d subject s gaine d mor e fro m thei r 
quantitativel y instructe d partner s tha n th e othe r  wa y round . 
I n accor d wit h researc h o n difference s betwee n novice s an d 
experts ,  thi s finding  indicate s tha t  qualitativ e proble m repre -
sentation s for m no t  onl y a  goo d startin g poin t  fo r  th e subse -
quen t  constructio n o f  quantitativ e proble m representation s 
but  als o a  beneficia l  startin g poin t  fo r  learnin g quantitativ e 
proble m representations . 
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Abstrac t 

We adopt the interpretation of rationality according to which 
an organism' s behavio r  i s rationa l  i f  i t  i s optimall y adapte d t o 
it s environmen t  (Anderson ,  1990 ,  1991a ,  1991b) .  Rationality , 
accordin g t o thi s view ,  ofte n implie s mechanism s tha t  ar e a s 
informationall y efficien t  a s possible .  W e interpre t  th e 
proble m o f  basic-leve l  categorizatio n (Rosc h &  Mervis , 
1975 )  a s on e o f  dat a compressio n withi n a n informatio n 
theor y framework ,  t o defin e a  framewor k whereb y th e bes t 
classificatio n o n a  se t  o f  item s i s th e on e tha t  maximall y 
compresse s th e descriptio n o f  th e similarit y structur e o f  thes e 
items .  Thi s fi^amework  i s  the n use d t o examin e whethe r 
participant s i n tw o experiment s classifie d meaningles s item s 
i n a  wa y tha t  reflecte d suc h a  compressio n bias .  I n additio n t o 
th e implication s fo r  huma n basic-leve l  categorization ,  a n 
objectiv e criterio n i s  establishe d fo r  assessin g th e relativ e 
merit s o f  alternativ e clusterin g solution s o n th e sam e domain . 

Introduction 

A fundamenta l  proble m fo r  an y livin g creatur e tryin g t o 

surviv e o r  fo r  an y statisticia n face d wit h nois y data ,  i s  t o 

identif y h o w m u c h (i f  any )  usefu l  structur e exist s i n a  nois y 

input .  Classificatio n aim s t o identif y group s o f  individual s 

so tha t  withi n categor y similarit y i s  greate r  tha n betwee n 

categor y similarity .  W e hav e interprete d th e classificatio n 

proble m i n informatio n theor y term s an d use d th e m i n i m u m 

descriptio n lengt h principl e ( M D L ,  Rissanen ,  1978 )  t o 

specif y a  framewor k whereb y partitionin g a  se t  o f  object s 

int o group s i s  favore d t o th e exten t  tha t  ther e i s a  dat a 

compressio n advantage .  Th e M D L principl e state s tha t 

"...th e bes t  theor y t o infe r  fro m a  se t  o f  dat a i s th e on e whic h 

minimize s th e lengt h o f  th e theor y an d th e lengt h o f  th e dat a 

w h en encode d usin g th e theor y a s a  predicto r  fo r  th e data. " 

(Quinla n &  Rivest ,  1989) .  Length s o f  object s refe r  t o a 

binar y strin g descriptio n o f  thes e object s i n som e arbitrar y 

programmin g language ;  th e binar y strin g ca n b e see n a 

serie s o f  binar y question s tha t  woul d b e neede d t o specif y a n 

object ,  s o tha t  smalle r  length s correspon d t o simple r  objects . 

Applyin g th e M D L principl e t o categorizatio n require s 

specifyin g a  w a y t o cod e fo r  th e similarit y structur e i n a  se t 

of  item s (whic h woul d giv e u s a  measur e o f  th e informatio n 

conten t  o f  th e domain )  an d als o definin g th e meanin g o f 

categories .  T h e latte r  mus t  includ e th e informatio n cos t  (tha t 

i s th e extr a cod e tha t  woul d b e needed )  fo r  specifyin g a 

classificatio n o f  th e item s i n categories ,  an d a  descriptio n o f 

h o w thi s classificatio n m a y reduc e th e descriptio n lengt h o f 

th e items . 

Quinla n an d Rives t  (1989 )  hav e reporte d a  decisio n tre e 

metho d base d o n M D L ,  whereb y differen t  exemplar s ar e 

partitione d int o disjoin t  groups ,  wit h tre e structur e cost s 

define d i n term s o f  th e informatio n require d b y a n imaginar y 

computationa l  procedur e creatin g th e tree .  Ou r  approac h i s 

simila r  t o their s i n spirit ,  bu t  w e hav e trie d t o defin e 

clustering-configuratio n complexit y cost s an d erro r  cost s i n 

mor e genera l  information-theoreti c terms ,  s o tha t  th e lin k 

wit h psychologica l  processe s woul d b e mor e direct . 

Rationality and information gain in 
psycho log i ca l  m o d e l s 

T h e traditiona l  view s o f  rationalit y originat e fro m Aristotle , 

whereb y rationalit y wa s understoo d t o b e fundamentall y 

associate d wit h th e capacit y t o reaso n accordin g t o th e rule s 

of  (classical )  logic .  Thi s vie w ha s survive d t o th e presen t 

da y (e.g. .  Brown ,  1989) ,  despit e overwhelmin g evidenc e 

tha t  human s ver y ofte n fal l  pre y t o a n alarmingl y larg e 

number  o f  logica l  fallacies ,  an d als o despit e th e discover y o f 

many othe r  logica l  systenis ,  s o tha t  ( a prior i  a t  least )  ther e 

woul d b e n o reaso n w h y classica l  logi c should  provid e th e 

normativ e mode l  fo r  though t  (see ,  e.g. ,  Brain e et .  al. ,  1995 , 

fo r  a n exampl e o f  a  reasonin g mode l  base d o n classica l  logi c 

and Evan s e t  al. ,  1991 ,  fo r  a  mor e genera l  review ;  Chate r  & 

Oaksford ,  1993 ,  conside r  th e suitabilit y o f  traditiona l 

deductiv e model s o f  reasonin g i n mor e genera l  terms) . 

Recentl y anothe r  vie w o f  rationalit y ha s bee n suggested , 

formulate d independentl y o f  a n adherenc e t o an y particula r 

rul e system .  Anderso n (Anderson ,  1990 ,  1991a ,  1991b ;  se e 

als o Stich ,  1990 )  ha s argue d tha t  a n organis m i s rationa l  t o 

th e exten t  tha t  i t  i s  optimall y adapte d t o th e environment .  A n 

accoun t  o f  rationalit y alon g suc h line s require s t o specif y th e 

natur e o f  th e problem s a n organis m i s bein g face d wit h i n it s 

struggl e fo r  survival ,  s o tha t  it s behavio r  ca n b e applaude d 

as rationa l  (o r  dismissed )  t o th e exten t  tha t  thes e problem s 

ar e bein g overcom e o r  not .  A  proble m c o m m o n t o al l  livin g 

creature s i s tha t  o f  identifyin g th e underlyin g regularitie s i n 

a nois y input ;  tha t  i s  th e proces s throug h whic h i n a  se t  o f 
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instance s thei r  c o m m o n characteristic s ar e identified ,  whil e 

irrelevan t  individua l  difference s ar e discarded . 

For  instance ,  i n th e domai n o f  lo w leve l  perception . 

Barlo w (1983 )  ha s propose d tha t  i n th e absenc e o l  an y a 

prior i  expectation s o n th e statistic s o f  th e world ,  ih e onl y 

means w e hav e i n understandin g ou r  environmen t  i s 

encodin g i t  wit h a s littl e redundanc y a s possibl e (tha t  i s 

minimizin g descriptio n length) .  Redundanc y i n a  se t  o f 

instance s refer s precisel y t o thei r  c o m m o n feature s whic h 

woul d no t  b e neede d i n describin g thes e instance s a s 

members o f  th e set .  I n othe r  words ,  th e poin t  o f  identifyin g 

suc h feature s i s t o simplif y th e representatio n o f  th e object s 

encoded .  Fo r  instance ,  Olshause n an d Fiel d (1996) : 

Minimizin g redundanc y i n an y representatio n lead s t o 

statistica l  independenc e s o tha t  th e relevan t  entitie s wil l  b e 

easie r  t o cop e wit h (a s thi s woul d enabl e th e segregatio n o f 

th e perceptua l  inpu t  int o object s tha t  have ,  generally ,  littl e i n 

common,  s o tha t  the y ca n b e processe d separately ;  se e als o 

Barlow ,  1974) . 

Turnin g t o highe r  leve l  cognitiv e functions ,  account s o f 

performanc e o n variou s reasonin g task s hav e recentl y bee n 

propose d tha t  ar e base d o n informatio n theor y (Chate r  & 

Oaksford ,  submitted ;  Oaksfor d &  Chater ,  1994) ,  suggestin g 

tha t  dat a compressio n migh t  hav e a  centra l  rol e acros s a 

wid e rang e o f  cognitiv e mechanisms . 

The abov e discussio n illustrate s tha t  rationalit y i n man y 

context s implie s a  proces s o f  minimizin g descriptio n 

lengths ,  o r  compression ,  a s suggeste d b y th e M D L 

principle' .  Consisten t  wit h th e above ,  w e wil l  presen t  a 

"rational "  mode l  o f  lo w leve l  categorization ,  i n th e sens e 

tha t  categorizatio n wil l  b e see n a s a  proces s o f  extractin g a s 

much redundanc y a s possibl e fro m a  give n domain .  Suc h a 

model  i s furthe r  suggestiv e o f  a  coheren t  vie w o f  huma n 

rationality/cognitio n throug h compression . 

Basic Categories 

Groupin g togethe r  a  se t  o f  item s unde r  th e sam e categor y 
labe l  necessaril y  involve s a  trade-of f  betwee n th e simplicit y 
of  th e categor y structure ,  an d h o w informativ e categorie s ar e 
relativ e t o thei r  member s (Komatsu ,  1992) .  I f  w e wan t  th e 
members o f  a  categor y t o shar e a s man y feature s a s possibl e 
(s o tha t  categor y instance s wil l  b e mor e homogeneous) ,  the n 
we mus t  us e man y categories ;  i n suc h a  case ,  labelin g a  ne w 
instanc e a s a  m e m b er  o f  a  categor y wil l  b e ver y informative , 
becaus e ther e wil l  instantl y b e man y feature s on e ca n 
assume fo r  thi s instance .  O n th e othe r  hand ,  thi s vie w take n 
t o th e extrem e woul d readil y reconmien d havin g a  differen t 
categor y fo r  eac h instance ,  s o tha t  th e obviou s objectiv e o f 
categorization-summarin g informatio n abou t  a  grou p o f 
instances-woul d see m t o lost .  Th e competin g pressure s 
betwee n fe w genera l  categories ,  tha t  woul d likewis e assum e 
fe w propertie s fo r  thei r  members ,  an d man y specifi c 

categories ,  which ,  however ,  wil l  b e les s useful ,  see m t o 
impl y tha t  ther e m a y b e a n optima l  leve l  i n th e 
generality/specificit y trade-of f 

Thes e intuition s hav e bee n capture d b y Rosc h an d 
Mervis' s (1975 )  concep t  o f  "basi c categories. "  I n thei r 
formulation ,  "cu e validity "  wa s define d a s th e conditiona l 
probabilit y  tha t  a n objec t  i s  i n a  category ,  give n tha t  i t  ha s 
some cu e (o r  attribute )  associate d wit h th e category .  O n th e 
assumptio n tha t  "i n th e domain s o f  bot h man-mad e an d 
biologica l  objects ,  ther e occu r  information-ric h bundle s o f 
attribute s tha t  for m natura l  discontinuities "  the y define d 
basi c categorie s a s th e categorie s "...fo r  whic h th e cu e 
validit y o f  attribute s withi n categorie s i s maximized "  (Rosc h 
& Mervis ,  1975) .  Tha t  i s basi c categorie s ar e categorie s 
whos e element s shar e th e mos t  attribute s a m o n g themselve s 
and a s fe w attribute s a s possibl e wit h member s o f  othe r 
categories .  Thus ,  accordin g t o Rosc h an d Mervis ,  i n ou r 
hierarch y o f  concepts,  wher e highe r  leve l  concept s ar e mor e 
general ,  ther e exist s a  leve l  tha t  i s  optimall y suite d fo r 
describin g ou r  environment .  Indee d empirica l  suppor t  fo r 
suc h a  clai m i s abundan t  i n th e psycholog y literature .  Fo r 
instance .  Murph y an d Smit h (1982 )  reporte d evidenc e tha t 
basi c leve l  concept s ar e easie r  t o lear n tha n eithe r  thei r 
subordinate s o r  superordinates ,  Rosc h e t  al .  (1976 )  showe d 
tha t  subject s woul d agre e th e mos t  abou t  whic h attribute s ar e 
possesse d b y th e member s o f  basi c leve l  categories ,  etc .  (se e 
Corte r  &  Gluck ,  1992 ,  fo r  a n overvie w o f  basi c categorie s 
research) . 

Our  o w n formulatio n i s aime d toward s providin g a 
criterio n t o identif y basi c categories ,  i n a  w a y consisten t 
wit h Rosc h an d Mervis' s intuitio n tha t  thes e categorie s 
ough t  t o b e optimall y descriptiv e o f  th e domain ,  neithe r  to o 
specifi c  no r  to o general . 

Classiflcation by MDL 

Th e proble m o f  identifyin g th e se t  o f  group s tha t  bes t 

captur e th e statistica l  structur e o f  th e domai n ca n b e 

redescribe d a s follows .  Suppos e w e ar e intereste d i n 

describin g a  se t  o f  ordere d relation s a m o n g n  object s (s o tha t 

we hav e n*(n-l)/ 2 relations) ,  o f  th e for m a<b ,  a<d ,  b< c 

etc.)̂ .  I f  w e wer e t o describ e eac h relatio n individuall y the n 

we woul d requir e n*(n-l)/ 2 bit s (ignorin g ties ,  fo r  eac h pai r 

of  elements,  sa y fo r  a  an d b ,  w e hav e two ,  a  prior i  equall y 

probable ,  possibilities :  eithe r  a  i s greate r  o r  b  i s greater ; 

sinc e w e hav e onl y tw o availabl e choice s eac h decisio n cost s 

on e bit) . 

I f  ther e ar e regularitie s i n th e domain ,  the n i t  m a y b e 

possibl e t o describ e i t  mor e efficientl y b y partitionin g th e 

object s int o groups ,  o r  clusters .  Suc h a  framewor k enable s 

us t o emplo y th e M D L principle :  T h e questio n o f  whethe r 

object s fal l  int o cluster s become s a  questio n o f  whethe r  a 

classificatio n o f  thes e object s woul d requir e les s cod e lengt h 

'  Moreover ,  processe s tha t  minimiz e descriptio n length s ca n 

be equivalen t  t o Bayesia n inference ,  whic h ha s a  numbe r  o f 

justification s othe r  tha n th e one s allude d t o here ;  se e Chater , 

1996 . 

^  A  descriptio n o f  th e similarit y structur e a m o n g a  se t  o f 

item s i n thi s wa y i s non-parametric ;  thi s i s a  desirabl e 

featur e fo r  an y mode l  specifie d ove r  interna l  representations , 

sinc e th e scale s i n suc h case s ar e usuall y entirel y arbitrary . 
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(i.e .  les s information) ,  compare d t o th e defaul t  choic e o f 

simpl y specifyin g al l  th e inequalitie s individually . 

Creatin g a  cluste r  i s equivalen t  t o sayin g tha t  al l  th e 

distance s withi n cluster s ar e les s tha n al l  th e distance s 

betwee n cluster s s o tha t  th e tota l  numbe r  o f  relation s tha t 

need s t o b e describe d i s reduced .  I n particular ,  sinc e w e 

note d abov e tha t  knowledg e o f  th e relatio n betwee n an y tw o 

distance s cost s on e bit ,  i f  s  constraint s ar e introduce d b y a 

set  o f  clusters ,  the n th e informatio n gai n (o r  compression )  i s 

s bits .  However ,  i n genera l  n o cluste r  wil l  b e perfect ,  s o tha t 

some o f  thes e constraint s wil l  b e wrong ,  an d als o th e 

particula r  w a y cluster s divid e u p th e dat a se t  need s t o b e 

described . 

Therefore ,  i n orde r  t o determin e th e exten t  t o whic h a 

cluste r  configuratio n i s advantageous ,  informatio n gai n 

need s t o b e balance d agains t  th e cos t  o f  specifyin g th e error s 

i n th e constraint s an d th e cos t  o f  describin g th e cluste r 

configuration .  I f  ther e ar e e  error s i n th e constraint s the n th e 

number  o f  bit s require d t o identif y the m wil l  b e 

lg( j  +  l )  +  lg('C,) > a s 'C ^  i s th e numbe r  o f  way s i n whic h 

we ca n selec t  e  object s ou t  o f  s . 

T o cod e fo r  th e clusters ,  w e first  nee d t o specif y th e 

number  an d size s o f  cluster s (o n th e assumptio n tha t  ther e 

ar e n o empt y clusters )  an d als o th e particula r  assignmen t  o f 

object s t o clusters .  Thus ,  w e nee d t o tak e int o accoun t  al l  th e 

possibl e cluste r  structures ,  an d fo r  eac h on e o f  the m al l  th e 

possibl e way s w e ca n assig n object s t o clusters .  Assumin g 

tha t  eac h suc h possibilit y  i s  equall y probable ,  i f  ther e ar e D 

of  them ,  the n thi s cod e wil l  b e log2 D bit s long ,  wher e D  i s 

give n b y V  f_i y J l Z i L (Feller ,  1970 ;  n  i s th e numbe r  o f 
t!> ^  '  (/7-v)!v ! 

node s an d r  i s  th e numbe r  o f  items ;  fo r  a  mor e extensiv e 

discussio n se e Chate r  &  Pothos ,  manuscript) . 

Sunmiin g up ,  th e compressio n associate d wit h 

transmittin g a  cluste r  solutio n instea d o f  al l  relation s 

individuall y woul d b e (al l  relations )  {  (al l  relations ) 

(constraint s -  costs )  }  o r  (constraints-costs )  s o tha t  w e have : 

Compressio n =  Constraint s Costs ,  wher e Cost s ar e give n 

by (iog(.+ i) + log(-Q)) + |:(-l)''^^^;^. 

The above framework allows one to examine the 

"goodness "  o f  cluste r  configuration s partitionin g a  domai n 

of  object s i n differen t  ways :  A  particula r  classificatio n i s 

mor e successfii l  compare d t o a n alternativ e on e t o th e exten t 

tha t  i t  lead s t o a  greate r  compression .  Figure s 1  -  4  sho w 

fou r  dat a set s an d th e optima l  cluste r  configuration s derive d 

by clusterin g algorithm s directl y optimizin g a  compressio n 

criterio n (Chate r  &  Pothos ,  manuscript) .  I n th e first  thre e 

case s th e dat a point s ar e partitione d i n th e wa y tha t  seem s t o 

reflec t  mos t  faithfull y th e structur e o f  th e domains ,  whil e i n 

th e fourt h cas e th e lo w informatio n gai n associate d wit h th e 

final  configuratio n suggest s wha t  i s intuitivel y obvious , 

namel y tha t  ther e i s ver y littl e structur e i n thi s dat a set . 

^ 

Figur e 1 :  T w o clusters .  Compression :  49 1 bit s ,  ou t  o f  a  tota l 
unprocesse d informatio n conten t  o f  th e domai n o f  99 0 bits . 

Figur e 2 :  O n e smal l  cluste r  an d a  bi g one :  Compression :  67 8 
bit s ou t  o f  148 5 bits . 

V 
\  • ; 

•  ""̂ ^̂ ^ 

\ • • I 

Figur e 3 :  Thre e clusters .  Compression :  38 3 bit s ou t  o f  990 . 
Smalle r  compressio n t o befor e indicate s tha t  a  tw o cluste r 

domai n i s a  mor e redundan t  one . 

• 

( 

1 • 

^ — • 

Figur e 4 :  Compression :  18 1 bit s ou t  o f  990 . 
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C o m p a r i s o n s w i t h h u m a n result s 

The abov e dat a set s wer e use d t o construc t  simpl e stimuli , 

varyin g alon g tw o physica l  dimensions .  I n thi s sectio n w e 

conside r  h o w th e optima l  clusterin g solution s suggeste d b y 

our  framewor k compar e wit h th e wa y huma n participant s 

woul d classif y thes e stimuli .  Not e tha t  w e assum e tha t  th e 

physica l  dimension s o f  th e stimul i  directl y m a p ont o th e 

dimension s o f  som e interna l  representatio n o f  thes e item s 

(e.g. ,  se e Shepard ,  1987 ;  Shi n &  Nosofsky ,  1992) ;  thi s 

woul d appea r  a  reasonabl e approximatio n sinc e th e stimul i 

wer e simpl e enoug h t o preclud e th e possibilit y  o f 

participant s selectivel y encodin g the m ove r  som e subspac e 

of  th e relevan t  dimensions . 

Materials 

Star s wer e constructe d s o tha t  thei r  inne r  diameter s 
corresponde d t o th e vertica l  dimensio n o f  th e dat a set s i n th e 
previou s section ,  whil e thei r  oute r  diameter s corresponde d 
t o th e horizonta l  dimension .  Thus ,  eac h dat a poin t  specifie d 
an inne r  an d oute r  sta r  an d thes e wer e blende d together ,  t o 
emphasiz e th e impressio n o f  a n individua l  entity ,  a s show n 
i n Figur e 5 .  Th e oute r  diamete r  o n eac h sta r  coul d ver y fi-o m 
1 0 8 mm t o 1 9 8 m m,  whil e th e inne r  diamete r  from  1 0 m m t o 
100mm.  Al l  star s wer e printe d o n A 4 sheet s o f  pape r  i n 
blac k an d ink . 

Figur e 5 :  A n exampl e o f  th e stimul i  constructe d fro m th e 
dat a set s presente d above . 

of  performanc e w e wer e intereste d i n a s obviou s a s possible . 

Thi s procedur e ha s bee n motivate d fro m th e finding  tha t 

quit e ofte n a  pragmati c contex t  i n a  reasonin g proble m 

improve s performanc e (Chen g &  Holyoak ,  1985) . 

We teste d 2 8 individual s i n eac h conditions ,  i n a  between -

subject s design .  Th e experimen t  laste d fo r  approximatel y 1 0 

minutes . 

Results 

We wer e intereste d i n identifyin g information-theoreti c 

parameter s tha t  woul d b e predictiv e o f  participants ' 

classificatio n results .  T h e genera l  hypothesi s i s tha t  basic -

leve l  categorizatio n processe s aim ,  t o a  certai n extent ,  t o 

represen t  a  domai n wit h a s littl e redundanc y a s possible . 

Therefore ,  insofa r  tha t  ther e i s structur e i n a  domain , 

classificatio n woul d ai m t o fles h ou t  thi s structur e a s m u c h 

as possible ,  and ,  alternatively ,  h o w readil y structur e i s 

perceive d i n a  domai n shoul d b e a  functio n o f  th e degre e t o 

whic h thi s domai n ca n b e compressed . 

We first  teste d th e hypothesi s tha t  som e particula r  cluste r 

structur e wa s preferred ,  agains t  th e nul l  hypothesi s tha t  the y 

wer e al l  equall y likely .  W e therefor e calculate d fo r  eac h dat a 

set  th e numbe r  o f  differen t  solution s participant s produced , 

t o deriv e a n expecte d chanc e frequency  fo r  eac h solutio n 

throug h th e rati o (tota l  numbe r  o f  solutions )  /  (numbe r  o f 

distinc t  solutions) .  Not e tha t  thi s i s a n extremel y 

conservativ e measur e o f  chanc e frequencie s a s th e numbe r 

of  uniqu e solution s produce d wa s m u c h les s tha n th e tota l 

possibl e numbe r  o f  solutions . 

A singl e sampl e chi-squar e tes t  wa s the n use d t o examin e 

th e deviatio n o f  th e frequenc y o f  an y on e give n solutio n 

fro m wha t  woul d b e expecte d b y chance .  I n conditio n 1 

(simpl e instructions) ,  i n dat a set s 1 ,  an d 2  th e partition s tha t 

wer e significantl y mor e frequen t  tha n chanc e wer e th e bes t 

compressio n one s (fo r  th e tw o dat a set s respectively :  x ^  ( 0 
= 28.3 ,  127.1 ;  i n al l  case s p<.001) .  I n conditio n 2 ,  tha t  wa s 

th e cas e fo r  dat a set s I ,  2 ,  an d 3  (al l  p-value s les s tha n .01) . 

Ther e seeme d t o b e n o preferenc e fo r  an y particula r 

classificatio n fo r  th e fourt h dat a se t  i n bot h cases .  Th e 

frequencies  wit h whic h th e bes t  compressio n solution s wer e 

produce d fo r  eac h patter n i s show n i n Figur e 6 . 

Procedur e 

Participant s receive d i n successio n (orde r  randomize d fo r 

eac h person )  set s o f  star s correspondin g t o th e dat a set s i n 

Figure s 1  -  4  an d wer e simpl y aske d t o partitio n th e star s i n 

groups .  I n th e first  condition ,  the y wer e onl y tol d t o divid e 

th e item s i n a  wa y tha t  seeme d "natura l  an d intuitive "  an d 

tha t  ther e wa s n o limi t  t o h o w man y group s the y coul d use , 

but  tha t  the y shoul d no t  us e mor e tha n wha t  woul d thin k i s 

necessary .  I n th e secon d condition ,  w e presente d th e 

classificatio n proble m i n a  realisti c contex t  (star s wer e 

meant  t o b e maile d t o customers )  an d provide d extensiv e 

instruction s (an d visua l  aids )  tha t  m a d e th e particula r  aspect s 
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Figur e 6 :  N u m b e r  o f  time s th e "bes t  compression "  solutio n 

was foun d i n conditio n 1  (neutra l  instructions )  an d conditio n 

2 (extensiv e instructions) . 

We then looked at the extent to which the total 
compressio n possibl e wit h a  dat a se t  wa s i n an y wa y 
predictiv e o f  th e difficult y involve d i n partitionin g th e dat a 
set  int o differen t  groups .  W e reasone d tha t  dat a set s whic h 
wer e associate d wit h a  hig h possibl e compressio n shoul d b e 
easie r  t o partition ,  whic h woul d lea d t o les s betwee n 
participan t  variability .  Figur e 7  show s th e numbe r  o f 
differen t  solution s tha t  wer e produce d wit h frequencie s 
greate r  tha n on e fo r  th e fou r  dat a sets ,  i n eac h condition . 
Wit h th e simpl e instructions ,  fo r  th e firs t  tw o dat a sets ,  onl y 
thre e solution s wer e produce d mor e ofte n tha n once ,  whil e 
wit h th e othe r  dat a sets ,  participant s woul d b e a  lo t  les s 
likel y t o agre e o n th e optima l  wa y t o partitio n th e domains . 
Wit h th e extensiv e instruction s thes e result s wer e replicated , 
and als o littl e variabilit y  wa s observe d wit h th e thir d dat a se t 
as well . 
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F i g u r e 7 :  Var iab i l i t y  i n par t ic ipants '  so lu t ion s fo r  th e 

condition s wit h neutra l  an d extensiv e instructions . 

Thus ,  bot h ou r  mai n expectation s wer e confirmed : 

Participant s classifie d th e item s i n eac h o f  th e dat a se t  i n 

way s o tha t  th e bes t  compressio n classification s wer e indee d 

mor e likel y t o b e produced .  Also ,  th e exten t  t o whic h a 

patter n coul d b e compresse d wa s a  measur e o f  h o w 

"difficult "  th e classificatio n proble m was ,  since ,  i n general , 

ther e wa s mor e (between-subject )  solutio n variabilit y  i n th e 

case s o f  lowe r  (possible )  m a x i m u m compression . 

Instruction s als o helpe d participant s "solve "  th e 

classificatio n proble m i n dat a se t  3 ,  a s i s manifes t  bot h b y a 

decreas e variabilit y  i n uniqu e solution s produced ,  an d a n 

associate d increas e i n th e numbe r  o f  time s th e bes t 

compressio n solutio n wa s identified .  Eve n wit h th e simpl e 

instructions ,  however ,  i n dat a se t  3 ,  participants '  response s 

reflec t  som e selectiv e bia s t o th e bes t  compressio n solution'' . 

Conclusions and future directions 

We hav e presente d a  mode l  o f  basic-leve l  categorizatio n 

(Rosc h an d Mervis ,  1975 )  base d o n th e M D L principle . 

Althoug h w e hav e no t  specifie d th e algorithmi c detail s i n 

thi s wor k (se e Chate r  an d Pothos ,  manuscript) ,  th e mode l 

wil l  partitio n a  se t  o f  item s i n suc h a  wa y s o tha t  th e 

(information-theoretic )  descriptio n o f  th e similarit y structur e 

of  thes e item s wil l  b e maximall y compressed . 

Th e mai n prediction s o f  ou r  mode l  wer e tha t  peopl e 

classifyin g meaningles s item s woul d generall y prefe r  th e 

"bes t  compression "  classification s an d als o tha t  th e 

difficult y o f  a  classificatio n situatio n woul d depen d o n h o w 

m u ch compressio n i s (theoretically )  possibl e i n eac h case . 

Thes e prediction s wer e generall y confirme d i n tw o 

experiments ,  wher e th e variabl e manipulate d wa s 

thoroughnes s o f  instrucfions .  I n th e cas e o f  extensiv e 

instructions ,  performanc e wa s improve d i n on e o f  th e dat a 

sets . 

Th e majo r  confoundin g o f  th e presen t  wor k i s tha t  th e 

representatio n o f  th e item s use d wa s base d o n a n 

experimenter-define d descriptio n o f  th e items .  W e argue d 

tha t  wit h simple ,  meaningles s stimul i  thi s i s no t  a  problem ; 

nevertheless ,  ther e i s alway s th e possibilit y  o f  differen t 

individual s encodin g th e similarit y structur e i n differen t 

ways .  Thus ,  i n additiona l  wor k w e ai m t o directl y appl y ou r 

framewor k o n representation s o f  th e item s derive d directl y 

fro m confusabilit y  experiment s (Shepard ,  1987) . 

Anothe r  ai m i s t o exten t  th e presen t  framewor k t o describ e 

hierarchica l  categor y structures ,  wher e th e constraint s o f  lo w 

leve l  categorie s woul d b e preserve d i f  the y offe r  a n 

information-theoreti c advantage .  Thi s woul d hav e th e 

advantag e o f  enablin g u s t o describ e huma n categorizatio n 

'  Lookin g simpl y a t  h o w m a n y differen t  solution s wer e 

produce d wit h eac h dat a se t  i s  no t  ver y useful ,  sinc e ther e i s 

considerabl e noise ;  thi s i s t o b e expecte d wit h smal l 

sample s considerin g th e unconstraine d natur e o f  th e task . 

"  Ran d similaritie s (Rand ,  1971 ;  Milliga n &  Cooper ,  1986 ) 

of  al l  solution s produced ,  t o th e bes t  compressio n solutio n 

and th e mos t  popula r  solution ,  wer e compare d an d i t  wa s 

foun d tha t  a  give n solutio n wa s mor e likel y t o b e mor e 

simila r  t o th e bes t  compressio n on e tha n t o th e mos t  popula r 

one . 
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more generally ,  withou t  restrictin g ourselve s t o basi c 

categorie s only . 
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Abstrac t 

Artificial grammar learning (AGL; Reber, 1989) has been a 
majo r  experimenta l  paradig m fo r  th e stud y o f  huma n 
inductio n processes .  I n thi s wor k w e investigat e th e exten t  t o 
whic h th e learnin g mechanism s involve d i n A G L ar e general , 
an issu e importan t  t o th e ecologica l  validit y o f  A G L research . 
We hav e use d thre e kind s o f  stimuli ;  Lette r  string s (th e 
standar d i n A G L work) ,  cit y sequence s tha t  corresponde d t o 
route s o f  a n airlin e company ,  an d shape s tha t  wer e presente d 
so tha t  late r  shape s i n a  sequenc e containe d al l  previou s ones . 
We compare d overal l  accurac y an d pattern s o f  erro r  i n thes e 
domain s t o find  tha t  performanc e wa s no t  different .  Th e 
implication s o f  thi s finding  fo r  existin g theorie s o f  A G L an d 
propose d relation s t o othe r  cognitiv e mechanism s ar e 
discussed . 

Introduction 

Centra l  t o th e existenc e o f  al l  livin g creature s i s th e abilit y  t o 

abstrac t  th e essentia l  structur e i n a  domai n o f  instance s i n 

orde r  t o successfull y generaliz e t o othe r  ne w instances .  Tha t 

livin g agent s surviv e implie s tha t  natur e ha s someho w 

solve d th e proble m o f  induction .  Th e abundanc e o f 

successfu l  inductiv e learner s make s i t  eve n mor e unfortunat e 

tha t  ou r  understandin g o f  inductio n i s  stil l  inadequate .  Fo r 

instance ,  Pinke r  notes :  (1979 ;  p.278 )  "Inductio n ha s bee n 

calle d 'scandalous '  becaus e an y finit e se t  o f  observation s 

support s a n intractabl y larg e numbe r  o f  generalizations. " 

As earl y a s th e lat e fifties ,  Mille r  (1958 )  presente d 

participant s wit h a  se t  o f  lette r  string s generate d b y a  finit e 

stat e languag e (Chomsk y &  Miller ,  1958 )  t o find  tha t 

learnin g wa s mor e efficien t  whe n compare d wit h learnin g o f 

rando m strings .  Thi s was ,  presumably ,  b y virtu e o f  th e fac t 

tha t  "...th e sequence s forme d accordin g t o elaborat e an d 

restrictiv e rule s wer e mor e redundant ,  carrie d les s 

informatio n pe r  syllable ,  tha n th e rando m syllables. "  Rebe r 

(1967 )  no t  onl y replicate d thi s fmdin g bu t  als o extende d i t  i n 

th e cas e wher e participant s ha d t o discriminat e betwee n 

string s tha t  complie d wit h th e rule s o f  th e languag e an d 

string s tha t  violate d thes e rule s i n certai n ways .  Th e trainin g 

of  Reber' s participant s involve d presentin g a  subse t  o f  th e 

possibl e string s tha t  coul d b e generate d wit h th e grammar . 

Thes e studie s initiate d a  lon g traditio n o f  A G L experiments . 

Th e A G L paradig m promise d t o provid e a  mor e principle d 

way o f  understandin g huma n abstractio n processes ,  becaus e 

th e domain s use d (string s generate d fi-om  fmit e stat e 

languages )  coul d b e ver y precisel y describe d i n informatio n 

theor y term s (e.g. ,  Miller ,  1958) . 

Severa l  differen t  theorie s hav e bee n propose d t o accoun t 

fo r  A G L competence .  Th e origina l  clai m b y Rebe r  an d hi s 

colleague s (se e Reber ,  1989 ,  fo r  a  review )  ha s bee n tha t 

participant s lear n i n trainin g somethin g o f  th e abstract ,  rul e 

structur e o f  th e finit e stat e languag e use d t o creat e th e 

stimuli .  Thi s vie w wa s corroborate d b y "transfer " 

experiments ,  wher e th e symbol s use d i n trainin g wer e 

differen t  from  th e symbol s use d i n test .  Dulany ,  Carlson ,  & 

D e w ey (1984 )  hav e instea d argue d tha t  participant s acquire d 

"correlate d grammars" ,  tha t  i s  a  se t  o f  "microrules "  whic h 

generall y approximate d th e tru e grammar ,  bu t  migh t  a t  th e 

same tim e includ e unrepresentativ e o r  eve n wron g rules .  A 

simila r  approac h from  a  differen t  poin t  o f  vie w ha s bee n 

offere d b y Perruche t  an d Pactea u (1990 )  w h o suggeste d tha t 

al l  participant s lear n i n th e trainin g par t  i s  simpl y 

informatio n abou t  whic h bigra m fragments  ar e allowed . 

Brook s an d Voke y (1991 )  suggeste d tha t  grammaticalit y 

decision s i n tes t  d o no t  s o m u c h depen d o n whethe r  a n ite m 

i s grammatica l  o r  not-grammatical ,  bu t  rathe r  o n whethe r  i t 

i s  mor e o r  les s simila r  t o th e trainin g items .  The y hav e 

foim d tha t  bot h similarit y an d grammaticalit y ar e important , 

and thes e result s hav e bee n replicate d i n late r  researc h 

(Knowlto n &  Squire ,  1996 ;  Potho s &  Bailey ,  1997) . 

Th e theoretica l  controvers y a s t o whic h accoun t  bes t 

reflect s huma n performanc e i s  stil l  goin g on ;  however ,  al l 

theorie s mentione d ar e specifie d independentl y o f  th e 

particula r  instantiatio n o f  th e sting s o f  a  finite  stat e 

language .  Thus ,  a  direc t  predictio n o f  existin g A G L theorie s 

i s tha t  performanc e shoul d no t  chang e wit h differen t 

stimulu s domains ,  a s lon g a s th e gramma r  use d i s th e same . 
We use d th e Rebe r  an d Alle n (1978 )  gramma r  t o generat e 

thre e set s o f  stimuli ,  lette r  string s (a s i n th e Rebe r  an d Allen , 
1978 ,  study) ,  cit y sequence s tha t  corresponde d t o route s o f 
an airlin e compan y (referre d t o a s "cities "  stimul i  below ) 
and shape s tha t  wer e presente d s o tha t  late r  shape s i n a 
sequenc e containe d al l  previou s one s (referre d t o a s 
"shapes") .  Ou r  choic e fo r  thi s gramma r  wa s motivate d partl y 
becaus e thi s i s  a  gramma r  tha t  ha s bee n widel y use d (e.g . 
Dulan y e t  at. ,  1984 ;  Perruche t  &  Pacteau ,  1990 )  bu t  als o 
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becaus e i t  ha s bee n designe d i n a  wa y tha t  allow s a n 
investigatio n int o th e particula r  patter n o f  errors . 

Ther e wer e som e a  prior i  reason s w h y performanc e migh t 

be specifi c  t o th e typ e o f  stimuli .  Fo r  instance ,  i t  ha s bee n 

suggeste d tha t  A G L i s essentiall y  equivalen t  t o priming , 

rathe r  tha n reflectin g a  mor e profoun d typ e o f  learnin g 

mechanis m (Knowlto n &  Squire ,  1996) .  Roughl y speaking , 

implici t  memory ,  o r  priming ,  o f  previou s event s i s assesse d 

by lookin g a t  effect s o f  thes e event s o n a  late r  task ,  i n th e 

absenc e o f  an y explici t  recal l  o f  th e events .  Objec t  decisio n 

primin g ha s bee n suggeste d t o b e mediate d b y a  "perceptua l 

representatio n system "  (PRS )  tha t  essentiall y  describe s th e 

structura l  dependencie s i n a n objec t  (Schacte r  e t  al. ,  1991) , 

and s o that ,  fo r  instance ,  n o primin g fo r  "impossible "  object s 

ca n b e observe d (sinc e th e P R S canno t  describ e th e globa l 

structur e o f  a n impossibl e object) .  Thus ,  i f  A G L doe s indee d 

reflec t  priming ,  performanc e wit h th e shape s stimul i  woul d 

be expecte d t o b e superior ,  sinc e th e regularitie s wit h thes e 

stimul i  hav e a  mor e salien t  spatia l  structure ,  whic h woul d b e 

bette r  "understood "  b y th e P R S .  Ou r  "shapes "  stimul i 

consiste d o f  neste d element s precisel y t o stres s th e 

impressio n o f  a  coheren t  whole ,  an d thu s emphasiz e spatia l 

dependencies .  Conversely ,  i n a  transfe r  condition ,  i f  th e 

primin g vie w o f  A G L i s accurate ,  performanc e woul d b e 

particularl y bad ,  relativ e t o performanc e wit h stimul i  wher e 

th e sequentia l  symboli c structur e o f  th e string s wa s mor e 

obviou s (a s i s th e cas e wit h lette r  strings ,  fo r  example) . 

Also ,  wit h th e citie s stimul i  on e coul d anticipat e tha t 

encodin g o f  th e regularitie s du e t o th e artificia l  gramma r  w e 

use d woul d b e strongl y affecte d b y backgroun d knowledg e 

biases ,  relatin g t o th e relativ e plausibilit y  o f  differen t  routes . 

Sinc e w e di d no t  construc t  th e stimul i  s o tha t  th e route s 

migh t  reflec t  an y realisti c constraint ,  tryin g t o interpre t  th e 

tas k pragmaticall y woul d b e thu s likel y t o reduc e overal l 

accuracy ;  suc h biase s woul d als o b e expecte d t o b e mor e 

poten t  i n a  transfe r  conditio n sinc e direc t  informatio n abou t 

th e item s i s compromise d b y th e chang e i n th e cit y name s 

used . 

Previou s investigation s o n th e generalit y o f  th e learnin g 
processe s involve d i n A G L hav e mostl y focuse d o n 

identifyin g som e o f  th e condition s i n whic h AGL-typ e 

learnin g wa s possible .  Fo r  instance ,  Altmann ,  Diene s an d 

Goode (1995 )  use d musica l  tone s an d graphi c symbols '  i n 

some o f  thei r  conditions .  Altman n e t  al .  reporte d tha t 

participant s coul d successfull y generaliz e knowledg e 

acquire d fro m musica l  tone s t o lette r  sequence s an d vic e 

versa ,  o r  fro m sequence s o f  nonsens e word s presente d 

auditoriall y  t o sequence s o f  graphi c symbol s (se e als o 

Whittlese a an d Wright ,  1997 ,  fo r  a  mor e recen t  simila r 

investigation) .  I n th e wor k reporte d belo w w e wer e 

intereste d i n comparin g directl y performanc e wit h differen t 

type s o f  stimuli ,  t o addres s specificall y th e questio n o f  h o w 

genera l  ar e th e abstractio n mechanism s involved . 

Method 

Design 

Prediction s fo r  difference s i n th e learnin g mechanism s appl y 

bot h t o th e ordinar y A G L paradigm ,  wher e ther e i s n o 

chang e i n th e symbol s use d fro m trainin g t o test ,  an d th e 

transfe r  paradigm ,  wher e th e symbol s ar e changed .  W e thu s 

repor t  experiment s employin g bot h paradigms .  I n eac h case , 

a 3  X  8  mixe d desig n wa s used ,  wit h trainin g an d testin g o n 

th e thre e set s o f  stimul i  a s th e between-subject s facto r  an d 

performanc e o n eigh t  differen t  subset s o f  th e tes t  string s a s a 

withi n subject s factor .  Ou r  interes t  wa s i n comparin g 

performanc e wit h differen t  type s o f  stimuli ,  rathe r  tha n 

assessin g learnin g o f  th e grammar ,  therefor e w e di d no t  us e 

control s (se e Redingto n &  Chater ,  1996 ,  fo r  a n extensiv e 

discussio n o f  methodologica l  issue s i n A G L ) . 

Materials 

I n al l  condition s w e create d th e stimul i  accordin g t o th e 
Reber  &  Alle n (1978 )  grammar^ ,  show n i n Figur e 1 .  I n th e 
conditio n wher e th e ther e wa s n o chang e i n vocabular y from 
trainin g t o test ,  th e letter s use d wer e R X M S V an d th e 
"shapes "  an d "cities "  stimul i  wer e constructe d b y mappin g 
letter s t o shape s an d citie s respectively .  So ,  R X M S V 
corresponde d t o a  circle ,  a  hexagon ,  a  concav e shape ,  a 
squar e an d a  rhombu s i n th e on e case ,  an d i n th e othe r  t o 
Athens ,  Berlin ,  London ,  Pari s an d Madrid .  Th e shape s wer e 
chose n s o tha t  the y wer e o f  roughl y simila r  salienc e and , 
likewise ,  th e citie s wer e intende d t o b e wel l  k n o w n 
Europea n capital s an d representativ e o f  mos t  o f  Europe . 
Example s o f  stimul i  i n th e differen t  condition s ar e show n i n 
Figur e 2 . 

Figur e 1 :  Th e finit e stat e gramma r  use d i n th e Experiments . 

'  Bu t  th e symbol s i n th e graphica l  stimul i  wer e presente d 
sequentiall y  a s i n lette r  strings ,  thu s remainin g perceptuall y 
distinct . 

^  Detail s fo r  th e motivatio n fo r  thi s gramma r  an d th e way s tes t 
item s wer e constructe d ar e give n i n Rebe r  an d Alle n (1978) . 
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M S S SV 

Athen s - > Londo n ~ > Londo n - > Londo n - > Berli n 

Figur e 2 :  Example s o f  th e type s o f  stimul i  used . 

I n th e transfe r  condition ,  th e symbol s use d t o creat e th e 
stimul i  wer e change d from  trainin g t o test .  I n selectin g 
suitabl e n e w shapes ,  th e sam e consideration s a s i n th e no -
transfe r  conditio n applied ,  whil e i n th e "cities "  experiments , 
we use d a  se t  o f  Amer ica n citie s i n training ,  an d preserve d 
th e Europea n one s i n test . 

Participants 

T e n participant s wer e teste d wit h eac h typ e o f  stimul i  i n th e 

no-transfe r  condition ,  an d twic e tha t  numbe r  i n th e transfe r 

one .  Participant s wer e m e m b e r s o f  th e Universit y o f  Oxfor d 

w h o eithe r  volunteere d t o participat e o r  wer e pai d 1.5 0 

pound s travelin g expenses .  T h e y wer e al l  naiv e regardin g 

th e experimenta l  procedur e an d th e particula r  material s 

used .  T h e experimen t  laste d fo r  approximatel y hal f  a n hour , 

includin g a  debriefin g session ,  an d al l  participant s wer e 

teste d individually . 

Procedure 

We attempte d t o replicat e th e origina l  procedur e o f  Rebe r  & 

Alle n (1978) ,  especiall y wit h respec t  t o th e forma t  o f 

presentation .  I n th e no-transfe r  condition ,  i n th e first  par t  o f 

th e experiment ,  participant s wer e presente d wit h a  folde r 

containin g a  se t  o f  stimul i  an d instructions .  Th e instruction s 

emphasize d tha t  the y ha d t o "pa y th e utmos t  attentio n t o th e 

lette r  strings/routes /  shapes "  (dependin g o n th e particula r  se t 

of  stimul i  used )  bu t  nothin g more ;  also ,  althoug h the y wer e 

tol d tha t  ther e woul d b e a  secon d par t  t o th e experiment ,  n o 

informatio n wa s give n a s t o wha t  woul d b e require d o f  them . 

I n th e cas e o f  th e "cities "  stimuli ,  participant s wer e tol d tha t 

"cit y name s correspon d t o wher e a  plan e o f  th e compan y 

was a t  noon ,  o n successiv e days. "  Th e us e o f  suc h vagu e 

instruction s wa s intentional ,  i n lin e wit h th e consisten t 

findin g i n th e literatur e tha t  "Th e circumstance s unde r  whic h 

subject s ar e mos t  clearl y sensitiv e t o genera l  principle s o f 

th e gramma r  ar e thos e tha t  requir e subject s t o d o th e leas t 

wit h stimul i  an d tha t  therefor e favo r  incomplet e encodin g o f 

particula r  items. "  (Whittlese a &  Dorken ,  1993) .  Whil e 

readin g th e instructions ,  the y wer e encourage d t o as k 

question s i f  anythin g wa s no t  clear .  Th e trainin g se t 

consiste d o f  2 0 uniqu e grammatica l  item s presente d thre e 

time s i n a  rando m order .  Onc e th e instruction s ha d bee n 

read ,  participant s turne d t o th e first  shee t  i n th e folder , 

whic h the y sa w fo r  approximatel y 1 0 seconds .  Th e 

experimente d tappe d o n th e tabl e the y wer e workin g on ,  t o 

indicat e tha t  the y ha d t o procee d t o th e nex t  item .  O n 

average ,  abou t  1 0 minute s wer e require d fo r  th e trainin g 

phas e o f  th e experiment . 

Participant s the n receive d anothe r  folde r  an d mor e printe d 
instructions .  Th e folde r  containe d 5 0 uniqu e item s presente d 
twic e i n a  rando m order ,  hal f  o f  whic h wer e grammatica l 
and th e othe r  hal f  violate d th e gramma r  i n specifi c  way s (fo r 

detail s se e Rebe r  an d Allen ,  1978) .  I t  wa s emphasize d tha t 
th e orde r  i n whic h citie s (/letters/shapes )  i n eac h o f  th e 
presente d item s wa s determine d b y a  rathe r  comple x se t  o f 
rules ,  tha t  hal f  o f  th e item s i n th e secon d folde r  complie d 
wit h thes e rule s whil e th e othe r  hal f  violate d the m an d tha t 
the y wer e t o discriminat e betwee n th e tw o sets .  Also ,  the y 
wer e tol d tha t  the y mus t  no t  loo k bac k a t  previou s item s 
when makin g thei r  grammaticalit y decisions .  I n th e cas e o f 
th e pragmati c stimuli ,  i t  wa s adde d tha t  th e rule s wer e suc h 
so a s t o "ensur e tha t  th e availabl e airplane s ar e pu t  t o bes t 
use "  an d tha t  th e route s wer e independen t  o f  eac h other .  Th e 
"independence "  remar k wa s mad e s o a s t o encourag e 
participant s no t  t o bia s thei r  decision s b y th e relativ e 
frequency  o f  specifi c  citie s acros s items .  Participant s 
indicate d thei r  grammaticalit y decision s b y attachin g a  post -
i t  not e wit h th e letter s G  fo r  "good "  an d N  fo r  "no t  good "  t o 
th e correspondin g items .  Ther e wa s n o tim e limi t  i n makin g 
any on e decision . 

Th e mai n procedura l  differenc e i n th e transfe r  conditio n 
was tha t  th e experimen t  wa s the n computer-base d s o tha t 
participant s sa w th e stimul i  o n a  compute r  screen ,  an d thei r 
answer s wer e indicate d b y pressin g labele d buttons .  Th e 
trainin g instruction s wer e identical ,  whil e i n tes t  i t  wa s 
simpl y adde d tha t  th e ne w item s woul d involv e differen t 
symbols .  Also ,  wit h th e "cities "  stimuli ,  t o justif y th e 
mappin g from  America n t o Europea n cities ,  a  stor y wa s use d 
wher e a  Europea n airlin e compan y decide d t o us e th e sam e 
rule s fo r  constructin g route s a s th e America n company ,  th e 
route s o f  whic h wer e presente d i n training . 

Results 

I n th e n o transfe r  condition ,  performanc e wa s significantl y 

abov e chanc e wit h al l  type s o f  materia l  (on e sampl e two -

taile d t-test s wit h 9  degree s o f  freedom  resulte d i n t  value s 

significan t  a t  th e 0.000 5 level) .  Nonetheless ,  a  on e wa y 

A N O VA wit h "typ e o f  stimul i  used "  (tha t  i s  letters ,  citie s o r 

shapes )  a s a  betwee n subject s facto r  wa s no t  significan t 

(F(2,27 )  =  0.698 ,  p  >  .5 ,  M S E =  0.006) .  Figur e 3  illustrate s 

thi s result .  Th e difference s i n overal l  accurac y wer e als o 

investigate d b y powe r  analyses ,  whereb y fo r  al l  pair s o f 

stimulu s type s a n estimat e o f  th e sampl e siz e tha t  woul d lea d 

t o p=.01 ,  power=0.9 5 difference ,  wa s calculated .  I n al l 

cases ,  th e require d sampl e siz e fo r  suc h a  differenc e wa s n o 

les s tha n abou t  15 0 subjects ,  thu s providin g additiona l 

suppor t  fo r  a  lac k o f  observe d differences . 
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II  I 

I 

shapes route s letter e 
typ e o f  stimul i  use d 

Figure 3: Performance with different types of stimuli. 

The Reber and Allen (1978) stimuli that we used were 
designe d s o tha t  non-grammatica l  item s wer e constructe d b y 
violatin g grammatica l  item s i n specifi c  ways .  Therefore ,  th e 
item s use d i n th e tes t  par t  o f  th e experimen t  coul d b e spli t  i n 
th e followin g mutuall y exclusiv e subsets :  Item s wit h 
violation s i n th e first  positio n ("vi o first, "  i n Figur e 4) , 
violation s i n th e secon d positio n ("vi o second") ,  dee p 
violations ,  violation s i n th e nex t  t o las t  positio n ("vi o nex t  t o 
last") ,  violation s i n th e las t  positio n ("vi o last" )  an d item s 
tha t  wer e spel t  backward s ("backwards") .  Th e grammatica l 
item s use d m th e tes t  par t  wer e distinguishe d dependin g o n 
whethe r  the y ha d bee n presente d i n th e trainin g par t  o r  no t 
("seen "  an d "res t  o f  G  items") . 

Performanc e i n th e differen t  subset s fo r  th e thre e type s o f 
stimul i  use d i s show n i n Figur e 4 .  Repeate d measure s 
A N O VA wit h "performanc e i n differen t  subset s o f  tes t 
items "  a s a  withi n subject s facto r  wer e conducte d fo r  eac h 
typ e o f  stimul i  separately .  I n al l  thre e model s th e 
homogeneit y o f  varianc e assumptio n coul d no t  b e 
maintaine d (a s assesse d b y th e Mauchl y Sphericit y Test ) 
thu s w e ha d t o resor t  t o a  mor e conservativ e test .  Fo r  th e 
"letters "  an d th e "cities "  stimul i  th e F-rati o wa s no t 
significan t  b y th e Greenhouse-Geisse r  test ,  (fo r  "letters" : 
F(3.02 ,  63 )  =  2.24 ,  p=.10 5 an d fo r  "cities" :  F(2.66 ,  63 )  = 
1.14 ,  p=.349) .  I n th e cas e o f  th e "shapes "  stimul i  ver y lo w 
performanc e o n item s wit h violation s i n th e nex t  t o las t 
positio n le d t o a  highl y significan t  differenc e (F(2.63 ,  63 )  = 
7.69 ,  p=.001) .  W e the n looke d a t  whethe r  ther e wa s a n 
interactio n betwee n typ e o f  stmiul i  use d an d performanc e i n 
differen t  subset s o f  th e tes t  items .  A  mixe d factoria l  desig n 
was ru n wit h "typ e o f  stimul i  used "  a s th e betwee n subject s 
facto r  an d "performanc e fo r  differen t  subset s o f  tes t  items " 
as a  withi n subject s factor .  Again ,  th e Mauchl y Sphericit y 
Test  wa s significan t  ( W <  0.05 )  s o w e ha d t o us e a  tes t  wit h 
fewe r  degree s o f  fi-eedom.  However ,  th e interactio n betwee n 
"typ e o f  stimul i  used "  an d "performanc e fo r  differen t  subset s 
of  tes t  items "  wa s no t  significan t  (F(7.53 ,  189 )  =  1.69 ,  p>.l ) 
by th e Greenhouse-Geisse r  test . 

typ e o f  stimul i  use d 

Subset s o f  Item s I n tti e tes t  par t 

Figur e 4 :  Performanc e o n differen t  subset s o f  th e tes t  set . 

The overall pattern of results for the transfer conditions 

was similar ,  albei t  distinguishe d b y a  decreas e i n accuracy , 

as i s typicall y foun d wit h transfe r  experiment s (Whittlese a & 

Dorken ,  1993 ;  Altman n e t  al. ,  1995) .  Overal l  performanc e 

was i n genera l  onl y slightl y abov e chanc e (Figur e 5 )  an d 

one-sampl e t-taile d test s agains t  chanc e wer e significan t  i n 

th e case s o f  th e citie s an d letter s stimuli ,  bu t  no t  i n th e cas e 

of  shape s (citie s stimuli :  t(I9 )  =  3.831 ,  p=.001 ;  letter s 

stimuli :  t(19 )  =  2.57 ,  p=.019 ;  shapes :  t(19 )  =  0.711 ,  p>.7) . 

Despit e th e fac t  tha t  i t  migh t  loo k a s i f  learnin g i s possibl e 

wit h stimul i  set s suc h a s citie s an d letter s an d no t  possibl e 

wit h th e shapes ,  a s before ,  th e difference s i n performanc e 

acros s condition s wer e no t  significan t  (F(2,57 )  =  2.537 ,  p 

=.09 ,  M S E =  0.003) .  Powe r  analyse s agai n reveale d tha t  a t 

leas t  15 0 participant s woul d hav e bee n require d t o provid e a 

p=.01 ,  power=0.9 5 differenc e fo r  a  give n compariso n 

betwee n performanc e o n differen t  kind s o f  stimul i  (larges t 

sampl e estimat e wa s mor e tha n 10000) . 

Likewise ,  a  mixed-factoria l  desig n A N O V A wit h "typ e o f 

stimul i  used "  a s th e betwee n participant s facto r  an d 

"performanc e fo r  differen t  subset s o f  tes t  items "  a s a  withi n 

participant s factor ,  wa s no t  significan t  (F(14 ,  399 )  =  1.43 ,  p 

=.138) ,  thu s replicatin g th e essenfia l  fmduig s o f  th e no -

transfe r  conditio n (se e Figur e 6) . 
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Figur e 5 :  M e a n performanc e wit h eac h typ e o f  stimuli ,  i n 

th e transfe r  condition . 
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Subse t s o f  Item s I n tes t  pai l 

Figure 6: Performance on different subsets of the stimuli 

fo r  th e transfe r  condition . 

Discussion 

We compare d a n overal l  accurac y measur e fo r  th e differen t 

kind s o f  stimul i  an d als o w e looke d a t  whethe r  th e pattern s 

of  erro r  wer e an y differen t  acros s stimulu s domains ,  bot h i n 

a no-transfe r  experimenta l  paradig m an d a  transfe r  one . 

Difference s wer e expecte d b y takin g not e o f  th e possibl e 

connectio n o f  A G L wit h primin g (Schacte r  e t  al ,  1991 )  an d 

als o th e fac t  tha t  a  realisti c conten t  wa s likel y t o introduc e 

genera l  knowledg e biase s tha t  wer e irrelevan t  wit h th e actua l 

regularitie s i n th e stimuli . 

I t  wa s conclude d tha t  performanc e di d no t  see m t o depen d 

on th e typ e o f  materia l  used ,  th e wa y item s wer e constructe d 

or  th e existenc e o f  an y possibl e biases .  Thi s resul t  i s 

significan t  fo r  existin g theorie s o f  A G L sinc e the y al l 

assume tha t  th e learnin g processe s involve d i n successfu l 

generalizatio n from  trainin g t o tes t  depen d onl y o n th e 

human processo r  bein g abl e t o acces s th e symboli c structur e 

of  th e stimuli .  Also ,  i t  support s th e us e o f  A G L a s a n 

experimenta l  paradig m fo r  th e stud y o f  inductiv e inference ; 

th e finding  tha t  A G L doe s no t  depen d o n difference s wit h 

th e type s o f  stimul i  investigate d suggest s tha t  AGL-typ e o f 

learnin g migh t  wel l  b e directl y generalizabl e t o mor e 

realisti c learnin g situation s a s well . 

Futur e wor k wil l  furthe r  addres s th e condition s tha t  migh t 

be affectin g A G L .  Fo r  instance ,  th e stimul i  i n thi s stud y 

wer e al l  constructe d s o a s no t  t o affec t  i n an y wa y th e 

symboli c salienc e o f  th e stimuli ,  i n lin e wit h th e observatio n 

tha t  al l  existin g theorie s o f  A G L depen d o n suc h informatio n 

being'available .  Thus ,  a n interestin g questio n tha t  follow s i s 

whethe r  learnin g woul d b e compromise d i n situation s wher e 

suc h informatio n i s les s available . 
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Abst rac t 

We argu e tha t  th e ke y questio n i n conceptua l  storag e i  s 
best  viewe d no t  a s a  questio n o f  instance s versu s 
generalisations ,  bu t  rathe r  on e o f  unitar y versu s multipl e 
representatio n account s o f  conceptua l  storage .  O n 
previou s evidence ,  i t  ha s bee n difficul t  t o determin e 
whethe r  a  particula r  resul t  stem s fro m store d informatio n 
regardin g th e concep t  o r  fro m th e processe s tha t  operat e 
i n invokin g a  particula r  concep t  (Komatsu ,  1992) .  I n 
thi s paper ,  w e attemp t  t o she d som e ligh t  o n th e natur e 
of  store d conceptua l  structur e usin g th e differen t 
influence s tha t  surfac e an d stmctura l  feature s hav e bee n 
shown t o hav e o n th e recal l  o f  a  particula r  representatio n 
(Centner ,  Ratterma n an d Forbus ,  1993) .  W e conclud e 
tha t  a t  leas t  som e concept s ma y no t  b e store d usin g a 
unitar y representation . 

Introduction 

What  i s store d i n th e min d whe n a  perso n learn s a  ne w 
category ? W h a t  kin d o f  menta l  representatio n (o r 
representations )  determin e judgement s o f  whethe r  thing s 
ar e t o b e classe d a s bicycles ,  pianos ,  theories ,  o r  games , 
etc. ? Thes e question s li e a t  th e hear t  o f  an y understandin g 
of  huma n conceptua l  prowess ,  an d a  rang e o f  potentia l 
answer s hav e bee n offere d i n thei r  solution ,  rangin g from 
necessar y an d sufficien t  essences ,  throug h definin g 
prototypes ,  t o average s o f  individua l  examples :  th e 
prepositiona l  schemati c model s o f  representatio n use d t o 
frame  mos t  theorie s o f  categorisatio n hav e th e powe r  t o 
accommodat e a  combinatio n o f  definin g schema s and/o r 
th e example s from  whic h schema s coul d b e consttucte d 
wit h equa l  coherence ,  a  flexibilit y  tha t  theorist s hav e 
exploite d t o th e full . 

Whils t  th e wor k o f  Wittgenstei n (1953 )  an d Rosch , 
(1978 )  ha s tempere d enthusias m amongs t  researcher s fo r 
classica l  essentialis t  account s o f  conceptua l  storage ,  ther e 
has bee n m u c h debat e abou t  th e natur e an d plausibilit y o f 
some for m o f  prototyp e schem a a s a  basi s fo r  conceptua l 
storag e (se e Komatsu ,  199 2 fo r  a  discussion) ,  thoug h 
what  i s  actuall y store d i s th e subjec t  o f  m u c h debate : 
Fodo r  an d Lepor e (1996 )  giv e m a n y goo d reason s fo r 
doubtin g pur e prototyp e theory ,  whereb y jus t  schema s ar e 
stored ,  whils t  Nosofsk y (1988 )  advocate s a  rejectio n o f 
store d schema s altogethe r  arguin g tha t  onl y example s ar e 
stored ,  an d tha t  ne w object s ar e classifie d b y a  proces s o f 
compariso n wit h store d examples .  Othe r  researcher s favou r 

some kin d o f  theoretica l  framework  a s a  basi s fo r  categor y 
storag e (e.g .  Med i n an d Ortony ,  1989 ;  Keil ,  1989 ) 

O ne poin t  tha t  ha s elude d m a n y discussion s o f 
conceptua l  storag e i s  tha t  debate s abou t  th e natur e o f 
representation s revolv e aroun d question s o f  granularit y 
rathe r  the n principle .  A s Borge s (1962 )  succinctl y 
demonstrate s i n th e m u c h quote d Fune s th e Memor ius , 
eve n a n 'instance '  i s  a  generalisatio n o f  sorts .  W h e n 
Fune s struggle s t o 

'comprehen d tha t  th e generi c symbo l  do g embrace s s o man y 
unlik e individuals.. .  i t  bothere d hi m tha t  th e tha t  th e do g see n a t 
3.1 4 (see n fro m th e side )  shoul d hav e th e sam e nam e a s th e do g 
at  3.1 5 (see n fro m th e front). '  Borge s (1962 )  p p 93-9 4 

he encounter s th e followin g problem :  i f  th e concep t  o f 
do g determine s whethe r  thing s w e encounte r  ar e dogs ,  the n 
i n th e sam e fashio n th e concep t  Spo t  mus t  similarl y unit e 
a certai n clas s o f  experience s o f  a  particula r  do g a s bein g 
experience s o f  Spo t  th e dog ,  an d s o on . 

Once thi s facto r  i s considered ,  w e argu e tha t  th e ke y 
questio n i n conceptua l  storag e i s  bes t  viewe d no t  a s a 
questio n o f  instance s versu s generalisations ,  bu t  rathe r  on e 
of  unitar y versu s multipl e representatio n account s o f 
conceptua l  storage .  Unitar y account s o f  categorisatio n 
posi t  a  singl e store d representatio n -  schema ,  prototyp e or , 
perhaps ,  theor y i n virtu e o f  whic h item s ar e classifie d 
int o a  categor y a s th e outcom e o f  s o m e process .  Multipl e 
representationa l  account s posi t  th e storag e o f  a  numbe r  o f 
representations ,  perhap s a t  differen t  level s o f  granularity , 
fro m 'instances '  (a s Mal t  (1995 )  argues ,  regularitie s -
perhap s a s a  resul t  o f  perceptua l  constraint s ar e 
inevitabl e a t  som e level )  t o broa d intermediat e 
generalisations ,  whic h m a y jointl y o r  individuall y resul t 
i n som e objec t  bein g categorise d a s th e outcom e o f  som e 
process . 

Differen t  model s o f  conceptua l  representatio n hav e 
differen t  implication s fo r  theorie s o f  categorisation .  I f  a 
unitar y representatio n mode l  i s  correct ,  the n on e woul d 
expec t  tha t  provide d on e coul d specif y th e store d 
representatio n an d th e proces s b y whic h object s w a e 
relate d t o it ,  on e shoul d i n principl e b e abl e t o giv e a 
definitiv e accoun t  of ,  sa y w h y i t  i s  s o m e thing s ar e X's . 
On th e othe r  hand ,  a  multi-representationa l  accoun t  migh t 
not  admi t  an y definitiv e accoun t  o f  X' s a t  all ,  sinc e th e 
multiplicit y o f  relation s betwee n th e differin g store d 
representation s tha t  coul d influenc e a n object' s X-nes s 
migh t  preclud e an y kin d o f  genera l  account .  A  specifi c 
object' s X-nes s migh t  b e dependen t  upo n tha t  -  an d onl y 
tha t  objects '  interactio n wit h a  particula r  subse t  o f  th e 
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store d element s relatin g t o X-ness ,  an d th e concomitan t 
proces s b y whic h X-nes s i s adjudged . 

A proble m i n m u c h researc h int o categorisatio n i s tha t 
experimenta l  result s hav e rarel y -  i f  eve r  -  directl y 
indicate d anythin g abou t  conceptua l  representation .  A s 
Komats u (1992 )  concisel y notes ,  i t  i s  difficul t  t o 
determin e whethe r  particula r  result s ste m fro m store d 
informatio n regardin g concept s (e.g .  propositiona l  o r 
imagina l  information )  o r  fro m th e processe s tha t  operat e 
i n invokin g a  particula r  concep t  (c.f .  Smit h an d Medin , 
1981) .  T h e vas t  majorit y o f  theorie s discusse d i n 
Komatsu' s (1992 )  comprehensiv e revie w assum e a 
'straight '  unitar y representation ,  th e exceptio n bein g 
granula r  instance-base d approache s t o categorisation ,  an d 
perhap s explanation-base d approache s (althoug h th e lac k 
of  an y specifi c  formulatio n o f  a n explanatio n (o r  theory ) 
base d mode l  o f  categorisatio n make s i t  impossibl e t o 
deduc e th e kin d o f  store d representation s suc h a  theor y 
woul d entail) . 

I n th e ligh t  o f  thes e considerations ,  w e fee l  tha t  direc t 
evidenc e regardin g th e natur e o f  th e storag e o f  a  concept , 
or  concepts ,  coul d hav e importan t  implication s fo r  th e 
w ay categorie s ar e viewed :  especiall y i f  tha t  evidenc e fail s 
t o suppor t  a  unitary-representatio n account . 

A process model 

I n previou s wor k (Ramsca r  an d Pain ,  1996 )  w e hav e 
questione d a n intuitiv e distinctio n -  hel d b y mos t 
psychologica l  researcher s -  betwee n analog y an d metapho r 
o n on e hand ,  an d categorisatio n o n th e other .  W e hav e 
argue d tha t  althoug h on e migh t  ordinaril y  distinguis h 
betwee n categor y membershi p an d analog y accordin g t o 
realis t  terms ,  ther e ar e goo d reason s fo r  treatin g thi s 
distinctio n wit h cautio n a t  a  theoretica l  level ,  esjjeciall y 
w h en w e focu s upo n cognitiv e processes . 

Th e argumen t  fo r  thi s i s twofold .  Firstly ,  i n principle : 
an y intuitive ,  pre-theoretica l  distinctio n betwee n real 
(intra-categorical )  an d metaphorica l  o r  analogica l  (inter -
categorical )  cognisanc e hinge s upo n a  contras t  definitio n 
tha t  sit s il l  wit h wha t  w e k n o w empiricall y an d 
theoreticall y abou t  categorisation .  Analog y an d metapho r 
ar e consistentl y define d i n contras t  t o categorisatio n (e.g . 
Holyoa k an d Thagard ,  1995) ;  ye t  a  contras t  definitio n 
relie s o n a n accoun t  o f  th e elemen t  wit h whic h th e 
contras t  i s  t o b e drawn :  th e messag e o f  m a n y year s o f 
empirica l  an d theoretica l  wor k (Wittgenstein ,  1953 ; 
Rosch ,  1978 ;  Barsalou ,  1983 ;  Mu rph y an d Medin ,  1985 ) 
i s tha t  ther e i s n o clea r  accoun t  o f  intra-categorica l 
association s betwee n individua l  item s wit h whic h 
supposedl y inter-categorica l  association s ca n b e contrasted . 
Our  dubiet y toward s thi s distinctio n i s furthe r  born e ou t 
by analyse s o f  reactio n tim e studies .  Fo r  instance , 
Hof fma n an d Kempe r  (1987 )  revie w o f  a  numbe r  o f 
reactio n tim e studie s ampl y demonstrate s th e absenc e o f 
evidenc e fo r  (an d amoun t  o f  evidenc e against )  th e widel y 
hel d belie f  tha t  litera l  (intra-categorical )  meaning s ar c 
processe d faste r  tha n metaphorica l  (inter-categorical ) 
meaning s (Recanat i  (1995 )  als o review s som e interestin g 
evidenc e contr a th e 'two-process '  approach) . 

Furthe r  suppor t  fo r  thi s positio n come s fro m a n earlie r 
stud y (Ramsca r  an d Pain ,  1996 )  whic h use d Centner' s 
(1983 )  Structur e Mapp in g Theor y ( S M T )  t o addres s th e 

questio n o f  whethe r  analog y ca n b e distinguishe d from 
categorisatio n b y contrastin g categorisationa l  wit h 
analogica l  processes. '  Centner' s theor y propose s tha t  i n 
mappin g an d inferenc e betwee n tw o representations , 

system s o f  relation s wil l  b e mappe d i n preferenc e t o 
individua l  features ,  an d tha t  highe r  orde r  relation s -
relation s betwee n relation s -  wil l  b e mappe d i n preferenc e 
t o lowe r  orde r  an d first-order  (relation s betwee n objects ) 
relations :  th e systematicit y principl e (Centner ,  1983) . 

Ramscar  an d Pain' s (1996 )  subject s wer e presente d wit h 
Centne r  e t  al' s  material s an d aske d t o categoris e them .  I t 
was expecte d tha t  structur e mappin g woul d determin e 

categorisatio n a s wel l  a s analogy :  i.e .  Centner' s theor y 
assume d tha t  matc h item s wit h onl y structura l  similaritie s 
('analogues' )  belon g t o differen t  categories :  Ramsca r  an d 
Pai n predicte d tha t  the y woul d b e 'categorised '  together . 
Ramscar  an d Pai n foun d tha t  a  significan t  majorit y o f  th e 
grouping s forme d b y subject s ha d onl y share d systemati c 
structur e (traditionall y define d a s analogy )  a s a  c o m m o n 
featur e amongs t  member s o f  th e categorie s formed ,  an d 
tha t  th e proces s underlyin g subjects '  categorisin g coul d b e 
modelle d -  an d henc e predicte d b y S M T ;  the y conclude d 
tha t  ther e wa s nothin g t o distinguis h subject' s analogica l 
from  thei r  categorisationa l  behaviour .  Thes e result s wer e 
replicated  b y Darrington ,  Lingstad t  an d Ramsca r  (1998 ) 
w ho discovere d tha t  subject s woul d eve n us e share d 
structur e i n nove l  objec t  description s t o over-rid e existin g 
categor y groupings . 

Our  secon d argumen t  i s a  pragmati c one .  Analog y 
model s ca n provid e a  framework  throug h whic h th e 
interaction s betwee n representatio n an d proces s ca n b e 
predicte d an d observed .  Traditionall y categorisatio n model s 
hav e concentrate d o n objec t  descriptions ,  makin g us e o f 
ver y representationally-simpl e attribute-valu e list s 
(Murph y &  Medin ,  1985) ,  wherea s analog y researc h ha s 
examine d relationship s betwee n highl y structure d 
representation s (considerin g th e influenc e o f  attributes , 
relation s an d higher-orde r  relation s i n judgement s o f 
similarity) .  Researc h int o analog y differ s fro m researc h 
int o categorisatio n i s i n th e richnes s o f  it s  proces s 
models .  A  numbe r  o f  detailed ,  plausible ,  wel l  accepte d 
model s o f  th e analogica l  proces s exis t  (Holyoa k an d 
Thagard ,  1995 ;  Forbus ,  Centne r  &  L a w ,  1995) :  th e sam e 
canno t  b e sai d o f  existin g categorisatio n models .  Researc h 
i n analog y ha s focuse d upo n th e processe s o f  mappin g an d 
inferenc e betwee n representations ,  an d th e interpla y 
betwee n thi s proces s an d thos e representation s rathe r  tha n 
simpl y determinin g wha t  kin d o f  mapping s certai n stati c 
representation s allow ,  a  characteristi c o f  m u c h 
categorisatio n researc h (c.f .  Komatsu ,  1992) . 

Representation and process 

A serie s o f  studie s b y Centner ,  Ratterma n an d Forbu s 
(1993 )  ha s explore d th e factor s determinin g h o w item s ar e 
accessed ,  i.e .  h o w representation s ar e selecte d i n orde r  t o 
allo w similarit y mappin g t o tak e place .  Thes e hav e show n 
tha t  acces s relie s primaril y upo n surfac e attribut e (o r 
objec t  attribute )  matches ,  an d the y propos e tha t  th e 

'  Thoug h develope d a s a  theor y o f  analogy ,  S M T i s no w considere d 
by Gentne r  t o appl y mor e generall y  a s a  theor y o f  similarity . 
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proces s underlyin g judgement s o f  similarit y ca n b e 
decompose d int o tw o sub-processes : 
*  Accessin g a  simila r  (base )  situatio n fro m m e m o r y ,  base d 

primaril y o n surfac e similarit y 
•Creatin g a  mapp in g fro m bas e t o targe t  usin g structura l 

commonalitie s ( S M T ) . 

We believ e tha t  thi s proces s mode l  ca n offe r  a  solutio n 
t o th e difficulties ,  mentio n above ,  o f  determinin g whethe r 
particula r  effect s resul t  fro m store d representation s o r  fi-om 
th e processe s tha t  operat e i n invokin g representations .  T h e 
followin g experimen t  w a s designe d t o us e thi s detaile d 
model  o f  th e processe s tha t  determin e th e retrieva l  an d 
mappin g (an d classifying )  o f  representation s t o 
empiricall y prob e th e natur e o f  conceptua l  storage . 

The Experiment 

I n th e cours e o f  Ramsca r  an d Pain' s (1996) ^  classificatio n 
experiment ,  subject s wer e aske d t o giv e eac h o f  thei r 
classe s a  n a m e tha t  w a s meaningfu l  t o them .  Becaus e o f 
th e particula r  natur e o f  tha t  task ,  thi s involve d subject s 
developin g (an d learning )  'categories '  tha t  containe d s o m e 
item s tha t  ha d onl y structura l  relation s i n c o m m o n .  B y 
examinin g th e attribute s the y coul d recal l  tha t  wer e 
associate d wit h tha t  n a m e ,  w e aime d t o us e Centne r  e t  al' s 
finding s abou t  systemati c structure s vs .  attribute s t o 
determin e th e representatio n associate d wit h th e name .  I f 
subject s store d s o m e kin d o f  abstracte d prototyp e i.e .  a 
unitar y representatio n o f  thei r  categor y -  w e woul d expec t 
tha t  th e attribute s associate d wit h th e mos t  prototypica l 
storie s woul d b e mos t  readil y retrieve d fro m m e m o r y , 
wit h attribute s recalle d insofa r  a s the y wer e relevan t  t o th e 
prototyp e (perhap s alon g th e frequency  line s on e migh t 
expec t  fro m th e analysi s i n tabl e 1) . 

Stor y 1  -  Bas e stor y 

Once ther e wa s a  teache r  name d Mrs .  Jackso n wh o wante d a  salar y 
increase .  On e day ,  th e principa l  sai d tha t  h e wa s increasin g hi s ow n 
salar y b y 2 0 percent .  However ,  h e sai d ther e wa s no t  enoug h mone y 
t o giv e th e teacher s a  salar y increase . 

When Mrs .  Jackso n hear d thi s sh e becam e s o angr y tha t  sh e decide d 
t o tak e revenge .  Th e nex t  day ,  Mrs .  Jackso n use d gasolin e t o se t  fire  t o 
th e principal' s  office . 

Then sh e wen t  t o a  ba r  an d go t  drunk . 
Stor y 2  -  Litera l  similarit y 

Professo r  Rosi e McGhe e ver y muc h wante d a  raise .  On e da y th e 
provos t  announce d tha t  h e wa s givin g himsel f  a  raise .  However ,  h e 
sai d tha t  sinc e mone y wa s short ,  n o on e els e woul d ge t  a  rais e thi s year . 

Afte r  Professo r  McGhe e hear d thi s sh e becam e s o upse t  tha t  sh e 
decide d t o ge t  even .  On e hou r  later .  Professo r  McGhe e ble w u p th e 
administratio n buildin g wit h dynamite . 
Stor y 3  -  Tru e Analog y 

McGhee wa s a  sailo r  wh o wante d a  fe w day s o f  vacatio n o n land . 
One day ,  th e captai n announce d tha t  h e woul d b e takin g a  vacatio n i n 
th e mountains .  However ,  h e sai d everyon e els e woul d Fiav e t o remai n 
on th e ship . 

Afte r  McGhe e hear d thi s h e becam e s o upse t  tha t  h e decide d t o ge t 
revenge .  Withi n a n hou r  McGhe e ble w u p th e captain' s cabi n wit h 
dynamite . 

Figur e I :  Sampl e storie s fro m Centner ,  e t  a l  (1993 )  -  th e tex t  i n bol d 

We did not expect this to happen There is too much 
empirica l  an d theoretica l  wor k tha t  canno t  b e 
accommodate d b y a  unitar y representatio n accoun t 
(Wittgenstein ,  1953 ;  Rosch ,  1978) .  O u r  hypothesi s wa s 

tha t  subject s woul d no t  hav e abstracte d a  unitar y 
representatio n fro m th e stimul i  tha t  the y ha d classe d 
together ,  bu t  woul d instea d hav e store d a  n u m b e r  o f 
representation s tha t  the y associate d wit h th e relevan t  clas s 
name.  W e predicte d tha t  introducin g a  clas s n a m e ou t  o f 
contex t  woul d m a k e i t  equall y likel y tha t  an y give n store d 
representatio n associate d wit h tha t  n a m e woul d b e recalled , 
wit h th e representatio n recalle d initiall y  drivin g furthe r 
recall .  Sinc e ou r  mode l  o f  recal l  i s  featur e driven ,  w e 
expecte d result s t o polarise ,  wit h thos e representation s 
wit h fe w surfac e attribute s i n c o m m o n leadin g t o min ima l 
recal l  o f  oneanother ,  an d thos e wit h m a n y surfac e 
attribute s i n c o m m o n leadin g t o goo d recal l  o f  oneanothe r 

Subjects 

T h e subject s wer e 2 0 volunteers ,  a  mixtur e o f 
postgraduat e an d undergraduat e student s from  th e Artificia l 
Intelligenc e Departmen t  a t  th e Universit y o f  Edinburgh . 

Materials 

Material s wer e th e classifie d set s o f  "Karl a th e h a w k " 
storie s (Centner ,  Ratterma n &  Forbus ,  1993 ;  se e figure 1 
fo r  examples )  produce d b y th e subject s i n Ramsca r  an d 
Pai n (1996) .  Eac h se t  contain s 3  stories ,  an d takin g on e 
stor y a s a  base ,  th e followin g taxonom y o f  similarit y 
relationship s betwee n th e storie s i n a  se t  ca n b e defined : 
'Litera l  similarit y (LS )  matche s t o bas e includ e bot h 

c o m m on relationa l  structur e an d c o m m o n objec t 
descriptions ; 

•  Structura l  similarity ,  (SS )  matc h base d upo n a  c o m m o n 
syste m o f  interna l  relation s wit h base . 
Thu s eac h se t  comprise d a  bas e (B) ,  a  stor y literall y 

simila r  t o i t  (LS) ,  on e structurall y simila r  t o i t  (S S -  i.e . 
wit h n o objec t  attribute s i n c o m m o n wit h th e base , 
althoug h S S storie s di d shar e s o m e objec t  attribute s wit h 
L S ) .  I n orde r  t o determin e th e relativ e effect s o f  objec t 
versu s structura l  matche s i n thi s experiment ,  th e "Karl a 
th e H a w k "  storie s wer e analyse d an d rate d t o determin e th e 
leve l  o f  attribut e commonalitie s betwee n th e individua l 
storie s i n eac h set . 

T w o rater s gav e a  numeri c valu e t o eac h o f  a  rang e o f 
possibl e surfac e attribut e correspondence s betwee n storie s 
(se e figur e 2  fo r  details) ,  an d the n individua l  attribut e 
correspondence s wer e totalle d an d average d betwee n th e 
tw o rater s i n orde r  t o determin e th e overal l 
correspondence s betwee n storie s (tabl e 1) .  Consistenc y 
betwee n rater s wa s 82 .5% .  Difference s betwee n rater s wer e 
resolve d b y discussion . 

Correspondenc e 

1 - 1 ma p 

stron g ma p 

'analogical '  associatio n 

weak 'analogy ' 

weak associatio n 

Exampl e 

man,  ma n 

street ,  roa d 

conned ,  robbe d 
fireman ,  paramedi c 

enlisted ,  begge d 
fireman ,  nurs e 
disappeared ,  shattere d 

Fred ,  Bil l  (bot h names ) 
fireman ,  accountan t  (bot h jobs ) 

Valu e 

5pt s 

4pt s 

3pt s 

2pt s 

Ip t 

^  Th e experimen t  discusse d her e wa s conducte d alongsid e Ramsca r 
and Pain' s study ;  thi s i s  th e first  tim e i t  ha s bee n analyse d an d reported . 

Figur e 2 :  Classificatio n criteri a fo r  determinin g surfac e similarity . 
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Set 

2 
3 
4 

1 ' 
« 

1 7 
•  8 

9 
10 
1 1 
12 
13 
14 
15 
16 
17 
18 
19 
20 

B-L S 

100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
95 
100 
100 
100 

LS-S S 

100 
65 
55 
85 
85 
75 
70 
85 
75 
95 
75 
75 
95 
SO 
95 
100 
80 
80 
100 

SS-B 

85 
45 
45 
55 
75 
60 
45 
65 
60 
75 
60 
50 
70 
35 
75 
70 
55 
60 
60 

Tabl e 1 :  Objec t  attribut e (surfac e feature )  similarit y ratio s betwee n 
storie s b y set . 

P r o c e d u r e 

Durin g th e classificatio n tas k (Ramsca r  &  Pain ,  1996 ,  se e 
above) ,  subject s wer e aske d t o giv e eac h o f  th e classe s 
the y produce d a  n a m e tha t  'woul d b e meaningfu l  t o the m 
later' .  Afte r  finishin g th e classificatio n task ,  eac h subjec t 
was give n a  5  minut e break ,  an d the n undertoo k a  2 0 
minut e diversionar y tas k (searchin g fo r  post-code s fro m a 
directory )  befor e bein g give n anothe r  5  minut e break .  Th e 
same subject s wer e the n presente d wit h a  sub-se t  (usuall y 
4 )  o f  th e name s the y ha d assigne d t o classe s durin g th e 
classificatio n task ,  an d aske d t o 'writ e d o w n wha t  yo u ca n 
remember  abou t  th e variou s feature s (o r  yo u m a y lik e t o 
see the m a s attributes )  o f  eac h o f  th e scenario s associate d 
wit h eac h name .  E.g .  yo u m a y hav e ha d a  scenari o abou t  a 
doo r  tha t  neede d varnishing .  Features ,  o r  attributes , 
associate d wit h suc h a  scenari o woul d b e "door "  an d 
"varnishing"' .  Subject s wer e give n 1 0 minute s t o 
complet e th e task . 

Results 

Th e 2 0 subject s yielde d a  tota l  o f  7 0 recal l  episodes . 
Scorin g 
Th e recalle d feature s wer e evaluate d b y tw o judge s usin g 
th e sam e scal e tha t  wa s use d t o evaluat e featur e 
correspondence s betwee n storie s (se e figur e 2) .  Point s 
wer e awarde d fo r  correspondence s betwee n feature s name d 
by th e subject s an d th e actua l  featur e nam e i n eac h give n 
stor y i n orde r  t o ge t  a  reflectio n o f  th e accurac y o f  eac h 
individua l  recal l  episode .  Th e tota l  attribut e recal l  fo r  eac h 
stor y wa s calculate d an d average d betwee n raters . 
Consistenc y betwee n rater s wa s 84.1% ;  a s i n th e ratin g o f 
stor y commonalities ,  difference s betwee n th e rater s wer e 
resolve d b y discussion . 
Individua l  Stor y Recal l 
B wa s bes t  recalle d stor y fo r  3 7 % o f  al l  recal l  episodes , 
SS i n 3 0 % o f  case s an d L S i n 3 3 % ;  a s predicted ,  ther e 
was n o significan t  bia s toward s recallin g an y particula r 
typ e o f  story .  However ,  whe n w e looke d a t  th e patter n o f 
recollection ,  irrespectiv e o f  th e particula r  storie s eac h 
subjec t  ha d recalled ,  ther e wer e significance s i n th e qualit y 
of  recal l  betwee n th e bes t  recalle d an d th e nex t  best ,  an d 
th e next-bes t  an d th e wors t  recalle d stories .  Subject s 
tende d t o clearl y recal l  on e stor y bette r  (7 0 cases ,  Mea n 

( M )  =  19.75 )  tha n th e nex t  { M =  14.74) ,  (withi n group s 
f(69 )  =  8.846 ,  p  <  0.0001) ,  an d the n thes e nex t  bes t 
recalle d storie s bette r  tha n th e wors t  (A /  =  11.1) ,  r(69 )  = 
11.802/ 7 <  0.0001 . 
Individua l  Recal l  Ordering s B y Stor y Typ e 

Pasc(B ) 
I n case s wher e B  wa s th e mos t  recalle d stor y i n term s o f 
feature s (2 6 cases ,  M -  18.44) ,  ther e wa s a  significan t 
differenc e i n th e qualit y o f  recal l  ove r  th e nex t  bes t  recalle d 
stor y type ,  L S ( M =  14.83) ,  ̂ 25 )  =  4.43 4 p  <  0.0001 , 

whic h i n tur n wa s recalle d significantl y mor e tha n S S ( M 
= 10.15) ,  r(25 )  =  3.7 7 p  <  0.0001 . 

Litera l  Similarit y (LS ) 
W h en L S wa s th e bes t  recalled  stor y ( M =  20.78) ,  nex t 
bes t  wa s B  (2 3 cases ,  M =  15.85) ,  /(22 )  =  5.28 8 p  < 
0.0001 ,  wit h S S recalle d leas t  wel l  ( M =  11.96) ,  r(22 )  = 

2.09 5 p  <  0.05 . 
Stnigttira l  Similarit y (SS ) 
I n case s wher e S S storie s wer e qualitativel y bes t  recalle d 
(2 1 cases ,  M =  20.12) ,  th e nex t  bes t  recalle d typ e wa s L S , 
( M =  13.43) ,  K20 )  =  5.88 6 p  =  <  0.0001 ,  an d th e leas t 
recalle d typ e wa s B  (A /  =  11.36) ,  althoug h th e betwee n 
typ e differenc e betwee n L S an d B  wa s no t  significan t 
(r(20) = 1.90 1 p  <  0.072) ;  th e differenc e i n recal l  qualit y 
betwee n S S an d B  wa s stil l  significan t  (r(20 )  =  6.60 9 p  < 
0.0001) . 

B Bes t  Recalle d 

26 cases ; 
Mean= 18.4 4 

LS Bes t  Recalle d 

23 cases ; 
Mean =  20.7 8 

SS Bes t  Recalle d 

21 cases ; 
Mean =  20.1 2 

Next  Bes t  -  L S 

Mean =  14.8 3 

Next  Bes t  -  B 

Mean =  15.8 5 

Next  Bes t  -  L S 

Mean =13.4 3 

Next  Bes t  -  S S 

Mean= 10.1 5 

Next  Bes t  -  S S 

Mean= 11.9 6 

Next  Bes t  -  B 

Mean =11.3 6 

Tabl e 2 :  Mea n recal l  ordering s b y stor y typ e 

Discussion 

The experimen t  produce d littl e evidenc e t o suppor t  a  belie f 
tha t  ou r  subject s ha d abstracte d an d store d schema s fro m 
th e group s the y ha d classified ,  despit e th e fac t  tha t  a  share d 
structura l  schem a wa s th e basi s o f  subjects '  origina l 
classificatio n decision s (Ramsca r  &  Pain ,  1996) .  I f  som e 
versio n o f  a  store d prototyp e theor y wer e true ,  w e expecte d 
a majorit y o f  L S feature s t o b e recalle d i n mos t  instances . 
I n fact ,  B  feature s wer e mos t  ofte n recalled ,  thoug h no t 
significantly :  th e tren d favoure d a  rando m distribution . 
Anothe r  resul t  tha t  migh t  als o favou r  prototyp e theor y 
woul d hav e bee n a  situatio n wher e al l  th e storie s wer e 
recalle d wit h m u c h th e sam e frequency,  i.e .  L S = B = S S , 
sinc e suc h a  resul t  coul d b e a  produc t  o f  th e stron g featur e 
commonalitie s betwee n th e L S storie s an d member s o f 
bot h o f  th e othe r  stor y types .  However ,  ther e wa s a 
significan t  tren d fo r  subject s t o recal l  on e stor y mor e tha n 
another ,  an d th e nex t  bes t  stor y mor e tha n th e leas t 
recalle d story . 

O ne criticis m o f  thi s initia l  conclusio n migh t  b e tha t 
our  task ,  b y askin g subject s t o writ e dow n feature s 
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associate d wit h individua l  scenarios ,  biase d agains t  recal l 
of  a  singl e unitar y o r  abstracte d representation .  However , 
again ,  give n tha t  L S stor y se t  attribute s fonne d th e 
intersectio n o f  th e set s o f  feature s fo r  al l  o f  th e stor y sets , 
we woul d expec t  an y unitar y o r  abstracte d reprcsi-nlatio n 
of  al l  o f  th e storie s i n a  give n se t  t o contai n mainl y L S 
stor y se t  attribute s an d t o caus e a  majorit y o f  L S stor y se t 
attribute s t o b e recalled .  Clearly ,  thi s wa s no t  th e case . 

I f  subject s randoml y recalle d a n individua l  instanc e o f  a 
clas s the n w e woul d expec t  fro m Centne r  e t  al' s  similarit y 
recal l  finding s tha t  th e attribute s o f  thi s instanc e shoul d 
influenc e whic h othe r  stor y the y migh t  recal l  fro m th e 
class :  i f  B  i s recalled ,  recal l  o f  a  B  stor y shoul d promp t 
recal l  o f  a n L S stor y ove r  a  S S story ,  a s B  share s mor e 
surfac e attribute s wit h L S tha n S S ( B an d L S shar e 1 0 
surfac e attribute s t o ever y 6  share d b y B  an d SS) ,  an d 
Centne r  e t  al' s  findings  wer e tha t  surfac e attribute s rathe r 
tha n share d structur e promot e recall :  wher e B  feature s wer e 
bes t  recalle d thi s patter n emerge d throughou t  ou r  study . 
As w e predicted ,  a s a  resul t  o f  L S storie s sharin g a  highe r 
percentag e o f  surfac e attribute s wit h B  tha n S S share d 
wit h B ,  recal l  o f  B  le d t o a  significantl y highe r  qualit y o f 
recal l  fo r  L S tha n SS .  Th e result s wher e L S storie s wer e 
most  strongl y recalle d als o supporte d thi s analysis ,  wit h 
SS recal l  promptin g significantl y bette r  recal l  o f  B 
attribute s tha n S S attribute s (eve n though ,  comparatively , 
L S share d mor e surfac e feature s wit h S S tha n SS-B) . 

Indicativ e o f  th e fac t  tha t  S S share d fewe r  surfac e 
commonalitie s wit h th e othe r  stor y types ,  (SS-L S 
attribut e commonalitie s wer e m u c h weake r  tha n B-LS ,  an d 
i n specifi c  set s littl e greate r  tha n B-SS ;  se e tabl e 1) ,  goo d 
SS recal l  di d no t  produc e a  bia s toward s L S o r  B  a s th e 
next-bes t  recalle d stor y type ;  althoug h ou r  result s showe d 
some tendenc y toward s S S promptin g L S ove r  B ,  i t  wa s 
not  significan t  (se e als o tabl e 2) . 

Our  hypothesi s tha t  subject s woul d recal l  storie s 
individuall y fro m m e m o r y i s furthe r  supporte d b y th e 
natur e o f  subject' s recollection .  Irrespectiv e o f  th e 
particula r  storie s eac h subjec t  ha d recalled ,  ther e wer e 
significance s i n th e qualit y o f  recal l  betwee n th e bes t 
recalled ,  an d th e nex t  best ,  an d th e next-bes t  an d th e wors t 
recalle d stories . 

A possibilit y  tha t  w e canno t  eliminat e i n thi s instanc e 
i s tha t  subject s m a y hav e bee n influence d b y th e orde r  i n 
whic h storie s wer e presented .  I n ou r  study ,  presentatio n 
was randomise d i n a  manne r  tha t  mad e i t  impossibl e t o 
correlat e presentatio n an d recal l  orderings .  However ,  a s w e 
note d above ,  ther e i s a  ver y stron g correlatio n betwee n th e 
feature s o f  th e L S stor y i n eac h se t  an d th e feature s o f  a n 
idealise d prototyp e o f  tha t  se t  (i.e .  L S features ,  especiall y 
at  th e leve l  o f  name s o f  relations ,  ar e mos t  typica l  o f  al l 
members) .  Sinc e subjects ,  w h o used  share d structur e t o 
grou p th e stories ,  di d no t  sho w a  tendenc y t o recal l  L S 
feature s best ,  an y correlatio n betwee n presentatio n orde r 
and recal l  orde r  coul d onl y furthe r  suppor t  th e cas e agains t 
some share d representatio n havin g bee n abstracte d an d 
stored . 

Applyin g Centner ,  e t  al' s  (1993 )  persuasiv e analysi s o f 
th e influenc e o f  surfac e vs .  dee p structur e o n recal l  t o ou r 
results ,  i t  woul d appea r  tha t  bein g presente d wit h a  clas s 
name i n n o particula r  contex t  cause d th e subject s t o 
randoml y recal l  on e o f  th e example s associate d wit h tha t 

name,  an d the n us e tha t  exampl e a s th e stimulu s fo r 

recallin g othe r  clas s members .  O n thi s evidence ,  i t  woul d 
appea r  tha t  subject s ha d store d clas s example s alon g wit h 
a cu e -  th e clas s nam e rathe r  tha n an y generalisatio n o f 
th e clas s itself .  Thes e findings  sugges t  tha t  a t  leas t  s o m e 
concept s ar e store d a s multiple-representations ,  rathe r  tha n 
as unitar y conceptua l  schemas . 

General Discussion 

We hav e show n i n thi s pape r  tha t  subject s i f  subject s 
name a  clas s whos e membershi p i s determine d entirel y b y 
share d structure ,  the y ca n retriev e informatio n regardin g it s 
members withou t  appearin g t o abstrac t  a  c o m m o n schem a 
definitiv e o f  tha t  class .  Suc h evidenc e fo r  a  non-unitar y 
accoun t  o f  categor y representatio n shoul d no t  c o m e a s a 
surprise :  th e literatur e i s filled  wit h materia l  tha t  cast s 
doub t  o f  th e plausibilit y  o f  unitar y account s o f  concep t 
representatio n (Wittgenstein ,  1953 ;  Rosch ,  1978 ; 
Komatsu ,  1992) . 

Our  interpretatio n o f  thes e findings  doe s no t  howeve r 
lea d u s automaticall y t o th e vie w tha t  'category ' 
association s ar e exclusivel y drive n b y examples ;  rather , 
we subscrib e t o th e vie w pu t  forwar d b y Wittgenstei n 
(1953 ;  se e als o Ramscar ,  1997) .  Wittgenstei n provide s a 
number  o f  goo d reason s t o believ e tha t  h u m a n 'categories ' 
canno t  b e give n simpl e unitar y account s tha t  ar e amenabl e 
t o definitio n b y a  singl e schema ;  h e als o question s wha t 
coul d b e intrinsi c t o a  'generalised '  categor y schem a tha t 
woul d caus e i t  t o b e use d differentl y t o a n exampl e o f  tha t 
whic h i t  wa s suppose d t o b e a  generalisatio n of .  W e fin d 
thes e question s compelling .  A t  th e sam e time ,  experience , 
intuitio n an d a  respec t  fo r  natura l  parsimon y make s u s 
war y -  thoug h i n practic e rathe r  tha n i n principl e -  o f 
jumpin g t o th e conclusio n tha t  al l  categorica l  association s 
ar e a  su m o f  processe d similaritie s wit h al l  store d 
exemplars .  W e woul d argue ,  however ,  tha t  progres s i s no t 
contingen t  o n findin g a  solutio n t o th e questio n o f  exactl y 
h o w categorie s ar e represented .  I t  i s  th e proces s o f 
associatio n tha t  i s  importan t  t o us ,  an d fro m a  processin g 
poin t  o f  view ,  th e questio n o f  whethe r  a  store d schem a 
relate s t o a n exampl e o r  som e intermediat e generalisatio n 
i s no t  necessaril y  important .  W h a t  i s important ,  fro m th e 
poin t  o f  vie w o f  processing ,  i s t o sho w h o w store d 
representation s (whateve r  thei r  exac t  nature )  relatin g t o th e 
individua l  surfac e element s (th e featur e 'nodes '  i n S M T ) 
comprisin g th e schema s tha t  represen t  item s bein g 
associate d i n th e manne r  describe d i n structur e mappin g 
theor y ar e recursivel y processe d i n turn ,  suc h tha t  th e 
'networ k o f  similaritie s tha t  determine s a  give n 
associatio n ca n settl e (se e Ramscar ,  Pai n an d Coope r 
(1997 )  fo r  a n illustratio n o f  ou r  recursiv e vie w o f  th e 
associativ e mappin g process) . 

Anothe r  advantag e o f  viewin g categorisatio n fro m a 
proces s oriente d perspectiv e i s tha t  i t  offer s u p th e 
possibilit y  o f  bridgin g th e divid e betwee n tw o seemingl y 
conflictin g account s o f  categorisation :  similarity-base d 
accounts,  an d mor e rationalis t  'theory-based '  accounts . 
Whils t  similarity-base d account s o f  categorisatio n (e.g . 
Rosch ,  1978 )  ca n captur e m u c h o f  th e natur e o f  ou r  long -
ter m categorie s (tha t  the y hav e n o explici t  definitions ,  an d 
tha t  ther e ar e usuall y a  numbe r  o f  propertie s tha t  ar e 
generall y associate d wit h 'categories') ,  the y hav e bee n 
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criticise d fo r  failin g t o captur e th e explanator y powe r  o f 
categories ,  an d fo r  failin g t o explai n w h y peopl e ma y 
categoris e i n way s tha t  g o beyon d surfac e similarit y 
(Medi n an d Ortony .  1989) .  Kei l  (1989 )  note s tha t  whils t 
children' s concept s ar e base d upo n pur e similarit y 
"origina l  sim '  -  thes e the n ge t  replace d wit h mor e 
theoreticall y base d conceptua l  understanding s a s a  chil d 
develop s (se e als o Murph y an d Medin ,  1985 ;  Medi n an d 
Ortony ,  1989) . 

W h at  thes e theor y base d account s lac k i s an y clea r 
descriptio n o f  th e proces s b y whic h theorie s ar e suppose d 
t o gover n categorisation ,  or ,  importantly ,  exactl y wha t 
kin d o f  theoretica l  understanding s ar e suppose d t o underpi n 
h u m an conceptua l  understanding s whic h ar e notoriousl y 
vagu e an d ofte n incoherent .  W e believ e tha t  Centner' s 
(1983 )  insight ,  tha t  relation s betwee n feature s (i.e . 
constraints )  ca n driv e computation s o f  similarity ,  ca n g o 
at  leas t  som e w a y toward s squarin g thi s apparen t  circle . 
Th e assumptio n tha t  similarit y canno t  accoun t  fo r  th e 
apparen t  theoretica l  notio n o f  categorica l  association s 
stem s fro m th e assumptio n tha t  similarit y i s  drive n b y 
feature s alone .  W h e n th e relationa l  constraint s tha t  driv e 
th e similarit y compariso n proces s ar e considered ,  an d onc e 
a richer  notio n o f  menta l  representatio n tha n unrelate d 
featur e cluster s i s include d i n th e picture ,  i t  i s  possibl e t o 
see h o w similarit y ca n provid e a n accoun t  o f  th e 
associativ e proces s tha t  determine s h u m a n categorisatio n 
decision s whic h captur e thei r  theoretica l  flavour, '  withou t 
entailin g theoretica l  account s o f  individua l  categories ' 
whic h b y thei r  natur e (c.f .  Wittgenstein ,  1953 )  ar e mor e 
of  th e natur e o f  underdetermine d collection s o f 
generalisation ,  similarit y an d histor y tha n the y ar e unitar y 
'theoretical '  entities . 
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Abst rac t 

We argu e tha t  c o m m o n interpretation s o f  Wittgenstein' s 
Philosophica l  Investigation s withi n Cognitiv e Scienc e 
misrepresen t  hi s account ,  underplayin g it s radica l  content . 
Appropriatel y interpreted ,  thi s accoun t  continue s t o 
challeng e contemporar y theorie s o f  concept s an d 
categorisation .  W e illustrat e th e continue d relevanc e o f  hi s 
positio n b y directl y applyin g it s  critiqu e t o curren t 
approache s t o categorisation . 

Introduction 

66. Consider for example the proceedings we call "games". I mean 
board-games ,  card-games ,  ball-games ,  Olympic-games ,  an d s o on . 
What  i s conmio n t o the m all ? -  Don' t  say :  "Ther e mus t  b e somethin g 
common,  o r  woul d the y no t  b e calle d 'games' "  bu t  loo k an d se e 
whethe r  ther e i s anythin g common t o all .  For ,  i f  yo u loo k a t  the m 
you wil l  no t  se e somethin g tha t  i s common t o all ,  bu t  similarities , 
relationships ,  an d a  whol e serie s o f  the m a t  that .  T o repeat ,  don' t 
think ,  bu t  look !  (Wittgenstei n 1953 ,  §66 ,  p31) . 

Cognitiv e scienc e ha s a  stron g interes t  i n categorisation : 
accountin g fo r  h o w th e 'stuf f  o f  experience '  i s  represented , 
manipulate d an d combine d i n th e min d i s a  centra l  concer n 
of  man y researcher s i n th e field .  A s ca n b e quickl y gleane d 
fro m a  eve n casua l  perusa l  o f  th e relevan t  literature , 
Wittgenstein' s analysi s o f  concept s an d categorie s i n th e 
Philosophica l  Investigation s (1953 ;  PI )  ha s ha d a  grea t 
influenc e o n th e approache s take n i n thi s area . 

I n Ramsca r  (1997 )  w e examine d i n detai l  th e veracit y o f 
th e interpretatio n o f  Wittgenstein' s vie w tha t  i s  common l y 
hel d b y researcher s studyin g categorisation ,  comparin g i t 
wit h a  detaile d expositio n o f  Wittgenstein' s arguments . 
Althoug h Wittgenstei n i s  ofte n presente d a s a n opaque , 
difficul t  t o interpret ,  an d rathe r  obscur e philosophe r 
sometime s leadin g t o th e Philosophica l  Investigation s bein g 
seen a s a  philosophica l  pic k 'n '  mix ,  a  serie s o f  gnomi c 
quotable s t o b e plundere d i n suppor t  o f  a  thesi s -  P I  section s 
§66 t o §8 2 actuall y la y ou t  a  clear ,  i f  intricatel y connected , 
serie s o f  argument s detailin g Wittgenstein' s theoretica l 
treatmen t  o f  categorie s an d categorisatio n i n a  fairl y 
straightforwar d manner .  Th e pictur e tha t  emerge s fro m a 
clos e readin g o f  Wittgenstein' s tex t  i s  a t  considerabl e 
varianc e wit h th e generall y accepte d accoun t  o f 
Wittgenstein' s position .  A t  leas t  on e reaso n fo r  thi s i s  a 
fundamenta l  one :  whils t  Wittgenstei n i s  ofte n cite d a s a 

foundin g influenc e i n cognitiv e approache s t o concept s an d 
categorisation ,  hi s  concern s wer e markedl y differen t  tha n 
thos e o f  researcher s i n th e m o d e m cognitivis t  tradition . 
Whils t  m u c h categorisatio n researc h ha s bee n concerne d wit h 
categor y representatio n -  th e encodin g an d structurin g o f 

object s togethe r  i n som e for m o f  interna l  representatio n 
syste m (se e Komatsu ,  199 2 fo r  a  review )  -  Wittgenstei n wa s 
mor e concerne d wit h wor d use ,  wit h th e wa y tha t  label s ar e 
use d t o pic k ou t  object s i n th e worl d a s a  par t  o f  th e proces s 
of  communication .  I n doin g this ,  Wittgenstei n wa s 
concerne d wit h tryin g t o specif y th e wa y i n whic h th e us e o f 
concept s an d categorie s i n communicatio n impose s 
constraint s o n theoretica l  account s regardin g thei r  natur e -
th e 'looking '  i n §6 6 abov e strongl y emphasisin g th e nee d 
t o full y  understan d th e proble m befor e tacklin g an y solutio n 
t o it . 

Family resemblances? 

Th e accepte d interpretatio n o f  Wittgenstein' s accoun t  withi n 
cognitiv e scienc e i s  nicel y summarise d b y Lakof f  (1987 ; 
account s whic h concu r  broadl y wit h thi s ca n b e foun d i n 
Johnson-Laird ,  1983 ;  Medi n &  Ortony ,  1989 ;  Komatsu , 
1992) .  Lakof f  acknowledge s Wittgenstei n a s th e first 
theoris t  t o notic e wha t  h e term s a  majo r  crac k i n th e 
classica l  theor y o f  concept s an d categorie s (e.g .  Katz ,  1972) . 
Wittgenstein ,  say s Lakoff ,  argue s tha t  categorie s suc h a s 
game canno t  b e accounte d fo r  accordin g t o classica l  theorie s 
becaus e ther e ar e n o propertie s tha t  ar e c o m m o n t o al l 
games.  Lakof f  draw s tw o ke y these s fro m thi s argument : 
1:  "Games ,  lik e famil y member s ar e simila r  t o on e anothe r 
i n a  variet y o f  ways" ;  an d 
2:  "Tha t  [famil y resemblances] ,  an d no t  a  singl e wel l  define d 
collectio n o f  c o m m o n propertie s i s  wha t  make s g a m e a 
category "  (Lakoff ,  1987 ,  p p 16-17 ) 

Whils t  1  i s a n uncontentiou s statemen t  o f  Wittgenstein' s 
views ,  2  i s a  rathe r  mor e difficul t  interpretatio n t o sustain . 
I n P I  §6 6 ( p 31 )  Wittgenstei n explicitl y  state s tha t  'yo u wil l 
not  se e somethin g tha t  i s c o m m o n t o al l  [games]' .  Rather , 
he argue s tha t  wha t  game s hav e i n c o m m o n i s th e n o w 
notoriou s famil y resemblances :  " a complicate d networ k o f 
similaritie s overlappin g an d criss-crossing :  sometime s 
overal l  similarities ,  sometime s similaritie s o f  detail '  (PI ,  p 
32) .  Lakoff ,  (an d cognitiv e scientist s i n general )  tak e thi s t o 
be Wittgenstein' s characterisatio n o f  wha t  a  categor y is .  Bu t 
what  appear s t o escap e thes e interpreter s i s  th e extrem e 
negativit y o f  thi s characterisation .  I n P I  §6 7 (p p 3 1 -2 ) 
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Wittgenstei n explicitl y  condemn s thi s characterisatio n o f 
namin g categorie s a s vacuous .  Sayin g tha t  th e c o m m o n 
them e tha t  run s throug h a  categor y i s th e continua l  overla p 
o f  famil y resemblance s i s directl y analogou s t o sayin g tha t 
th e c o m m o n thin g tha t  run s throug h a  threa d i s continuou s 
overlappin g o f  th e fibre s tha t  m a k e u p th e thread ,  an d 
Wittgenstei n dismisse s bot h o f  thes e account s a s empt y 
gestures :  ' N o w yo u ar e onl y playin g wit h words '  (P I  p  32) . 
Ther e is ,  h e says ,  n o thin g tha t  run s throug h a  threa d i n th e 

for m o f  overlappin g fibres; a  threa d simpl y i s a  serie s o f 
overlappin g fibres .  Hi s vie w i s a  seriou s challeng e to ,  rathe r 
tha n a n endorsemen t  of ,  Lakoff s formulation :  i f  famil y 
resemblance s ar e th e c o m m o n thin g tha t  ru n throug h g a m e , 
jus t  a s overlappin g fibre s ar e th e c o m m o n thin g tha t  ru n 
throug h a  thread ,  the n wha t  i s thi s thin g suppose d t o be ? 
H o w i s i t  suppose d t o d o whateve r  i t  i s  i t  i s  suppose d t o do ? 
H o w long ,  Wittgenstei n asks ,  i s  a  piec e o f  string ? 

The length of a string - naming and boundaries 

Thi s questio n -  'ho w lon g i s a  piec e o f  string? '  -  become s 
importan t  onc e th e secon d par t  o f  Lakoff s expositio n i s 
introduced .  Wittgenstein ,  a s Lakof f  notes ,  argue s tha t  th e 
boundarie s o f  categorie s ar e no t  fixed,  comment in g 

68.  "Al l  right:  th e concep t  o f  numbe r  i s define d fo r  yo u a s th e 
logica l  su m o f  thes e individua l  interrelate d concepts :  cardina l 
numbers ,  rationa l  numbers ,  rea l  numbers ,  etc. ;  an d i n th e same  wa y 
th e concep t  o f  a  gam e i s th e logica l  su m o f  a  correspondin g se t  o f 
sul)-concepts. "  I t  nee d no t  b e so .  Fo r  1  ca n giv e th e concep t 
'number '  rigid  limit s i n thi s way ,  tha t  i s  us e th e wor d "number "  fo r  a 
rigidly  limite d concept ,  bu t  I  ca n als o us e i t  s o tha t  th e extensio n o f 
th e concep t  i s  no t  close d b y a  frontier .  An d thi s i s ho w w e d o us e th e 
wor d "game" .  Fo r  ho w i s th e concep t  o f  a  gam e bounded ? What  stil l 
count s a s a  game ,  an d wha t  n o longe r  does ? Ca n yo u giv e th e 
boundary ? No .  Yo u ca n dra w one .  fo r  non e ha s s o fa r  bee n drawn . 
(Bu t  tha i  neve r  trouble d yo u whe n yo u use d th e wor d "game " 
before.) .  (Wingenstei n 1953 ,  p32-3) . 

Lakof f  interpret s thi s discussio n o f  n u m b e r  a s follows : 
historically ,  say s Lakoff ,  number s wer e first  take n t o b e 
integers ,  an d the n 'numbers '  wer e successivel y extende d t o 
includ e rationa l  numbers ,  rea l  numbers ,  comple x numbers , 
transfinit e numbers ,  an d al l  o f  th e othe r  number s tha t 
mathematician s ar e won t  t o invent .  Bu t  th e concep t  o f 
"number '  i s  no t  bounde d i n an y natura l  way ,  an d i t  ca n b e 
limite d o r  extende d dependin g upo n one' s circumstance s an d 
purposes .  Lakof f  say s tha t  i n mathematics ,  intuitiv e h u m a n 
concept s lik e n u m b e r  mus t  receiv e precis e definitions : 
Wittgenstein' s point ,  h e claims ,  i s tha t  differen t 
mathematician s giv e differen t  definitions ,  dependin g upo n 
thei r  goal .  Thu s althoug h th e categor y n u m b e r  ca n b e give n 
precis e boundarie s i n m a n y ways ,  'th e intuitiv e concep t  i s 
no t  limite d i n an y o f  thos e ways ;  rather ,  i t  i s  ope n t o bot h 
limitation s an d extensions '  (Lakoff ,  1987 ,  p p 17) . 

T h e ke y question ,  o n Lakoff s account ,  i s  h o w thos e 
limitation s an d extension s ar e governe d -  wha t  factor s 
determin e th e boundarie s o f  categorie s i n give n 
circumstances .  Lakof f  answer s thi s questio n i n relatio n t o 
g a me b y sayin g tha t  game' s boundarie s ar e governe d b y 
resemblanc e t o previou s g a m e s i n appropriat e ways :  a  n e w 
thin g ca n b e a  g a m e i f  i t  i s  suitabl y simila r  t o previou s 
g a m e s .  Lakof f  cite s th e introductio n o f  vide o game s i n th e 

1970 s a s a  recen t  exampl e o f  th e boundarie s o f  th e gam e 
categor y bein g extende d o n a  larg e scale . 

O n ce again ,  subtl e an d not-s o subtl e discrepancie s ca n b e 
distinguishe d betwee n Lakoff s characterisatio n o f 
Wittgenstein' s view s an d th e conten t  o f  Wittgenstein' s 
state d arguments .  I n §68 ,  Wittgenstei n say s tha t  on e 'ca n 
giv e th e concep t  'number '  rigid  limit s i n thi s way ,  tha t  i s 
us e th e wor d "number "  fo r  a  rigidly  limite d concept, ' 
Lakoff s clai m tha t  i n mathematic s n u m b e r  mus t  receiv e 

precis e definition s appeal s t o thi s -  'bu t  I  ca n als o us e i t  so 
tha t  th e extensio n o f  th e concep t  i s no t  close d b y a  frontier.' 
Here ,  Wittgenstei n i s no t  talkin g abou t  th e extensibilit y  o f 
borders ,  bu t  somethin g fa r  mor e radical :  'Yo u ca n dra w [ a 
boundary] ,  fo r  non e ha s s o fa r  bee n drawn .  (Bu t  tha t  neve r 
trouble d yo u whe n yo u use d th e wor d " g a m e "  before) '  (P I  p p 
32-3) .  Wittgenstei n isn' t  talkin g her e abou t  th e extensibilit y 
of  boundaries ;  h e i s talkin g abou t  thei r  absence ,  a  poin t 
develope d i n P I  §6 9 t o §73 :  categorie s d o no t  have ,  o r  need , 
boundarie s a t  all .  I n th e contex t  o f  Wittgenstein' s overal l 
discussio n o f  categories ,  thi s i s a  vitall y  importan t  point :  i t 
i s  on e thin g t o see k t o determin e th e lengt h o f  a  piec e o f 
strin g whos e lengt h isn' t  fixed  (w e migh t  ad d a  tempora l 
dimensio n t o ou r  answe r  fo r  instance) ;  i t  i s  quit e anothe r 
thin g t o see k t o fin d ou t  h o w lon g a  piec e o f  strin g i s whe n 
th e strin g i s o f  n o particula r  lengt h a t  all . 

On thi s point ,  Wittgenstei n i s emphati c (P I  §69) .  O n e ca n 
dra w a  boundary ,  fo r  a  specia l  purpose ,  bu t  i t  i s  jus t  that ,  a 
draw n boundary .  Importan t  i n th e contex t  o f  th e specia l 
purpose ,  n o doubt ,  bu t  arbitrar y t o th e concep t  o r  categor y 
i n question .  W e d o no t  nee d t o dra w boundaries ,  becaus e w e 
ca n happil y us e concept s wher e n o boundar y ha s bee n drawn ; 
thu s categorie s d o no t  nee d boundarie s t o b e usable .  T o 
furthe r  iterat e thi s point ,  Wittgenstei n consider s th e stat e o f 
a use r  o f  a  categor y (concept )  w h o canno t  specif y tha t 
category' s boundaries :  i s  th e use r  ignoran t  o f  thos e 
boundaries ? -  N o ,  sh e doe s no t  'kno w th e boundarie s becaus e 
non e hav e bee n drawn '  (PI ,  p33) .  No t  knowin g th e 
boundarie s o f  g a m e i s no t  a  stat e o f  ignoranc e -  i t  i s  jus t 
reflectiv e o f  th e boundariles s stat e o f  th e categor y game . 

Th e thesi s tha t  categorie s don' t  hav e boundarie s i s vita l  t o 
Wittgenstein' s position : 

71.  On e migh t  sa y tha t  th e concep t  'game '  i s  a  concep t  wit h blurre d 
edges .  -  "Bu t  i s  a  blurre d concep t  a  concep t  a t  all? "  -  I s a n indistinc t 
photograp h a  pictur e o f  a  perso n a t  all ? I s i t  eve n alway s a n 
advantag e t o replac e a n indistinc t  pictur e b y a  shar p one ? Isn' t  th e 
indistinc t  on e ofte n exactl y wha t  w e need ? 

Freg e compare s a  concep t  t o a n are a an d say s tha t  a n are a withou t 
boundarie s canno t  b e calle d a n are a a t  all .  Thi s presumabl y mean s 
tha t  w e canno t  d o anythin g wit h it .  -  Bu t  i s i t  senseles s t o say :  "Stan d 
roughl y there" ? Suppos e tha t  I  wer e standin g wit h someon e i n a  cit y 
squar e an d sai d that .  A s 1  sa y i t  I  d o no t  dra w an y kin d o f  boundary , 
but  perhap s poin t  wit h m y han d -  a s i f  I  wer e indicatin g a  particula r 
spot .  An d thi s i s jus t  ho w on e migh t  explai n t o someon e wha t  a  gam e 
is .  On e give s example s an d intend s the m t o b e take n i n a  particula r 
way.  - 1 d o not ,  however ,  mea n b y thi s h e i s suppose d t o se e i n thos e 
example s tha t  common thin g tha t  I  -  fo r  som e reaso n -  wa s unabl e t o 
express ;  bu t  tha t  h e i s no w goin g t o emplo y thos e example s i n a 
particula r  way .  Here ,  givin g example s i s no t  a n indirec t  mean s o f 
explainin g -  i n defaul t  o f  a  better .  Fo r  an y genera l  defmitio n ca n b e 
misunderstoo d too .  Th e poin t  i s  tha t  thi s i s ho w w e pla y th e game .  ( 1 
mean th e languag e gam e wit h th e wor d "game". )  (Wittgenstei n 
1953,  p34) . 
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Again ,  Wittgenstein' s rejectio n o f  boundarie s -  an d no t 
jus t  th e ide a o f  fixin g upo n thi s boundar y rathe r  tha n tha t 
one seem s t o b e bot h clea r  an d unambiguous .  W e don' t 

hav e t o defin e boundarie s i n orde r  t o us e concepts ,  no r  i s i t 
clea r  tha t  definit e boundarie s ar e alway s wha t  w e need ;  thes e 
point s ca n b e furthe r  draw n ou t  i f  w e contemplat e §7 1 i n 
conjunctio n wit h §76 : 

76.  I f  someon e wer e t o dra w a  shaq )  boundar y I  coul d no t 
acknowledg e i t  a s th e on e tha t  I  to o alway s wante d t o draw ,  o r  ha d 
draw n i n m y mind .  Fo r  I  di d no t  wan t  t o dra w on e a t  all .  Hi s concep t 
can b e sai d t o b e no t  th e sam e a s mine ,  bu t  aki n t o it .  Th e kinshi p i s 
tha t  o f  tw o pictures ,  on e o f  whic h consist s o f  colou r  patche s wit h 
vagu e contours ,  an d th e othe r  o f  patche s similarl y shape d an d 
distributed ,  bu t  wit h clea r  contours .  Th e kinshi p i s jus t  a s undeniabl e 
as th e difference .  (Wittgenstei n 1953 ,  p36) . 

Categorie s d o no t  hav e boundaries ,  an d b y definin g 
boundarie s w e d o no t  captur e thes e categories ,  w e creat e 
somethin g n e w -  cal l  the m bounde d categorie s (i n §68 , 
Wittgenstei n call s the m 'rigidl y limited '  concepts ,  s o w e 
migh t  cal l  ou r  bounde d g a m e a  rigidly  limite d game )  -  whic h 
hav e som e kin d o f  kinshi p wit h ou r  natura l  namin g 
categorie s (e.g .  g a m e ) ,  bu t  a  rigidly  limite d g a m e i s 
markedl y an d importantl y differen t  t o game .  (Thi s i s simila r 
t o a  poin t  mad e earlier ,  our ,  us e o f  name s i s differen t  for m 
any theoretica l  vie w o f  the m a s constructs) . 

T o retur n t o famil y relations ,  thes e ar e th e fibres  tha t 
make u p th e thread s tha t  ar e categories :  bu t  Wittgenstei n 
explicitl y  state s tha t  th e lengt h o f  thes e thread s canno t  b e 
determined . 

Categories and schemas: what's in a name? 

I n explainin g wha t  a  g a m e is ,  observe s Wittgenstein ,  on e 
give s example s o f  instance s game ,  an d on e intend s thos e 
example s t o b e take n i n a  particula r  way .  Wha t  on e doe s no t 
do i s expec t  th e perso n t o w h o m on e i s explainin g 'game '  t o 
see th e c o m m o n thin g -  whethe r  i t  b e a  core ,  schem a o r 
essenc e -  whic h on e canno t  actuall y  se e oneself .  I t  i s  true , 
say s Wittgenstein ,  tha t  whe n w e giv e thes e example s ou r 
subjec t  migh t  se e kinship s betwee n th e examples ,  bu t  thes e 
kinship s ar e no t  i n an y wa y essentia l  (henc e th e difference s 
betwee n th e instance s wil l  b e jus t  a s undeniabl e a s thes e 
kinships) .  Givin g thes e examples ,  say s Wittgenstein ,  i s  no t 
an indirec t  explanation ;  i t  i s  th e explanation .  W e don' t  giv e 
a genera l  definition ,  bu t  thi s i s no t  becaus e w e can' t  thin k o f 
one ,  bu t  becaus e ther e i s non e t o give . 

72 Seein g wha t  i s  common.  Suppos e I  sho w someon e variou s multi -
coloure d pictures ,  an d say :  "Th e colou r  yo u se e i n al l  thes e i s calle d 
•yello w ochre' "  Thi s i s a  definition ,  an d th e othe r  wil l  ge t  t o 
understan d i t  b y lookin g fo r  an d seein g wha t  i s common t o th e 
pictures .  The n h e ca n loo k at ,  an d poin t  to ,  th e common thin g 

Compare thi s wit h a  cas e wher e 1  sho w hi m figure s o f  differen t 
shape s al l  painte d th e sam e colour ,  an d say :  "Wha t  thes e hav e i n 
common i s calle d 'yello w ochre'" . 

And compar e thi s case :  I  sho w hi m sample s o f  differen t  shade s o f 
blu e an d say :  "Th e colou r  tha t  i s  common t o al l  thes e i s wha t  I  cal l 
'blue'" .  (Wittgenstei n 1953 ,  p34) . 
I t  isn' t  jus t  tha t  ther e i s n o singl e 'thing, '  c o m m o n t o all : 

Wittgenstei n question s th e w a y tha t  'commonalities '  ar e 
suppose d t o b e garnere d i n th e first  place .  I n th e first 
exampl e i n §7 2 above ,  th e commonalit y i s eas y t o spot : 
provide d th e onl y c o m m o n colou r  i n th e picture s wa s yello w 

ochre ,  an d provide d tha t  th e subjec t  ha d graspe d th e meanin g 
of  colour ,  the n sh e wil l  b e abl e t o gras p wha t  yello w ochr e 
i s -  th e colour  tha t  i s  c o m m o n i n al l  th e pictures . 

I n exampl e two ,  th e subjec t  coul d no t  procee d i n th e sam e 
way:  althoug h th e figures  al l  hav e colou r  (yello w ochre )  i n 
c o m m o n,  the y als o hav e othe r  commonal iues ,  suc h a s bein g 
figures.  Thu s th e subjec t  coul d a s easil y lear n t o appl y 
'yello w ochre '  t o yello w ochr e o r  t o figures,  o r  eve n t o 
sample s (al l  o f  th e sample s ar e 'samples '  afte r  all )  fro m thi s 
example .  Nothin g i n th e definitio n pick s ou t  th e particula r 
commonalit y tha t  "yello w ochre '  i s  suppose d t o pic k out . 

Finally ,  i n exampl e three ,  ther e i s n o a  prior i  colou r 
commonalit y t o th e pictures ;  rather ,  th e commonalit y ca n 
onl y b e perceive d i f  on e alread y ha s th e concep t  'blue ' 
(Otherwise ,  on e woul d se e a  rio t  o f  variou s 'colours' ;  sinc e 
understandin g thi s exampl e i s dependen t  upo n a n 
understandin g o f  'blue' ,  th e exampl e coul d no t  serv e a s a 
explanatio n of ,  o r  a  definitio n o f  'blue' . 

Wittgenstei n pose s a  numbe r  o f  questions ,  albei t  perhap s 
non-obviou s ones ,  tha t  ar e raise d b y th e introductio n o f  th e 
ide a o f  a  generalise d schem a t o serv e a s th e basi s fo r  a 
category .  Firstly ,  ther e i s th e questio n o f  th e for m tha t  th e 
generalisatio n shoul d take :  i.e .  wha t  shap e shoul d a 
generalise d lea f  be ? Intricatel y linke d t o thi s i s th e questio n 
of  th e us e o f  th e schema .  Eve n i f  w e ca n answe r  th e first 
questio n -  h o w w e sa y generat e a  generalise d temperatur e fo r 
ice-crea m -  w e ar e stil l  lef t  wit h th e relate d questio n o f  h o w 
suc h a  generalisatio n i s t o b e used .  W h i c h particula r  aspect s 
of  th e schem a ar e general ,  an d whic h ar e no t  (w e migh t 
rephras e thi s questio n a s askin g whic h part s o f  th e schem a 
represen t  'th e generalise d concept' ,  an d whic h ar e 
implementationa l  detail s o f  th e representatio n o f  thi s 
generalisation) ,  an d h o w i n us e ar e w e suppose d t o k n o w 
whic h i s which .  I s th e generalise d gree n shap e a  schem a fo r 
gree n o r  a  schem a fo r  generalise d shape .  W h i c h raise s th e 
furthe r  question :  provide d on e coul d generat e answer s t o 
thes e ver y challengin g questions ,  wha t  i s suppose d t o b e 
intrinsi c t o suc h a  schem a tha t  woul d caus e i t  t o b e use d 
differentl y t o a n exampl e o f  tha t  whic h i t  wa s suppose d t o 
be a  generalisatio n of ? Wittgenstei n make s i t  quit e clea r  i n 
PI  tha t  satisfactor y answer s t o thes e question s canno t  b e 
provided .  Thu s h e doesn' t  advocat e schema s a s a  theor y o f 
categor y representatio n (a s argue d b y Johnson-Laird ,  1983) , 
but  rathe r  h e seek s t o demonstrat e tha t  schema s alon e canno t 
provid e a n accoun t  o f  h o w concept s ar e represente d 

Wittgenstein's account 

We ca n stat e th e broad  outlin e o f  Wittgenstein' s argument s 
as follows : 
1.  Tha t  categorie s hav e n o necessar y o r  sufficien t  definin g 
characteristics :  rathe r  tha t  kinship s "famil y resemblances " 
ca n b e trace d acros s categorie s (§65-7 ) 
2.  Tha t  thes e categor y space s ar e unbounde d i.e .  ther e ar e 
no boundarie s t o th e spac e acros s whic h "famil y 
resemblances "  ca n b e trace d (§68 ,  69 ,  70 ,  71 ,  73 ) 
3.  Tha t  learnin g a  categor y suc h a s g a m e doe s no t  involv e 
extractin g a n essenc e o r  schem a fro m instances .  (§71-83 ) 
4.  I n learnin g a  "category "  suc h a s g a m e ,  on e learn s 
example s (instances )  an d appropriat e w a y s o f  usin g thes e 
example s (§69,71 ,  73 ,  81,82 ) 
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Wittgenstein' s arguments ,  a s examine d s o far ,  d o no t 
advocat e a  particula r  vie w o f  concept s an d categorie s -  wha t 
has becom e k n o w n loosel y a s 'famil y resemblanc e theory '  -
but  rathe r  the y represen t  a  thoroug h attemp t  t o elucidat e th e 
dee p problem s inheren t  i n tryin g t o accoun t  fo r  concept s an d 

categorisation .  T o Wittgenstein ,  th e problem s involve d i n 
explainin g h o w categorie s ar e define d ste m no t  fro m th e 
phenomeno n unde r  examination ,  bu t  th e wa y thi s 
phenomeno n ha s traditionall y bee n define d (hence ,  perhaps , 
th e famou s 'don' t  think ,  bu t  look!') .  I f  w e 'think '  -  i.e .  i f 
we assum e tha t  th e existenc e o f  thing s calle d game s entail s 
th e existenc e of ,  sa y a  centra l  schem a (define d i n som e a s ye t 
t o b e determine d w a y )  i n virtu e o f  whic h th e thing s ca n b e 
considere d game s -  w e d o no t  explor e categorisation :  w e 
merel y predetermin e th e explanation s w e ca n formulate . 

Implications for cognitive theories of concepts and 

categorisatio n 

Tryin g t o spel l  ou t  mor e clearl y Wittgenstein' s view s o n 
namin g is ,  i n ou r  opinion ,  fa r  mor e tha n a  matte r  o f  settin g 
straigh t  th e interpretiv e record .  Wittgenstein' s view s an d 
argument s continu e t o b e relevan t  t o curren t  theorie s o f 
categorisation .  Her e w e trac e ou t  a  Wittgensteinia n 
perspective ,  s o t o speak ,  o n curren t  accounts . 

7.  Prototyp e theories .  Firs t  an d foremost ,  i t  seem s from 
th e abov e tha t  rendition s o f  categor y structur e i n term s o f 
similarit y t o on e o r  mor e centra l  "prototypes "  i s 
incompatibl e wit h Wittgenstein' s perspectiv e an d th e ver y 
rea l  theoretica l  problem s embodie d therei n -  despit e th e 
fi-equent  appeal s t o h i m fro m proponent s o f  prototyp e 
theorie s (e.g. ,  Taylor ,  1995) .  Thi s hold s bot h fo r  version s o f 
prototyp e theor y whic h vie w th e prototyp e a s a n abstracte d 
centra l  tendenc y o r  schema ,  an d fo r  thos e version s whic h 
tak e prototype s t o b e particular ,  privilege d exemplar s (fo r 
discussio n o f  th e differen t  variant s o f  "prototype "  se e 
Barsalou ,  1987) . 

Tha t  th e schem a versio n i s irreconcilabl e wit h 
Wittgenstein' s positio n ha s alread y bee n argue d a t  length . 
Suc h accounts ,  whic h see m particularl y popula r  withi n 
Cognitiv e Linguistic s (see ,  e.g. ,  Taylor ,  1995) ,  bu t  hav e 
als o bee n propose d i n psycholog y (se e e.g. ,  Smit h & 
Medin ,  198 2 o n th e "probabilisti c  view") ,  ar e ver y explicitl y 
at  odd s wit h th e PI . 

By contrast ,  th e conflic t  betwee n hi s positio n an d th e 
"prototype-as-privileged-exemplars "  stem s fro m th e fac t  tha t 
suc h prototypica l  exemplar s would ,  i n fact ,  provid e th e glu e 
t o hol d th e categor y togethe r  i n a  wa y tha t  Wittgenstei n 
denies .  Centra l  exemplar s woul d constitut e a  centra l  threa d 
or  foca l  poin t  aroun d whic h th e categor y i s organised .  Item s 
woul d al l  obtai n categor y membershi p b y virtu e o f  th e 
single ,  simpl e fac t  tha t  the y ar e sufficientl y simila r  t o a 
centra l  exemplar . 

Thi s i s no t  th e "criss-crossing "  associate d wit h 
Wittgenstein' s ide a o f  famil y resemblanc e (an d indee d no t  th e 
w ay rea l  families ,  viewe d ove r  multipl e generations ,  ar e 
structured) .  Thu s th e popula r  equatio n o f  "th e famil y 
resemblance "  vie w o f  categor y structure ,  whic h claim s direc t 
descendenc e fro m th e PI ,  an d "prototyp e theory "  mus t  b e 
rejecte d (bu t  see ,  Komatsu ,  1992 ;  Taylor ,  1995) . 

2.  Exempla r  theorie s assum e tha t  ou r  menta l 
representation s o f  categorie s consis t  simpl y o f  store d 
exemplars ,  i.e. ,  know n members .  Ther e i s n o abstractio n o f 

schema s o r  centra l  patterns .  Despit e thi s ver y extensiona i 
"feel" ,  exempla r  account s nevertheles s allo w classificatio n o f 

novel ,  previousl y unencountere d object s b y virtu e o f  thei r 
similarit y t o know n exemplars .  I n th e mos t  basi c version ,  a 
nove l  ite m i s simpl y give n th e classificatio n o f  th e know n 
exempla r  t o whic h i t  i s  mos t  similar ,  i.e. ,  classificatio n i s 

base d o n th e singl e "neares t  neighbour "  i n similarit y space . 
Despit e it s simplicity ,  thi s approac h t o categorisatio n 
prove s remarkabl y successfu l  i n machin e learnin g context s 
(Cove r  &  Hart ,  1968) .  A s a  cognitiv e model ,  however ,  i t 
conflict s wit h Wittgenstein' s clai m tha t  natura l  languag e 

categorie s hav e n o boundaries .  Th e simpl e neares t  neighbou r 
approac h produce s well-define d categor y boundarie s whic h 
ru n alon g th e path s o f  equa l  distanc e betwee n member s o f 
competin g categories . 

However ,  a s a  clas s o f  account ,  exempla r  model s nee d no t 
posi t  suc h boundarie s and ,  i n fact ,  th e mos t  prominen t 
exempla r  mode l  i n th e psychologica l  literatur e doe s not . 
Thi s model ,  Nosofosky' s (1986 )  Generalize d Contex t  Mode l 
( G C M ) ,  i s  on e o f  th e leadin g psychologica l  model s o f 
categorisation ,  an d ha s provide d remarkabl e dat a fits  t o 
human behavioura l  dat a i n a  variet y o f  context s (e.g. , 
Nosofsky ,  1986 ,  1988) .  Thi s model ,  too ,  assume s tha t 
categorie s ar e represente d i n term s o f  store d exemplars . 
Specifically ,  exemplar s ar e represente d a s point s i n a  multi -
dimensiona l  "psychologica l  space" .  Coordinate s fo r  point s 
ar e determine d b y thei r  valu e alon g th e particula r 
psychologica l  dimension s i n question ;  thes e dimension s ca n 
be thing s lik e "loudness "  o r  "size "  o r  mor e complex , 
composit e dimensions .  Similarit y betwee n exemplar s i s a 
functio n o f  distanc e i n psychologica l  spac e (specificall y a n 
exponentia l  deca y function ,  se e Nosofsky ,  1986) . 
Classificatio n decision s ar e governe d b y a  probabilisti c 
respons e rule .  Th e probabilit y  o f  categorisin g a n ite m a s a 
member  o f  a  particula r  categor y correspond s t o th e weigh t  o f 
th e evidenc e fo r  thi s category .  I n contras t  t o th e neares t 
neighbou r  algorithm ,  th e evidenc e take s al l  exemplar s int o 
account .  Specifically ,  th e strengt h o f  th e evidenc e fo r  a 
categor y C ,  correspond s t o th e s u m m e d similarit y betwee n 
th e nove l  ite m an d al l  know n exemplar s o f  C ,  divide d b y th e 
s u m m ed similaritie s t o al l  store d exemplars ,  tha t  is ,  no t  jus t 
members o f  C ,  bu t  als o th e relevan t  competin g categories . 

Consequently ,  th e mode l  doe s no t  impos e discret e 
categor y boundarie s i n psychologica l  space ,  bu t  rathe r 
probabilit y  distribution s ove r  th e entir e space . 

Th e G C M seem s t o fit  wit h al l  4  point s extracte d from 
Wittgenstein' s argumen t  above :  first,  categorie s hav e neithe r 
necessar y no r  sufficien t  boundaries ;  second ,  categor y space s 
ar e unbounded ;  third ,  learnin g doe s no t  involv e extractin g a n 
essenc e o r  schema ;  fourth ,  i n learnin g a  categor y suc h a s 
"game" ,  on e learn s example s an d appropriat e way s o f  usin g 
thes e examples .  Thus ,  a t  leas t  a t  first  blush ,  ther e i s a 
contemporar y cognitiv e accoun t  o f  categorisatio n whic h i s 
compatibl e wit h Wittgenstein' s descriptio n o f  categorie s an d 
categor y structure . 

3.  Connectionis t  model s hav e no t  onl y bee n widel y use d 
fo r  genera l  classification ,  bu t  als o specificall y fo r  cognitiv e 
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account s o f  h u m a n categorisatio n (e.g. .  Small ,  1997) . 
Connectionis m a s a  genera l  framewor k i s to o loosel y define d 
t o allo w broa d generalisation s wit h respec t  t o Wittgenstein' s 
points .  Thu s w e limi t  ourselve s t o th e basi c approac h t o 
categorisatio n on e migh t  tak e wit h a  standar d ieedlorwan i 
multi-laye r  perceptron .  W e wil l  assum e tha t  th e input s t o 
th e networ k ar e featur e vector s representin g difteren t 
exemplars ,  an d tha t  th e network s output s ar e activatio n 
pattern s tha t  represen t  particula r  classificatio n decisions .  I n 
training ,  th e networ k i s presente d th e exampl e pattern s an d 
learnin g proceed s throug h incrementa l  adjustmen t  o f  weight s 
i n respons e t o erro r  signal s derive d fro m outpu t  errors .  Th e 
networ k mus t  find a  se t  o f  weight s whic h singl y satisfie s (i f 
possible )  al l  patterns ,  suc h tha t  w h e n presente d wit h a n 
input ,  th e activatio n flo w throug h th e networ k produce s th e 
correc t  output . 

Such a  networ k woul d lear n definin g characteristic s onl y 
i n exceptiona l  cases .  Thu s i t  sit s happil y wit h th e rejectio n 
of  a  definitiona l  story .  Unbounde d categor y space s emerg e if , 
as i s mos t  frequently  th e case ,  unit s hav e sigmoida l 
activatio n function s rathe r  tha n simpl e thresholds .  Sigmoi d 
function s induc e smoot h disti-ibution s ove r  th e instanc e 
spac e i n a  w a y tha t  i s analogou s t o G C M. 

Mor e subtl e i s th e relationshi p t o Wittgenstein' s othe r 
tw o claims .  Th e ne t  "learn s examples" ,  albei t  i n a  loos e 
sense .  Whil e learnin g i s drive n b y examples ,  th e actua l 
example s themselve s hav e n o privilege d statu s fo r  th e 
networ k a s the y woul d fo r  a  syste m wit h discret e exempla r 
representations .  Th e ne t  migh t  respon d equall y strongl y an d 
accuratel y t o pattern s i t  ha s neve r  see n before .  Th e leas t 
straightforwar d issu e i s whethe r  o r  no t  suc h network s extrac t 
schemas o r  essence s i n orde r  t o solv e thei r  task . 
Uncontroversially ,  suc h network s ca n an d wil l  exploi t 
statistica l  regularitie s i n trainin g sets ;  th e questio n is ,  doe s 
thi s amoun t  t o schem a abstraction ,  a s ha s frequently  bee n 
suggeste d (e.g. ,  Bechte l  &  Abrahamsen ,  1991) ? W e thin k 
not . 

Whil e ther e ar e systemati c connection s betwee n prototyp e 
theorie s whic h bas e classificatio n similarit y t o th e centra l 
tendenc y (e.g. ,  th e "averag e item" )  an d linea r  discriminan t 
function s (se e Langley ,  1996) ,  thes e connection s d o no t  hol d 
generally .  Multi-laye r  network s re-represen t  th e inpu t  i n 
whateve r  fashio n enable s th e solutio n o f  th e proble m an d th e 
resultan t  hidde n laye r  representation s nee d i n n o wa y b e 
interpretabl e a s "schemata" .  Furthermore ,  th e exten t  t o 
whic h anythin g resemblin g extractio n o f  statistica l 
regularitie s happen s a t  al l  i s  determine d b y th e network' s 
resources .  Single-laye r  o r  multi-laye r  networks ,  give n 
sufficien t  resource s relativ e t o th e problem ,  wil l  effectivel y 
implemen t  a  "tabl e lookup" .  Thu s th e degre e t o whic h an y 
sor t  o f  "abstraction "  take s plac e o r  no t  depend s o n th e 
specific s o f  th e categor y an d th e networ k resources . 
Furthermore ,  th e networ k doe s not ,  i n fact ,  for m a 
representatio n o f  a  schema ,  eve n wher e it s behaviou r  depend s 
on extracte d regularities ,  i n th e sens e tha t  connectio n 
weight s ar e no t  readil y conceive d o f  a s representational ,  an d 
ar e bette r  viewe d a s causa l  mediator s o f  appropriat e 
activatio n flow  (Hah n &  Chater ,  1997a) . 

I n summary ,  standar d network s easil y mee t  tw o o f 
Wittgenstein' s claim s an d presen t  a  differentiate d pictur e 

wit h respec t  t o th e thir d and ,  particularly ,  th e fourth ,  th e 
issu e o f  schem a abstraction .  Clearl y though ,  absu-actio n o f 
centra l  pattern s an d regularitie s i s no t  a  necessar y featur e o f 
thei r  functioning ,  an d thu s no t  a  genera l  propert y o f  networ k 
categories . 

4.  Theor y base d views .  Th e othe r  mai n contende r  i n 
curren t  debat e abou t  conceptua l  structur e i s th e so-calle d 
theory-base d vie w (Murph y &  Medin ,  1985 ;  Med i n & 
Ortony ,  1989) .  Th e theory-base d vie w i s define d primaril y i n 
contras t  t o an y account ,  prototype -  o r  exemplar-based ,  whic h 
seek s t o groun d rea l  worl d categorie s i n term s o f  perceptua l 
similarity .  I t  emphasise s th e rol e o f  backgroun d knowledg e 
or  "theories "  i n ou r  everyda y classification ,  i n orde r  t o 
explain ,  fo r  instance ,  th e fac t  that ,  despit e stron g perceptua l 
similarities ,  w e d o no t  classif y bat s a s birds . 

D ue t o it s lac k o f  computationa l  explicitnes s th e theory -
base d vie w i s no t  tha t  eas y t o alig n wit h Wittgenstein' s 
claims .  Give n th e widesprea d rejectio n o f  th e definitiona l 
accoun t  o f  conceptua l  structur e i n curren t  cognitiv e theory , 
on e mus t  assum e tha t  "theories "  ar e no t  complete ,  i.e .  allo w 
deductio n o f  classificatio n decisions ,  bu t  rathe r  onl y 
"partial" ,  tha t  i s  for m on e componen t  o f  a  complex ,  non -
deductiv e overal l  proces s (Hah n &  Chater ,  1997b) .  Thi s 
overal l  process ,  however ,  whic h coul d involv e similarity -
comparisons ,  i s no t  generall y spelle d ou t  b y advocate s o f  th e 
theory-base d view .  Th e simpl e clai m the n tha t  "'partia l 
theories "  o r  backgroun d knowledg e ar e relevan t  t o 
categorisatio n nee d no t  conflic t  wit h Wittgenstein .  Ther e i s 
no statemen t  abou t  boundedness ,  no r  i s ther e a  clai m o f 
definitiona l  features .  Thoug h th e theory-base d vie w doe s 
sugges t  tha t  learnin g an d understandin g a  categor y als o 
involve s acquirin g appropriat e backgroun d knowledge ,  thi s 
doe s no t  directl y confradic t  th e rol e o f  example s i n 
acquisitio n an d use ,  bu t  merel y suggest s a n additiona l  factor . 

Th e greates t  potentia l  fo r  conflic t  lie s i n th e issu e o f 
essence s o r  schema s governin g a  category .  Complet e 
theories ,  whic h enabl e a  deductiv e classificatio n process , 
woul d clearl y provid e essences .  Bu t  wha t  abou t  partia l 
theories ,  i.e .  h o w partia l  doe s a  theor y hav e t o b e t o no t  b e 
statin g "essences" ? Thi s i s clearl y a n issue ,  bu t  give n tha t 
th e theory-base d vie w ha s don e littl e t o provid e ful l  account s 
of  an y categorie s n o concret e answer s ar e possible .  T o th e 
exten t  though ,  tha t  to o m u c h fait h i s investe d i n th e powe r 
of  theories ,  anothe r  loo k a t  Wittgenstein' s argument s an d 
example s migh t  b e sobering . 

5.  Categorisatio n a s a  bi-directiona l  process .  W h a t  al l  o f 
th e precedin g view s hav e i n c o m m o n i s tha t  the y vie w 
categorisatio n a s a n essentiall y  unidirectiona l  process . 
Exemplar s hav e certai n feature s and/o r  certai n similaritie s 
hol d betwee n exemplars .  Ver y recen t  wor k o n categorisatio n 
has suggeste d tha t  thi s pictur e i s oversimplified .  Object s 
don' t  c o m e a s ready-mad e bundle s o f  features .  Rather ,  th e 
feature s object s ar e perceive d t o hav e ar e influence d i n par t 
by th e categorisatio n context .  I f  thi s i s s o the n similarit y 
relation s betwee n the m can' t  ye t  b e full y  determinat e either , 
and themselve s d o no t  exis t  entirel y independenti y o f  th e 
categor y level . 

Th e cas e fo r  th e flexibility  o f  featura l  description s ha s 
bee n mad e bot h o n th e basi s o f  computationa l  experience s 
wit h real-worl d stimuli(se e H a h n &  Chater ,  i n press )  whic h 
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hav e uncovere d limitation s o f  fixed,  unchangin g 
representatio n scheme s fo r  certai n A I  (Branting ,  1989 )  an d 
machin e learnin g system s (Aha ,  1992 )  an d fro m recen t 
experimenta l  wor k wit h novel ,  artificia l  stimul i  (Schyns , 
Goldston e &  Thibaut ,  i n press ;  Schyn s &  Roder ,  1997) .  I n 
thes e experiments ,  th e decompositio n o f  a n objec t  int o 
componen t  part s i s directl y affecte d b y th e classification s 
require d o f  participant s i n a  categor y learnin g task . 

Thes e issue s ar e t o s o m e exten t  independen t  o f 
Wittgenstein' s concerns ,  bu t  th e rejectio n o f  unchangin g 
representatio n scheme s conflict s wit h definitiona l  accounts , 
and th e influence s o f  th e categorisatio n tas k resonat e wit h 

Wittgenstein' s emphasi s o n "use" . 

Is there really a single account? 

Contrastin g th e substantiv e conten t  o f  Wittgenstein' s 
argument s wit h th e leadin g model s an d perspective s i n 
curren t  categorisatio n researc h demonstrate s clearl y th e 
continuin g relevanc e o f  th e issue s h e raised .  Wher e conflict s 
arise ,  however ,  i t  i s  no t  immediatel y clea r  w h o i s right . 
Ther e i s n o spac e her e t o revie w al l  relevan t  evidence ,  bu t 
we woul d lik e t o clai m tha t  Wittgenstein' s detaile d 
argument s shoul d a t  leas t  giv e paus e fo r  thought . 

Reviewin g thes e variou s model s an d accounts ,  on e can' t 
hel p bu t  thin k tha t  most ,  possibl y all ,  m a k e som e 
importan t  point .  Backgroun d knowledg e ofte n doe s hav e a 
rol e t o play ;  nevertheles s similarit y continues  t o allure ;  an d 
th e argument s fo r  flexibility  an d top-dow n influence s see m 
compelUn g too .  O n e feel s onesel f  pushe d toward s th e 
inevitabl e conclusio n o f  undergraduat e essay s o n conceptua l 
structure :  tha t  ther e i s a  littl e bi t  o f  trut h i n al l  accounts . 
Thi s i s glib ;  bu t  migh t  i t  no t  als o b e accurate ? 

Lik e thes e fragmentar y insights ,  Wittgenstein' s argument s 
bear  d o w n o n an y all-encompassin g vie w o f  categor y 
structure .  Together ,  th e tw o appea r  t o effectivel y explod e th e 
ide a o f  th e categor y a s a  unitar y theoretica l  instrument :  h o w 
likel y i s i t  that ,  eve n i f  categorie s aren' t  definin g features , 
share d essence s o r  s o m e othe r  c o m m o n threa d runnin g 
through ,  tha t  ther e i s a  fundamenta l  unit y i n al l  categories ? 
Tha t  clea r  cu t  m e m b e r s al l  hav e highe r  withi n categor y 
similarit y tha n betwee n categor y similarit y (a s predicte d b y 
G C M)  o r  tha t  al l  ar e base d o n partia l  theories ,  an d s o on ? 

Natura l  languag e categorie s an d namin g i s ou r  prim e 
categorisatio n behaviou r  -  ar e th e product s o f  collectives , 
not  individuals .  The y develo p ove r  tim e an d ar e subjec t  t o 
diachroni c accidents .  Al l  o f  whic h migh t  reasonabl y b e 
expecte d t o pu t  a  boun d o n whateve r  systematicity ,  a t 
whateve r  level ,  w e migh t  hop e t o find.  I f  categor y structure s 
ar e lik e this ,  the n th e namin g behaviou r  o f  th e individua l 
must  t o s o m e exten t  follow ,  denyin g cohesio n eve n a t  th e 
leve l  o f  processing .  I f  categor y structur e i s variable ,  the n 
processin g to o migh t  b e exp)ecte d t o b e th e produc t  o f 
multiple ,  eve n competin g influences . 

We hav e undoubtedl y mad e grea t  step s forwar d b y 
developin g an d testin g constraine d models .  Bu t  whe n w e 
paus e t o loo k mor e a t  th e untidines s o f  ou r  rea l  worl d 
categories ,  Wittgenstein' s scepticis m abou t  categor y 
structur e doe s no t  see m t o find  an y happ y resolutio n i n 
unitar y account s o f  cognitiv e processing .  Th e dee p question s 
he pose s loo m larg e still . 
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Abstrac t 

Lexical and syntactic processes are usually regarded as separate 
sub-system s o f  th e languag e processin g system .  W e re-examin e 
th e autonom y o f  thes e processes ,  give n a  menta l  lexico n tha t  i s 
morphemicall y decomposed ,  i n 3  self-pace d readin g 
experiments .  Althoug h inflectiona l  affixe s hav e a  syntacti c rol e 
and derivationa l  affixe s hav e a  lexica l  role ,  ther e were  simila r 
pattern s o f  processin g fo r  bot h type s o f  affi x  (Experiment s 1 
and 3) .  Thi s suggest s tha t  ther e i s a  commo n combinatoria l 
proces s a t  bot h level s o f  th e system .  Usin g nove l  an d 
establishe d morphologicall y comple x words ,  w e varie d word -
interna l  factor s togethe r  wit h sentenc e leve l  constraint s 
(Experimen t  2) .  Bot h sentence-leve l  constraint s an d word -
interna l  factor s ha d paralle l  effect s o n th e processin g o f  nove l 
and establishe d words .  Overall ,  th e result s indicat e tha t  th e 
relationshi p betwee n lexica l  an d syntacti c processin g ma y b e 
non-autonomou s whe n morphologica l  compositio n i s  take n 
int o consideration . 

Introduction 

The natur e o f  menta l  representation s an d th e processe s tha t 

operat e o n the m ar e centra l  issue s i n huma n cognition . 

Languag e processin g ha s traditionall y bee n assume d t o 

compris e a  numbe r  o f  discret e components ,  wit h thei r  o w n 

representationa l  form s an d computationa l  processes .  W e 

examin e th e relationshi p betwee n tw o majo r  component s o f 

th e languag e processin g syste m th e menta l  lexico n an d th e 

syntax ,  i n th e ligh t  o f  a n apparen t  incompatibilit y  betwee n 

recen t  model s o f  lexica l  organisatio n an d sentenc e 

processing .  Throug h a  serie s o f  thre e experiments ,  w e ask :  I s 

ther e a  shar p distinctio n betwee n th e combinatoria l  processe s 

withi n th e lexico n tha t  dea l  wit h th e interna l  structur e o f  a 

wor d an d thos e a t  th e syntacti c leve l  tha t  buil d sententia l 

representations ? 

Morphology and lexical structure 

Words i n Englis h ofte n hav e interna l  structure ,  i n tha t  the y 

can b e decompose d int o smalle r  units ,  morphemes ,  tha t  hav e 

thei r  ow n (abstract )  meaning .  Inflectiona l  affixe s ar e adde d t o 

•  stem s {e.g.happi-er :  comparativ e adjective ;  watch-ed :  pas t 

tense )  t o highligh t  a  word' s syntacti c role .  Therefore , 

combinin g stem s an d inflectiona l  affixe s i s generall y take n t o 

be a  syntacti c process .  Derivationa l  affixe s ar e adde d t o 

stem s t o for m ne w word s {happ y -  happiness ;  tom b -entomb ) 

and thi s for m o f  morphologica l  combinatio n i s take n t o b e a 

lexica l  process .  Linguistically ,  synta x i s assume d t o b e blin d 

t o word-interna l  structur e (Carstairs-MacCarthy ,  1992) . 

Inflectiona l  processe s ar e paradigmatic ,  the y ar e extremel y 

regula r  an d applie d b y rule .  Derivationa l  processes ,  o n th e 

othe r  hand ,  ar e m u c h les s regular .  S o m e affixe s ar e adde d 

ubiquitousl y (e.g .  nomina l  -e r  t o verbs) ,  whil e other s ar e 

rarel y use d i n n e w wor d form s (e.g .  -th) . 

Recognitio n o f  th e complexit y o f  th e interna l  structur e o f 

word s i s  currentl y centra l  t o a n appreciatio n o f  th e 

organisatio n o f  th e menta l  lexicon .  Model s tha t  assum e tha t 

th e lexico n list s onl y whole-wor d form s (Butterworth ,  1983 ) 

ar e n o w i n th e minority .  W e assum e her e a  mode l  i n whic h 

th e lexico n i s  organise d morphemicall y aroun d stem s an d 

affixes .  Morphologicall y comple x word s ar e decompose d 

int o thei r  constituen t  morpheme s whe n th e relationshi p 

betwee n ste m an d affi x  i s semanticall y transparen t  (Marslen -

Wilson ,  Tyler ,  Waksle r  &  Olde r  1994 ;  Marslen-Wilson , 

Ford ,  Olde r  &  Zhou ,  1996) .  Empirica l  suppor t  fo r  thi s come s 

fro m a  serie s o f  cross-moda l  primin g studies ,  suggestin g tha t 

th e menta l  lexico n ha s th e followin g features .  Stem s ar e free -

standin g word s {happi-nes s prime s happy) ,  althoug h 

underlyin g ste m representation s ca n b e abstracte d awa y fro m 

surfac e phonologica l  form s (conclusiv e prime s conclude) . 

Th e relationshi p betwee n ste m an d affi x i s  semanticall y 

transparen t  (departmen t  doe s no t  prim e depart) .  W h e n 

affixe s ar e productiv e (use d i n n e w wor d formation) ,  the y 

hav e independen t  representatio n a s morpheme s (toughnes s 

prime s darknes s a s strongl y a s happines s prime s happy) . 

Unproductiv e affixe s (n o longe r  use d i n n e w wor d formation ) 

see m les s likel y t o b e independently  represente d (governmen t 

onl y weakl y prime s punishment) .  Finally ,  inflection s ar e no t 

represente d i n th e lexico n (watche d doe s no t  p n m e jumped) . 

Models of sentence processing 

Th e natur e o f  lexica l  organisatio n ha s importan t  ramification s 

fo r  model s o f  sentenc e processin g (Hudson ,  1990) .  I n 

paralle l  wit h development s i n linguisti c theory ,  psychologica l 

model s o f  syntacti c processin g n o w plac e a  grea t  emphasi s o n 

th e rol e o f  th e lexicon .  Regardles s o f  th e architectur e o f  th e 
model  (modula r  o r  interactive) ,  lexicall y represente d 

informatio n i s  vita l  t o th e successfu l  constructio n o f 

sententia l  representations .  I t  i s  assume d tha t  syntacticall y 

relevan t  informatio n i s store d a s par t  o f  th e lexica l  entr y fo r 

eac h wor d a  perso n know s an d tha t  i t  become s availabl e 

immediatel y a  wor d i s recognised .  However ,  bot h interactiv e 
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and modula r  model s o f  sentenc e processin g mak e littl e 

referenc e t o th e natur e o f  lexica l  organisation .  I n th e mos t 

detaile d modula r  model ,  Frazier' s Garde n Pat h mode l 

(Frazier ,  1987) ,  th e lexico n an d synta x ar e separat e sub -

systems .  Th e lexico n i s  mostl y a  lis t  o f  whole-wor d form s 

and an y morphologica l  assembl y i s  strictl y intra-lexica l 

(Frazier .  Flore s D'Arcais ,  &  Coolen ,  1993) .  I n th e interactiv e 

tradition ,  th e constrain t  satisfactio n mode l  (MacDonald , 

Pearlmutte r  &  Seidenberg ,  1994 )  assume s tha t  th e lexico n i s 

a stor e o f  al l  th e word s a  perso n knows ,  includin g inflections . 

Th e vie w o f  th e menta l  lexico n fro m th e sentenc e 

processin g perspectiv e i s a t  odd s wit h th e vie w fro m th e 

perspectiv e o f  lexica l  processing .  Give n th e centra l  rol e o f 

lexica l  information ,  i t  i s  crucia l  tha t  model s o f  sentenc e 

processin g recognis e th e dimension s o f  lexica l  organisatio n 

tha t  ar e emergin g fro m wor k i n tha t  field.  Researc h a t  bot h 

level s als o need s t o addres s h o w syntacticall y relevan t 

information ,  distribute d i n a  morphemi c lexicon ,  ca n b e 

availabl e fo r  th e constructio n o f  sententia l  representations . 

Sentence processing within the context of a 

m o r p h e m i c lexico n 

T o examin e thes e issues ,  w e decide d t o loo k a t  sentenc e 

processing ,  whil e takin g int o accoun t  th e morphologica l 

complexity  o f  words ,  workin g wit h th e approac h t o lexica l 

organisatio n w e describe d above .  T o d o this ,  w e use d th e 

self-pace d readin g task ,  whic h i s sensitiv e t o bot h lexica l  an d 

syntacti c aspect s o f  languag e processing .  W e examine d th e 

processin g o f  morphologicall y comple x derive d an d 

inflecte d word s i n sententia l  context s a s wel l  a s th e 

relationshi p betwee n contextua l  constraint s an d derive d 

words .  I f  th e lexico n i s  morphemicall y organised ,  ther e 

shoul d b e difference s i n th e processin g o f  morphologicall y 

simpl e an d comple x words .  Wher e w e se e on e word , 

H A P P I N E S S,  th e languag e comprehensio n system ,  a t  som e 

level ,  ha s t o proces s tw o morpheme s H A P P Y + N E S S.  I f 

separatel y represente d stem s an d affixe s ar e involve d i n 

combinatoria l  operation s a t  a  syntacti c level ,  w e shoul d find 

evidenc e o f  interactio n wit h contextua l  constraints .  Suc h 

evidenc e i s a  necessary ,  thoug h no t  sufficient ,  ste p i n 

questionin g th e traditionally-draw n distinction s betwee n 

lexica l  an d syntacti c processing . 

Experiment 1 

Befor e w e coul d investigat e th e autonomou s o r  interactiv e 

natur e o f  lexica l  processing ,  w e neede d t o demonstrat e tha t 

effect s o f  morphologica l  complexit y sho w u p i n a  tas k tha t 

involve s sentence s rathe r  tha n singl e words .  W e chos e th e 

self-pace d readin g task .  A s polymorphemi c word s ar e 

involve d i n mor e combinatoria l  operation s tha n 

monomorphemi c words ,  w e woul d expec t  t o b e abl e t o detec t 

thi s extr a processin g i n slowe r  readin g time s fo r  sentence s 

wit h morphologicall y comple x words ,  compare d t o thos e 

wit h simpl e words .  I f  morphologica l  decompositio n i s a 

genera l  featur e o f  lexica l  organisation ,  rathe r  tha n specifi c t o 

lo w frequenc y o r  nove l  items ,  readin g time s shoul d b e 

elevate d t o th e sam e degre e fo r  lo w an d hig h frequenc y 

comple x words .  T o b e sur e tha t  w e wer e detectin g effect s o f 

lexica l  processing ,  w e use d comple x derive d word s wit h 

productiv e affixes .  Therefore ,  t o establis h that ,  i n general , 

morphologica l  effect s ca n b e detecte d withi n sentences ,  w e 

co-varie d th e morphologica l  complexit y an d frequenc y o f 

word s i n identica l  sententia l  environments . 

We assemble d 4 0 set s o f  4  words ,  wher e w e manipulate d 

th e variable s o f  morphologica l  complexit y (simpl e v 

complex )  an d frequenc y (hig h v  low )  (se e Tabl e 1) .  Th e 

comple x word s i n eac h se t  ha d th e sam e productiv e affix . 

Productiv e affixe s ar e thos e currentl y use d i n ne w wor d 

formatio n (cf .  Marchand ,  196 9 an d Bauer ,  1983 )  an d shoul d 

be mos t  strongl y represente d i n a  decompose d lexicon . 

Our  targe t  word s wer e embedde d i n pair s o f  sentences .  Th e 

first  sentenc e provide d a  genera l  context .  Th e secon d 

sentenc e containe d th e targe t  wor d an d wa s rea d word-by -

wor d usin g th e movin g windo w techniqu e (se e (1 )  below ; 

a=contex t  sentence ,  b=wor d b y wor d sentence) . 

(1 )  a  T o m wa s caugh t  pinchin g sweet s fro m th e shop . 

b H e ha d a  S I L L Y / D A F T / F O O L I S H / O A F I S H 

loo k o n hi s fac e a s h e hande d the m back . 

Table 1: Details of the target words used in Experiment 1. 

Morph . 

Simpl e 

Comple x 

Fre q 

Hig h 

Low 
Hig h 

Low 

LogFre q (mean ) 

1.9 8 

0.6 0 

1.5 7 

0.3 0 

Exampl e 

S ILL Y 

DAFT 
FOOLISH 
OAHSH 

I n th e word-by-wor d sentences ,  th e targe t  wor d appeare d a t 

leas t  thre e word s int o th e sentenc e an d n o fewe r  tha n si x 

word s fro m th e end .  Th e experimenta l  sentence s i n eac h 

versio n wer e identica l  apar t  fro m th e targe t  word .  Eac h 

sentenc e fitted  o n t o a  singl e lin e o n th e compute r  monitor . 

We preteste d th e predictabilit y o f  th e targe t  word s i n th e 

experimenta l  sentences .  Participant s wer e give n th e contex t 

sentenc e an d th e word-by-wor d sentence ,  u p to ,  bu t 

excluding ,  th e targe t  wor d an d complete d th e sentence .  I f 

participant s continue d a  sentenc e wit h on e targe t  wor d mor e 

ofte n tha n th e others ,  th e sentence s wer e altered . 

Participant s wer e teste d o n computer s usin g D M A S TR 

software .  Participant s rea d th e contex t  sentence .  The n a 

serie s o f  dashe s an d space s appeared ,  representin g th e word s 

of  th e secon d sentence .  Th e participant s presse d th e 'yes ' 

butto n o n a  respons e bo x t o rea d th e sentenc e wor d b y word . 

Afte r  4 0 % o f  items ,  participant s answere d a  comprehensio n 

question .  Readin g time s wer e collecte d fro m tw o word s 

befor e t o fou r  word s afte r  th e target . 

Results and Discussion 

The dat a fro m thre e participant s wer e discarde d becaus e o f 

overal l  slo w o r  ver y fas t  readin g times .  Dat a point s belo w 
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Figur e 1 :  M e a n readin g time s fo r  s impl e (s )  an d c o m p l e x (c ) 

word s a t  th e targe t  an d t w o subsequen t  positions . 

100ms and over 1200ms were removed (less than 0.3% of the 

data) .  A s th e targe t  word s varie d i n length ,  w e transforme d 

th e dat a usin g a  regressio n techniqu e (Ferreir a an d Clifton , 

1986 )  t o giv e a  residua l  readin g tim e whic h measure s 

differenc e fro m expecte d readin g tim e (se e Fi g 1) .  Significan t 

effect s wer e foun d afte r  th e targe t  word ,  rathe r  tha n o n th e 

targe t  wor d itself :  a  c o m m o n featur e o f  word-by-wor d 

reading .  O n th e firs t  post-targe t  wor d (t+1 )  lo w frequency 

wor d sentence s wer e rea d mor e slowl y tha n hig h frequenc y 

wor d sentence s (Fl(l,36)=12.73;p=0.001:F 2 (1,36)=13.82 ; 

p=0.001) .  Sentence s wit h comple x word s wer e rea d mor e 

slowl y (Fl(l,36)=9.67 ;  p=0.004 :  F2(l,36)=9.43 ;  p=0.004) . 

Ther e wa s n o interactio n betwee n frequenc y an d 

morphologica l  complexit y (F's<l) .  A t  th e secon d pos t  targe t 

wor d (t+2 )  ther e wa s a  frequenc y effec t  (Fl(l,36) = 13.68 ; 

p=0.001:F2(l,36)=10.84;p=0.002) ,  bu t  no t  complexit y 

(F's<l) .  Ite m mean s fro m t+ 1 an d t+ 2 wer e analyse d togethe r 

wit h positio n a s a  within-item s variable .  Word s a t  t+ 2 wer e 

rea d mor e quickl y (F2(l,36)=33.54;p<.01) .  Ther e wa s a n 

effec t  o f  frequenc y (F2(l,36)=23.65 ;  p<0.001 )  whic h di d no t 

interac t  wit h positio n (F<1 )  an d a  complexit y effec t 

(F2(l,36)=4.78 ;  p<0.05) ,  whic h di d (F 2 (1,36)=6.67 ; 

p=0.02) .  Complexit y an d frequenc y di d no t  interact . 

Thes e result s sho w that ,  a s wel l  a s effect s o f  a  word' s 

frequency,  effect s o f  it s  morphologica l  compositio n ca n als o 

be detecte d withi n sententia l  contexts .  Furthermore ,  thes e 

effect s ar e independen t  o f  on e another .  Thes e result s suppor t 

our  assumptio n tha t  decompositio n i s a  genera l  featur e o f 

lexica l  organisation .  Havin g foun d effect s o f  morphologica l 

complexit y i n a  tas k involvin g readin g a  sentence ,  w e ca n g o 

on t o examin e furthe r  th e relationshi p betwee n lexica l  an d 

syntacti c processin g an d a  decompose d lexicon . 

Experiment 2 

I f  lexica l  an d syntacti c processe s operat e independentl y o f 

one anothe r  an d o n differen t  sfructures ,  then ,  eve n withi n th e 

contex t  o f  a  decompose d lexicon ,  w e woul d expec t  (1 )  tha t 

morphologicall y comple x word s shoul d b e assemble d int o 
comple x lexica l  units ,  befor e the y ar e outpu t  t o syntacti c 

processe s an d (2 )  tha t  th e proces s o f  morphologica l  assembl y 

shoul d b e carrie d ou t  withou t  referenc e t o syntacti c an d othe r 

constraint s define d a t  a  sentenc e level .  Fo r  th e purpose s o f 

highe r  leve l  processing ,  furthermore ,  th e compute d whole -

wor d representatio n woul d hav e n o interna l  structure .  If , 

however ,  lexica l  an d syntacti c processe s ar e no t  autonomous , 

the n th e syntacti c an d semanti c environment s i n whic h a 

comple x wor d occur s m a y b e abl e t o influenc e thes e basi c 

processe s o f  morphologica l  combination . 

T o examin e thes e differen t  possibilities ,  w e neede d t o us e 

stimul i  tha t  woul d unequivocall y requir e a n activ e proces s o f 

assembl y fro m thei r  constituen t  morphemes .  T o thi s en d w e 

use d nove l  morphologicall y comple x word s (suc h a s nursely ) 

tha t  w e constructe d t o confor m wit h Englis h word-formatio n 

rules .  Ou r  basi c compariso n wa s betwee n nove l  form s o f  thi s 

typ e an d matche d set s o f  existin g comple x form s (suc h a s 

saintly) ,  presente d unde r  condition s o f  eithe r  stron g o r  wea k 

pragmati c an d syntacti c constraint . 

Thi s manipulatio n o n it s o w n woul d no t  b e sufficien t  t o 

distinguis h betwee n autonomou s an d non-autonomou s 

account s o f  th e relationshi p betwee n morphologica l  an d 

syntacti c processing .  W o r d s tha t  ar e outpu t  a s th e complete d 

produc t  o f  a n autonomou s lexica l  processo r  m a y stil l  b e rea d 

mor e quickl y i n constrained ,  rathe r  tha n unconstraine d 

sentences .  However ,  an y effect s o f  contex t  shoul d no t  b e 

influence d b y morphologica l  factors ,  sinc e processe s 

operatin g a t  th e sententia l  leve l  shoul d b e blin d t o word -

interna l  factors .  Her e w e manipulate d th e interna l  structur e o f 

th e nove l  form s b y varyin g whethe r  the y wer e prefixe d o r 

suffixe d (a s i n deconflic t  an d nursely) .  I f  sentence-leve l 

processe s interac t  onl y wit h th e complete d outpu t  o f 

morphologica l  assembly ,  the n th e orde r  o f  affixe s withi n th e 

wor d shoul d hav e n o effect .  Conversely ,  i f  contextua l  factor s 

affec t  processe s o f  morphologica l  assembly ,  the n thes e m a y 

operat e differentiall y  fo r  nove l  suffixe d items ,  wher e th e ste m 

comes first ,  tha n fo r  nove l  prefixe d items .  Contex t  an d orde r 

of  ste m an d affi x  m a y interac t  furthe r  wit h th e productivit y o f 

th e affi x  anothe r  word-interna l  factor .  Affi x  typ e (prefi x o r 

suffix )  wa s CO-varie d wit h productivit y i n thi s experiment . 

We woul d fin d evidenc e o f  processin g interactin g acros s 

lexica l  an d syntacti c levels ,  i f  (i )  nove l  an d establishe d word s 

wer e processe d i n qualitativel y th e sam e way ;  (ii )  th e 

processin g o f  comple x word s wa s influence d b y context ;  (iii ) 

ther e wer e difference s betwee n th e readin g o f  prefixe d an d 

suffixe d wor d sentences ;  an d (iv )  ther e wer e difference s 

betwee n sentence s wit h productiv e an d unproductiv e affixes . 

We constructe d 8 0 morphologicall y comple x nove l  tes t 

word s o f  whic h ther e wer e fou r  types :  word s wit h productiv e 

prefixe s an d suffixes ,  an d unproductiv e prefixe s an d suffixes . 
T o b e novel ,  word s wer e no t  i n th e C E L E X databas e 

(Baayen ,  Pipenbroo k &  Guiliker ,  1995 )  no r  i n th e O E D ,  o r 

wer e liste d ther e a s obsolete .  Th e nove l  word s wer e preteste d 
by askin g participant s t o decid e whethe r  o r  no t  the y ha d 

encountere d the m before .  Onl y word s wit h a  lo w probabilit y 

of  havin g bee n encountere d befor e wer e used . 

We matche d th e nove l  word s wit h lo w frequenc y 

establishe d word s wit h th e sam e affix ,  wher e thes e word s 

873 



P r o d u c t i v e pref ixe s 
120 

100 - p+s tes t 

+P+S con t 

-p- s tes t 

•p- s con t 

K 2 0 • 

Positio n 

P r o d u c t i v e suffixe s 

Positio n 

Unproduc t i v e prefixe s 

o> 6 0 

S i O 

Positio n 

Unproduct iv e suffixe s 
120 

Positio n 

Figur e 2 :  Th e mea n readin g time s eac h typ e o f  affixe d wor d (+p+ s =  strongl y constrained ;  -p- s =  weakl y constrained) . 

coul d b e substitute d int o th e sam e sententia l  environment s a s 

th e nove l  forms .  A s i n Experimen t  1 ,  w e use d a  contex t 

sentenc e followe d b y a  sentenc e wit h th e targe t  wor d t o b e 

rea d word-by-word .  W e constructe d th e sententia l 

constraint s precedin g th e targe t  wor d s o tha t  i n on e 

conditio n ther e wer e stron g pragmati c constraint s o n th e 

interpretatio n o f  th e critica l  comple x form ,  an d wher e th e 

syntacti c clas s o f  th e targe t  wa s als o strongl y constrained .  I n 

th e secon d condition ,  w e kep t  th e pragmati c an d syntacti c 

constraint s a s wea k a s possible .  W e confirme d thes e 

constraint s i n a  pretest .  Participant s wer e give n th e 

experimenta l  pair s o f  sentences ,  u p to ,  bu t  excluding ,  th e 

targe t  wor d an d complete d th e secon d sentence .  Th e result s 

sho w tha t  fo r  constraine d sentences ,  5 3 % o f  continuation s 

wer e relate d pragmaticall y t o th e targe t  word ,  an d 9 7 % o f 

continuation s ha d th e sam e syntacti c class .  Th e 

correspondin g result s fo r  th e unconstraine d sentence s wer e 

7 % an d 4 1 % respectively .  Example s o f  th e sentence s ar e 

show n i n (2 )  an d (3 )  (a=context ;  b=word-by-wor d sentence) . 

Th e procedur e wa s th e sam e a s Experimen t  1 . 

(2) Strong pragmatic and syntactic constraint: 

a.  John' s speec h t o th e conferenc e wa s fille d wit h 

poin t  afte r  point . 

b.  H e bega n som e tediou s an d L I S T Y A V Q R D Y 

demands fo r  bette r  workin g conditions . 

(3 )  W e a k pragmati c an d syntacti c constraint : 

a.  Joh n decide d i t  wa s tim e t o m a k e th e strengt h o f  hi s 

feeling s clea r 

b.  H e bega n som e L I S T Y A V O R D Y demand s fo r 

bette r  workin g conditions . 

Results and discussion 

Th e dat a fro m thre e participant s an d les s tha n 0.3 % o f  othe r 

dat a wer e exclude d (a s pe r  Experimen t  1) .  Ther e wer e n o 

significan t  effect s o n th e targe t  wor d (se e Fi g 2) .  A t 

subsequen t  positions ,  nove l  word s cause d significan t 

disruptio n (t+l-t+4:F2(l,64)=58.15 ;  p<0.001)' .  Constraine d 

sentence s wer e rea d significantl y mor e quickl y tha n 

unconstraine d (t+l-t-h4:F2(l,64)=22.71 ;  p<0.00l) ,  bu t  ther e 

was n o interactio n betwee n th e targe t  word s an d constrain t 

(F2<1) .  O n th e firs t  tw o post-targe t  words ,  prefixe d wor d 

sentence s wer e rea d mor e slowl y tha n suffixe d wor d 

sentences^ .  A t  t+ 2 ther e wa s n o differenc e i n th e averag e 

readin g tim e fo r  establishe d word s (Prefix :  10ms ;  Suffix ; 

9ms) ,  bu t  ther e wa s a  differenc e fo r  nove l  word s (Prefix : 

33ms;  Suffi x 22ms )  -  a  significan t  targe t  b y affi x  interactio n 

(Fl(l,36)=6.63 ;  p<0.02 :  F 2 (1,64)=5.94 :  p<0.02) .  Her e 

sentence s wit h unproductiv e affixe s wer e rea d significantl y 

mor e slowl y b y participant s tha n thos e wit h productiv e 

affixe s (Fl(l,36)=6.23:p<0.02;Fl(l,64) = 1.18 :  p>0.2) .  Th e 

three-wa y interactio n betwee n productivity ,  constrain t  an d 

'  Whe n mai n effect s occu r  ove r  tw o o r  mor e post-targe t  words ,  w e 
repor t  th e result s o f  a n analysi s tha t  w e conducte d o n th e ite m 
means onl y wit h positio n a s a  within-ite m variabl e 
(̂t+l:Fl(l,36) = 21.34 :  p<0.001 ;  F2(l,64)=2.96 :  p=0.09 ; 

t+2:Fl(l,36)=8.60:p<0.01;F2(I,64)=1.81:p>0.1 ) 
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affi x wa s significan t  (Fl(1.36)=7.51 :  p<0.01:F2(l,64)=9.63 : 

p<0.01) .  Bot h sentence s wit h productivel y suffixe d word s 

wer e rea d equall y quickly ,  (9ni s v  10ms )  an d sentence s wit h 

unproductiv e prefixe s wer e rea d equall y slowl y {31m s v 

32ms) ,  regardles s o f  constraint .  Fo r  sentence s wit h 

productiv e prefixe s an d unproductiv e suffixes ,  th e presenc e 

of  stron g sententia l  constraint s ha d a  facilitator y effec t 

(11ms V  35ms ;  12m s v  31m s respectively) . 

The result s sho w tha t  th e processin g loa d fo r  nove l 

morphemi c combination s i s  reduce d b y th e sententia l 

contex t  i n apparentl y th e sam e wa y a s i t  i s  whe n processin g 

establishe d words .  Thi s patter n support s ou r  predictio n tha t 

sententia l  context s ca n influenc e th e processin g o f 

morphologicall y comple x words .  A s predicte d ther e wer e 

difference s i n th e wa y tha t  nove l  prefixe d an d suffixe d form s 

wer e processed .  Fro m thi s w e ca n tentativel y conclud e tha t  a 

word' s interna l  structur e i s no t  los t  onc e lexica l  processe s 

hav e compute d thei r  outpu t  product .  A  word' s interna l 

structur e i s preserve d an d remain s availabl e t o interac t  wit h 

syntacti c processes . 

Productivit y o f  affi x di d no t  hav e a  reliabl e effec t  o n th e 

processin g o f  comple x words ,  bu t  th e slowe r  readin g o f  al l 

sentence s wit h unproductivel y prefixe d word s i s suggestiv e 

tha t  ther e ar e difference s i n morphemi c representation s 

dependin g o n h o w productiv e a n affi x  is . 

Experiment 3 

I n Experimen t  1  w e foun d effect s o f  morphologica l 

compositio n wit h stem s an d derive d affixe s withi n wha t  i s 

traditionall y regarde d a s th e lexica l  domain ,  whil e i n 

Experimen t  2  w e looke d a t  derivationa l  morpholog y i n 

greate r  depth .  N o w w e tur n t o th e syntacti c domai n an d 

combinatoria l  processe s wit h inflecte d word s t o se e i f 

simila r  principle s apply . 

Syntacti c processe s ar e concerne d wit h buildin g sententia l 

representations .  Tens e i s  alway s realise d i n th e underlyin g 

structur e o f  a  sentenc e i n traditiona l  linguisti c analysis , 

whethe r  o r  no t  ther e i s a  clea r  phonologica l  marker .  Th e 

syntacti c structur e i n sentence s (4) ,  (5 )  an d (6 )  belo w i s 

identical ,  althoug h i n (5 )  tens e i s  overtl y marke d wit h th e 

affi x -ed ,  whil e i n (4 )  i t  i s  not ,  an d i n (6 )  i t  change s th e 

entir e phonologica l  for m o f  th e stem . 

(4 )  I  watc h you . 

(5 )  I  watche d you . 

(6 )  I  sa w you . 

If lexical and syntactic domains function as separate sub-

systems ,  ther e shoul d b e n o difference s i n processin g 

differen t  surfac e realisation s o f  th e sam e underlyin g 

syntacti c structure .  Bu t  i f  ther e i s  som e commonalit y 

betwee n combinatoria l  operation s fo r  derive d an d inflecte d 

words ,  w e woul d expec t  th e result s o f  thi s experimen t  t o b e 

comparabl e wit h thos e o f  Experimen t  1 . 

The pas t  tens e i n Englis h i s usuall y forme d b y addin g th e 

suffi x -e d t o th e verb .  Ther e ar e som e exception s t o thi s rule , 

wit h abou t  18 0 irregula r  pas t  tens e form s (e.g .  sleep/slept ; 

teach/taught) .  Verb s wit h regula r  pas t  tense s ar e 

undoubtedl y morphologicall y comple x an d ca n b e 

straightforwardl y decompose d int o stem s an d affixes . 

Irregula r  pas t  tenses ,  whil e havin g th e sam e syntacti c 

functions ,  ar e no t  combinatoriall y  comple x i n th e sam e wa y 

and canno t  b e decompose d int o a  ste m an d affix . 

We constructe d 3 2 set s o f  fou r  pas t  tens e verbs ,  whic h 

varie d accordin g t o regularit y (regula r  v  irregular )  an d 

frequenc y (hig h v  low) .  A s man y o f  th e irregula r  pas t  tense s 

i n Englis h ar e extremel y frequent ,  th e frequenc y matchin g 

betwee n th e regula r  an d irregula r  form s wa s onl y 

approximat e (se e Tabl e 2  an d example s i n (7)) .  Th e 

procedur e wa s th e sam e a s Experimen t  1 ,  wit h pair s o f 

preteste d sentences ,  identica l  apar t  fro m th e targe t  word . 

(7) a.The parish church was holding a fundraising supper. 

b Mar y mad e th e starte r  an d Georg e 

P R O V I D E D / F E T C H E D / G O T / C H O SE 

th e foo d fo r  th e mai n course . 

Table 2: Details of target words for experiment 3. 

Morp h 

Regula r 

Irregula r 

Fre q Typ e 

Hig h 

Low 
Hig h 

Low 

Exampl e 

PROVIDED 
FETCHED 
GOT 
CHOSE 

Mean lo g Fre q 
1.4 1 
0.3 0 
1.8 7 

0.4 8 

Result s a n d Discussio n 

Th e dat a fro m 5  participant s an d othe r  point s amountin g t o 

les s tha n 0.3 % wer e exclude d (a s pe r  Experimen t  1) .  Ther e 

wer e n o effect s o n th e targe t  wor d (se e Fi g 3) .  A t  t+ 1 regula r 

pas t  tens e sentence s wer e rea d significanU y mor e slowl y 

tha n irregula r  (Fl(l,37)=6.8;p=0.02;F2(l,28)=5.91; p < 

0.025) .  Ther e wa s n o effec t  o f  wor d frequenc y an d n o 

interactio n betwee n wor d frequenc y an d regularit y (al l 

F's<2) .  A t  t+ 2 hig h frequenc y wor d sentence s wer e rea d 

mor e quickl y tha n lo w frequenc y sentences .  Thi s effec t  wa s 

margina l  b y participant s an d significan t  b y item s 

(Fl(l,37)=2.99 ;  p<0.09 :  F2(l,28)=4.59 ;  p<0.04 )  Her e th e 

regularit y effec t  disappeare d an d ther e wa s n o interactio n 

(al l  F's<l) .  W e analyse d th e ite m mean s onl y fro m t+ 1 an d 

t+ 2 together ,  addin g positio n a s a  within-ite m factor .  Ther e 

wer e n o mai n effect s o f  positio n o r  regularity ,  bu t  a  margina l 

effec t  o f  frequenc y (F2(l,28)=3.76 ;  p<0.07) .  Ther e wa s a 

significan t  interactio n betwee n positio n an d regularit y 

(F2(l,28 )  =7.50 ;  p=0.01) .  Ther e wa s n o interactio n betwee n 

frequenc y an d regularit y o r  positio n (Al l  F's<2) .  Th e result s 

of  thi s experimen t  sho w tha t  sentence s wit h morphologicall y 

comple x regula r  pas t  tens e verb s ar e rea d mor e slowl y tha n 

thos e wit h irregula r  pas t  tens e verbs .  Thi s i s independen t  o f 

a word' s surfac e frequency .  I n Experimen t  1 ,  w e kep t  th e 

syntacti c environmen t  constant ,  whil e varyin g th e lexica l 

processin g tas k (readin g a  morphologicall y simpl e o r 

derive d word) .  I n thi s experiment ,  w e kep t  th e lexica l  an d 

syntacti c environment s constant ,  whil e varyin g th e 
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F igu r e 3 :  M e a n read in g t ime s fo r  regula r  a n d irregula r  part -

tense s o n th e targe t  w o r d a n d t w o s u b s e q u e n t  positions . 

combinatorial complexity of the target words. Although the 

effect s i n thi s e x p e r i m e n t  ar e no t  s o stron g a s i n E x p e r i m e n t 

1,  th e patter n o f  result s i s essentiall y  th e s a m e .  T h i s indicate s 

tha t  ther e i s som e c o m m o n featur e t o combinatoria l 

operation s a t  lexica l  an d syntacti c levels . 

General Discussion 

The experiment s i n thi s pape r  wer e se t  u p t o examin e th e 

shar p distinctio n conventionall y mad e betwee n lexica l  an d 

syntacti c processes ,  workin g withi n a  framewor k tha t 

regard s morphologica l  combinatio n a s a  centra l  aspec t  o f 

lexica l  organisation .  A  first,  ground-clearin g experimen t  wa s 

designe d t o investigat e whethe r  effect s o f  morphologica l 

complexit y coul d b e detecte d i n sentenc e leve l  tasks . 

Accordingly ,  i n Experimen t  1 ,  w e foun d elevate d readin g 

time s fo r  sentence s wit h morphologicall y comple x word s a s 

compare d t o thos e wit h morphologicall y simpl e words . 

I n a  secon d comparison ,  w e foun d qualitativel y simila r 

effect s o f  morphologica l  complexit y i n bot h th e lexica l  an d 

syntacti c domains .  Thi s i s base d o n th e paralle l  pattern s o f 

result s fo r  derive d word s an d inflecte d word s i n Experiment s 

1 an d 3 ,  wher e effect s o f  morphologica l  combinatio n wer e 

independen t  o f  wor d frequency .  I n a  thir d comparison ,  w e 

foun d tha t  nove l  an d existin g morphologicall y comple x 

word s bot h ha d reduce d processin g loa d i n strongl y 

constraine d sentenc e contexts .  On e interpretatio n o f  thi s i s 

tha t  highe r  leve l  contextua l  factor s ca n influenc e lexica l 

leve l  processe s o f  morphemi c combination . 

Furthe r  evidenc e fo r  thi s interactive ,  o r  non-autonomou s 

accoun t  come s fro m th e difference s w e foun d betwee n 

prefixe d an d suffixe d words .  Th e orde r  o f  morpheme s i n a 

wor d mad e a  differenc e t o ho w the y wer e read ,  wit h ste m + 

affi x  combination s rea d mor e quickl y tha n affi x  -i -  ste m 

combinations .  Wher e word-interna l  factor s wer e no t 

conduciv e t o successfu l  nove l  morphemi c combinatio n (i.e . 

unproductiv e +  prefix) ,  sentenc e leve l  constrain t  ha d n o 

influence .  Similarly ,  whe n tw o factor s (productiv e -i -  suffix ) 

combine d tha t  wer e maximall y conduciv e t o nove l 

morphemi c combination ,  contextua l  constraint s di d no t 

brin g additiona l  benefits .  However ,  whe n tw o intermediat e 

word-interna l  factor s (i.e .  productiv e +  prefix ;  unproductiv e 

+ sutlix )  combined ,  stron g constrain t  ha d a  clea r  influence . 

Overall ,  w e ca n conclud e tha t  w e hav e foun d sufficien t 

evidenc e t o continu e re-examinin g th e relationshi p betwee n 

lexica l  an d syntacti c processes .  On e directio n fo r  pursuin g 

thi s woul d b e t o as k whethe r  specifi c  syntacti c constraint s 

coul d b e show n t o determine ,  o r  pre-determine ,  ho w set s o f 

morphemes wer e combined . 
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Abst rac t 

How d o peopl e represen t  caua-iil y  comple x situations ? A 
real-worl d cas e wa s use d t o investigat e whethe r  single -
caus e explanation s ar e preferred ,  an d t o asses s whethe r 
goal s facilitat e causa l  discounting .  Participant s wer e aske d 
t o thin k abou t  th e cause s o f  Princes s Diana' s deat h an d 
wer e assigne d th e goa l  t o sho w tha t  eithe r  th e drive r  o r  th e 
photographer s wer e no t  responsible .  Participant s dre w a 
causa l  diagra m depictin g thei r  theory ,  an d rate d th e impor -
tanc e o f  th e causa l  factor s mentioned .  I n general ,  people 
di d no t  see k a  uniqu e caus e fo r  th e even t  an d generate d mul -
ticausa l  explanation s wit h n o explici t  link s betwee n 
causes .  Thos e give n th e goa l  t o defen d on e part y include d 
fewe r  causa l  factor s relate d t o th e defende d part y an d rate d 
the m a s les s important ,  bu t  di d no t  over-emphasiz e th e im -
portanc e o f  othe r  factors .  Th e result s diffe r  fro m thos e 
foun d i n typica l  attributio n tasks . 

Introduction 

Generatin g explanation s fo r  th e event s tha t  occu r  i n th e 
worl d aroun d u s i s a  comple x exercis e i n causa l  reasoning . 
Real-worl d phenomen a hav e a  wid e arra y o f  anteceden t 
events ,  an d som e subse t  o f  thes e mus t  b e identifie d an d 
evaluate d a s plausibl e causa l  factors .  H o w d o peopl e repre -
sent  comple x causa l  situation s suc h a s thos e encountere d i n 
dail y life ? A  larg e bod y o f  researc h ha s investigate d h o w 
peopl e mak e causa l  inference s base d o n differen t  pattern s o f 
evidenc e concernin g th e empirica l  associatio n o r  covariatio n 
betwee n events .  Peopl e hav e bee n foun d t o displa y a  numbe r 
of  reasonin g biases ,  suc h a s a  stron g tendenc y t o focu s o n 
positiv e information ,  specificall y thos e case s wher e caus e 
and effec t  ar e bot h presen t  rathe r  tha n instance s o f  thei r  join t 
absenc e i n makin g attribution s (Downing ,  Sternber g & 
Ross ,  1985 ;  Schustack ,  1988) .  Further ,  discountin g effect s 
hav e bee n observe d i n multi-causa l  contexts .  Individual s 
typicall y behav e a s thoug h the y ar e searchin g fo r  a  singl e 
caus e o f  a n event ;  littl e causa l  importanc e i s  attribute d t o 
othe r  factor s presen t  i n a  situatio n (Schustack ,  1988 ;  Morri s 
& Larrick ,  1995 )  an d ofte n th e mos t  likel y singl e caus e i s 
focuse d o n (Downin g e t  al. ,  1985) .  Kelle y (1972 )  propose d 
tha t  an y on e causa l  candidat e fo r  a n even t  wil l  ten d t o b e 
discounte d t o th e exten t  tha t  othe r  potentia l  cause s ar e avail -
able .  D o thes e fmding s tel l  u s abou t  wha t  peopl e d o i n real -
worl d contexts ? I s i t  th e cas e tha t  peopl e generall y see k uni -
causa l  explanation s eve n i n ver y comple x causa l  situations ? 

I n causa l  attributio n tasks ,  abstrac t  stimul i  an d simplifie d 
hypothetica l  scenario s hav e typicall y bee n use d t o minimiz e 
th e impac t  o f  backgroun d knowledg e o n studyin g th e proces s 
of  causa l  attribution .  Consequently ,  th e structur e o f  thes e 

task s m a y no t  b e representative  o f  causa l  problem s encoun -
tere d i n everyda y life ,  wher e comple x causa l  relationship s ar e 
ofte n presen t  an d backgroun d knowledg e ca n serv e th e induc -
tio n process .  Recen t  researc h examinin g th e typ e o f  informa -
tio n people  spontaneousl y see k w h e n makin g causa l  attribu -
tion s ha s show n tha t  backgroun d knowledg e concernin g 
causa l  mechanism s figure s prominentl y (Ahn ,  Kalish , 
Medi n &  Gelman ,  1995) .  Knowledg e o f  causa l  mechanism s 
has als o bee n foun d t o moderat e causa l  judgment s o f  covaria -
tio n (Rapu s &  Dunbar ,  1998) .  Further ,  backgroun d assump -
tion s concernin g causa l  relation s themselves ,  suc h a s causa l 
directionalit y hav e bee n show n t o pla y a n importan t  rol e i n 
causa l  inferenc e (Waldmann ,  1996) .  Backgroun d knowledge , 
particularl y tha t  concernin g causa l  mechanisms ,  m a y pla y a 
rol e i n people' s apparen t  tendenc y t o prefe r  single-caus e ex -
planations .  A h n &  Bailenson'(1996 )  hav e foun d tha t  whe n 
causa l  mechanism s caimo t  b e inferre d t o lin k differen t  cause s 
int o a  coheren t  explanation ,  discountin g i s  mor e likel y t o 
occur .  Similarly ,  Thagard' s (1992 )  explanator y cohaenc e 
model  woul d als o impl y discountin g i n suc h cases ;  i t  state s 
tha t  whe n n o explanator y connectio n ca n b e mad e betwee n 
tw o theorie s fo r  a n even t  the y wil l  b e hel d a s competing , 
and on e o r  th e othe r  bu t  no t  bot h ca n b e viewe d a s true . 

Th e tragi c deat h o f  Princes s Dian a i n a  Pari s tunne l  pro -
vide d a  real-worl d contex t  i n whic h t o investigat e h o w peo -
pl e represen t  comple x multi-causa l  situations .  I n thi s case , 
an arra y o f  differen t  possibl e cause s wer e presen t  prio r  t o 
Diana' s fata l  accident .  Give n th e presenc e o f  thes e multipl e 
candidat e causes ,  i s discountin g likel y t o b e observed ? Wil l 
peopl e demonstrat e a  tendenc y t o selec t  jus t  on e caus e o r  on e 
clas s o f  cause s subjectivel y considere d t o hav e maxima l 
causa l  importanc e t o explai n Diana' s deat h (e.g. ,  th e drive r 
or  thos e relate d t o driver) ? I n th e rich  contex t  o f  a  real-worl d 
problem ,  backgroun d knowledg e concernin g causa l  mecha -
nism s i s fre e t o influenc e causa l  attributions .  I n thi s case ,  i f 
plausibl e mechanism s d o exis t  t o integrat e th e variou s pos -
sibl e cause s o f  Diana' s deat h (e.g. ,  drun k drivin g an d hig h 
spee d chases) ,  the n i t  i s  expecte d tha t  peopl e wil l  generall y 
not  exhibi t  a  tendenc y t o discount . 

I n th e presen t  study ,  individual s wer e aske d t o thin k abou t 
th e cause s o f  Diana' s death ,  dra w a  causa l  diagra m depictin g 
thei r  theor y o f  wha t  cause d he r  death ,  an d t o rat e th e causa l 
importanc e o f  th e factor s the y included .  Peopl e wer e als o 
eithe r  give n th e rol e t o defen d on e specifi c  part y involve d i n 
th e acciden t  i n a  hypothetica l  lega l  contex t  (i.e. ,  t o thin k a s 
th e driver' s o r  th e photographers '  lawyer )  o r  give n n o role . 
The goa l  o f  thos e give n th e rol e o f  defens e lawye r  wa s t o 
sho w tha t  eithe r  th e drive r  o r  th e photographer s wer e no t 
responsibl e fo r  Diana' s death .  Manipulatio n o f  goal s ha s 
been show n t o influenc e pattern s o f  scientifi c  reasoning . 
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w h e r e goal s constrai n th e infoniiatio n tha t  i s  attende d t o 
( D u n b a r ,  1 9 9 3 ) .  I t  i s  hypothesize d tha t  i n th e curren t  stud y 
th e man ipu la t i o n o f  role s wil l  facilitat e th e discountin g o f 
causa l  factors .  R e a s o n i n g wit h suc h a  goa l  i s  expecte d t o 
influenc e bo t h th e n u m b e r  o f  cause s ascribe d a s wel l  a s thei r 
perceive d strengt h o r  importanc e i n producin g th e o u t c o m e . 
T h e r e ar e t w o potentia l  w a y s i n w h i c h discountin g m a y b e 
observed .  First ,  th e presenc e o f  a  goa l  coul d serv e t o reduce 
th e n u m b e r  o f  cause s relatin g t o th e defende d part y tha t  ar e 
m e n t i o n e d a n d m i n i m i z e th e causa l  importanc e attribute d t o 
th e defende d party .  S e c o n d ,  reasonin g wit h thi s goa l  coul d 
resul t  i n th e exclusio n o f  causa l  factor s relatin g t o th e de -
fende d part y f r o m people' s explanations .  Alternatively ,  i t  i s 
als o possibl e tha t  th e manipulat io n o f  goal s coul d produc e 
a n increas e i n th e importanc e rating s o f  alternativ e causes , 
c o m p a r e d t o th e contro l  condition . 

T h e product io n o f  causa l  m o d e l s i n thi s stud y provide s th e 
opportuni t y fo r  perceive d interrelationship s b e t w e e n causa l 
factor s t o b e assessed .  Individual s wer e instructe d t o s h o w 
w h a t  link s the y believe d existe d be twee n th e cause s i n thei r 
d i ag rams .  T h e structura l  complexi t y o f  th e m o d e l s wil l  b e 
analyze d t o asses s th e presenc e o f  th e link s depicte d be twee n 
causes .  I t  i s  expecte d tha t  i f  multi-causa l  explanation s ar e 
generated ,  evidenc e o f  connection s be twee n cause s wil l  b e 
obse rve d i n th e causa l  m o d e l s . 

Method 

Participants 

O ne hundre d an d tw o student s enrolle d i n variou s psychol -
og y classe s a t  McGil l  Universit y volunteere d t o participat e 
i n th e experiment .  Th e dat a wa s collecte d i n Decembe r  199 7 
an d Januar y 1998 ;  a t  thi s poin t  ther e wa s littl e n e w informa -
tio n broadcas t  concernin g th e accident . 

Materials and Procedure 

Participant s complete d a  penci l  an d pape r  questionnair e i n 
whic h the y wer e aske d t o thin k abou t  th e cause s o f  th e deat h 
of  Princes s Diana .  Participant s i n tw o experimenta l  condi -
tion s received ,  a t  th e outset ,  th e instructio n t o assum e on e 
of  tw o lawye r  role s i n thei r  completio n o f  th e questionnaire . 
I n th e drive r  lawye r  role ,  participant s wer e aske d t o assum e 
th e rol e o f  th e lawye r  fo r  th e Rit z Hotel ,  an d wer e instructe d 
t o s h o w tha t  th e driver ,  Henr i  Paul ,  wa s no t  responsibl e fo r 
Diana' s death .  I n th e photographers '  lawye r  role ,  participant s 
wer e aske d t o assum e th e rol e o f  th e lawye r  fo r  th e photog -
rapher s an d wer e instructe d t o sho w tha t  th e photographer s 
wer e no t  responsibl e fo r  he r  death . 

Participant s wer e provide d wit h a  brie f  summar y o f  th e 
fact s surroundin g Diana' s deat h obtaine d fro m a n A P Wir e 
bulletin ,  whic h include d informatio n concernin g th e photog -
raphers '  involvement ,  th e driver' s condition ,  a  Britis h plot , 
and Dian a givin g u p persona l  security .  Participant s wer e 
the n aske d t o dra w a  causa l  diagra m depictin g thei r  theor y o f 
what  cause d he r  deat h give n thei r  rol e a s eithe r  th e driver' s 
lawye r  o r  th e photographers '  lawyer ;  thos e i n th e contro l 
conditio n wer e simpl y aske d t o dra w a  diagra m depictin g 
thei r  theory .  Participant s wer e instructe d t o includ e al l  th e 
causa l  factor s the y though t  wer e relevan t  an d wha t  th e link s 

betwee n the m were .  The y wer e the n aske d t o lis t  th e causa l 

factor s include d i n thei r  diagram s an d rat e thei r  causa l  impor -
tanc e i n causin g th e acciden t  o n a  scal e from 1  t o 7  ( 1 indi -

cate d littl e importanc e an d 7  indicate d extremel y important) . 
Subsequently ,  participant s wer e aske d t o answe r  thre e ques -
tion s concernin g h o w likel y th e acciden t  woul d hav e bee n t o 
occu r  give n th e absenc e o f  th e eac h o f  thre e causes :  "Woul d 
th e acciden t  hav e bee n likel y t o occu r  i f  (1 )  th e drive r  ha d 
bee n i n perfec t  conditio n an d no t  speeding ;  (2 )  th e photogra -
pher s ha d no t  bee n chasin g th e ca r  tha t  night ;  (3 )  Dian a ha d 
not  give n u p around-the-cloc k security .  Thes e item s wer e 
rate d o n a  six-poin t  scale ,  wit h 1  indicatin g ver y unlikel y t o 
occu r  an d 6  indicatin g extremel y likel y t o occur .  Last ,  par -
ticipant s wer e give n fou r  question s regardin g thei r  interes t  i n 
Diana' s lif e an d emotiona l  involvement ;  thes e item s wer e 
rate d o n a  7-poin t  scale . 

Results 

Coding 

Th e causa l  factor s include d i n th e diagram s wer e comprise d 
of  fou r  genera l  categorie s o f  causes :  Driver ,  Photographer , 
Diana ,  an d Othe r  causes .  Thes e wer e classifie d i n th e follow -
in g way .  Drive r  cause s wer e causa l  factor s tha t  specifie d th e 
drive r  i n som e wa y an d include d drinking ,  bein g o n medica -
tion ,  a n illega l  license ,  an d speeding .  Photographe r  cause s 
wer e thos e tha t  specifie d th e photographer s i n som e wa y an d 
include d chasin g Diana' s car ,  no t  aidin g a t  th e acciden t  scene , 
and usin g flas h cameras .  Dian a causes  wer e factor s tha t 
specifie d som e aspec t  relate d t o Diana ,  includin g no t  wearin g 
a sea t  belt ,  givin g u p persona l  security ,  an d an y characteris -
ti c  o f  he r  personalit y an d eminence .  Othe r  cause s include d 
thos e factor s no t  classifiabl e a s an y o f  th e above ,  an d in -
clude d a  Britis h conspirac y an d anothe r  ca r  bein g involved . 

Th e complexit y o f  th e causa l  diagram s wa s als o analyzed . 
A causa l  diagra m wa s classifie d a s simpl e i f  i t  depicte d a 
direc t  cause(s )  onl y (i.e. ,  a  caus e tha t  wa s linke d directi y t o 
Diana' s death.) .  Simpl e wa s use d t o describ e th e lac k o f  in -
termediat e factor s an d th e lac k o f  interconnection s presen t 
betwee n causes .  Thus ,  simpl e model s di d no t  necessaril y 
hav e t o b e uni-causal .  A n exampl e o f  a  simpl e mode l  wit h 
multipl e cause s i s presente d i n Figur e 1 . 
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Figur e 1 :  E x a m p l e o f  a  simpl e m o d e l  wi t h multipl e cause s 
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The driver' s drinkin g bein g responsibl e fo r  Diana' s deat h 
woul d b e a n exampl e o f  a  direc t  cause .  A  comple x causa l 
diagra m depicte d a t  leas t  on e indirec t  cause .  Indirec t  cause s 
wer e thos e tha t  wer e linke d t o Diana' s deat h throug h anothe r 
caus e (o r  intermediat e factor) .  A n exampl e o f  a n indirec t 
caus e woul d b e tha t  th e driver' s drinkin g resulte d i n th e 
drive r  speedin g whic h le d t o Diana' s death .  I n thi s case ,  th e 
driver' s drinkin g woul d b e a n indirec t  cause .  Comple x causa l 
diagram s wer e furthe r  code d fo r  thre e type s o f  structure .  A 
linea r  diagra m consiste d o f  on e causa l  chai n o f  events .  Fo r 
example ,  a  diagra m i n whic h facto r  A  cause d B  whic h cause d 
C woul d b e code d a s a  linea r  diagram .  A  multi-linea r  dia -
gra m consiste d o f  tw o o r  mor e causa l  chain s tha t  converge d 
at  th e outcom e o r  a t  a  facto r  prio r  t o th e outcome .  A n inter -
activ e diagra m consiste d o f  factor s A  an d B  causin g eac h 
othe r  an d A  an d B  causin g on e o r  mor e othe r  factors . 

Effect of Role Manipulation 

The numbe r  o f  cause s mentione d i n eac h o f  th e fou r  catego -
ries  a s a  functio n o f  th e rol e assigne d wa s compare d t o as -
sess th e effec t  o f  rol e o n discounting .  A N O V As wer e use d t o 
compar e th e numbe r  o f  factor s mentione d b y participant s i n 
eac h condition .  Significan t  difference s i n th e numbe r  o f  fac -
tor s mentione d i n th e Drive r  category ,  F(2 ,  98)=6.67 , 
p<.01 ,  an d i n th e Photographe r  categor y F(2 ,  98) = 10.09 , 
p<.000 1 wer e foun d a s a  functio n o f  th e rol e assigned .  Spe -
cifically ,  post-ho c comparison s (Sheff e tests )  reveale d tha t 
peopl e assigne d t o defen d th e drive r  mentione d fewe r  factor s 
relate d t o th e drive r  tha n thos e assigne d t o defen d th e photog -
rapher s (p<.01 )  o r  thos e i n th e contro l  conditio n (p<.05) . 
However ,  thes e individual s di d no t  mentio n mor e photogra -
pher  factor s tha n di d participant s i n th e contro l  conditio n 
(p>.05) . 

Defen d Photog -
rapher s 

Defen d Drive r 

Contro l 

Driver-relate d 
cause s 

2.2 8 S D = 1. 6 

1.1 2 S D = 1 . 3 

2.1 1 SD = 1. 3 

Photographer -
relate d cause s 

0.3 4 S D = 0. 5 

1.0 6 S D = 0 . 8 

1.0 3 S D = 0 . 8 

Tabl e 1 :  M e a n numbe r  o f  driver-relate d an d photographer -
relate d cause s mentione d acros s condition s 

Similarly, people assigned to defend the photographers men-
tione d fewe r  factor s related  t o th e photographer s tha n thos e 
i n th e driver' s lawye r  rol e (p<.001 )  an d thos e i n th e contro l 
conditio n (p<.01 )  bu t  di d no t  mentio n an y mor e drive r  fac -
tor s tha n participant s i n th e contro l  conditio n (p>.05) .  Tabl e 
1 depict s th e m e a n numbe r  o f  driver-relate d an d photogra -
pher-relate d cause s mentione d i n eac h condition .  A N O V As 
wer e als o performe d o n th e numbe r  o f  factor s mentione d 
from  th e Dian a categor y an d th e Othe r  category .  N o signifi -
cant  differenc e emerge d betwee n th e rol e condition s 
(F(2.98)=0.46 ,  p>.0 5 an d F(2,98)=2.89 ,  p>.05 ,  respec-
tively) .  Th e rol e manipulatio n di d no t  hav e an y effec t  o n th e 
tota l  numbe r  o f  cause s containe d i n th e models ,  no r  o n th e 
number  o f  differen t  categorie s mentioned .  A N O V As con -

ducte d o n th e tota l  numbe r  o f  factors ,  F(2 ,  98)=0.53 ,  p>.05 , 
and th e numbe r  o f  differen t  categories ,  F(2 ,  98)=2.5 ,  p>.05 , 
revealed  n o significan t  difference s betwee n conditions .  Thi s 
indicate s tha t  an y difference s foun d betwee n condition s i s no t 
due t o a n overal l  differenc e i n th e numbe r  o f  cause s men -
tioned . 

Defen d Photog -
raphers 

Defen d Drive r 

Contro l 

Driver-relate d 
cause s 

6.2 3 S D = 1. 0 

4.9 3 S D = 1. 3 

5.7 9 S D = 1. 3 

Photographer -
related  cause s 

3.1 5 S D = 1. 8 

5.9 0 S D = 1. 3 

5.0 1 S D = 1. 8 

Tabl e 2 :  M e a n causa l  strengt h rating s fo r  eac h typ e o f  caus e 
acros s condition s 

The effect of the role manipulation on the causal strength 
rating s wa s als o measured .  Fo r  eac h categor y o f  causa l  fac -
tors ,  th e averag e causa l  strengt h ratin g wa s calculate d ove r 
th e numbe r  o f  item s tha t  wer e actuall y liste d b y th e partici -
pants .  A N O V As assesse d difference s betwee n condition s i n 
thes e rating s fo r  eac h causa l  category .  Participant s i n th e 
differen t  rol e condition s di d no t  evaluat e cause s firo m th e 
Drive r  category ,  F(2,83)=7.72 ,  p<.0001 ,  o r  th e Photogra -
phe r  categor y i n th e sam e way ,  F(2,74) = 16.44 ,  p<.0001 . 
Sheff e pos t  ho c test s reveale d th e sam e patter n observe d wit h 
th e numbe r  o f  causes .  Participant s assigne d t o defen d th e 
drive r  ascribe d les s importanc e t o driver-relate d causa l  factor s 
tha n participant s i n th e photographers '  lawye r  rol e (p<.001 ) 
an d th e contro l  conditio n (p<.05) ,  bu t  di d no t  rate  photogra -
pher-relate d causa l  factor s a s mor e importan t  tha n th e contro l 
grou p (p>.05) .  Similarly ,  thos e i n th e photographers '  law -
yer  rol e rated  photographer-relate d factor s a s les s importan t 
dia n di d thos e assigne d t o defen d th e drive r  (p<.0001 )  an d th e 
contro l  grou p (p<.001) ,  bu t  di d no t  rat e th e driver-relate d 
factor s a s mor e importan t  tha n th e contro l  grou p (p>.05) . 
Tabl e 2  display s th e mea n causa l  strengt h rating s fo r  driver -
related  an d photographer-relate d cause s acros s conditions . 
Factor s relate d t o th e defende d part y wer e rated  les s importan t 
whil e th e importanc e o f  alternat e cause s w a s no t  amplified . 
Th e causa l  strengt h rating s fo r  Diana-relate d an d Othe r 
cause s wer e no t  significantl y differen t  acros s th e thre e condi -
tions . 

Thi s patter n o f  result s indicate s tha t  individual s assigne d 
th e rol e o f  defendin g on e part y tende d t o decreas e th e numbe r 
and causa l  importanc e o f  th e factor s related  t o th e defende d 
party ,  rathe r  tha n exclud e the m fro m thei r  models .  Further -
more ,  defendin g on e part y di d no t  lea d t o a  significan t  in -
creas e i n th e importanc e rating s o f  othe r  causes .  Interest -
ingly ,  th e rol e di d no t  reduce  th e overal l  numbe r  o f  cause s 
identified ;  thos e assigne d a  rol e di d no t  diffe r  fro m th e con -
tro l  grou p i n th e tota l  numbe r  o f  cause s mentioned .  Thi s 
indicate s tha t  individual s di d no t  discount ,  eve n i n condition s 
wer e the y wer e give n a  constrainin g goal . 
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Analysi s o f  Causa l  M o d e l s 

Causal  model s wer e first  assesse d fo r  th e numbe r  o f  factor s 
incotporated .  Participant s included ,  o n average .  4.0 8 differen t 
causa l  factor s (SE> = 2.49 )  and ,  o n average ,  2.3 4 (SD = 1.31 ) 
of  th e fou r  possibl e causa l  categorie s i n thei r  models .  Thi s 
indicate s tha t  multiple-caus e explanation s wer e preferred . 
Onl y 2  model s include d a  singl e caus e an d onl y 3  model s 
include d jus t  on e categor y o f  causa l  factors .  I n term s o f 
structura l  complexity ,  simpl e models ,  whic h include d onl y 
direc t  cause s o f  Diana' s death ,  wer e foun d t o b e th e mos t 
frequently  produce d (n=65 ,  64.4%) .  N o model s tha t  coul d b e 
code d a s simpl e linea r  chain s wer e observed .  Seventee n o f 

th e model s wer e code d a s multi-linea r  (16.8% )  an d nin e a s 
interactiv e (8.9%) .  Te n model s wer e no t  classifiabl e int o an y 
of  th e codin g categorie s (9.9%) .  Thi s resul t  show s tha t  peo -
pl e generall y produce d simpl e causa l  model s wher e interrela -
tion s wer e no t  depicte d betwee n causes . 

The effec t  o f  th e rol e manipulatio n o n th e structur e o f  th e 
causa l  model s produce d wa s als o assessed .  A  ch i  squar e tes t 
reveale d tha t  th e differen t  type s o f  structure s wer e no t  equall y 
distribute d acros s th e differen t  conditions .  x^(6.N=101) = 
14.35 ,  p<.05 .  Specifically ,  model s wit h interactiv e struc -
ture s wer e mostl y foun d i n th e contro l  conditio n (77.8%) . 
Thi s finding  indicate s tha t  th e rol e manipulatio n ha d a n ef -
fec t  o n th e complexit y o f  th e model s generated ,  reducin g th e 
likelihoo d tha t  interactiv e relation s woul d b e depicte d amon g 
causa l  factors . 

Acros s al l  conditions ,  individual s tende d t o lis t  mor e 
cause s related  t o th e drive r  (M=1.83 )  tha n t o th e photogra -
pher s (M=0.82) ,  t=6.57 ,  p<.0001 .  Ther e wa s als o a  differ -
enc e i n th e averag e rating s o f  causa l  strength .  O n average , 
participant s rate d driver -  related  causa l  factor s t o b e mor e 
strongl y linke d t o th e deat h o f  Princes s Dian a (M=5.72) . 
Thi s reveals  tha t  individuals ,  i n general ,  attribute d greate r 
caus£i l  importanc e t o th e drive r  i n explainin g Diana' s death . 

Discussion 

I n th e contro l  condition ,  peopl e wer e no t  observe d t o dis -
coun t  causes .  Th e majorit y o f  explanation s generate d wer e 
multicausa l  i n nature ,  ye t  the y exhibite d a  simpl e structur e 
wher e n o indirec t  cause s o r  relation s betwee n cause s wer e 
dqjicted .  Relativel y fe w multi-linea r  o r  interactiv e model s 
wer e observed ,  an d th e latte r  wer e mor e likel y t o b e produce d 
by participant s i n th e contro l  condition .  Th e manipulatio n 
of  role s i n thi s stud y resulted  i n th e inclusio n o f  fewe r 
cause s associate d wit h th e defende d party ,  an d thei r  impor -
tanc e wa s downplayed .  However ,  individual s di d no t  sho w a 
tendenc y t o plac e greate r  importanc e o n othe r  causa l  factors . 

The result s o f  th e goa l  manipulatio n sho w tha t  whe n 
peopl e wer e give n th e rol e t o defen d eithe r  th e drive r  o r  th e 
photographers ,  the y decrease d bot h th e numbe r  o f  causa l 
factor s associate d wit h th e defende d part y an d th e strengt h o f 
th e causa l  rol e assigne d t o them .  Specifically ,  whe n in -
structe d t o defen d th e driver ,  individual s specifie d fewe r 
cause s relate d t o th e drive r  i n thei r  model s an d rate d the m a s 
les s importan t  tha n cause s associate d wit h th e photogra -
phers .  Th e sam e patter n o f  minimizatio n hel d whe n people' s 
goal  wa s t o defen d th e photographers .  Interestingly ,  indi -
vidual s defendin g eithe r  th e drive r  o r  th e photographer s di d 

not  ascrib e mor e importanc e t o othe r  causa l  factor s tha n 

thos e i n th e contro l  condition .  Rather ,  peopl e downplaye d 
th e causa l  significanc e o f  th e defende d part y an d di d no t  at -
temp t  t o over-emphasiz e th e importanc e o f  othe r  causes .  Th e 
tota l  numbe r  o f  cause s mentione d a s wel l  a s th e numbe r  o f 
differen t  causa l  categorie s referred  to .  however ,  di d no t  diffe r 
betwee n th e rol e an d contro l  conditions .  Thes e result s indi -
cat e tha t  th e presenc e o f  goal s i n thi s stud y constraine d th e 
informatio n attende d to ,  whic h i s consisten t  wit h previou s 
findings  (e.g. .  Dunbar ,  1993 ;  Spellma n &  Holyoak ,  1996) . 
I t  mus t  b e emphasize d tha t  th e assignmen t  o f  a  particula r 
goal  produce d a  tendenc y t o minimiz e th e importanc e o f  th e 

defende d party ;  cause s related  t o th e defende d part y wer e no t 
simpl y excluded ,  an d single-caus e explanation s fo r  Diana' s 
deat h wer e no t  generall y observed .  Thu s individual s i n th e 
goal  conditio n discounte d t o th e exten t  tha t  the y minimize d 
th e importanc e o f  cause s relate d t o th e defende d party . 

Analysi s o f  th e structura l  complexit y o f  th e causa l  model s 
furthe r  reveale d tha t  althoug h mos t  explanation s fo r  Diana' s 
deat h wer e simpl e i n structur e (i.e. ,  n o indirec t  o r  interrelate d 
cause s wer e depicted) ,  the y include d multipl e causa l  factors . 
Model s wer e no t  foun d t o b e limite d t o th e on e caus e o r  on e 
clas s o f  cause s rate d t o hav e maxima l  causa l  importance ,  a s 
explanation s base d o n a  singl e caus e o r  a  singl e categor y o f 
caus e wer e rare ;  models ,  o n average ,  include d fou r  causes . 
Thi s indicate s a  preferenc e fo r  multi-caus e explanation s fo r 
Diana' s death ,  a s wa s hypothesized . 

The fac t  tha t  single-caus e explanation s wer e no t  observe d 
i n thi s study ,  eve n i n th e goa l  condition s ma y b e du e t o th e 
interrelatednes s o f  th e causa l  factor s operatin g i n th e situa -
tio n an d th e fac t  tha t  thes e cause s ca n b e integrate d vi a 
mechanisms .  Th e differen t  causa l  factor s presen t  ca n b e inte -
grate d t o for m a  singl e coheren t  explanatio n o f  Diana' s 
death .  A h n an d Bailenson' s (1996 )  findings  indicat e tha t 
discountin g i s les s likel y t o occu r  whe n a  mechanis m exist s 
t o coher e tw o causa l  explanation s fo r  a n event .  Fo r  example , 
bot h th e drive r  an d th e photographer s ca n b e assigne d causa l 
status ,  an d viewe d t o contribut e t o th e cras h b y increasin g 
th e spee d o f  Diana' s car .  Similarly ,  Thagard' s (1992 )  ex -
planator y coherenc e mode l  state s tha t  explanation s wil l  b e 
viewe d a s competin g whe n n o explanator y connectio n be -
twee n the m ca n b e made .  Analysi s o f  th e causa l  diagrams , 
however ,  revealed  tha t  peopl e di d no t  generall y provid e 
mechanism s showin g suc h integratio n o f  th e causa l  factor s 
(i.e. ,  th e majorit y o f  peopl e produce d simpl e models ,  rathe r 
tha n multi-linea r  o r  interactiv e ones) .  Thus ,  whil e peopl e (£ d 
not  exclud e causes ,  the y di d no t  explicid y integrat e the m 
either .  A  plausibl e interpretatio n o f  thi s finding  i s tha t  th e 
cause s wer e integrated ,  bu t  tha t  th e proces s i s no t  necessaril y 
an explici t  one .  I t  i s  possibl e tha t  th e majorit y o f  individu -
als ,  fo r  pragmati c reasons ,  di d no t  fee l  i t  necessar y t o specif y 
ho w th e cause s wer e related ,  perhap s assumin g tha t  th e con -
nection s wer e obvious . 

Althoug h fe w interactiv e model s wer e observed ,  the y w o e 
mor e likel y t o b e generate d b y individual s wh o ha d n o rol e 
assigne d t o them .  I t  appear s tha t  havin g th e goa l  t o defen d 
one part y ha d a n impac t  o n th e structur e o f  th e mode l  pro -
duced ,  specificall y lowerin g th e likelihoo d o f  depictin g inter -
actin g causes .  Thi s indicate s tha t  th e manipulatio n o f  goal s 
resulte d i n a  simplificatio n o f  th e explanation s generated . 
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Further ,  linea r  models ,  i n whic h a  singl e causa !  chai n i s 
delineated ,  wer e no t  observed .  Previou s investigatio n o f 
people' s representation s o f  real-worl d causa l  processe s ha s 
foun d causa l  model s t o b e characterize d b y linea r  chain s 
(White ,  1995) .  Thi s divergenc e ma y b e du e t o th e tempora l 
feature s o f  th e causa l  situatio n use d i n thi s study .  I n thi s 

case ,  th e causa l  factor s ca n b e represente d a s operatin g si -
multaneousl y (i.e. ,  th e drive r  wa s drun k a t  th e sam e tim e th e 
photographer s wer e i n pursui t  o f  Diana' s car) .  Th e presenc e 
of  simultaneou s cause s ma y b e les s conduciv e t o linear -
chai n representations .  Consequently ,  tim e factor s ma y b e a n 
importan t  constrain t  o n th e wa y model s ar e constructed . 

Overall ,  thes e result s sugges t  tha t  findings  fro m typica l 
causa l  attributio n task s ma y no t  al l  b e generalize d t o real-
worl d contexts .  Th e goa l  manipulatio n o f  adoptin g a  certai n 
viewpoin t  resulte d i n discounting ,  i n term s o f  individual s 
minimizin g th e rol e o f  th e defende d part y rathe r  tha n exclud -
in g thes e factors .  I n th e absenc e o f  a  goal ,  however ,  th e ap -
paren t  bia s o f  discountin g wa s no t  observed .  I n addition , 
goal s resulte d i n th e simplificatio n o f  causa l  models ,  par -
ticularl y o f  interactiv e causa l  relationships .  I n th e presen t 
real-worl d situatio n wher e multipl e interrelate d cause s ar e 
available ,  focusin g o n a  singl e caus e i s no t  a  reasonabl e 
strateg y t o use .  I n general ,  discountin g shoul d b e les s likel y 
t o occu r  i n real-worl d situation s wher e man y interrelate d 
cause s interact .  Further ,  causa l  mechanism s wil l  pla y a n 
importan t  rol e i n determinin g whic h factor s ar e aocade d 
causa l  statu s an d whic h ca n b e discounted . 

The presen t  result s als o answe r  th e questio n o f  wh o kille d 
Princes s Dian a i n th e mind s o f  people .  I t  appear s tha t  whil e 
no on e part y wa s hel d solel y responsibl e fo r  causin g he r 
death ,  individual s tende d t o nam e mor e cause s associate d 
wit h th e drive r  an d ascribe d greate r  importanc e t o them . 
Thus ,  th e drive r  wa s regarded  a s mor e culpabl e i n th e pub -
lic' s eye . 
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Abstrac t 

In  this paper wc present an approach to modeling emergent syl-
labl e system s usin g simulate d evolutio n o f  a  "vocabulary "  o f 
"words. "  Th e mode l  i s aime d a t  testin g th e genera l  hypothesi s 
tha t  language-universa l  soun d pattern s emerg e fro m selectio n 
>ressure s exerte d o n th e syste m b y th e perceptua l  an d articu -
ator y constraint s o f  languag e users .  Th e mode l  i s abl e t o dis -

tinguis h betwee n hypothese s abou t  ho w specific ,  biologically -
motivate d constraint s affec t  th e soun d structur e o f  language . 
For  example ,  i t  i s show n tha t  mandibula r  oscillatio n provide s 
a stron g constrain t  o n th e sequentia l  organizatio n o f  phoneme s 
int o words .  Futur e wor k wil l  explor e th e potentia J o f  othe r 
constraint s that ,  wit h mandibula r  oscillation ,  wil l  b e sufficien t 
t o describ e th e emergenc e o f  syllabl e systems . 

I n t r o d u c t i o n 

Althoug h m u c h variabilit y  exist s i n th e soun d structure s o f 
languages ,  ther e ar e a  numbe r  o f  c o m m o n patterns .  Severa l 
independen t  statement s ca n b e m a d e tha t  captur e thes e uni -
versa l  (o r  highl y frequent )  soun d pattern s o f  language .  Fo r 
example ,  th e mos t  c o m m o n vowe l  sound s i n th e world' s lan -
guage s ar e [i] .  [u] ,  an d [a] ,  an d voiceles s sto p consonant s 
[p] .  [t] ,  [k ]  ar e th e mos t  c o m m o n se t  o f  consonant s (Mad -
dieson ,  1984) .  Accordin g t o a  numbe r  o f  phoneti c theories , 
suc h pattern s emerg e fro m perceptua l  an d articulator y con -
straints .  Thi s ide a i s inspire d b y th e biologica l  theor y o f  evo -
lutio n b y natura l  selection .  Jus t  a s th e morphologica l  struc -
tur e o f  a n organis m reflect s th e type s o f  selectio n pressure s 
t o whic h i t  ha s bee n exposed ,  th e soun d structur e o f  languag e 
reflect s th e pressure s originatin g fro m th e perceptua l  an d ar -
ticulator y system s o f  languag e speaker s an d listeners .  Fo r 
example ,  Lindblo m (1986 )  ha s demonstrate d tha t  th e criteri a 
of  maxima l  perceptua l  distinctivenes s i s sufficien t  t o predic t 
th e systemati c occurrenc e o f  [i] ,  [u] ,  an d [a ]  i n vowe l  system s 
of  differen t  sizes .  Similarly ,  th e prevalenc e o f  th e voiceles s 
sto p serie s ca n b e understoo d a s resultin g fro m a  pressur e fo r 
soun d system s t o maximiz e eas e o f  articulatio n (Willerman , 
1994) . 

I n thes e examples ,  a  language-universa l  soun d patter n i s 
identifie d an d explaine d a s resultin g fro m a  constrain t  tha t  i s 
eithe r  perceptua l  o r  articulatory .  Lik e i n th e specifi c  exam -
ple s provide d above ,  th e soun d pattern s tha t  ar e usuall y ex -
plaine d ar e context-fre e segmenta l  patterns .  O n e migh t  won -
der  whethe r  thes e type s o f  perceptua l  an d articulator y expla -
nation s wil l  als o b e sufficien t  t o accoun t  fo r  pattern s tha t  aris e 
from  th e organizatio n o f  segment s int o large r  unit s suc h a s 
syllables .  MacNeilag e (1998 )  ha s propose d a n articulatory -
base d hypothesi s t o explai n on e aspec t  o f  super-segmenta l 

soun d patterns .  Accordin g t o MacNeilage ,  th e seria l  organi -
zatio n o f  consonant s an d vowel s int o syllable s emerge s natu -
rall y from  th e basi c close-ope n cycl e o f  th e ja w tha t  charac -
terize s al l  o f  speec h production .  I n MacNeilage' s view ,  th e 
close-ope n cycl e i s basi c becaus e i t  reflect s th e evolutionar y 
histor y o f  speec h productio n i n whic h h u m a n ancestor s im -
pose d phonatio n ont o a  cycl e tha t  existe d (an d i s stil l  cur -
rentl y i n us e acros s m a m m a l s )  fo r  a  variet y o f  ingestiv e pro -
cesses . 

To tes t  a  hypothesi s abou t  emergence ,  instrumenta l  (i.e .  ex -
perimental )  phoneti c research ,  whic h identitie s th e percep -
tua l  o r  articulator y constraints ,  mus t  b e complemente d wit h 
demonstration s o f  h o w soun d pattern s ca n emerge .  O n e wa y 
t o accomplis h suc h demonstration s i s vi a computationa l  sim -
ulations .  Fo r  example ,  i t  i s  possibl e t o se t  u p a  mode l  wit h 
an initiall y  randoml y organize d vocabulary .  Th e phonemi c 
structur e o f  word s change s ove r  tim e b y a  proces s o f  selectio n 
t o satisf y th e specifi c  constraint s o f  th e system .  Th e final  re -
sul t  i s a  well-organize d an d regularly-structure d vocabulary . 

I n th e first  hal f  o f  thi s pape r  w e describ e suc h a  mode l  fo r 
syllabl e system s tha t  ar e evolve d unde r  th e selectio n pres -
sur e o f  specifi c  perceptua l  an d articulator y constraints .  I n 
th e secon d hal f  o f  th e paper ,  w e presen t  result s from  sim -
ulation s i n whic h th e emergenc e o f  on e universa l  aspec t  o f 
syllabl e structure ,  namely ,  di e occurrenc e o f  C V syllable s 
(Bel l  an d Hooper ,  1978) ,  i s  modeled .  Specifically ,  w e tes t 
whethe r  mandibula r  oscillation ,  a s describe d b y MacNeilag e 
(1998) ,  provide s a  bette r  constrain t  o n th e seria l  organiza -
tio n o f  phoneme s tha n eithe r  a  simpl e rando m concatenatio n 
of  phoneme s o r  tha n a  constrain t  tha t  ensure s maxima l  per -
ceptua l  distinctivenes s betwee n word s i n a  vocabulary .  Oiu ' 
findings  indicat e tha t  mandibula r  oscillatio n doe s provid e a 
stron g organizationa l  constrain t  o n th e system ,  bu t  tha t  othe r 
constraint s mus t  als o b e involved .  I n conductin g thes e sim -
ulation s w e ai m t o demonstrat e th e utilit y  o f  thi s typ e o f  op -
timizatio n mode l  i n testin g biological ,  constraint-base d hy -
pothese s o n th e emergenc e o f  linguisti c soun d patterns . 

I t  shoul d b e note d tha t  i n spit e o f  th e us e o f  terminolog y 
suc h a s "fitness "  an d "selection "  th e mode l  i s no t  a  mode l  o f 
languag e evolution .  T h e goa l  i s  t o demonstrat e tha t  specifi c 
perceptua l  an d articulator y constraints ,  whic h ar e hypothe -
size d t o creat e th e regula r  syllabl e system s o f  languag e vi a 
selection ,  ar e i n fac t  capabl e o f  doin g so . 

The Emergent Syllable System (ESS) Model 

I n orde r  t o simulat e th e emergenc e o f  syllabl e systems ,  i t 
i s  necessar y t o simulat e th e emergenc e o f  a  vocabular y o f 
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words .  Thi s i s becaus e th e syllabl e syste m o f  a  languag e 
can b e determine d fro m th e organizatio n o f  phoneme s i n th e 
word s o f  tha t  language .  Thu s ou r  model ,  whic h wil l  b e re -
ferre d t o a s th e Emergen t  Syllabl e System s model ,  o r  ESS , 
simulate s th e emergenc e o f  a  "vocabulary "  o f  "words. " 

Architecture of Vocabulary Evolution 

The E S S mode l  i s base d o n Symbioti c Evolutio n (Moriart y 
and Miikkulainen ,  1996) .  I n thi s method ,  geneti c algorithm s 
evolv e a  populatio n o f  partia l  solution s tha t  combin e t o yiel d 
an optima l  solutio n t o th e give n problem .  I n th e presen t  adap -
tatio n o f  thi s mode l  a  se t  o f  word s ar e randoml y generate d t o 
for m vocabularie s an d th e "fitness "  o f  thes e vocabularie s i s 
evaluate d accordin g t o a  se t  o f  specifie d perceptua l  an d ar -
ticulator y constraints .  Th e fitnesses  o f  al l  vocabularie s tha t  a 
wor d participate s i n ar e average d t o ge t  a  fitness  fo r  th e word . 
Words ar e the n sorte d accordin g t o thei r  fitness  value s an d a 
percentag e o f  th e bes t  word s ar e bre d t o creat e a  ne w popu -
latio n o f  words .  Th e subsequen t  generatio n o f  vocabularie s 
i s the n randoml y selecte d fro m thi s population ,  an d s o on .  I n 
thi s way ,  word s tha t  participat e i n successfu l  vocabularie s ar e 
more likel y t o reproduc e an d becom e highl y represente d i n 
th e population .  Vi a thi s proces s th e searc h spac e o f  potentia l 
vocabularie s i s explore d unti l  a  vocabular y wit h hig h fitness, 
satisfyin g th e constraint s a s wel l  a s possible ,  i s  discovered . 

Word Representation 

The vocabularie s eac h consis t  o f  a  se t  o f  word s (2 5 i n thes e 
simulations )  tha t  hav e bee n randoml y draw n from  th e entir e 
populatio n o f  words .  I n th e first  generation ,  th e word s rep -
resen t  rando m concatenation s o f  phonemes .  Thes e phonem e 
string s hav e a  m a x i m u m lengt h (se t  t o 1 5 i n thes e simula -
tions) ,  bu t  word s m a y b e o f  an y lengt h unde r  th e m a x i m u m 
length .  I n th e subsequen t  generations ,  a  ne w populatio n o f 
word s i s produce d b y "interbreeding "  th e bes t  word s (i.e. , 
word s wit h th e highes t  fitness)  fro m th e previou s generation . 
Interbreedin g take s plac e throug h crossove r  wher e a  portio n 
of  on e wor d i s concatenate d t o a  portio n o f  anothe r  wor d t o 
for m a n offsprin g word .  Th e offsprin g i s novel ,  bu t  n o longe r 
randoml y organized ,  sinc e i t  contain s part s o f  word s tha t  hav e 
been foun d t o b e highl y fit.  A  fixed  rat e o f  mutatio n i s als o ap -
plied .  Fo r  eac h phoneme ,  ther e i s fixed  probabilit y  (1% )  tha t 
th e phonem e wil l  b e replace d b y another ,  randomly-selecte d 
phoneme.  Mutatio n ensure s tha t  diversit y i s  maintaine d i n th e 
populatio n o f  word s outsid e o f  th e crossove r  operations . 

Phoneme Representation 

I n th e presen t  simulations ,  th e phoneme s includ e [i ,  a ,  u ,  p ,  t , 
k,  s ,  1 ,  n] .  Thes e phoneme s ar e encode d i n th e mode l  alon g th e 
followin g dimensions :  (1 )  vowe l  height ;  (2 )  vowe l  front-bac k 
dimension ;  (3 )  vowe l  roundedness ;  (4 )  consonanta l  plac e 
of  articulation ;  (5 )  consonanta l  manne r  o f  articulation ;  (6 ) 
consonanta l  voicin g characteristics ;  (7 )  segmen t  clas s (eithe r 
consonan t  o r  vowel) ;  an d (8 )  ja w opennes s scores .  Param -
eter s (1 )  -  (7 )  ar e th e standar d distinctiv e feature s propose d 
by Chomsk y an d Hall e (1968 )  t o describ e consonant s an d 
vowels .  Paramete r  (8 )  ja w opennes s score s -  reflect s a n 
articulator y characteristi c o f  consonant s an d vowel s tha t  i s 
not  include d i n standar d featur e lists .  Thi s paramete r  wa s 
include d i n orde r  t o tes t  th e hypothesi s tha t  mandibula r  oscil -
latio n play s th e mai n organizationa l  rol e i n syllabl e systems . 

Th e opennes s score s wer e derive d from  measurement s m a d e 

by Lindblo m (1983) . 

Constraints 

Th e fitness  measur e i n th e E S S mode l  incorporate s a  num -
ber  o f  constraints ,  eac h o f  whic h i s base d o n th e premis e tha t 
th e soun d pattern s o f  languag e emerg e i n respons e t o selec -
tio n factor s provide d b y th e perceptua l  an d articulator y sys -
tem s o f  languag e speaker s an d listeners .  Th e constraint s ar e 
weighte d b y th e experimenter .  Th e weigh t  value s determin e 
th e penaltie s tha t  les s fit  vocabularie s (an d consequentl y thei r 
constituen t  words )  receiv e durin g evaluatio n i f  the y violat e 
th e constraints .  Th e penaltie s ar e adde d togethe r  t o determin e 
th e fitness  fo r  th e vocabulary .  I n th e presen t  simulation s th e 
followin g constraint s wer e used : 

1. No two identical words are allowed in the vocabulary. 
Thi s first  constrain t  follow s directl y fro m th e functio n o f  lan -
guage .  Differen t  concept s wil l  onl y b e understoo d i f  the y ar e 
labele d wit h differen t  acousti c patterns .  Give n tha t  word s ar e 
represente d a s string s o f  phoneme s an d vocabularie s consis t 
of  a  se t  o f  thes e strings ,  th e constrain t  i s  easil y implemente d 
by comparin g eac h wor d i n th e vocabular y t o ever y othe r 
wor d o n a  phonem e b y phonem e basis .  Th e penalt y P i  as -
sociate d wit h thi s constrain t  i s  calculate d as : 

(1 ) 

wher e H^ i  i s  th e weigh t  associate d wit h thi s constraint ,  x  an d 
y ar e word s i n th e vocabulary ,  an d 

•  _  /  1  ifV p X p =  yp , 

' ^ ~ \ 0 o otherwise , 

where Xp is phoneme p in word x. 

(2 ) 

2.  Shor t  word s ar e preferred .  Thi s constrain t  assume s tha t 
th e utteranc e o f  ever y segmen t  i n speec h require s energy ,  an d 
tha t  natura l  system s tr y t o conserv e energy .  Th e productio n 
of  longe r  word s therefor e require s mor e energ y tha n th e pro -
ductio n o f  shorte r  words .  Consequently ,  al l  othe r  thing s bein g 
equal ,  th e syste m shoul d favo r  shorte r  words .  Thi s constrain t 
i s  implemente d b y countin g th e tota l  numbe r  o f  segment s i n 
th e vocabular y an d dividin g th e su m b y th e larges t  possibl e 
number  o f  segment s i n th e vocabulary : 

Wi 
^ - f k E E ^ . (3 ) 

wher e W 2 i s th e weigh t  associate d wit h thi s constraint ,  x  i s  a 
wor d i n th e vocabulary ,  p  i s a  phonem e i n thi s word ,  N x i s th e 
number  o f  word s i n th e vocabular y (2 5 i n thes e simulations) , 
and N p i s th e m a x i m u m lengt h o f  th e phonem e strin g (1 5 i n 
thes e simulations) . 

3. The sound structure of different words should be as 
differen t  a s possible .  Thi s constrain t  assume s tha t  th e cog -
nitiv e tas k o f  accessin g th e conceptua l  structur e tha t  underlie s 
languag e i s mad e easie r  i f  th e differen t  label s tha t  encod e dif -
feren t  concept s ar e a s perceptuall y distinc t  from  on e anothe r 
as possible . 
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Give n th e elaborat e representatio n o f  phoneme s i n E S S i t 
i s  possibl e t o construc t  a  metri c o f  similarit y betwee n word s 
tha t  i s based ,  i n part ,  o n th e similarit y o f  th e characteristic s o f 
th e phoneme s i n word s and ,  i n part ,  o n th e positio n withi n th e 
wor d i n whic h th e phonem e occurs .  Eac h wor d i n th e vocab -
ular y i s compare d wit h ever y othe r  wor d i n th e vocabulary , 
and th e numbe r  o f  c o m m o n feature s share d b y eac h o f  th e 

phonemes i n th e correspondin g position s i s counted : 

P3 = 
W3_ 

NfNi E E E E ^ - ' v p / ' (4 ) 
I  yjt x p  f 

wher e W 3 i s th e weigh t  associate d wit h thi s constraint ,  x  an d 
y ar e word s i n th e vocabulary ,  p  i s a  phonem e locatio n i n 
thes e words ,  /  i s  a  featur e i n th e phoneme ,  N f  i s th e numbe r 
of  feature s i n th e languag e ( 8 i n thes e simulations) ,  N i  i s th e 
number  o f  phoneme s i n th e languag e ( 9 i n thes e simulations) , 
and 

,  , _ /  1  '^fxpf=ypf^ 
^'VP f  -  -j ^  0  otherwise , 

where Xpj is feature / of phoneme p in word x. 

(5 ) 

4.  Mandibula r  oscillation .  Th e mandibula r  oscillatio n con -
strain t  i s  base d o n wor k b y Davi s an d MacNeilag e (1995) , 
w ho sugges t  tha t  simpl e syllabl e structur e i s derive d from 
th e basi c cycli c gestur e o f  mout h openin g an d closing . 
Th e constrain t  implie s tha t  i n th e sequentia l  organizatio n o f 
phonemes ,  eac h phonem e mus t  mov e awa y from  th e positio n 
of  th e precedin g segmen t  eithe r  toward s opennes s o r  closur e 
unti l  a  m a x i m u m opennes s o r  closur e i s attained .  Onc e a t  th e 
max imum,  th e followin g segmen t  mus t  mov e i n th e opposit e 
direction .  I n th e presen t  model ,  th e constrain t  ha s bee n im -
plemente d t o encourag e a  maxima l  differenc e i n ja w heigh t 
betwee n adjacen t  segments .  Opennes s score s (paramete r  8 
above )  fo r  adjacen t  segment s ar e compare d an d th e differ -
ence s i n opennes s ar e calculated : 

P4 = 
Ĥ 4 

4 =  /  = , 
E x y/Epio p -  Op+i) ^ 

(6 ) 

wher e W 4 i s th e weigh t  associate d wit h thi s constraint ,  x  i s a 
wor d i n th e vocabulary ,  p  i s a  phonem e i n th e word ,  an d O p i s 
th e "openness "  featur e o f  phonem e p .  B y thi s method ,  vocab -
ularie s wit h th e bigges t  differenc e score s receiv e th e smalles t 
fraction  o f  th e penalt y associate d wit h th e constrain t 

Experiments 

Th e se t  o f  simulation s describe d i n thi s pape r  explor e ho w 
differen t  constraint s effec t  th e sequentia l  organizatio n o f 
phonemes withi n evolvin g vocabularies .  Vocabularie s wer e 
evolve d unde r  thre e separat e condition s i n th e E S S model : 

1. As a control, only constraints 1 and 2 were active, that is, 
no constrain t  wa s place d o n th e sequentia l  organizatio n o f 
phonemes . 

2. In addition to constraints 1 and 2, constraint 3 was in-
cluded ,  tha t  is ,  th e syste m wa s constraine d t o produc e a 
vocabular y o f  word s tha t  wer e maximall y perceptuall y  dis -
tinc t  from  on e another . 

Tabl e 1 :  Initia l  an d fina l  vocabularie s i n th e mandibula r  con -

dition . 

Initia l 
8 
nkksnusupi ipa s 
tas t 
t s 
ukn 
i 

upi l 
_ 
_ 
kusni tka u 
_ 
usuksukanisak s 
1 
n 
uuat lap l 
nnktsksnpkkt l k 
s 
nln ia l 
k i lnpauuut laa p 
a int t tu i tuk in l 
np 
atsni p 
ianai t lu i 

Fina l 
nun lpu i 
s ip l 
suslp s 
su 
nun a 
nan a 
tunik a 
tus l 
tus a 
sapa s 
suna s 
tun l 
sun ls n 
s i tas p 
pnsa s 
k l t l s n kunl s 
s ls i s 
n ip l 
p i s l s 
k l t l s 
kut s tuslpu l 
t ln i n 
tusl s 

3.  I n additio n t o constraint s 1  an d 2 ,  constrain t  4  wa s in -
cluded ,  tha t  is ,  th e sequentia l  organizatio n o f  phoneme s 
was constraine d b y mandibula r  oscillation. ' 

The hypothesis was that a vocabulary with a simpler sylla-
bl e system ,  tha t  is ,  on e wit h mor e C V syllable s an d fewe r 
consonanta l  clusters ,  woul d b e produce d onl y i n th e condi -
tio n wher e th e organizatio n o f  phoneme s int o word s wa s con -
straine d b y mandibula r  oscillation . 

I n al l  thre e conditions ,  th e bes t  vocabular y o f  2 5 word s wa s 
take n from  th e 750t h generatio n o f  evolution .  Th e 750t h gen -
eratio n wa s chose n becaus e b y thi s poin t  di e progres s i n fit -
nes s ha d levele d off .  Twelv e simulation s wer e ru n i n eac h 
condition .  Eac h simulatio n bega n a t  a  differen t  startin g poin t 
(generate d wit h a  differen t  rando m numbe r  seed) ,  bu t  from 
th e sam e poin t  i n eac h condition .  Tabl e 1  show s exampl e ini -
tia l  an d fina l  vocabularie s i n th e mandibula r  oscillatio n con -
dition . 

Th e fina l  bes t  vocabularie s (o f  th e 750t h generation )  wer e 
analyze d i n term s o f  (1 )  th e numbe r  o f  consonant s an d vowel s 
the y contained ,  (2 )  th e numbe r  o f  C V syllables ,  an d (3 )  wor d 
initia l  an d wor d fina l  consonan t  cluste r  sequences .  Repeate d 
measur e analyse s o f  varianc e ( A N O V A )  wer e conducte d t o 
tes t  th e strengt h o f  th e difference s betwee n differentiall y  con -
straine d vocabularies . 

Results and Discussion 

Simple Syllable Structure 

A n analysi s o f  th e numbe r  o f  C V syllable s presen t  i n eac h 
conditio n showe d that ,  i n keepin g wit h th e prediction ,  mor e 
C V syllable s occurre d i n th e conditio n i n whic h th e organiza -
tio n o f  phoneme s wa s constraine d b y mandibula r  oscillatio n 
tha n i n eithe r  o f  th e othe r  tw o conditions . 

'Whic h o f  th e constraint s ar e include d i n th e simulatio n make s 
a bi g difference ,  bu t  th e relativ e weightin g o f  th e consU-aint s i s no t 
crucial .  Value s C i  =  1000 ,  C 3 =  5000 ,  C *  =  1000 0 wer e use d 
throughout ,  an d d  =  1000 0 wa s use d fo r  th e control ,  C j  =  700 0 
fo r  th e perceptual ,  an d C j  =  250 0 fo r  th e mandibula r  condition . 
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Contro l Mandibtill r Peroeptu d 

Figur e 1 :  T h e averag e n u m b e r  o f  tota l  C V syllabl e token s i n 

twelv e fina l  vocabularie s i s plotte d a s a  functio n o f  simulatio n 

condition . 
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Contro l Mandibula r Perceptua l 

Figur e 3 :  T h e averag e n u m b e r  o f  C C cluster s an d C V syl -

lable s ar e plotte d a s a  functio n o f  conditio n i n simulation s 

wher e a  fifth,  mandator y vowel ,  constrain t  w a s included . 

Contro l Mandibula r Perceptua l 

Figur e 2 :  T h e averag e numbe r  o f  C C cluster s an d C V sylla -

ble s ar e plotte d a s a  functio n o f  conditions . 

Figur e 1  present s thi s resul t  graphically .  T h e averag e n u m -
ber  o f  C V syllable s pe r  vocabular y i s  plotte d o n th e y-axi s 
and th e differen t  condition s ar e plotte d o n th e x-axis .  Ther e 
was a  significan t  differenc e betwee n th e mandibula r  condi -
tio n o n on e han d an d th e rando m an d perceptua l  condition s 
on th e othe r  (F( l )  =  7.9, p <  .01) .  Thi s effec t  wa s no t  du e 
t o a  highe r  rati o o f  vowel s t o consonant s i n th e vocabulary . 
An analysi s o f  th e relativ e ratio s o f  vowel s t o consonant s i n 
th e thre e condition s indicate d tha t  a  significan t  differenc e ex -
iste d betwee n th e condition s (F(2,11 )  =  21.48 ,  p  <  .01) , 
but  i t  wa s th e perceptua l  condition ,  no t  th e mandibula r  os -
cillatio n condition ,  tha t  exhibite d a  highe r  rati o o f  vowel s t o 
consonant s tha n th e othe r  tw o conditions .  Thus ,  th e larg e 
number  o f  C V syllable s presen t  i n th e vocabularie s tha t  wer e 
constraine d b y mandibula r  oscillatio n indicat e tha t  thi s con -
strain t  provide s a  powerfu l  organizationa l  force . 

Complexity of Organization 

A second aspect of sound structure is the relative complexity 
of  th e syllabl e structure s foun d i n eac h condition .  Clusters ,  o r 
phoneme sequence s tha t  consis t  o f  tw o o r  mo r e adjacen t  con -
sonants ,  ar e typica l  o f  m o r e comple x syllabl e structure .  Thus , 
th e numbe r  o f  cluster s a t  th e beginnin g an d en d o f  word s wer e 
counte d fo r  eac h o f  th e vocabularies . 

Th e result s o f  thi s analysi s di d no t  suppor t  th e hypothe -
si s tha t  vocabularie s i n whic h th e sequentia l  organizatio n o f 
phonemes w a s constraine d b y mandibula r  oscillatio n ar e sim -

ple r  tha n vocabularie s tha t  wer e no t  constraine d o r  tha t  wer e 
constraine d i n anothe r  manner .  Al l  condition s ha d th e s a m e 
averag e numbe r  o f  nonmedia l  consonan t  cluster s (Figur e 2 ) . 

A n eve n mor e disturbin g finding  w a s tha t  i n al l  conditions , 
th e averag e numbe r  o f  nonmedia l  cluster s exceede d th e av -
erag e tota l  numbe r  o f  C V syllables .  However ,  a n examina -
tio n o f  th e type s o f  consonan t  sequence s indicate d tha t  clus -
ter s i n th e mandibula r  oscillatio n conditio n wer e systemati -
call y organize d accordin g t o th e close-ope n cycl e suc h tha t 
th e mos t  "closed "  consonant s occurre d a t  th e edge s o f  syl -
lable s (words )  an d th e mos t  "open "  consonant s occurre d i n 
th e nucleu s o f  th e syllabl e (Tabl e 1) .  Thi s resul t  contraste d 
wit h th e result s fro m th e othe r  tw o condition s wher e a  singl e 
consonan t  w a s ofte n repeate d dire e o r  fou r  times . 

"Syllabi c consonants "  exis t  i n a  n u m b e r  o f  language s in -
cludin g th e famou s example s o f  Bell a Cool a an d Berber . 
Nevertheless ,  language s i n whic h s o m e syllabl e peak s ar e 
consonanta l  ar e m u c h rare r  tha n language s i n whic h al l  sylla -
bl e peak s mus t  b e vocalic .  I n addition ,  thes e exceptiona l  lan -
guage s hav e m u c h large r  consonanta l  inventorie s tha n th e 6 -
consonan t  an d 3-vowe l  inventorie s use d t o evolv e thes e (tiny ) 
vocabularies .  I f  pur e combinatoric s i s a t  w o r k i n shapin g 
th e structur e o f  thes e actua l  languag e vocabularies ,  i t  migh t 
be expecte d tha t  vocabularie s wit h m a n y m o r e consonant s 
tha n vowel s woul d hav e syllable s wit h consonanta l  peaks , 
but ,  again ,  thi s i s  no t  th e cas e here .  T h e fac t  tha t  s o m a n y 
sequence s o f  adjacen t  consonant s ar e found ,  eve n i n th e vo -
cabularie s consU-aine d b y mandibula r  oscillation ,  therefore , 
indicate s tha t  othe r  constraint s m a y b e operativ e i n th e orga -
nizatio n o f  phoneme s int o syllables . 

T o verif y thi s hypothesis ,  a  secon d se t  o f  simulation s w a s 
ru n wit h a n additiona l  constrain t  include d i n al l  thre e condi -
tions .  Thi s constrain t  specifie d tha t  eac h wor d i n a  vocabular y 
must  contai n a  vowel : 

Ps =  w^Y.t^ , (7 ) 

wher e W 5 i s th e weigh t  associate d wit h thi s constraint ,  x  i s a 
wor d i n th e vocabulary ,  an d 

wher e X p i s phonem e p  i n wor d x . 

ifV p X p 6  [p ,  t ,  k ,  s ,  1 ,  n] , 

otherwise , (8 ) 
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'Dibl e 2 :  Initia l  an d fina l  vocabularie s i n th e mandibula r  con -

ditio n wit h a  fifth,  mandator y vowel ,  constrain t  included . 

Initia l 
i ta p 
ussnappklsnnk a 
ipn p 
ip i 
su s 
knplsss l 
P. 
uk n 
k lnuan u 
t k 
k lnuan u 
kuninpauklnna k 
st iuemsatnskl a 
sulu la l 
np s 
iisuascinuspsu p 
psnut i 
p i 
apapkai l lu l 
pn lsn ls t i lkap t 
I tuniss u 
nalpkuiusasun u 
psa lpss i ip l a 
In t ia lk i k 

Fina l 
pisans k 
pis t 
pisin i 
p is u 
l isuk l 
spnuks p 
sasuk l 
sanuks p 
sas u 
takun t 
pusu n 
sasun s 
sala p 
spnuk i 
snkuns a 
sik u 
pisunl k 
p ikak s 
sisukl s 
pusukl s 
sa n 
pisan i 
l isukl s 
sikln i 
Dunan u 

Th e vocabularie s evolve d unde r  thi s constrain t  shoul d hav e 
an increase d vowel-to-consonan t  ratio .  Thi s constrain t  wa s 
develope d i n a  post-ho c fashion ,  bu t  th e result s ar e neverthe -
les s informative .  Tabl e 2  give s a n exampl e initia l  an d fina l 
vocabular y i n th e mandibula r  oscillatio n condition ,  an d Fig -
ur e 3  show s th e averag e numbe r  o f  C C an d C V structures . 

W h en mor e vowel s ar e presen t  i n th e vocabulary ,  an d th e 
seria l  organizatio n o f  phoneme s i s constraine d b y mandibula r 
oscillation ,  man y mor e C V syllable s occu r  whil e th e numbe r 
of  initia l  an d final  cluster s remain s stable .  Th e increas e i n C V 
syllable s relativ e t o th e numbe r  o f  cluster s result s i n a  syste m 
wit h mor e realisti c proportion s tha n i n th e precedin g simula -
tions .  Not e als o tha t  eve n wit h a  greate r  presenc e o f  vowel s 
i n th e vocabularies ,  i f  seria l  organizatio n i s no t  constraine d o r 
i f  i t  i s  constraine d followin g a  perceptua l  criterion ,  fe w C V 
syllable s emerge . 

Th e result s fro m thi s las t  se t  o f  simulation s impl y that , 
althoug h mandibula r  oscillatio n provide s a n importan t  con -
strain t  o n th e sequentia l  organizatio n o f  phonemes ,  othe r  con -
straint s ar e als o operativ e i n th e emergenc e o f  a  syllabl e sys -
tem ,  an d th e E S S syste m i s a  usefu l  too l  i n identifyin g them . 
Th e natur e o f  thes e othe r  constraint s wil l  b e explore d i n fu -
tur e research . 

Conclusion 

Th e E S S mode l  demonstrate s tha t  specifi c  perceptua l  an d ar -
ticulator y constraint s ar e capabl e o f  creating ,  vi a selection , 
th e regula r  syllabl e system s o f  language .  Th e mode l  ca n b e 
use d t o veri ^  hypothese s abou t  th e emergenc e o f  particula r 
soun d pattern s b y assessin g th e relativ e powe r  o f  specific ,  hy -
pothesize d constraints . 

I n futur e wor k th e mode l  wil l  b e scale d u p s o tha t  large r  vo -
cabularie s wit h large r  phonemi c inventorie s ca n b e evolved . 
Th e purpos e wil l  b e t o provid e comprehensiv e demonstra -
tion s tha t  soun d pattern s coul d hav e emerge d durin g evolu -
tio n from  th e selectio n force s provide d b y th e perceptua l  an d 
articulator y system s o f  languag e users . 
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Abstrac t 

The meaning s expresse d b y reduplication ,  o r  linguisti c dou -
bling ,  ar e simila r  acros s a  wid e arra y o f  languages .  Interest -
ingly ,  som e o f  thes e share d meaning s d o no t  concer n doubling , 
repetition ,  o r  plurality .  Thi s non-arbitrarines s o f  th e sig n ma y 
be attributabl e t o th e interpla y o f  tw o forces :  iconicity ,  an d 
conceptually-base d semanti c extension .  Cross-linguisti c  evi -
denc e supportin g thi s accoun t  i s presented .  Mor e generally , 
thi s pape r  argue s tha t  th e interactio n o f  iconicit y an d seman -
ti c extensio n constitute s a  potentiall y  powerfu l  sourc e o f  non -
arbitrarines s i n th e mappin g betwee n soun d an d meaning . 

I n t r o d u c t i o n 

While the relationship between sound and meaning in lan-

guag e i s largel y arbitrar y (d e Saussure ,  1966) ,  ther e ar e ex -

ception s t o thi s genera l  rule .  O n e o f  thes e ca n b e foun d i n 

reduplication ,  o r  linguisti c doubling .  Whil e thi s for m ex -

presse s a n arra y o f  meaning s cross-linguistically ,  ther e i s a 

cor e se t  o f  meaning s whic h recu r  s o frequentl y an d i n s o 

many language s a s t o deman d explanation . 

Conside r  fo r  exampl e th e Englis h word s dum-dum ,  clap -

trap ,  nitwit ,  an d riffraff .  Thes e word s hav e tw o thing s i n 

common:  a  reduplicativ e form ,  an d a n elemen t  o f  contemp t 

i n th e meaning .  O n e ca n als o cit e example s suc h a s arbitrary -

shmarbitrary ,  base d o n a  productiv e borrowin g fro m Yiddish . 

Movin g furthe r  linguisticall y afiel d w e find  Uzbe k ikir-chiki r 

(petty ,  trivial ,  idle )  an d Fars i  chart-o-par t  (irrelevan t  talk , 

nonsense) ,  a m o n g m a n y others .  Thi s phenomeno n i s intrigu -

in g becaus e th e connectio n betwee n contemp t  an d doublin g 

i s no t  a n obviou s one . 

Othe r  sense s tha t  recu r  cross-linguisticall y includ e small , 

scatter ,  lac k o f  control ,  plurality ,  intensity ,  affection ,  baby , 

continuity ,  an d completio n (Moravcsik ,  1978 ;  Niepokuj , 

1991 ;  Regier ,  1994) .  Ther e i s n o simpl e abstractio n ove r  th e 

set  o f  meaning s expresse d b y reduplication .  Bu t  th e se t  o f 

meaning s i s no t  boundles s either ,  an d i n fac t  cover s onl y a 

relativel y smal l  regio n o f  semanti c spac e (Moravcsik ,  1978) . 

Interestingly ,  th e sam e fairl y specifi c  meanin g i s ofte n ex -

presse d b y reduplicatio n i n unrelate d languages .  I t  i s  ex -

ceedingl y unlikel y tha t  thi s woul d occu r  eithe r  b y chance , 

or  throug h widesprea d borrowing .  W h a t  i s happening ,  then ? 

And wha t  ar e th e ramification s fo r  th e doctrin e o f  th e arbi -

trarines s o f  th e sign ? 

Iconicit y a n d S e m a n t i c E x t e n s i o n 

This paper suggests that the observed regularities may re-

sul t  fro m th e interpla y o f  tw o forces .  O n e forc e i s iconic -

it y o r  soun d symbolis m -  a  "direc t  linkag e betwee n soun d 

and meaning "  (Hinto n e t  al. ,  1994) .  Fo r  example ,  m a n y lan -

guage s us e reduplicatio n i n bab y talk ,  tha t  registe r  o f  th e lan -

guag e use d whe n addressin g smal l  childre n (Ferguson ,  1964 ; 

Hayne s an d Cooper ,  1986) .  Sinc e babie s themselve s redu -

plicat e extensivel y i n learnin g t o spea k (Fe e an d Ingram , 

1982 ;  Ferguson ,  1983 ;  Schwart z e t  al. ,  1980) ,  i t  i s  under -

standabl e w h y doublin g an d babie s woul d c o m e t o b e asso -

ciated ,  an d thi s associatio n reflecte d i n a  variet y o f  unrelate d 

languages .  Similarly ,  th e widesprea d us e o f  reduplicatio n t o 

expres s repetitio n an d pluralit y i s self-explanatory .  Bu t  wha t 

abou t  othe r  widel y atteste d meanings ,  suc h a s contempt ? I n 

suc h cases ,  ther e i s n o clea r  mirro r  o f  th e meanin g i n th e dou -

ble d form . 

Thi s i s wher e th e secon d forc e come s int o play ,  buildin g 

on th e first.  Meanin g m a y spread ,  eithe r  synchronicall y o r 

ove r  th e histor y o f  a  language .  Onc e reduplicatio n mark s 

one meanin g i n a  language ,  i t  m a y c o m e t o als o mar k oth -

er s tha t  ar e closel y conceptuall y related .  A n d thi s proces s 

of  semanti c extensio n m a y the n repea t  itself ,  chainin g ou t  t o 

yet  othe r  meaning s (Bybe e e t  al. ,  1994 ;  Hein e e t  al. ,  1991 ; 

Lakoff ,  1987 ;  Sweetser ,  1990) .  Fo r  example ,  th e iconicall y 

grounde d notio n o f  bab y i s clearl y relate d t o th e notio n small . 

Thus ,  w e migh t  expec t  t o find  reduplicatio n expressin g smal l 

i n som e language s -  an d w e do .  I n it s turn ,  smal l  i s conceptu -

all y clos e t o contempt ,  a s smal l  thing s ten d t o b e dismissibl e 

(smal l  fry ,  peanuts) .  Thus ,  reduplicatio n m a y mar k contemp t 

i n som e language s becaus e o f  a  trai l  o f  semanti c extensio n 

fro m th e iconicall y grounde d sens e o f  baby ,  throug h small . 

t o contempt .  Categorie s forme d o f  sense s chaine d togethe r 

i n thi s fashio n hav e bee n terme d 'radia l  categories '  (Lakoff , 

1987) . 

Figur e 1  illustrate s th e centra l  theoretica l  clai m bein g ad -

vance d here :  tha t  th e interactio n o f  thes e tw o force s ca n ac -

coun t  fo r  wha t  migh t  otherwis e b e a  puzzlin g se t  o f  cross -

linguisti c regularitie s i n th e semantic s o f  reduplication .  W e 

begi n b y notin g tha t  dissimila r  sense s ca n b e iconicall y 

grounde d i n th e sam e form .  I n thi s case ,  baby ,  repetition , 

and pluralit y ar e al l  take n t o b e sound-symbolicall y relate d 

t o th e for m itsel f  -  thi s i s show n b y th e dashe d line s cross -
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SOUND 
reduplicatio n 

MEANING 

smal 
affectio n 

attenuatio n 
contemp t 

repetitio n j j ^ 

spread ,  scatte r 

intensit y "" ^  V 

j f lack of control 

/  complet i 

continuatio n 

non-uniformit y 

Figur e 1 :  Th e interactio n o f  iconicit y an d semanti c extensio n 

in g th e sound-meanin g divide .  Motivatio n ha s alread y bee n 

give n fo r  baby ,  an d th e othe r  tw o d o no t  requir e much .  Eac h 

of  thes e thre e sense s the n serve s a s th e roo t  nod e fo r  a  tre e o f 

relate d concepts .  Link s betwee n sense s ar e initiall y  posite d 

o n th e basi s o f  apparen t  conceptua l  relatedness ,  an d motiva -

tio n i s the n sough t  fo r  eac h o f  th e connections.  Th e sense s 

liste d i n th e grap h ar e th e primar y one s atteste d i n th e litera -

tur e (Bybe e e t  al. ,  1994 ;  Moravcsik ,  1978 ;  Niepokuj ,  1991) . 

Th e hypothesi s i s tha t  the y appea r  becaus e o f  thi s interactio n 

betwee n iconi c an d conceptua l  structure . 

H o w ca n thi s hypothesi s b e tested ? I t  make s tw o relate d 

predictions ,  bot h stemmin g fro m th e assumptio n tha t  m u c h o f 

th e observe d regularit y i s conceptuall y rathe r  tha n iconicall y 

mediated .  T h e firs t  predictio n i s tha t  w e shoul d expec t  t o find 

eac h o f  th e displaye d inter-concep t  link s implicate d i n th e se -

manti c extensio n o f  othe r  linguisti c forms .  Fo r  example ,  i n 

th e expression s smal l  fr y an d peanut s w e hav e alread y see n 

tha t  term s fo r  smal l  thing s sometime s assum e a  contemptuou s 

or  dismissiv e meaning .  Thi s observatio n support s th e smal l 

t o contemp t  conceptua l  lin k i n Figur e 1 ,  sinc e i t  i s a  linguis -

ti c  manifestatio n o f  tha t  lin k tha t  ha s nothin g whateve r  t o d o 

wit h reduplicatio n pe r  se .  Suc h evidenc e strongl y suggest s 

tha t  th e connectio n i s bot h real ,  an d genuinel y conceptual .  I t 

wil l  b e th e burde n o f  thi s pape r  t o demonstrat e tha t  som e suc h 

non-reduplicativ e motivatio n ca n b e adduce d fo r  man y o f  th e 

individua l  link s show n here ,  suc h tha t  thi s first  predictio n i s 

largel y met .  Thi s predictio n wil l  b e referre d t o a s th e loca l 

prediction ,  sinc e i t  concern s individua l  link s o n a  one-by-on e 

basis . 

Th e second ,  o r  global ,  predictio n i s tha t  w e m a y expec t  t o 

fin d a  non-reduplicativ e linguisti c for m tha t  expresse s a n en -

tir e subtre e o f  th e sense s i n thi s graph .  W h y shoul d thi s b e 

expected ? Becaus e i f  conceptually-mediate d semanti c exten -

sio n produce s a  chai n fro m bab y al l  th e w a y ou t  t o th e appar -

entl y unrelate d notio n o f  contemp t  i n th e cas e o f  reduplica -

tion ,  thi s sam e conceptua l  chai n shoul d b e availabl e t o othe r 

linguisti c  forms .  Thus ,  on e migh t  expec t  t o find,  fo r  example , 

a for m associate d wit h al l  sense s i n th e circle d subtre e o n th e 

left ,  o r  i n th e circle d subtre e o n th e right .  Thi s globa l  pre -

dictio n i s me t  a s well ,  a s w e shal l  see .  Thi s pape r  wil l  argu e 

tha t  th e entir e subtre e o f  sense s roote d a t  bab y i s share d wit h 

th e ̂ j/nmunV e (Jurafsky ,  1996) :  cross-linguistically ,  diminu -

tive s expres s a  rang e o f  sense s othe r  tha n jus t  small ,  includ -

in g eac h o f  th e sense s i n th e bab y subtree .  Thi s systemati c 

semanti c overla p strongl y suggest s tha t  thes e sense s coher e 

fo r  conceptua l  reasons ,  rathe r  tha n reason s relate d t o linguis -

ti c  form .  A  simila r  argumen t  wil l  b e advance d concernin g 

th e othe r  circle d subtree ,  roote d a t  spread ,  scatter .  Eac h o f 

th e sense s i n thi s subtre e i s expresse d b y th e Russia n verba l 

prefi x raz -  (Regier ,  1994) .  Again ,  thi s semanti c sharin g o f  a n 

entir e cluste r  o f  sense s wit h a  linguisti c for m tha t  i s no t  itsel f 

double d suggest s a  conceptua l  basi s fo r  th e particula r  se t  o f 

sense s observed .  I t  i s  significan t  fo r  thi s argumen t  tha t  whil e 

th e diminutiv e an d raz -  eac h expres s a  rang e o f  senses ,  tha t 

rang e i s fairl y  limite d i n bot h case s (Jurafsky ,  1996 ;  Regier , 

1994) .  Thus ,  th e sharin g o f  specifi c  set s o f  sense s canno t  b e 

attribute d simpl y t o extrem e broadnes s o f  coverag e o f  eithe r 

th e diminutive ,  o r  raz- . 

Th e centra l  ramificatio n o f  thi s accoun t  i s simple .  I f  ther e 

i s indee d suc h a  conceptua l  rippling-ou t  t o sense s tha t  ar e no t 

themselve s iconicall y grounded ,  thi s ca n generat e a  greate r 

degre e o f  non-arbitrarines s i n th e mappin g betwee n soun d 

and meanin g tha n w e woul d otherwis e expect .  Reduplicatio n 

serve s onl y a s a n instanc e o f  thi s mor e genera l  point .  Th e 

same principl e coul d als o operat e elsewher e i n language . 

Thi s pape r  take s th e followin g form .  I t  consider s eac h o f 

th e sense s i n Figur e 1  i n turn ,  an d provide s linguisti c evidenc e 

fo r  th e loca l  an d globa l  prediction s wit h respec t  t o th e cur -

ren t  sense .  Thi s support s th e overal l  vie w tha t  iconicit y an d 

semanti c extensio n m a y bot h contribut e t o th e observe d reg -



ularitie s i n th e mappin g fro m reduplicativ e for m t o meaning . 

Finally ,  th e dat a ar e discusse d a s the y bea r  o n th e questio n o f 

th e arbitrarines s o f  th e sign . 

The Senses of Reduplication 

Each o f  th e sense s liste d abov e i s treate d i n turn .  Eac h en -

tr y i s subdivide d int o thre e parts .  First ,  evidenc e i s give n 

exemplifyin g th e cross-linguisti c us e o f  reduplicatio n t o ex -

pres s th e sens e i n question .  Sometimes ,  thi s dat a wil l  indicat e 

tha t  reduplicatio n expresse s a  particula r  sens e i n th e gram -

mar  o f  som e language *  However ,  coverag e i s als o deliber -

atel y broadene d t o includ e non-productiv e use s i n th e lexi -

con ,  suc h a s nitwit ,  knick-knack ,  an d th e like .  M a n y o f  thes e 

expres s th e sam e sense s a s thos e expresse d b y mor e prop -

erl y grammatica l  reduplication .  Th e secon d par t  o f  th e entr y 

list s non-reduplicativ e evidenc e fo r  an y link s tha t  ma y ti e thi s 

sens e t o it s predecessor s i n th e semanti c networ k -  i n suppor t 

of  th e loca l  prediction .  Finally ,  th e thir d par t  list s evidenc e 

fo r  an y overla p thi s sens e m a y exhibi t  wit h th e diminutive ,  o r 

wit h raz- ,  i n suppor t  o f  th e globa l  prediction . 

Baby 

Reduplication :  Englis h baby ,  Frenc h bebe ,  an d Tami l  pap a 

(baby) .  I n additio n t o thes e lexica l  examples ,  man y language s 

use reduplicatio n productivel y t o mar k bab y register ,  tha t  reg -

iste r  use d whe n addressin g babie s (Ferguson ,  1964 ;  Hayne s 

and Cooper ,  1986) .  Thi s i s exemplifie d b y th e Englis h form s 

Georgie-Porgie ,  doggy-woggy ,  an d ther e there .  Links :  Th e 

iconi c groundin g o f  thi s sens e ha s alread y bee n motivated . 

Overlap :  Bab y i s als o a  centra l  sens e o f  th e diminutiv e 

cross-linguistically ,  alon g wit h th e ver y closel y relate d no -

tion s chil d an d young .  W e ca n se e thi s i n example s suc h a s 

Ojibw a kwezen s (girl ;  kw e -  w o m a n ) ,  Tibeta n dom-b u (bear -

cub ;  do m -  bear) ,  an d Ne z Perc e 'iceye.ye-qe n (youn g coyote ; 

'iceye.y e -  coyote) . 

Affection 

Reduplication :  Arabi c R a m r u m (th e affectionat e for m o f  th e 

name Rima) ,  Englis h honey-bunn y an d bye-by e ( a mor e inti -

mate versio n o f  bye) .  Moravcsi k (1978 )  als o note s tha t  thi s 

sens e appear s cross-linguistically .  Links :  Th e lin k fro m bab y 

t o affectio n i s a  pragmaticall y natura l  one .  Evidenc e fo r  thi s 

lin k come s fro m th e us e o f  th e ter m bab y itsel f  a s a n endear -

ment  i n English .  Overlap :  Th e diminutiv e i s als o ver y com -

monl y use d t o mar k affection .  Example s includ e Russia n 

belochk a (dea r  littl e squirrel) ,  Afrikaan s oorgrootjie s (dea r 

great-grandparents) ,  an d Englis h Terr y (th e affectionat e for m 

of  th e nam e Terrance) . 

Small 

Reduplication :  Agt a walawe r  (smal l  creek ;  wer -  creek) ,  Co -

mox djidjidi s (littl e tooth ;  djidi s -  tooth) ,  an d Englis h tidbi t 

and itty-bitty .  Links :  Th e lin k fro m bab y t o smal l  i s  mo -

tivate d b y th e perceptuall y ver y salien t  fac t  tha t  babie s ar e 

small ,  an d ma y wel l  b e th e mos t  conceptuall y salien t  clas s 

of  smal l  things .  Th e us e o f  linguisti c form s meanin g bab y 

t o als o mea n smal l  i s  illustrate d i n suc h Englis h sentence s a s 

Look ,  a  bab y airplane ,  meanin g a  smal l  airplane .  Overlap : 

The notio n smal l  i s  als o a  centra l  sens e o f  th e diminutive ,  an d 

appear s widel y acros s languages ,  suc h a s E w e kpe-v i  (smal l 

stone ;  kp e -  stone) ,  an d Hungaria n felhdcsk e (smal l  cloud ; 

felh o -  cloud) . 

Attenuation 

Reduplication :  Swahil i  maji-maj i  (somewha t  wet ;  maj i  -

wet) .  Tha i  kaw-kd w (oldish ;  kd w -  old) ,  Tagalo g mahiyahiy a 

(b e a  littl e ashamed ;  mahiy a -  ashamed )  (Moravcsik ,  1978) . 

Links :  Th e lin k fro m smal l  t o attenuatio n i s exemplifie d i n 

non-reduplicativ e expression s suc h a s It' s  a  littl e col d today , 

i n whic h th e wor d little ,  whic h mean s small ,  i s  use d t o at -

tenuat e th e forc e o f  th e utterance .  Overlap :  Th e diminutiv e 

i s widel y use d t o expres s attenuation ,  fo r  exampl e Hungaria n 

nagyocsk a (fairl y  large ;  nag y -  large )  an d Gree k ksinutsiko s 

(sourish ;  ksino s -  sour) . 

Contempt 

Reduplication :  Bengal i  bhethor-shetho r  (in ,  bu t  tha t  i s  in -

significant ;  bhetho r  in) ,  Dutc h mik-ma k (worthles s col -

lection) ,  Englis h claptrap ,  hillbilly ,  Germa n Pille-pall e (in -

significan t  things) ,  an d Yiddis h layfen-shmayfe n (runnin g i s 

besid e th e point ;  layfe n -  t o run) .  Links :  W e hav e alread y 

see n motivatio n fo r  th e lin k fro m smal l  t o contemp t  i n th e 

Englis h expression s smal l  fr y an d peanuts .  Overlap :  A s on e 

migh t  expect ,  give n th e existenc e o f  suc h a  link ,  th e diminu -

tiv e i s als o ofte n use d t o expres s contempt .  Conside r  fo r  ex -

ampl e Lati n Graeculu s (miserabl e Greek) ,  an d Englis h lime y 

( a derogator y ter m fo r  a n Englishman ,  considere d a  diminu -

tiv e b y analog y wit h doggy ,  Jimmy ,  an d th e like) . 

Thi s conclude s th e se t  o f  sense s tha t  overla p wit h sense s 

of  th e diminutive .  Diminutiv e dat a liste d her e wa s obtaine d 

fro m a  recen t  cross-linguisti c treatmen t  o f  th e semantic s o f 

th e diminutiv e (Jurafsky ,  1996) .  I n thi s work ,  w e find  1 6 sep -

arat e sense s o f  th e diminutiv e tha t  ar e commonl y foun d i n th e 

language s o f  th e world .  Th e fac t  tha t  onl y 1 6 sense s wer e 

identifie d suggest s tha t  th e diminutiv e i s relativel y restricte d 

i n th e rang e o f  meaning s i t  m a y assume .  Thi s grant s th e five -

sens e overla p wit h reduplicatio n tha t  w e se e her e it s signif -

icance ,  fo r  i t  mean s tha t  th e overla p canno t  b e attribute d t o 

broa d semanti c coverag e o n th e par t  o f  th e diminutive .  Thi s 

i n tur n suggest s tha t  th e overla p ma y resul t  fro m a  networ k o f 

share d conceptua l  links . 

Repetition 

Reduplication :  Englis h boogie-woogie ,  Mongolia n bay n 

bay n (often ,  constantly) ,  Sundanes e guguyo n (t o jes t  repeat -

edly ;  guyo n -  t o jest) ,  an d Tzelta l  -pikpi k (t o touc h i t  lightl y 

repeatedly ;  -pi k -  t o touc h i t  lightly) .  Links :  Thi s sens e i s 

take n t o b e sound-symbolicall y grounde d directl y i n th e dou -

ble d for m -  th e repetitio n o f  th e ste m i n th e double d for m 

maps easil y ont o th e meanin g o f  repetition .  Overlap :  Thi s 

sens e i s no t  a  par t  o f  a  systemati c semanti c overla p wit h an y 

othe r  linguisti c for m currentl y unde r  study . 
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Continui t y 

Reduplication :  Th e us e o f  reduplicatio n t o expres s 

continuit y ha s bee n notice d b y man y researchers .  Reduplica -

tio n expresse s continuativ e aspec t  i n Tagalo g (French ,  1988 ) 

and Javanes e (Niepokuj ,  1991) .  I n addition ,  th e continuativ e 

sens e o f  reduplicatio n i s eviden t  i n Hind i  ki t  ki t  (monotonou s 

dronin g on )  an d arguabl y Englis h dilly-dally .  Links :  Th e us e 

of  reduplicatio n i n th e sens e o f  continuit y i s  easil y motivate d 

fro m repetition .  Lakof f  (1987 )  ha s note d tha t  multiplicitie s 

ar e ofte n spoke n o f  a s masses ,  a s w e se e i n th e sentenc e Th e 

guard s wer e poste d al l  ove r  th e hill .  Here ,  th e multipl e guard s 

ar e implicitl y  viewe d a s a  mas s whic h cover s th e hill .  Suc h 

example s m a y occu r  becaus e whe n a  multiplicit y i s  viewe d a t 

a coarse r  leve l  o f  resolution ,  i t  wil l  appea r  t o b e a  mass .  Whil e 

thi s sentenc e concern s physica l  mas s an d multiplicity ,  i t  moti -

vate s th e multiplicity-to-mas s transformatio n generally .  Th e 

lin k fro m repetitio n t o continuit y i s th e tempora l  analo g o f 

thi s physica l  example :  w e blu r  th e individua l  repetition s o f 

an actio n togethe r  suc h tha t  conceptuall y i t  become s a  sin -

gl e continue d action .  Overlap :  Thi s sens e i s no t  a  par t  o f 

a systemati c semanti c overla p wit h an y othe r  linguisti c for m 

currentl y unde r  study . 

Plurality 

Reduplication :  Th e us e o f  reduplicatio n t o expres s pluralit y 

i s widespread ,  appearin g i n Dakota ,  Agt a (Niepokuj ,  1991) , 

C o m ox (Sapir ,  1915) ,  Papago ,  Samoan ,  an d numerou s othe r 

language s (Moravcsik ,  1978) .  Links :  Thi s sens e i s take n t o 

be sound-symbolicall y grounde d directl y i n th e double d for m 

-  th e pluralit y o f  element s i n th e for m map s cleanl y ont o th e 

meanin g o f  plurality .  Overlap :  Thi s sens e i s no t  a  par t  o f 

a systemati c semanti c overla p wit h an y othe r  linguisti c for m 

currentl y unde r  study . 

Spread Out, Scatter 

Reduplication :  A  numbe r  o f  language s us e reduplicatio n t o 

expres s th e notio n o f  sprea d ou t  o r  scatter .  Example s ar e 

Japanes e tokoro-dokor o (scattered )  an d Mongolia n aravgar -

saravga r  (sprea d out) .  Links :  Th e lin k fro m pluralit y ca n b e 

motivate d b y notin g tha t  th e resul t  o f  scatterin g i s a  pluralit y 

of  object s i n a  pluralit y o f  locations .  However ,  thi s pape r  doe s 

not  presen t  non-reduplicativ e linguisti c evidenc e fo r  thi s link . 

I n thi s case ,  w e mus t  rel y rathe r  o n th e intuitiv e plausibilit y  o f 

suc h a  connection .  Overlap :  M a n y Russia n verb s beginnin g 

wit h th e prefi x raz -  als o hav e a  semantic s relate d t o scatter -

in g o r  spreadin g out .  Example s ar e razgonjat '  (t o disperse) , 

razmetat '  (t o scatte r  (s.t.) ;  t o sprea d (s.t. )  out) ,  raznosit'sj a 

(t o spread) ,  raskidyvat '  (t o scatter ;  spread) ,  rasprostranjat ' 

(t o spread ,  distribute) ,  rasseivat '  (t o disperse ,  scatter) ,  rassre -

dotochivat '  (t o disperse) ,  an d rasstilat '  (t o spread). 

Intensity 

Reduplication :  Reduplicatio n i s ver y widel y use d t o expres s 

intensity .  Conside r  fo r  exampl e Englis h a  whol e whol e lot , 

ver y ver y good ,  Hind i  lal-la l  (ver y red ;  la l  -  red) ,  an d M o n -

golia n ara y cara y (jus t  barely ;  ara y •  barely )  an d ocndo n 

tdinOO n ( a grea t  deal) .  I n additio n t o thes e examples ,  thi s 

sens e appear s i n Dakota ,  Turkish ,  Dagur ,  Pera k Malay ,  Tan -

gal e (Niepokuj ,  1991) ,  Sundanese ,  an d Tha i  (Moravcsik , 

1978) .  Links :  Ther e ar e a t  leas t  tw o possibl e source s o f  mo -

tivatio n fo r  thi s sense .  On e o f  thes e i s a  lin k fro m plurality , 

highlighte d b y th e Englis h expression s man y thank s (Moravc -

sik ,  1978 )  an d a  thousan d pardons ,  i n whic h quantit y i s  use d 

t o expres s intensity .  Th e othe r  i s a  lin k fro m sprea d out ,  o r 

th e resul t  o f  spreadin g out ,  namel y enlargement .  Fo r  exam -

ple ,  w e ca n se e fro m th e Russia n expressio n bol'sho e spa -

sib o (literally ,  bi g thank-you )  tha t  siz e ca n als o b e use d t o 

expres s intensity .  Overlap :  Th e Russia n prefi x raz -  ca n b e 

use d t o expres s intensit y o f  a  conditio n o r  feeling :  razbali -

vat'sj a (t o b e o r  becom e properl y  ill) ,  razobidet'sj a (t o tak e 

grea t  offense ;  obidet'sj a -  t o b e offended) ,  raskaljat '  (t o mak e 

scorchin g hot) ,  an d rasshalit'sj a (t o ge t  ver y playful) . 

Completion 

Reduplication :  M a n y language s us e reduplicatio n t o expres s 

completio n o r  perfectivity ,  particularl y i n th e Indo-Europea n 

famil y (Moravcsik ,  1978 ;  Niepokuj ,  1991) ,  includin g San -

skrit ,  Greek ,  Latin ,  an d Gothic .  Links :  A  possibl e motivatio n 

fo r  th e us e o f  reduplicatio n i n thi s sens e stem s fro m intensity : 

performin g a n actio n intensel y ca n lea d t o completio n o f  th e 

overal l  action .  Thus ,  workin g o n a  projec t  intensel y wil l  lea d 

directl y t o completio n o f  th e project ,  whil e a  mor e lackadaisi -

cal  approac h t o th e sam e projec t  wil l  resul t  i n it s  remainin g i n 

a stat e o f  incompletio n fo r  a  considerabl e time .  However ,  thi s 

pape r  doe s no t  presen t  non-reduplicativ e linguisti c evidenc e 

fo r  thi s link .  I n thi s case ,  w e mus t  rel y rathe r  o n th e intuitiv e 

plausibilit y  o f  suc h a  connection .  Overlap :  Th e Russia n pre -

fix  raz -  ca n b e use d a s a  perfectiv e marker :  rasserdit'sj a i s th e 

perfectiv e for m o f  serdit'sj a (t o becom e angry) .  I n addition , 

a numbe r  o f  Russia n lexica l  entrie s beginnin g wit h raz -  ex -

pres s completion :  raskupat '  (t o bu y up) ,  raspivat '  (t o empt y 

a bottl e drinking) ,  razgadyvat '  (t o solve ;  t o ge t  t o th e botto m 

oO.  razljubit '  (t o sto p loving) ,  razrjazhat'sj a (t o ru n down ,  b e 

use d up) ,  an d razygryvat '  (t o brin g t o a  conclusion) . 

Lack of Control 

Reduplication :  Lac k o f  contro l  an d disorde r  ar e expresse d 

by reduplicatio n i n a  numbe r  o f  languages .  Conside r  fo r  ex -

ampl e Danis h misk-mas k (mess ,  disorganize d jumble) ,  Dutc h 

schelle-bell e (overl y independen t  youn g w o m a n ) ,  Englis h 

helter-skelter ,  higgledy-piggledy ,  pell-mell ,  willy-nilly ,  Fars i 

gati-pat i  (pell-mell) ,  Hebre w tohu-va-boh u (chaos) ,  an d Rus -

sia n tjap-lja p (anyhow ,  i n a  slipsho d manner) .  Reduplicatio n 

i s als o use d grammaticall y t o expres s lac k o f  conu-o l  i n som e 

Salis h language s (Carlso n an d Thompson ,  1982) .  Links : 

Thi s sens e m a y b e motivate d b y notin g tha t  lac k o f  contro l 

ca n easil y caus e spatia l  scatterin g o r  spreadin g out .  Thi s lin k 

i s highlighte d i n th e Englis h wor d scatterbrained :  th e notio n 

of  scatterin g her e i s use d t o expres s menta l  lac k o f  contro l 

or  absent-mindedness .  W e se e thi s lin k agai n i n th e collo -

quia l  America n Englis h sentenc e She' s a  ver y togethe r  per -

son ,  whic h use s a  wor d whos e centra l  sens e i s th e opposit e 
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of  dispersio n o r  distensio n t o expres s pois e an d self-control , 

i.e .  th e opposit e o f  lac k o f  control .  Overlap :  A  numbe r 

of  Russia n verb s beginnin g wit h th e raz -  verba l  prefi x hav e 

meaning s tha t  concer n lac k o f  control .  Conside r  fo r  exam -

ple :  razbushevat'sj a (t o rage ,  ge t  violent ,  star t  lashin g out) , 

razvolnovat '  (t o upse t  (s.o.)) ,  razlazhivat'sj a (t o g o wrong) , 

razmechtat'sj a (t o b e los t  i n dreams) ,  razozlit'sj a (t o ge t  fu -

rious) ,  razrydat'sj a (t o burs t  int o sobs) ,  raskaprizjnichat'sj a 

(t o becom e ver y naughty ,  ac t  up) ,  an d rasserdit '  (t o annoy ,  t o 

make angry) . 

Non-Uniformity 

Reduplication :  Non-uniformit y i s sometime s expresse d b y 

reduplication .  Conside r  colloquia l  Levantin e Arabi c nus-nu s 

(hal f  an d half ,  a  mixtur e o f  th e two ;  nu s -  half) ,  Englis h 

hodge-podge ,  bric-a-brac ,  mish-mash ,  Neoaramai c range -

rang e (i n severa l  differen t  colors ;  rang e -  color) ,  an d Tami l 

ithe-ath e (thi s an d that) .  Links :  Thi s sens e m a y b e linke d 

t o scatter ,  i n tha t  non-uniformit y o f  stat e m a y b e metaphor -

icall y viewe d a s non-uniformit y o f  locatio n -  whic h i s th e 

natura l  resul t  o f  scattering .  W e ca n se e thi s i n suc h colloquia l 

expression s a s Thi s guy' s grade s ar e al l  ove r  th e place ,  mean -

in g tha t  the y ar e no t  a t  al l  uniform .  Ther e i s a  relianc e her e o n 

a ver y genera l  an d widesprea d metapho r  tha t  view s abstrac t 

state s a s location s (Lakoff ,  1987) .  Thi s sens e m a y als o b e 

iconicall y grounde d t o som e extent .  I t  i s  interestin g t o not e 

tha t  th e sens e o f  non-uniformit y i s ofte n expresse d b y non -

uniformit y o f  form .  M a n y Englis h redupiicative s wit h thi s 

sens e see m t o exhibi t  varianc e i n for m betwee n th e first  an d 

secon d instantiation s o f  th e stem ,  suc h a s mish-mash .  hodge -

podge ,  knick-knacks ,  bric-a-brac ,  zig-zag .  Thi s i s no t  th e 

cas e i n al l  language s however ;  Arabi c nus-nu s an d Neoara -

mai c range-rang e ar e counterexamples .  Overlap :  Th e Rus -

sia n prefi x raz -  ca n b e see n t o als o expres s non-uniformit y 

i n example s suc h as :  razdumat '  (t o chang e one' s mind) ,  ra -

zlichat'sj a (t o differ ,  b e distinguished) ,  raznit'sj a (t o differ) , 

raznoobrazit '  (t o diversify) ,  an d raskhodit'sj a (t o disagree , 

differ) . 

Thi s conclude s th e subse t  o f  sense s tha t  overla p wit h 

sense s o f  raz- .  Earlie r  wor k ha d identifie d seve n differ -

ent  sense s o f  thi s verba l  prefix :  scatter ,  lac k o f  control . 

non-uniformity ,  intensity ,  completion ,  split ,  an d analysi s 

(Regier ,  1994) .  O f  these ,  th e first  five  appea r  t o b e share d 

wit h reduplication .  A s i n th e cas e o f  th e diminutive ,  thi s se -

manti c overla p suggest s a  conceptua l  basi s fo r  thi s subse t  o f 

senses ,  a s th e sense s coher e acros s linguisti c forms . 

Discussion 

Thi s pape r  ha s argue d tha t  th e regularitie s i n th e semantic s 

of  reduplicatio n ste m fro m a n interactio n o f  iconicit y an d se -

manti c extension .  O n thi s account ,  som e sense s ar e iconicall y 

grounded ,  an d other s deriv e fro m thes e throug h a  conceptua l 

spreading-out .  Thi s accoun t  predict s tha t  w e wil l  b e abl e t o 

find  non-reduplicativ e manifestation s o f  eac h o f  th e link s i n 

Figur e 1  (th e loca l  prediction) ,  sinc e i f  th e link s trul y exis t  an d 

ar e conceptua l  i n nature ,  the y shoul d b e available ,  on e b y one . 

t o othe r  linguisti c forms .  A s w e hav e seen ,  suc h linguisti c ev -

idenc e ha s bee n cite d fo r  link s t o al l  bu t  tw o o f  th e sense s 

unde r  consideration .  Thus ,  thi s local ,  link-based ,  predictio n 

i s i n larg e measur e substantiated .  Th e accoun t  als o predicts , 

mor e globally ,  tha t  entir e cluster s o f  sense s wil l  b e marke d b y 

th e sam e non-reduplicativ e linguisti c form .  A s w e hav e seen , 

ther e i s a  subse t  o f  five  sense s tha t  ar e share d wit h th e diminu -

tive ,  an d anothe r  subse t  o f  five  sense s tha t  ar e share d wit h th e 

Russia n verba l  prefi x  raz- .  Thi s sharin g o f  entir e cluster s o f 

sense s acros s linguisti c form s strongl y suggest s a  conceptual , 

rathe r  tha n purel y iconic ,  basi s fo r  th e phenomenon . 

Thi s argumen t  i s no t  withou t  it s weaknesses .  Ther e ar e 

thre e tha t  deman d immediat e treatment ,  an d futur e wor k wil l 

be directe d a t  them .  Th e first  weaknes s i s tha t  evidenc e fro m 

mor e language s i s clearl y required ,  t o furthe r  determin e jus t 

h o w widel y share d th e liste d sense s are .  Th e curren t  pape r  ha s 

relie d heavil y fo r  it s  dat a o n earlie r  publishe d studie s o f  redu -

plication .  O n tha t  basi s i t  ha s simpl y demonstrate d tha t  eac h 

sens e i s fairl y  widel y share d -  thi s i s  perhap s a  reasonabl e be -

ginning ,  bu t  i t  i s  onl y that .  Th e secon d weaknes s i s tha t  ther e 

ar e som e sense s tha t  hav e no t  ye t  bee n incorporate d int o th e 

networ k o f  senses .  A n apparentl y fairl y  widesprea d exampl e 

i s th e notio n game :  conside r  Englis h ping-pong ,  pall-mall , 

tic-tac-toe ,  Basqu e (an d n o w Spanis h an d English )  yai-a/a/ , 

Hind i  holi-koli ,  an d ses-bes ,  th e n a m e fo r  b a c k g a m m o n i n 

larg e region s o f  Turkish -  an d Persian-influence d southwest -

er n Asia .  O n e migh t  imagin e a  lin k t o th e bab y cluste r  o n 

th e basi s o f  playfulness ,  o r  sinc e th e game s ten d t o pi t  on e 

playe r  agains t  another ,  a  lin k t o plurality .  Bu t  give n th e cur -

ren t  lac k o f  eithe r  loca l  (link-based )  o r  globa l  (cluster-based ) 

suppor t  fo r  thi s sense ,  suc h connection s mus t  remai n specu -

lativ e a t  thi s point .  Th e thir d weaknes s i s tha t  i t  i s  possible , 

eve n probable ,  tha t  som e o f  th e link s i n th e propose d grap h 

ar e incorrect .  Thi s i s particularl y tru e i n ligh t  o f  th e fac t  tha t 

non-reduplicativ e linguisti c evidenc e coul d no t  b e foun d fo r 

tw o o f  thes e links .  A  mor e satisfyin g approac h t o thi s issu e 

woul d b e t o provid e furthe r  independen t  motivatio n fo r  th e 

links ,  b y basin g th e link s i n th e grap h o n non-linguisti c ev -

idence ,  suc h a s conceptua l  relatednes s judgment s collecte d 

fro m subjects . 

Returnin g t o th e centra l  claim ,  however ,  eve n give n suc h 

possibl e flaws,  i t  stil l  seem s quit e probabl e tha t  thes e regular -

itie s i n th e sound-meanin g mappin g ca n b e attribute d t o a n in -

teractio n betwee n iconicit y an d semanti c extension .  Fo r  eve n 

i f  ou r  cross-linguisti c coverag e i s somewha t  limited ,  an d no t 

al l  sense s hav e bee n worke d int o th e semanti c network ,  an d 

some o f  th e link s hav e bee n incorrectl y ascertained ,  ther e re -

mai n tw o critica l  facts .  First ,  acros s a  rang e o f  languages ,  th e 

same genera l  for m i s use d t o expres s th e sam e fairl y tightl y 

circumscribe d se t  o f  meanings .  S o m e o f  thes e meaning s ar e 

clearl y iconicall y grounde d i n th e for m itself ,  an d interest -

ingly ,  som e o f  the m appea r  no t  t o be .  Second ,  subset s o f  thes e 

sense s ar e als o expresse d b y othe r  linguisti c forms ,  suggest -

in g tha t  th e sense s trave l  togethe r  fo r  reason s o f  conceptua l 

relatedness .  Thus ,  w e hav e a  clea r  exceptio n t o th e arbitrari -

891 



ness o f  th e sign ,  an d a  stron g suggestio n tha t  conceptually -

mediate d semanti c extensio n ma y pla y a  rol e i n thi s excep -

tion . 

Ultimately ,  reduplicatio n i s simpl y a  cas e study ;  i t  estab -

lishe s a  principle .  I t  i s a n instanc e i n whic h iconicit y an d se -

manti c extensio n see m t o hav e conspire d t o violat e d e Saus -

sure' s doctrin e i n a  les s tha n transparen t  fashion .  Ther e ma y 

be othe r  instances ,  iconicall y roote d a t  ver y differen t  spot s i n 

semanti c space .  I t  remain s t o b e determine d t o wha t  exten t 

suc h othe r  instance s exist .  Bu t  th e large r  ramification s o f  thi s 

stud y li e precisel y i n th e possibilit y  o f  suc h othe r  instances . 

For  i f  thes e tw o forces ,  iconicit y an d semanti c extension ,  ca n 

yiel d non-trivia l  regularitie s o f  th e sor t  w e hav e see n i n th e 

cas e o f  reduplication ,  the y shoul d i n principl e als o b e abl e 

t o d o s o elsewher e i n language .  I n thi s manner ,  the y consti -

tut e a  potentiall y  powerfu l  sourc e o f  non-arbitrarines s i n th e 

mappin g betwee n soun d an d meaning . 
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Abstrac t 

Does categorization involve more than the similarity of an 
ite m t o a  categor y prototyp e o r  othe r  categor y members ? 
Rip s (1989 )  argue s yes ,  becaus e categorizatio n an d 
similarit y rating s sometime s diverge ,  indicatin g tha t  the y 
ar e base d o n differen t  factors .  However ,  Smit h an d Sloma n 
(1994 )  sugges t  tha t  suc h categorization/similarit y 
dissociation s ma y b e limite d t o specia l  conditions .  W e 
examine d th e effec t  o f  causa l  relationship s betwee n 
categor y attribute s o n categorizatio n an d similarity ,  an d 
foun d tha t  causa l  knowledg e ha d a  muc h large r  effec t  o n 
categorizatio n tha n o n similarity .  Thi s resul t  wa s obtaine d 
wit h stimul i  ric h i n characteristi c attribute s an d withou t 
participant s thinkin g aloud ,  tha t  is ,  i n jus t  thos e 
condition s wher e Smit h an d Sloma n foun d categorizatio n 
t o b e solel y similarity-based .  Thus ,  th e categorization / 
similarit y dissociatio n demonstrate d b y Rip s i s aliv e an d 
well ,  an d th e nee d fo r  a n accoun t  o f  categorizatio n tha t 
goes beyon d similarit y i s agai n highlighted . 

The abilities to categorize and note similarities among 
object s an d event s ar e centra l  t o virtuall y al l  cognitiv e 
processes ,  includin g reasoning ,  proble m solving ,  decisio n 
making ,  an d m e m o r y storag e an d retrieval .  No t  surprisingl y 
then ,  researcher s hav e trie d har d t o unvei l  th e relationshi p 
betwee n categorizatio n an d similarity .  O n e possibilit y  tha t 
has receive d empirica l  suppor t  i s  tha t  categorizatio n largel y 
consist s o f  similarit y comparisons :  A n ite m wil l  b e place d 
i n a  categor y t o th e exten t  tha t  i t  i s  simila r  t o a  categor y 
prototyp e o r  t o othe r  categor y member s (Smit h &  Medin , 
1981) .  Thi s reductio n o f  categorizatio n t o similarity ,  i f  true , 
i s  importan t  becaus e i t  suggest s tha t  th e focu s o f  researc h 
shoul d b e o n similarit y itsel f  rathe r  tha n o n categorization . 

However ,  ther e i s als o evidenc e tha t  categorizatio n canno t 
alway s ca n b e reduce d t o similarity .  Fo r  example .  Rip s 
(1989 )  foun d tha t  whil e mos t  undergraduate s classifie d a 
nove l  ite m (e.g. ,  a  circula r  objec t  wit h a  3-inc h diameter ) 
int o a  variabl e categor y (e.g. ,  pizzas )  rathe r  tha n a  fixed-size 
one (e.g. ,  quarters) ,  the y judge d th e ite m t o b e mor e simila r 
t o th e fixed-size  categor y (se e als o Frie d &  Holyoak ,  1984 ; 
Rip s &  Collins ,  1993) .  Rip s als o foun d tha t  change s t o 
"essential "  propertie s o f  natura l  kind s tha t  ar e causally -
centra l  (e.g. ,  leve l  o f  maturation )  influence d categorizatio n 
more tha n similarit y (fo r  relate d researc h wit h children ,  se e 
Carey ,  1985 ;  G e l m a n &  We l lman ,  1991 ;  Keil ,  1989) . 
Becaus e categorizatio n rating s di d no t  alway s agre e wit h 
similarit y ratings ,  thes e studie s demonstrat e a  categorization / 

similarit y dissociatio n tha t  implie s tha t  categorizatio n ca n 
be base d o n somethin g beside s (o r  i n additio n to )  similarit y 
comparisons .  Fo r  example ,  categorizatio n m a y involv e th e 
applicatio n o f  rule s ("i f  i t  flies,  it' s a  bird" ,  Anderson ,  Kline , 
& Beasley ,  1979 ;  Nosofsky ,  Palmeri ,  &  McKinley ,  1994 ; 
Pazzani ,  1991) ,  o r  genera l  reasonin g processe s (Barsalou , 
1983 ;  M u r p h y &  Medin ,  1985) ,  suc h a s "inferenc e t o th e 
bes t  explanation "  (Harman ,  1986 ;  Rips ,  1989) . 

I n a  replicatio n o f  Rips '  (1989 )  stud y o f  th e effec t  o f 
variabilit y o n categorizatio n an d similarity .  Smit h an d 
Sloma n (1994 )  aske d unde r  wha t  condition s similarity -
versu s rule-base d categorizatio n i s triggered .  The y foun d n o 
evidenc e o f  a  categorization/similarit y dissociatio n w h e n th e 
nove l  ite m include d a  featur e characteristi c o f  th e fixed 
categor y (e.g. ,  a  circula r  objec t  wit h a  3-inc h diamete r  tha t 
i s  silve r  colored) ,  o r  w h e n thei r  participant s di d no t  thin k 
alou d whil e categorizin g (a s i n Rips '  study )  an d wer e aske d 
t o respon d "a s quickl y a s yo u ca n whil e bein g a s accurat e a s 
possible" .  Thes e result s sugges t  tha t  case s o f  categorizatio n 
tha t  involv e mor e tha n simpl e similarit y comparison s m a y 
be rare ,  limite d perhap s t o circumstance s wher e th e 
categorize r  feel s th e nee d t o justif y hi s o r  he r  decision ,  an d 
onl y wit h artificiall y  spars e stimuli . 

Categorizatio n i s s o centra l  t o al l  o f  cognitio n tha t  i t  i s 
crucia l  t o determin e unde r  wha t  condition s categorizer s 
emplo y rule s an d explanatory/causa l  reasonin g i n additio n t o 
similarit y relations .  A s discusse d above ,  demonstration s o f 
categorization/similarit y dissociation s hav e als o involve d 
causally-centra l  essentia l  attributes .  I n thi s stud y w e teste d 
whethe r  th e condition s tha t  eliminate d th e dissociatio n i n 
Smit h an d Sloma n (characteristi c feature s an d n o think -
alouds )  woul d als o eliminat e i t  wit h categorie s lade n wit h 
inter-attribut e causa l  relationships .  W e foun d tha t  th e 
presenc e o f  causa l  relationship s affecte d categorizatio n m u c h 
mor e tha n similarity ,  eve n wit h stimul i  ric h i n characteristi c 
feature s an d withou t  participant s thinking-aloud . 

Method 

Materials 

Our  goa l  wa s t o creat e material s tha t  describe d categorie s 
tha t  coul d reall y exist .  W e constructe d si x categories :  tw o 
biologica l  kind s (Keho e Ants ,  Lak e Victori a Shrimp) ,  tw o 
nonlivin g natura l  kind s (Myastars ,  Meteori c S o d i u m 
Carbonate) ,  an d tw o artifact s (Romania n Rogos ,  Neptun e 
Persona l  Computers) .  Eac h categor y ha d fou r  binar y 
attributes ,  th e value s o f  whic h wer e eithe r  abnorma l  o r 
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norma l  relativ e t o it s superordinat e category .  Fo r  eac h 
attribute ,  th e bas e rate s wer e describe d a s 7 5 % fo r  th e 
abnorma l  valu e an d 2 5 % fo r  th e norma l  value ,  whic h ar e 
hencefort h referre d t o a s th e characteristi c an d uncharacteristi c 
values .  Th e attribute s fo r  Keho e Ant s ar e show n i n Tabl e 1 . 

Table 1 

Al 

A2 

A3 

A4 

Attribut e 

ko n sulfat e 

i n bloo d 
Immune 
syste m 

Consistenc y 
of  bloo d 

Nest 
buildin g 

Characteristi c 
Valu e 

Hig h 

Hyperactiv e 

Thic k 

Fast 

Uncharacteristi c 
Valu e 

Normal 

Normal 

Normal 

Normal 

Whil e participant s i n th e contro l  conditio n wer e give n n o 
othe r  informatio n abou t  th e category ,  thos e i n th e common -
caus e an d common-effec t  condition s wer e als o taugh t  abou t 
thre e causa l  relationship s arrange d i n th e pattern s show n i n 
Figur e 1 .  I n th e common-caus e condition ,  on e attribute ,  A l , 
was th e caus e o f  th e othe r  thre e attributes ,  whil e i n th e 
common-effec t  condition ,  on e attribute ,  A 4 ,  wa s cause d b y 
th e othe r  thre e attributes .  Thes e causa l  pattern s hav e bee n 
usefu l  i n pas t  researc h (Waldmann ,  Holyoak ,  &  Fratianne , 
1995) ,  becaus e the y manifes t  th e asymmetrie s inheren t  i n 
causa l  (a s oppose d t o simpl y associative )  relationships : 
Whil e th e effec t  attribute s i n th e common-caus e patter n (A2 , 
A 3 ,  A 3 )  shoul d b e correlate d wit h on e anothe r  (becaus e the y 
hav e a  c o m m o n cause) ,  th e caus e attribute s o f  th e common -
effec t  patter n (Al ,  A 2 ,  A 3 )  shoul d no t  b e correlated . 

A1 

A1 A2 

A3 

A4 

Common-Cause Common-Effec t 

Figur e 1 

Eac h causa l  lin k wa s describe d a s th e characteristi c valu e 
of  on e attribut e causin g th e characteristi c valu e o f  anothe r 
attribute ,  an d include d som e detai l  o f  th e causa l  mechanis m 
involved .  Fo r  example ,  th e caus e linkin g A l  an d A 2 o f 
Keho e Ant s wa s describe d a s "Bloo d hig h i n iro n sulfat e 
cause s a  hyperactiv e immun e system .  Iro n sulfat e molecule s 
ar e detecte d a s foreig n b y th e immun e system ,  an d th e 
immune syste m i s highl y activ e a s a  result" . 

Participants 

25 2 Universit y o f  Colorad o undergraduate s receive d cours e 
credi t  fo r  participatin g i n thi s experiment ,  an d wer e 
randoml y assigne d i n equa l  number s t o on e o f  th e si x 
categories ,  an d t o eithe r  th e common-cause ,  th e common -
effect ,  o r  th e contro l  condition . 

Procedur e 

Al l  phase s o f  th e experimen t  wer e conducte d b y computer . 
Participant s first  studie d severa l  screen s o f  informatio n abou t 
th e categor y a t  thei r  o w n pace .  Participant s i n th e contro l 
conditio n receive d a  cove r  story ,  attributes ,  an d attribut e 
value s an d thei r  bas e rate s (75%/25 % fo r  th e characteristic / 
uncharacteristi c  values) .  Participant s i n th e common-caus e 
and common-effec t  condition s als o receive d a  descriptio n o f 
thre e causa l  relationships ,  an d a  diagra m depictin g thos e 
relationships .  W h e n ready ,  participant s too k a  multiple -
choic e tes t  tha t  teste d the m o n th e knowledg e the y ha d jus t 
studied .  Participant s coul d reques t  hel p whic h le d th e 
compute r  t o re-presen t  th e informatio n abou t  th e category . 
Participant s wer e require d t o retak e th e tes t  unti l  the y 
committe d 0  error s an d mad e 0  request s fo r  help . 

Participant s the n performe d thre e task s (counterbalance d 
fo r  order) :  a  categorizatio n task ,  a  similarit y ratin g task ,  an d 
an inductio n task .  (Spac e limitation s preven t  u s fro m 
reportin g th e inductio n results ,  whic h ar e no t  discusse d 
further. )  Durin g th e categorizatio n task ,  participant s rate d th e 
categor y membershi p o f  exemplar s o n a  20-poin t  scale . 
Ther e wer e 3 2 exemplars ,  consistin g o f  al l  possibl e 1 6 
example s tha t  coul d b e forme d fro m fou r  binar y attributes , 
eac h presente d twice .  Th e attribut e value s o f  eac h exempla r 
wer e presente d i n orde r  (1-4 )  o n th e compute r  screen . 

Durin g th e similarit y task ,  participant s rate d th e similarit y 
of  tw o exemplar s o n a  9-poin t  scale .  Participan t  rate d 3 2 
pair s o f  exemplar s randoml y generate d subjec t  t o th e 
constrain t  tha t  n o pai r  wa s repeate d an d th e pai r  neve r 
consiste d o f  th e sam e exemplar .  N o feedbac k wa s provide d 
durin g eithe r  th e categorizatio n o r  similarit y tasks . 

Results 

We repor t  result s o f  th e categorizatio n tas k an d th e 
similarit y task .  T o facilitat e comparisons ,  rating s fro m bot h 
task s wer e first  converte d t o a  0-10 0 scale . 

Categorization Results 

The categorizatio n result s wer e analyze d b y performin g a 
multipl e regressio n fo r  eac h participant .  Fou r  predicto r 
variable s (ai ,  a2 ,  &3 ,  m )  wer e code d a s - 1 i f  th e attribut e 
valu e wa s uncharacteristic ,  an d + 1 i f  i t  wa s characteristic . 
The regressio n weigh t  associate d wit h eac h a j  represent s th e 
influenc e o f  tha t  attribut e o n a  participant' s categorizatio n 
ratings .  Positiv e weight s wil l  resul t  i f  participant s mak e us e 
of  th e 7 5 % / 2 5 % bas e rate s fo r  characteristi c an d 
uncharacteristi c values ,  tha t  is ,  i f  a  characteristi c valu e 
increase s th e categorizatio n ratin g an d a n uncharacteristi c 
valu e decrease s it .  A n additiona l  si x predicto r  variable s wer e 
constructe d b y computin g th e multiplicativ e interactio n 
betwee n eac h pai r  o f  attributes :  aia2 ,  aia3 ,  aia4 ,  a2a4 , 
a3a4 ,  an d a2a3 .  Th e resultin g interactio n term s ar e code d a s 
- 1 i f  on e o f  th e attribute s ha s a n uncharacteristi c valu e an d 
th e othe r  a  characteristi c  value ,  an d -i- l  i f  th e value s ar e bot h 
characteristi c o r  bot h uncharacteristic .  Thes e interactio n 
term s ca n b e considere d second-orde r  configura l  propertie s 
lik e thos e assume d b y feature-frequenc y model s o f 
categorizatio n (Hayes-Rot h &  Hayes-Roth ,  1977) .  Fo r  thos e 
attribut e pair s o n whic h a  causa l  relationshi p wa s defined . 
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th e configura l  propert y ca n b e interprete d a s representin g 
whethe r  th e causa l  relationshi p i s confirme d (+1 ,  caus e an d 
effec t  bot h presen t  o r  bot h absent )  o r  violate d (-1 ,  caus e 
presen t  an d effec t  absent ,  o r  caus e absen t  an d effec t  present) . 
The regressio n weigh t  associate d wit h suc h a  configura l 
propert y i s th e influenc e tha t  confirmatio n o r  violatio n o f  a 
causa l  relationshi p ha d o n categorizatio n ratings ,  wit h a 
positiv e weigh t  indicatin g tha t  confirmatio n lead s t o a 
highe r  categorizatio n ratin g an d violatio n t o a  lowe r  one . 

The regressio n weight s average d ove r  participant s i n th e 
common-cause ,  common-effect ,  an d contro l  condition s ar e 
presente d i n Figur e 2 .  A s expected ,  i n al l  condition s th e 
weight s give n t o th e fou r  attribute s (ai ,  a2 ,  as ,  &4 )  wer e 
positive ,  indicatin g tha t  participant s use d th e bas e rat e 
informatio n whe n generatin g categorizatio n ratings .  I n 
addition ,  i n th e common-effec t  condition ,  th e common-effec t 
(34 )  ha d greate r  weigh t  (8.11 )  tha n th e thre e cause s (7.02 , 
5.64 ,  an d 4.3 2 fo r  ai ,  a2 ,  an d 33 ,  respectively) .  I n th e 
common-caus e condition ,  th e common-caus e (aj )  carrie d 
greate r  weigh t  (8.54 )  tha n th e thre e effect s (3.94 ,  4.19 ,  an d 
3.8 2 fo r  a2 ,  a3 ,  an d 34) .  Not e tha t  i n th e contro l  conditio n 
th e first  attribut e als o ha d greate r  weigh t  (8.62 )  tha n 
attribute s 2- 4 (6.77 ,  6.81 ,  an d 6.52) ,  a n effec t  w e believ e i s 
due t o th e first  attribut e alway s appearin g firs t  i n a n 
exemplar' s lis t  o f  attribut e values .  T o som e extent ,  th e 
greate r  salienc e o f  th e first  attribut e explain s th e greate r 
weigh t  associate d wit h th e common-caus e i n th e c o m m o n -
caus e condition .  However ,  th e differenc e betwee n a i  an d 32 , 
33,3 4 i s greate r  i n th e common-caus e conditio n (4.56 )  tha n 
i n th e contro l  conditio n (2.20) ,  s o th e greate r  weigh t  o f  th e 
common-caus e canno t  b e explaine d solel y b y th e greate r 
salienc e o f  th e first  attribute . 

Thes e conclusion s ar e supporte d b y statistica l  analysis . 
We carrie d ou t  a  3  (causa l  patter n condition :  common-cause , 
common-effect ,  control )  b y 6  (category )  b y 3  (orde r  o f 
categor y task :  first,  second ,  o r  third )  b y 4  (attribute :  1 ,  2 ,  3 
or  4 )  analysi s o f  varianc e o n th e regressio n weights ,  wit h 
repeate d measure s o n th e las t  factor .  Th e patter n o f  weight s 
fo r  th e fou r  attribute s differe d significantl y betwee n th e 
common-caus e an d common-effec t  condition s (significan t 
interactio n betwee n th e common-cause/common-effec t 
contras t  an d th e attribut e factor :  F(3 ,  696) = 11.50 , 
MSE=22.3 ,  p<.0001) ,  an d th e patter n o f  weight s i n eac h o f 
thes e condition s differe d significantl y fro m th e contro l 
conditio n (F(3 ,  696)=2.67 ,  MSE=22 .3 ,  p<.0 5 fo r  c o m m o n -
cause ,  F(3 ,  696)=6.14 ,  M S E = 2 2 . 3 ,  p<.00 1 fo r  c o m m o n -
effect) .  I n th e common-caus e condition ,  th e weigh t 
associate d wit h th e c o m m o n caus e wa s significantl y greate r 
tha n th e weight s o f  th e thre e effec t  attribute s (F(l , 
76)=40.73 ,  M S E = 4 3 . 5 ,  p<.0001) .  I n th e common-effec t 
condition ,  th e weigh t  associate d wit h th e c o m m o n effec t  wa s 
significantl y greate r  tha n th e weight s o f  th e thre e cause s 
(F(l ,  76)=20.47 ,  MSE=12 .4 ,  p<.0001) . 

Figur e 2  als o demonstrate s tha t  causa l  knowledg e affecte d 
th e weigh t  give n t o configura l  properties .  Th e configura l 
propertie s correspondin g t o thos e attribut e pair s assigne d 
causa l  relationship s ha d substantia l  positiv e weight s i n bot h 
th e common-caus e conditio n (4.66 ,  4.15 ,  an d 3.8 7 fo r  aia2 , 
ajas ,  an d 3134) ,  an d th e common-effec t  conditio n (3.02 , 
2.89 ,  an d 3.2 1 fo r  3134 ,  3234 ,  an d 3334) .  I n othe r  words , 
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Figur e 2 

categoriz3tio n r3ting s wer e highe r  i f  a  pai r  o f  attribute s 
confirme d a  C3us3 l  rel3tionshi p tha t  p3rticip3nt s ha d learned , 
and lowe r  i f  th e pai r  violate d tha t  relationship .  A  3  (csusa l 
p3ttem )  b y 6  (c3tegory )  b y 3  (orde r  o f  categor y task )  b y 6 
(configura l  property )  A N O V A o n th e regressio n weight s 
reveale d tha t  th e patter n o f  configura l  propert y weight s i n 
th e common-caus e an d common-effec t  condition s differe d 
fro m on e anothe r  (F(10 ,  1160)=26.79 ,  MSE=10 .0 ,  p<.0001 ) 
an d eac h differe d fro m th e contro l  conditio n (F(5 , 
1160)=10.56 ,  M S E = 1 0 . 0 ,  p<.0001 ;  F(5 ,  1160)=7.65 , 
MSE=10 .0 ,  p<.0001) .  Weight s o f  th e configura l  propertie s 
correspondin g t o th e thre e causa l  relationship s differe d 
significantl y fro m th e contro l  conditio n (al l  p's<.0001) ,  i n 
bot h th e common-caus e an d common-effec t  conditions . 

A furthe r  resul t  o f  not e i s tha t  i n th e common-caus e 
conditio n th e regressio n weight s fo r  th e interaction s betwee n 
th e effec t  3ttribute s (1.39 ,  1.47 ,  3n d 1.4 8 fo r  3234 ,  3334 ,  3n d 
3233 )  wer e signifiC3ntl y differen t  fro m th e contro l  conditio n 
(p<.05) .  I n othe r  words ,  c3tegoriz3tio n rsting s wer e highe r  i f 
tw o effec t  3ttribute s wer e bot h unch3r3cteristi c o r  bot h 
ch3r3Cteristic ,  3n d lowe r  i f  on e W3S uncharacteristi c an d th e 
othe r  characteristic .  A  propert y o f  common-caus e C3us3 l 
p3ttem s i s th3 t  effec t  3ttribute s wil l  b e corrected ,  bec3us e o f 
thei r  c o m m o n c3use .  I n fsct ,  p3rticipant s i n th e c o m m o n -
caus e conditio n exhibite d thi s knowledg e b y weightin g th e 
correlatio n betwee n th e effect s whe n makin g c3tegoriz3tio n 
decisions .  Thi s i s evidenc e th3 t  the y wer e tre3tin g th e C3us3 l 
rel3tionship s 3 s mor e th3 n simpl e 3ssoci3tion s 3n d engsgin g 
i n 3  for m o f  C3us3 l  re3soning .  I n contr3st ,  th e c o m m o n -
effec t  p3tter n o f  C3us3 l  rel3tionship s doe s no t  impl y th e 
existenc e o f  correlation s betwee n caus e attributes ,  and ,  i n 
fact ,  i n thi s stud y th e paramete r  estimate s fo r  thes e 
interactio n term s (3132 ,  3133 ,  3n d 3233 )  di d no t  diffe r 
signifiC3ntl y fro m th e contro l  conditio n (s U Fs< l ) .  Thi s 
resul t  replic3te s othe r  findings  th3 t  peopl e tsk e int o 3ccoun t 
th e asymmetrie s inheren t  i n caus3 l  rel3tionship s (W3ldman n 
& Holyoak ,  1992 ;  W3 ldm3n n e t  3I. ,  1995) . 

We 3ske d whethe r  th e pstte m o f  weight s show n i n Figur e 
2 W3S represent3tiv e o f  mos t  psrticipants .  O f  th e 16 8 
common-caus e an d common-effec t  p3rticip3nts ,  5 % 
exhibite d th e p3tte m o f  3ttribut e weight s show n i n Figur e 2 
but  no t  th e p3tter n o f  configura l  fe3tur e weights ,  1 3 % 
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exhibite d th e patter n o f  configura l  featur e weight s bu t  no t 
th e patter n o f  attribut e weights ,  an d 2 0 % exhibite d both . 
4 5 % exhibite d a  similarity-based ,  o r  "famil y resemblance" , 
strateg y i n whic h ther e wa s n o discernibl e us e o f  th e causa l 
knowledge .  Thus ,  th e grou p mean s i n Figur e 2  d o no t 
represen t  th e categorizatio n strateg y use d b y mos t 
participants ,  i.e. ,  substantia l  individua l  difference s existed . 

Similarity Results 

Th e similarit y result s wer e als o analyze d wit h a  multipl e 
regressio n pe r  participant .  Fou r  predictor s (mai ,  ma2 ,  ma3 , 
m a 4)  wer e forme d b y multiplyin g a j  o f  th e firs t  exempla r 
wit h a j  o f  th e second ,  th e resul t  bein g tha t  eac h ma j  w a s 
code d a s - 1 i f  th e value s o f  attribut e i  i n th e tw o exemplar s 
mismatche d (i.e. ,  on e uncharacteristi c an d on e characteristic ) 
an d + 1 i f  the y matche d (i.e. ,  bot h characteristi c o r  bot h 
uncharacteristic) .  Si x  predictor s (maia2 ,  maias ,  maia4 , 
ma2a4,  ma3a4 ,  an d ma2a3 )  wer e forme d b y multiplyin g aja j 
of  th e firs t  exempla r  wit h aia j  o f  th e second ,  th e resul t  bein g 
tha t  eac h maia j  wa s code d a s - 1 i f  th e configura l  propert y i n 
th e tw o exemplar s mismatche d an d + 1 i f  the y matched . 
Matche s (eithe r  betwee n attribute s o r  configura l  properties ) 
tha t  increas e th e rate d similarit y o f  tw o exemplar s wil l 
manifes t  themselve s wit h positiv e regressio n weights . 

Figur e 3  present s th e regressio n weight s average d ove r 
participant s i n th e thre e causa l  conditions .  Th e patter n o f 
weight s give n t o matche s o f  attribute s (ma].4 )  mirror s th e 
attribut e weight s foun d fo r  th e categorizatio n result s (Figur e 
2) .  I n th e common-caus e condition ,  whethe r  th e c o m m o n -
caus e attribute s matche d i n th e tw o exemplar s (maj ) 
influence d similarit y rating s mor e (weigh t  o f  14.24 )  tha n 
matche s o n th e thre e effec t  attribute s (weight s o f  11.86 , 
11.50 ,  an d 9.8 6 fo r  ma2-4) .  I n th e common-effec t  condition , 
matche s betwee n th e common-effect s (ma4 )  ha d greate r 
weigh t  (11.76 )  tha n matche s o n th e thre e caus e attribute s 
(11.13 ,  10.10 ,  an d 9.8 3 fo r  mai.3) .  Statistica l  analysi s 
confirme d tha t  th e patter n o f  weight s differe d significantl y 
betwee n th e common-caus e an d common-effec t  condition s 
(F(3 ,  696)=11.88 ,  M S E = 1 6 . 5 ,  p<.0001 )  an d eac h o f  thes e 
condition s differe d fro m th e control s (F(3 ,  696)=5.15 , 
MSE=16 .5 ,  p<.005 ;  F(3 ,  696)=2.30 ,  MSE=16.5 ,  p<.10) .  I n 
th e common-caus e condition ,  th e weigh t  associate d wit h 
matchin g c o m m o n cause s wa s significantl y greate r  tha n 
effec t  matche s (F(l .  76) = 13.72 ,  MSE=58 ,2 ,  p<.0005) .  I n 
th e common-effec t  condition ,  th e weigh t  associate d wit h 
matchin g c o m m o n effect s wa s significantl y greate r  tha n th e 
caus e matche s (F(l ,  76)=32.36 ,  MSE=18.4 ,  p<.0001) . 

Th e weight s fo r  matche s betwee n configura l  feature s 
(Figur e 3 )  wer e smal l  an d no t  appreciabl y differen t  fro m th e 
contro l  condition .  Whil e th e patter n o f  thes e weight s differe d 
significantl y betwee n th e common-caus e an d common-effec t 
conditio n (F(5 ,  1160)=4.64 ,  MSE=7 .5 ,  p<.0005) .  neithe r  o f 
thes e condition s differe d significantl y fro m th e contro l 
conditio n (F(5 ,  1160) = 1.46 ,  MSE=7 .5 ,  p=.2 1 fo r  c o m m o n -
cause ;  F(5 ,  1160)=!.72 ,  M S E = 7 . 5 ,  p=.1 3 fo r  c o m m o n -
effect) .  Thus ,  whil e th e causa l  relationship s tha t  participant s 
learne d affecte d similarit y rating s b y changin g th e weight ,  o r 
salience ,  o f  matche s betwee n attributes ,  matche s betwee n 
configura l  feature s tha t  cod e whethe r  a  causa l  relationshi p 
was confirme d o r  violate d ha d n o effec t  o n similarit y ratings . 
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Figur e 3 

A Categorization/Similarity Dissociation 

We hav e show n tha t  categorizatio n ratings ,  bu t  no t 
similarit y ratings ,  ar e affecte d b y whethe r  causa l 
relationship s ar e confirme d o r  violate d i n presente d 
exemplars .  W e illustrat e thi s resul t  wit h tw o examples . 
Figur e 4 a present s th e categorizatio n rating s o f  011 1 an d th e 
similarit y o f  011 1 t o th e categor y prototyp e 111 1 ( 1 
meanin g th e characteristi c attribut e value ,  an d 0  th e 
uncharacteristi c value )  i n th e common-caus e an d contro l 
conditions .  Th e presenc e o f  common-caus e causa l 
relationship s resulte d i n 011 1 bein g give n a  muc h lowe r 
categorizatio n ratin g (45.2 )  relativ e t o th e contro l  conditio n 
(70.9 )  because ,  presumably ,  i n 011 1 al l  thre e common-caus e 
causa l  link s ar e violate d (th e caus e i s absen t  bu t  al l  thre e 
effect s ar e present) .  However ,  th e presenc e o f  thes e causa l 
relationship s ha d littl e effec t  o n th e similarit y o f  011 1 t o th e 
prototyp e relativ e t o th e contro l  conditio n (69. 4 vs .  72.5) . 

Analogously ,  i n Figur e 4 b th e presenc e o f  common-effec t 
causa l  link s ha d a  larg e effec t  o n th e categorizatio n ratin g o f 
exempla r  111 0 relativ e t o th e contro l  conditio n (53. 5 vs . 
74.5 )  because ,  presumably ,  111 0 violate s al l  thre e o f  th e 
causa l  relationship s (al l  thre e cause s ar e presen t  bu t  th e 
effec t  i s  absent) .  But ,  th e presenc e o f  thos e causa l 
relationship s ha d littl e effec t  o n th e similarit y o f  111 0 t o th e 
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prototyp e relativ e t o th e control s (70. 9 vs .  77.7) . 
Not e tha t  w e di d no t  directl y as k ou r  participant s t o rat e 

th e similarit y o f  eac h exempla r  t o th e category ,  bu t  rathe r 
onl y t o othe r  categor y members .  However ,  assumin g tha t 
similarit y t o th e categor y prototyp e ca n b e take n a s 
similarit y t o th e category ,  the n Figur e 4  demonstrate s a 
categorization/similarit y dissociation ,  becaus e causa l 
relationship s ha d a  larg e effec t  o n categorizatio n ratings ,  bu t 
littl e o n similarit y ratings .  I n th e Discussio n sectio n w e 
retur n t o th e issu e o f  whethe r  similarit y t o th e categor y 
prototyp e i s th e sam e a s similarit y t o th e category . 

Discussion 

The presen t  stud y demonstrate s tha t  categorizatio n an d 
similarit y ar e no t  influence d i n th e sam e wa y b y th e 
presenc e o f  causa l  relationship s betwee n categor y attributes . 
On th e on e hand ,  causa l  relationship s le d participant s t o 
weig h attribute s similarl y i n th e categorizatio n an d 
similarit y ratin g tasks ,  specifically ,  weighin g th e c o m m o n -
caus e mos t  heavil y i n th e common-caus e condition ,  an d th e 
common-effec t  mos t  heavil y i n th e common-effec t 
condition .  O n th e othe r  han d however ,  whil e categorizatio n 
rating s wer e dependen t  o n whethe r  th e causa l  relationship s 
wer e confirme d o r  violate d (tha t  is ,  o n wha t  w e hav e calle d 
"configura l  properties") ,  th e confirmatio n o r  violatio n o f 
causa l  relationship s ha d n o effec t  o n th e perceive d similarit y 
of  tw o exemplars .  Thus ,  causa l  knowledg e abou t  categorie s 
appear s t o influenc e categorizatio n processe s throug h mean s 
othe r  tha n changin g similarit y relations . 

The result s o f  Smit h an d Sloma n (1994 )  raise d th e 
possibilit y  tha t  categorization/similarit y dissociation s suc h 
as thos e reporte d b y Rip s (1989 )  migh t  onl y occu r  i n 
rarefie d circumstances ,  specifically ,  wit h spars e stimul i 
lackin g characteristi c attributes ,  an d whe n participant s ar e 
require d t o think-aloud .  Contrar y t o thi s view ,  i n th e presen t 
stud y categorizatio n an d similarit y rating s wer e differentiall y 
influence d b y causa l  knowledg e eve n whe n exemplar s ha d 
many characteristi c value s (e.g. ,  thre e i n th e exemplar s 011 1 
and 111 0 o f  Figur e 4 ,  compare d t o Smit h an d Sloman' s 
one) ,  an d withou t  ou r  participant s thinking-aloud . 

Ther e ar e tw o way s i n whic h th e categorization/similarit y 
dissociatio n presente d i n Figur e 4  migh t  b e explaine d i n 
term s o f  similarit y comparisons .  First ,  dissociation s tha t  ar e 
intende d t o sho w tha t  task s emplo y differen t  componen t 
processe s ar e no t  decisive ,  becaus e dissociation s m a y als o 
aris e whe n on e tas k i s mor e resourc e demandin g tha n th e 
othe r  (Dun n &  Kirsner ,  1988) .  I n thi s study ,  configura l 
propertie s m a y hav e no t  bee n use d i n th e similarit y tas k 
becaus e o f  resourc e limitations .  Th e similarit y tas k involve d 
comparin g tw o exemplars ,  an d henc e 6  configura l  propertie s 
neede d t o b e computed ,  wherea s onl y on e exempla r  wa s 
presente d i n th e categorizatio n tas k an d thu s onl y 3 
configura l  propertie s neede d t o b e computed .  Assumin g a 
similarit y mode l  tha t  account s fo r  bot h similarit y rating s 
betwee n categor y exemplar s an d categorizatio n judgment s 
(b y computin g th e similarit y betwee n a n exempla r  an d som e 
categor y representation ,  Lassalin e &  Murphy ,  1998) ,  th e 
dissociatio n show n i n Figur e 4  coul d b e accounte d fo r  i f  (a ) 
th e causa l  relation s betwee n attribute s contribute d t o 
perceive d similarity ,  bu t  (b )  ther e wa s a  limi t  t o th e numbe r 

of  relation s tha t  coul d contribut e du e t o resourc e limitation s 
(o f  workin g memory ,  fo r  example) .  Similarit y model s suc h 
as S M E (Markma n &  Centner ,  1993 ;  1996 )  o r  S I A M 
(Goldstone ,  1994 ;  Coldston e &  Medin ,  1994 )  m a y b e 
promisin g startin g point s fo r  suc h a n account . 

Second ,  th e dissociatio n presente d i n Figur e 4  i s betwee n 
categorizatio n rating s an d similarit y wit h th e categor y 
prototype .  Conceivably ,  similarit y t o th e categor y prototyp e 
m ay no t  b e th e sam e thin g a s similarit y t o th e category ,  an d 
similarit y wit h th e categor y m a y trac k (an d henc e possibl y 
explain )  categorizatio n ratings .  Fo r  example ,  i n th e contex t 
model  o f  categorizatio n (Medi n &  Schaffer ,  1978) , 
similarit y t o a  categor y i s th e su m o f  similaritie s t o 
categor y exemplar s store d i n memor y rathe r  tha n similarit y 
t o th e prototype .  O n th e fac e it ,  th e contex t  mode l  appear s 
inapplicabl e t o th e curren t  experimen t  becaus e ou r 
participant s observe d n o exemplar s o f  th e category . 
However ,  th e contex t  mode l  coul d b e adapte d t o th e curren t 
situatio n b y assumin g tha t  ou r  participant s encode d th e 
conceptua l  informatio n abou t  th e categorie s (i.e. ,  th e 
attribut e bas e rate s an d causa l  relationships )  b y mentall y 
constructin g wha t  the y though t  wa s a  se t  o f  representativ e 
exemplars .  (Se e Heit ,  1994 ,  fo r  a  simila r  strateg y fo r 
representin g backgroun d knowledg e b y th e presenc e o f  prio r 
exemplars. )  I t  i s  a  virtua l  certaint y (becaus e th e numbe r  o f 
free  parameter s woul d excee d th e numbe r  o f  dat a points )  tha t 
some se t  o f  constructe d exemplar s (combine d wit h a  se t  o f 
contex t  mode l  similarit y parameters )  woul d fi t  th e curren t 
categorizatio n data .  Althoug h thi s woul d provid e a n accoun t 
of  categorizatio n i n term s o f  similarit y comparisons ,  th e 
explanator y burde n woul d the n fal l  o n w h y participant s 
chos e t o represen t  th e categor y wit h tha t  particula r  se t  o f 
constructe d exemplars ,  an d par t  o f  th e answe r  woul d surel y 
involv e th e presenc e o f  causa l  relationships . 

The categorizatio n result s presente d her e replicat e thos e o f 
Rehder  an d Hasti e (1997) .  Tha t  stud y wa s identica l  t o th e 
presen t  on e excep t  tha t  participant s wer e expose d (i n th e 
guis e o f  a  classification-with-feedbac k trainin g task )  t o 
exemplar s o f  th e categor y tha t  manifeste d th e 7 5 % / 2 5 % bas e 
rate s bu t  no t  th e correlation s a m o n g attribute s implie d b y 
th e common-caus e o r  common-effec t  causa l  patterns .  Tha t 
study ,  togethe r  wit h th e curren t  on e i n whic h participant s 
observe d n o exemplar s o f  th e category ,  demonstrat e tha t 
causa l  relationship s nee d no t  manifes t  themselve s a s 
correlation s tha t  inher e i n observe d exemplar s t o hav e a n 
effec t  o n categorizatio n decision s (fo r  relate d result s se e Mal t 
& Smith ,  1984 ;  Murph y &  Wisniewski ,  1989) . 

A hn an d Lassalin e (1996 )  hav e propose d tha t  cause s hav e 
mor e influenc e tha n effect s o n categorization .  Th e curren t 
result s fro m th e common-effec t  conditio n i n whic h th e 
c o m m on effec t  wa s mor e heavil y weighte d tha n th e thre e 
caus e attribute s d o no t  suppor t  thi s hypothesis .  Perhap s 
mor e importantly ,  th e curren t  result s emphasiz e tha t  causa l 
knowledg e affect s no t  jus t  th e weigh t  give n t o attributes , 
but  als o th e weigh t  give n t o configuration s o f  attribute s tha t 
eithe r  confir m o r  violat e tha t  knowledge .  Ther e i s stil l  m u c h 
we don' t  kno w abou t  whic h configuration s peopl e conside r 
t o b e consisten t  wit h prio r  causa l  knowledge .  Ou r  us e o f 
two-wa y interaction s i n th e regressio n analyse s presuppose s 
tha t  th e causa l  relationship s wer e viewe d a s "necessar y an d 
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sufficient "  b y ou r  participants ,  tha t  is ,  a n attribut e valu e pai r 
violate s th e relationshi p eithe r  whe n th e caus e i s absen t  an d 
th e effec t  presen t  ( a violatio n o f  necessity) ,  o r  whe n th e 
caus e i s presen t  an d th e effec t  absen t  ( a violatio n o f 
sufficiency) .  I n fact ,  peopl e ina y conside r  a n attribut e pai r  t o 
be inconsisten t  wit h a  causa l  relationshi p onl y whe n 
necessit y i s violated ,  o r  onl y whe n sufficienc y i s violated . 
Furthe r  researc h wil l  b e require d t o determin e whic h notion s 
of  confirmatio n an d violatio n peopl e typicall y employ . 

Finally ,  althoug h ou r  result s highligh t  th e difference s 
betwee n categorizatio n an d similarity ,  w e ar e nonetheles s i n 
agreemen t  wit h thos e wh o argu e tha t  similarit y almos t 
alway s play s a t  leas t  som e rol e i n categorizatio n (Alle n & 
Brooks .  1991 ;  Smit h &  Sloman ,  1994) .  O f  thos e 
participant s i n thi s stud y wh o learne d causa l  relationship s 
betwee n categor y attributes ,  4 5 % mad e n o us e o f  thos e 
relationship s an d generate d classificatio n rating s o n th e basi s 
of  simpl e family-resemblance .  And ,  whe n th e causa l 
knowledg e wa s used ,  i t  wa s usuall y i n additio n to ,  rathe r 
tha n instea d of ,  th e attribut e bas e rat e information .  Thus ,  a 
ful l  accoun t  o f  huma n categorizatio n need s t o includ e 
processe s sensitiv e t o bot h similarit y an d causa l  relations . 
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Solution s t o th e Catastrophi c Forgettin g P r o b l e m 
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Abstrac t 

In this paper we review three kinds of proposed solutions 
t o th e catastrophi c forgettin g proble m i n neura l  networks . 
The solution s ar e base d o n reducin g hidde n uni t  overlap , 
rehearsal ,  an d pseudorehearsa l  mechanisms .  W e compar e 
th e method s an d identif y som e underlyin g similarities .  W e 
the n briefl y not e som e potentia l  implication s o f  th e 
rehearsa l  /  pseudorehearsa l  base d methods ,  includin g thei r 
applicatio n t o sequentia l  learnin g tasks . 

Introduction 

I n mos t  standar d neura l  networ k learnin g algorithms ,  suc h a s 
back-propagatio n (Rumelhart ,  Hinto n &  Williams ,  1986) , 
al l  informatio n i s learne d "concurrently" .  I n othe r  words , 
th e whol e populatio n o f  interes t  i s  presente d an d traine d a s a 
single ,  complet e entity .  Trainin g i s the n "finished "  an d n o 
furthe r  informatio n i s adde d t o th e network .  Bein g limite d 
t o concurren t  learnin g i s  undesirabl e i n practica l  terms , 
makin g i t  ver y difficul t  t o modif y o r  exten d an y give n neura l 
networ k applicatio n withou t  completel y retrainin g th e 
networ k (compare d wit h a  traditiona l  rul e base d syste m 
wher e informatio n o r  rule s ca n easil y b e adde d t o o r  remove d 
fro m th e system) .  I t  i s  als o a  highl y implausibl e constrain t 
fo r  cognitiv e modellin g wher e s o muc h o f  huma n learnin g i s 
clearl y sequentia l  o r  incrementa l  i n nature .  Thi s limitatio n 
arise s becaus e o f  th e "catastrophi c forgetting "  proble m -  th e 
learnin g o f  ne w informatio n disrupt s previousl y learne d 
informatio n i n a  network . 

I n thi s pape r  w e revie w thre e kind s o f  propose d solution s 
t o th e catastrophi c forgettin g problem .  The s ar e base d o n 
reducin g hidde n uni t  overlap ,  rehearsal ,  an d pseudorehearsa l 
mechanisms .  W e compar e th e method s an d identif y som e 
underlyin g similarities .  Rehearsa l  an d pseudorehearsa l  allo w 
new informatio n t o b e adde d t o a  networ k sequentiall y (a t 
any time )  withou t  disruptin g ol d information .  W e briefl y 
explor e som e potentia l  implication s o f  thes e methods , 
includin g th e possibilit y o f  a  framewor k fo r  modellin g 
ongoin g o r  continuou s learnin g /  developmen t  wit h neura l 
networks ,  an d speculation s abou t  th e relationshi p o f  thes e 
method s t o th e consolidatio n o f  informatio n durin g sleep . 

Catastrophic forgetting and concurrent 
l e a r n i n g 

Ideall y th e representation s develope d b y a  learnin g syste m 
shoul d b e stabl e enoug h t o preserv e importan t  informatio n 
ove r  time ,  bu t  plasti c enoug h t o incorporat e n e w 

informatio n whe n necessary .  On e consequenc e o f  a  failur e t o 
addres s thi s "stabilit y /  plasticit y di lemma "  (Grossberg , 
1987 )  i n man y neura l  network s i s  excessiv e plasticity , 
usuall y calle d "catastrophi c forgetting "  (o r  "catastrophi c 
interference" ,  o r  th e "seria l  learnin g problem") .  I f  a  networ k 
i s expose d t o th e learnin g o f  ne w information ,  the n an y 
previousl y learne d informatio n wil l  typicall y b e greatl y 
disrupte d o r  lost .  Grossber g (1987 )  suggest s th e analog y o f  a 
human traine d t o recognis e th e wor d "cat" ,  an d subsequentl y 
t o recognis e "table" ,  bein g the n unabl e t o recognis e "cat" . 

A numbe r  o f  recen t  studie s hav e use d multi-laye r 
perceptro n (typicall y back-propagation )  network s t o 
highligh t  th e proble m o f  catastrophi c forgettin g an d explor e 
variou s issue s -  thes e include ,  McCloske y &  Cohe n (1989) , 
Hetheringto n &  Seidenber g (1989) ,  Ratclif f  (1990) , 
Lewandowsk y (1991) ,  Murr e (1992a ,  1992b) ,  Frenc h (1992 , 
1994 ,  1997) ,  M c R a e &  Hetheringto n (1993) ,  Lewandowsk y 
& L i  (1995) ,  Sharke y &  Sharke y (1995) ,  Robin s (1995 , 
1996a) ,  an d Frea n &  Robin s (1997) .  Simila r  issue s hav e 
bee n explore d i n th e contex t  o f  Hopfiel d network s b y Nadal , 
Toulouse ,  Changeu x &  Dehaen e (1986) ,  Burgess ,  Shapir o 
& Moor e (1991) ,  an d Robin s &  McCal lu m (1998) . 

I n a  typica l  illustratio n o f  catastrophi c forgettin g w e us e a 
back-propagatio n networ k t o lear n a  bas e populatio n o f 
item s (inpu t  /  outpu t  vecto r  pairs )  i n th e usua l  way . 
Subsequentl y a  numbe r  o f  ne w item s ar e learne d on e b y 
one* .  Th e effec t  o f  thes e ne w item s ca n b e illustrate d b y 
plottin g a  measur e (suc h a s goodnes s o r  error )  o f  th e abilit y 
of  th e networ k t o correctl y reproduc e th e bas e populatio n 
afte r  eac h ne w item .  A s show n i n Figur e 1 ,  th e erro r  m a 
bas e populatio n o f  item s increase s "catastrophically "  afte r 
th e learnin g o f  eve n on e ne w item ,  an d continue s t o ris e a s 
furthe r  ne w item s ar e learned . 

Thi s catastrophi c forgettin g i s th e underlyin g constrain t 
tha t  restrict s mos t  neura l  network s t o concurren t  learnin g 
(wher e th e whol e populatio n o f  interes t  mus t  b e learne d a s a 
single ,  complet e entity) . 

'Al l  simulation s i n thi s pape r  us e th e "Iris "  dat a se t  (Murph y 
& Aha ,  1994 )  consistin g o f  15 0 item s divide d int o thre e classe s 
(distinc t  specie s o f  iris )  o f  5 0 item s each .  Eac h ite m consist s o f 
fou r  rea l  value d measurement s o f  th e iri s  (suc h a s peta l  length) . 
We use d a  4:3: 4 o r  4:4: 4 autoassociativ e back-propagatio n 
networ k wit h a  learnin g constan t  o f  0.0 5 an d a  momentu m 
constan t  o f  0.9 ,  an d a n erro r  criterio n o f  0.01 .  Al l  result s 
reporte d wer e average d ove r  5 0 individua l  replication s o f  th e 
simulatio n (usin g differen t  population s fo r  eac h replication) . 
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Figur e 1 :  Th e basi c catastrophi c forgettin g effect .  (Adapte d 
firom  Robin s (1996 )  Figur e 1) . 

(a )  (b )  (c ) 
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Figure 2: Hypothetical hidden unit activations. 

Solutions to catastrophic forgetting 

I n thi s sectio n w e briefl y revie w thre e genera l  approache s t o 
solvin g th e catastrophi c forgettin g problem .  Thes e ar e base d 
on reducin g hidde n uni t  overlap ,  o n rehearsal ,  an d o n 
pseudorehearsa l  respectively .  Othe r  propose d solution s 
base d o n specifi c  "purpos e built "  architecture s ar e note d i n 
Sharke y an d Sharke y (1995) . 

Reducing hidden unit overlap 

Frenc h (1992 )  suggest s tha t  th e exten t  t o whic h catastrophi c 
forgettin g occur s i s largel y a  consequenc e o f  th e overla p o f 
distribute d representations ,  an d tha t  th e effec t  ca n b e reduce d 
by reducin g thi s overlap .  Catastrophi c forgettin g wil l  b e 
wors t  whe n ne w ite m input s ar e simila r  t o br> e populatio n 
input s (i.e .  generat e simila r  hidde n uni t  patterns )  bu t  requir e 
ver y differen t  outpu t  pattern s t o b e produced . 

Severa l  studie s hav e explore d mechanism s fo r  reducin g 
representationa l  overla p an d thei r  impac t  o n catastrophi c 
forgetting .  Th e novelt y rul e (Kortge ,  1990) ,  activatio n 
sharpenin g (French ,  1992) ,  an d technique s develope d b y 
Murr e (1992a )  an d M c R a e an d Hetheringto n (1993 )  al l  fal l 
withi n thi s genera l  framework .  Thes e method s focu s o n 
increasin g th e separatio n (orthogonality )  o f  th e hidde n uni t 
representation s develope d b y th e network ,  typicall y b y 
creatin g "sparser "  representation s (hidde n uni t  pattern s wit h a 
smalle r  numbe r  o f  activ e units) .  French' s activatio n 
sharpening ,  fo r  example ,  introduce s a n extr a ste p t o th e 
learnin g proces s fo r  eac h inpu t  whic h add s weigh t  change s 
tha t  slightl y increase s th e activatio n o f  th e mos t  activ e (o r  k 
most  active )  hidde n unit s whil e decreasin g th e activation s o f 

al l  others .  T o illustrat e thes e point s conside r  a  hypothetica l 
networ k wit h fou r  hidde n unit s whic h ha s learne d a 

0.1- r 
0.09. 1 

I ,  0.08. L 
g 0.07. L 

0.0 6 •  ̂  
0.0 5 4 
0.0 4 •  \ -
0.03- L 
0.0 2 4- r 
0.0 1 

0 1 I  I  I  I  I  I  I  I  I  I  I I  I  I  I  I  I  I 

u 

rehearsa l 
p.seudorehearsa l 

0 2 6 8  1 0 
New item s 

12 1 4 1 6 1 8 2 0 

Figur e 3 :  Rehearsa l  an d pseudorehearsa l  method s 
effectivel y eliminat e th e catastrophi c forgetting .  (Adapte d 
fro m Robin s (1996 )  Figure s 3  &  4) . 

population where the inputs are divided into two relatively 
distinc t  categories .  Figur e 2  (a )  illustrate s possibl e hidde n 
uni t  pattern s o f  activatio n fo r  eac h categor y i n a  standar d 
back-propagatio n network .  Th e representation s o f  eac h 
categor y ma y no t  b e wel l  separated .  Figur e 2  (b )  illustrate s 
typica l  hidde n uni t  pattern s o f  activatio n fo r  eac h categor y i n 
a back-propagatio n networ k usin g singl e nod e activatio n 
sharpening .  Th e representation s o f  eac h categor y ar e wel l 
separated ,  an d sparse . 

Whil e thes e method s ca n reduc e th e impac t  o f  catastrophi c 
forgettin g i n varyin g way s (a s discusse d below) ,  Frenc h 
(1994 )  identifie s severa l  problem s wit h th e us e o f  spars e 
hidde n uni t  representations .  Frenc h show s tha t  th e reduce d 
representationa l  capacit y o f  spars e pattern s o f  activatio n ca n 
i n som e circumstance s resul t  i n a n increas e i n catastrophi c 
forgetting ,  an d als o argue s tha t  i t  result s i n a  reduce d 
capacit y t o categoris e an d discriminat e inputs ,  an d a  reduce d 
capacit y t o generalise .  Th e us e o f  spars e (mor e "localist" ) 
representation s woul d als o impl y a  decrease d robustnes s i n 
th e fac e o f  nois e an d damage .  Frenc h (1994 )  conclude s tha t 
hidde n laye r  representation s nee d t o b e highl y distribute d a s 
wel l  a s separated ,  an d describe s a  ne w method ,  "contex t 
biasing" ,  whic h generate s suc h representations .  Contex t 
biasin g introduce s a n extr a ste p t o th e learnin g proces s fo r 
eac h inpu t  whic h add s weigh t  change s tha t  enhanc e th e 
difference s betwee n th e patter n o f  hidde n uni t  activatio n 
generate d b y th e curren t  inpu t  an d th e patter n generate d b y 
th e previou s input .  Figur e 2  (c )  illustrate s typica l  hidde n 
uni t  pattern s o f  activatio n fo r  eac h o f  tw o hypothetica l 
categorie s i n a  back-propagatio n networ k usin g contex t 
biasing .  Th e representation s o f  eac h categor y ar e wel l 
separated ,  bu t  distributed ,  avoidin g th e problem s associate d 
wit h spars e representations . 

Of  th e method s fo r  reducin g hidde n uni t  overlap , 
activatio n sharpenin g an d contex t  biasin g d o no t  actuall y 
preven t  a  bas e populatio n fro m bein g disrupte d b y ne w 
items .  Thes e method s do ,  however ,  ameliorat e th e effect s o f 
thi s catastrophi c forgettin g t o th e exten t  tha t  the y allo w th e 
bas e populatio n t o b e subsequentl y retraine d t o criterio n 
more quickl y tha n i s th e cas e i n a  standar d back-propagatio n 
network .  Th e novelt y rul e (Kortge ,  1990 )  ha s bee n show n 
t o preven t  catastrophi c forgetting ,  bu t  ca n onl y b e use d wit h 
autoencode r  (autoassociative )  networks .  Catastrophi c 
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forgettin g m a y als o b e prevente d i f  i t  i s  possibl e t o pre-trai n 
th e networ k o n a  populatio n whic h i s "relevant "  t o th e bas e 
populatio n an d ne w item s (simulatin g prio r  knowledg e o f  a 
tas k domain )  a s explore d b y Sharke y an d Sharke y ( 1 W 5 )  an d 
M c R ae an d Hetheringto n (1993) .  I n M c R a e an d 
Hetherington' s simulation s thi s pretrainin g naturall y reduce d 
th e overla p o f  hidde n uni t  representation s i n subsequen t 
learning . 

Rehearsal 

A secon d genera l  approac h t o preventin g catastrophi c 
forgettin g involve s "rehearsing "  th e bas e populatio n b y 
retrainin g som e bas e populatio n item s a s th e ne w item s ar e 
trained .  Ideall y thi s wil l  allo w th e n e w item s t o b e 
incorporate d int o th e structur e o f  th e bas e populatio n instea d 
of  jus t  overwritin g it .  Rehearsa l  wa s firs t  explore d i n th e 
contex t  o f  catastrophi c forgettin g b y Hetheringto n an d 
Seidenber g (1989 )  an d Ratcliff e (1990) ,  an d a  rang e o f 
rehearsa l  method s hav e bee n explore d b y Murr e (1992b )  an d 
Robin s (1995) . 

Followin g Ratcliff e (1990) ,  rehearsa l  ca n b e though t  o f  a s 
introducin g eac h n e w ite m no t  alone ,  bu t  i n a  rehearsa l 
buffe r  alon g wit h a  numbe r  o f  ol d items .  Th e populatio n o f 
item s i n th e rehearsa l  buffe r  ar e the n traine d ove r  a  numbe r 
of  epoch s (iteration s o f  th e learnin g algorithm )  i n th e usua l 
way.  Th e variou s possibl e way s o f  selectin g an d managin g 
th e ol d item s i n a  rehearsa l  buffe r  defin e a  famil y o f  possibl e 
rehearsa l  regimes .  Robin s (1995 )  explore s a  rang e o f 
rehearsa l  regimes ,  includin g a  "recency "  regim e (followin g 
Ratcliff e (1990)) ,  a  " random "  regim e (independentl y 
propose d i n Murr e (1992b)) ,  an d a  "sweep "  regime .  I n thi s 
pape r  w e wil l  illustrat e th e genera l  propertie s o f  rehearsa l 
usin g th e swee p regim e a s a  specifi c  example .  I n swee p 
rehearsa l  th e rehearsa l  buffe r  alway s contain s th e ne w item , 
and als o contain s a  numbe r  (on e o r  more )  o f  ol d item s tha t 
ar e randoml y selected/o r  eac h epoc h o f  trainin g (replacin g 
th e ol d item s use d i n th e previou s epoc h s o tha t  th e buffe r 
remain s o f  a  fixe d size)^ .  Trainin g continue s unti l  th e 
singl e ne w ite m reache s criterion . 

Our  secon d simulatio n explore s th e performanc e o f 
(sweep )  rehearsa l  compare d t o th e simpl e n o rehearsa l 
conditio n illustrate d i n th e firs t  simulatio n (se e Figur e 1) . 
We us e th e sam e network ,  parameters ,  an d populations ,  i.e . 
a bas e populatio n consistin g o f  3 0 item s o f  on e specie s o f 
iri s  an d 2 0 ne w item s draw n fro m a  secon d species .  Eac h 
ne w ite m i s traine d i n a  buffe r  alon g wit h a  numbe r  (fiv e i n 
thi s case )  o f  previousl y learne d item s (bas e populatio n item s 
or  ne w item s learne d earlie r  i n th e sequence )  chose n a t 
rando m fo r  eac h epoch .  Th e result s ar e show n i n Figur e 3 , 

2 Th e rati o o f  ol d item s i n th e buffe r  t o th e siz e o f  th e bas e 
populatio n i s a n importan t  factor .  Simulation s base d o n th e Iri s 
populatio n i n thi s pape r  continu e t o us e th e baselin e 
establishe d i n Robin s (1995 )  o f  settin g th e siz e o f  th e rehearsa l 
buffe r  t o includ e a  numbe r  o f  ol d item s equa l  t o roughl y 1 5 % o f 
th e siz e o f  th e bas e population .  Thi s figure  appear s t o provid e 
an acceptabl e tradeof f  betwee n performanc e an d th e amoun t  o f 
rehearsa l  required .  Th e performanc e o f  al l  regime s ca n b e 
arbitraril y  improve d b y increasin g th e siz e o f  th e rehearsa l 
buffer . 

"Rehearsal "  condition .  Performanc e o n th e bas e populatio n 
i s maintaine d ver y effectively . 

I n rehearsa l  on e choose s som e numbe r  o f  ol d item s t o b e 
learne d alongsid e a  ne w item .  I f  al l  ol d item s wer e included , 
rehearsa l  woul d simpl y amoun t  t o retrainin g th e entir e bas e 
populatio n a s ne w item s ar e introduce d (a s i s th e cas e i n fo r 
exampl e th e "interleave d learning "  propose d b y McClelland , 
McNaugh to n an d O'Reill y  (1995)) .  W h a t  i s interestin g 
abou t  th e studie s describe d above ,  however ,  i s  tha t  subset s 
of  th e bas e populatio n o r  les s rigorou s trainin g criteri a ca n 
als o b e use d effectively .  T h e (sweep )  rehearsa l  regim e 
illustrate d her e i s ver y effectiv e despit e th e fac t  tha t  i t  doe s 
not  us e al l  th e item s a t  ever y ste p an d doe s no t  explicitl y 
retrai n ol d item s t o criterion .  Thi s suggest s tha t  i n genera l 
rehearsa l  shoul d b e "broad "  bu t  i t  doe s no t  nee d t o b e "deep" . 

Pseudorehearsal 

Rehearsa l  o f  thi s kin d i s a n effectiv e solutio n a s lon g a s th e 
previousl y learne d item s ar e actuall y availabl e fo r  releaming . 
I t  m a y be ,  however ,  tha t  th e ol d item s hav e bee n lost ,  o r  i t 
i s  no t  practica l  fo r  som e reaso n t o stor e them .  Sharke y an d 
Sharke y note ,  fo r  example ,  that : 

"the interference [catastrophic forgetting] problem is [...] 
genera l  an d shoul d b e o f  concer n t o al l  thos e involve d i n 
developin g application s i n whic h th e trainin g dat a onl y 
become availabl e piecemea l  ove r  a n extende d perio d o f 
time .  Fo r  example ,  i n on-lin e learnin g o f  contro l 
processes ,  suc h a s foun d i n robotic s o r  manufacturing ,  i t 
may no t  b e practica l  t o maintai n al l  o f  th e trainin g dat a i n 
memory an d retrai n eac h tim e a  nove l  aspec t  o f  th e dat a i s 
encountered. "  Sharke y &  Sharke y (1995 ,  p  302) . 

In any case, retaining old items for rehearsal in memory 
seems somewha t  artificial ,  a s i t  require s tha t  the y b e 
availabl e o n deman d fro m som e othe r  source ,  whic h woul d 
see m t o mak e th e memor y itsel f  redundant ! 

I t  i s  possibl e t o achiev e th e benefit s o f  rehearsal ,  however , 
eve n whe n ther e i s n o acces s t o th e bas e population .  I n 
othe r  words ,  w e ca n d o rehearsa l  eve n w h e n w e d o no t  hav e 
th e ol d item s t o rehearse !  Thi s "pseudorehearsal " 
mechanism ,  introduce d i n Robin s (1995) ,  i s  base d o n th e 
us e o f  artificiall y  constructe d population s o f  "pseudoitems " 
instea d o f  th e actua l  ol d items . 

A pseudoite m i s constructe d b y generatin g a  n e w inpu t 
vecto r  a t  random ,  an d passin g i t  forwar d throug h a  networ k 
i n th e standar d way .  Whateve r  outpu t  vecto r  thi s inpu t 
generate s become s th e associate d targe t  output .  Fo r  a  give n 
networ k (traine d o n th e bas e population )  a  populatio n o f 
pseudoitem s constructe d i n thi s w a y ca n b e use d instea d o f 
th e actua l  bas e populatio n item s i n an y rehearsa l  regime . 
Suc h a  populatio n i s constructe d befor e eac h n e w ite m i s 
learned ^  .  Learnin g proceed s exactl y a s before ,  excep t  tha t 
instea d o f  rehearsin g item s chose n fro m th e ol d bas e 
populatio n the y ar e chose n fro m th e populatio n o f 
pseudoitems . 

Jus t  a s fo r  simpl e rehearsal ,  i n thi s pape r  w e us e th e 
"sweep "  regim e fo r  choosin g pseudoitem s (se e Robin s 
(1995 )  fo r  othe r  variants) .  Usin g th e sam e networ k an d 

^  Ou r  simulation s us e population s o f  12 8 pseudoitems . 
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population s a s above ,  w e repea t  th e trainin g procedur e o f  th e 
rehearsa l  proces s (secon d simulation )  excep t  tha t 
pseudoitem s ar e use d instea d o f  actua l  ol d items . 

Specifically ,  befor e eac h ne w ite m i s learne d a  populatio n o f 
pseudoitem s i s constructed .  Th e ne w ite m i s the n learne d 
alongsid e pseudoitem s (fiv e i n thi s case )  tha t  ar e chose n a t 
rando m fo r  eac h epoch .  Trainin g continue s m thi s wa y unti l 
th e ne w ite m i s traine d t o criterion .  Th e result s ar e show n 
i n Figur e 3 ,  "Pseudorehearsal "  condition .  Pseudorehearsa l 
remain s highl y effectiv e a t  preservin g performanc e o n th e 
bas e population .  Afte r  th e twentiet h ne w item ,  th e erro r  i s 
roughl y tw o percen t  o f  th e erro r  o f  th e n o rehearsa l  conditio n 
(Figur e 1 )  an d increasin g onl y gradually . 

I n short ,  pseudorehearsa l  i s  a  promisin g metho d fo r 
achievin g th e benefit s o f  rehearsa l  i n reducin g catastrophi c 
forgettin g withou t  assumin g acces s t o ol d information . 
Rathe r  tha n explicitl y  storin g al l  learne d item s fo r  late r 
rehearsal ,  pseudorehearsa l  approximate s thi s informatio n 
wheneve r  i t  i s  needed .  A s wel l  a s autoassociativ e learnin g 
wit h th e Iri s dat a se t  use d i n thi s pape r  an d Robin s (1996) , 
pseudorehearsa l  base d mechanism s hav e bee n show n t o b e 
effectiv e on :  autoassociativ e an d heteroassociativ e randoml y 
constructe d dat a set s b y Robin s (1995 )  an d An s &  Rousse t 
(1997) ;  a  classificatio n tas k usin g th e Mushroo m dat a se t 

(se e Murph y &  A h a (1992) )  b y Frenc h (1997) ;  an d a n 
autoassociativ e alphanumeri c characte r  se t  (usin g a  Hopfiel d 

typ e network )  b y Robin s &  McCallu m (1998) . 
Pseudorehearsa l  i s  base d o n samplin g th e functio n fit  b y 

th e networ k t o th e bas e populatio n i n th e proces s o f 
learning .  Obviousl y th e performanc e o f  pseudorehearsa l 
base d method s wil l  b e greatl y influence d b y th e natur e o f 
thi s learnin g process .  Network s whic h hav e bee n traine d s o 
as t o generalis e wel l  (fi t  th e bas e populatio n dat a point s 
wit h a  smooth ,  compac t  function )  wil l  i n genera l  generat e 
usefu l  pseudoitem s tha t  preserv e th e structur e o f  th e bas e 
populatio n well .  Network s whic h d o no t  generalis e wel l  (fi t 
th e bas e populatio n dat a point s wit h a  nois y function )  wil l 
not  necessaril y  generat e usefu l  pseudoitems .  A s goo d 
generalisatio n i s fi-equently  a  specifi c  objectiv e o f  training , 
however ,  ther e ar e a  wid e rang e o f  technique s whic h ca n b e 
applie d t o constrai n a  networ k t o lear n compac t  function s 
(se e fo r  exampl e M o o d y (1994)) . 

Comparing the methods 

The essenc e o f  preventin g catastrophi c forgettin g i s t o 
localis e change s t o th e functio n learne d b y th e network . 
Rehearsa l  accomplishe s thi s b y relearnin g th e origina l 
trainin g dat a point s durin g ne w training .  Pseudorehearsa l 
accomplishe s thi s b y relearnin g othe r  point s randoml y 
chose n fi-om  th e functio n durin g ne w trainin g (se e Frea n & 
Robin s (1997 )  fo r  furthe r  discussion) .  I n short ,  rehearsa l  / 
pseudorehearsa l  work s directl y wit h th e functio n t o localis e 
changes .  Method s base d o n reducin g th e overla p o f  hidde n 
uni t  pattern s wor k indirectl y b y manipulatin g th e 
"representation "  o f  th e functio n withi n th e network .  Th e 
tw o approache s ar e relate d i n tha t  som e sharpenin g o f  hidde n 
uni t  representation s emerge s naturall y fro m th e rehearsa l  / 
pseudorehearsa l  process . 

I n orde r  t o explor e hidde n uni t  representation s thi s 
simulatio n use s th e Iri s populatio n an d a  back-propagatio n 

networ k o f  th e sam e architectur e an d parameter s a s th e 
simulation s above .  Onc e agai n th e networ k i s traine d o n a 

Rehearsa l  Pseudorehearsa l 
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Figur e 4 :  Hidde n uni t  activations . 

base population of 30 irises drawn from one species, and 
subsequentl y o n 2 0 individua l  irise s draw n fro m a  secon d 
species . 

The hidde n uni t  pattern s o f  activatio n afte r  th e learnin g o f 
th e bas e populatio n an d afte r  subsequen t  learnin g o f  th e ne w 
item s ar e represente d i n Figur e 4 .  Eac h grap h show s th e 
representation s o f  th e bas e populatio n (fille d bars )  afte r 
learning ,  wher e a  representatio n consist s o f  th e activatio n o f 
th e network' s 4  hidde n unit s arrange d i n orde r  o f  mos t  t o 
leas t  activ e (average d ove r  al l  item s i n th e population) .  Fo r 
th e rehearsa l  conditio n (graph s (a )  t o (c)) ,  grap h (a )  show s 
th e representatio n o f  th e bas e populatio n afte r  it s initia l 
learning .  Grap h (b )  show s tha t  thi s representatio n ha s bee n 
somewhat  sharpene d afte r  th e 2 0 ne w item s hav e bee n adde d 
t o th e networ k usin g rehearsal .  Grap h (c )  show s th e sam e 
representatio n o f  th e bas e populatio n a s grap h (b )  an d 
contrast s i t  wit h th e representatio n o f  th e 2 0 learne d ne w 
item s (unfille d bars) .  Graph s (d )  t o (f )  sho w equivalen t 
result s usin g pseudorehearsa l  instea d o f  rehearsal . 

For  bot h rehearsa l  an d pseudorehearsa l  condition s th e 
subsequen t  learnin g o f  th e ne w ite m populatio n result s i n a 
somewhat  "sharper "  representatio n o f  th e bas e population . 
Particularl y i n th e rehearsa l  condition ,  th e representation s o f 
bot h th e bas e an d ne w ite m population s (se e Figur e 4  (c )  an d 
(f) )  hav e th e sam e for m a s hidde n uni t  representation s 
generate d b y French' s (1994 )  contex t  biasin g metho d (se e 
Figur e 2(c)) ,  bein g usefull y "distribute d bu t  separated" .  W e 
sugges t  tha t  i n genera l  th e tendenc y t o develo p distribute d 
but  separate d hidde n uni t  representation s wil l  emerg e 
naturall y fro m rehearsa l  base d processes .  Thi s "localisatio n 
of  representation "  ma y b e on e o f  th e mechanism s b y whic h 
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th e rehearsa l  processe s achiev e loca l  change s t o th e bas e 
populatio n functio n i n a  neura l  network . 

A reductio n i n overla p als o emerge s naturall y fro m McRa e 
and Hetherington' s (1993 )  pretrainin g method .  Thi s ma y 
accoun t  fo r  th e fac t  tha t  bot h pretrainin g an d rehearsa l  ar e 
abl e t o actuall y preven t  catastrophi c forgetting ,  wherea s i n 
genera l  technique s tha t  directl y modif y th e learnin g 
algorith m jus t  ameliorat e it s effect s a s note d above .  A 
relevan t  observatio n fro m ou r  curren t  simulatio n i s tha t  i n 
onl y a  minorit y o f  case s (1 1 ou t  o f  5 0 replication s o f  th e 
simulatio n fo r  rehearsal ,  an d 1 3 ou t  o f  5 0 replication s fo r 
pseudorehearsal )  ar e th e tw o hidde n unit s tha t  ar e mos t  activ e 
afte r  th e bas e populatio n ha s bee n learne d (i.e .  part s (a )  an d 
(d )  i n Figur e 4 )  th e sam e unit s a s th e tw o mos t  activ e unit s 
afte r  th e ne w item s hav e als o bee n learne d (i.e .  part s (b )  an d 
(e )  i n Figur e 4) .  I n general ,  then ,  th e representatio n 
develope d durin g th e rehearsa l  proces s has  involve d a 
significan t  re-ordering  o f  th e unit s a s wel l  a s a n overal l 
sharpening .  Thi s suggest s tha t  considerabl e flexibilit y  m a y 
be neede d t o develo p appropriat e hidde n uni t  representations , 
wherea s an y modificatio n t o th e learnin g algorith m tha t 
directl y sharpen s pattern s o f  activatio n work s agains t 
flexibilit y  b y ftirther  entrenchin g establishe d patterns . 

Frenc h (1994 )  note s tha t  ver y spars e representation s m a y 
generalis e poorly ,  an d thi s i s on e o f  th e motivation s fo r  hi s 
use o f  contex t  biasin g t o develo p distribute d bu t  separate d 
representations .  Th e simila r  representation s emergen t  fro m 
th e rehearsa l  an d pseudorehearsa l  processe s no t  onl y preserv e 
th e bas e population ,  bu t  the y als o maintai n goo d 
generalisatio n performanc e (a s i s characteristi c o f  bot h neura l 
network s an d huma n cognition )  o n tha t  bas e population . 
Durin g th e trainin g an d testin g o f  th e bas e populatio n 
describe d abov e th e performanc e o f  th e networ k o n a  tes t 
populatio n wa s als o assessed .  Th e tes t  populatio n consiste d 
of  a  furthe r  2 0 example s draw n fro m th e sam e specie s o f  iri s 
as th e 3 0 bas e populatio n items .  Ever y tim e th e averag e 
erro r  o f  th e bas e populatio n wa s compute d (i.e .  fo r  eac h tria l 
fro m 0  t o 2 0 ne w items )  th e averag e erro r  o f  th e tes t 
populatio n wa s als o computed .  Fo r  bot h rehearsa l  an d 
pseudorehearsa l  th e erro r  o f  th e tes t  populatio n ove r  al l  2 1 
trial s typicall y exceede d th e averag e erro r  o f  th e bas e 
populatio n b y n o mor e tha n 0.005 .  Not e tha t  i t  i s  no t  th e 
cas e tha t  th e network s ar e generalisin g wel l  simpl y becaus e 
the y hav e learne d t o autoassociat e an y inpu t  (se e th e 
discussio n o f  discriminabilit y  i n Robin s (1995 )  an d Sharke y 
and Sharke y (1995)) .  Network s traine d o n al l  15 0 irise s t o 
criterio n an d subsequentl y teste d o n 15 0 randoml y 
constructe d autoassociativ e item s produc e a n averag e erro r  o f 
0.15 8 fo r  th e rando m populatio n (cf .  0.0 1 fo r  th e Iri s 
population) . 

Discussion 

To summarise ,  catastrophi c forgettin g i s a  natura l 
consequenc e o f  a n neura l  networ k styl e o f  learnin g an d 
affect s a  wid e rang e o f  networks .  O n e famil y o f  solution s 
has bee n propose d whic h focuse s o n reducin g th e overla p o f 
hidde n uni t  representations .  S o m e o f  thes e method s ar e 
effectiv e a t  reducin g catastrophi c forgettin g i n specifi c 
circumstances ,  other s reduc e i t  i n th e sens e tha t  th e disrupte d 
bas e populatio n i s abl e t o b e quickl y retrained .  A  secon d 

famil y o f  solution s i s base d o n rehearsin g som e previousl y 
learne d item s a s ne w item s ar e adde d t o th e network ,  bu t 
thes e method s requir e th e separat e storag e o f  al l  previousl y 
learne d informatio n s o tha t  i t  i s  availabl e fo r  relearning . 

Pseudorehearsa l  i s  ver y lik e rehearsa l  bu t  doe s no t  requir e 
acces s t o ol d information .  Instead ,  pseudorehearsa l 
approximate s ol d informatio n a s neede d b y randoml y 
samplin g th e behaviou r  o f  th e network .  Bot h method s 
wor k b y forcin g change s mad e t o th e functio n embodie d b y 
th e networ k t o b e loca l  t o th e n e w informatio n bein g 
learned .  Rehearsa l  /  pseudorehearsa l  method s ar e relate d t o 
othe r  propose d solution s t o th e catastrophi c forgettin g 
proble m i n tha t  the y naturall y resul t  i n a  sharpenin g o f 
hidde n uni t  representations .  (I n contras t  t o othe r  method s 
however ,  hidde n unit s ar e als o reordered ,  implyin g tha t 
considerabl e flexibilit y  m a y b e require d t o full y  exploi t 
sharpening) . 

Th e mai n significanc e o f  thes e method s i s tha t  the y 
provid e a  practica l  wa y o f  extendin g th e capabilitie s o f 
curren t  neura l  networ k learnin g algorithm s t o allo w 
sequentia l  learnin g (learnin g ne w informatio n a t  an y time) . 
Thi s shoul d enabl e a  rang e o f  topics ,  includin g th e 
consolidatio n o f  newl y learne d information ,  ongoin g / 
lifelon g learning ,  developmenta l  effects ,  an d als o transfe r 
effect s (se e fo r  exampl e Robin s (1997)) ,  t o b e mor e easil y 
modelle d withi n th e neura l  networ k framework . 

I n Robin s (1996 )  w e hav e als o argue d mor e specificall y 
pseudorehearsa l  ca n b e relate d t o th e "slee p consolidation " 
hypothesis .  I f  th e catastrophi c forgettin g proble m ha s 
occurre d durin g th e evolutio n o f  th e brai n the n a  specifi c 
solution ,  a  mechanis m fo r  consolidatin g knowledge ,  i s 
obviousl y required .  Th e slee p consolidatio n hypothesi s 
propose s tha t  newl y learne d informatio n i s consolidate d int o 
lon g ter m memor y durin g slee p (se e fo r  exampl e Winso n 
(1990)) .  Ther e ar e a  numbe r  o f  similaritie s betwee n 
pseudorehearsa l  an d slee p consolidation .  Bot h serv e th e 
functio n o f  consolidatio n withou t  requirin g explici t  acces s t o 
th e ol d informatio n (previou s learnin g experiences )  fo r 
relearning .  Bot h involv e th e rando m stimulatio n o f  th e 
"lon g ter m memory" ,  pseudorehearsa l  b y th e constructio n o f 
rando m pseudoitems ,  an d slee p i n th e stimulatio n o f  th e 
neocorte x b y rando m o r  chaoti c inpu t  fro m th e brainstem . 
Robin s (1996 )  describe s thes e similaritie s i n mor e depth . 

Extendin g rehearsa l  an d pseudorehearsa l  method s t o othe r 
networ k type s ha s resulte d i n som e interestin g insights .  I n 
contras t  t o th e fee d forwar d "functio n approximation " 
network s describe d i n thi s paper ,  Hopfiel d network s ar e 
recurren t  "dynamica l  systems" .  A s show n b y Robin s & 
McCal lu m (1998) ,  rehearsa l  an d pseudorehearsa l  (wher e 
pseudoitem s ar e randoml y chose n attractor s i n th e network ) 
ar e bot h effectiv e i n thi s context ,  bu t  th e distinctio n betwee n 
th e method s start s t o brea k down .  Randoml y samplin g th e 
attractor s o f  a  networ k result s i n bot h nove l  "spurious " 
attractor s an d als o actua l  attractor s correspondin g t o learne d 
items .  Eithe r  ca n b e effectivel y rehearse d t o minimis e 
catastrophi c forgetting .  W e ar e currentl y explorin g th e 
relationshi p betwee n thi s relearnin g effect ,  an d th e 
unlearnin g mode l  o f  Cric k &  Mitchiso n (1983 ,  1986 )  a s a 
model  o f  th e consolidatio n o f  informatio n durin g sleep . 
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Abstrac t 

When naming the ink color of color words, adults and chil-
dre n sho w Stroo p interferenc e (Stroo p 1935) .  Cohen ,  Dunba r 
and McClellan d (1990 )  produce d a  connectionis t  mode l  tha t 
accounte d fo r  man y o f  th e Stroo p phenomen a withi n adults . 
Thi s pape r  show s ho w th e paradig m ca n b e extende d t o sho w 
th e developmen t  o f  th e interferenc e i n childre n a s the y lea m 
t o read .  W e trai n a  networ k takin g int o accoun t  th e amoun t  o f 
readin g practic e an d attentiona l  skill s  tha t  woul d befi t  a 
youn g chil d t o giv e a  predictio n o f  th e developmen t  o f  th e 
Stroo p effect .  Thes e prediction s ar e the n teste d usin g a  pic -
ture-namin g Stroo p stud y wit h tw o group s o f  8  yea r  old s o f 
differin g readin g ability .  Th e result s suppor t  th e model ,  sug -
gestin g childre n initiall y  sho w revers e Stroo p interferenc e 
tha t  wit h practic e become s norma l  Stroo p interference . 

Introduction 

Thi s pape r  explore s whethe r  a  connectionis t  mode l  ca n 

accoun t  fo r  developmenta l  phenomen a i n th e classi c Stroo p 

interferenc e tas k (Stroo p 1935) .  Cohen ,  Dunba r  an d 

McClellan d (1990 )  describ e a  connectionis t  mode l  tha t  ac -

count s fo r  muc h o f  th e Stroo p relate d phenomena .  Thi s in -

clude s th e emergenc e o f  interferenc e a s a  resul t  o f  learning . 

A behavio r  tha t  require d attentiona l  contro l  become s mor e 

automati c throug h learnin g an d interfere s wit h les s wel l 

leame d tasks .  Althoug h th e mode l  account s fo r  m a n y as -

pect s o f  reading/colo r  namin g interferenc e i n adults ,  i t  i s no t 

clea r  tha t  i t  adequatel y model s th e developmen t  o f  Stroo p 

interferenc e durin g childhoo d (i.e. ,  a s th e chil d learn s t o 

read )  becaus e i t  doe s no t  tak e int o accoun t  change s i n in -

formatio n processin g capacit y tha t  occu r  durin g childhood . 

One can make a distinction between learning and devel-

opment  (e.g. ,  Liben ,  1987 ;  Boden ,  1989) .  Developmen t 

involve s a  chang e i n processin g capacit y o f  a  cognitiv e 

system .  Thi s m a y includ e a n increas e i n representationa l 

capacit y o r  simpl y a  chang e i n th e efficienc y o f  th e infor -

matio n processin g system .  I t  i s  generall y believe d t o b e 

maturationall y controlle d o r  a t  leas t  strongl y dependen t  o n 

interna l  processes .  A t  a  biologica l  level ,  th e initia l  burs t  o f 

synaptogenesi s betwee n 0  an d 2  year s o f  ag e mark s a  devel -

opmenta l  o r  "experience-expectant "  proces s (Greenough , 

Black ,  &  Wallace ,  1987) .  Thi s i s a  maturationa l  controlle d 

proces s b y whic h n e w structure s (ne w connections )  ar e be -

in g pu t  i n plac e t o enabl e comple x learnin g t o tak e place .  A t 

a behaviora l  leve l  i n children ,  thi s migh t  manifes t  itsel f  i n 

term s o f  increase s i n processin g speed ,  bette r  contro l  o f 

attention ,  o r  bette r  contro l  o f  m e m o r y (Weiner t  an d Schnei -

der ,  1995) . 

Learning involves tuning existing structures in response 

t o idiosyncrati c environmenta l  pressures .  Thi s m a y involv e 

developin g n e w interna l  representation s o f  a  proble m o r 

buildin g associativ e link s i n memory .  A t  a  biologica l  level , 

th e tunin g o f  synapse s i n respons e t o neura l  activit y mark s a 

learnin g o r  "experience-dependant "  proces s (Greenough , 

Black ,  &  Wallace ,  1987) .  I t  i s  a  proces s tha t  i s  predomi -

nantl y dependen t  o n th e environmen t  an d wil l  var y from 

individua l  t o individua l  dependin g o n experience .  A t  a  be -

haviora l  leve l  i n childre n thi s migh t  manifes t  itsel f  i n term s 

of  difference s i n factua l  knowledg e o f  colo r  name s o r  read -

in g ability . 

The picture of Stroop interference painted by MacLeod 

and Dunba r  (1988 )  i s  consisten t  wit h a  learnin g account . 

The y repor t  o n experiment s showin g th e continuou s natur e 

of  automaticit y an d it s dependenc y o n th e learnin g experi -

ence .  Thi s accoun t  form s th e basi s o f  th e Cohe n e t  a l  model . 

However ,  durin g earl y childhoo d m u c h mor e i s goin g on . 

Whil e simpl e task s lik e readin g o r  colo r  namin g ar e bein g 

leamed ,  th e chil d i s developin g alon g a  whol e hos t  o f  di -

mension s tha t  m a y affec t  th e performanc e o f  readin g an d 

colo r  naming .  Suc h dimension s includ e th e abilit y t o sup -

pres s erroneou s response s (inhibitio n o f  response )  o r  th e 

abilit y t o atten d t o a  tas k fo r  longe r  period s o f  tim e (fo -

cusse d attention) . 

The purpose of this paper is to adapt the Cohen el al. 

model  b y incorporatin g som e developmenta l  change s i n 

'  N o w a t  th e Departmen t  o f  Psychology ,  Birkbec k College ,  Universot y o f  London ,  Male t  St .  London ,  W C I E 7HX ,  Uk . 
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Gerstadt ,  Hong ,  an d D iamon d (1994 )  use d a  simpl e counter -

factua l  pictur e tas k t o tes t  Stroo p interferenc e i n ver y youn g 

children .  The y foun d tha t  childre n unde r  th e ag e o f  6  coul d 

remember  th e counterfactua l  rule s o f  th e tas k bu t  faile d t o 

inhibi t  th e wron g respons e durin g testing .  Thi s wa s ac -

counte d fo r  b y appealin g t o th e developmen t  o f  focusse d 

and sustaine d attentio n durin g childhood .  A  purel y learnin g 

model  o f  th e Stroo p effec t  woul d b e vali d fo r  adult s o r  pos -

sibl y olde r  childre n a s th e processe s underlying  th e acquisi -

tio n o f  n e w skill s  ar e relativel y stable .  I n contrast ,  a  devel -

opmenta l  mode l  mus t  tak e accoun t  o f  othe r  change s tha t  ar e 

occurrin g i n children . 

Thi s aspec t  o f  developmen t  wa s modele d b y blurrin g th e 

activatio n o n th e tas k nod e i n a  grade d fashio n o n th e test -

in g trials ;  i.e .  simulatin g tas k confusio n i n earl y networks . 

As wit h Gerstad t  e t  a/' s  younge r  children ,  th e networ k i s 

capabl e o f  completin g th e task s i n contro l  condition s (i.e . 

th e trainin g set )  bu t  finds  i t  difficul t  t o carr y ou t  th e re -

spons e i n th e testin g pheise .  Th e networ k wa s traine d with -

out  addin g nois e t o th e input s bu t  teste d wit h th e additio n o f 

noise .  Th e followin g testin g regim e wa s devise d t o captur e 

th e developmen t  o f  focusse d an d sustaine d attention :  a t  1 0 

epoch s 5 0 % rando m nois e wa s adde d (value s rangin g be -

twee n 0.7 5 t o 1.25) ,  afte r  2 5 epoch s tes t  wit h 1 0 % nois e 

(0.9 5 t o 1.05 )  an d a t  4 0 epoch s n o nois e wa s added . 

10 Epoch s 

•Name 
•Read 

contro l  conflic t  congruen t 

25 Epoch s 
1 -

a. 
LU 
0.5 -

o5 

40 Epoch s 

,~„,„ i  ^^,1. ^  ,  ,  contro l  conflic t  congruen t 
contro l  conflic t  congruen t  ^ 

Figur e 3 :  Th e developin g networ k result s 

Figure 3 shows the performance of the new model (av-

erage d ove r  n=1 0 differen t  networks) .  Thes e network s wer e 

ru n wit h th e sam e learnin g rate ,  m o m e n t u m ,  an d initia l 

weigh t  rang e a s th e replicatio n model s above .  Thes e simu -

lation s sho w a  progressio n from  a  revers e Stroo p effec t 

patter n t o th e mor e usua l  Stroo p profile .  Tha t  is ,  ther e i s a n 

initia l  perio d i n whic h readin g i s slowe r  tha n namin g (i.e. , 

erro r  fo r  readin g i s highe r  tha n erro r  fo r  naming )  an d nam -

in g interfere s wit h reading .  Althoug h a t  1 0 epoch s ther e i s a 

larg e amoun t  o f  erro r  i n bot h tas k responses ,  ther e i s a  sligh t 

amount  o f  interferenc e i n th e conflic t  condition s an d posi -

tiv e interferenc e o n congruen t  trials .  (Thi s interferenc e ca n 

be increase d i f  les s nois e i s  adde d t o th e tas k deman d 

nodes) .  B y 2 5 epoch s th e classi c Stroo p profil e i s apparent . 

Furthe r  trainin g jus t  bring s bot h erro r  curve s lowe r  whil e 

preservin g th e shap e o f  th e interaction . 

The model makes a strong prediction. It suggests that, in 

children ,  th e developmen t  o f  Stroo p interferenc e wil l  first 

pas s throug h a  phas e o f  revers e interferenc e befor e shiftin g 

t o th e classi c interferenc e curv e a s children' s readin g be -

comes mor e automate d wit h practice .  Th e revers e interfer -

enc e shoul d b e foun d i n poo r  reader s o f  a  younge r  ag e (i.e. , 

whos e informatio n processin g capacit y m a y b e laggin g be -

hin d tha t  o f  olde r  children) . 

Testing the Model's Predictions 

The followin g pictur e namin g Stroo p stud y wa s carrie d 

out  t o tes t  th e model' s predictions .  A  pictur e namin g rathe r 

tha n a  colo r  namin g tas k wa s use d i n orde r  t o increas e th e 

rang e o f  stimul i  tha t  coul d b e presented .  Thi s ensure d tha t 

th e younge r  xihildre n woul d maintai n thei r  attentio n o n th e 

tas k longe r 

Participants :  Forty-fiv e norma l  health y childre n wer e 

teste d (1 5 male ,  3 0 female) .  The y cam e from  tw o primar y 

school s i n Exeter ,  U K .  Th e childre n wer e separate d int o tw o 

group s accordin g t o thei r  readin g abilitie s (media n split) . 

Thos e wit h a  Britis h Abilit y  Readin g Scal e ( B A R S )  scor e 

les s tha n 12 0 (2 2 children )  an d thos e scorin g mor e tha n 12 2 

(2 2 children) .  Grou p 1  (poore r  readers )  ha d a  mea n ag e o f 

7. 8 year s an d readin g scor e 8 2 (standar d deviatio n o f  18) , 

grou p 2  (bette r  readers )  ha d mea n age s an d readin g score s 

of  8. 5 an d 15 8 (standar d deviatio n 21 )  respectively .  On e 

chil d wa s unabl e t o rea d wel l  enoug h t o complet e th e exer -

cise .  Not e tha t  th e tw o group s differe d i n ag e b y abou t  1 

yea r  (t42=3.40 3 p<.01 )  providin g scop e fo r  change s i n se -

lectiv e attentio n an d no t  jus t  readin g ability . 

Materials: The experiment was carried out using A4 

card s wit h stimul i  printe d o n them .  Thes e wer e hel d i n a 

ring-boun d folder .  Eac h shee t  hel d si x stimul i  ( 3 b y 2  land -

scap e orientation )  containin g picture s an d labels .  Ther e 

wer e 10 8 stimulu s picture/word s (an d a  furthe r  6  practic e 

items) .  Th e word s wer e take n from  a  popula r  Britis h child' s 

boo k " M y first  100 0 word s i n English" .  Th e object s cam e 

from  6  broa d categories ,  an d eac h car d containe d a n ite m 

from  eac h o f  thes e categories ;  far m animals,  food ,  house -

hol d objects ,  zo o animals ,  transpor t  an d children' s objects . 

Each ite m selecte d ha d a  simpl e phoneti c nam e unde r  eigh t 

letter s lon g an d a  prototypica l  colo r  pictur e take n from  a 
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informatio n processing .  Th e adapte d mode l  i s the n teste d 

agains t  children' s performanc e o n a  Stroo p interferenc e 

task .  Th e resul t  o f  thi s pape r  unfold s a s follows .  First ,  th e 

Stroo p literatur e i s briefl y reviewe d wit h a n ey e o n devel -

opmenta l  effects .  Nex t  th e Cohe n e t  al .  mode l  i s describe d 

and th e result s replicated .  Thi s mode l  i s  the n adapte d t o tak e 

accoun t  o f  informatio n processin g change s i n childhood . 

The ne w mode l  make s a n explici t  predictio n o f  reverse d 

Stroo p interferenc e i n earl y childhood .  Th e predictio n i s 

teste d an d th e implication s o f  th e ne w mode l  fo r  under -

standin g connectionis t  model s o f  developmen t  ar e dis -

cussed . 

Stroop Interference in Children 

The Stroo p effec t  concern s th e non-symmetrica l  inter -

ferenc e o f  a n automati c proces s o n a  controlle d process .  Fo r 

example ,  i f  th e instructio n give n i s t o nam e th e in k colo r 

(red )  an d th e wor d spell s "green" ,  namin g tha t  in k colo r  ca n 

tak e significantl y longe r  tha n a  contro l  colo r  namin g condi -

tion .  Thi s interferenc e i s no t  presen t  whe n readin g a  wor d i n 

an incongruen t  in k colo r  (althoug h Stroo p di d acknowledg e 

th e existenc e o f  suc h interferenc e i n specia l  circumstances ; 

thi s i s  know n a s th e revers e Stroo p effect) .  Ther e hav e bee n 

many othe r  Stroo p typ e interferenc e phenomen a (fo r  exam -

pl e Picture-Wor d interferenc e b y Dyer ,  1973 )  tha t  ca n al l  b e 

describe d b y thi s automatic/controlle d proces s explanation . 

(Se e MacLeo d 199 0 fo r  a  detaile d revie w o f  th e Stroo p lit -

erature) . 

Withi n th e empirica l  literature ,  th e developmenta l  as -

pect s o f  th e Stroo p effec t  hav e bee n reasonabl y wel l  docu -

mented .  Th e mai n finding  i s tha t  thi s interferenc e i s appar -

ent  fro m a n earl y ag e an d quickl y reache s a  m a x i m u m afte r 

tw o o r  thre e year s schooling .  Thi s leve l  o f  interferenc e the n 

fall s slightly ,  thoug h remain s highl y significan t  throughou t 

adul t  lif e unti l  ol d ag e whe n interferenc e increase s agai n 

(MacLeo d 1990 ,  Ehr i  an d Wilc e 1979) .  Th e sam e patter n i s 

tru e o f  th e pictur e namin g Stroo p analogu e (Ehr i  1976) .  I t 

has als o bee n notice d tha t  poo r  (i.e .  younger )  reader s sho w 

littl e interferenc e althoug h earl y o n i n thei r  development , 

and suggeste d tha t  childre n m a y pas s thoug h a  "reverse " 

Stroo p effec t  phas e whe n presente d wit h a  simplifie d Stroo p 

typ e tas k (Arochov a 1971) .  Give n tha t  th e mor e automati c 

(practised )  proces s interfere s wit h th e controlle d proces s 

and th e fac t  tha t  childre n ca n colo r  nam e quit e accuratel y 

befor e the y lear n t o read ,  i t  seem s reasonabl e t o sugges t 

that ,  whe n a  chil d first  learn s t o read ,  colo r  namin g i s th e 

more automati c proces s an d therefor e give s ris e t o a  revers e 

Stroo p effect .  Finally ,  Corbit t  (1978 )  showe d tha t  th e 

amount  o f  interferenc e wa s relate d t o th e readin g abilit y  an d 

not  jus t  th e chronologica l  ag e pe r  se . 

Th e Cohen ,  D u n b a r  an d McClellan d Mode l 

The mode l  employe d b y Cohe n e t  a l  consiste d o f  inter -

connecte d node s i n thre e layers .  Th e inpu t  laye r  containe d 

node s representin g th e colo r  o f  wor d an d conten t  o f  th e 

wor d (i.e .  re d an d green )  an d tw o tas k node s tha t  informe d 

th e networ k o f  th e tas k t o b e carrie d ou t  (rea d th e wor d o r 

name th e color) .  Th e outpu t  laye r  containe d tw o nodes ,  on e 

fo r  th e outpu t  "red" ,  th e othe r  "green" .  Betwee n th e inpu t 

and outpu t  node s ther e i s a  hidde n laye r  o f  node s organize d 

as tw o tas k pathway s (colo r  namin g an d wor d reading )  fo r 

th e color s re d an d green .  Th e architectur e i s show n i n Fig -

ur e I .  Not e tha t  thi s networ k coul d b e employe d fo r  an y tw o 

conflictin g tasks ,  fo r  exampl e th e picture-wor d Stroo p task . 

The networ k wa s the n traine d o n readin g an d colo r  namin g 

task s a t  a  rati o o f  10: 1 (reflectin g th e fac t  tha t  w e rea d mor e 

ofte n tha n w e nam e colors) . 

"Red "  "Green " 

O u t p u t 

Hiildei i 

I npu t s 

Red Gree n 
Colou r 
N a m mg 

Red Gree n 
W o rd 
Readin g 

Figur e 1 :  Th e Networ k Architectur e 

The model makes a number of simplifications. Two of 

thes e ar e architectura l  assumptions .  Firs t  o f  all ,  thi s i s a 

feed-forwar d backpropagatio n model ;  informatio n flows 

one wa y (fro m inpu t  t o output) .  I t  m a y b e mor e realisti c t o 

loo k a t  a  recurren t  typ e architectur e wher e th e outpu t  m a y 

influenc e th e respons e o f  followin g decisions .  Secondly ,  i t 

i s  assume d th e outpu t  o f  suc h a  mode l  ca n b e translate d int o 

reactio n tim e dat a comparabl e t o tha t  i n empirica l  studies . 

To conver t  thes e outpu t  activation s int o reactio n times , 

Cohen e t  a l  us e a  metho d o f  addin g smal l  amount s o f  sto -

chasti c nois e t o th e actua l  output s t o driv e the m toward s a 

targe t  output .  Th e numbe r  o f  cycle s require d t o d o thi s i s 

mapped ont o reactio n times . 

T wo furthe r  assumption s tha t  reflec t  th e authors '  belief s 

abou t  th e natur e o f  th e tas k ar e buil t  int o th e network .  First , 

th e weight s fro m th e "task "  unit s t o th e hidde n laye r 

weight s ar e fixed.  Th e ide a i s t o ensur e tha t  th e tas k de -

mands remai n clear ;  i.e .  onl y th e tas k tha t  i s bein g de -

manded (readin g o r  colo r  naming )  ha s an y impac t  o n th e 

hidde n units ,  an d tha t  impac t  i s alway s constant .  Secondly , 

althoug h th e weight s ar e initiall y  randomized ,  th e weight s 

betwee n th e inpu t  unit s an d th e hidde n laye r  ar e se t  deliber -

atel y large r  tha n th e weight s fro m th e hidde n laye r  t o outpu t 
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units .  Thi s capture s th e assumptio n tha t  w h e n childre n lear n 

t o rea d an d first  encounte r  th e Stroo p typ e situations ,  the y 

hav e lon g sinc e acquire d s o m e representatio n o f  th e stimul i 

(e.g. ,  a  colo r  o r  a  word )  an d ar e primaril y learnin g th e re -

spons e tas k (embodie d i n th e hidde n uni t  t o outpu t  laye r 

weights) . 

The aims within the next two sections are to: (1) repli-

cat e th e C o h e n e t  al .  Model ,  (2 )  adap t  th e mode l  b y provid -

in g a  trainin g se t  wit h a n increasin g vocabulary ,  an d (3 ) 

adap t  th e mode l  t o captur e change s i n focusse d attentio n 

an d inhibitio n o f  respons e durin g childhood . 

Replicating the Cohen el aL Model 

Th e networ k (Figur e 1 )  w a s initiall y  se t  u p exactl y a s 

state d i n th e Cohe n e t  a l  paper ;  includin g th e initia l  ran -

domisin g o f  weight s (wit h hidde n t o outpu t  weight s weake r 

tha n inpu t  t o hidde n weights) ,  an d wit h th e tas k selectio n 

weight s fixed.  T h e networ k w a s the n traine d wit h th e rati o 

o f  readin g item s t o namin g item s a t  10:1 .  Afte r  trainin g fo r 

100 0 epoch s (learnin g rate=0.3 ,  momen tum=0 .3 ) ,  th e net -

wor k w a s teste d wit h 1 2 item s fo r  bot h th e readin g an d 

namin g task s i n th e control ,  conflictin g an d congruen t  con -

ditions . 

Simulatio n Dat a 

1 T 

Empirica l  Dat a 

a:  0. 5 

contro l  conf w congruen t contro l  conflic t  congruen t 

Figur e 2 :  C o m p a r i n g simulatio n result s wit h empirica l 

stud y data . 

Cohen et al. used a stochastic iterative method to con-

ver t  erro r  score s int o reactio n times .  Thi s aspec t  o f  th e 

origina l  m o d e l  ha s bee n criticize d b y M e h w o r t ,  Braun ,  an d 

Heathcot e (1992 )  becaus e i t  fail s t o captur e th e distributio n 

o f  reactio n time s i n rea l  subjects .  Hence ,  w e di d no t  imple -

m e nt  thi s par t  o f  th e mode l .  Reactio n time s ar e assume d t o 

b e linearl y relate d t o erro r  score s (c f  Seidenbur g an d 

McClel land ,  1989 ;  fo r  a  simila r  assumption) .  I n mode l s 

wit h t w o outpu t  unit s (suc h a s thi s  one) ,  a  winne r  tak e al l 

constrain t  satisfactio n m e c h a n i s m s tha t  add s a  constan t 

a m o u nt  t o eac h outpu t  uni t  pe r  cycl e w o u l d tak e a  n u m b e r 

o f  cycle s proportiona l  t o th e absolut e erro r  t o reac h equilib -

r iu m (Fe ldma n an d Ballard ,  1982) .  I n th e result s be low ,  w e 

repor t  th e absolut e erro r  o f  th e networ k (th e absolut e valu e 

o f  th e differenc e be twee n th e targe t  an d output )  an d s h o w 

tha t  ther e i s a  qualitativ e fit  wit h th e h u m a n reactio n tim e 

data . 

Figur e 2  s h o w s th e result s o f  th e m o d e l  replication .  A s 

reporte d b y C o h e n e t  al ,  w e find  a  clea r  qualitativ e fit  be -

twee n th e performanc e o f  th e m o d e l  an d th e result s o f  th e 

empirica l  stud y reporte d i n D u n b a r  an d M a c L e o d (1984) . 

Thi s confirm s tha t  th e m o d e l  - -  includin g it s  fixed  an d con -

fined  weight s assumption s -  capture s th e shap e o f  th e effec t 

foun d i n th e empirica l  studies . 

Modelling the Effect of Development on Stroop 

Interferenc e 

T h e C o h e n e t  a l  m o d e l  focusse d o n th e developmen t  o f 

th e Stroo p effec t  a s th e resul t  o f  t w o skill s  learne d simulta -

neously ,  bu t  needin g s o m e kin d o f  initia l  weigh t  constrain t 

t o achiev e a  g o o d fit  t o empirica l  data .  Thi s ca n b e inter -

prete d a s th e acquisitio n o f  th e Stroo p interferenc e i n adult s 

(se e especiall y simulatio n 6  i n C o h e n e t  a l  1990) .  However , 

childre n usuall y lear n t o n a m e color s b y th e ag e o f  thre e an d 

star t  learnin g t o rea d w o r d s a  coupl e o f  year s later .  Hence , 

learnin g t o n a m e color s i s  wel l  u n d e r w a y befor e learnin g t o 

rea d eve n begins . 

T o addres s thi s issue ,  th e nex t  se t  o f  simulation s remov e 

th e assumption s tha t  colo r  an d w o r d representation s wer e 

bette r  develope d tha n respons e abilities ,  an d varie s th e ra -

tio s o f  readin g t o n a m i n g durin g training .  Thi s networ k wa s 

initiall y  seede d wit h completel y r a n d o m weights ,  unlik e 

C o h e n e t  a/' s  constrain t  o f  large r  initia l  weight s fro m th e 

input s t o th e hidde n units .  T o simulat e th e growt h i n vo -

cabular y an d th e increas e i n readin g practic e a s th e chil d 

get s older ,  th e naming/readin g trainin g se t  ratio s wer e in -

crease d ove r  time . 

The two new parameters introduced here are the ratio of 

naming/reading ,  an d th e rat e o f  increasin g tha t  ratio .  Cohe n 

et  a l  stat e tha t  ratio s betwee n 5: 1 an d 20: 1 giv e th e sam e 

Stroo p lik e profil e an d settle d o n 10: 1 a s a  reasonabl e value . 

T h e y poin t  ou t  tha t  th e who l e m o d e l  wo rk s unde r  th e as -

sumptio n tha t  w o r d readin g i s a  m o r e frequen t  tas k i n adult s 

tha n colo r  naming ,  althoug h admittedl y ther e i s n o evidenc e 

t o pu t  a  n u m b e r  o n it .  Fo r  thes e simulations ,  th e trainin g 

regim e ratio s were :  0: 1 (readin g t o colo r  n a m i n g )  fro m ep -

och s 1- 5 ,  1: 1 fro m epoch s 6-1 0 at ,  10:1 ,  fro m epoch s 11 -

2 5 ,  an d 50: 1 fro m epoch s 26-40 .  Eac h epoc h consist s o f  10 0 

trainin g presentation s o f  a  randoml y selecte d exampl e fro m 

th e trainin g set . 

A fiirther point is that it cannot be assumed that the abil-

it y t o encod e th e tas k requirement s o r  th e abilit y t o maintai n 

a representatio n o f  th e tas k requiremen t  ha s full y develope d 

b y th e tim e readin g an d n a m i n g interferenc e begi n t o ap -

pear .  A s discusse d above ,  m a n y componen t s o f  informatio n 

processin g continu e t o develo p durin g childhoo d (se e 

Weinen t  an d Scheide r  199 6 fo r  a  review) .  Fo r  example . 

908 



CorelDraw 3 clipar t  collection .  Th e item s withi n eac h grou p 

wer e ranke d accordin g t o wo r d lengt h an d distribute d acros s 

eac h car d accordingl y t o ensur e al l  card s containe d word s o f 

th e sam e overal l  difficulty . 

Task completion times were measured with a hand-held 

digita l  chronometer .  A  numbe r  o f  childre n wer e vide o tape d 

t o provid e cross-validatio n o f  recorde d times . 

Procedure: The experiment took place in a small, well-

li t  roo m withi n th e children' s schoo l  an d eac h chil d teste d 

on thei r  own .  Eac h chil d w a s seate d a t  a  des k an d give n a 

ver y genera l  introductio n t o pu t  the m a t  ease .  Th e partici -

pant s wer e the n require d t o rea d from  th e B A R S inde x t o 

locat e thei r  readin g abilities . 

There are two main tasks: word reading and picture 

naming .  Thes e task s wer e kep t  separat e s o th e chil d di d no t 

get  confuse d ove r  wha t  w a s done .  Eac h tas k ha s thre e con -

ditions :  contro l  (eithe r  wor d o r  pictur e o n o w n ) ,  conflictin g 

(wor d presente d wit h semanticall y relate d picture ,  o r  vic e 

versa) ,  an d congruen t  (matchin g wor d an d picture) .  Eac h 

conditio n wa s carrie d ou t  twic e fo r  bot h tasks .  Th e tes t  con -

siste d o f  10 8 trial s i n total .  Th e numbe r  o f  trail s wa s kep t 

lo w t o preven t  boredo m o r  fatigue ,  especiall y wit h younge r 

children .  Clea r  instruction s includin g a  practic e wer e give n 

when th e tas k change d from  readin g t o namin g (o r  vic e 

versa) . 

The basic instruction was to "name the picture (or word) 

as quickl y a s possibl e withou t  makin g a  mistake ;  tr y t o 

thin k befor e yo u speak .  I f  yo u canno t  rea d o r  n a m e a  word , 

go ont o th e nex t  one" .  Eac h subjec t  w a s give n 6  practic e 

items .  I f  th e subjec t  w a s no t  abl e t o complet e th e tas k the y 

were  give n th e optio n t o repea t  th e practic e unti l  the y wer e 

performin g satisfactorily .  Befor e th e experimenta l  trail s 

eac h subjec t  wa s aske d i f  the y wher e read y t o proceed . 

The experimenter supervised each trial, operated the 

digita l  chronomete r  an d m a d e a  not e o f  ever y erro r  m a d e b y 

th e participants .  T h e trial s o n whic h th e childre n m a d e er -

ror s o n mor e tha n tw o word s wer e exclude d from  furthe r 

analysis . 

Experimental Results 

The m e a n reactio n time s fo r  eac h grou p ar e show n i n 

Figur e 4 .  Thes e result s confir m th e mode l  predictio n tha t 

th e poore r  (younger )  reader s displa y th e revers e Stroo p ef -

fec t  an d th e bette r  (older )  reader s displa y th e standar d 

Poor« r  Riader a B«tt* r  Riadtr s 
20- 1 

7 16 . 
o 
S 10 . 

0 

20- . 
•S 16 -
u 
S 10 . 
fe  6 . 

-1 0 -

•—Name 
a—Read 

contro l  conflic t  congruen t contro l  conflic t  congruen t 

Stroo p interference . 

Figur e 4 :  M e a n respons e time s fo r  th e pictur e namin g 

tas k 

T o confir m this ,  th e dat a wer e analyze d usin g a  repeate d 

measure s A N O V A wit h thre e factor s (Condition ,  Task ,  an d 

readin g Group) .  Th e A N O V A reveale d a  significan t  thre e 

w ay interactio n o f  Condition ,  Tas k an d Grou p F;g.̂ = 16.9 3 

p<.O0I .  T o explor e thi s interaction ,  a  two-wa y A N O V A w a s 

carrie d ou t  withi n eac h group .  A  significan t  interactio n o f 

Conditio n b y Tas k w a s foun d fo r  bot h th e reade r  group s 

(/^z«=8.5 5 p<.00 1 an d F^^j=I3.9 6 p<.OO I  fo r  th e poore r 

an d bette r  reader s respectively) .  Bot h group s wer e experi -

encin g s o m e kin d o f  task/conditio n interference . 

There was a significant effect for Task within each 

Grou p (F,i/=15.2 8 p<.00 1 an d F/j,y=252.3 I  p<.OO I  fo r 

grou p 1  an d 2  respectively )  confirmin g tha t  th e poore r  read -

er s i n grou p 1  too k longe r  t o rea d tha n t o n a m e th e pictures , 

an d th e bette r  reader s i n grou p 2  too k longe r  t o n a m e th e 

picture s tha n t o read .  Collapsin g acros s tasks ,  w e se e tha t 

ther e i s a  significan t  differenc e i n readin g respons e time s 

(F/^j = 130.3 6 p<.001 )  betwee n th e poo r  an d goo d reader s 

(a s woul d b e expected )  bu t  tha t  ther e ar e als o significan t 

namin g respons e time s {F ,  4^=5.1 6 p<.05 )  demonstratin g a 

smal l  increas e i n processin g spee d associate d wit h th e ag e 

difference s betwee n th e tw o groups . 

Further paired T-tests showed a longer response time for 

th e conflictin g readin g word s (compare d wit h th e m e a n o f 

th e contro l  an d congruen t  conditions )  withi n th e poore r 

readin g grou p (t2]=6.7 5 p<.001) .  A  simila r  tes t  showe d tha t 

th e bette r  readin g grou p wer e significantl y slowe r  wit h 

namin g th e conflictin g picture s (/2/=V.1 4 p<.001) . 

Conclusion 

The result s o f  th e empirica l  stud y confir m th e predic -

tion s mad e b y th e connectionis t  model ;  namely ,  tha t  ther e i s 

a revers e Stroo p interferenc e givin g wa y t o th e classi c 

Stroo p durin g th e developmen t  o f  Stroo p effects .  Thes e 

result s ar e consisten t  wit h th e findings  o f  Arochov a (1971 ) 

who suggeste d ther e ma y b e revers e Stroo p interferenc e 

wit h pre-schoo l  childre n wit h lette r  namin g typ e task s an d 

th e Ehr i  an d Wilce' s (1979 )  demonstratio n tha t  Stroo p inter -

ferenc e become s ver y pronounce d afte r  a  coupl e o f  year s o f 

schooling . 

One clear distinction between the model and the empiri-

cal  stud y i s tha t  th e networ k i s base d o n a  tw o colo r  Stroo p 

tas k an d th e empirica l  result s ar e base d o n a  multipl e pictur e 

namin g task .  However ,  i t  woul d b e straigh t  forwar d t o ex -

ten d th e developmenta l  mode l  t o includ e muhipl e re -

sponses ,  a s wa s don e b y Cohe n e t  al . 

909 



Thi s wor k suggest s tha t  mor e attentio n shoul d b e pai d t o 

th e distinctio n betwee n learnin g an d development .  Whil e 

learnin g i s a n integra l  par t  o f  wha t  happen s durin g child -

hood ,  man y maturationa l  an d developmenta l  processe s ar e 

als o presen t  durin g childhood .  Fin e graine d model s o f  chil d 

developmen t  shoul d incorporat e change s i n informatio n 

processin g a s wel l  a s change s i n knowledge . 

One shortcoming of this model is its failure to capture 

th e declin e i n th e Stroo p effec t  afte r  reachin g optimu m in -

terference .  Ther e ar e tw o possibl e explanation s fo r  this . 

Firstl y (an d probabl y th e mos t  likely) ,  b y th e ag e o f  1 1 chil -

dre n hav e mastere d othe r  skill s  tha t  affec t  thei r  performanc e 

on Stroo p task s suc h a s th e abilit y  t o monito r  an d con -

sciousl y chang e thei r  response . 

One way to overcome this problem within the model is 

t o chang e th e rati o o f  readin g t o namin g i n th e trainin g set . 

I f  th e rati o o f  readin g t o namin g i s allowe d t o progres s s o 

tha t  readin g doe s no t  massivel y excee d namin g (i.e .  kep t  a t 

a m a x i m u m o f  10:1) ,  th e networ k i s abl e t o mak e bette r 

progres s i n learnin g th e namin g task .  Th e resul t  o f  thi s i s 

tha t  th e erro r  (an d s o predicte d reactio n time )  fo r  th e colo r 

namin g tim e i s reduced ,  lessenin g th e Stroo p effect .  Con -

versely ,  i f  th e rati o i s allowe d t o cree p u p t o 1000:1 ,  ther e 

wil l  b e larg e amount s o f  erro r  i n th e colo r  tas k a s th e net -

wor k become s optimize d t o carryin g ou t  th e readin g task . 

Hence ,  th e final  amoun t  o f  Stroo p interferenc e i n thes e 

model s ca n b e adjuste d b y adaptin g th e trainin g ratio . 

In summary, this paper has (1) replicated the results of a 

publishe d mode l  o f  Stroo p interference ,  (2 )  extende d th e 

model  t o embod y constraint s fro m cognitiv e development , 

and (3 )  teste d an d confirme d th e prediction s o f  th e extende d 

model  o n youn g children .  Thi s projec t  continue s t o argu e 

fo r  th e validit y o f  connectionis t  method s a s a  seriou s mean s 

of  addressin g cognitiv e developmen t  i n children . 
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Abstrac t 

How does time pressure affect cognitive behavior when 
solvin g problem s i n a n uncertai n environment ? 

We foun d substantia l  evidenc e that ,  unde r  tim e pres -
sure ,  decisio n maker s ca n no t  appl y knowledge-base d 
action ,  eve n i f  tha t  approac h i s absolutel y necessar y fo r 
solvin g th e problem .  Th e presen t  stud y aim s t o explai n 
thi s phenomeno n i n term s o f  th e subjectiv e probabil -
it y  o f  th e uncertai n event s associate d wit h th e problem . 
Our  mode l  insist s tha t  overestimatin g th e possibilit y o f 
gettin g correc t  answe r  wit h rule-base d action ,  affecte d 
by tim e pressur e an d th e attitud e o f  decisio n makers , 
lead s t o th e persistenc e o f  rule-base d action .  Th e ex -
periment' s result s supporte d th e propose d model . 

I n t r o d u c t i o n 

How doe s tim e pressur e aflFec t  cognitiv e behavio r  whe n 
solvin g problem s i n a n uncertai n environment ? I n recen t 
studie s Rohna(1986)investigate d th e cognitiv e proces s o f 
an offshor e installatio n manage r  an d McLennan(I997 ) 
investigate d th e rapi d decisio n makin g o n th e fir e 
ground .  Thes e studie s demonstrate d tha t  Recognition -
Prime d Decisio n Making(RPD)(Klein ,  1989)i s th e effec -
tiv e strateg y fo r  rapi d decisio n making .  Klein ,  Calder -
wood an d Clinton-Cirocc o (1986 )  foun d tha t  eve n ex -
per t  decisio n maker s hk e fir e fighter s woul d no t  b e abl e 
t o conside r  a  wid e rang e o f  respons e option s becaus e o f 
tim e pressure .  F ro m investigatin g m a n y experts ,  the y 
suggeste d effectiv e mode l  o f  decisio n makin g applyin g 
by expert s a s R P D mode l  i n whic h decisio n make r  i s be -
comin g awar e o f  event s tha t  hav e occurred ,  an d relyin g 
on experienc e t o recogniz e thes e events .  Thi s mode l  i s 
ver y simila r  t o th e rule-base d actio n suggeste d b y Ras -
mussen.  I n thi s presen t  stud y w e analyze d decisio n mak -
in g unde r  tim e pressur e usin g Rasmussen' s theory .  Ras -
mussen (Rasmussen,1986 )  describe d thre e stag e model s 
of  performanc e wit h whic h peopl e arriv e a t  decisions .  A t 
th e lowes t  leve l  i s  skill-base d actio n primaril y involvin g 
sensori-moto r  coordination .  I n th e secon d stag e rule -
base d action ,  th e reaction s ar e semi-automati c an d d o 
not  requir e an y consciou s analysis .  T o solv e familia r 
problem s rule-base d actio n i s th e mos t  effectiv e perfor -
mance an d decisio n make r  unde r  tim e pressur e lik e fire 
groun d commander s lik e t o us e rule -  bcise d actio n fo r 
rapi d decisio n makin g (Klein ,  1989) . 

Many othe r  studie s (Svenso n an d Maule,199 3 etc.)als o 
investigate d ho w peopl e appl y rule-base d actio n i n eval -
uatin g th e proble m an d choosin g relevan t  rules .  T h e 

presen t  study ,  however ,  investigate s cognitiv e behav -
io r  i n th e fac e o f  problem s lik e unfamilia r  problems , 
whic h ca n no t  b e solve d b y rule-base d action .  Fo r 
unfamilia r  problem s knowledge-base d actio n i s  neces -
sar y performance .  Knowledge-base d actio n i s th e thir d 
cognitiv e stag e i n whic h th e decisio n make r  mus t  con -
sciousl y analyz e th e natur e o f  th e situatio n an d creat e 
ne w rule s applicabl e t o th e unfamilia r  task .  I n suc h a 
case ,  knowledge-base d actio n i s applicabl e bu t  i t  require s 
mor e tim e an d cognitiv e loa d t o execut e tha n rule-base d 
action .  Ther e i s  substantia l  evidenc e that ,  unde r  tim e 
pressure ,  decisio n maker s ca n no t  appl y knowledge-base d 
action ,  eve n i f  tha t  approac h i s absolutel y necessar y fo r 
solvin g th e problem .  T h e presen t  stud y aim s t o explai n 
thi s phenomeno n i n term s o f  th e subjectiv e probabilitie s 
fo r  th e uncertai n event s associate d wit h th e problem . 

Model of decision making under time 

pressur e 

T o solv e problems ,  peopl e first  tr y t o us e holdin g rule s 
applicabl e t o th e problems .  However ,  i n th e cas e o f 
solvin g unfamilia r  problem s peopl e don' t  hav e applica -
bl e rule s fo r  solvin g th e problems .  I f  al l  keepin g rule s ar e 
inapplicabl e peopl e hav e t o realiz e tha t  knowledge-base d 
actio n i s th e effectiv e approac h fo r  solvin g th e prob -
lems .  Rapidl y applyin g knowledge-base d actio n lead s 
t o rapidl y solvin g problems .  However ,  w e assume d tha t 
unde r  tim e pressur e peopl e can' t  appl y knowledge-base d 
actio n eve n i f  tha t  approac h i s absolutel y necessar y fo r 
solvin g th e problem .  Eve n afte r  tryin g al l  th e applicabl e 
rules ,  the y retr y th e sam e inappHcabl e rules ,  an d the y 
ca n no t  appl y knowledge -  base d action ,  whic h lead s t o 
stickin g t o rule-base d action .  W e tr y t o explai n thes e 
phenomen a i n ternn s o f  decisio n making . 

I n th e cas e o f  rule-base d action ,  a t  eac h poin t  i n th e 
proble m solvin g process ,  decisio n maker s hav e t o choos e 
on e rul e fro m m a n y usefu l  rules .  I f  applyin g th e chose n 
rul e turn s ou t  no t  t o advanc e th e solution ,  anothe r  rul e 
i s chosen .  Thi s proces s continue s unti l  th e proble m i s 
solved .  W e assume d tha t  i n orde r  t o choos e on e rule , 
th e decisio n maker s evaluat e th e subjectiv e probability , 
whic h describe s th e degre e o f  usefulnes s o f  th e rul e fo r 
solvin g problems .  T h e decisio n maker s choos e th e rul e 
whic h obtain s th e highes t  subjectiv e probability .  I f  th e 
rul e i s inapplicable ,  th e decisio n maker s m a y tr y t o us e 
th e rul e obtainin g th e secon d highes t  subjectiv e proba -
bility ,  an d s o on .  However ,  th e presen t  stud y i s focuse d 
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i n whic h decisio n maker s can' t  solv e problem s wit h rule -
base d actio n an d mus t  mov e t o knowledge-base d action . 
WV assume d tha t  decisio n maker s hav e som e threshol d 
whic h determine s th e switc h fro m rule-base d actio n t o 
knowledge-base d action .  Whe n th e possibilit y  o f  gettin g 
a correc t  answe r  wit h rule-base d actio n fall s  belo w th e 
threshol d ,  the y decid e t o mov e t o knowledge-base d ac -
tion .  Thi s stat e valu e i s describe d a s follows : 

Pt{0) = p^p(v;) 

P.(„ )  =  Pt{n- l )  +  [iPA{V„))-PiiVr,) ] 

= P,(\] )  +  E'„ ,̂[{Pa(V,))-P,{V,)]{1 ) 

k= l . . . n (2 ) 

where n is the number of trials and V, is the rule which 
decisio n maker s us e o n i  trial .  Pap(V< )  i s th e primair y 
subjectiv e probabilit y  o f  rul e V ,  describin g th e possibil -
it y  o f  gettin g th e correc t  answe r  wit h 0  <  P4p(Vj )  <  1 . 
Befor e startin g t o solv e th e problem ,  th e decisio n maker s 

firs t  se t  th e startin g poin t  PAp{ ^  i )  wit h thei r  intuition . 
The subjectiv e stat e change s throug h th e tria l  a s pre -
sente d i n equation(2) .  PAi^i )  ' s  th e subjectiv e probabil -
it y  describin g usefulnes s o f  ruleV̂ ;  wit h 0  <  PAiVi )  <  1 
> Pl{ î )  i s  th e subjectiv e probabilit y  describin g th e use -
lessnes s o f  ruleV ;  wit h 0  <  Pi{Vi )  <  1 .  P,(n )  i s th e tota l 
subjectiv e stat e valu e unti l  tria l  n  describin g th e possibil -
it y  o f  gettin g correc t  answe r  wit h rule-base d action .  W e 
denote d Pt{n )  a s "stat e value "  no t  probabilit y  becaus e 
peopl e can t  kee p la w o f  probabiht y al l  th e time .  Th e 
decisio n maiker s decid e t o mov e fro m rule-base d actio n t o 
knowledge-base d actio n whe n Pt(n )  <  (̂threshold) .  I n 
thi s presen t  stud y 6  i s se t  t o 0 ,  meanin g tha t  possibiht y 
of  gettin g correc t  answe r  go t  0  an d peopl e giv e u p apply -
in g rule-base d actio n an d decid e t o mov e t o knowledge -
base d Jiction . 

The presen t  stud y als o propose d th e mode l  o f  evalu -
atio n o f  subjectiv e PAi^i )  describin g th e usefulnes s o f 
ruleV ;  an d /*/ (  V, )  describin g th e uselessnes s o f  rul e V j  a s 

follows ; 

PAiVi )  =  PAp{V,)*WA i 

Pi(V, )  =  PipiVi).Wi , 

(3 ) 

(4 ) 

Plp{Vi)i s th e primar y subjectiv e probabilit y  o f  rul e V j 
describin g possibilit y  o f  gettin g th e wron g answe r  wit h 
0 <  PipiV, )  <  1 .  Weigh t  WAi,Wi i  expresse s th e rep -
resentativenes s o f  rul e Vi .  Equation(3 )  an d (4 )  describ e 
tha t  i f  th e rul e ha s hig h representativeness ,  th e decisio n 
maker s overestimat e th e usefulnes s o r  uselessnes s o f  th e 
rul e an d lo w representativenes s lead s t o underestimat -
in g th e usefulnes s o r  uselessness .  Th e degre e o f  overes -
timation ,  denote d a s WAi^Wj^ ,  i s  mainl y determine d b y 
representativeness . 

The weightin g functio n i s define d a s follows : 

W . ,  = a 
(5 ) 

l+exp(-0*{r{V,)-C ) 

^'' " l+exp{-0*{riV,)-C) ^^^ 

wher e / 3 denote s passin g tim e wit h 0  <  /? .  / ? become s 
large r  a s tim e passe s fo r  WAi ,  o n th e othe r  hand ,  / 3 be -
comes samlle r  a s tim e passe s fo r  W ^ .  Therefor e t o eval -
uat e usefulnes s o f  rule-bsise d action ,  peopl e focu s onl y o n 
hig h representativ e rule s mor e an d more ,  an d th e bor -
der  degre e o f  representativenes s betwee n focusin g an d 
ignorin g become s highe r  a s tim e passes .  O n th e othe r 
hand ,  whe n evaluatin g th e uselessnes s o f  rule-base d ac -
tion ,  peopl e underestimat e uselessnes s o f  hig h represen -
tativ e rule s an d overestimat e uselessnes s o f  lo w represen -
tativ e rules . 

Q denote s th e degre e o f  overestimatio n o f  th e highes t 
representativ e rul e an d doe s no t  chang e muc h a s tim e 
passes .  Fo r  W4, ,  a  i s larg e and ,  fo r  Ĥ /,, a i s smalle r  tha n 
i t  fo r  Wai -  Thi s describe s tha t  peopl e wan t  t o overesti -
mat e usefulnes s bu t  don' t  wan t  t o estimat e uselessnes s 
as large ,  eve n afte r  hig h representativ e rule s wer e inap -
plicabl e fo r  solvin g th e problem .  Thes e changin g value s 
of  parameter s describ e tha t  peopl e focu s o n hig h repre -
sentativ e rule s an d ignor e th e fac t  tha t  thes e rule s ar e 
inapplicabl e fo r  solvin g thes e problems . 

I n th e nex t  sectio n w e estimat e parameter s fro m dat a 
obtaine d fro m experimen t  an d tes t  thes e hypotheses . 

E x p e r i m e n t  1 

M e t h o d 

Subject s 12 7 student s a t  Toky o Universit y partici -
pate d i n th e experiment . 

Procedur e Ther e wer e tw o session s (exercis e sessio n 
and tes t  session )  i n th e experiment .  W e use d Raven' s 
tes t  fo r  bot h sessions .  First ,  i n th e exercis e session , 
easy tw o tasks ,  includin g rule s fo r  solvin g th e task s wer e 
presented .  Th e rule s fo r  solvin g exercis e task s wer e 
A +  B  =  C  an d A  — B  =  C .  A t  th e en d o f  exercis e ses -
sio n subject s wer e require d t o writ e dow n al l  rule s use d 
fo r  solvin g th e exercis e task s an d numbe r  thes e tasks . 
Subject s wer e informe d tha t  thes e rule s coul d b e use d i n 
th e tes t  session .  Afte r  bein g give n tim e t o thin k abou t 
th e tas k subject s proceede d t o th e tes t  sessio n i n whic h 
an answe r  wa s require d withi n a  fixe d tim e ( 3 minutes) . 
The tes t  tas k coul d no t  b e solve d usin g onl y th e rule s 
learne d i n th e exercis e session .  T o solv e th e tes t  sessio n 
i t  wa s importan t  t o focu s o n th e combinatio n o f  figures. 
I t  wa s necessar y t o discove r  a  ne w rul e t o solv e th e tes t 
task .  On e rul e wa s abou t  th e numbe r  o f  dot s insid e th e 
figures  an d th e othe r  rul e wa s abou t  th e shap e o f  th e fig-
ures .  Therefore ,  obtainin g th e correc t  answe r  require d 
subject s t o mov e fro m rule-base d actio n t o knowledge -
base d actio n withi n th e fixed  time .  Befor e th e tes t  ses -
sion ,  subject s wer e require d t o estimat e th e tw o kind s 
of  possibilitie s o f  gettin g righ t  an d wron g answe r  withi n 
tim e limi t  i n percentage .  Afte r  eac h minute ,  subject s 
wer e require d t o choos e on e rul e mos t  applicabl e t o th e 
tes t  task .  Subject s coul d choos e "ther e i s n o rul e ap -
plicabl e t o th e tes t  task" .  I f  subject s choos e n o rule , 
subject s wer e require d t o writ e dow n othe r  rul e appli -
cabl e t o tes t  task .  Subject s coul d answe r  " I  hav e n o 
ide a righ t  now" .  Subject s wer e require d t o evaluat e th e 
u.sefulnes s an d th e uselessnes s o f  rule s numbere d i n th e 
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exercis e session .  Afte r  choosin g on e rule ,  subject s wer e 
require d t o m a k e circl e o n th e line .  A  circl e a t  th e righ t 
end mean t  th e rul e wa s completel y usefu l  o r  completel y 
useless .  A  circl e o n th e lef t  en d mean t  th e rul e wa s no t 
at  al l  usefu l  o r  no t  a t  al l  useless .  Subject s wer e require d 
t o respon d abou t  al l  th e rule s a t  th e exercis e sessio n I f 
subject s chos e "ther e i s n o rul e applicabl e t o tes t  task " 
fo r  th e previou s question ,  the y wer e require d t o evalu -
at e th e rul e fro m th e previou s question .  Thes e question s 
wer e require d t o b e answere d o n a  separat e pag e t o avoi d 
influencin g othe r  questions .  T h e answe r  t o tes t  tas k wa s 
als o require d afte r  ever y minute .  Afte r  th e tes t  sessio n 
subject s wer e require d t o indicat e whethe r  th e tes t  tas k 
was unfamilia r  tas k o r  not .  Dat a retrieve d thre e time s 
afte r  eax; h minut e wer e use d fo r  analyzing .  W e denote d 
th e first  dat a a s "firs t  ste p data "  ,  th e secon d dat a a s 
"secon d ste p data "  an d th e thir d dat a a s "thir d ste p 
data " 

Result s 12 4 ou t  o f  12 7 subject s answere d tha t  th e tes t 
tas k wa s unfamilia r  task .  Subject s wer e divide d int o 
tw o groups :  thes e solvin g th e tas k (successfu l  group ) 
and thes e no t  solvin g th e tas k (unsuccessfu l  group ) 
withi n tim e limit ,  an d wer e furthe r  divide d int o tw o 
more groups :  thes e applyin g onl y rule-base d actio n an d 
thes e applyin g knowledge-base d actio n i n additio n t o 
rule-base d action .  Thre e researcher s familia r  wit h Rus -
mussen' s theor y divide d subject s int o groups .  Subject s 
choosin g rule s wer e judge d a s performin g rule-base d ac -
tion .  Subject s choosin g "n o rule "  an d i f  th e writte n rul e 
by subject s wa s create d newl y i n th e tes t  session ,  the y 
wer e judge d a s performin g knowledge-base d action .  Sub -
ject s answerin g " I  hav e n o ide a righ t  now "  wer e judge d 
as rule-base d action . 

31 subject s coul d solv e th e tes t  tas k an d 9 6 subject s 
coul d no t  solv e th e tes t  tas k withi n th e tim e limit .  2 6 ou t 
of  3 1 subject s w h o solve d th e tas k withi n tim e limit ,  ap -
plie d knowledge-base d action ,  O n th e othe r  hand ,  onl y 
13 ou t  o f  8 3 w h o couldn' t  solv e th e tas k withi n tim e 
limi t  hav e applie d knowledge-base d action .  F ro m ch i 
squar e tes t  ther e i s a  relatio n betwee n solvin g a  proble m 
and knowledg e base d action(x(l )  =  55.066, p <  .01) . 
I t  ca n b e sai d tha t  t o solv e th e unfamiha r  tas k apply -
in g knowledge-base d actio n i s absolutel y necessary .  Sec -
ondly ,  w e plo t  th e m e a n percentag e o f  gettin g correc t 
answer  wit h rule-base d actio n throug h th e tes t  sessio n 
by finding  ou t  th e differenc e betwee n successfu l  grou p 
and unsuccessfu l  grou p fro m equation(2) .  Thes e ar e i n 
Figur e 1  an d Figur e 2 .  W e foun d tha t  successfu l  grou p 
exceede d th e threshold ,  o n th e othe r  han d unsuccessfu l 
grou p di d no t  excee d th e threshol d withi n tim e limit . 

Thirdly ,  w e estimate d W ^ ,  Wii{ i  =  1,2,3 )  fro m 
equation(3 )  an d (4) .  Ther e wer e thre e kind s o f  data : 
first  ste p data ,  secon d ste p dat a an d thir d ste p data . 
Dat a abou t  whic h subject s answere d "n o idea" ,  an d an -
swere d "ne w idea"bu t  judge d whic h wa s no t  ne w rul e 
wer e no t  included ,  becaus e fo r  thes e dat a representa -
tivenes s o f  rule s coul d no t  b e measured .  Plottin g W j H , 
Wji  an d representativenes s o f  rul e V i  ar e presente d i n 
Figur e 3  an d 4  fo r  successfu l  grou p Figur e 5  an d 6  fo r 
unsuccessfu l  group . 

Figur e 1 :  Possibilit y  o f  gettin g correc t  answe r 

(successfu l  group ) 

Figur e 2 :  Possibilit y  o f  gettin g correc t  answe r 

(unsuccessfu l  group ) 
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Figur e 3 :  Plo t  o f  W-'̂ ,(successfu l  group ) 
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Figur e 6 :  Plo t  o f  iy/j(unsuccessufu l  group ) 

Tabl e 1 :  Estimatio n valu e abou t  successfu l  grou p 

a 
W ai  2.8 7 1.3 8 

W a2 3.8 5 0.9 6 

W a3 4.5 6 -2.9 4 

a P 
H'/ i  2.1 0 -0.2 0 

W i 2 1.7 2 0.9 7 

W j 3 1.7 9 0.8 3 

Wa2 
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Figure 5: Plot of W>ij(unsuccessful group) 

Fort h w e estimat e valu e o f  parameter s a  an d 0  o f  equa -
tion(5 )  an d (6 )  b y leas t  squar e method .  C  i s fixed  a t  0. 5 
fo r  fitting  o f  th e model .  T h e result s abou t  successfu l 
grou p i n th e Tabl e 1  an d unsuccessfu l  grou p i n Tabl e 2 . 
Als o estimate d curv e o f  M^ij.W/ ,  i s  presente d i n Figur e 
7 an d 8  fo r  successfu l  grou p Figur e 9  an d 10 . 

F r o m thes e estimate d values ,  significan t  differenc e be -
twee n successfu l  group s an d unsuccessfu l  group s coul d 
be found .  First ,  subject s w h o solve d th e tes t  teis k withi n 
th e tim e limi t  overestimate d th e hig h representativ e rul e 
mor e tha n subject s coul d no t  solv e th e test .  Second , 
at  th e beginnin g o f  tes t  sessio n successfu l  grou p sub -
ject s tende d t o ignor e th e usefulnes s o f  lo w representa -
tiv e rule s an d onl y focuse d o n hig h representativ e rule s 
But  a s tim e passed ,  the y tende d t o focu s no t  onl y o n 
hig h representativ e rule s bu t  als o o n lo w representativ e 
rules .  O n th e othe r  hand ,  unsuccessfu l  grou p subject s 

Tabl e 2 :  Estimatio n valu e abou t  unsuccessfu l  grou p 

Wax 
Wa2 
Wa3 

a 
3.3 4 

3.5 0 

3.6 2 

/? 
0.6 3 

2.7 9 

15.9 3 

a 
1.8 9 

1.9 7 

2.0 5 

/? 
0.0 0 

-0.6 9 

-1.1 5 
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Figur e 7 :  Curv e o f  Estimate d l̂ Ai(successfu l  group ) 
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Figur e 9 :  Curv e o f  Estimate d H^aj(unsuccessfu l  group ) 

Figur e 10 :  Curv e o f  Estimate d VV/j(unsuccessfu l  group ) 
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Figur e 8 :  Curv e o f  Estimate d VV/ ,  (successfu l  group ) 

tende d t o focu s onl y o n usefulnes s o f  hig h representativ e 
rule s an d tha t  tendenc y increase d a s tim e passed .  Third , 
successfu l  subject s tende d t o focu s o n uselessnes s o f  hig h 
representativ e rule s afte r  failin g t o appl y rule s an d th e 
tendenc y increase d a s tim e passed .  O n th e othe r  hand , 
unsuccessfu l  grou p subject s tende d t o underestimat e o f 
uselessnes s o f  hig h representativ e rule s eve n afte r  failin g 
t o appl y rule s an d overestimat e th e uselessnes s o f  lo w 
representativ e rule s an d th e tendenc y increase d a s tim e 
passed .  W e discovere d thes e result s tha t  overestimatio n 
of  usefulnes s o f  hig h representativ e rule s an d underesti -
matin g o f  uselessnes s o f  hig h representativ e rule s lead s 
t o persistentl y choosin g onl y hig h representativ e rule s 
an d thu s the y don' t  tr y t o appl y othe r  lo w representa -
tiv e rules .  Tha t  lead s peopl e t o no t  excee d th e threshol d 
of  rule-base d actio n an d peopl e can' t  decid e t o appl y 
knowledg e base d actio n an d can' t  creat e th e ne w rule . 

Experiment2 

To tes t  th e mode l  suggeste d i n th e presen t  study ,  th e 
same experimen t  a s Experimen t  1  wa s presente d t o th e 
new subjects .  Fro m thi s data ,  w e estimate d values ,  an d 
tes t  th e dat a tha t  estimate d value s ar e approximat e t o 
actua l  data . 
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Tcibl e 3 :  Correlatio n co«'fficient(succrssfu l  group ) 

r 

W.Al 
H'̂ o 

IV'a 3 

.71 5 

.90 8 

.97 2 

r 
W j , 

Wi2 
VV/3 

.68 1 

.55 6 

.56 1 

Tabl e 4 :  Correlatio n coefficient(unsuccessfu l  group ) 

r 

Wax 

Wa2 
»A3 

.44 8 

.73 6 

.94 1 

r 
Wn 

W,2 

W/3 

.62 0 

.93 0 

.84 2 

M e t h o d 

Subject s 5 5 student s a t  th e Toky o Universit y partic -
ipate d i n th e experiment . 

Procedure The procedure was the same as Experi-
ment  1 . 

Result First subjects were divided into the success-
fu l  grou p an d th e unsuccessfu l  group .  1 0 subject s ou t 
of  5 5 solve d th e tes t  tas k an d 4 5 subject s didn' t  solv e 

th e tes t  task .  W e cadculate d actua l  Wai,Wa2,Wa 3 an d 

^̂ '/i.̂ /2-'̂ V 3 fro m th e equation(3 )  an d (4) .  W e es -
timate d ir^i,tV^2'^A 3 an d Wii,Wj2,Wj 3 o f  th e suc -
cessfu l  grou p an d th e unsuccessfu l  grou p fro m th e equa -
tion(5 )  an d (6) .  Estimate d a  an d ( 3 i n Experimen t  1  wer e 
used .  W e go t  th e correlatio n coefficien t  betwee n actua l 
dat a an d estimate d vcdue s presente d i n Tabl e 3  an d 4 . 
Fro m th e correlatio n coefficient s mos t  o f  th e estimate d 
value s wer e approximat e t o actua l  data . 

Conclusion 

I n th e presen t  stud y w e focuse d o n unfamilia r  proble m 
solvin g an d trie d t o explai n thi s behavio r  a s decisio n 
makin g b y subjectiv e probabilit y  o f  solvin g onl y b y rule -
base d action .  Fro m th e result s o f  experiments ,  w e foun d 
severa l  difference s betwee n successfu l  an d unsuccessfu l 
proble m solvers .  Peopl e wh o coul d no t  solv e problem s 
hav e th e tendenc y t o persistentl y overestimat e hig h rep -
resentativ e rule s an d ignor e lo w representativ e rule s eve n 
afte r  faihn g t o appl y them ,  an d thi s increase d a s tim e 
passed .  Althoug h the y onl y focuse d o n hig h representa -
tiv e rule s fo r  usefulness ,  fo r  uselessness ,  hig h representa -
tiv e rule s wer e underestimated .  Thes e tendencie s cause d 
thos e no t  exceedin g th e threshol d o f  rule-base d actio n t o 

persistentl y choos e rule-base d actio n an d no t  t o decid e 
t o mov e t o knowledge-base d action . 

On th e othe r  hand ,  peopl e i n th e successfu l  grou p first 

onl y focuse d o n th e hig h representativ e rul e fo r  useful -
ness bu t  a s tim e passe d the y focuse d o n no t  onl y th e 
hig h representativ e rul e bu t  als o o n th e lo w represen -
tativ e rule .  Thi s le d t o tr y othe r  rule s afte r  failin g t o 
appl y hig h representativ e rules .  Fo r  uselessnes s the y es -
timat e no t  onl y o n th e lo w representativ e rul e bu t  als o 

on th e hig h representativ e rul e causin g the m t o excee d 
th e threshol d quickl y an d decid e t o mov e t o knowledge -
base d action . 

Some estimate d valu e approximate d actua l  dat a no t  s o 
much.  On e o f  th e reaso n coul d b e sai d tha t  subject s ma y 
be poo r  a t  usin g percentag e o r  thinkin g abou t  represen -
tativenes s cause d b y experienc e o f  outputtin g th e cogni -
tiv e process ,  bu t  w e shoul d analyz e the m further .  How -
ever ,  sinc e mos t  o f  th e estimate d valu e approximate d th e 
actua l  data ,  th e suggeste d mode l  describe d th e behavio r 
of  decisio n making .  Thi s mode l  doesn' t  cove r  th e whol e 
proces s o f  behavio r  unde r  tim e pressur e an d w e coul d no t 
tes t  al l  th e behavior s unde r  tim e pressure ,  bu t  thi s mode l 
coul d b e a  first  ste p i n estimatin g wha t  typ e o f  peopl e 
can solv e unfamilia r  problem s ver y well .  Peopl e wh o de -
sir e t o solv e unfamilia r  problem s wel l  an d quickl y hav e 
t o tr y no t  t o overestimat e possibilit y  o f  applicabilit y  o f 
rule-base d actio n an d alway s focu s o n knowledge-base d 
action . 

I n thi s pape r  w e didn' t  muc h specif y th e differenc e 
meanin g betwee n a  an d 0  bu t  i t  coul d hav e differen t 
meanin g an d w e ca n specif y them ,  ou r  mode l  ca n de -
scrib e decisio n makin g i n mor e detail .  Since ,  i n futur e 
researc h w e shoul d investigat e th e characte r  o f  peopl e 
who ca n estimat e rule s correctl y an d whethe r  leve l  o r 
typ e o f  unfamilia r  problem s affec t  overestimatio n o r  not . 
Als o w e shoul d investigat e ho w ca n peopl e overestimat e 
correctl y an d revis e th e overestimatio n o f  usefulness . 
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Abstrac t 

We consider the process by which the syntactic parameters of 
human languag e ar e set .  Previou s wor k ha s show n tha t  fo r 
natura l  language s ther e ca n b e n o instan t  "automatic " 
triggerin g o f  parameter s becaus e th e trigge r  propertie s i n 
natura l  language s ar e ofte n dee p properties ,  no t  recognizabl e 
withou t  parsin g th e inpu t  sentence .  Ther e ar e parametri c 
algorithm s tha t  lear n b y parsing ,  bu t  the y ar e inefficien t 
becaus e tlie y d o no t  respec t  th e Parametri c Principle ,  the y 
evaluat e million s o f  grammars ,  rathe r  tha n establishin g th e 
value s o f  a  fe w doze n parameters .  The y d o s o becaus e the y 
canno t  tel l  i n advanc e whic h inpu t  sentence s ar e pertinen t  t o 
whic h parameters ,  an d becaus e the y hav e n o protectio n 
agains t  misleamin g du e t o parametri c ambiguit y o f  th e input . 
Ther e i s on e mode l  tha t  doe s implemen t  th e Parametri c 
Principle .  Thi s i s th e Structura l  Trigger s Learne r  (STL) . 
For  a n STL ,  a  paramete r  valu e an d it s trigge r  ar e on e an d th e 
same thing ;  the y ar e wha t  w e cal l  a  structura l  trigge r  o r 
treele t  ( a subtre e o r  i n th e limitin g cas e a  singl e feature) . 
These structura l  trigger s ar e mad e availabl e b y U G an d 
adopte d int o th e learner' s gramma r  jus t  i n cas e the y prov e 
essentia l  fo r  parsin g inpu t  sentences .  Thi s permit s efficien t 
recognitio n o f  th e paramete r  value s entaile d b y inpu t 
sentence s an d allow s th e learne r  t o avoi d error s b y 
discardin g ambiguou s input .  However ,  th e hig h degre e o f 
ambiguit y inlieren t  i n natura l  languag e impede s learnin g 
even fo r  thi s efTicien t  system .  A n ST L mus t  wai t  a  lon g tim e 
betwee n unambiguou s inputs .  A s w e explain ,  thi s proble m 
i s particularl y acut e i n th e earl y stage s o f  learning .  I n thi s 
paper  w e giv e a  computationa l  analysi s o f  th e performanc e o f 
an STL .  W e the n identif y a n importan t  facto r  -  th e 
parametri c expressio n rat e -  tha t  hold s promis e o f  a  solutio n 
t o thi s earl y learnin g problem . 

Setting Syntactic Parameters is Hard Work 

The Parametric Principle 

Chomsky (198 1 an d elsewhere )  ha s propose d tha t  al l 
natura l  language s shar e th e sam e innat e universa l 
principle s (Universa l  G r a m m a r  -  U G )  an d diffe r  onl y wit h 
respec t  t o th e setting s o f  a  finite  numbe r  o f  parameters .  Fo r 
example ,  al l  language s hav e subject s o f  som e sort ,  bu t 
whethe r  a  language' s g r a m m a r  dictate s tha t  th e subjec t 
must  b e over t  i s  determine d b y th e settin g o f  th e "nul l 
subject "  parameter .  T h e nul l  subjec t  paramete r  i s se t  "ofi " 
i n Englis h an d "on "  i n Spanis h an d Italian . 

Thes e syntacti c parameter s ar e standardl y take n t o b e 
binar y an d thei r  tw o value s t o b e mutuall y exclusive .  I t  i s 
not  ye t  k n o w n h o w m a n y syntacti c parameter s ther e ar e 
(se e Roberts ,  i n press ,  fo r  discussion) .  Fo r  convenienc e 
here ,  suppos e h u m a n s ar e equippe d wit h 30 .  T h e n ther e ar e 
2^° = 1,073,741,82 4 possibl e languages .  Importantly ,  th e 
number  o f  language s grow s exponentiall y  wit h th e numbe r 
of  parameters .  T h e insigh t  tha t  underlie s Chomsky' s 
parametri c approac h t o languag e i s tha t  fo r  a  learne r  tha t 
set s parameters ,  th e complexit y o f  th e learnin g proces s 
nee d b e n o mor e tha n linea r  i n th e numbe r  o f  way s 
grammar s ca n diffe r  fro m eac h othe r  (i.e .  i n th e numbe r  o f 
parameters) .  Fo r  this ,  th e learne r  mus t  establis h th e valu e 
of  eac h paramete r  independentl y o f  th e value s o f  al l  others . 
We cal l  thi s th e Parametri c Principle . 

Settin g parameter s i n accordanc e wit h th e Parametri c 
Principl e permit s a  ver y rapi d reductio n o f  th e poo l  o f 
possibl e grammars .  Eac h tim e a  paramete r  i s  set ,  on e 
paramete r  valu e i s  eliminated ;  an d sinc e hal f  o f  al l 
grammar s hav e tha t  value ,  tha t  eliminate s fro m 
consideratio n hal f  o f  th e candidat e g rammar s remaining . 
I n a  domai n o f  3 0 parameters ,  settin g on e paramete r  rule s 
out  roughl y 50 0 millio n grammars ;  settin g th e nex t  on e 
exclude s anothe r  25 0 million ;  settin g five  reduce s th e poo l 
t o roughl y 3 % o f  it s  origina l  size . 

Ver y fe w existin g parameter-base d learnin g model s abid e 
by th e Parametri c Principle .  Rather ,  th e learne r  evaluate s 
complet e collection s o f  paramete r  values ,  i.e .  whol e 
grammars .  Typically ,  n o on e paramete r  valu e i s  finally 
establishe d unti l  th e learne r  discover s th e ful l  targe t 
grammar .  Statistica l  weightin g systems ,  suc h a s thos e 
propose d b y Valia n (1990 )  an d Kapu r  (1994) ,  d o settl e o n a 
valu e fo r  eac h paramete r  independently ,  althoug h alon g th e 
way the y postpon e settin g a  paramete r  fo r  som e tim e whil e 
evaluatin g th e evidence .  I t  seem s surprisin g tha t  othe r 
model s d o no t  tak e advantag e o f  th e powerfu l  reductio n o f 
th e acquisitio n proble m tha t  th e Parametri c Principl e 
makes possible .  Ther e ar e n o compensatin g advantage s t o 
be gaine d b y searchin g throug h th e spac e o f  grammars .  A t 
best ,  cleve r  searc h strategie s m a y m a k e i t  les s punishin g 
(se e Nyberg ,  1992) .  I t  appear s tha t  th e sol e reaso n fo r 
violatin g th e Parametri c Principl e i s  tha t  obeyin g i t  ha s 
bee n judge d t o b e to o difficult .  T h e literatur e o n languag e 
leamabilit y ha s no t  emphasize d this .  Onl y Clar k (1994 ) 
has addresse d i t  explicitly ,  an d h e considere d th e 
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computationa l  cost s o f  respectin g th e Parametri c Principl e 

t o b e "to o grea t  t o b e acceptable. "  W e believ e thi s 
pessimisti c conclusio n t o b e premature .  Th e learnin g 
model  \\ c presen t  her e obey s th e Parametri c Principl e a t 

minima l  cost ,  an d ha s othe r  advantage s besides . 

Parametric Ambiguity 

A sentenc e i s parametricall y ambiguou s i f  i t  i s  license d b y 

tw o o r  mor e distinc t  combination s o f  paramete r  values . 
Parametri c ambiguit y i s rampan t  i n natura l  language .  Fo r 
example ,  a n inpu t  strin g o f  th e for m Subject-Verb-Objec t 
( S V O)  i s parametricall y ambiguou s betwee n underlyin g 
S VO orde r  a s i n English ,  an d "ver b second "  orde r  a s i n 
German.  Althoug h S V O sentence s ca n b e parse d b y eithe r 
kin d o f  grammar ,  tli e derivation s wil l  b e differen t  du e t o 
th e differen t  paramete r  settings . 

A "\er b second "  languag e ha s a  positiv e valu e o f  th e V 2 
paramete r  (i.e .  + V 2 ) .  Thi s entail s tha t  th e finite  ver b i s 
transformationall y fronte d an d tha t  a  topi c phras e i s move d 
int o first  positio n befor e it .  ff  th e topi c i s th e subject ,  thi s 
give s a n S V ( 0 )  sentence .  S V O orde r  ca n b e license d b y 
+ V 2 \\it h an y value s fo r  th e parameter s tha t  contro l  th e 
imderlyin g orde r  o f  subject ,  ver b an d objec t  (i n Germa n th e 
underlyin g orde r  i s  S O V ) .  S V O orde r  ca n als o b e licensed , 
withou t  mo\ement ,  b y th e paramete r  value s fo r  underlyin g 
subject-before-ver b an d verb-before-objec t  orde r  wit h a 
negativ e \alu e o f  th e V 2 parameter ,  a s i n English .  B y 
contrast ,  a  V O S sentenc e i s no t  parametricall y ambiguou s 
(a t  leas t  wit h respec t  t o it s wor d order) .  I t  ca n b e license d 
onl y b y th e -V 2 valu e wit h underlyin g verb-before-objec t 
and verb-before-subject . 

I n orde r  t o abid e b y th e Parametri c Principle ,  a  learne r 
must  b e abl e t o establis h a  paramete r  valu e wit h sufficien t 
confidenc e t o b e prepare d t o rul e ou t  al l  grammar s i n whic h 
tha t  paramete r  take s th e opposit e value .  Otherwise ,  th e 
number  o f  candidat e grammar s coul d neve r  b e reduced . 
Thi s woul d effectivel y nullif y  th e benefi t  o f  th e Parametri c 
Principle :  th e halvin g o f  availabl e grammar s wit h eac h 
paramete r  tha t  i s  set .  Parametri c ambiguit y i s potentiall y 
ver y damagin g sinc e i t  rob s th e learne r  o f  confidence .  T o 
be certai n tha t  it s  settin g o f  a  paramete r  wa s correct ,  th e 
learne r  woul d nee d t o ru n a n exhaustiv e chec k o f  al l 
possibl e parse s o f  th e inpu t  sentence ,  ff  th e paramete r 
valu e i n questio n wer e presen t  i n ever y gramma r  tha t  coul d 

pars e th e sentence ,  the n i t  coul d b e adopte d wit h ful l 
confidence .  Anythin g shor t  o f  exhaustiv e gramma r  testin g 
woul d lea\ e i t  uncertai n whethe r  th e paramete r  valu e wa s 
indee d necessary .  Grammar s ca n b e applie d t o sentence s 
by parsers ;  however ,  a n exhaustiv e searc h throug h a  billio n 
grammar s i s hopelessl y impractical .  Th e consensu s i n 
sentenc e processin g researc h i s tha t  eve n adult s ar e capabl e 
of  onl y limite d paralle l  parsin g i f  an y (se e Gibson ,  1991) , 
eve n whe n th e alternativ e analyse s al l  involv e th e sam e 
grammar .  I t  doe s no t  see m plausibl e t o suppos e tha t  a  two -
yea r  ol d ca n appl y a  billio n grammar s t o eac h sentence . 

I t  migh t  see m tha t  a  les s demandin g alternativ e woul d b e 
fo r  th e learne r  simpl y t o establis h whic h input s wer e 
parametricall y ambiguou s an d refrai n fro m settin g 
parameter s i n respons e t o them .  Learnin g woul d b e base d 
solel y o n unambiguou s triggers .  However ,  thi s als o 

demands parsin g wit h multipl e grammars .  Parametri c 
ambiguit y ca n b e establishe d b y parsin g wit h jus t  enoug h 
grammar s t o find  tw o tha t  pars e th e input ,  bu t  non -
ambiguit y ca n b e establishe d onl y b y parsin g wit h al l 

possibl e grammar s an d finding  n o mor e tha n on e tha t 
parse s th e input .  Fortunately ,  th e S T L mode l  propose d b y 
Fodo r  (1998 )  an d describe d belo w manage s t o curtai l  th e 
excessiv e paralle l  parsin g neede d t o tes t  multipl e 
grammars . 

I n summary :  th e complexit y o f  th e learnin g proble m 
remain s exponentia l  unles s th e Parametri c Principl e ca n b e 
implemented .  But ,  thi s mus t  no t  requir e massivel y paralle l 
parsin g o f  inpu t  sentences ,  whic h appear s t o b e fa r  beyon d 
th e capacit y o f  a  huma n learner .  Wha t  i s neede d i s a 
syste m tha t  ca n tes t  g rammar s i n paralle l  withou t  havin g 
t o engag e i n ful l  paralle l  parsin g o f  inpu t  sentences .  Thi s 
i s possibl e withi n th e S T L mode l  t o whic h w e no w turn . 

The Structural Triggers Learner 

The Structura l  Trigger s Learne r  (STL )  ha s mad e paralle l 
grammar  testin g possibl e withou t  th e nee d fo r  ful l  paralle l 
parsin g o f  inpu t  sentences .  I t  achieve s thi s becaus e i t  take s 
trigger s an d paramete r  value s t o b e th e kind s o f  thing s tha t 
ar e bot h ingredient s o f  grammar s an d ingredient s o f  trees . 
What  fits  thes e specification s i s a  subtre e consistin g o f  jus t 
a fe w node s and/o r  featur e specifications .  A  trigge r  an d th e 
paramete r  valu e i t  trigger s ar e the n identical ,  s o tha t  onl y 
one innat e specificatio n i s needed ,  rathe r  tha n linke d 
specification s o f  paramete r  value s an d thei r  triggers .  U G 
provide s a  poo l  o f  thes e schemati c treelets ,  on e fo r  eac h 
paramete r  value ,  an d eac h natura l  languag e choose s t o 
emplo y som e subse t  o f  them .  Th e U G treelet s ca n b e folde d 
int o th e learner' s curren t  grammar ,  whe n th e curren t 
grammar  alon e i s insufficien t  t o pars e a n input .  Th e 
resultin g gramma r  (terme d a  ""supergrammar" )  ca n b e 
applie d b y th e parse r  t o th e inpu t  i n exactl y th e sam e wa y 
as an y natura l  languag e gramma r  woul d b e applied .  N o 
unusua l  parsin g activit y i s needed ,  ye t  al l  paramete r  value s 
ar e evaluate d simultaneously .  Parametri c treelet s necessar y 
t o tha t  sentenc e ca n b e detecte d i n th e outpu t  o f  th e parser . 
Th e learnin g devic e ca n "see "  whic h value s contribute d t o 
th e parsin g o f  a n inpu t  sentence ,  an d thu s kno w whic h 
value s t o adopt .  Onc e a  paramete r  valu e i s adopte d int o th e 
learner' s grammar ,  i t  i s  availabl e fo r  licensin g ne w 
sentences . 

Fodo r  discusse s variou s learnin g strategie s whic h coul d 
utiliz e thes e structura l  trigger s /  paramete r  values .  Th e on e 
tha t  i s o f  interes t  her e i s wha t  ha s bee n calle d th e wea k ST L 
( W S T L ) ,  whic h i s mos t  appropriat e a s a  mode l  o f  huma n 
learners .  Th e W S T L employ s wha t  i s essentiall y  a  seria l 
parse r  tha t  parse s sentence s wit h th e supergramma r  (i.e .  th e 
curren t  gramma r  augmente d wit h parametri c treelets) . 
W h en th e parse r  note s a  choic e poin t  i n assignin g structur e 
t o a  sentence ,  i t  select s on e analysi s t o pursu e fo r  purpose s 
of  comprehensio n an d i t  ignore s al l  othe r  analyses .  Bu t  i t 
report s th e presenc e o f  ambiguit y t o th e learnin g 
mechanism ,  an d th e learne r  thereafte r  adopt s n o ne w 
paramete r  value s o n th e basi s o f  tha t  sentence .  Sinc e i t 
canno t  kno w wha t  paramete r  value s migh t  hav e bee n 
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involve d i n th e othe r  parses ,  ha d i t  pursue d them ,  i t  canno t 
be certai n whic h values ,  i f  any ,  woul d b e c o m m o n t o al l 
analyse s o f  th e string ,  an d s o i t  canno t  safel y acquir e an y o f 
them.  However ,  i f  durin g th e parse ,  n o choic e point s wer e 
encountered ,  the n th e parse r  report s tha t  th e sentenc e i s 
unambiguou s an d consequentl y th e learne r  adopt s al l  o f  th e 
nove l  trcelet s tha t  wer e use d b y th e parse r  i n constructin g 

th e pars e tree . 
The W S TL thu s learn s onl y fro m full y unambiguou s 

sentences ,  s o i t  doe s no t  mak e errors .  Th e drawbac k i s 
tiiat,  du e t o th e hig h degre e o f  parametri c ambiguit y i n 
natura l  language ,  fiill y  unambiguou s inpu t  i s  likel y t o b e 
scarce .  S o th e W S T L ,  thoug h eflRcien t  i n othe r  ways ,  face s 
th e proble m tha t  i t  mus t  discar d a  hig h proportio n o f 
sentence s an d mus t  ofte n wai t  a  lon g tim e fo r  usabl e 
(unambiguous )  input .  Thi s proble m i s particularl y acut e a t 
th e earlies t  stage s o f  paramete r  setting .  I n late r  stages ,  th e 
inpu t  ha s becom e les s ambiguou s becaus e eac h paramete r 
tha t  i s  se t  disambiguate s som e previousl y ambiguou s 
sentences .  But ,  befor e progressiv e disambiguatio n get s 
underway ,  i t  woul d see m tha t  th e learne r  coul d find  ver y 
fe w unambiguou s inpu t  sentence s t o lear n from .  W e no w 
formaliz e th e W S T L mode l  t o illustrat e th e scal e o f  thi s 
proble m an d i n followin g section s w e offe r  a  solution . 

Analysis of a WSTL 

The WSTL-minus 

The WSTL outline d abov e i s th e on e w e believ e mos t 
closel y model s huma n learners .  However ,  th e complet e 
mathematic s tha t  describe s it s performanc e i s intricat e (du e 
t o th e dynami c natur e o f  th e progressiv e disambiguation ; 
fo r  detail s o f  this ,  se e Sakas ,  i n prep) .  Moreover ,  th e fiill 
matliematic s i s no t  necessar y fo r  th e presen t  purpos e o f 
analyzin g eari y paramete r  setting .  W e ca n conside r  her e a 
simple r  versio n o f  th e W S T L tha t  w e wil l  cal l  th e WSTL-
minu s (WSTL-) .  Thi s doe s n o learnin g unles s a  sentenc e i s 
completel y unambiguou s regardles s o f  whethe r  an y 
parameter s hav e alread y bee n set ,  i.e .  i t  behave s a s i f  ther e 
wer e n o progressiv e disambiguation .  Thi s ca n b e 
implemente d b y assumin g tha t  th e W S T L -  ha s access , 
whil e parsin g a n inpu t  sentence ,  t o bot h treelet s associate d 
wit h eac h paramete r  (wherea s fo r  th e "true "  W S T L ,  th e 
parser' s poo l  o f  parametri c value s doe s no t  includ e th e 
rejecte d valu e o f  a  paramete r  tha t  ha s alread y bee n set) . 
Due t o th e lac k o f  progressiv e disambiguation ,  th e W S T L -
does no t  d o justic e t o th e efficienc y o f  th e fiill  W S T L :  i t 
require s substantiall y  mor e inpu t  sentence s t o acquir e th e 
targe t  gramma r  tha n th e W S T L does .  Yet ,  a t  th e outse t  o f 
learning ,  whe n fe w parameter s hav e bee n set ,  th e 
performanc e o f  th e tw o version s differ s relativel y little ,  an d 
so th e W S T L-  i s adequat e a s a n approximatio n t o th e tru e 
W S T L. 

W S T L-  Algorithm : 

1)  Receiv e a n inpu t  sentenc e s  fro m th e 
linguisti c environmen t 

2)  Attemp t  t o pars e s  wit h th e curren t 
grammar ;  i f  successful ,  g o t o 1 

3)  Otherwise ,  begi n t o pars e s  wit h th e 
supergramma r  ( = curren t  gramma r  + 
bot h parametri c treelet s fo r  ever y 
parameter ) 

4)  I f  a t  som e poin t  i n th e parse ,  ther e i s a 
choic e o f  treelets ,  disregar d 5  fo r 
learnin g 

5)  Otherwise ,  s  i s  unambiguous ,  s o adop t 
al l  nove l  parametri c treelet s tha t  hav e 
been employe d i n parsin g s 

6)  I f  no t  al l  parameter s hav e bee n set , 
got o 1 

The numbe r  o f  inpu t  sentence s consume d b y th e W S T L -
befor e convergenc e o n th e targe t  gramma r  ca n b e derive d 
fro m th e probabilit y  tha t  th e W S T L -  wil l  adop t  som e 
number  o f  ne w paramete r  values ,  w ,  o n th e basi s o f  a  singl e 
sentence .  Ther e ar e severa l  factor s (describe d i n detai l 
below )  tha t  determin e thi s probability : 

•  th e numbe r  o f  relevan t  parameter s ( r ) 
•  th e expressio n rat e { e ) 
•  th e "effectiv e "  expressio n rat e (  e '  ) 
Not  al l  parameter s ar e relevan t  parameters .  Irrelevan t 

parameter s contro l  propertie s o f  phenomen a no t  presen t  i n 
th e targe t  language ,  suc h a s cliti c  orde r  i n a  languag e 
withou t  clitics .  Fo r  ou r  purposes ,  th e numbe r  o f  relevan t 
parameters ,  r ,  i s  th e tota l  numbe r  o f  parameter s tha t  nee d t o 
be se t  i n orde r  t o licens e al l  an d onl y th e sentence s o f  th e 
targe t  language . 

Of  th e parameter s relevan t  t o th e targe t  languag e a s a 
whole ,  onl y som e wil l  b e relevan t  t o an y give n sentence .  A 
sentenc e expresse s thos e parameter s fo r  whic h a  specifi c 
valu e i s  require d i n orde r  t o buil d a  pars e tree ,  i.e .  thos e 
parameter s tha t  ar e essentia l  t o it s  structura l  description . 
For  instance ,  i f  a  sentenc e doe s no t  hav e a  relativ e clause ,  i t 
wil l  no t  expres s parameter s tha t  concer n onl y relativ e 
clauses ;  i f  i t  i s a  declarativ e sentence ,  i t  won' t  expres s th e 
propertie s peculia r  t o questions ;  an d s o on .  Th e expressio n 
rate ,  c ,  fo r  a  language ,  i s  th e averag e numbe r  o f  parameter s 
expresse d b y it s inpu t  sentences .  Fo r  simplicity ,  w e wil l 
assume her e (no t  realistically )  tha t  e  i s th e sam e fo r  al l 
targe t  languag e sentences . 

As a  measur e o f  ambiguity ,  conside r  tha t  eac h sentence , 
on average ,  i s  ambiguou s wit h respec t  t o a  o f  th e 
parameter s i t  expresses .  Th e effectiv e rat e o f  expression , 
e' ,  i s  th e averag e numbe r  o f  expresse d parameter s tha t  ar e 
expresse d unambiguousl y (i.e .  e '  =  e  -  a) .  (Note :  Reader s 
not  intereste d i n furthe r  mathematica l  detail s ma y ski p th e 
followin g sub-section. ) 
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Derivatio n o f  a  Transitio n Probabilit y  Functio n 

We ca n n o w presen t  a  derivatio n o f  th e numbe r  o f  input s 

th e W S T L -  ca n b e expecte d t o consum e befor e convergin g 
o n th e targe t  grammar .  W e mak e th e followin g 

backgroun d assumption s throughou t  thi s section . 
•  Th e sampl e o f  th e targe t  languag e tha t  a  learne r  i s 

expose d t o entail s th e valu e o f  ever y paramete r 
rele \  an t  t o th e language . 

•  Th e sampl e i s uniforml y distribute d (i.e .  n o 
particula r  sentenc e typ e withi n i t  i s  systematicall y 
w ithhel d o r  delayed) . 

•  Al l  sentence s withi n th e targe t  languag e ar e 
ambiguou s wit h respec t  t o th e sam e numbe r  o f 
parameters.  (Thi s i s fo r  mathematica l  convenienc e 
only. ) 

O ur  approac h i s t o first  deriv e th e probabilit y  tha t  th e 
learne r  i s expose d t o a  sentenc e containin g on e o r  mor e 
parameter s (expresse d ambiguousl y o r  unambiguously )  tha t 
hav e no t  >e t  bee n set .  W e the n deriv e th e probabilit y  tha t 
th e W S T L -  doe s no t  discar d tha t  sentenc e becaus e i t 
contain s a n ambiguity .  Combinin g thes e probabilities ,  a s 
show n below ,  w e wil l  arriv e a t  a  formul a tha t  yield s th e 
probabilit > tha t  tli e learne r  wil l  adop t  w  ne w paramete r 
value s ( 0 <  w  <  e )  o n th e basi s o f  a  give n inpu t  sentence , 
give n tha t  t  parameter s ha d alread y bee n set . 

T o begi n thi s computation ,  le t  u s se t  ambiguit y asid e fo r 
a moment .  I n orde r  t o se t  al l  r  parameters ,  th e W S T L -  ha s 
t o encounte r  enoug h batche s o f  e  paramete r  value s possibl y 
(i n fact ,  probably )  overlappin g wit h eac h other ,  t o mak e u p 
th e fiill  se t  o f  r  paramete r  value s tha t  hav e t o b e established . 
Let  P(w\t.r.e )  b e th e probabilit y  tha t  a n arbitrar y inpu t 
sentence ,  s .  expresse s m-  ne w (i.e .  a s ye t  unset )  parameters , 
give n tlia t  th e learne r  ha s alread y se t  t  parameter s 
(correctly) ,  fo r  som e r  an d e  a s define d above . 

P(w\t,r,e )  i s  simpl y th e numbe r  o f  way s s  ca n expres s w 

unse t  parameter s draw n fro m th e curren t  tota l  poo l  o f  unse t 
parameter s (th e siz e o f  whic h i s r  -1) ,  time s tli e numbe r  o f 
ways s  ca n ex-pres s e- w previousl y se t  parameter s fi-om  th e 
tota l  collectio n o f  t  se t  parameters ,  divide d b y th e tota l 
number  o f  way s 5  ca n expres s e  parameter s ou t  o f  al l  r 
rele\an t  ones .  Thi s i s displaye d i n th e followin g equation : 

P(w\t,r,e )  =  -
" ' I  ' 

w K e - w 
r 

v̂ / 

N o w,  t o dea l  wit h ambiguity ,  w e brin g th e effectiv e rat e 
of  ex-pression ,  e' ,  int o pla y i n orde r  t o calculat e th e 
probabilit y  tha t  an y singl e paramete r  i s expresse d 
unambiguously .  Thi s i s e'le .  Th e probabilit y  tha t  al l  e 
parameter s expresse d b y a  sentenc e ar e expresse d 
unambiguousl y i s  (e'le)' .  Thi s i s th e probability ,  u ,  tha t  a n 
inpu t  i s  unambiguou s an d henc e usabl e fo r  learning . 

M = 
' e ' ^ ' 

v e y 

We ar e no w i n a  positio n t o giv e th e formul a fo r  th e 
probability ,  P'(\«\t,r,e,e') ,  tha t  th e W S T L -  wil l  se t  w 

additiona l  parameter s afte r  encounterin g a n arbitrar y inpu t 
sentence . 

P'(w\(,rx,e' )  = 
(l-u)+uP(w\t.r.e) .  i f w =  0 

uP( w I  / ,  r ,  e) ,  otherwis e 

For  value s o f  w  othe r  tha n 0 ,  th e probabilit y  o f  settin g w 
ne w parameter s i s simpl y th e probabilit y  tha t  th e sentenc e 
i s usabl e fo r  learnin g (i.e. ,  al l  e  parameter s ar e 
unambiguousl y expresse d ( = «) )  time s th e probabilit y  tha t  w 
of  thos e e  parameter s wer e previousl y unse t  ( = P(w\t,r,e)) . 
Th e probabilit y  o f  settin g 0  parameter s (i.e. ,  w  =  0 )  i s th e 
probabilit y  tha t  no t  al l  e  parameter s ar e unambiguousl y 
expresse d ( = 1 -  u )  plu s th e probabilit y  tha t  eve n i f  th e e 
parameter s ar e unambiguousl y expresse d ( = u )  al l  o f  the m 
ha d alread y bee n se t  ( = P(w=0\t,r,e)) . 

I n orde r  t o analyz e th e performanc e o f  th e W S T L -  afte r 
severa l  input s hav e bee n encountered ,  w e mode l  th e learne r 
as a n absorbin g Marko v syste m wher e eac h stat e depict s th e 
number  o f  parameter s tha t  hav e bee n set '  Th e syste m 
start s i n stat e S „  an d o n receivin g a n input ,  ma y sta y i n 
stat e S o o r  mov e t o an y o f  th e state s Si ,  S2 ,  S3 ,  .. .  5, .  I n 
general ,  th e transitio n probabilit y  tha t  th e syste m wil l 
chang e fro m a n arbitrar y stat e 5 ,  t o stat e S,+ ^  i s give n by : 

PiS,-*S,^J = P'{w\t,r,e,e'), O^w^e 

Given values for r, e and e' one can calculate all possible 
transition s o f  th e syste m an d presen t  the m i n a  transitio n 
matrix .  Sinc e th e W S T L -  i s error-drive n (i f  th e inpu t  i s 
license d b y th e curren t  g ramma r  n o learnin g occurs) ,  onc e 

i t  ha s se t  al l  relevan t  parameter s (i.e .  onc e i t  achieve s stat e 
Sr) ,  i t  stay s i n stat e Sr .  Thu s th e syste m i s absorbing .  A 
well-know n resul t  fro m Marko v chai n theor y i s tha t  th e 
fundamenta l  matri x o f  a n absorbin g Marko v syste m yield s 
th e expecte d waitin g tim e unti l  absorptio n (se e Wane r  an d 
Costenoble ,  1996 ,  fo r  a  readabl e presentatio n o f  Absorbin g 
Marko v Models) .  Th e ftindamental  matri x Q  i s define d a s 
th e invers e o f  th e differenc e betwee n th e identit y matri x 
an d th e sub-matrix ,  Â ,  tha t  give s th e transitio n probabilitie s 
betwee n th e non-absorbin g states .  Tha t  is :  Q  =  ( I  -  N)' . 
Th e su m o f  th e first  {So )  ro w o f  Q  yield s th e averag e 
number  o f  input s require d fo r  th e W S T L -  t o ente r  th e 
absorbin g stat e S r  startin g i n stat e So -

'  Wha t  follow s i s a  presentatio n o f  on e metho d fo r  arrivin g a t 
th e expecte d siz e o f  tli e inpu t  sampl e consume d b y th e WSTL- . 
Thi s approac h i s relate d t o discussion s i n th e literatur e b y Niyog i 
and Berwic k (1996 )  an d elsewhere .  Ther e i s a t  leas t  on e othe r 
approac h tha t  ca n b e use d fo r  establishin g thes e results .  I t  utilize s 
dynami c programmin g t o comput e th e followin g recurrenc e 
relation :  tha t  th e expecte d sampl e siz e required ,  o n average ,  t o se t 
n parameter s ca n b e determine d fro m th e siz e require d t o se t  n-i , 
0<i< e parameters ,  togethe r  wit h th e probabilit y  o f  settin g / 
additiona l  parameter s give n tha t  n- i  hav e bee n set . 
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Numer i c Result s 

Tabl e 1 ,  below ,  display s numerica l  result s derive d fo r 
dififeren t  \alue s o f  r ,  e ,  an d e' .  e '  enter s indirectl y vi a a n 
ambiguit y factor .  Rathe r  tha n usin g a  a s define d above ,  w e 
emplo y a  percentag e measur e o f  ambiguit y a '  i n orde r  t o 
make comparabl e assessment s o f  performanc e acros s 
dififeren t  situations .  W e calculat e a '  as :  a '  =  10 0 (e-eye . 

Table 1: Average number of inputs consumed by the 
W S T L-  befor e convergenc e 

e ) 

1 

5 

10 

15 

20 

»'(% ) 
20 
40 
60 
80 

20 
40 
60 
80 

20 
40 
60 
80 

20 
40 
60 
80 

20 
40 
60 
80 

R=15 

62 
83 
124 
249 

27 

li s 
871 
27,88 5 

34 
604 
34,84 8 

35,683,96 8 

28 
2,12 7 

931,32 3 

r=2 0 

90 
120 
180 
360 

40 
171 
1,29 6 

41,47 2 

54 
964 
55,57 8 

56,912,14 9 

91 
6,79 4 

2,975,11 5 

over  3 0 billio n .. . 

-

-
-
. 

87 
27,35 1 

90,949,47 0 

r=2 5 

119 
159 
238 
477 

55 
230 
1,74 7 

55,89 5 

76 
1,34 2 

77,39 7 

79,254,94 3 

135 
10,13 6 

4,438,46 4 

r=3 0 

150 
200 
300 
599 

69 
292 
2,21 8 

70,98 3 

98 
1,73 8 

100,19 3 

102,597,82 3 

181 
13,54 5 

5,931,14 8 

almos t  20 0 billio n 

256 
80,60 1 

268,017,38 3 

366 
115,41 5 

383,783,45 5 

.. .  i n th e trillion s .. . 

Adjustin g th e m a t h e m a t i c s t o tak e int o accoun t 
progressiv e d isambiguat io n a s paramete r s ar e se t  (Sakas ,  i n 
prep) ,  w e find  tha t  th e inpu t  c o n s u m p t i o n rate s i n Tab l e 1 
ar e reduce d b y a  facto r  o f  any th in g f r o m approx imate l y 1  t o 
20 .  Th i s i s  useful ,  bu t  less  o f  a  reductio n tha n o n e m i g h t 
expect .  T h e reaso n i s  tha t  th e benefi t  i s  stronges t  a t  late r 
stage s o f  learning ,  w h e r e f ewe r  a n d fewe r  paramete r s i n a 
sentenc e nee d t o b e expresse d u n a m b i g u o u s l y ;  onl y n e w 
parameter s nee d t o b e expresse d u n a m b i g u o u s l y i n orde r 
fo r  th e sentenc e t o b e usabl e fo r  learning .  T h u s ,  o n c e 
learnin g get s wel l  u n d e r w a y ,  i t  i s  quit e efficient .  B u t  a t  th e 
earl y stages ,  th e wai t  fo r  u n a m b i g u o u s inpu t  i s crippling . 

Fortunately ,  this  earl y amb igu i t y p r o b l e m i s no t  equall y 
sever e throughou t  th e learnin g d o m a i n .  Not ic e tha t  th e 
n u m b er  o f  parameter s t o b e se t  (r )  h a s relativel y littl e effec t 
o n convergenc e t ime .  W h a t  d o m i n a t e s learnin g spee d i s 
th e degre e o f  ambigu i t y a n d th e expressio n rate .  W h e n 
bot h a '  a n d e  ar e h igh ,  u n a m b i g u o u s input s ar e ver y scarce . 
Thi s i s t o b e expected .  F o r  instance :  ther e i s  littl e c h a n c e 
of  encounterin g a  fiill y  u n a m b i g u o u s inpu t  i f  ever y sentenc e 
expresse s 2 0 paramete r s a n d th e amb igu i t y rat e i s 9 9 % (th e 
probabilit y  w o u l d b e (1/100)^°) .  A s a  resuh ,  fo r  h i g h rate s 

o f  expressio n a n d a m b i g u i t y ther e ar e ver y f e w sentence s 
tha t  th e learne r  ca n mak e us e o f  Thi s i s w h y th e wors t 
case s i n Tabl e 1  occu r  fo r  hig h a '  an d e .  Fo r  lo w ambiguit y 
and/o r  lo w expressio n rate ,  however ,  learnin g proceed s 

ver y m u c h mor e rapidly . 
We emphasi s tha t  th e result s presente d i n thi s tabl e 

portra y th e weakes t  W S T L whic h doe s no t  benefi t  fro m 
progressiv e disambiguation .  Thi s serve s a s a  usefu l 
baselin e fo r  wha t  follows ,  wher e w e wil l  conside r  h o w it s 
performanc e ca n b e improved . 

How to Set the First Parameters 

To avoi d th e inefficienc y du e t o makin g an d correctin g 
errors ,  a  W S T L wait s fo r  full y  unambiguou s inpu t  t o lear n 
from .  W e hav e show n tha t  thi s ca n resul t  i n ver y slo w rate s 
of  learning .  Fortunately ,  thi s proble m i s no t  equall y sever e 
acros s th e board .  Th e generall y damagin g effec t  o f 
ambiguit y i s absen t  a t  lowe r  expressio n rates .  W e se e tha t 
humbl e sentence s tha t  revea l  onl y a  fe w paramete r  value s 
ar e th e mos t  usefu l  fo r  a  learne r  seekin g reliabl e 
information .  Thi s i s importan t  becaus e expressio n rat e i s 
th e on e facto r  tha t  migh t  plausibl y b e lo w i n rea l  lif e 
learning .  Tha t  ther e i s a  hig h degre e o f  parametri c 
ambiguit y i n natura l  language s seem s undeniable .  And , 
thoug h linguisti c researc h migh t  prov e otherwise ,  ther e 
seems littl e hop e tha t  th e numbe r  o f  syntacti c parameter s 
relevan t  t o a  languag e wil l  b e reduce d t o les s tha n a  dozen . 
So ther e i s no t  muc h prospec t  o f  a  breakthroug h i n learnin g 
efficienc y du e t o a  reductio n o f  eithe r  ambiguit y rat e o r 
tota l  numbe r  o f  parameter s t o b e set .  Bu t  i t  doe s see m 
withi n th e realm s o f  possibilit y  tha t  th e expressio n rat e fo r 
natura l  language s i s a s lo w a s hal f  a  doze n parameter s pe r 
sentence ,  particularl y a t  th e earl y stage s o f  learnin g wher e 
th e degre e o f  parametri c ambiguit y i s a t  it s  greatest .  I t  i s 
encouraging ,  therefore ,  t o find  tha t  i n th e Structura l 
Trigger s framework ,  a  reductio n i n th e expressio n rat e ha s 
a beneficia l  effec t  o n learnin g speed . 

Whethe r  th e earlies t  encountere d sentence s exhibi t  lo w 
expressio n rate s mus t  b e determine d b y empirica l  researc h 
on child-directe d language .  Bu t  i t  seem s reasonabl e t o 
suppos e tha t  mos t  o f  th e sentence s tha t  earl y learner s 
encounte r  d o no t  exhibi t  ever y syntacti c phenomeno n i n th e 
languag e packe d int o 4  o r  5  word s o r  so .  Fo r  instance , 
ther e ar e earl y child-directe d sentence s tha t  contai n 
negation ,  o r  over t  WH-movemen t ,  o r  a  subordinat e clause , 
but  probabl y fe w tha t  involv e the m all . 

T o summarize :  W e hav e observe d her e tha t  accurat e 
learnin g i s possibl e withou t  los s o f  efficienc y i f  th e learne r 
ca n tak e advantag e o f  lo w expressio n rate s a t  earl y stage s o f 
learning .  Wha t  i s essentia l  t o thi s solutio n t o th e earl y 
learnin g proble m i s th e W S T L ' s abilit y  t o distinguis h 
ambiguit y o f  paramete r  expressio n fro m irrelevanc e o f  a 
paramete r  t o a  sentence .  Th e forme r  i s t o b e avoided ;  th e 
latte r  i s  ver y welcom e a s i t  divide s th e learnin g tas k int o 
manageabl e steps .  B y contrast ,  whole-gramma r  testin g 
system s trea t  parametri c irrelevanc e a s a  specie s o f 
parametri c ambiguity .  Th e parse r  report s succes s o r 
failur e fo r  a  gramma r  withou t  distinguishin g betwee n th e 
cas e wher e al l  it s  paramete r  value s ar e eithe r  correc t  o r 
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irrelevant ,  an d th e cas e wher e it s paramete r  value s giv e a 

wron g anal.Nsi s o f  a  sentenc e tha t  i s parametricall y 
ambiguous .  Th e W S T L doe s no t  conflat e ambiguit y an d 
irrelevanc e becaus e th e conceptio n o f  paramete r  value s a s 

treelet s permit s "superparsing" ,  i n whic h ambiguit y show s 
up a s a  choic e point ,  whil e irrelevan t  parameter s neve r 
intrud e a t  all . 

References 

Berwick, R. C. and Niyogi, P. (1996) Learning from 
triggers .  Linguisti c Inquir y 2 1 A ,  605-622 . 

Chomsky.  N .  (1981 )  Lecture s o n Governmen t  an d Binding , 
Foris ,  Dordrecht . 

Clark ,  R .  (1994 )  Finiteness ,  Boundednes s an d Complexity : 

Leamabilit) '  an d th e Stud y o f  Firs t  Languag e 
Acquisition ,  i n Lus t  e t  al .  (eds.) . 

Fodor ,  J .  D .  (1998 )  Unambiguou s triggers .  Linguisti c 
Inquir y 29.1 ,  1-36 . 

Gibson .  E .  A .  F .  (1991 )  A  Computationa l  Theor y o f 
H u m an Linguisti c Processing :  M e m o r y Limitation s an d 
Processin g Breakdown ,  unpublishe d Ph.D .  dissertation , 
Carnegi e Mello n University ,  Pittsburgh ,  PA . 

Kapur ,  S .  (1994 )  S o m e application s o f  forma l  learnin g 
theo n result s t o natura l  languag e acquisition .  I n Lus t  e t 
al .  (eds.) . 

B.  Lust ,  G .  Hermo n an d J .  Komfil t  (eds. )  (1994 )  Syntacti c 
Theor y an d Firs t  Languag e Acquisition :  Crosslinguisti c 

Perspectives ,  Vol .  II ,  Lawrenc e Erlbau m Associates , 

Hillsdale .  NJ . 
Nyberg ,  E .  (1992 )  A  Non-deterministi c Success-drive n 

Model  o f  Paramete r  Settin g i n Languag e Acquisition . 

Unpublishe d Ph.D .  dissertation ,  Carnegi e Mello n 
University ,  Pittsburgh . 

Roberts ,  I .  (i n press )  Languag e chang e an d leamability .  I n 
S.  Bertol o (Ed.) ,  Parametri c Linguistic s an d 
Leamability :  a  Sel f  Containe d Tutoria l  fo r  Linguists , 
Cambridg e Universit y Pres s 

Sakas ,  W.G .  (i n prep)> l  Dynami c Analysi s o f  th e Structura l 
Trigger s Learne r  Unpublishe d ms. ,  C U N Y Graduat e 
Cente r 

Sakas ,  W.G .  an d Fodor ,  J.D .  (i n press )  Th e Structura l 
Trigger s Learner .  .  I n S .  Bertol o (Ed) ,  Parametri c 
Linguistic s an d Leamability :  a  Sel f  Containe d Tutoria l 

fo r  Linguists ,  Cambridg e Universit y Pres s 
Valian ,  V .  (1990 )  Logica l  an d psychologica l  constraint s o n 

th e acquisitio n o f  syntax .  I n L .  Frazie r  an d J .  d e Villier s 
(eds. )  Languag e Processin g an d Languag e Acquisitio n 
Kluwer ,  Dordrecht . 

Waner ,  S .  an d Costenoble ,  S .  R .  (1996 )  Finit e 
Mathematic s Applie d t o th e Rea l  World ,  HarperCollins , 
New York . 

922 



Trac in g E y e M o v e m e n t  Protocol s wit h Cognit iv e Proces s M o d e l s 

Dari o D .  SalvuCC i  (dario+@cs.cmu.edu ) 
Departmen t  o f  Compute r  Science ;  Carnegi e Mello n Universit y 

Pittsburgh ,  P A 1521 3 

John R. Anderson (ja+@cmu.edu) 
Departmen t  o f  Psychology ;  Carnegi e Mello n Universit y 

Pittsburgh ,  P A 1521 3 

Abstrac t 

In using eye movements to develop cognitive models, 
researcher s typicall y analyz e ey e movemen t  protocol s wit h 
aggregat e measure s an d tes t  model s wit h respec t  t o thes e 
measures .  Becaus e aggregat e analyse s sometime s concea l 
informativ e low-leve l  behavior ,  protoco l  analyse s 
comparin g mode l  prediction s t o individua l  tria l  protocol s 
ar e frequentl y desirable ;  however ,  protoco l  analysi s fo r  ey e 
movement  dat a i s ofte n tediou s an d time-consuming .  W e 
describ e ho w t o automat e th e protoco l  analysi s o f  ey e 
movements usin g hidde n Marko v models .  Workin g wit h 
dat a fro m a n equation-solvin g task ,  w e demonstrat e tw o 
method s o f  tracin g ey e movemen t  data—tha t  is ,  mappin g 
eye movement s t o th e sequentia l  prediction s o f  a  cognitiv e 
proces s model .  W e evaluate d thes e tracin g method s i n a n 
experimen t  wher e participant s wer e instructe d t o execut e 
give n equation-solvin g strategies .  Whe n codin g th e 
experimenta l  protocol s i n term s o f  th e give n strategies , 
th e automate d tracin g method s performe d a s wel l  a s huma n 
exper t  coder s i n a  fractio n o f  th e time . 

Introduction 

I n th e cognitiv e sciences ,  th e stud y o f  ey e movement s ha s 
become increasingl y popula r  fo r  th e investigatio n o f  huma n 
problem-solvin g behavior .  Ey e movement s provid e 
numerou s clue s t o underlyin g cognitiv e processe s an d thei r 
interaction s wit h th e outsid e world ,  helpin g t o determin e 
ho w an d whe n peopl e encod e information ,  wha t  informatio n 
the y us e o r  ignore ,  an d h o w the y interleav e encodin g an d 
computation .  M a n y researcher s hav e utilize d ey e 
movement s t o develo p an d tes t  cognitiv e model s i n variou s 
domains .  Typically ,  ey e movement s ar e analyze d i n term s 
of  aggregat e measures—fo r  instance ,  th e numbe r  o f  fixation s 
on a n ite m o r  th e tota l  tim e spen t  fixatin g a n item—an d 
cognitiv e model s ar e develope d an d teste d wit h respec t  t o 
thes e measures .  Thi s methodolog y ha s le d t o highl y 
successfu l  cognitiv e model s i n numerou s domains ,  includin g 
readin g (Jus t  &  Carpenter ,  1980 ;  Rayner ,  1995 )  an d 
arithmeti c (Suppes ,  1990) . 

Whil e aggregat e analyse s hel p t o understan d aggregat e 
behavior ,  the y sometime s concea l  additiona l  informativ e 
aspect s o f  behavio r  tha t  appea r  i n singl e tria l  protocols . 
Recognizin g thi s problem ,  researcher s ofte n fin d i t  desirabl e 
t o perfor m protoco l  analyse s tha t  compar e mode l  prediction s 
directl y t o individua l  tria l  protocols ,  a s i s  c o m m o n wit h 
verba l  protocols .  Unfortunately ,  protoco l  analysi s fo r  ey e 

movement s i s ofte n extremel y tedious .  Severa l  trial s fro m 
eve n th e simples t  task s ca n generat e massiv e ey e movemen t 
protocol s whic h mus t  b e code d int o a  mor e convenien t  for m 
fo r  analysis .  I n addition ,  thes e protocol s typicall y suffe r 
fro m significan t  amount s o f  nois e du e t o variabilit y i n bot h 
human scannin g behavio r  an d eye-trackin g equipment . 
Becaus e o f  th e siz e an d complexit y o f  th e data ,  i t  i s  ofte n 
implausibl e fo r  human s t o analyz e mor e tha n a  fe w ey e 
movement  protocol s i n clos e detai l  withou t  sacrificin g 
consistency ,  accuracy ,  an d larg e amount s o f  time . 

Automated Eye Movement Protocol Analysis 

Thi s pape r  describe s a n automate d approac h t o th e analysi s 
of  ey e movemen t  protocols .  Previou s wor k o n automate d 
protoco l  analysi s system s ha s concentrate d primaril y o n 
verba l  protocol s (e.g. .  Waterma n &  Newell ,  1971 )  an d 
generic-actio n protocol s (e.g. ,  Ritte r  &  Larkin ,  1994) . 
Thes e system s us e a  proces s o f  tracin g t o m a p observe d 
action s t o th e sequentia l  prediction s o f  a  cognitiv e mode l 
(Ohlsson ,  1990) .  Unfortunately ,  w e hav e foun d tha t  thes e 
system s d o no t  generaliz e wel l  t o ey e movemen t  data ,  whic h 
ca n b e collecte d a t  a  ver y fin e tempora l  grai n siz e an d ofte n 
includ e significan t  individua l  an d equipmen t  variability .  Ou r 
approac h exploit s th e specia l  characteristic s o f  thes e dat a t o 
allo w fo r  fas t  an d accurat e tracin g o f  ey e movemen t 
protocols .  Th e propose d method s ca n analyz e protocol s i n a 
fraction  o f  th e tim e neede d b y human s whil e achievin g 
comparable ,  i f  no t  better ,  accurac y i n thei r  analyses . 

Th e automate d analysi s o f  ey e movemen t  protocol s ha s 
numerou s significan t  application s i n th e rea l  world .  Th e 
method s ca n b e use d off-lin e t o cod e larger ,  mor e comple x 
ey e movemen t  dat a set s tha n h u m a n coder s coul d manage . 
I n addition ,  the y ca n hel p evaluat e fits  o f  low-leve l  cognitiv e 
model s t o larg e dat a set s a t  th e leve l  o f  tria l  protocols .  Th e 
method s ca n als o b e use d on-lin e t o contro l  eye-base d inpu t 
device s fo r  use r  interfaces .  The y coul d als o hel p intelligen t 
tutorin g system s disambiguat e solutio n strategie s whic h 
canno t  b e inferre d solel y fro m studen t  responses . 

Eye Movements and Hidden Marlcov Models 

Th e propose d method s perfor m ey e movemen t  protoco l 
tracin g b y mean s o f  hidde n Marko v model s ( H M M s ) .  Fo r 
year s H M Ms hav e bee n widel y employe d i n implementin g 
recognitio n system s fo r  speec h an d handwriting .  I n man y 
ways ,  th e analysi s o f  ey e movement s ha s m u c h i n c o m m o n 
wit h speec h an d handwritin g recognition .  Thes e recognitio n 
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Figur e 1 :  Sampl e equation-solvin g proble m screen s wit h ey e movemen t  protocol s an d targe t  valu e labels . 

system s tak e a  person' s speec h o r  handwritin g inpu t  an d 
determin e th e mos t  likel y interpretatio n o f  thi s inpu t  give n a 
model  o f  th e person' s possibl e intentions .  Ou r  automate d 
algorithm s perfor m th e analogou s tas k fo r  ey e movements , 
takin g a  person' s ey e movement s an d determinin g th e mos t 
likel y sequenc e o f  intende d fixations . 

Severa l  researcher s hav e explore d possibilitie s fo r 
applyin g H M M s ,  an d mor e generall y Marko v models ,  t o ey e 
movement  data .  Th e mos t  c o m m o n us e o f  Marko v model s 
has appeare d i n analyse s o f  transitio n probabilitie s fro m on e 
fixatio n targe t  are a t o anothe r  (e.g. .  Star k &  Ellis ,  1981 ; 
Suppes ,  1990) .  Althoug h suc h analyse s begi n t o she d ligh t 
on th e sequentia l  natur e o f  ey e movemen t  protocols ,  the y 
ignor e mor e globa l  informatio n b y assumin g tha t  transition s 
do no t  depen d o n th e prio r  sequenc e o f  fixations .  Othe r 
researcher s hav e use d H M Ms t o represen t  velocit y 
distribution s i n smoot h ey e movement s (Kowler ,  Martins , 
& Pavel ,  1984 )  an d t o mode l  explici t  fovea l  sequence s 
(Rime y &  Brown ,  1991) .  W e us e idea s fro m suc h wor k a s a 
basi s fo r  developin g a  mor e complet e proces s mode l 
approac h t o tracin g ey e movements . 

Tracing Eye Movements 

Befor e discussin g th e detail s o f  th e propose d method s fo r 
tracin g ey e movement s wit h H M M s,  w e motivat e thes e 
method s b y illustratin g th e tracin g proces s fo r  a  sampl e tas k 
and showin g th e difficultie s tha t  ca n aris e i n th e process . 
Our  sampl e tas k involve s solvin g equation s o f  th e form : 

bx l  a c =  bd l  a 

Th e term s a  an d b  represen t  integer s i n th e interva l  [2,9] ,  an d 
ac an d b d represen t  th e produc t  o f  a  an d b  wit h othe r  integer s 
c an d d  i n [2,9] ,  respectively .  I n th e task ,  subject s mus t 
determin e th e valu e o f  th e unknow n quantit y x ,  whic h i n al l 
case s equal s th e produc t  cd .  Thus ,  th e proces s fo r  solvin g 

th e problem s involve s dividin g a c b y a  t o comput e c , 
dividin g b d b y b  t o comput e d ,  an d multiplyin g c  an d d  t o 
comput e th e answer .  Fo r  instance ,  fo r  th e sampl e proble m 

4 j ;  /  4 5 =  3 2 /  5 

th e answe r  ca n b e compute d b y findin g c  =  45/ 5 =  9 , 
d =  32/ 4 =  8 ,  an d finall y c d =  9- 8 =  72 .  Fo r  a  singl e 
trial ,  ey e movemen t  dat a wer e collecte d whil e th e subjec t 
solve d th e on-scree n proble m an d type d he r  respons e int o th e 
answe r  box . 

Th e tracin g proces s require s a  cognitiv e proces s mode l  f w 
th e tas k whic h describe s th e step s take n i n encodin g item s 
and computin g results .  Th e mode l  m a y b e implemente d 
withi n a  theor y o f  cognitio n suc h a s A C T - R (Anderso n & 
Lebiere ,  1998) ,  bu t  nee d onl y generat e sequence s o f  predicte d 
action s fo r  th e task .  Le t  u s conside r  a  sampl e mode l  whic h 
ca n generat e tw o distinc t  strategie s fo r  solvin g equation s i n 
th e task :  a  left-to-righ t  strateg y { b a c b d a )  an d a  paired-left -
to-righ t  strateg y { b b d a c a) .  I n th e left-to-righ t  strategy , 
item s ar e encode d i n orde r  an d intermediat e results  ar e 
compute d a t  th e earlies t  possibl e time—tha t  is ,  d  i s 
compute d afte r  fixatin g b d an d c  i s compute d afte r  fixatin g a . 
I n th e paired-left-to-righ t  strategy ,  item s ar e encode d i n pair s 
as neede d fo r  intermediat e results ,  decreasin g workin g 
m e m o ry load .  Bot h strategie s assum e tha t  th e structur e o f 
th e equation s ha s alread y bee n internalized ,  makin g fixation s 
on th e variabl e an d operator s unnecessary .  Eac h strateg y 
thu s represent s a  cognitiv e proces s fo r  solvin g th e equation s 
whic h manifest s itsel f  i n a  uniqu e fixatio n ordering . 

Usin g thi s sampl e model ,  w e ca n trac e a  give n protoco l 
by mappin g observe d ey e movement s t o predicte d fixations . 
Figur e l a show s a  sampl e proble m scree n fo r  th e abov e 
equatio n alon g wit h th e subject' s ey e movemen t  protocol , 
sample d ever y 8. 3 m s ;  th e protoco l  point s ar e shade d an d 
size d suc h tha t  late r  sample s appea r  lighte r  an d lower -
velocit y sample s appea r  larger .  T o trac e th e protoco l  wit h 
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our  sampl e model ,  w e mus t  m a p th e observe d dat a point s t o 
th e bes t  matchin g mode l  strategy—i n thi s case ,  th e paired -
left-to-righ t  strateg y ( b b d a c a) .  I n thi s mapping ,  th e final 
tw o observe d fixation s o n a c an d answe r  canno t  b e mappe d 
t o th e mode l  sinc e ou r  simpl e mode l  doe s no t  predic t  them . 
Not e tha t  th e subjec t  ha d alread y solve d man y simila r 
problem s an d ha d learne d thi s ver y efficien t  strateg y fo r 
solvin g them . 

Unfortunately ,  tracin g ey e movemen t  protocol s i s rarel y 
as simpl e a s thi s exampl e migh t  imply .  Figur e l b show s a 
simila r  protoco l  tha t  exhibit s th e sam e { b b d a c a )  strategy . 
However ,  th e firs t  fixatio n fo r  thi s protoco l  lie s 
ambiguousl y betwee n severa l  targe t  areas ;  whil e human s 
may b e abl e t o resolv e thi s ambiguity ,  a  naiv e analysi s 
algorith m tha t  map s fixation s t o thei r  closes t  target s migh t 
interpre t  th e fixatio n a s bein g o n /  o r  a c rathe r  tha n it s mor e 
likel y interpretation ,  b .  Figure  I c illustrate s a  protoco l  tha t 
present s seriou s difficult y fo r  h u m a n an d automate d analysi s 
alike ;  th e protoco l  contain s blink s an d m a n y ambiguou s 
fixation s tha t  seriousl y degrad e it s readability .  A  successfu l 
automate d analysi s syste m mus t  m a k e intelligen t  globa l 
decision s t o hel p resolv e loca l  ambiguities ,  makin g H M Ms 
an excellen t  too l  fo r  tracin g ey e movements . 

Tracing Eye Movements with HMMs 

We no w describ e tw o automate d method s fo r  tracin g ey e 
movement  protocols .  Th e tracin g algorithm s tak e thre e 
inputs :  ey e movemen t  tuples ,  targe t  areas ,  an d mode l 
strategies .  Th e ey e movemen t  tuple s compris e sample d 
point s o f  th e for m < x ,  y ,  v> ,  wher e x  an d >  indicat e th e 
locatio n o f  th e poin t  an d v  indicate s th e velocit y a t  tha t 
point ;  velocitie s ca n b e calculate d a s adjacen t  point-to-poin t 
distances .  Th e targe t  area s includ e th e nam e an d locatio n o f 
possibl e fixation  target s o n th e experimen t  screen ;  fo r  th e 
equation-solvin g task ,  th e targe t  area s woul d includ e th e fou r 
value s [b ,ac ,bd ,c ] ,  assumin g w e ignor e possibl e 
fixations  o n th e variabl e an d operators .  Th e mode l  strategie s 
compris e a  se t  o f  possibl e fixatio n sequence s predicte d b y 
some proces s model ,  suc h a s th e left-to-righ t  an d paired-left -
to-righ t  strategie s discusse d earlier .  Th e tracin g algorithm s 
produc e tw o outputs :  a  mode l  trac e an d a  mode l  evaluation . 
The mode l  trac e represent s a  mappin g fro m ey e movemen t 
dat a point s t o th e fixation  sequenc e predicte d b y th e bes t 
correspondin g mode l  strategy .  Th e mode l  evaluatio n 
represent s th e probabilit y  o f  th e mode l  trace ,  whic h ca n b e 
use d t o evaluat e th e fit  o f  th e mode l  t o th e data . 

Bot h tracin g method s trac e ey e movement s b y mean s o f 
hidde n Marko v model s ( H M M s ) .  H M Ms ar e essentiall y 
probabilisti c  finit e stat e machines :  transitio n probabilitie s 
determin e th e likelihoo d o f  takin g th e transitio n fro m on e 
stat e t o th e next ,  an d observatio n probabilitie s determin e th e 
likelihoo d o f  seein g a  particula r  observatio n i n th e state . 
Mor e informatio n o n H M M s an d thei r  application s ca n b e 
foun d i n Rabine r  (1989) . 

Saccade-Fixation Submodel (SFS) Tracing 

The first  tracin g algorithm ,  saccade-fixatio n submode l  (SFS ) 
tracing ,  begin s wit h th e constructio n o f  a  saccade-fixatio n 
submodel  fo r  eac h targe t  area .  Eac h submode l  i s itsel f  a n 

Figur e 2 :  Saccade-fixatio n submode l  fo r  targe t  bd . 
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Figur e 3 :  Sampl e S F S trace r  model . 

HMM which represents a model of the possible observations 
generate d whe n a  perso n intend s t o fixate  tha t  target .  A 
sampl e saccade-fixatio n submode l  fo r  th e b d targe t  are a i s 
show n i n Figur e 2 .  Th e submode l  ha s tw o state s wit h thre e 
observatio n probabilit y  distributions :  a n x  an d y  coordinat e 
distributio n an d a  v  velocit y distribution .  Th e first  stat e 
model s point s tha t  represen t  saccades ;  it s velocit y 
distributio n i s weighte d towar d hig h velocitie s t o mode l 
high-velocit y saccadi c movement ,  an d it s x  an d y 
distribution s ar e unifor m t o sho w tha t  saccade s t o thi s targe t 
ca n c o m e fro m an y location .  Th e secon d stat e model s 
point s tha t  represen t  fixations;  it s  velocit y distributio n i s 
weighte d towar d lo w velocitie s t o mode l  near-stationar y 
fixations ,  an d it s x  an d y  distribution s hav e mean s ove r  th e 
cente r  o f  th e targe t  area .  Thus ,  a s w e attemp t  t o find  th e 
most  likel y interpretatio n fo r  a  give n protocol ,  high-velocit y 
saccad e point s wil l  likel y matc h t o th e firs t  stat e o f  th e 
submodel ,  whil e low-velocit y fixation  point s nea r  th e targe t 
are a wil l  likel y matc h t o th e secon d state .  Th e submodel' s 
transitio n probabilitie s ca n b e traine d usin g th e dat a set ; 
however ,  w e hav e simpl y chose n value s tha t  wor k wel l  wit h 
our  particula r  ey e movemen t  data . 

Next ,  w e us e th e submodel s t o construc t  a  trace r  mode l 
tha t  incorporate s th e predicte d fixation  sequence s o f  th e 
model  strategies .  W e us e th e mode l  strategie s t o buil d th e 
trace r  mode l  a s follows .  Fo r  eac h strategy ,  substitut e eac h 
predicte d fixation  wit h it s correspondin g submode l  an d lin k 

925 



th e submodel s serially .  Then ,  lin k thes e strateg y H M Ms 
togethe r  i n paralle l  t o for m th e composit e trace r  mode l 
H M M.  Figur e 3  show s a  sampl e trace r  mode l  fo r  th e left -
to-righ t  an d paired-left-to-righ t  strategie s describe d earlier ; 
th e squar e boxe s representin g th e predicte d fixation s ar e 

replace d b y correspondin g submodels ,  a s shown . 

Finally ,  give n thi s trace r  model ,  w e ca n produc e a  mode l 
trac e fo r  a  give n protocol .  W e first  determin e th e mos t 
likel y stat e sequenc e fo r  th e protocol' s ey e movemen t  tuple s 
usin g th e Viterb i  H M M decodin g algorith m (se e Rabiner , 
1989) .  Conceptually ,  thi s decodin g proces s i s analogou s t o 
layin g ou t  th e tupl e sequenc e ont o th e H M M suc h tha t  th e 
probabilit y  o f  th e sequenc e (includin g observatio n an d 
transitio n probabilities )  i s maximized .  Th e decode d stat e 
sequenc e link s th e dat a point s t o predicte d fixatio n targets , 
thu s producin g a  mode l  trac e tha t  map s th e observe d ey e 
movement s t o th e model' s predictions .  Not e tha t  th e mode l 
trac e describe s bot h whic h mode l  strateg y wa s mos t  likel y 
execute d an d th e mos t  likel y assignmen t  o f  dat a point s t o 
thei r  correspondin g predicte d fixations .  Th e decodin g 

proces s als o provide s th e mode l  evaluatio n valu e a s th e 
probabilit y  o f  th e mos t  likel y sequence . 

Th e primar y cos t  o f  S F S tracin g come s fro m decodin g th e 
ey e movemen t  protoco l  wit h th e trace r  model .  Th e Viterb i 
decodin g algorith m use s dynami c programmin g t o decod e 
sequence s i n OiN^T )  time ,  wher e A ^  i s th e numbe r  o f  H M M 
state s an d T  i s th e lengt h o f  th e decode d sequenc e (se e 
Rabiner ,  1989) .  Fo r  S F S tracing ,  N  depend s cruciall y o n 
th e strategie s fwedicte d b y th e cognitiv e mode l—mor e 
strategie s wit h longe r  sequence s wil l  increas e th e siz e o f  th e 
trace r  mode l  an d thu s increas e N .  Th e lengt h o f  th e decode d 
sequenc e T  correspond s t o th e lengt h o f  th e ey e movemen t 
protoco l  bein g aniyzed . 

Centroid Submodel (CS) Tracing 

S FS tracing ,  a s w e wil l  soo n see ,  work s wel l  i n tracin g 
variou s ey e movemen t  protocols .  O n e proble m wit h S F S 
tracing ,  however ,  i s  it s speed :  th e numbe r  o f  possibl e state s 
i n th e trace r  mode l  an d th e potentia l  lengt h o f  th e poin t 
sequenc e ca n mak e S F S tracin g somewha t  slow .  Th e secon d 
tracin g algorithm ,  centroi d submode l  (CS )  tracing ,  alleviate s 
thi s proble m b y tracin g ey e movement s i n tw o stages :  first, 
i t  finds  th e centroid s o f  eac h fixatio n i n th e protocol ;  an d 
second ,  i t  generate s a  mode l  trac e b y mappin g th e fixatio n 
centroid s ont o th e model' s predicte d fixations .  Thoug h thi s 
two-stag e proces s i s faster ,  i t  ha s th e disadvantag e o f 
incurrin g a  los s o f  informatio n betwee n th e tw o stages : 
whil e th e S F S trace r  mode l  ca n influenc e wher e fixations  ar e 
identifie d an d t o whic h target s the y correspond ,  th e C S trace r 
model  ca n onl y influenc e t o whic h target s th e give n 
centroid s correspond .  W e wil l  discus s thi s tradeof f  furthe r  i n 
th e nex t  section . 

Th e first  ste p o f  C S tracin g involve s producin g a  sequenc e 
of  fixatio n centroid s fo r  th e give n protocol .  W e perfor m 
thi s tas k usin g a n H M M simila r  t o th e SFS-tracin g saccade -
fixatio n submodels ,  excep t  withou t  positiona l  x  an d y 
distributions .  Th e H M M,  show n i n Figur e 4 ,  ha s a  saccad e 
stat e an d a  fixatio n stat e a s before ,  bu t  th e tw o state s ar e 
linke d togethe r  t o for m a  circula r  pat h betwee n them .  Thus , 
thi s H M M model s repeate d saccade s an d fixations  aroun d th e 

saccad e \  0 5 / "  fixation 

Figur e 4 :  Centroi d decodin g H M M. 
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Figur e 5 :  Centroi d submode l  fo r  targe t  bd . 
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Figur e 6 :  Sampl e C S trace r  model . 

screen without making predictions about where these actions 
occur .  Th e parameter s show n i n Figur e 4  wor k wel l  fo r  ou r 
particula r  ey e movemen t  data ;  i n general ,  however ,  bot h 
observatio n an d transitio n probabilitie s ca n b e learne d usin g 
H MM paramete r  reestimatio n ove r  a  se t  o f  trainin g 
protocol s (se e Rabiner ,  1989) . 

Give n thi s H M M,  w e produc e th e desire d centroi d 
sequenc e a s follows .  First ,  w e creat e a  sequenc e o f  velocity -
onl y poin t  dat a b y removin g locatio n informatio n fro m th e 
ey e movemen t  tupl e data .  Next ,  w e decod e th e mos t  likel y 
stat e sequenc e throug h th e H M M.  Finally ,  w e tak e th e 
resultin g stat e sequence ,  remov e saccad e point s 
correspondin g t o th e first  state ,  an d collaps e fixation  point s 
correspondin g t o th e secon d state .  A s w e collaps e th e 
fixatio n points ,  w e calculat e th e centroi d o f  eac h fixation 
(usin g locatio n informatio n fro m th e origina l  poin t  data) , 
yieldin g th e desire d sequenc e o f  fixation  centroids. ' 

'  Ther e ar e variou s othe r  method s o f  separatin g fixation s an d 
saccades—fo r  instance ,  usin g a  stric t  velocit y cutof f  o r  movin g 
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Afte r  computin g fixatio n centroids ,  w e n o w generat e a 
model  trac e b y mappin g th e centroi d sequenc e ont o th e 
prediction s o f  th e model .  Th e proces s o f  finding a  mode l 
trac e i n C S tracin g i s identica l  t o tha t  i n S F S tracin g excep t 
fo r  th e submodel s used .  Instea d o f  saccade-fixatio n 
submodels ,  C S tracin g use s centroi d submodel s tha t  mode l 
th e distributio n o f  wher e centroid s ca n occu r  fo r  eac h targe t 
area .  Figur e 5  illustrate s on e possibl e submode l  fo r  th e W 
target ,  wit h th e mean s o f  th e j c an d y  distribution s ove r  th e 
cente r  o f  th e b d targe t  area .  T o accoun t  fo r  skippe d o r  extr a 
fixations ,  th e submode l  allow s th e stat e t o b e bypasse d o r 
repeated  wit h th e give n probabilities .  Onc e th e centroi d 
submodel s ar e constructed ,  w e procee d t o produc e a  trace r 
model  an d decod e th e mos t  likel y mode l  trac e a s before .  A 
sampl e trace r  mode l  wit h simpl e centroi d submodel s i s 
illustrate d i n Figur e 6 . 

Becaus e C S tracin g use s th e Viterb i  algorith m i n bot h 
stage s o f  analysis ,  th e complexit y o f  C S tracin g i s th e sam e 
as tha t  o f  S F S tracing ,  namel y 0{ I^T) .  I n practica l 
application ,  however ,  th e tw o stage s o f  C S tracin g ca n ru n 
much faste r  tha n S F S tracing .  I n th e first  stage ,  C S tracin g 
uses a  two-stat e H M M t o decod e fixation s an d fm d fixation 
centroids .  Althoug h T ,  th e lengt h o f  th e decod e sequence , 
may b e large ,  N  remain s small ,  namel y A ^  =  2 .  I n th e 
secon d stage ,  C S tracin g decode s centroid s usin g it s trace r 
model .  Here ,  N  m a y b e larg e (dependin g o n th e mode l 
strategies) ,  bu t  T  i s m u c h smalle r  tha n i n S F S tracing ,  sinc e 
/"represent s th e numbe r  o f  fixation  centroid s rathe r  tha n th e 
number  o f  dat a points .  Thus ,  bot h stage s o f  C S tracin g ca n 
operat e mor e efficientl y tha n th e on e stag e i n S F S tracing . 

Testing the Tracing Methods 

The SF S an d C S tracin g method s provid e a n automate d 
mechanis m fo r  mappin g ey e movement s t o thei r  underlyin g 
though t  processes .  Becaus e w e ca n neve r  b e sur e wha t  a 
perso n wa s thinkin g whil e executin g a  particula r  ey e 
movement  pattern ,  w e canno t  possibl y describ e th e 
"accuracy "  o f  thes e method s wit h absolut e certainty .  W e can , 
however ,  provid e stron g suppor t  fo r  th e method s i n tw o 
ways :  evaluatin g th e method s o n protocol s collecte d i n wha t 
we cal l  a n "instnicted-strategy "  paradigm ,  an d comparin g th e 
methods '  interpretation s o f  protocol s t o tha t  o f  huma n 
exper t  coders . 

The instructed-strateg y paradig m ha s subject s executin g a 
specifi c  strateg y whe n solvin g a  task .  Befor e startin g th e 
task ,  th e subjec t  i s  instructe d t o solv e th e tas k usin g a 
specifi c  strateg y tha t  describe s a  stric t  orde r  o f  accessin g 
informatio n an d computin g intermediat e results .  O f  course , 
we canno t  guarante e tha t  th e subjec t  perfecd y execute s th e 
give n strategy ,  bu t  w e m a k e i t  clea r  t o subject s tha t  the y ar e 
t o us e th e strateg y a s diligentl y a s possible .  Usin g thi s 
paradigm ,  w e ca n sho w suppor t  fo r  th e tracin g method s b y 
comparin g thei r  interpretation s t o th e subjects '  give n 
strategies ;  th e paradig m give s u s a  "correct "  interpretatio n 
wit h whic h w e ca n tes t  th e tracin g algorithms . 

Becaus e subject s m a y no t  execut e th e give n strategie s a s 
instructed ,  i t  i s  reasonabl e t o expec t  tha t  th e tracin g method s 

windows with a given dispersion. We use the two-state HMM 
metho d t o illustrat e similaritie s wit h SF S submodels . 

wil l  no t  interpre t  som e numbe r  o f  th e protocol s "correctly. " 
However ,  sinc e th e tracin g method s automat e a n analysi s 
tas k tha t  i s  typicall y performe d b y humans ,  ou r  primar y 

interes t  i s  t o k n o w h o w wel l  th e tracin g method s perfor m i n 
compariso n wit h h u m a n coders .  O u r  goa l  i s  t o hav e th e 
tracin g method s interpre t  protocol s a s wel l  a s o r  bette r  tha n 
human coders . 

Data Collection and Human Coding 

Usin g th e instructed-strateg y paradigm ,  w e collecte d 
protocol s fro m five  Carnegi e Mello n student s performin g 
th e equation-solvin g task .  Eac h subjec t  solve d 2 4 problem s 
per  sessio n fo r  five  sessions .  O n th e first  session ,  subject s 
wer e give n th e equation s wit h n o instructio n an d aske d t o 
solv e fo r  th e unknow n quantity .  O n eac h o f  th e fou r 
followin g sessions ,  subject s wer e give n a  singl e strateg y an d 
aske d t o execut e thi s strateg y a s faithfull y a s possibl e i n 
solvin g th e problems .  Th e fou r  strategie s give n t o subject s 
include d th e orde r  wit h whic h t o fixate  equatio n element s an d 
th e tim e a t  whic h t o comput e intermediat e results .  Th e 
fixation  orderings ,  representativ e o f  th e strategie s entaile d b y 
thes e orderings ,  were :  ieft-to-right ,  ( b a c b d a ) ;  paired-left -
to-right ,  ( b b d a c a) ;  right-to-left,  ( a b d a c b ) ;  an d paired -
right-to-left,  ( a a c b d b) .  D u e t o extrem e nois e i n th e 
protocols ,  dat a fro m on e subjec t  wer e omitte d fro m analysis . 

We gav e a  subse t  o f  th e collecte d protocol s t o h u m a n 
exper t  coder s t o compar e thei r  performanc e t o tha t  o f  th e 
tracin g methods .  Th e tes t  protocol s comprise d th e las t  tw o 
protocol s fro m eac h sessio n fo r  eac h o f  th e fou r  subject s (3 2 
protocol s i n all )  an d wer e give n t o th e coder s i n display s 
simila r  t o thos e i n Figur e 1 ,  wit h additiona l  informatio n 
describin g th e sequenc e o f  fixations.  Th e h u m a n coder s the n 
classifie d eac h protoco l  a s on e o f  th e fou r  give n strategies . 
Bot h huma n coder s ( a professo r  an d graduat e studen t  i n tiie 
cognitiv e sciences )  wer e highl y experience d i n examinin g 
suc h display s an d i n workin g wit h cognitiv e proces s models . 

Results 

We ra n bot h tracin g method s o n al l  th e protocol s an d ha d 
the m determin e whic h o f  th e fou r  give n strategie s bes t  fit 
eac h protocol .  W e first  compar e th e tracin g methods ' 
performanc e t o tha t  o f  h u m a n coder s o n th e 4 0 tes t 
protocols .  W e the n evaluat e th e tracin g method s ove r  th e 
entir e dat a se t  wit h respec t  t o th e give n instructe d strategies . 

Tabl e 1  show s th e percen t  agreemen t  betwee n th e 
classification s o f  th e tw o tracin g method s (SF S an d C S ) ,  th e 
classification s o f  th e tw o h u m a n coder s (HC l  an d H C 2 ) ,  an d 
th e give n strategie s fo r  al l  subjects .  Th e tracin g algorithm s 
sho w th e highes t  agreemen t  wit h th e give n strategie s (90.6 -
93 .7%) ,  whil e th e h u m a n coder s exhibi t  somewha t  lesse r 
agreemen t  (78.1-90.6%) .  Bot h huma n coder s sho w 
predominantl y equa l  o r  highe r  agreemen t  wit h th e tracin g 
method s (HC l -CS ,  81 .2% ;  H C 2 - C S ,  87.5% ;  H C 2 - S F S , 
90.6% )  tha n wit h eac h othe r  ( H C 1 - H C 2 ,  81 .2%) .  Also , 
whil e th e first  h u m a n code r  agree s mor e wit h C S tracin g 
tha n S F S tracing ,  th e secon d agree s mor e wit h S F S tracing . 
I n summary ,  performanc e fo r  th e tracin g method s i s almos t 
indistinguishabl e fro m h u m a n code r  performance . 
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Tabl e 1 :  Percen t  agreemen t  betwee n tracin g 
methods ,  huma n coders ,  an d give n strategies . 

c s 
SFS 
HCl 
HC2 

CS 
100. 0 

SFS 
96. 9 

100. 0 

HCl 
81. 2 
78. 1 

100. 0 

HC2 
87. 5 
90. 6 

81. 2 
100. 0 

Give n 

90. 6 

93. 7 
78. 1 
90. 6 

Tabl e 2 :  Averag e tim e t o cod e a  protocol ,  i n seconds . 

CS SFS HCl HC2 
0. 2 5. 8 67. 5 60. 0 

The abov e result s sho w th e similarit y betwee n tracin g 
metho d an d huma n code r  performanc e but ,  becaus e o f  th e 
smal l  siz e o f  th e tes t  set ,  the y sa y littl e abou t  ho w th e 
tracin g method s compar e t o eac h other .  T o answe r  thi s 

question ,  w e evaluate d eac h metho d ove r  th e entir e dat a se t 
fo r  th e secon d throug h fift h sessions .  Bot h tracin g method s 
performe d extremel y well ,  wit h SF S tracin g performin g 
onl y slightl y better :  SF S tracin g agree d wit h 93.8 % o f  th e 
give n strategies ,  whil e C S tracin g agree d wit h 91.3% .  Th e 
los s o f  informatio n i n C S tracin g betwee n it s tw o stages — 
namely ,  th e stric t  decisio n i n th e first  stag e a s t o wha t  i s a 
fixation—doe s no t  see m t o sacrific e performanc e 
significantly ;  tha t  is ,  decidin g t o whic h target s fixations 
correspon d i s mor e importan t  tha n decidin g wher e fixations 
occur . 

Whil e th e tracin g method s an d huma n coder s performe d 
similarl y i n tracin g th e tes t  protocols ,  th e tracin g method s 
complete d th e tas k significantl y faster .  Tabl e 2  show s th e 
averag e tim e i n second s neede d t o cod e on e protoco l  fo r  eac h 
tracin g metho d an d huma n coder ,  wher e tracin g metho d 
time s wer e collecte d o n a  20 0 M H z Powe r  Macintosh . 
Whil e th e huma n coder s require d approximatel y on e minut e 
per  protocol ,  th e tracin g method s performe d a t  leas t  a n otxle r 
of  magnitud e faster :  SF S tracin g code d th e protocol s 
approximatel y 1 0 time s faste r  an d C S tracin g code d the m 
approximatel y 30 0 time s faster . 

Conclusions and Future Work 

Overall ,  th e result s fo r  SF S an d C S tracin g o n th e equation -
solvin g protocol s ar e ver y encouraging .  Bot h tracin g 
method s ca n successfull y analyz e protocol s i n a  fractio n o f 
th e tim e neede d b y huma n exper t  coders .  Th e resultin g 
trace s an d evaluation s ca n b e use d b y researcher s t o explor e 
many aspect s o f  tas k behavior ,  includin g frequencie s o f 
strateg y use ,  meta-strategie s ove r  time ,  an d proces s mode l 
fits  t o data .  Th e tracin g methods '  spee d als o make s the m 
amenabl e t o real-tim e application s suc h a s intelligen t 
tutorin g system s an d eye-base d inpu t  devices . 

Thi s stud y onl y addresse s a  fe w o f  th e vas t  possibilitie s 
fo r  analyzin g ey e movement s wit h H M M s.  W e ar e no w 
investigatin g som e o f  thes e othe r  possibilities ,  including : 

•  creatin g mor e efficien t  H M Ms usin g mode l  strategie s 
wit h a  hierarchica l  subgoa l  structur e 

•  incorporatin g tim e informatio n suc h tha t  submodel s 
predic t  bot h fixation  duratio n an d locatio n 

•  optimizin g submode l  probabilitie s b y mean s o f  H M M 

paramete r  reestimatio n 

We als o pla n t o appl y thes e tracin g technique s t o differen t 

tas k domain s i n a n effor t  t o evaluat e thei r  usabilit y  a s 
general-purpos e sequentia l  dat a analysi s tools . 
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Abstrac t 

Two experiments are reported that investigated the influence 
of  linea r  spatia l  organizatio n o n transitiv e inferenc e 
performance .  RewardAio-rewar d relation s betwee n 
overlappin g pair s o f  element s wer e presente d i n a  contex t  o f 
linea r  spatia l  orde r  o r  rando m spatia l  order .  Participant s i n 
th e linea r  arrangemen t  conditio n showe d evidenc e fo r  visua l 
reasoning :  The y systematicall y mappe d spatia l  relation s t o 
conceptua l  relatio n an d use d th e spatia l  relation s t o mak e 
inference s o n a  reasonin g tas k i n a  ne w spatia l  context .  W e 
sugges t  tha t  linea r  orderin g ma y b e a  "goo d figure",  b y 
constitutin g a  parsinuxiiou s representatio n fo r  th e integratio n 
of  premises ,  a s wel l  a s fo r  th e inferencin g process .  T^ e lat e 
emergenc e o f  transitiv e inferenc e i n childre n ma y b e th e 
resul t  o f  limite d cognitiv e capacity ,  whic h - -  unles s a n 
extema l  spatia l  arra y i s  availabl e ~  constrain s th e 
constructio n o f  a n interna l  spatia l  array . 

Introduction 

Transitiv e inferenc e describe s on e o f  th e mos t  fiindamenta l 
processe s i n reasoning .  A  subjec t  first  learn s a  relationshi p 
betwee n tw o stimul i  a  an d b ,  oRb ,  the n a  relationshi p 
betwee n stimul i  b  an d c ,  b'Rc .  T h e combinatio n o f  thes e tw o 
premise s i n orde r  t o infe r  th e relationshi p betwee n a  an d c , 
oRc,  i s  calle d 'Transitiv e Inference "  (TI) .  Experimenta l 
investigation s o f  T I  ofte n us e verba l  three-ter m serie s 
problem s suc h a s "Bo b i s  talle r  tha n Mary " ,  "Mar y i s 
talle r  tha n Susan" ,  wit h th e conclusio n "Bo b i s talle r  tha n 
Susan" ,  OT  nonverba l  problem s suc h a s comparin g th e 
relativ e valu e o f  physica l  objects ,  fo r  instance ,  "Re d objec t 
i s  bigge r  tha n blu e object" ,  "Blu e object s i s bigge r  tha n 
yello w object" ,  an d th e conclusio n "Re d objec t  i s  bigge r 
tha n yello w object" .  Becaus e th e relatio n betwee n a  an d c 
has no t  bee n state d o r  observed ,  arrivin g a t  th e correc t 
answer  require s a  deductiv e proces s o f  som e sort . 

T wo popula r  explanation s o f  transitiv e inferenc e 
postulat e tha t  T I  i s  base d o n th e applicatio n o f  inferencin g 
infOTmatio n -  eithe r  linguisti c rule s cx '  menta l  models .  I n 
general ,  linguisti c theorie s o f  T I  (e.g. ,  Clark ,  1969 ) 
emphasiz e th e forma l  logica l  properties .  Fo r  instance , 
prqxxient s o f  menta l  logi c (e.g. ,  Braine ,  1978 )  clai m tha t 
deductiv e schemat a whic h ar e base d o n Ui e logica l  for m o f 
th e premise s accoun t  fo r  deductiv e processes .  I n thi s view . 

th e representation s underlyin g deductiai s ar e rule s whic h 
ar e specifi c  f w eac h logica l  connective .  Accurat e T I 
performanc e i s  take n a s evidenc e {o r  possessio n o f  th e 
principl e o f  transitivity ,  i.e .  tha t  i f  A > B an d B > C ,  the n 
A > C.  O n e proble m fo r  suc h rul e theorie s i s tha t  peopl e d o 
not  alway s follo w logica l  rule s cx '  alway s m a k e errors :  th e 
same incUvidua l  m a y sho w T I  i n on e circumstanc e an d no t 
another . 

Menta l  mode l  theorie s (e.g. ,  Johnson-Lair d &  Byrne , 
1993 )  addres s suc h variabilit y  i n reasonin g performanc e b y 
arguin g tha t  peopl e reaso n b y constructin g a  se t  o f  semanti c 
menta l  model s base d o n give n proble m information . 
Conclusion s ar e draw n b y askin g whether ,  give n thi s 
proble m information ,  a  certai n mode l  i s  possibl e o r  not . 
Becaus e thes e model s captur e essentia l  prc^rtie s o f  th e 
situation ,  the y ca n explai n th e variabl e performanc e tha t 
rul e theorie s d o not .  Critic s o f  menta l  mode l  theorie s 
conten d tha t  semanti c informatic m alon e i s inadequat e fo r 
specifyin g th e mode l  constructio n process ,  an d syntacti c o r 
structura l  informatio n mus t  als o b e considere d (Braine , 
1993) . 

A thir d possibilit y  i s  tha t  transitiv e inferenc e i s base d o n 
spatia l  model s ~  th e interna l  o r  extema l  constructio n o f 
ordere d spatia l  representatiai s whic h ar e structura l  analog s 
fo r  th e give n conceptua l  relation s (i.e. ,  DeSoto ,  Londo n & 
Handel ,  1965) .  T h e advantag e o f  spatia l  model s i s tha t  the y 
incorporat e semanti c an d structura l  information ,  an d 
specif y h o w model s ar e constructe d fo r  reasoning.  DeSot o 
et  al .  (1965 )  suggeste d tha t  peopl e m a p non-spatia l 
relation s betwee n object s ont o linea r  spatia l  representaticMi s 
by mean s o f  wha t  the y cal l  a  "spatia l  paralogic. "  Base d o n 
principle s o f  Gestal t  psychology ,  linea r  orderin g ca n b e 
viewe d a s constitutin g a  "goo d figure."  "Th e prototypi c 

exampl e o f  goo d arrangemen t  i s orde r  i n it s narro w sens e 
of  linea r  arrangemen t  (DeSot o e t  al. ,  1965 ,  p .  520 ,  italic s 
added). "  Similarly ,  Huttenloche r  (1968 )  propose s tha t 
when solvin g relationa l  problems ,  adult s manipulat e spatia l 
image s i n th e sam e w a y a s the y woul d manipulat e rea l 
objects .  Indeed ,  whe n participant s wer e face d wit h proble m 
situation s wher e arrangin g physica l  object s woul d hav e 
bee n difficult ,  arrangin g imagine d object s wa s difficult ,  too . 

T h e benefi t  o f  spatia l  mode l  theorie s i s tha t  inferencin g 
abou t  implici t  conceptua l  relation s i s  base d o n 
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correspondin g explici t  spatia l  relations ,  a  proces s know n a s 
visua l  reasonin g (Gatti s &  Holyoak ,  1996 ,  Gattis ,  1997) . 
For  instance ,  a  spatia l  mode l  containin g a  linea r  orde r  i n 
whic h A  i s t o th e lef t  o f  B  an d B  i s t o th e lef t  o f  C  als o 
explicitl y  represent s tha t  A  i s t o th e lef t  o f  C .  Thi s benefi t 
of  visua l  reasonin g is ,  however ,  dependen t  o n systemati c 
rule s fo r  mappin g concept s t o space ;  withou t  systemati c 
rule s fo r  mapping ,  visua l  reasonin g woul d involv e a  tim e 
an d resourc e consumin g proces s o f  searchin g fo r  th e 
apprc^riat e structura l  analog .  Researc h indicate s tha t 
despit e thei r  lac k o f  experienc e wit h graph s e x simila r 
rq)resentations ,  youn g childre n aske d t o reaso n abou t  rat e 
relation s wit h graph-lik e diagram s exhibi t  ver y simila r 
judgmen t  pattern s t o adults ,  an d furthermor e tha t  thes e 
judgmen t  pattern s ar e base d o n structura l  similaritie s 
betwee n conceptua l  an d spatia l  schemas ,  indicatin g tha t 
systemati c rule s fo r  mappin g conceptua l  an d spatia l 
schema s d o indee d constrai n visua l  reasonin g (Gatti s & 
Holyoak .  1996 ;  Gattis ,  1997) . 

T h e experiment s presente d her e investigate d whethe r 
simila r  constraint s o n mappin g conceptua l  relation s t o 
spatia l  relation s als o gover n reasonin g abou t  relation s 
betwee n element s ~  th e basi s o f  transitiv e inference .  W e 
hypothesize d tha t  becaus e a  linea r  spatia l  orde r  i s a 
structura l  analo g fc v a  se t  o f  ordere d relations ,  tha t  learnin g 
ordere d concqjtua l  relation s from a  spatia l  linea r 
organizatio n woul d lea d t o bette r  learnin g an d highe r  level s 
of  TI .  Whil e mos t  investigation s o f  spatia l  mappin g i n 
transitiv e inferenc e wit h human s hav e use d verba l  problem s 
suc h a s th e thre e ter m serie s proble m (Clark ,  1969 ;  DeSot o 
et  al. ,  1965 ;  Sternberg ,  1980 )  o r  hav e involve d learnin g 
verba l  label s fi x  value s o n physica l  dimension s (Bryan t  & 
Trabasso ,  1971) ,  w e employe d a n alt^nat e strategy ,  a 
mostl y non-vo-ba l  tas k inspire d b y studie s o f  swia l  orderin g 
an d transitiv e inferenc e i n non-huma n animals .  Ou r  reaso n 
fo r  choosin g a  mostl y non-verba l  tas k wa s t o avoi d 
introducin g linguisti c representation s o f  relation s containe d 
i n th e task ,  an d thu s t o tes t  th e usefulnes s o f  spatia l  model s 
i n a  T I  tas k wit h littl e o r  n o linguisti c structure .  W e di d thi s 
t o addres s Clark' s (1969 )  clai m tha t  linguisti c structure s 
alon e m a y explai n T I  perfcMmance .  Bot h experiment s 
introduce d a  reward/no-rewar d relatio n betwee n 
overlappin g pair s o f  element s t o youn g children .  Th e pair s 
wer e preseais d eithe r  i n a  contex t  tha t  include d spatia l 
structur e (linea r  wder )  o r  di d no t  ( a rando m order) ,  t o tes t 
whethe r  providin g childre n wit h a  linea r  spatia l 
rqn-esentatio n o f  ordCTe d conceptua l  relation s facilitate d 
pofcrmanc e o n a  subsequen t  tes t  o f  transitiv e inference . 

Thi s paradig m wa s base d o n previou s comparativ e 
studie s whic h indicat e tha t  non-huma n animal s ar e abl e t o 
us e know n relation s betwee n element s t o choos e betwee n 
tw o element s f w whic h th e relatio n i s no t  know n (Davis , 
1992 ;  Gillan .  1981 ;  McGonigl e &  Chalmers ,  1977 ;  Robert s 
& Phelps ,  1994) .  I n on e se t  o f  studies ,  Robert s an d Phelp s 
(1994 )  traine d rat s t o lear n th e sequenc e o f 
A > B > C > D > E >F b y associatin g relativ e value s t o olfactor y 
cues .  Stimul i  wer e presente d i n eithe r  a  linea r  o r  rando m 
spatia l  OTganization.  Eac h ra t  wa s presente d wit h tw o 
distinctl y scente d container s a t  a  time ,  onl y on e o f  whic h 
was rewarded .  Fo r  example ,  bo x A  wa s rewarde d (A+) ,  B 

was nonrewarde d (B-) .  i n th e nex t  tria l  B  wa s rewarde d 
(B+) ,  an d nonrewarde d (C-) ,  an d s o on .  Thi s wa s don e fo r 
al l  adjacen t  pair s o f  stimul i  A  throug h F .  I n on e condition , 
boxe s wer e presente d i n a  linea r  arrangement ,  tha t  is ,  tw o 
boxe s i n adjacen t  location s wer e presente d a t  a  tim e wit h 
eac h bo x bein g associate d wit h a  certai n positio n o n th e 
trainin g board .  I n th e othe r  condition ,  th e spatia l 
arrangemen t  wa s random ,  n o stimulu s coul d b e associate d 
wit h a  specifi c  location .  Robert s an d Phelp s (1994 )  foun d 
tha t  rat s tha t  learne d relation s from a  linea r  arrangemen t 
chos e B  mor e ofte n i n a  subsequen t  B D test ,  whil e rat s tha t 
learne d from a  rando m spatia l  arrangemen t  chos e B  an d D 
equall y ofte n o n a  B D test . 

Thes e an d othe r  result s indicatin g tha t  non-huma n 
animal s ca n perfor m T I  provid e a  shar p contras t  t o debate s 
i n developmenta l  psycholog y abou t  whethe r  youn g childre n 
ar e capabl e o f  TI .  Considerabl e researc h effor t  ha s 
addresse d th e questio n t o wha t  extent ,  an d a t  wha t  ag e 
childre n ar e abl e t o succee d o n T I  tasks .  Althoug h Piage t 
an d other s (e .  g. ,  Inheldra ^  &  Piaget ,  1958 )  assume d tha t 
onl y childre n aroun d 7- 8 year s an d olde r  perfo m correctl y 
on T I  tasks ,  younge r  childre n (Bryan t  &  Trabasso ,  1971; 
Rile y an d Trabasso ,  1974 )  hav e bee n reporte d t o sho w T I  i f 
give n extensiv e trainin g o n premis e pair s ovc t  multipl e 
days .  Bryan t  an d Trabass o (1971 )  demonstrate d tha t  wit h 
extensiv e trainin g o f  th e premises ,  an d testin g fo r  memor y 
of  th e premise s t o eliminat e th e possibilit y  o f  memory -
mediate d failures ,  childre n a s youn g a s 4. 5 year s 
performe d abov e chanc e o n a  subsequen t  T I  test .  Bryan t 
an d Trabass o conclude d tha t  failur e i n T I  task s ca n b e du e 
t o limitation s i n workin g memor y rathe r  tha n t o cognitiv e 
deficits . 

Give n thes e comparativ e an d developmenta l  results ,  w e 
reasone d tha t  th e lat e emergenc e o f  transitiv e inferenc e i n 
childre n m a y wel l  b e du e t o limite d processin g capacity , 
constrainin g no t  CMil y th e retentio n o f  learne d element s an d 
relations ,  bu t  als o constrainin g constructio n o f  a  spatia l 
representatio n base d o n mappin g learne d conceptua l 
relation s t o advantageousl y explici t  spatia l  relations . 

Experiment 1 

Experimen t  1  wa s simila r  t o Robert s an d Phelp s (1994 )  bu t 
differe d i n severa l  respects .  Instea d o f  olfecto y stimuli , 
container s i n differen t  color s wer e used ,  base d o n th e 
assumptio n tha t  f w humans ,  colo r  provide s a  bette r  identit y 
cu e tha n scent ,  an d sticker s rathe r  tha n foo d pellet s wer e 
use d a s rewards .  Becaus e pilo t  trainin g usin g si x stimul i 
showe d tha t  i t  wa s extremel y difficul t  f w th e childre n t o 
lear n al l  five  premise s t o a n acceptabl e criterion ,  onl y five 
stimul i  (A ,  B ,  C ,  D ,  E )  wer e used ,  an d thu s childre n wer e 
expose d t o fou r  reward/no-rewar d premis e pair s durin g 
learnin g (eac h adjacen t  pair) .  Lik e Robert s an d Phelps ,  w e 
use d a  compariso n o f  B  an d D  a s th e T I  tes t  pai r  followin g 
learning . 

Reinforcemen t  durin g testin g trial s als o differe d from 
Robert s an d Phelp s (1994) .  W h e n participant s mad e a 
mistake ,  the y wer e allowe d t o chec k i f  th e rewar d wa s i n 
th e othe r  container ,  bu t  the y wer e no t  give n th e reward .  W e 
use d thi s procedur e t o maintai n children' s motivatio n t o 
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lea m whic h elemen t  o f  a  pai r  containe d th e reward . 

Method 

Participants. The participants were 62 first graders (mean 
age:  6.9 ;  range :  6- 8 years )  recruite d fro m grad e school s i n 
Munich ,  Germany .  Hal f  o f  th e childre n wer e randoml y 
assigne d t o th e linea r  conditio n an d hal f  t o th e rando m 
condition .  I n th e linea r  condition ,  tw o childre n di d no t 
reac h criterion ,  i n th e rando m condition ,  1 3 childre n di d 
not  reac h criterion .  Afte r  excludin g th e dat a o f  childre n 
who di d no t  reac h criterion ,  th e dat a o f  4 7 childre n wer e 
analyzed . 

Apparatus, Procedure and Design. The experimenter 
brough t  eac h chil d individuall y t o th e experimenta l  roo m 
(Figur e 1) .  Fo r  th e trainin g procedure ,  a  1. 5 m lon g whit e 
boar d wit h five  blac k cardboar d "cups "  o n i t  wa s pu t  o n th e 
floOT.  T w o re d x' s o n th e floo r  o n tw o opposit e side s o f  th e 
boar d marke d th e point s from  whic h th e chil d wa s aske d t o 
star t  searching . 

Fiv e corrugate d cardboar d container s eac h 1 8 c m i n 
diamete r  i n red ,  yellow ,  blue ,  green ,  purpl e wit h lid s 
(diamete r  2 1 c m )  i n th e sam e coIck s wer e used .  Eac h li d 
had a  blac k plasti c handl e o n i t  an d coul d comfortabl y b e 
place d o n an d remove d from  th e container .  Fo r  eac h trial , 
tw o container s wer e place d ont o adjacen t  location s o n th e 
trainin g board ,  an d on e o f  thes e tw o containe d a  reward ,  a 
smal l  sticker .  Thus ,  tw o container s a t  a  tim e forme d th e 
followin g premises :  A + B- ,  B + C- ,  C + D- ,  D + E -  ("+ " 
means tha t  tha t  th e choic e wa s rewarde d wit h a  sticker ,  "- " 
means tha t  th e containe r  wa s empty) .  Th e chil d wa s 
instructe d tha t  a  sticke r  wa s insid e o f  on e o f  th e tw o 
containers ,  an d tha t  th e purpos e o f  th e gam e wa s t o loo k 
fo r  th e sticker .  I f  th e sticke r  wa s i n th e firs t  containe r 
opened ,  th e chil d coul d kee p it .  I f  i t  wa s not ,  th e chil d 
shoul d loo k i n th e othe r  containe r  t o find  th e sticker ,  bu t 
coul d no t  kee p it .  Liftin g u p th e lid s o f  bot h container s 
ensure d tha t  th e chil d sa w th e actua l  locatio n o f  th e sticke r 
on ever y trial . 

At  th e beginnin g o f  eac h trial ,  th e chil d wa s aske d t o 
stan d a t  on e en d o f  th e board ,  marke d wit h a  re d x .  Onc e 
th e chil d stoo d o n th e x ,  th e experimente r  signale d th e 
chil d t o begi n searching .  Th e sid e o f  th e boar d from  whic h 
searc h bega n wa s alternate d from  tria l  t o trial ,  t o encourag e 
an exocentri c spatia l  representatio n o f  th e experimenta l  set -
up an d t o preven t  childre n i n th e linea r  conditio n from 
usin g a  simpl e rul e suc h a s "Choos e th e objec t  o n th e lef t 
side. " 

The entir e procedur e consiste d o f  thre e phases :  initia l 
trainin g fo r  eac h o f  th e fou r  adjacen t  pair s (3 6 trials) ,  a 
criterio n phas e (betwee n 8  an d 2 4 trials) ,  an d finally  a  B D 
test .  Childre n i n bot h condition s first  learne d pai r  A+B- , 
the n B+C- ,  an d s o on ,  i n tha t  order .  Th e trainin g 
procedur e wa s adapte d from  th e metho d use d b y Gilla n 
(1981) .  I n th e first  trainin g bloc k th e chil d wa s expose d t o 
th e stimulu s pai r  A + B -  fou r  time s i n a  row .  I n th e secon d 
block ,  B + C -  wa s presente d fou r  times .  Th e thir d bloc k 
consiste d o f  presentin g bot h A + B -  an d B + C -  i n 

irregula r  OTder,  fou r  time s each ,  fo r  a  tota l  o f  8  trials .  Th e 
remainin g stimul i  pair s wer e introduce d i n th e sam e 
manner  b y first  presentin g a n individua l  pai r  fou r  time s 
eac h an d the n combinin g tha t  pai r  wit h previousl y 
presente d pair s i n a  rando m order .  A f t ^  3 6 trial s al l 
premise s ha d bee n introduce d an d th e criterio n phas e 
followed .  Th e criterio n wa s se t  t o b e thre e c(»Tec t  choice s 
out  o f  fou r  (rando m combinatio n o f  al l  th e fou r  premises ) 
twic e i n a  row ,  from  a  m i n i m u m o f  8  trial s an d a  m a x i m u m 
of  2 4 trials .  Altogeth a th e learnin g phas e (initia l  pai r 
trainin g plu s criterio n phase )  thu s consiste d o f  a  m i n i m u m 
of  4 4 trial s an d a  m a x i m u m o f  8 0 trials . 

I n th e linea r  arrangemen t  group ,  durin g th e trainin g 
phas e th e container s wer e place d i n a  linea r  spatia l 
sequence ,  fo r  example ,  A  wa s alway s place d o n positio n 1 
of  th e boar d (se e Figur e 1) ,  B  wa s alway s o n positio n 2 ,  etc . 
For  th e rando m arrangemen t  group ,  th e position s o f  th e 
container s change d randoml y betwee n trials ,  fo r  example , 
i n on e tria l  A  wa s o n positio n 4 ,  an d B  o n positio n 5 .  I n a 
differen t  trial ,  A  wa s o n positio n 3 ,  an d B  wa s o n 2 ,  etc . 
Thus ,  fO T th e rando m arrangemen t  group ,  n o positio n no r 
relativ e positio n coul d b e associate d wit h a  certai n color , 
nor  wit h rewar d ot  n o reward .  Fo r  th e BD-test ,  th e lon g 
boar d wa s remove d an d a  shm t  boar d (0.6 0 m )  wit h tw o 
blac k cup s wa s used .  Re d tap e wa s place d o n on e sid e o f  th e 
trainin g boar d t o indicat e th e poin t  from  w h ^ e th e chil d 
woul d star t  searchin g o n th e BD-tes t  (se e Figur e 2) . 

Th e B + D -  pai r  wa s the n place d o n th e tes t  board .  Th e 
positio n o f  B  an d D  wa s manipulated,  s o tha t  fo r  hal f  o f  th e 
childre n B  wa s o n th e doo r  side ,  wherea s fo r  th e othe r  hal f 
of  th e childre n B  wa s o n th e windo w sid e o f  th e boar d (se e 
Figur e 2) .  Thi s mean t  tha t  fo r  childre n i n th e linea r 
condition ,  th e alignmen t  o f  B D wa s eithe r  consisten t  wit h 
trainin g o r  reverse d from  training .  Thi s manipulatio n 
allowe d u s t o tes t  wheth w childre n use d spatia l  alignmen t 
as a n inferenc e cue .  The n th e chil d wa s aske d t o star t 
searchin g b y uncoverin g th e containers .  Th e BD-tes t  wa s 
administere d onc e pe r  child . 

Door  Sid e 

^ 
A B  C  D  E 

Windo w Sid e 

1 

© • @ © 0 X 

J 

Figur e 1 :  Experimenta l  set-u p fo r  trainin g period . 

^ 

B D 

X 

Figur e 2 :  Experimenta l  set-u p fo r  BD-tes t 
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Result s a n d Discussio n 

Tabl e 1  display s th e participants '  correc t  choice s o f  B  o n 
th e BD-test .  Althoug h bod i  group s performe d equall y wel l 
i n term s o f  th e tota l  percen t  o f  B  choice s ( 5 0 % fo r  th e 
linea r  arrangemen t  group ,  5 2 % fo r  th e rando m 

arrangemen t  group) ,  it' s  importan t  t o not e tha t 
performanc e o n th e B D tes t  strongl y interacte d wit h B D 
alignment .  B D alignmen t  wa s a  aucia l  facto r  i n tes t 
performance ,  bu t  onl y fo r  th e linea r  condition :  whe n th e 
orde r  o f  presentatio n o n th e tes t  wa s consisten t  wit h th e 
orde r  o f  presentatio n durin g th e trainin g period , 
participant s chos e B  9 2 % o f  th e time ,  compare d t o 8 % 
when di e orde r  o f  presentatio n wa s reversed ,  x  (1 .  A ^  =  24 ) 

= 13.50 ,  p  <.001 .  Withi n th e linea r  group ,  binomia l 
probabilitie s showe d tha t  performanc e i n th e consisten t 
grou p wa s significand y abov e chanc e ( p =  .003) ,  wherea s 
fo r  th e reverse d order ,  i t  wa s significand y belo w chanc e ( p 
= .999) . 

A separat e x *  wa s calculate d comparin g di e tw o tes t 
position s o f  B  fo r  th e rando m arrangemen t  group ,  and ,  a s 
expected ,  n o differenc e wa s found ,  x  (1 ,  A ^  =  23 )  =  1.07 ,  p 
> .2 .  Obviously ,  fo r  thi s group ,  varyin g th e alignmen t  o f  th e 
tes t  pai r  wa s no t  a  meaningfu l  factor . 

Table 1: Number of CMrect choices on the BD-test. 

B D alignmen t  o n tes t 
compare d t o alignmen t 
on trainin g 

Arrangemen t  conditio n 

Consisten t 

Reverse d 

tota l 

Linea r 

11* 

1* 

12 

R a n d o m 

8' 

4" 

12 

Note :  •  numbe r  o f  correc t  choice s ou t  o f  1 2 trials . 
"  numbe r  o f  correc t  choice s ou t  o f  1 1 trials . 

Experiment 1 showed diat providing children with a 
linea r  organizatio n o f  reward/no-rewar d relation s indee d 
facilitate d performanc e o n a  subsequen t  tes t  o f  a  non -
traine d pai r  -  a s loi g a s th e spatia l  relaticMi s presen t  durin g 
trainin g wer e maintaine d durin g test .  Children  w h o ha d 
bee n presente d reward/no-rewar d pair s i n a  linea r 
organizatio n clearl y use d tha t  organizatio n a s di e basi s o f 
thei r  choic e o n th e B D test .  W h e n B D alignmen t  wa s 
consisten t  wit h training ,  childre n i n th e linea r  conditio n 

chos e B ,  an d whe n B D alignmen t  wa s reverse d from 
training ,  childre n i n th e linea r  conditio n chos e D ,  Uiu s 
demonso^tin g thei r  capabilit y  t o abstrac t  an d utiliz e a 
spatia l  cu e a s th e basi s o f  transitiv e choice ,  eve n from  a n 
extremel y shor t  trainin g paiod .  I n contrast ,  di e B D 
choice s o f  childre n w h o ha d bee n presente d reward/no -
rewar d pair s i n a  rando m organizatio n wer e no t  affecte d b y 
spatia l  positicM i  a t  test . 

Whil e verifyin g th e utilit y  o f  spatia l  organizatio n fo r 
transitiv e choice ,  thes e result s als o demonsQ-at e dia t  th e 
spatia l  cu e influence d children' s choice s mor e strcMigl y 

tha n an y odie r  cue ,  includin g th e identit y cu e o f  colcH* .  I n 

dii s  experiment ,  children' s overridin g us e o f  di e spatia l  cu e 
was resourceful :  fo r  childre n i n th e linea r  condition ,  spatia l 
organizatio n wa s a  1 0 0 % predicto r  o f  rewar d durin g 
trainin g -  th e rewarde d ite m wa s alway s di e ite m close r  t o 
th e doo r  (se e Figur e 1 )  -  wherea s colo r  wa s a  5 0 % 
predictor .  Mos t  o f  di e time,  successfu l  T I  performanc e 
require s di e utilizatio n o f  bod i  a n identit y cu e (i n dii s  cas e 
colcx- )  an d relationa l  cue s (i n dii s  cas e linea r  o-ganizatio n 
as wel l  reward/no-reward) .  W e wondere d whethe r  childre n 
i n di e linea r  conditio n wer e als o learnin g identit y 
information ,  bu t  reveale d onl y knowledg e o f  th e spatia l 
relationa l  cu e becaus e tha t  cu e wa s stil l  presen t  a t  test . 

For  dii s  reason ,  a  secon d experimen t  wa s conducte d t o 
dissociat e di e spatia l  organizatio n o f  learnin g from  di e 
spatia l  organizatio n o f  testing .  I n Experimen t  2  i t  becam e 
crucia l  fo r  participant s t o recal l  an d integrat e di e premise s 
from  di e learnin g set ,  sinc e mappin g o n a n externa l  spatia l 

arra y wa s no t  possible . 

Experiment 2 

Althoug h Experimen t  1  demonstrate d tha t  childre n wh o 
learne d relation s i n a  linea r  organizatio n di d us e th e spatia l 
cu e o f  relativ e positio n t o mak e a  choic e abou t  a  non -
expose d pair ,  i t  di d no t  demonstrat e dia t  dios e childre n ha d 
successfull y learne d th e identitie s o f  di e individua l 
element s (coIot )  o r  coul d us e dia t  knowledg e o n di e B D -
test .  I n Experimen t  2 ,  w e trie d t o maximiz e di e us e o f  th e 
colo r  cu e i n th e tes t  phas e b y eliminatin g di e spatia l  cu e 
provide d i n di e trainin g trials .  A  ne w T I  tes t  wa s create d 
by usin g 8  ver y smal l  envelope s i n th e color s o f  th e B D 
pair ,  fou r  o f  eac h color .  Durin g di e B D test ,  th e envel(̂ )e s 
wer e shake n i n a  clea r  plasti c bowl ,  s o i t  wa s obviou s t o th e 
chil d tha t  th e locatio n o f  di e stimul i  wa s completel y 
arbitrary . 

As i n th e first  experiment ,  w e hypothesize d tha t  childre n 
w ho ha d learne d reward/no-rewar d pair s i n a  linea r 
arrangemen t  conditicx i  shoul d b e mor e successfu l  a t 
learnin g pair s an d mor e successfu l  o n th e B D tes t  dia n 
childre n w h o learne d reward/no-rewar d pair s i n a  rando m 
arrangement . 

Method 

Participants. 81 first graders (mean age: 7.10, range: 6-9 
years )  recruite d from  grad e school s i n Munich ,  Germany , 
serve d a s participants .  Hal f  o f  th e childre n wer e randoml y 
assigne d t o th e linea r  conditio n an d hal f  t o th e rando m 
condition .  I n di e linea r  condition ,  9  childre n di d no t  reac h 

criterion ,  i n th e rando m condition ,  2 8 childre n di d no t 
reac h criterion . 

Apparatus, Procedure and Design. The apparatus for die 
trainin g procedur e i n dii s  experimen t  wa s identica l  t o th e 
on e use d fo r  Experimen t  1 .  Th e procedur e o f  Experimen t  2 
was nearl y identica l  t o tha t  o f  Experimen t  1  wit h thre e 
exceptions .  A n equa l  numbe r  o f  criterio n trials ,  onl y 8 , 
wer e give n t o al l  childre n followin g th e initia l  3 6 trial s i n 
whic h relation s betwee n adjacen t  pair s o f  A - E wer e 
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introduced .  Learnin g thu s consiste d o f  4 4 trial s (1 1 trial s 
fo r  eac h relation )  fcx -  al l  childre n i n bot h conditions .  I n 
addition ,  al l  childre n wer e give n th e B D tes t  regardles s o f 
perfcxmanc e o n th e 8  criterio n trials .  Finally ,  th e B D tes t 
was change d t o a  tes t  i n whic h n o spatia l  cue s wer e 
availabl e durin g testing . 

The B D tes t  di d no t  involv e th e boar d no r  th e container s 
used i n th e trainin g phase .  Instead ,  th e experimente r  pu t  8 
smal l  seale d envelope s i n th e color s o f  th e B D pai r  int o a 
clea r  plasti c bow l  an d move d the m around .  Th e chil d wa s 
tol d tha t  som e o f  th e envelope s containe d stickers ,  an d wa s 
aske d t o choos e fou r  o f  th e envelopes . 

Results and Discussion 

Learning .  Childre n i n th e linea r  conditio n wer e 
significantl y mor e likel y t o maste r  criteriw i  (thre e correc t 
choice s ou t  o f  fou r  trials ,  twic e i n a  row) ,  x ^  (1 ,  N  =  81 ) 
=26.87 ,  p  <  .001 .  I n th e linea r  arrangemen t  group ,  80.43 % 
reache d criterion ,  compare d t o 20.00 % i n th e rando m 
arrangemen t  group . 
B D Test .  Tabl e 2  show s th e frequencie s o f  response s o n th e 
BD-tes t  fo r  al l  children ,  regardles s o f  criterion .  Bot h group s 
sho w abou t  th e sam e proportio n o f  chanc e response s (.6 1 fo r 
th e linea r  anangemen t  group ,  ,6 0 f w th e rando m 
anangemen t  group) ,  an d therefore ,  th e res t  o f  ou r  analyse s 
concentrat e o n difference s i n unequa l  B  an d D  responses . 
Based o n binomia l  probabilities ,  th e linea r  arrangemen t 
grou p show s a  significantl y highe r  proportio n o f  thre e o r 
more B  response s ( p =  .004) ,  compare d t o a  non-significan t 
propffltio n fo r  th e rando m arrangemen t  grou p ( p =  .090) . 
Furthermore ,  th e tw o group s differe d significantl y i n th e 
prqwrtion s o f  peopl e w h o ha d thre e o r  mor e B  choices , 
dependin g o n whethe r  trainin g performanc e wa s abov e o r 
belo w criterion ,  z ( N =  25 )  =  2.96 ,  p  =  .00 3 (se e Tabl e 3) . 

Table 2: Number of responses on BD-test 

Arrangement condition 

Tabl e 3 :  Numbe r  o f  participant s wit h thre e ot  m w e correc t 
choice s 

Linea r R a n d o m 

M o r e B 

Equal  B/ D 

M o r e D 

tota l 

15 

28 

3 

46 

10 

21 

4 

35 

Training ? leve l Arrangemen t  conditio n 

Linear Random 

Abov e criterio n 

Belo w criterio n 

tota l 

12 

3 

15 

2 

8 

10 

T h e result s sugges t  tha t  th e tw o differen t  way s o f  presentin g 
th e premises ,  linea r  vs .  rando m arrangement ,  lea d t o 
differen t  performanc e i n learnin g th e premise s a s wel l  a s i n 
succeedin g o n th e T I  test .  Withou t  separatin g ou t 
participant s i n term s o f  reache d criterion ,  participant s i n th e 
linea r  arrangemen t  conditio n chos e consistentl y mor e ofte n 
th e corec t  stimulus .  Althoug h participant s i n th e rando m 
arrangemen t  conditio n als o chos e somewha t  mor e ofte n B 
ove r  D ,  whe n factorin g i n learnin g o f  th e premise s t o 
criterion ,  th e result s ar e eve n mor e clearl y i n fav w o f  ou r 
hypothesis .  Ou t  o f  al l  subject s i n th e rando m arrangemen t 
grou p w h o performe d abov e chanc e o n th e BD-test ,  onl y a 
fe w (20.0 0 % )  ha d mastere d th e criterio n i n th e trainin g 
trials .  Th e opposit e wa s th e cas e fo r  th e linea r  arrangemen t 
group :  Mos t  o f  th e childre n (80.0 0 % )  w h o ha d performe d 
up t o criterio n als o perfwme d abov e chanc e o n th e T I  test .  I n 
othe r  words ,  arrangemen t  o f  premise s durin g trainin g 
mediate d learning ,  a s wel l  a s retrieva l  o f  th e premises . 

As wit h Experimen t  1 ,  th e result s o f  Experimen t  2 
demonstrat e tha t  learnin g pairwis e relation s from a  linea r 
organizatio n indee d facilitate d performanc e o n a 
subsequen t  tes t  o f  a  non-traine d pair .  Furthermore ,  wherea s 
tes t  performanc e i n Experimen t  1  depende d o n maintainin g 
durin g tes t  th e spatia l  relation s presen t  durin g training ,  i n 
Experimen t  2 ,  th e benefi t  o f  learnin g pair s wit h a  spatia l 
organizatio n wa s demonstrate d i n a  ne w spatia l  context . 
Th e mor e frequent B  choice s mad e b y childre n i n th e linea r 
conditio n indicat e tha t  whe n give n th e B D test ,  childre n 
recalle d th e linea r  arra y acquire d durin g trainin g an d use d 
th e relationshi p o f  B D i n tha t  memoria l  arra y a s th e basi s 
of  thei r  choic e o n th e B D test . 

Altogether ,  b y eliminatin g spatia l  cue s durin g th e T I  tes t 
trials .  Experimen t  2  suppwt s th e hypothesi s tha t  whe n 
usin g explici t  spatia l  codin g strategie s i n orde r  t o integrat e 
premis e information ,  th e resultin g spatia l  representatic m 
als o facilitate s inference s i n a  non-spatia l  context . 

General Discussion 

Th e result s o f  th e tw o experiment s presente d i n thi s pape r 
strongl y suppor t  th e hypothesi s tha t  providin g childre n 
wit h linea r  spatia l  structur e facilitate s th e proces s o f 
mappin g conceptua l  relation s ont o spatia l  relations ,  an d 
thus ,  facilitate s visua l  reasoning . 

Childre n utilize d spac e t o represen t  relationa l 
information ,  a s wel l  a s identit y informatio n o f  give n 
elements .  I n ou r  example ,  th e spatia l  arrangemen t  helpe d 
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encodin g th e linea r  wganization ,  a s wel l  a s th e colo r  cu e o f 
th e premises .  However ,  th e tw o component s o f  th e spatia l 
representatio n wer e no t  equall y powerful :  A s show n i n th e 
first  experiment ,  whe n presen t  i n bot h learnin g an d 
recallin g o f  th e premises ,  th e spatia l  cu e o f  th e linea r 
organizatio n dominate d ove r  othe r  aspects ,  suc h a s color , 
of  th e premises . 

DeSot o e t  al .  (1965 )  ha d suggeste d tha t  a  linea r  orde r  i s a 
"goo d figure",  an d ou r  result s corrobwat e thi s view .  Th e 
linea r  arrangemen t  i s th e mos t  parsimoniou s representatio n 
fo r  overlappin g ordere d relation s i n tw o respects :  First , 
when integratin g premises ,  th e shortes t  possibl e lin e 
connectin g tw o ( x mor e element s i s alway s a  straigh t  line . 
Second ,  whe n makin g inference s abou t  th e premises ,  n o 
additi(Mia l  model s hav e t o b e created :  Th e conclusio n ca n 
simpl y b e "rea d off "  on e spatia l  mode l  whic h contain s al l 
necessar y information ,  simila r  t o th e mode l  theor y 
prqxKse d b y Glenber g an d Langsto n (1992) .  Thu s i t  seem s 
ver y likel y tha t  on e o f  th e systemati c rule s o f  mappin g 

concept s ont o spac e i s tha t  a  linea r  arra y i s bein g preferre d 
over  othe r  arrangemen t  o f  elements .  I n addition ,  linea r 
arrangemen t  ma y provid e th e mos t  essentia l  informatio n 
when makin g inferences ,  a s foun d i n th e first  experiment . 

I f  readin g of f  th e conclusio n f w a  T I  proble m b y mean s 
of  a  spatia l  structur e i s suc h a n effortles s proces s a s w e 
sugges t  here ,  wh y d o youn g childre n ofte n no t  succee d i n 
doin g so ,  wherea s eve n animal s see m t o b e abl e t o mak e 
transitiv e inferences ? Th e proble m seem s no t  t o li e withi n 
th e inferenc e process ,  bu t  i n constructin g a  linea r 
rq}resentatio n i n th e first  place .  Youn g children' s limite d 
cognitiv e capacit y ma y constrai n recal l  o f  th e relation s 
among premises ,  a s wel l  a s th e constructio n o f  spatia l 
models ,  an d th e tw o ma y wel l  b e causall y related :  perhap s 
childre n canno t  remembe r  multipl e premise s becaus e the y 
ar e no t  ye t  abl e t o construc t  a  linea r  spatia l  representation . 
Providin g childre n wit h a n externa l  spatia l  organizatio n 
shoul d therefcr e circumven t  th e difficultie s i n constructin g 
an interna l  model ,  an d tha t  i s precisel y wha t  w e foun d i n 
tw o experiments .  Remarkably ,  onc e a n interna l  spatia l 
representatio n ha s bee n constructed ,  i t  need s no t  b e presen t 
durin g th e T I  tes t  phase ,  sinc e th e childre n i n ou r  secon d 
experimen t  wer e successfu l  o n a  T I  tas k i n a  ne w spatia l 
cmtext .  Ou r  explanatio n fa -  th e lat e emergenc e o f 
transitiv e info-enc e i s als o consisten t  wit h computationa l 
model s o f  reasonin g whic h sugges t  tha t  a n importan t 
constrain t  o n reasonin g i s computationa l  capacity ,  no t 
simpl y f w rememberin g relations ,  bu t  mor e importantl y fo r 
combinin g relatiwi s (Hummel  &  Holyoak ,  1997) .  Th e sam e 
explanatio i  f( x successfu l  T I  performanc e ma y hol d fo r 
RdjCTt s an d Phelp s (1994 )  an d othe r  comparativ e studies : 
Presentin g a n externa l  spatia l  representatio n facilitate s th e 
constructio n an d utilizatio n o f  a n interna l  spatia l  model . 
Give a ou r  results ,  a  common codin g strateg y fo r  bot h 
humans an d animal s i s indee d ver y conceivable ,  an d mos t 
likely ,  thi s strateg y i s base d o n spatia l  models . 
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Abstrac t 

This paper derives a number of logically necessary principles 
tha t  gover n cognitiv e functioning ,  an d review s empirica l 
evidenc e supportin g th e validit y o f  thes e principles .  I t  advance s 
an argumen t  i n whic h menta l  representation s ar e conceive d a s 
indexica l  signs ,  i n tha t  the y ar e causall y relate d t o th e object s 
the y represent .  Thi s indexicalit y give s rise  t o fou r  genera l 
principle s o f  cognitiv e functioning .  First ,  menta l  activit y i s 
strongl y influence d b y tha t  whic h i s  present .  Second ,  menta l 
activit y exhibit s relativ e insensitivit y t o absence .  Third ,  mind s 
exhibi t  difficult y representin g negation ,  becaus e representin g 
negatio n entail s representin g th e absenc e o f  tha t  whic h i s 
negated .  Fourth ,  thinkin g i s believing ,  i n tha t  representin g a 
propositio n implicitl y  entail s acceptin g th e trut h o f  th e 
proposition . 

T h e o r y 

Scientific theories delineate the boundaries of the possible. 
They identif y wha t  ca n an d ca n no t  occu r  i n thi s particula r 
univers e an d the y explai n w h y certai n phenomen a ar e 
impossible .  I n Physics ,  fo r  example ,  th e secon d la w o f 
thermodynamic s hold s tha t  entrop y ca n no t  decreas e i n a 
close d system .  This ,  i n turn ,  explain s w h y a  perpetua l 
motio n machin e ca n no t  exist .  I n Biology ,  th e theor y o f 
evolutio n b y natura l  selectio n hold s tha t  trait s tha t  solel y 
benefi t  th e reproductio n o f  othe r  individuals '  gene s wil l  no t 
proliferat e withi n a  population .  This ,  i n turn ,  explain s w h y 
altruis m i s  rar e i n nature .  Cognitiv e scientists ,  however , 
see m thu s fa r  t o hav e identifie d few ,  i f  any ,  necessar y 
constraint s upo n wha t  typ e o f  menta l  phenomen a ar e 
possible .  I  therefor e undertoo k th e followin g researc h wit h 
tw o goal s i n mind :  First ,  t o identif y logicall y necessar y 
principle s tha t  gover n cognitiv e functioning. ;  and ,  second ,  t o 
use thes e principle s t o integrat e divers e empirica l  findings 
int o a  coheren t  conceptua l  framework . 

My approac h i s  semiotic ,  i n tha t  I  trea t  menta l 
representation s a s signs ,  thing s i n th e nervou s syste m tha t 
stan d fo r  o r  signif y thing s outsid e o f  th e nervou s system . 
Mor e technically ,  th e America n philosophe r  C .  S .  Peirc e 
define d a  sig n a s a n entit y tha t  represent s som e objec t  t o 
some interpreter .  Peirc e (1966 )  distinguishe d thre e broa d 

categorie s o f  signs :  symbols ,  icons ,  an d indices .  A  symbo l 
bear s a  purel y arbitrar y an d conventiona l  relationshi p t o tha t 
whic h i t  signifies .  Al l  non-onomatopoeti c word s i n a  h u m a n 
languag e (bot h spoke n an d written )  ar e symbols . 

A n ico n bear s a  physica l  resemblanc e t o tha t  whic h i t 

signifies .  A  portrai t  i s  a n ico n o f  th e perso n w h o pose d fo r  it , 
as i s a  pictograp h o f  it s  referent . 

A n inde x signifie s it s objec t  b y virtu e o f  bein g physicall y 
connecte d t o it ,  o r  b y havin g a  cause-and-effec t  relationshi p 
t o tha t  object ,  suc h tha t  th e inde x i s th e effec t  an d th e objec t 
th e cause .  Th e followin g example s o f  indice s m a y hel p t o 
clarif y th e concept : 

A thermomete r  indicate s temperature ,  becaus e th e ambien t 
heat  cause s th e mercur y t o ris e i n th e tube .  A  weathervan e 
indicate s win d direction ,  becaus e th e win d cause s th e van e 
t o poin t  i n a  certai n direction .  S m o k e indicate s fire ,  becaus e 
th e fire  cause s th e smoke .  A  feve r  indicate s illness ,  becaus e 
th e infectio n cause s th e i m m u n e syste m t o rais e bod y 
temperature . 

Th e physica l  connectio n betwee n a n inde x an d it s objec t 
give s ris e t o thre e propertie s no t  share d b y othe r  type s o f 
signs :  First ,  a n inde x signifie s presence ;  second ,  a n inde x 
ca n no t  signif y absence ;  third ,  a n inde x i s  veridical ;  i t  ca n 
not  li e (thoug h i t  ca n b e misinterpreted) . 

I f  menta l  representation s ar e signs ,  wha t  typ e o f  sig n ar e 
they ? Th e questio n i s b y n o mean s trivial .  Symbols ,  icons , 
and indice s diffe r  fro m on e anothe r  i n importan t  ways , 
particularl y concernin g th e degre e t o whic h the y ar e 
constraine d b y th e object s the y signify .  O f  th e thre e classe s 
of  signs ,  a  symbo l  i s th e leas t  constraine d b y it s object ,  fo r  a 
symbol  ca n signif y whateve r  th e peopl e usin g i t  choos e i t  t o 
represent .  B y contrast ,  a n inde x i s th e mos t  constraine d o f 
th e three ,  fo r  th e relationshi p betwee n a n inde x an d it s objec t 
i s no t  a  matte r  o f  socia l  convention ,  bu t  o f  th e invarian t 
propertie s o f  matte r  encode d i n th e law s o f  physic s an d 
chemistr y o r  i n th e anatom y an d physiolog y characteristi c o f 
a give n species .  Conceptualizin g menta l  representation s a s 
one typ e o f  sig n rathe r  tha n a s another ,  therefore ,  wil l 
influenc e ou r  model s o f  min d i n importan t  ways . 

T o answe r  th e question ,  conside r  first  perceptua l 
representations .  Accordin g t o Jame s (1892) ,  perceptio n i s 
"th e consciousnes s o f  particula r  materia l  thing s presen t  t o 
sense "  (p .  179) .  Gregor y (1987 )  ha s writte n tha t  perceptio n 
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give s u s "knowledg e o f  th e cause s o r  source s o f  sensations " 

(p .  600) .  Finally ,  a  natura l  scienc e perspectiv e entail s th e 

assumptio n tha i  th e perceivin g min d i s physicall y connecte d 

t o th e phenomen a i t  perceive s vi a mechanism s o f  energ y 

transduction . 

Perceptua l  representation s thu s appea r  t o exhibi t  a  numbe r 
of  indexica l  properties .  First ,  ou r  perception s indicat e t o u s 

th e presenc e o f  tha t  whic h w e perceive .  Second ,  ou r 

perception s d o not ,  an d ca n not ,  indicat e t o u s th e absenc e o f 

tha t  whic h w e perceive .  Finally ,  seein g (o r  hearin g o r 
smellin g o r  touching )  i s believing .  Althoug h w e ca n an d d o 
er r  i n ou r  perceptions ,  b y misinterpretin g th e evidenc e o f  ou r 

senses ,  i n genera l  w e d o no t  questio n th e validit y o f  ou r 
perceptions .  W e implicitl y  tak e ou r  perception s t o b e tru e 

indication s o f  th e stat e o f  th e worl d o r  o f  ou r  o w n bodies . 
I  therefor e propos e a s th e first  premis e o f  m y argumen t 

tha t  perceptio n i s a n indexica l  for m o f  representation .  A s m y 

secon d premise ,  I  propos e tha t  th e propertie s o f  perceptio n 
ar e th e propertie s o f  cognitiv e functionin g i n general .  Thi s 
latte r  premise ,  expounde d man y year s ag o b y psychologist s 

of  th e Gestal t  school ,  finds  suppor t  i n th e wor k o f  scientist s 
suc h a s Heb b (1980) ,  Brune r  (1973) ,  an d Shepar d (1981) . 

Take n together ,  th e tw o premise s sugges t  tha t  indexica l 
propertie s shoul d characteriz e al l  form s o f  cognitiv e 
functioning .  A  somewha t  weaker ,  bu t  mor e tenabl e 
conclusio n i s tha t  indexica l  propertie s shoul d constrai n al l 
form s o f  cognitiv e functioning .  Fou r  genera l  principle s 
follo w fro m thi s conclusion .  First ,  menta l  activit y wil l  b e 
strongl y influence d b y tha t  whic h i s present .  Second ,  menta l 
activit y wil l  exhibi t  relativ e insensitivit y t o absence .  Third , 
mind s wil l  exhibi t  difficult y representin g negation ,  becaus e 
representin g negatio n entail s representin g th e absenc e o f  tha t 
whic h i s negated .  Fourth ,  thinkin g i s believing ,  b y whic h I 
mean tha t  representin g a  propositio n implicitl y  entail s 
acceptin g th e trut h o f  th e proposition . 

O ne ca n evaluat e th e meri t  o f  th e precedin g argumen t  i n 
tw o ways .  First ,  on e ca n evaluat e i t  i n term s o f  it s  logica l 
coherence .  I t  seem s coheren t  t o m e ,  bu t  other s mor e skille d 
i n thi s typ e o f  analysi s ma y b e abl e t o find  faul t  wit h m y 
reasoning .  Second ,  on e ca n trea t  th e genera l  principle s 
derive d fro m th e premise s a s empirica l  predictions ,  an d 
determin e whethe r  minds ,  huma n o r  otherwise ,  do ,  i n fact , 
behav e a s th e theor y suggest s the y should . 

D a t a 

The conceptual framework developed in the preceding 
sectio n thu s propose s tha t  perceptio n i n particular ,  an d 
menta l  representatio n i n general ,  function s a s a n indicatio n 
of  th e world .  A s such ,  menta l  processe s ar e concerne d 
primaril y wit h ascertainin g wha t  i s presen t  i n o r  tru e o f  th e 
organism' s environmen t  (including ,  fo r  thos e wit h mor e 
comple x nervou s systems ,  wha t  wil l  b e presen t  o r  tru e i n th e 
near  o r  not-so-nea r  future) .  Thoug h huma n mind s can ,  wit h 
some effort ,  detec t  absenc e o r  conceiv e proposition s a s 

bein g false ,  th e abilit y  t o d o s o i s relativel y wea k (an d 

perhap s fragile )  compare d t o th e eas e wit h whic h w e detec t 
presenc e an d implicitl y  believ e whateve r  informatio n come s 

t o mind . 

I n th e are a o f  detection ,  fo r  example ,  psychophysicist s 

hav e foun d tha t  peopl e detec t  th e appearanc e (onset )  o f  a 
visua l  (Bartlet t  e l  al. ,  1968) ,  auditor y (Zer a an d Green , 

1993) ,  o r  tactil e (Stich t  an d Gibson ,  1967 )  stimulu s mor e 

readil y tha n the y detec t  th e disappearanc e (offset )  o f  th e 
stimulus .  I n visua l  searc h tasks ,  moreover ,  peopl e mor e 
quickl y detec t  th e presenc e o f  a  targe t  featur e amon g a  field 
of  distracter s tha t  lac k i t  ( Q amon g Os )  tha n th e absenc e o f  a 

targe t  featur e amon g a  field  o f  distracter s tha t  hav e i t  ( 0 

among Qs )  (Hearst ,  1991) . 
Finally ,  Fischoff ,  Slovic ,  an d Lichtenstei n (1978 ) 

presente d subject s wit h variou s version s o f  a  diagra m 
describin g way s i n whic h a  ca r  migh t  fai l  t o start .  Thes e 

version s differe d i n h o w muc h o f  th e ful l  diagra m ha d bee n 
deleted .  W h e n aske d t o estimat e th e degre e o f  completenes s 
of  thes e diagrams ,  th e subject s wer e ver y insensitiv e t o th e 
missin g parts .  Eve n th e omissio n o f  major ,  commonly -

know n component s (e.g. ,  th e ignitio n an d fue l  systems )  wer e 
barel y detected . 

Withou t  detectio n ther e ca n b e n o learning ,  an d s o i t  doe s 
not  surpris e tha t  animals ,  includin g humans ,  lear n 
contingencie s involvin g presenc e mor e readil y tha n the y 

lear n thos e involvin g absence .  Fo r  example ,  gigeon s an d 
many othe r  specie s discriminat e muc h bette r  betwee n tw o 
stimul i  i n feature-positiv e situation s (i n whic h th e presenc e 
of  somethin g signal s a  reward )  tha n i n feature-negativ e 
situation s (i n whic h th e absenc e o f  a  featur e signal s a 
reward )  (Hearst ,  1991) .  I n addition ,  Nisbet t  an d Ros s (1980 ) 
hav e documente d tha t  peopl e hav e mor e difficult y detectin g 
covariation s whe n th e presenc e o f  on e stimulu s covarie s 
wit h th e absenc e o f  anothe r  tha n whe n i t  covarie s wit h th e 
presenc e o f  another . 

Hor n (1989 )  reviewe d th e considerabl e bod y o f  empirica l 
evidenc e concernin g th e psychologica l  asymmetr y betwee n 
affirmativ e an d negativ e propositions .  Waso n (1959 ;  1966) , 
fo r  example ,  reporte d tha t  peopl e find  i t  easie r  t o reaso n 
wit h affirmativ e statement s (e.g. ,  modu s ponens )  tha n wit h 
denial s (e.g .  modu s tollens) .  Clar k (1974 )  foun d tha t 
negatio n i s mor e difficul t  t o comprehen d tha n i s affirmation , 
and tha t  i n sentenc e verificatio n tasks ,  peopl e tak e longe r  t o 

verif y denial s (" x i s false" )  tha n t o verif y affirmative s (" x i s 
true") .  Clar k als o foun d tha t  peopl e tak e longe r  t o verif y 
absenc e tha n presence ,  whic h seem s furthe r  evidenc e fo r  th e 
mind' s relativ e insensitivit y t o absence .  Finally , 
psycholinguist s hav e documente d tha t  th e abilit y  t o den y 

proposition s (i.e. .  truth-functiona l  negation )  i s on e o f  th e las t 
linguisti c abilitie s t o emerg e i n childhoo d (Gilbert ,  1991) . 

The clai m tha t  thinkin g i s believin g strike s man y peopl e a s 
counter-intuitive ,  i f  no t  patentl y absurd .  Ye t  ther e exist s bot h 
philosophica l  an d empirica l  suppor t  fo r  thi s position . 
Spinoz a (1993/1677 )  an d Willia m Jame s (1892) ,  fo r 
example ,  bot h argue d tha t  representatio n entail s belief . 
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Moreove r  i n recen t  decade s psychologist s hav e 

accumulate d a  larg e bod y o f  findings  whic h sugges t  tha t 
belie f  i s  automati c upo n comprehension ,  tha t  belief s persis t 
eve n whe n explicitl y  discredited ,  an d tha t  th e strengt h o f  a 
belie f  varie s a s a  functio n o f  one' s familiarit y wit h th e 

informatio n a  give n propositio n contains . 
Gilber t  (1991) ,  fo r  example ,  foun d tha t  subject s w h o 

hslene d t o a  counter-attitudina l  communicatio n whil e 
attendin g t o a n irrelevan t  stimulu s wer e particularl y likel y t o 

accep t  th e proposition s the y comprehended .  H e als o reporte d 
tha t  whe n "resource-depleted "  person s ar e expose d t o 
doubtfu l  propositions ,  thei r  abilit y  t o rejec t  thos e 

proposition s i s markedl y reduced . 
Swann an d Giulian o (1987 )  foun d direc t  suppor t  fo r  th e 

notio n tha t  simpl y entertainin g a  belie f  elevate s th e 
perceive d informativenes s o f  evidenc e tha t  m a y confir m tha t 
belief .  Accordin g t o Gilber t  (1991) ,  thi s suggest s tha t  i n th e 
proces s o f  entertainin g a n hypothesis ,  peopl e m a y actuall y 
embrac e it—thu s raisin g th e perceive d diagnosticit y o f 
confirmator y evidence .  Finally ,  Clark' s an d Chase' s (1977 ) 
model  o f  sentenc e verificatio n suggest s tha t  al l  sentence s ar e 
initiall y  code d a s true ,  an d tha t  th e compariso n stag e lead s t o 
furthe r  menta l  wor k onl y whe n th e sentenc e turn s ou t  t o b e 
false . 

The researc h concernin g belie f  perseveranc e suggest s tha t 
peopl e ar e particularl y poo r  a t  ignoring ,  forgetting ,  rejecting , 
or  otherwis e failin g t o believ e tha t  whic h the y hav e 
comprehended .  Ross ,  Lepper ,  an d Hubbar d (1975) ,  fo r 
example ,  foun d tha t  subject s i n a  stud y believe d thing s the y 
wer e tol d about  themselve s despit e havin g bee n warne d i n 
advanc e tha t  th e informatio n wa s invalid .  Th e subject s 
seemed unabl e t o represen t  statement s i n a  truth-neutra l 
fashion ,  eve n whe n directl y motivate d t o d o so . 

Nisbet t  an d Ros s (1980 )  reporte d tha t  whe n peopl e 
formulate d a  theor y base d upo n som e putativel y probativ e 
evidenc e an d late r  discovere d tha t  th e evidenc e wa s false , 
th e theor y ofte n survive d suc h tota l  discrediting .  Finally , 
Johnso n an d Seifer t  (1994 )  foun d tha t  peopl e d o no t  forge t 
misinformation .  Onc e havin g bee n informe d tha t  a  perso n 
die d o f  foo d poisonin g contracte d a t  a  particula r  restaurant , 
peopl e continue d t o expres s th e belie f  tha t  th e restauran t 
serve s ba d foo d eve n afte r  bein g informe d tha t  th e perso n 
actuall y die d o f  a  hear t  attac k unrelate d t o th e food . 

Finally ,  I  not e tha t  belie f  i s  no t  a n all-or-nothin g 
phenomenon ,  but ,  rather ,  varie s alon g a  continuu m fro m 
more t o less .  Wha t  then ,  determine s th e exten t  t o whic h on e 
accept s th e validit y o f  a  proposition ? I f  w e implicitl y 
interpre t  ou r  thought s a s evidenc e indicativ e o f  th e presenc e 
i n th e worl d o f  tha t  t o whic h th e though t  corresponds ,  the n i t 
seems reasonabl e t o assum e tha t  th e stronge r  th e presenc e o f 
some informatio n i n ou r  minds ,  i.e. ,  th e clearer ,  mor e 
distinct ,  an d mor e familia r  th e thought ,  th e mor e likel y w e 
ar e t o accep t  th e validit y o f  th e situatio n posite d b y th e 
thought .  Thu s w e expec t  th e validit y peopl e attribut e t o 
proposition s t o vary ,  i n part ,  a s a  functio n o f  thei r  prio r 
exposur e t o th e information . 

Empirica l  findings  suppor t  thi s expectation .  Arke s (1991) , 
fo r  example ,  foun d tha t  th e mor e ofte n a  perso n encountere d 
a proposition ,  th e mor e likel y the y wer e t o judg e th e 
informatio n i t  containe d a s true .  Bot h Loftu s (1979 )  an d 

Rnedige r  an d McDermot t  (1995 )  hav e show n tha t  familiarit y 
manipulation s induc e fals e memories .  Finally ,  Gerbne r 

(1978 )  foun d tha t  th e mor e tim e a  perso n spen t  watchin g 
television ,  th e mor e likel y the y wer e t o overestimat e th e 
incidenc e o f  violenc e i n thei r  o w n neighborhood . 

C o n c l u s i o n 

The three empirical generalizations discussed in the 
precedin g section ,  th e mind' s greate r  relativ e sensitivit y t o 
presence ,  th e psychologica l  asymmetr y betwee n negativ e 
and positiv e propositions ,  an d th e automaticit y an d 
perseveranc e o f  belief ,  al l  hav e bee n k n o w n t o psychologist s 
fo r  som e time .  I t  woul d b e od d indee d wer e thre e suc h 
robus t  propertie s o f  th e min d entirel y unrelate d t o on e 
another .  Th e novelt y an d valu e o f  m y contribution ,  suc h a s i t 
is ,  lie s i n m y havin g conceptualize d thes e thre e 
characteristic s o f  cognitiv e functionin g a s differin g 
manifestation s o f  a  singl e basi c propert y o f  mind ,  an d i n m y 
havin g attempte d t o articulat e th e natur e o f  tha t  property . 
Whethe r  o r  no t  on e agree s wit h th e positio n I  hav e take n i n 
thi s pape r  concernin g th e indexicalit y o f  mind ,  I  hop e I  hav e 
persuade d th e reade r  tha t  progres s i n cognitiv e scienc e wil l 
be aide d b y th e identificatio n logicall y necessar y constraint s 
tha t  gover n cognitiv e functioning . 
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Abstrac t 

Recent alternatives to the polygraph-based Guilty Knowledge 
Test  b y (Farwel l  &  Donchin ,  1991 ;  Seymour ,  Mosmann ,  & 
Seifer t  1997 )  rais e importan t  question s abou t  automati c ac -
cess t o knowledg e alread y i n memory .  Despit e subjects '  in -
tentions ,  "guilty "  knowledg e i n memor y ca n b e detecte d be -
caus e it s automati c acces s interfere s wit h othe r  recognitio n 
task s (Seymour ,  e t  al. ,  1997) .  T o accoun t  fo r  thi s  finding,  w e 
presen t  a  mode l  base d o n classi c model s o f  recognitio n (e.g . 
Kintc h 1970 ;  Anderso n &  Bowe r  1972) .  W e posi t  tha t  'rec -
ognition '  i s  a  dua l  proces s involvin g &  familiarit y componen t 
wher e recen t  occurrenc e i s quickl y assessed ,  an d a  slowe r 
sourc e resolutio n component ,  wher e th e sourc e o f  th e famil -
ia r  informatio n i s  identified .  Ou r  mode l  o f  th e Guilt y 
Knowledg e Effec t  ca n accoun t  fo r  pattern s o f  respons e tim e 
and accurac y use d t o measur e acces s t o guilt y knowledg e 
(Seymour ,  e t  al. ,  1997) .  W e als o explai n wh y strategie s use d 
t o mas k th e Guilt y Knowledg e Effec t  ar e likel y t o fai l  give n 
constraint s o n th e recognitio n process ,  an d discus s potentiall y 
successfu l  strategie s suggeste d b y th e model . 

Introduction 

I n mos t  cases ,  informatio n regardin g th e content s o f  anothe r 
person' s memor y i s  filtered  throug h tha t  person' s wzmts , 
needs an d biases .  Individual s m a y den y o r  alte r  report s o f 
what  informatio n the y hav e i n memory .  I n orde r  t o deter -
min e whethe r  someon e doe s posses s particula r  privilege d 
knowledge ,  a  polygraph-base d measur e calle d th e Guilt y 
Knowledg e Tes t  (e.g .  Lykken ,  1981 )  wa s devised .  I n thi s 
method ,  "lying "  i s presume d whe n a  suspect' s response s t o 
crime-relate d informatio n consistentl y resul t  i n highe r  level s 
of  arousa l  compare d t o contro l  questions .  Thi s arousa l  i s 
detecte d b y physiologica l  measure s suc h a s galvani c ski n 
respons e an d hear t  rate .  Th e subsequen t  patter n o f  result s 
from  th e polygrap h ar e the n use d t o infe r  th e emotiona l  im -
pact  o f  a  suspect' s responses .  Thoug h suc h polygraph-base d 
test s ar e admissibl e i n man y state s (provide d tha t  bot h side s 
consent) ,  ther e ar e numerou s studie s questionin g thei r  reli -
abilit y an d validit y (e.g. ,  Bashor e &  Rapp ,  1993 ;  Fured y & 
Heslegrave ,  1988) . 

As a n alternativ e t o th e Guilt y Knowledg e Test ,  Farwel l 
& Donchi n (1991 )  se t  ou t  t o determin e whethe r  a  suspec t 
possesse s crime-relate d informatio n b y measurin g knowl -
edge activatio n i n memor y rathe r  tha n physiologica l  re -
sponse .  Thei r  assumptio n wa s tha t  i n orde r  t o answe r  th e 
questio n "D o yo u kno w th e colo r  o f  th e getawa y car, "  guilt y 

suspect s mus t  automaticall y acces s th e targe t  informatio n 
befor e answering ,  regardles s o f  whethe r  the y intende d t o 
admi t  t o havin g th e knowledge .  Innocen t  suspects ,  how -
ever ,  woul d no t  hav e thi s knowledg e an d therefor e i t  coul d 
not  b e accessed .  Usin g th e P30 0 (P3 )  componen t  o f  evoke d 
relate d potential s (ERPs )  measure d durin g a n Old/Ne w rec -
ognitio n task ,  Farwel l  &  Donchi n wer e abl e t o reliabl y dis -
tinguis h subject s possessin g guilt y knowledg e an d thos e 
withou t  suc h knowledge .  Becaus e thei r  paradig m measure d 
recognitio n o f  informatio n i n memory ,  an d becaus e E R P s 
ar e though t  t o b e difficul t  t o manipulate ,  Farwel l  an d Don -
chi n propos e tha t  thei r  highe r  reliabilit y an d accurac y ( 9 0 % 
"guilty "  an d 8 5 % "innocent "  classification )  mak e thei r 
metho d a  superio r  alternativ e t o th e polygraph . 

The Guilty Knowledge Effect 

A variatio n o f  thi s methodolog y usin g respons e time s (RT ) 
rathe r  tha n ERPs ,  Seymour ,  M o s m a n n an d Seifer t  (1997 ) 
showe d tha t  a  bette r  differentiatio n betwee n "innocent "  an d 
"guilty "  subject s ("guilty "  9 0 % an d "innocent "  1 0 0 % cor -
rec t  classification )  coul d b e attaine d withou t  th e us e o f 
ERPs.  Base d o n Farwel l  &  Donchin' s (1991 )  paradigm , 
Seymour ,  e t  al .  (1997 )  brough t  subject s int o th e laborator y 
and the n aske d the m t o "commit "  a  crime :  Lo g int o a n emai l 
accoun t  o n on e universit y compute r  an d sen d a  messag e t o a 
studen t  suspecte d o f  compute r  fraud .  Subject s learne d 6 
piece s o f  informatio n i n orde r  t o carr y ou t  thei r  "assign -
ment, "  whic h include d th e nam e o f  a  stree t  o n campus , 
name o f  a  perso n t o logi n as ,  som e identifyin g articl e o f 
clothing ,  a  "mission "  name ,  a  file  folde r  t o as k fo r  an d th e 
name o f  th e document s within .  Afte r  memorizin g thi s in -
formation ,  subject s logge d i n an d sen t  th e messag e a s di -
recte d ( a mocku p o f  th e universit y interfac e provide d a  re -
alisti c experience ,  thoug h n o messag e wa s actuall y  sent) . 

Next ,  i n a n ostensibl y unrelate d task ,  subject s wer e aske d 
t o memoriz e a  Targe t  Lis t  o f  item s ver y simila r  t o th e lis t 
the y ha d learne d fo r  th e moc k crime .  Subject s the n partici -
pate d i n a  Lis t  Primin g Tas k wher e item s wer e presente d o n 
a compute r  scree n an d subject s aske d t o mak e "old/new " 
judgement s b y pressin g on e o f  tw o respons e keys .  O n e 
sixt h o f  th e item s presente d wer e Targe t  Item s fro m th e lis t 
most  recentl y learned ,  an d require d a n "old "  response .  T w o 
third s o f  th e item s presente d wer e Irrelevan t  Item s (Non -
Target) ,  t o whic h subject s wer e t o mak e a  "new "  response . 
Unknown t o th e subjec t  wa s a  thir d categor y o f  stunul i  tha t 
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occurre d o n 1/ 6 o f  th e trials .  Thes e stimul i  we re ,  durin g 

Guilt y blocks ,  item s from  th e m o c k cr im e th e subjec t  ha d 
commi t t e d and ,  durin g Innocen t  blocks ,  item s from  a  m o c k 

cr im e fo r  w h i c h th e subjec t  ha d n o knowledge .  Item s from 
thi s P rob e stimulu s categor y w e r e t o b e responde d t o a s 
Irrelevan t  ("new" )  items . 
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Figur e 1 .  R T result s from  Seymou r  e t  al .  (1997) . 
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Figur e 2 .  Accurac y result s from  Seymou r  e t  al .  (1997) . 

Figure 1 shows the standard RT result for the critical com-
pariso n betwee n Prob e an d Irrelevan t  item s (bot h wer e 
"new "  judgements) .  A s predicted ,  th e onl y reliabl e R T dif -
ference s wer e betwee n Guilty-Prob e Item s an d Innocent -
Prob e Items .  Thi s "Guilt y Knowledg e Effect "  wa s als o 
supporte d wit h th e accurac y dat a (se e Figur e 2) ,  wher e onl y 
accurac y fo r  F*rob e item s differe d a s a  fiinctio n o f  Guilt . 
Thi s patter n suggest s tha t  subject s ha d n o troubl e rejectin g 
Innocent-Prob e item s a s Irrelevan t  whil e ther e wa s consid -
erabl e difficult y rejectin g Guilty-Prob e item s a s Irrelevant . 

I n sum ,  th e recognitio n o f  item s a s relate d t o th e earlie r 
crim e interfere d wit h subjects '  performanc e o n th e 
"old/new "  task :  the y wer e bot h slowe r  an d les s accurat e i f 
item s referre d t o th e crime . 

I n othe r  experiments ,  subject s wer e informe d abou t  th e 
natur e o f  th e testing ,  an d eve n give n specifi c  instruction s 
abou t  h o w t o "beat "  th e tes t  b y minimizin g interferenc e 
from  th e crim e words .  However ,  i n severa l  differen t  stud -
ies ,  n o subjec t  wa s abl e t o mas k th e longe r  respons e time s 

associate d wit h crim e relate d words .  Th e deadlin e proce -

dur e employe d (aroun d 1000ms )  force d subject s t o respon d 

to o quickl y t o allo w strategi c manipulatio n o f  thei r  re -
sponse s (Ratclif f  &  McKoon ,  1981) .  Eve n subject s moti -

vate d t o foi l  th e tes t  wer e unabl e t o d o so . 
Give n thes e results ,  ou r  goa l  wa s t o posi t  a  theor y o f  th e 

recognitio n processe s whic h lea d t o th e Guilt y Knowledg e 
Effect .  Thi s mode l  coul d the n b e use d t o accoun t  fo r  ho w 
and whe n consciou s strategie s ca n affec t  th e activatio n o f 
relate d knowledg e i n memory . 

Models of the Recognition Process 

The recognitio n proces s i n huma n memor y ha s bee n char -
acterize d b y Kintsc h (1970) ,  an d refine d b y Anderso n & 
Bower  (1972) .  Kintsch' s mode l  o f  recognitio n essentiall y 
describe d a  singl e proces s o f  signa l  detectio n (Tanne r  & 
Swets ,  1954 ;  Gree n &  Swets ,  1966) ,  wher e familiarit y i s 
judge d i n th e contex t  o f  "old "  an d "new "  ite m distribution s 
usin g a  positiv e D-prim e (differenc e betwee n eac h distribu -
tion' s mea n activation )  an d Bet a (subjects '  decisio n criterio n 
indicatin g thei r  threshol d fo r  "old "  responses) . 

Kintsc h hypothesize d tha t  stud y o f  th e tes t  lis t  o f  item s 
cause s a n increas e i n th e activatio n associate d wit h thos e 
item s i n memory .  Th e se t  o f  distractor s wa s hypothesize d 
t o hav e a  similarly-distribute d se t  o f  activatio n levels ,  wit h a 
mean activatio n lowe r  tha n fo r  th e tes t  list .  Th e subjec t  set s 
a decisio n threshol d fo r  th e degre e o f  activatio n require d t o 
say "old, "  an d th e activatio n o f  a  stimulu s o n eac h tria l  i s 
use d t o mak e th e "old/new "  judgement .  Subject s ar e no t 
onl y goo d a t  makin g suc h distinctions ,  bu t  perfor m nearl y 
as wel l  whe n require d t o distinguis h amon g item s from  sev -
era l  targe t  list s i n a n "old/new "  paradig m (Anderso n & 
Bower ,  1972) .  T o accoun t  fo r  thi s fmding ,  Anderso n an d 
Bower  posite d tha t  instea d o f  a  singl e genera l  activation , 
item s ar e associate d wit h specifi c  element s o f  th e stud y 
context .  Th e "old/new "  judgmen t  i s the n mediate d b y th e 
degre e t o whic h th e tes t  stimul i  ar e associate d wit h specifi c 
element s o f  th e targe t  contex t  (i.e. ,  relativ e t o som e par -
ticula r  targe t  list) . 

Mor e recently ,  model s o f  recognitio n hav e posite d tw o 
separat e processes ,  wher e bot h "know "  an d "remember " 
judgement s ar e mad e (Mander ,  1980 ;  Rajaram ,  1993 ; 
Tulving ,  1985 ;  bu t  se e Hirshma n &  Henzler ,  199 8 fo r  a 
singl e proces s account) .  "Know "  judgement s ar e base d o n 
familiarit y alone :  fast ,  automati c judgement s tha t  a n ite m 
was o n th e stud y list ,  bu t  withou t  a  recollectio n o f  it s actua l 
occurrence .  "Remember "  judgement s ar e slowe r  an d mor e 
deliberate ,  producin g explici t  memorie s o f  havin g see n th e 
specifi c  ite m o n th e stud y lis t  i n question .  I t  i s  thi s dua l 
proces s o f  recognitio n tha t  w e propos e underlie s recognitio n 
i n th e guilt y knowledg e paradig m (Seymou r  e t  al ,  1997) . 

A Model of the Guilty Knowledge Effect 

Figur e 3  depicts ,  ou r  mode l  o f  th e processe s involve d i n th e 
Guilt y Knowledg e Effec t  i n term s o f  standar d recognitio n 
memory processes .  Th e tw o mos t  importan t  stage s o f  th e 
model  ar e th e Familiarit y an d Contex t  stages .  I n ou r  model , 
th e familiarit y judgemen t  ("Know" )  i s describe d b y th e 
standar d signa l  detectio n model ,  wit h th e additio n o f  a n 
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Figur e 3 .  Mode l  o f  Guilt y Knowledg e Effect . 

evaluatio n o f  th e degre e t o whic h th e tes t  ite m i s associate d 
wit h th e stud y lis t  contex t  (a s propose d b y Anderso n an d 
Bower ,  1972) .  Thi s i s accomplishe d withou t  identifyin g a 
specifi c  sourc e context .  Afte r  ou r  Familiarit y stage ,  whil e 
Respons e Preparatio n begins ,  th e Contex t  stag e commences . 
The Contex t  stag e i s als o describe d b y a  signa l  detectio n 
proces s wher e th e differentiatio n i s betwee n a  composit e o f 
contextua l  element s associat e wit h th e tes t  ite m an d a  com -
posit e o f  contextua l  element s associate d wit h th e stud y 
context .  Thi s proces s require s resolvin g th e contextua l  as -
sociativ e link s o f  th e tes t  item ;  consequently ,  thi s judgemen t 
require s mor e tim e w h e n th e targe t  an d distracto r  context s 
ar e similar .  W e believ e tha t  i t  i s  onl y a t  thi s secon d stag e 
tha t  list-discriminatio n ca n occur . 

Combinin g thes e components ,  w e ca n wal k throug h th e 
model  durin g th e recognitio n judgemen t  tha t  produce s th e 
Guilt y Knowledg e Effect .  O n eac h tria l  o f  th e Lis t  Primin g 

Tas k describe d above ,  subject s ar e presente d wit h a  stimu -
lu s item .  Afte r  encoding ,  thi s stimulu s i s subjec t  t o a  fa -
miliarit y judgement ,  whic h decide s whethe r  a n "old "  o r  a 
"new "  respons e wil l  b e prepared .  Becaus e th e activatio n o f 
"old "  an d "new "  item s ar e assume d t o b e equall y distribute d 
wit h simila r  variances ,  th e judgemen t  m a d e i n th e Familiar -
it y stag e i s fallibl e (Gree n &  Swets ,  1966 ;  Kintch ,  1970 ; 
Klatzky ,  1980 ;  Johnson ,  1996 ;  Tanne r  &  Swets ,  1954 )  (ma y 
produc e eithe r  a  Hi t  o r  Fals e Alarm) .  It s completio n initi -
ate s th e Respons e Preparatio n process ,  an d onc e completed , 
it s outpu t  moto r  progra m wil l  b e automaticall y executed . 
Concurrently ,  whil e preparin g a n "old "  response ,  th e Con -
tex t  stag e check s whethe r  th e " K n o w "  judgemen t  tha t  ha s 
bee n m a d e i s i n fac t  a  "Remember "  judgement .  Tha t  is ,  th e 
Contex t  stag e check s t o se e i f  th e tes t  ite m come s fi-om  th e 
lis t  (context )  i n questio n -  th e Targe t  lis t  ~  o r  fi-om  som e 
othe r  lis t  havin g simila r  item s an d context ;  fo r  example ,  th e 
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crime-stud y list .  I f  th e Contex t  judgemen t  produce s a  "Hit " 

(th e ite m i s  recalle d a s bein g i n th e targe t  lis t  context )  th e 
syste m simpl y wait s unti l  th e currentl y selecte d "old "  re -
spons e i s executed .  I n addition ,  a  successfu l  recognitio n i n 

bot h th e Familiarit y an d Contex t  stage s resul t  i n settin g th e 
threshol d fo r  th e Familiarit y judgemen t  t o a  lowe r  level . 

The decreas e i n Bet a follow s a  decreasin g function ,  s o tha t 
as successe s accumulate ,  th e magnitud e o f  change s t o Bet a 
approache s zero . 

If ,  o n th e othe r  hand ,  th e Contex t  stag e produce s a 
"Miss" ,  meanin g tha t  th e stimulu s jus t  judge d a s "old "  ha s 
bee n identifie d a s comin g from  som e contex t  othe r  tha n th e 
Targe t  List ,  a n alternativ e pat h (th e shade d pat h i n th e Fig -

ur e 3 )  i s taken .  I n thi s path ,  a n attemp t  i s mad e t o abor t  th e 
erroneou s preparatio n o f  th e "old "  respons e alread y under -
way,  sinc e i t  i s i n error .  I f  th e abor t  i s  successful ,  th e ap -
propriat e "new "  respons e i s  prepare d an d eventuall y exe -
cuted .  Otherwise ,  i f  Respons e Preparatio n i s to o fa r  alon g 
or  i f  Respons e Executio n ha s begun ,  th e erroneou s respons e 
wil l  no t  b e prevented .  A s a  resul t  o f  traversin g thi s alternat e 
path ,  th e R T wil l  increase .  Finally ,  th e Familiarit y threshol d 
wil l  b e raise d accordin g t o a  decreasin g functio n i n orde r  t o 
be mor e conservativ e an d avoi d furthe r  errors . 

Modeling Response Time Data 

The mai n prediction s from  thi s mode l  ar e that ,  becaus e o f 
th e visua l  an d contextua l  similarit y betwee n th e Targe t  Lis t 
(study )  an d th e Prob e Lis t  (crime) ,  Guilty-Prob e item s 
shoul d lea d t o positiv e Familiarit y judgement s an d negativ e 
Contex t  judgement s ~  th e alternat e pat h i n th e mode l  — 
m u ch mor e ofte n tha n an y othe r  ite m type .  Furthermore , 
becaus e o f  th e stochasti c natur e o f  bot h th e Familiarit y an d 
Contex t  stages ,  th e Abor t  stag e wil l  b e initiate d wit h vary -
in g degree s o f  Respons e Preparatio n alread y completed . 
Therefore ,  th e syste m wil l  sometime s fai l  t o abor t  th e "old " 
respons e i n time ,  an d shoul d lea d t o mor e error s durin g 
Guilty-Prob e trial s tha n othe r  tria l  types . 

I n orde r  t o captur e th e genera l  R T resu h w e use d th e Ex -
ecutiv e Proces s Interactiv e Confro l  (EPIC )  mode l  o f  huma n 
multiple-tas k performanc e (se e Meye r  &  Kiera s (1997 )  fo r 
an overview )  t o determin e parameter s fo r  th e respons e se -
lectio n an d moto r  stage s o f  ou r  task .  Tabl e 1  show s th e 
relevan t  EPI C respons e executio n parameter s i n millisec -
onds . 

Table 1: EPIC Response Execution Parameters. 

Paramete r  N a m e 
Cognitiv e processo r  cycl e duratio n 
Respons e preparatio n tim e pe r  featur e 
Action-initiatio n tim e 
Devic e transductio n tim e 

Mean Valu e 
50 m s 
50 m s 
50 m s 
10 m s 

The first  parameter ,  cycl e duratio n i s  essentiall y th e dura -
tio n o f  a  singl e decisio n cycl e an d i s necessar y t o determin e 
th e respons e selectio n time .  Fo r  simplicity ,  w e wil l  posi t  a 
respons e selectio n proces s fo r  ou r  "old/new "  judgement s 
withou t  repetitio n effect s (du e t o th e fac t  tha t  "old "  re -
sponse s ar e onl y correc t  o n 1/ 6 o f  th e trials) .  Therefore ,  o n 

5/ 6 o f  th e trials ,  onl y I  cycl e wil l  b e use d t o choos e "new " 
response s an d 1/ 6 o f  th e time ,  tw o cycle s wil l  b e require d 
fo r  "old "  responses .  Thi s produce s a  mea n respons e selec -

tio n duratio n o f  5 8 ms .  Th e respons e preparatio n tim e i s th e 
amount  o f  tim e neede d t o prepar e eac h featur e o f  th e se -
lecte d response .  Response s i n th e guilt y knowledg e para -

dig m (Farwel l  &  Donchin ,  1991 ;  Seymou r  e t  al. ,  1997 ) 
wer e wit h eithe r  th e left-inde x finger  ("old" )  o r  wit h th e 
right-inde x finger  ("new") ,  which ,  accordin g t o EPIC ,  con -

sist s o f  programmin g tw o moto r  feature s (han d an d finger) 
and require s 10 0 millisecond s o n average .  Th e action -
initiatio n tim e refer s t o th e amoun t  o f  tim e require d t o begi n 
executin g th e prepare d moto r  progra m an d th e devic e trans -
ductio n tim e refer s t o th e averag e amoun t  o f  tim e require d 
fo r  th e recordin g devic e t o register ,  i n thi s case ,  a  keypress . 
Thes e tw o parameter s ad d a n additiona l  6 0 m s t o ou r 
movement  productio n tim e (Meye r  &  Kieras ,  1997) . 

Meyer  &  Schvaneveld t  (1976 )  reporte d averag e respons e 
tim e fo r  a  two-choic e familiarit y judgemen t  t o b e o n th e 
orde r  o f  55 0 ms .  B y subtractin g ou t  th e overal l  tim e w e 
hav e indicate d fo r  movemen t  productio n (21 8 ms )  w e ar e 
lef t  wit h 33 2 m s fo r  th e familiarit y judgement .  Accordin g 
t o th e recognitio n mode l  propose d b y Reichle ,  Pollatsek , 
Fishe r  &  Rayne r  (1998) ,  th e mea n tim e fo r  th e lexica l  ac -
ces s (simila r  t o ou r  Familiarit y stage )  o f  wor d n  wil l  b e 
equa l  t o a  linea r  functio n o f  th e natura l  lo g o f  th e frequency 
of  tha t  word .  Mor e formally : 

t(f„ )  =  A-(f„' 'Hfreq„) ) (1 ) 

Where b  an d m ar e th e intercep t  an d slop e parameters ,  re -
spectively .  A  secon d componen t  o f  thei r  recognitio n mode l 
represent s lexica l  completio n (simila r  t o ou r  Contex t  stage ) 
and i s a  constan t  multipl e o f  t(f„) : 

t(lc„ )  =  A * t ( f „ ) (2 ) 

Where A  i s a  fixed  paramete r  greate r  tha n zero .  Reichl e e t 
al .  foun d tha t  a  A  o f  0.6 5 produce d a  reasonabl e fit  t o thei r 
recognitio n data ,  an d whe n w e substitut e th e 33 2 m s derive d 
fo r  ou r  familiarit y judgement s int o th e t(fn )  ter m o f  Equa -
tio n 2 ,  ou r  Contex t  stag e require s approximatel y 21 8 ms . 

The remainin g stage s "Abor t  Preparatio n -  Successful " 
and "Hi t  O r  Fals e Alarm "  ar e singl e decisio n stages ,  an d ar e 
assumed t o tak e on e cognitiv e cycl e (50m s each) .  Th e fma l 
stage ,  "Abor t  Preparatio n O f  'Yes '  Response, "  i s  presume d 
t o tak e tw o decisio n cycle s i f  successfu l  (th e first  check s i f 
an abor t  i s  possibl e an d th e secon d effect s th e abort )  an d 
one decisio n cycl e i f  unsuccessful ,  o r  10 0 m s an d 5 0 m s 
respectively . 

Wit h thes e latencie s assume d i n ou r  model ,  response s t o 
thre e o f  th e ite m type s ~  Guilty-Irrelevant ,  Innocent -
Irrelevan t  an d Innocent-Prob e item s -  shoul d tak e ap -
proximatel y 60 0 m s o n average .  Thi s estimat e represent s 
th e simples t  pat h throug h th e model ,  requirin g 33 2 m s fo r 
th e Familiarit y Stage ,  5 0 m s fo r  th e "Hi t  O r  Fals e Alann " 
stage ,  21 8 m s fo r  th e "Respons e Preparation "  an d "Re -
spons e Execution "  stage s together .  However ,  fo r  Guilty -
Prob e response s wher e th e "Abor t  Preparation "  stag e i s suc -
cessful ,  th e pat h i s  compose d a s follows :  60 0 m s fo r  th e 
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simpl e path ,  21 8 m s fo r  th e Contex t  stage ,  5 0 m s fo r  th e Hi t 
Or  Fals e Alar m stage ,  10 0 m s fo r  th e Abor t  Preparatio n 
stag e an d 21 8 m s fo r  th e preparatio n an d executio n o f  th e 

appropriat e response ,  yieldin g a  tota l  respons e tim e o f  96 8 
ms. 

Thes e predicte d respons e time s o f  60 0 m s an d 96 8 m s ar e 
simila r  t o mea n value s observe d b y Seymou r  e t  al .  (1997) , 
as show n i n Figur e 1 .  However ,  w e poin t  ou t  tha t  no t  onl y 
wil l  variatio n i n th e familiarit y stag e affec t  th e respons e 
tim e fo r  th e simpl e path ,  bu t  variatio n i n bot h th e Familiar -
it y an d Contex t  stage s wil l  produc e variabilit y  i n th e R T fo r 
Guilty-Prob e trials .  Specifically ,  becaus e th e Contex t  stag e 
i s concurren t  wit h th e Respons e Selectio n an d Respons e 
Executio n stages ,  variatio n i n th e Contex t  stag e wil l  affec t 
exactl y whe n th e Abor t  Preparatio n proces s i s attempted , 
whic h i n tur n wil l  effec t  th e likelihoo d an d tim e t o produc e 
a correcte d response .  Therefore ,  althoug h th e critica l  pat h 
duration s ar e clos e t o thos e reporte d b y Seymou r  e t  al. ,  a 
detaile d analysi s mus t  tak e stag e variabilit y  an d overla p int o 
consideratio n t o provid e appropriat e range s o f  respons e 
times .  However ,  i n broa d strokes ,  thi s analysi s paint s a 
plausibl e pictur e o f  th e recognitio n processe s involve d i n 
th e Guilt y Knowledg e Effect . 

Modeling Strategic Differences 

Seymour  e t  al .  (1997) ,  conducte d 2  experiment s wher e 
subject s wer e give n instruction s abou t  h o w t o "beat "  th e tes t 
by suppressin g respons e difference s o n th e Guilty-Prob e 
trial s (i.e. ,  appea r  "innocent") .  I n on e experiment ,  subject s 
wer e give n genera l  instruction s abou t  th e task ,  includin g 
revealin g th e presenc e o f  th e Prob e stimulu s categor y an d 
th e relationshi p betwee n th e Lis t  Primin g Tas k an d th e 
Crim e Scenario .  I n a  secon d experiment ,  subject s wer e 
give n mor e detaile d informatio n abou t  th e task ,  includin g 
th e expecte d pattern s o f  result s an d warning s abou t  strate -
gie s tha t  woul d lea d t o failur e o r  eas y detectio n (e.g. ,  givin g 
th e sam e respons e t o bot h "old "  an d "new "  items ,  o r  missin g 
th e deadline) .  Subject s wer e als o give n a n incentiv e t o ap -
pear  "innocent "  durin g Guilt y trials :  The y wer e tol d tha t  th e 
experimen t  woul d en d soone r  i f  the y succeede d i n maskin g 
thei r  knowledg e o f  th e crime .  Becaus e o f  th e repetitiv e 
natur e o f  th e task ,  subject s foun d thi s incentiv e quit e com -
pelling . 

The result s showe d that ,  i n bot h experiments ,  subject s 
wer e unabl e t o produc e respons e time s t o Guilty-Prob e 
item s tha t  looke d simila r  t o response s t o Irrelevan t  items .  I n 
fact .  Guilt y Knowledg e Effec t  observe d wa s nearl y identica l 
i n R T an d magnitud e t o uninforme d subjects .  Th e difficult y 
of  strategicall y manipulatin g respons e time s unde r  800m s 
has bee n use d t o characteriz e processe s tha t  occu r  automati -
call y (Ratclif f  &  M c K o o n ,  1981) .  Becaus e appearin g "in -
nocent "  durin g Guilty-Prob e trial s involve s producin g R T s 
of  approximatel y 60 0 m s an d require s strategi c processe s 
whic h ar e no t  availabl e fo r  a t  leas t  800ms ,  i t  i s  no t  surpris -
in g tha t  suc h attempt s ar e unsuccessful .  Similarly ,  th e 
model  w e hav e outline d involve s mostl y automati c proc -
esse s wit h stage s supportin g strategi c interventio n arisin g 
onl y afte r  th e bul k o f  processin g ha s ah-ead y occurre d an d 
thereb y addin g additiona l  tim e t o th e response .  Thi s addi -

tiona l  tim e differentiate s Guilty-Prob e response s fro m re -
sponse s arisin g fro m onl y automati c stages . 

However ,  th e recognitio n mode l  propose d suggest s h o w 
particula r  strategie s m a y prov e effectiv e i n alterin g per -
formance .  O n e metho d t o mas k th e Guilt y Knowledg e Ef -
fec t  i s  t o se t  a  ver y conservativ e threshol d fo r  th e Familiar -
it y stage ,  reasonin g tha t  item s fro m th e Targe t  lis t  shoul d 
hav e mor e associatio n wit h the-Targe t  Lis t  contex t  tha n wil l 
any distractors ,  includin g Prob e items .  However ,  thi s ap -
proac h i s mad e mor e difficul t  du e t o th e similarit y o f  th e 
Targe t  an d Prob e items ,  an d o f  th e Crim e Scenari o an d Tar -
get  Lis t  stud y contexts .  Th e hig h degre e o f  similarit y m a y 
make Targe t  an d Guilty-Prob e item s indistinguishabl e o n 
th e basi s o f  contex t  associatio n strengt h alone .  A n y meas -
ure s tha t  increas e th e distinctivenes s o f  th e tw o context s -
suc h a s a  lon g tim e dela y betwee n th e crim e contex t  an d th e 
targe t  stud y contex t  ~  wil l  facilitat e systemati c differenc e i n 
contex t  association . 

Anothe r  strateg y involve s suspendin g th e Respons e Exe -
cutio n stag e unti l  th e sourc e contex t  fo r  th e tes t  item s ha s 
bee n verifie d i n th e Contex t  stage .  Thi s strateg y amount s t o 
avoidin g th e Guilt y Knowledg e Effec t  b y simpl y makin g 
sur e t o accuratel y classif y Guilty-Prob e item s a s "new. "  I n 
Seymour  e t  al. ,  (1997 )  mea n accurac y fo r  Guilty-Prob e 
item s i s considerabl y improve d w h e n subject s ar e motivate d 
t o appea r  "innocent. "  However ,  thei r  respons e times  stil l 
reliabl y revea l  thei r  difficult y wit h Guilty-Prob e items .  I n 
general ,  an y strateg y tha t  involve s judgin g familiarit y i n 
advanc e o f  verifyin g tha t  th e ite m i s from  th e Targe t  contex t 
will ,  necessitat e additiona l  tim e t o hal t  an d replac e th e pre -
pare d respons e alread y underway .  Thes e additiona l  stage s 
(marke d i n gra y i n Figur e 3 )  i n Guilty-Prob e trial s wil l  foi l 
attempt s t o respon d a s i n Irrelevan t  an d Innocent-Prob e 
trials . 

O ne strateg y suggeste d b y th e mode l  i s t o avoi d th e ini -
tiatio n o f  th e Respons e Preparatio n an d Respons e Executio n 
stage s unti l  th e sourc e o f  th e stimulu s ite m ha s bee n verifie d 
i n th e Contex t  stage .  I n thi s way ,  ther e i s n o nee d t o abor t 
an erroneou s moto r  progra m w h e n a  "Fals e Alarm "  i s de -
tecte d i n th e Contex t  stage .  Thi s strateg y would ,  usin g logi c 
from  th e previou s section ,  produc e respons e time s o n th e 
orde r  o f  767m s fo r  al l  stimulu s type s an d therefor e typicall y 
occu r  befor e th e respons e deadline .  Thoug h thes e processe s 
appea r  t o procee d automatically ,  i t  m a y b e possibl e t o avoi d 
initiatin g the m unti l  th e Contex t  assessmen t  ha s bee n com -
pleted .  Whethe r  o r  no t  subject s ca n actuall y us e thi s strat -
egy i s a n empirica l  question ,  thoug h i t  i s  clea r  tha t  i t  wa s 
not  spontaneousl y use d i n Seymou r  e t  al .  (1997) . 

Conclusion 

We hav e propose d a  mode l  o f  th e Guilt y Knowledg e Effect , 
wher e correc t  rejectio n o f  item s relate d t o a  prio r  crim e 
take s longe r  tha n fo r  other ,  irrelevan t  item s (Farwel l  & 
Donchin ,  1991 ;  Seymou r  e t  al. ,  1997) .  Thi s mode l  build s 
upo n a n existin g theor y o f  h u m a n performanc e (Meye r  & 
Kieras ,  1997 )  an d prio r  theorie s o f  recognitio n (Anderso n & 
Bower  1972 ;  Kintc h 1970 ;  Mandler ,  1980 ;  Rajaram ,  1993 ; 
Tulving ,  1985) .  Thi s mode l  predict s respons e tim e differ -
enc e tha t  closel y correspon d t o observe d respons e time s 
(Seymour ,  e t  al. ,  1997) .  W e hav e als o show n tha t  th e mode l 
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rule s ou t  certai n strategie s aime d a t  attenuatin g th e Guilt y 
Knowledg e Effect ,  an d suggest s potentiall y  mor e successfu l 
ones .  Becaus e i t  ca n accoun t  fo r  absolut e an d relativ e dif -
ference s i n mea n respons e tim e fo r  Guilt y compare d t o In -
nocen t  subjects ,  th e mode l  suggest s a  promisin g directio n 
fo r  theorie s o f  memor y recognition . 

Acknowledgments 

We woul d lik e t o than k Andre a Mosmann ,  Bil l  Gehring , 
Gai l  McKoo n an d Roge r  Ratclif f  fo r  thei r  hel p an d com -
ment s o n thi s research . 

References 

Anderson ,  J .  R .  &  Bower ,  G .  H .  (1972) .  Configurationa l 

propertie s i n sentenc e memory .  Journa l  o f  Verba l  Learn -
in g an d Verba l  Behavior ,  U ,  594-605 . 

Bashore ,  T .  R. ,  &  Rapp ,  P .  E .  (1993) .  Ar e ther e alternative s 

t o traditiona l  polygrap h procedures ? Psychologica l  Bul -
letin ,  113(1) ,  3-22 . 

Farwell ,  L .  A .  &  Donchin ,  E .  (1991) .  Th e Trut h wil l  out : 
Interrogativ e Polygraph y ("Li e Detection" )  wit h event -

relate d brai n potentials .  Psychophysiology ,  28(5) ,  531 -
547. 

Furedy .  J .  J .  &  Heslegrave ,  R .  J .  (1988) .  Validit y  o f  th e li e 
detector :  A  psychophysiologica l  perspective .  Crimina l 
Justic e &  Behavior ,  15(2) ,  219-246 . 

Green ,  D. ,  &  Swets ,  J .  (1966) .  Signa l  detectio n theor y an d 
psychophysics .  N e w York :  Joh n Wile y &  Sons . 

Hirshma n E. ,  &  Henzler ,  A .  (1998) .  Th e rol e o f  decisio n 
processe s i n consciou s recollection .  Psychologica l  Sci -

ence ,  9(1) ,  61-65 . 
Johnson ,  M .  K .  (1996) .  Some problem s wit h th e process -

dissociatio n approac h t o memory .  Journa l  o f  Experimen -
ta l  Psychology :  General ,  125(2) ,  181-194 . 

Kintsch ,  W.  (1970 /  Learning ,  memor y an d conceptua l  pro -
cesses .  N e w York :  Wiley . 

Klatzky ,  R .  (1980) .  Huma n Memor y (pp .  237-263) .  Sa n 
Francisco :  W.H .  Freeman . 

Lykken ,  D .  T .  (1981) .  / I  Tremo r  I n Th e Blood :  Use s an d 
Abuse s o f  th e Li e Detector .  Ne w York :  McGra w Hill . 

Mandler ,  G .  (1980) .  Recognizing :  Th e judgemen t  o f  previ -
ous occurrence .  Psychologica l  Review ,  87 ,  252-271 . 

Meyer ,  D .  E. ,  &  Schvaneveldt ,  R .  W. ,  (1976) .  Meaning , 
memory structure ,  an d menta l  processes .  I n Cofer ,  C . 
(Ed. )  Th e structur e o f  huma n memor y (pp .  55-89) .  Sa n 
Francisco :  W .  H .  Freeman . 

Meyer ,  D .  E. ,  &  Kieras ,  D .  E .  (1997) .  A  computationa l  the -
or y o f  executiv e cognitiv e processe s an d multiple-tas k 
performance :  Par t  1 .  Basi c mechanisms .  Psychologica l 
Review ,  104 ,  3-65 . 

Reichle ,  E .  Pollatsek ,  A. ,  Fisher ,  &  D. ,  Rayner ,  K .  (1998) . 
Towar d a  mode l  o f  ey e movemen t  contro l  i n reading . 
Psychologica l  Review ,  105(1) ,  125-157 . 

Rajaram ,  S .  (1993) .  Rememberin g an d knowing :  Tw o 
means o f  acces s t o th e persona l  past .  Memor y &  Cogni -
tion ,  21 ,  i9-\02 . 

Ratcliff ,  R. ,  &  McKoon ,  G .  (1981) .  Automati c an d strategi c 
primin g i n recognition .  Journa l  o f  Verba l  Learnin g an d 
Verba l  Behavior ,  20 ,  204-215 . 

Seymour ,  T .  L. ,  Mosmann ,  A .  L. ,  &  Seifert ,  C .  M .  (1997) . 

Usin g Reactio n Tim e t o Measur e "Guilt y Knowledge" . 
Proceeding s o f  th e Nineteent h Annua l  Conferenc e o f  th e 
Cognitiv e Scienc e Societ y (p .  1044) .  Hillsdale ,  NJ :  Law -
renc e Erlbau m Associates . 

Tanner ,  W.  P. ,  &  Swets ,  J .  A .  (1954) .  A  decision-makin g 
theor y o f  visua l  detection .  Psychologica l  Review ,  61,401 -
409. 

Tulving ,  E .  (1985) .  Ho w man y memor y system s ar e there ? 
America n Psychologist ,  40 ,  385-398 . 

944 



Usin g Anatomica l  Informatio n t o Enric h th e Conne c _ .  . 

N o r m a l  an d Impaire d Visua l  W o r d Recognitio n 

...VfUVIllll g U I 

R i c h a r d Shillcoc k (rcs@cogsci.ed.ac.uk ) 
P a d r a i c M o n a g h a n (pmon(i)cogsci.ed.ac.uk ) 
Centr e fo r  Cognitiv e Science ,  Universit y o f  Edinburg h 

2 Buccleuc h Place ,  Edinburgh ,  E H 8 9 L W ,  U.K . 

Abstrac t 

We argue that the connectionist modelling of visual word 
recognitio n ca n b e mad e mor e explici t  an d mor e accurat e b y 
th e incorporatio n o f  informatio n concernin g th e initia l 
projectio n o f  th e visua l  field  t o th e visua l  cortex .  W e sho w 
tha t  thi s initia l  projectio n involve s th e precis e splittin g o f 
th e visua l  field  int o tw o hemifields ,  eve n i n th e cas e o f  th e 
fovea l  projection :  whe n a  singl e wor d i s fixated,  tha t  par t 
of  th e wor d t o th e righ t  o f  th e fixation  poin t  initiall y  goe s 
t o th e lef t  hemispher e an d tha t  par t  t o th e lef t  initiall y  goe s 
t o th e righ t  hemisphere .  W e presen t  a  numbe r  o f  reason s 
why thi s initia l  splittin g shoul d b e assume d t o persis t  int o 
th e highe r  cognitiv e processin g concerne d wit h visua l 
wor d recognition .  W e explor e thre e differen t  phenomen a -
th e processin g priorit y give n t o th e exterio r  letter s o f 
words ,  th e optimu m an d preferre d viewin g position s fo r 
wor d recognition ,  an d th e cor e phenomen a o f  dyslexi a -
and sho w tha t  i n eac h cas e a  mode l  base d o n a  spli t 
architectur e make s th e correc t  prediction s an d capture s th e 
human dat a i n a  parsimoniou s an d natura l  way .  W e conclud e 
tha t  anatomica l  informatio n concernin g th e initia l  visua l 
projectio n ca n enric h th e modellin g o f  visua l  wor d 
recognition . 

Modelling and Anatomical Information 

The relativ e succes s o f  th e connectionis t  cognitiv e 
modellin g o f  visua l  wor d recognitio n partl y reflect s th e fac t 
tha t  suc h model s embod y som e o f  th e styl e o f  processin g o f 
th e neurona l  leve l  o f  description :  m a n y simpl e unit s 
workin g i n parallel ,  grade d activity ,  distribute d 
representations .  T o thi s extent ,  thes e model s reflec t  cortica l 
physiolog y an d anatomy .  I n thi s pape r  w e explor e wha t 
benefit s migh t  accru e t o th e modellin g o f  visua l  wor d 
recognitio n b y incorporatin g th e gros s anatomica l  structur e 
of  th e visua l  syste m -  specifically ,  th e precis e splittin g an d 
contralatera l  projectio n o f  th e visua l  field.  Curren t  model s o f 
visua l  wor d recognitio n assum e tha t  th e relevan t  processin g 
has equa l  an d simultaneou s acces s t o al l  o f  th e visuall y 
presente d word .  W e mak e th e cas e tha t  th e initia l  splittin g 
and contralatera l  projectio n o f  th e visua l  field  -  includin g th e 
fovea l  projectio n -  persist s int o th e highe r  cognitiv e 
processe s o f  wor d recognition .  W e explor e thi s conclusio n 
wit h respec t  t o existin g dat a o n norma l  visua l  wor d 
recognition ,  an d als o demonstrat e tha t  th e impairmen t  o f  a 
spli t  connectionis t  architectur e provide s a  principle d an d 
parsimoniou s explanatio n o f  dyslexi c dat a tha t  enriche s 
existin g connectionis t  lesionin g accounts . 

The Foveal Projection is Split 

The visua l  fiel d i s  spli t  i n it s  initia l  projectio n t o th e 
primar y visua l  cortex .  Thi s precis e splittin g i s tru e eve n o f 
th e fovea l  projection :  whe n a n isolate d wor d i s read ,  th e lef t 

of  th e wor d i s  initiall y  projecte d t o th e righ t  hemispher e 
(RH )  an d th e righ t  t o th e lef t  hemispher e (LH) .  Sugishita , 
Hamilton ,  Sakuma ,  an d H e m mi  (1994 )  presen t  compellin g 
dat a t o thi s effect ,  wit h a  commissurotomise d subjec t 
readin g singl e word s straddlin g th e fixatio n poin t  an d 
controlle d b y eye-trackin g equipment .  The y demonstrat e tha t 
any sharin g o f  visua l  informatio n betwee n th e initia l 
projectio n t o th e tw o hemisphere s i s  ver y limited ,  an d 
adjacen t  letter s m a y typicall y b e projecte d t o differen t 

hemisphere s  ̂ 
Thi s fac t  o f  periphera l  visua l  processin g ha s n o rol e i n 

conventiona l  modellin g o f  visua l  wor d recognitio n a s i t  i s 
assume d eithe r  tha t  thi s initia l  fovea l  splittin g doe s no t 
happe n o r  tha t  suc h splittin g i s completel y transcende d b y 
th e tim e tha t  th e processin g directl y relevan t  t o wor d 
recognitio n occurs .  Se e Shillcoc k &  Monagha n (submitted ) 
and Brysbaer t  (1994 )  fo r  furthe r  discussion .  Below ,  w e 
presen t  fou r  argument s t o th e effec t  tha t  thi s conventiona l 
vie w i s to o stron g a  positio n t o sustain ,  an d tha t  wor d 
recognitio n i s influence d t o som e degre e b y fovea l  splitting . 

Intra- and Interhemispheric Processing 

(a )  Ou r  first  argumen t  agains t  ignorin g fovea l  splittin g i n 
visua l  wor d recognitio n concern s th e natur e o f  informatio n 
and information-flo w i n th e brain .  Recurren t  connectivit y i s 
pervasiv e i n th e visua l  system ,  an d i n th e res t  o f  th e brain . 
Visua l  informatio n doe s no t  mak e it s wa y unidirectionall y 
fro m mor e peripheral ,  crude r  representations/areas-of-the -
brai n t o mor e central ,  mor e sophisticate d ones ,  an d 
ultimatel y t o thos e mediatin g wor d recognition .  Rather , 
consciou s wor d recognitio n depend s upo n th e orchestratio n 
of  activit y i n al l  th e relevan t  areas ,  includin g th e precisel y 
spli t  primar y visua l  cortex . 

Althoug h i t  i s  possibl e t o clai m tha t  th e highe r  visua l 
area s contai n receptiv e fields  tha t  spa n th e tw o hemifields , 
and tha t  th e primaril y homotopi c arrangemen t  o f  callosa l 
neuron s ca n b e interprete d a s providin g eac h hemispher e 
wit h informatio n fro m th e entir e visua l  fiel d (see ,  e.g. , 
Berlucch i  &  Antonini ,  1990) ,  w e clai m tha t  conclusion s 
abou t  th e functiona l  architectur e o f  visua l  wor d recognitio n 
canno t  b e directl y draw n fro m observation s o f  receptiv e 
field s alone .  Fo r  instance ,  th e parieta l  lobul e (i n th e 
macaque) ,  concerne d wit h visua l  attention ,  ha s bee n show n 
t o hav e generall y larg e an d bilatera l  receptiv e fields,  wit h a n 
averag e diamete r  o f  44° .  However ,  th e centre s o f  th e 
receptiv e field s (th e retina l  locatio n a t  whic h pea k respons e 
occurs )  ten d t o b e locate d i n th e contralatera l  visua l  fiel d 
(Andersen ,  Asanua ,  Essick ,  &  Siegel ,  1990) .  Th e necessar y 
dat a o n h o w th e functiona l  architectur e o f  wor d recognitio n 

Not e tha t  thes e argument s appl y t o eac h eye . 
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find s expressio n i n th e physiolog y an d anatom y o f  th e 

human brai n i s a s ye t  underdetermined ,  an d w e argu e tha t  th e 
cautiou s assumptio n i s t o accep t  tha t  th e initia l  splittin g o f 
th e visua l  fiel d m a y no t  b e completel y transcende d b y a 
singl e passin g o f  informatio n acros s th e corpu s callosu m t o 
joi n th e relevan t  informatio n fro m th e othe r  hemifield . 
Indeed ,  a  recen t  Hebbia n accoun t  suggest s tha t  bi -

hemispheri c cell-assemblie s mediat e wor d recognitio n 
(Pulvermiiller ,  submitted) . 
(b )  Lateralit y studie s constitut e th e secon d argumen t  agains t 
th e curren t  assumptio n tha t  th e tw o hemisphere s dela y an y 
an d al l  processin g relevan t  t o wor d recognitio n unti l 
complet e an d equa l  sharin g o f  al l  informatio n has  occurred . 
Lateralit y studie s typicall y involv e th e presentatio n o f  letter s 
or  word s t o a  singl e hemifield ,  an d man y suc h studie s hav e 
s h o w n differen t  processin g predisposition s w h e n 

presentatio n i s exclusivel y t o on e o r  othe r  hemispher e (see , 
e.g. ,  Hellige ,  1995 ;  Mohr ,  Pulvermiiller ,  &  Zaidel .  1994) . 
Thes e difference s woul d no t  occu r  i f  th e tw o hemisphere s 
postpone d lexica l  processin g -  lette r  an d wor d recognitio n -
unti l  visua l  informatio n i n th e tw o hemifield s ha d bee n 
completel y shared . 
(c )  I n neglec t  dyslexia ,  damag e t o on e hemispher e (typicall y 
th e R H )  ca n caus e asymmetri c (contralesional )  impairmen t 
of  lexica l  representation s (see ,  e.g. ,  Ellis ,  Flud e &  Young , 
1987) .  Th e complete ,  consciou s awarenes s o f  a  singl e 
visuall y presente d wor d seem s t o requir e bot h hemisphere s 
t o b e intac t  an d m a y b e disrupte d i n spatiall y  predictabl e 
ways b y th e (ofte n no t  ver y specific )  impairmen t  o f  on e 
hemispher e (se e als o Chatterjee ,  1995) . 
(d )  I n som e case s o f  neglect ,  damag e t o on e hemispher e 
cause s contralesiona l  error s i n ora l  spellin g (Hilli s  & 
Caramazza ,  1990) .  Eve n th e high-leve l  cognitiv e processin g 
involve d i n ora l  spelling ,  wit h n o externa l  visua l  stimulus , 
seems t o sho w spatiall y  predictabl e asymmetries . 

Thus these four different types of data suggest that the initial 
splittin g o f  th e visua l  field  int o tw o hemifield s m a y b e 
perpetuate d i n som e for m i n th e highe r  cognitiv e processin g 
immediatel y relevan t  t o visua l  wor d recognition .  Th e 
informatio n fro m th e ipsilatera l  hemifiel d m a y arriv e later , 
or  i t  m a y b e accorde d a  lesse r  statu s fo r  som e par t  o f  th e 
processin g prio r  t o wor d recognition .  A  rang e o f  option s i s 
possible ,  shor t  o f  th e complet e an d equa l  sharin g o f 
informatio n fro m th e tw o hemifield s befor e an y lette r  o r 
wor d recognition . 

Implications for Word Recognition 

Below ,  w e investigat e som e o f  th e consequence s o f  fovea l 
splittin g fo r  modellin g visua l  wor d recognition .  W e assum e 
a degre e o f  intrahemispheri c processin g o f  th e informatio n 
fro m th e contralatera l  hemifield .  W e repor t  thre e differen t 
set s o f  visua l  wor d recognitio n dat a an d demonstrat e tha t  i n 
eac h cas e th e h u m a n dat a emerge s naturall y fro m th e 
requirement s o f  a  spli t  processin g architecture . 

Processing exterior letters of words 

Th e first  an d las t  letter s o f  visuall y presente d word s see m t o 
be accorde d som e sor t  o f  processin g priority .  Thus ,  th e 
"exterior "  letter s ar e bette r  tha n th e interio r  letter s a t  primin g 
th e whol e wor d (Forste r  &  Gartlan ,  1975 )  an d subject s ca n 

bette r  identif y speede d postmaske d presentation s o f  pair s o f 

legitimat e exterio r  letter s (lik e d  k ,  a s i n dark )  compare d 
wit h non-legitimat e pair s (lik e z  k )  (Jordan ,  1990) . 

T o mode l  thi s behaviou r  w e emplo y a  simpl e networ k 
as show n i n Figur e 1 .  Th e four-lette r  inpu t  word s ar e 
presente d acros s an y an d al l  set s o f  tou r  adjacen t  inpu t  nodes . 
Thre e inpu t  position s straddle d th e "fixatio n point "  betwee n 

th e tw o hemifields ,  tw o fel l  wholly  i n on e o r  othe r  hal f  o f 
th e model .  Individua l  letter s ar e code d i n term s o f  eigh t 
binar y unit s representin g visua l  features .  Th e mode l  wa s 
traine d o n th e 6 0 mos t  frequen t  four-lette r  word s i n th e 
C E L EX database ,  an d i t  successfull y learne d t o reproduc e th e 
word s a t  th e outpu t  unit s fo r  al l  five  position s i n whic h th e 
wor d occurre d a t  th e inpu t  units .  Th e networ k wa s judge d t o 
hav e learne d th e tas k whe n mea n square d erro r  fo r  eac h wor d 
was les s tha n 0.5 .  Thi s occurre d afte r  approximatel y 20 0 
epoch s o f  training . 

outpu t 

lef t  hidde n righ t  hidde n 

lef t  inpu t righ t  inpu t 

Figur e 1 :  T h e spli t  mode l  use d t o simulat e th e exterio r  an d 
interio r  letter s effec t 

The model was then tested using as inputs the exterior and 
interio r  letter s o f  th e words ,  respectively ,  an d replacin g th e 
missin g letter s wit h a  mask ,  produce d b y settin g eac h inpu t 
featur e t o hal f  it s  max ima l  value .  (I n th e experiment s bein g 
simulated ,  wor d lengt h i s typicall y conveye d b y makin g th e 
mask exactl y overla p th e fou r  wor d positions. ) 

As Figure s 2  an d 3  show ,  th e exterio r  letter s effec t 
emerges ,  whethe r  th e node s measure d a t  outpu t  correspon d t o 
th e whol e wor d (f(59 )  =  7.82 ,  p  <  0.001 )  o r  jus t  t o th e 
letter s presente d a t  inpu t  (r(59 )  =  10.12 ,  p  <  0.02) .  Thi s 
robus t  effec t  i s  directl y du e t o th e spli t  architecture ,  a s 
s h o w n b y paralle l  simulation s carrie d ou t  wit h a  non-spli t 
architectur e wit h equivalen t  computationa l  resource s (i.e .  th e 
s a me n u m b e r  o f  unit s an d connections) .  I n thi s se t  o f 
simulations ,  th e behaviou r  o f  th e non-spli t  networ k di d no t 
reliabl y produc e th e exterio r  letter s effect .  A n analysi s o f 
varianc e ( A N O V A )  comparin g th e behaviou r  o f  th e tw o 
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network s gav e a  significan t  interactio n betwee n th e factor s 

of  architectur e (spli t  vs .  non-split )  an d inpu t  (exterio r  v* . 
interio r  letters :  fo r  th e whol e word .  F(l ,  236 )  =  28.23 ,  p  < 
0.001 ;  fo r  th e presente d letters ,  F(l .  236 )  =  31.44 ,  p  < 
0.001 . 
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Figure 2: Mean error on whole word at output, with 
presentatio n o f  th e exterio r  letter s an d th e interio r 

letter s fo r  th e spli t  an d non-spli t  architectures . 
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Figure 3: Mean error at output for only the presented letters, 
fo r  th e exterio r  an d interio r  letter s an d fo r  th e tw o models . 

Subsequent exploration of the behaviour of the two 
network s showe d tha t  th e spli t  networ k invariabl y give s th e 
exterio r  letter s effect ,  an d tha t  th e non-spli t  networ k onl y 
occasionall y adopt s a  strateg y o f  prioritisin g th e processin g 
of  th e exterio r  letters .  Th e effec t  i s  du e t o th e spli t 
disproportionatel y disruptin g attempt s t o defin e interio r 

letter s i n term s o f  thei r  immediat e contexts .  Interestingly , 
th e effec t  als o emerge s i n ou r  spli t  mode l  fo r  thos e 
presentation s solel y t o on e hal f  o f  th e model ;  thi s behaviou r 
raise s a  nove l  principl e i n theorisin g abou t  hemispheri c 
interaction ,  tha t  whe n a  singl e hemispher e attempt s a  task , 
i t  m a y b e convenien t  fo r  i t  t o recapitulat e th e splittin g tha t 
typicall y occur s whe n th e tw o hemisphere s collaborate . 

We conclud e tha t  th e exterio r  letter s effec t  -  a 

phenomeno n tha t  ha s remaine d largel y outsid e th e purvie w 
of  curren t  model s o f  wor d recognitio n -  i s  a  processin g 
signatur e o f  a  spli t  processor . 

Optimum and Preferred Viewing Position 

Subjects '  optima l  o r  preferre d viewin g positio n fo r  singl e 
word s i s eithe r  i n th e centr e o f  th e word ,  o r  slightl y t o th e 
lef t  o f  th e centr e (O'Regan ,  1990) .  Thi s behaviou r  m a y b e 
directl y observe d usin g eye-tracking ,  o r  i t  m a y b e inferre d 
fro m th e spee d an d accurac y o f  wor d recognitio n w h e n th e 
wor d i s presente d wit h differen t  lette r  position s 
correspondin g t o th e initia l  fixatio n point ;  performanc e i s b y 
definitio n bes t  a t  th e optima l  fixatio n point .  Thi s behaviou r 
i s conventionall y accounte d fo r  b y sayin g tha t  th e processo r 
i s attemptin g t o positio n a  limite d w indo w o f  high-fidelit y 
processin g ove r  th e mos t  informativ e par t  o f  th e wor d (see , 
e.g. ,  Legge ,  Klit z &  Tjan ,  1997) .  W e wil l  n o w explor e a 
differen t  accoun t  base d o n th e hypothesi s tha t  thi s fixation 
behaviou r  i s optima l  fo r  a  spli t  architecture . 

We wil l  first  conside r  a  leve l  o f  representatio n dealin g 
wit h whol e words .  I t  i s  a  c o m m o n observatio n tha t  th e first 
halve s o f  Englis h word s ten d t o b e mor e informativ e tha n 
thei r  las t  halve s (se e Yannakoudaki s an d Hutto n (1992 )  fo r 
comparabl e phonologica l  statistics) :  syllabl e onset s contai n 
a greate r  rang e o f  segmen t  combination s tha n d o codas ,  an d 
(i n English )  th e end s o f  word s ofte n contai n suffixes .  A 
simpl e consequenc e o f  thi s fac t  i s  tha t  a  processo r  tha t  wa s 
tryin g t o provid e eac h hemispher e wit h th e bes t  informatio n 
abou t  th e identit y o f  th e singl e wor d straddlin g it s fixation 
poin t  -  simultaneousl y minimisin g entrop y i n eac h 
hemispher e -  woul d optimall y positio n it s fixation  poin t  i n 
th e centr e o f  th e wor d o r  t o th e lef t  o f  centr e 

We n o w conside r  th e lowe r  leve l  o f  individua l  lette r 
recognition .  Lette r  identit y an d locatio n mus t  b e determine d 
durin g wor d recognition .  W e m a y reconceptualis e thi s 
proble m a s on e o f  h o w t o alig n th e word s k n o w n t o th e 
processo r  i n suc h a  wa y tha t  th e ("vertical" )  distributio n o f 
letter s a t  an y on e positio n i s suc h a s t o minimis e entrop y a t 
tha t  position .  L o w e r  entrop y a t  a  certai n positio n 
(signifyin g a  skewe d distributio n o f  letter s a t  tha t  position ) 
i s take n t o entai l  les s processing ,  an d greate r  relianc e o n 
know n probabilities .  Figur e 4  illustrate s thre e options :  left -
justifie d (th e strateg y suggeste d b y Legg e e t  al. ,  1997) , 
right-justifie d (fo r  purpose s o f  comparison) ,  an d middle -

justified ^  (th e strateg y favoure d b y a  spli t  processor) .  (Not e 
tha t  ou r  model' s centra l  spli t  give s u s a n absolut e poin t 
aroun d whic h t o organis e suc h justification ,  allowin g u s t o 
be les s specifi c  abou t  th e existenc e o f  lette r  "slots". )  Th e 
relevan t  entropie s wer e calculate d fro m al l  o f  th e word s i n 

^  Fo r  od d number s o f  letters ,  th e midpoin t  i s place d t o th e 
left . 
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C E L E X,  multiplie d b y thei r  frequencies ,  an d plotte d (se e 
Shillcoc k &  Monaghan ,  submitted) . 

Th e plot s reveale d tha t  ther e wa s n o differenc e i n tota l 
entrop y betwee n th e left -  an d middle-justifie d condition s 
(/(19 )  =  -0.787 ,  U.S.) ,  bu t  tha t  bot h differe d significantl y 
fro m th e right-justifie d condition ,  whic h showe d greate r 
entrop y (respectively ,  /(19 )  =  -7.424 ,  p  <  0.001 ;  r(19 )  = 
-4.124 ,  p  <  0.001) .  A s th e plot s als o mad e clear ,  fo r  a  spli t 
architectur e ther e i s a  natura l  advantag e i n th e middle -
justifie d conditio n i n tha t  th e distributio n o f  entrop y b y 
lette r  positio n i s symmetrical ,  compare d wit h th e skewe d 
left-justifie d condition .  I t  i s  preferabl e fo r  th e labou r  t o b e 
share d b y th e tw o hemispheres ,  an d fo r  th e position s wit h 
highes t  entrop y t o fal l  i n th e fovea l  centre ,  wher e 
discriminatio n i s best . 

We conclud e that ,  i f  fixatio n positio n i s determine d s o a s 
t o facilitat e individua l  lette r  recognition ,  ther e i s n o inheren t 
advantag e i n th e left-justifie d strateg y suggeste d b y Legg e e t 
al .  a s approximatin g t o optima l  behaviour ,  compare d wit h 
th e middle-justifie d condition .  I n a  spli t  processo r  wit h 
significan t  intrahemispheri c processin g o f  hemifieid-specifi c 
information ,  th e observe d op t imu m h u m a n fixatio n 
behaviou r  optimise s bot h letter-in-wor d an d wor d 
recognition . 
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Figur e 4 :  Example s o f  (a )  left-justified ,  (b )  right-justified , 
and (c )  middle-justified . 

Impaired Visual Word Recognition 

We n o w briefl y revie w som e o f  th e centra l  behaviour s 
associate d wit h th e differen t  subtype s o f  dyslexi a an d sho w 
tha t  dysfunctio n i n a  spli t  processo r  ca n provid e a  principle d 
basi s fo r  m a n y o f  thes e behaviours .  T h e simples t 
dysfunctio n tha t  w e conside r  i s th e maladaptiv e coordinatio n 
of  th e tw o halve s o f  th e model ,  eac h wit h thei r  hemifieid -
specifi c  information .  O n e consequenc e o f  suc h a  dysfunctio n 
i s tha t  mor e hypothese s and/o r  mor e specifi c  hypothese s 

may b e develope d intrahemisphericall y -  befor e effectiv e 

interhemispheri c communicatio n ca n occu r  -  tha n woul d 
normall y b e th e case .  Problemati c hemispheri c interactio n 
and atypica l  lateralisatio n hav e lon g bee n linke d t o dyslexi a 
i n a  variet y o f  way s (see ,  e.g. ,  Davidso n &  Saron ,  1992) . 

Surface Dyslexia The regularisation errors of surface 
dyslexi a {pin t  pronounce d a s /pint/ )  (Marsha l  &  Newcombe , 
1973 )  naturall y emerg e a s failure s o f  acces s t o th e whol e o f 
th e orthographi c word .  Th e relevan t  simulatio n ha s bee n 

presente d b y Plau t  an d McClellan d (1993 )  i n whic h the y 
sho w tha t  th e appropriat e pronunciatio n o f  th e vowe l  i n a n 
exceptio n wor d lik e pin t  require s th e coordinatio n o f 
informatio n fro m th e orthographi c inpu t  onset ,  nucleu s an d 
coda .  I n contrast ,  thei r  mode l  allow s onset ,  nucleu s an d cod a 
individuall y t o determin e thei r  o w n pronunciatio n i n regula r 

word s lik e mill .  Substitutin g a  phonologica l  outpu t  fo r  th e 
orthographi c on e i n Figur e 1 ,  w e ca n se e h o w dysfunctiona l 
coordinatio n o f  th e tw o halve s o f  th e mode l  woul d caus e 
regularisatio n error s base d o n th e tw o halve s o f  th e inpu t 
word :  th e first  hal f  o f  pin t  woul d b e pronounce d a s i n pin k 
and pill ,  an d th e las t  hal f  a s i n hin t  o r  lint . 

Existin g connectionis t  account s o f  surfac e dyslexi a rel y o n 
reducin g th e computationa l  resource s availabl e t o th e 
processo r  (i n th e developmenta l  case )  (see ,  e.g .  Har m & 
Seidenberg ,  1996 )  o r  els e characteris e i t  i n term s o f  th e 
abilitie s o f  a  survivin g orthography-to-phonolog y pathwa y 
tha t  ha d a  divisio n o f  labou r  wit h a  now-impaire d 
orthography-to-semantic s pathwa y (i n th e acquire d case )  (see , 
e.g. ,  Plaut ,  McClelland ,  Seidenber g &  Patterson ,  1996) . 
Our  o w n accoun t  ma y b e see n a s a  specia l  instanc e o f  th e 
reduce d resource s account .  I t  i s  a  parsimoniou s accoun t  o f 
surfac e dyslexi a becaus e hemispheri c coordinatio n i s 
particularl y vulnerabl e t o non-specifi c  insul t  o r 
developmenta l  abnormality .  I t  i s  mor e motivate d tha n th e 

divisio n o f  labou r  account ;  afte r  all ,  eve n a  smal l  networ k 
model  suc h a s tha t  presente d b y Plau t  an d McClellan d 
(1993 )  ca n succee d i n pronouncin g exceptio n word s i n a 
genera l  mode l  o f  pronunciation .  Finally ,  th e accoun t  w e 
offe r  applie s t o bot h acquire d an d developmenta l  surfac e 
dyslexia . 

Phonological Dyslexia Phonological dyslexia is 
characterise d b y disproportionatel y poo r  performanc e i n th e 
pronunciatio n o f  nonwords ,  suc h a s nus t  (Derouesn e & 
Beauvois ,  1979) .  A  spli t  processo r  allow s a  degre e o f  mor e 
or  les s autonomou s processin g t o occu r  i n eac h hal f  o f  th e 
model ,  base d o n th e visua l  informatio n i n th e relevan t 
(contralateral )  hemifield .  I f  w e allo w autonomou s semanti c 
processin g t o occu r  i n eac h hal f  o f  th e mode l  i n thi s way , 
the n a  natura l  accoun t  o f  phonologica l  dyslexi a emerges . 
One wa y tha t  a  spli t  mode l  ca n adap t  t o poo r  coordinatio n o f 
th e visual/orthographi c inpu t  i s t o allo w semanti c 
processin g t o develo p furthe r  i n eac h hal f  o f  th e model ,  wit h 
th e par t  o f  th e wor d i n eac h hemifiel d encouragin g th e partia l 
activatio n o f  th e semantic s o f  th e word s possibl y involved . 
The lef t  hal f  o f  chai r  migh t  activat e th e semantic s o f  chase , 
chair ,  choir ,  .. .  an d th e right  hal f  air ,  chair ,  flai r  Th e 
intersectio n o f  thes e tw o set s i s th e presente d word ,  chair . 
We migh t  expec t  tha t  mappin g a  word' s phonolog y ont o th e 
semanti c coordinatio n o f  it s  tw o halve s migh t  b e les s 
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problemati c tha n mappin g a  word' s phonolog y ont o th e 
visua l  coordinatio n o f  it s tw o orthographi c halves :  callosa l 
connectivit y i s  mor e extensiv e fo r  th e "higher "  cortica l 
regions ;  orthographic-phonologica l  mappin g ma y b e mor e 
exacting ,  requirin g detaile d tempora l  processin g o f  th e 
phonologica l  representatio n i n conjunctio n wit h position -
specifi c  processin g o f  th e orthographi c representation . 

A processo r  tha t  relie s o n a  semantics-to-phonolog y 
mappin g canno t  cop e wit h nonword s o r  unknow n words . 
The bes t  tha t  ca n b e don e i s t o b e awar e o f  similaritie s 
betwee n know n word s an d th e tw o halve s o f  th e nonword ,  a n 
observatio n whic h phonologica l  dyslexic s ca n ofte n readil y 
make. 

Thi s outlin e o f  a n accoun t  o f  phonologica l  dyslexi a ma y 
complemen t  existin g account s whic h rel y o n a n impairmen t 
of  th e phonologica l  representation s (Har m &  Seidenberg , 
1996 ;  Brown ,  1997 ;  Plaut ,  McClelland ,  Seidenber g & 
Patterson ,  1996) ,  althoug h w e migh t  not e tha t  th e originall y 
observe d phonologica l  dyslexi c (LB )  seeme d t o presen t  wit h 
no suc h phonologica l  difficulties .  I t  shoul d als o b e note d 
tha t  callosa l  agenesi s -  a  clos e huma n equivalen t  t o on e en d 
of  th e rang e o f  spli t  model s w e hav e begu n t o explor e -
seems t o involv e a  readin g impairmen t  tha t  closel y 
resemble s phonologica l  dyslexi a (Temple ,  Jeeve s & 
Vilarroya ,  1990) .  Th e correlatio n betwee n phonologica l 
impairmen t  an d phonologica l  dyslexi a m a y no t  b e causal . 

Deep Dyslexia Hinton and Shallice (1991) and Plaut and 
Shallic e (1993 )  provid e comprehensiv e coverag e o f  th e dat a 
fro m dee p dyslexia ,  usin g a  mode l  tha t  map s fro m 
orthograph y t o semantic s (an d ultimatel y t o phonology) . 
The introductio n o f  a  spli t  architectur e int o thei r 
connectionis t  modellin g o f  dee p dyslexi a provide s a 
principle d an d specifi c  basi s fo r  th e disintegratio n o f 
orthographi c and/o r  semanti c processing .  Relativel y 
autonomou s semanti c processin g i n th e tw o halve s o f  th e 
model  provide s a n accoun t  o f  on e ver y specifi c  behaviou r 
produce d b y dee p dyslexics :  whe n a  confusio n occur s ove r  a 
word ,  i t  i s  typicall y th e cas e tha t  a  les s concret e wor d i s 
replace d b y a  mor e concret e word ,  a s i n pla n - ^  flan .  I t  i s 
generall y assume d tha t  th e R H i s  concerne d wit h th e 
representatio n o f  mor e concret e words .  B y allowin g mor e 
independen t  processin g t o occu r  i n th e R H ,  w e allo w fo r  th e 
fac t  tha t  mor e concret e interpretation s o f  th e dat a m a y 
become mor e influentia l  i n late r  processing .  Thi s accoun t 
provide s a  basi s fo r  a  longstandin g suggestio n (Coltheart , 
1980 )  tha t  dee p dyslexi a reflect s th e behaviou r  o f  a  R H 
readin g system . 

I n general ,  i n thi s necessaril y  brie f  examinatio n o f  th e 
differen t  subtype s o f  dyslexia ,  w e ca n se e tha t  spli t 
connectionis t  architecture s ar e abl e t o provid e a  principle d 
and specifi c  basi s fo r  th e emergenc e o f  a  rang e o f  relevan t 
type s o f  readin g impairment .  A  unifie d treatmen t  o f  th e 
subtype s o f  dyslexi a i s  possible ,  base d o n maladaptiv e 
hemispheri c coordination .  A t  th e sam e time ,  suc h model s 
may b e expecte d t o inheri t  th e genera l  advantages ,  alread y 
demonstrate d i n th e literature ,  o f  connectionis t  model s i n 
simulatin g othe r  aspect s o f  readin g dysfunction . 

C o n c l u s i o n s 

We bega n b y considerin g h o w th e initia l  projectio n t o th e 
visua l  corte x i s  precisel y split ,  an d w e the n explore d th e 
implication s o f  assumin g tha t  thi s spli t  i s  no t  completel y 
transcende d b y th e tim e tha t  visua l  wor d recognitio n occurs . 
We hav e show n tha t  thi s assumptio n lead s directl y t o natura l 
account s o f  a  se t  o f  dat a draw n fro m differen t  part s o f  th e 
wor d recognitio n literature .  Th e exterio r  letter s effec t  i s 
give n a n explanatio n tha t  i s  no t  availabl e t o curren t 
connectionis t  model s o f  visua l  wor d recognition .  Similarly , 
th e dat a o n th e optimu m an d preferre d viewin g positio n ar e 
give n a  coheren t  reinterpretatio n fro m th e perspectiv e o f  a 
spli t  architecture .  W e hav e shown ,  empirically ,  tha t  right -
justificatio n an d middle-justificatio n ar e n o differen t  i n thei r 
abilit y t o minimis e entrop y i n individua l  lette r  positions . 
Finally ,  w e hav e show n tha t  a  spli t  mode l  ha s th e potentia l 
t o provid e motivate d an d specifi c  explanation s o f  a  variet y o f 
behaviour s foun d withi n th e differen t  subtype s o f  dyslexia . 

The exac t  detail s o f  th e functiona l  architectur e o f  wor d 
recognitio n ar e stil l  fa r  fro m bein g adequatel y mappe d ont o 
th e know n physiolog y an d anatom y o f  th e h u m a n visua l 
system .  However ,  th e disparat e dat a w e hav e discusse d abov e 
represen t  a  growin g bod y o f  circumstantia l  evidenc e tha t  th e 
most  accurat e an d illuminatin g w a y t o mode l  wor d 
recognitio n i s b y mean s o f  a  clas s o f  spli t  architectures . 
Thi s genera l  mode l  make s specifi c an d testabl e prediction s 
concernin g a  rang e o f  wor d recognitio n paradigms .  Fo r 
instance ,  i f  th e processin g i n th e tw o hemisphere s i s mor e 
autonomou s tha n i s allowe d fo r  i n curren t  model s o f  visua l 
wor d recognition ,  the n a  variet y o f  confusio n error s betwee n 
th e differen t  hypothese s bein g entertaine d i n th e tw o 
hemisphere s migh t  b e expecte d t o occur .  Jus t  suc h error s 
hav e bee n reporte d i n th e literature :  Moze r  (1985 )  presente d 
subject s ver y briefl y wit h pair s o f  word s suc h a s lin e an d 
lac e an d observe d tha t  "lette r  migration "  error s occurred ,  i n 
whic h subject s reporte d seein g lic e o r  lane .  F ro m th e 
perspectiv e o f  th e mode l  discusse d above ,  thes e error s migh t 
be bette r  describe d a s "hemifiel d mismatc h errors" . 

We conclud e tha t  spli t  connectionis t  model s o f  visua l 
wor d recognitio n wil l  largel y inheri t  th e demonstrabl e 
advantage s o f  existin g connectionis t  model s o f  visua l  wor d 
recognition ,  an d wil l  augmen t  thei r  coverag e o f  th e dat a i n a 
parsimoniou s manner .  Model s o f  visua l  wor d recognitio n 
shoul d reflec t  th e wa y i n whic h th e brai n make s sens e o f  it s 
immediat e dat a abou t  th e visua l  world ,  somethin g tha t  i s 
reflecte d i n th e large-scal e anatom y o f  th e visua l  system .  A t 
th e sam e time ,  thi s modellin g ca n infor m ou r  theorie s o f  th e 
hemispheres '  mor e genera l  representationa l  principle s an d 
strategies . 
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Abstrac t 

Edioic responses abound in dialogues, where a speaker reuses 
a portio n o f  th e tex t  uttere d b y anothe r  i n a  precedin g ftim, 
thoug h semanticall y the y contribut e littl e i f  an y ne w informa -
tion .  Th e phenomeno n ha s attracte d th e attentio n o f  researchers 
fro m divers e academi c fields,  rangin g fro m sociolinguistic s 
and developmenta l  psychology ,  t o computationa l  linguistic s 
and human-compute r  interfaces .  Thi s stud y reports  a n empir -
ica l  investigatio n o n echoi c responses  fro m a n informationa l 
perspective .  Drawin g o n statistica l  analyse s o f  instance s ex -
tracte d from  corpor a o f  spoke n dialogue s i n Japanese ,  w e sho w 
tha t  echoi c responses  wit h differen t  timings ,  lengths ,  intona -
tions ,  pitches ,  an d speed s signa l  differen t  degree s i n whic h th e 
speaker s hav e integrate d th e repeated  informatio n int o thei r 
prio r  knowledge .  W e furthe r  conside r  dialogue-coordinatio n 
function s enacte d b y thi s informationa l  potentia l  o f  echoi c re-
sponses ,  an d identif y th e functio n o f  displa y a s distinguishe d 
from  th e function s o f  acknowledgmen t  an d repair-initiation. 

Introduction 
An echoi c respons e i s a n utteranc e i n whic h a  speake r  reuse s a 
portio n o f  th e tex t  uttere d b y anothe r  i n th e precedin g turn .  W e 
invariabl y d o thi s whe n w e talk ,  thoug h w e kno w semanticall y 
i t  contribute s littl e n e w information .  Th e genera l  them e o f  thi s 
pape r  i s th e function s o f  echoi c response s i n dialogues .  W e 
can distinguis h thre e differen t  perspective s towar d thi s genera l 
theme :  social ,  dialogue-coordinating ,  an d informational . 

Fro m a  socia l  perspective ,  w e as k h o w th e occurrenc e o f 
an echoi c respons e i n a  conversatio n create s o r  otherwis e 
change s th e socia l  circumstance s amon g participant s o f  th e 
conversation .  Tanne n (1994 )  describe s th e creatio n o f  inter -
persona l  involvemen t  b y th e repetitio n o f  prio r  text .  Norric k 
(1994 )  argue s tha t  echoi c response s pla y a n importan t  rol e i n 
interactiona l  achievemen t  o f  joking . 

Fro m a  dialogue-coordinatin g perspective ,  w e as k h o w 
echoi c response s i n a  dialogu e contribut e towar d th e coor -
dinatio n o f  th e dialogu e t o a  specifi c  goal ,  particularl y thei r 
contribution s t o th e proces s o f  information-sharing .  Clar k an d 
Shaeffe r  (1989 )  separat e ou t  th e information-sharin g aspec t 
of  th e coordinatin g function s o f  utterance s a s thei r  ground -
in g functions .  Trau m (1994 )  list s seve n differen t  "groundin g 
acts "  tha t  m a y b e performe d i n a n interactiv e dialogue ,  an d 
Beun (1995 )  an d Walke r  (1992 )  suggest ,  a s th e coordinat -
in g function s o f  echoi c responses ,  wha t  Trau m woul d cal l 
acknowledgmen t  an d repair-initiation . 

Fro m a n informationa l  perspective ,  w e as k wha t  informa -
tio n i s carrie d b y th e occurrenc e o f  a n echoi c respons e durin g 
a conversation .  Eve n i f  a n echoi c respons e add s littl e infor -
matio n t o th e topi c o f  a  proceedin g conversation ,  i t  stil l  m a y 
carr y significan t  informatio n a t  th e meta-level ,  namely ,  infor -
matio n concernin g th e conversatio n proces s itself ,  a s oppose d 

'Also with Nara Institute of Science and Technology. 

t o th e topi c o f  th e conversatio n (Gump>erz ,  1991 ;  Gros z & 
Hirschberg ,  1992 ;  Koiso ,  Shimojima ,  &  Katagiri ,  1996) . 

Our  approac h towar d echoi c response s i n thi s pape r  i s  pri -
maril y fro m a n informationa l  perspective ,  an d w e begi n b y 
examinin g th e followin g hypothesis . 

Integration signaling hypothesis: The prosodic and tem-
pora l  feature s o f  a n echoi c respons e carr y informatio n abou t 
th e degre e i n whic h th e speake r  ha s integrate d th e repeate d 
informatio n int o he r  bod y o f  knowledge . 

Suppos e a  speake r  says ,  "The n g o t o Keag e station, "  an d an -
othe r  speake r  respond s b y saying ,  "Keage. "  Th e first  speake r 
i s tryin g t o giv e a  piec e o f  informatio n abou t  wher e th e sec -
on d speake r  shoul d g o fo r  th e nex t  destination .  A t  th e tim e o f 
producin g he r  echoi c response ,  however ,  th e secon d speake r 
m ay o r  m a y no t  hav e succeede d i n assimilatin g th e par t  o f  th e 
informatio n tha t  sh e repeats ,  namely ,  th e par t  represente d b y 
"Keage, "  wit h th e bod y o f  he r  prio r  knowledg e i n a  consisten t 
manner .  Th e abov e hypothesi s claim s tha t  th e degre e i n whic h 
sh e ha s succeede d i n this ,  i s  signale d b y th e prosodic/tempora l 
characteristic s o f  he r  utteranc e (suc h a s it s length ,  timing , 
speed ,  pitch ,  an d intonation) . 

We tes t  ou r  hypothesi s i n tw o step s throug h analyse s o f 
Japanes e dialogu e data .  Th e first  analysi s focuse s o n sig -
nalin g possibilitie s o f  prosodic/tempora l  feature s o f  echoi c 
responses ,  take n individually ,  fo r  th e degree s o f  th e speak -
ers '  informatio n integration .  Th e secon d analysi s focuse s o n 
thei r  signalin g potential s i n mor e detail .  W e wil l  us e th e 
measure s o f  accurac y an d comprehensivenes s t o determin e 
(1 )  exactl y wha t  range s o f  th e speakers '  integration s ar e sig -
nale d b y th e prosodic/tempora l  features ,  an d (2 )  exactl y wha t 
prosodic/tempora l  features ,  o r  wha t  combination s o f  thes e 
features ,  signa l  thos e integratio n ranges . 

We the n discus s th e implication s o f  ou r  findings  o n th e in -
formationa l  potential s o f  echoi c response s wit h respec t  t o thei r 
groundin g fiinctions .  I f  w e ca n identif y th e prosodic/tempora l 
feature s tha t  signa l  th e hig h an d lo w degree s o f  integration , 
the n i t  seem s natura l  t o conclud e tha t  echoi c response s wit h 
thos e respectiv e feature s ar e use d t o perfor m th e groundin g 
act s o f  acknowledgmen t  an d repair-initiation .  Contrar y t o thi s 
simpl e generalization ,  w e argu e tha t  w e nee d t o posi t  a  ne w 
typ e o f  groundin g functio n displa y t o captur e th e entir e rang e 
of  dialogue-coordinatin g function s o f  echoi c responses . 

Analysis I 

Methods 

Dat a T o examin e th e validit y o f  ou r  hypothesis ,  w e con -
ducte d a n analysi s o n actua l  occurrence s o f  echoi c response s 
extracte d fro m a  corpu s o f  dialogu e dat a w e earlie r  collected . 
Our  corpu s consist s o f  two-part y face-to-fac e task-oriente d di -
alogue s i n Japanes e i n whic h th e participant s engag e i n bloc k 
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constructio n task s i n a  sound-isolate d studio ,  wher e on e par -
ticipan t  {instructor )  verball y give s instructions ,  referrin g t o 
a se t  o f  picture s fo r  targe t  bloc k configurations ,  t o th e othe r 
participan t  (constructor) ,  w h o i n tur n trie s t o recreat e th e con -
figuration s ou t  o f  th e se t  o f  block s availabl e t o her .  Bot h th e 
targe t  picture s an d th e block s wer e kep t  invisibl e fro m th e 
othe r  part y unti l  bot h side s agree d tha t  the y ha d complete d 
th e constructions .  Bot h participant s wer e allowe d t o mak e 
gesture s whil e communicating ,  bu t  th e instructo r  coul d no t 
physicall y touc h an y o f  th e blocks . 

We analyze d thre e dialogues ,  eac h betwee n tw o partici -
pant s familia r  wit h on e another .  Th e speec h material s fro m 
bot h participant s wer e digitall y  recorde d o n separat e chan -
nels ,  an d transferre d t o a  compute r  a t  a  samplin g frequenc y 
of  1 6 K H z .  The y wer e subsequentl y divide d automaticall y b y 
power  measurement s int o "utteranc e unit s  (UUs), "  consecu -
tiv e stretche s o f  speec h bounde d b y silence .  Th e star t  tim e 
an d en d tim e o f  eac h U U wer e als o extracte d automatically . 

Echoic Response Repeats can be classified according to a 
number  o f  differen t  criteria .  The y ca n b e classifie d i n term s 
of  w h o make s th e repeats ,  int o self-repetitions ,  o r  int o other -
repetitions .  The y ca n b e classifie d i n termso f  form s o f  repeats , 
rangin g from  a n exac t  repetitio n t o a  paraphrase .  The y ca n 
als o b e classifie d i n term s o f  th e numbe r  o f  intervenin g turn s 
befor e them ,  o r  int o immediat e an d delaye d repetitions . 

For  thi s study ,  w e focuse d o n immediat e other-repetitions , 
e.g. ,  echoi c responses .  Takin g th e U U a s th e uni t  o f  analysis , 
we defin e "echoing "  i n th e followin g way : 

A sequence of UUs (X) made in a turn and another se-
quenc e o f  U U s (Y )  mad e i n th e directl y followin g txm i 
ar e echoi c pair s i f  an d onl y i f  a  sequenc e o f  mora e tha t 
occupie s a  hal f  o r  mor e o f  Y  ha s alread y appeare d i n X 
or  i s  a  semanti c paraphras e o f  a  par t  o f  X . 

To guarantee that repeats are genuine instances of echoic re-
sponses ,  w e onl y considere d repeat s comin g fro m th e respon -
der ,  an d exlculde d th e instance s o f  "initiates "  an d "repairs, " 
whic h d o no t  constitut e response s t o previou s utterances . 
We als o omitte d repeat s i n standardize d opening/closin g se -
quences ,  suc h a s thos e i n greetings ,  e.g. ,  "mosimosi"(hello) . 
Wit h thes e tw o restrictions ,  th e definitio n give n abov e resulte d 
i n a  tota l  o f  7 1 repea t  occurrences  i n ou r  corpus . 

Integratio n Ratin g W e assigned ,  t o eac h instanc e o f  th e 
echoi c response ,  a n informatio n integratio n rating ,  whic h i s a 
measur e fo r  th e degre e i n whic h th e responde r  ha d integrate d 
th e repeate d informatio n int o he r  bod y o f  knowledge .  Inte -
gratio n ratin g involve s a  5-poin t  scal e rangin g fro m minima l 
integratio n (scor e 1 )  t o ful l  integratio n (scor e 5) . 

Rating s wer e first  mad e b y mean s o f  a  consensu s labelin g 
among thre e o f  th e authors .  Bot h th e speec h an d transcriptio n 
of  eac h o f  th e repea t  instance s wer e presente d t o them ,  whic h 
the y examine d unti l  a  consensu s wa s reached .  T o tes t  th e 
reliabilit y  o f  th e labeling s s o obtained ,  the y additionall y con -
ducte d a  follo w u p experiment ,  i n whic h seve n instance s o f 
repeat s wer e take n randoml y fro m eac h o f  th e five  integratio n 
categorie s an d wer e subjecte d t o integratio n rating s b y thre e 
subject s (tw o female s an d on e male) .  Rating s wer e m a d e 
severa l  time s t o guarante e th e stabilit y  o f  th e rat e assignment , 
an d th e las t  rating s wer e compare d wit h thos e obtaine d i n a 
consensu s labelin g operation . 

Prosodic/tempora l  Feature s Fo r  prosodi c an d tempora l 
feature s o f  speech ,  w e considere d th e folowin g tw o categori -
cal  feature s an d thre e continuou s features ,  whic h w e thin k ar e 
th e mos t  significan t  i n thei r  dialogu e ftjnctions.  Categorica l 
feature s wer e obtaine d b y manua l  labeling ,  an d continuou s 

feature s wer e obtaine d throug h automati c procedures . 

Length: Repeat instances were categorized in terms of their 
lexica l  make-up .  A  lon g repea t  i s a  repea t  whic h contain s 
or  paraphrase s a t  leas t  al l  o f  a  repeate d par t  o f  a  U U an d 
possibl y contain s additiona l  lexica l  materials .  A  shor t  repea l 
i s  a  repea t  whic h repeat s o r  paraphrase s a  stric t  subpar t  o f  a 
repeate d U U . 

Boundar y Tone :  Repea t  instance s wer e categorize d i n term s 
of  thei r  final  intonatio n patterns .  A  varian t  o f  J-ToB I  (Ven -
ditti ,  1997 )  label s wa s assigne d t o repea t  instance s b y a n 
independen t  researche r  w h o wa s no t  awar e o f  th e purpos e o f 
th e curren t  research .  W e mad e a  simpl e distinctio n betwee n 
high-endin g contours ,  whic h includ e a  simpl e rise  ( H % )  an d 
a fall-ris e ( L % H % ) ,  an d low-endin g contoiu^ ,  whic h includ e 
a simpl e fal l  ( L % )  an d a  rise-fall  ( L % H L % ) . 

Pitc h Registers :  Pitc h registers ,  whic h refe r  t o th e fac t  tha t 
utterance s ca n b e mad e i n a  lo w voic e o r  i n a  hig h voice ,  wer e 
measure d a s th e F q mea n pe r  utteranc e unit . 

Tempo:  Th e normalize d averag e mor a duratio n pe r  utteranc e 
uni t  wa s chose n a s a  measur e o f  th e articulatio n rate .  Usin g 
transcription s o f  speec h data ,  mor a label s wer e first  auto -
matica l  y  time-aligned ,  an d averag e mor a duration s wer e cal -
culate d an d normalize d wit h respec t  t o durationa l  variation s 
among vowels . 

Delay :  Dela y wa s measure d a s th e duratio n betwee n th e offse t 
of  repeate d fragmen t  an d th e onse t  o f  a  repeatin g fragment . 
A larg e negativ e numbe r  reflect s overlap ,  wherea s a  larg e 
positiv e numbe r  reflect s a  considerabl e delay . 

Results 

Labelin g Reproducibilit y  Th e reliabilit y  o f  a  labelin g 
schem e i s a  basic ,  bu t  ofte n har d t o confirm ,  requiremen t 
i n corpus-base d research .  Th e kapp a coefficien t  (/c )  o f  agree -
ment  (Siege l  &  Castellan ,  1988) ,  whic h take s int o accoun t 
chanc e leve l  biases ,  ha s bee n widel y accepte d b y man y re -
searcher s a s on e o f  th e mos t  usefu l  measure s o f  suc h reUa -
bilit y  (Carletta ,  1996 ;  Hirschber g « & Nakatani ,  1 9 % ) ;  a  valu e 
of  0. 8 o r  highe r  i s generall y regarde d a s indicatin g agreemen t 
wit h a  hig h reliability . 

We calculate d k  coefficient s betwee n integratio n rat e label s 
obtaine d i n th e consensu s labelin g an d thos e obtaine d fro m 
eac h o f  th e thre e independen t  subjects .  Calculation s wer e 
performe d unde r  th e "stric t  match "  criterio n an d th e "loos e 
match "  criterion .  Fo r  th e former ,  onl y strictl y equa l  rating s 
wer e considere d a s indicatin g agreement ,  wherea s fo r  th e 
latter ,  u p t o on e poin t  difference s wer e deeme d t o indicat e 
agreement .  W e obtaine d a n averag e pairwis e k  scor e o f  0.5 8 
fo r  th e stric t  match ,  an d 0.8 4 fo r  th e loos e match^ .  Thus , 
eve n thoug h th e inter-labele r  reliabilit y  fo r  th e integratio n 
rating s wa s no t  hig h enoug h fo r  stric t  five  categor y distinction , 
we coul d clai m a  sufficientl y hig h inter-labele r  reliabiht y b y 
slightl y weakenin g th e ratin g agreemen t  criterion . 

Single Features and Integration We next looked into the 
questio n o f  whethe r  an d t o wha t  degre e th e five  prosodi c an d 
tempora l  features ,  take n individually ,  o f  echoi c response s re -
flect  th e degre e o f  informatio n integratio n o f  th e responder . 
T o tha t  end ,  w e applie d statistica l  test s t o se e i f  w e coul d 
find  statisticall y significan t  distributiona l  difference s o f  fea -
tur e value s betwee n integratio n an d disintegratio n responses . 

^Th e loos e matc h conditio n guarantee s a  highe r  observe d valu e 
tha n th e stric t  matc h condition ,  bu t  i t  als o give s a  lowe r  expecte d 
value ,  s o w e canno t  sa y tha t  th e loos e matc h conditio n necessaril y 
produce s highe r  k  coefficients . 
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Tabl e 1 :  Distribution s o f  categorica l  feature s o f  echoi c re -
sponses . 

Tabl e 3 :  Statistica l  test s fo r  difference s betwee n integratio n 
an d disintegration .  ( "  P  <  .0 1 *  P  <  .0 5 ) 

H% 
Lon e 
Shor t 

111 12345 1 
I T 

8 1 6 
3 3 0 

10 2 8 

m mK 
16 3 1 
13 1 1 
11 2 2 
18 2 0 

11231145 1 
28 1 9 
20 4 
18 I S 
30 8 

[ j m m -
34 n 
24 0 
26 7 
32 6 

Tabl e 2 :  Distribution s o f  continuou s feature s o f  echoi c re -
sponses . 

UJ 
12345 ] 

[12 1 

I 

345 
123 
45] 
2341 
[51 

tem p 
mean s.d . 
4.9 6 0.6 6 
4.6 1 0.7 3 
4.8 4 0.5 2 
4.5 5 0.8 2 
4.8 0 0.5 0 
4.4 0 1.0 1 
4.7 6 0.4 7 
4.2 8 1.3 4 

Dela y 
mean s.d . 
7.4 9 0.5 2 
7.0 0 1.0 4 
7.4 0 0.4 6 
6.8 8 1.1 8 
7.3 1 0.3 9 
6.6 5 1.5 6 
7.1 7 1.0 0 
6.7 6 0.7 0 

Pitc h 
mean s.d . 
4.9 0 0.3 6 
4.8 0 0.2 5 
4.8 9 0.2 6 
4.7 6 0.2 7 
4.8 7 0.2 8 
4.7 0 0.2 2 
4.8 4 0.2 7 
4.6 9 0.2 5 

We firs t  categorize d echoi c response s int o integratio n an d 
disintegratio n categorie s base d o n th e consensu s labelin g o f 
integratio n rates .  Ther e ar e fou r  differen t  way s t o divid e 
th e S-poin t  scal e o f  integratio n rating s int o binar y integra -
tion/disintegratio n categories :  [l]-[2345] ,  [12]-[345] ,  [123] -
[45] ,  an d [1234]-[5] .  W e examine d al l  o f  thes e possibilities . 

For  th e tw o categorica l  features ,  boundar y ton e an d length , 

we appUe d x ^  ̂ ^ ^  fo r  distributiona l  differences .  Tabl e 1 
give s th e distributio n o f  feature s betwee n th e integratio n an d 
disintegratio n responses .  Result s o f  th e x ^  ̂ ^ ^  ̂ ^  show n 
i n Tabl e 3 .  Th e table s sho w that ,  fo r  boundar y tone ,  ther e 
ar e significan t  distributiona l  difference s i n thre e ou t  o f  fou r 
)ossibl e division s o f  integration/disintegration .  Similarly ,  fo r 
ength ,  w e foun d significan t  differenc e i n th e [123]-[45 ]  divi -

sion .  Th e result s als o indicat e tha t  a  hig h boundai y ton e an d 
a shor t  repea t  ar e mor e probabl e i n disintegratio n responses . 

For  th e continuou s features ,  tempo ,  delay ,  an d pitch ,  w e 
applie d <-test s fo r  distributiona l  differences .  Origina l  featur e 
value s wer e first  converte d b y logarithmi c transformatio n t o 
satisf y th e normalit y o f  th e distribution .  Tabl e 2  summarize s 
th e viue s o f  th e m e a n an d standar d deviation s o f  thes e contin -
uous features .  Fo r  al l  thre e features ,  highe r  value s ten d t o b e 
associate d wit h disintegratio n responses .  Tabl e 3  summarize s 
th e result s o f  th e <-tests .  T h e result s sho w tha t  fo r  al l  thre e 
continuou s features ,  ther e ar e significan t  distributiona l  differ -
ence s i n th e [123]-[45 ]  division ;  furthe r  difference s ar e als o 
foun d i n [1234]-[5 ]  fo r  tempo ,  an d i n [12]-[345 ]  fo r  delay . 

Thes e result s clearl y indicat e tha t  th e five  prosodi c an d tem -
pora l  feature s examine d her e reflec t  th e degre e o f  informatio n 
integration ,  suggestin g th e possibilit y  tha t  the y pla y importan t 
role s i n actua l  dialogue s wit h thei r  signalin g potentials . 

Analysis II 

Motivate d b y thi s observation ,  w e wil l  n o w tak e a  close r  loo k 
at  ou r  data ,  i n orde r  t o answe r  th e followin g questions : 

• Exactly what prosodic/temporal features have signaling po-
tential s a s t o th e speaker' s integratio n rate . 

•  Exactl y wha t  range s o f  integratio n rate s ar e signale d b y 
thos e features . 

Methods 

Befor e w e star t  investigatin g thes e issues ,  however ,  w e nee d 
specif y (1 )  h o w w e measur e th e signalin g potentia l  o f  a  spe -
cifi c  featur e a s t o anothe r  feature ,  an d (2 )  wha t  rang e o f 

B.T . 
Lengt h 
Tempo 
Dela y 
Pitc h 

A d 
y'(i ) 
'(69 ) 
< 69 ) 
<(69 ) 

1-234 5 
5.47 * 
3.5 0 
1.6 1 
1.6 2 
1.2 8 

12-34 5 
2.6 6 
1.4 4 
1.6 4 
2.23 * 
1.9 4 

123^ 5 
4.09 * 
4.80 * 
2.20 * 
2.75 " 
2.55 * 

1234- 5 
8.13* * 
0.3 5 
2.19 * 
1.3 8 
1.8 8 

prosodic/tempora l  feature s w e conside r  a s candidate s fo r  suc h 
signals . 

Measures for Signaling Potentials Suppose you are won-
derin g whethe r  a  featur e a  signal s anothe r  featur e /? .  On e 
natura l  wa y t o approac h thi s issu e i s t o se e ho w ofte n ( 3 oc -
cur s whe n a  occurs .  Thi s metho d measure s th e accurac y o f 
a a s a  signa l  t o /9 .  I f  / ? occur s wheneve r  a  occurs ,  the n a  i s a 
perfectl y accurat e cu e t o /? . 

However ,  w e canno t  determin e th e signalin g potentia l  o f  a 
wit h th e measur e o f  accurac y alone .  Suppos e a  seldo m occur s 
when / ? occurs ,  bu t  whe n a  doe s occur ,  P  als o occurs .  I n suc h 
a case ,  a  i s a  perfec t  cu e t o / ? i n th e accurac y measure .  W e 
woul d not ,  however ,  cal l  a  a  goo d cu e t o /? ,  simpl y becaus e a 
misse s mos t  o f  th e occurrence s o f  /? .  T o b e counte d a s a  goo d 
cue ,  a  mus t  als o b e a  comprehensiv e signa l  t o /3 . 

We comput e th e accurac y (ACC )  an d th e comprehensive -
ness ( C O M )  o f  a  a s a  signa l  t o 0  i n th e followin g wa y ̂ : 

.  ,  „ ,  _  Number  o f  case s wher e a  an d / ? occu r 

COU(a/0 )  = 

Number  o f  case s wher e a  occur s 
Numlje r  o f  case s wher e a  an d 0  occu r 

Number  o f  case s wher e p  occur s 

A s w e ca n se e fro m th e abov e formulas ,  th e accurac y o f 
a a s a  signa l  t o 0  tend s t o b e highe r  w h e n (1 )  a  occur s les s 
frequently ,  an d whe n (2 )  0  occur s mor e frequently .  O n th e 
contrary ,  th e comprehensivenes s o f  a  tend s b e hig h i n th e 
opposit e case .  Accordingly ,  ther e i s a  trade-of f  betwee n th e 
accurac y an d th e comprehensivenes s o f  a ,  an d the y normaliz e 
eac h other' s chanc e level .  Accurac y an d comprehensivenes s 
thu s m a k e a  fairl y  goo d measur e fo r  signalin g potentials ,  w h e n 
use d conjunctively . 

We sa w befor e tha t  a  perfectl y accurat e cu e m a y b e useles s 
i f  i t  i s lo w i n comprehensiveness .  Th e convers e i s als o true :  a 
perfectl y comprehensiv e cu e m a y b e useles s i f  i t  i s lo w i n ac -
curacy .  Therefore ,  w h e n w e compar e th e cuin g potential s o f 
tw o differen t  feature s a  i  an d a2 ,  i t  woul d b e a  mistak e t o sim -
pl y compar e th e s u m o f  a  i  ' s  accurac y an d comprehensivenes s 
wit h th e s u m o f  ai' s  accurac y an d comprehensiveness .  W e 
shoul d rathe r  compar e th e minima l  valu e o f  a  i  ' s  accurac y an d 
comprehensivenes s wit h th e minima l  valu e o f  a2' s accurac y 
an d comprehensiveness .  Orderin g th e signalin g performance s 
of  differen t  feature s i n thi s w a y woul d exclud e fro m th e to p 
lis t  thos e useles s cue s wit h a n extremel y hig h accurac y bu t 
wit h lo w comprehensiveness ,  o r  wit h exu-emel y hig h com -
prehensivenes s bu t  a  lo w accuracy .  M o r e precisely ,  w e us e 
th e followin g orderin g t o compar e th e performance s o f  tw o 
feature s a i  an d a 2 a s signal s t o a  featur e 0 : 

min{ACC(Qi/;3),COM(ai//3)) > min(ACC(a2//3),COM(a2//?)) 

^Th e measure s o f  accurac y an d comprehensivenes s correspon d 
t o th e measure s o f  precisio n an d recal l  traditionall y use d i n th e field 
of  informatio n retrieva l  t o evaluat e th e efficienc y o f  a  searc h engine . 
We wil l  us e ou r  ow n term s o f  "accuracy "  an d "comprehension, " 
however ,  t o avoi d confusio n o n th e issu e o f  cuin g performanc e wit h 
tha t  o f  searc h efficiency . 
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R a n g e o f  Candidat e Signal s Accordin g t o analysi s I ,  a 
highe r  pitch ,  faste r  tempo ,  an d longe r  dela y o f  a n echoi c 
respons e reflec t  a  lowe r  degre e i n whic h th e speake r  ha s 
integrate d th e repeate d information ,  whil e a  lowe r  pitch , 
slowe r  tempo ,  an d shorte r  dela y reflec t  a  highe r  degre e 
of  th e speaker' s integratio n rate .  Therefore ,  w e tak e th e 
prosodic/tempora l  feature s i n th e lef t  colum n o f  Tabl e 4  a s 
candidat e signal s t o integratio n an d thos e i n th e right  colum n 
as candidat e signal s t o disintegration .  Th e variabl e X  appear -
in g i n Tabl e 4  indicate s th e threshol d valu e o f  th e relevan t 
continuou s feature ,  rangin g ove r  -0.3 ,  -0.2 ,  -  0.1 ,  0 ,  0.1 ,  0.2 , 
and 0.3 .  Thes e value s ar e normalize d i n unit s o f  standar d 
deviation s fro m th e mean . 

Table 4: Candidate signals. 

IntegratJor T 
lengt h =  l>ong ,  Shor t 
B T =  High ,  L o w 
Tempo <  X 
Dela y <  X 
Pitc h <  X 

disintegratio n 
lengt h =  Long ,  Shor t 
BT =  High ,  Lo w 
Tempo >  X 
Dela y >  X 
Pitc h >  X 

I t  i s certainl y possibl e tha t  th e prosodic/tempora l  feature s 
i n Tabl e 4  individuall y hav e certai n signalin g potential s t o th e 
speaker' s integratio n rate .  However ,  i t  i s  als o possible ,  o r 
eve n natural ,  tha t  tw o o r  mor e o f  thes e feature s wor k togethe r 
t o mak e accurat e an d comprehensiv e cues .  Let' s thin k o f  th e 
cas e feature s a  an d a '  ar e fairl y  accurat e cue s t o /? ,  bu t  nei -
the r  cover s th e case s o f  / ? comprehensivel y enough ,  namely , 
neithe r  occur s frequentl y enoug h whe n / ? occurs .  Eve n unde r 
suc h a  circumstance ,  however ,  i t  migh t  wel l  b e tha t  a  an d a ' 
complemen t  eac h othe r  t o cove r  th e case s o f  0  fairl y  com -
prehensively ,  i n suc h a  wa y tha t  whe n ( 3 occur s an d a  doe s 
not  occur ,  a '  occur s instead ;  an d whe n ( 3 occur s an d a '  doe s 
not ,  Q  occur s instead .  Thi s i s th e cas e wher e th e disjunctio n 
of  Q  an d a '  make s a  comprehensiv e cu e t o 0 ,  eve n thoug h 
a an d a '  ar e no t  comprehensiv e individually .  A s th e dua l 
t o thi s disjunctiv e complementation ,  w e ca n als o thin k o f  th e 
possibilit y  o f  conjunctiv e complementation ,  wher e a  an d a ' 
wor k togethe r  t o enhanc e th e accurac y o f  th e signaling . 

I n orde r  t o tak e thes e possibilitie s o f  disjunctiv e an d con -
junctiv e complementation s int o account ,  w e decide d t o in -
clud e th e conjunctiv e an d disjunctiv e combination s o f  th e fea -
ture s i n Tabl e 4  i n ou r  lis t  o f  candidat e signal s t o th e speaker' s 
integratio n rate .  T o preven t  th e explosio n o f  th e searc h space , 
however ,  w e ha d t o hmi t  ourselve s t o th e combination s o f  u p 
t o thre e differen t  feature s i n Tabl e 4 .  A s a  result ,  th e combina -
tion s tha t  w e considere d wer e o f  on e o f  th e followin g forms : 
a V 7 , a A 7 , a V ( 7 A 6 ) , a A ( 7 V 6 ) , a V 7 V (5 ,andaA 7 a 6 . 

Procedures As we indicated at the outset, we are interested 
i n no t  onl y wha t  prosodic/tempora l  feature s hav e signalin g 
potential s a s t o th e speaker' s integratio n rate ,  bu t  als o wha t 
range s o f  integratio n rate s ar e c u ^  b y thos e features .  Ther e 
migh t  b e a  prosodic/tempora l  featur e tha t  signal s stron g in -
formatio n tha t  th e speaker' s integratio n rat e i s exactl y  5 ,  bu t 
of  course ,  ther e m a y b e onl y a  cu e wit h wea k informatio n 
indicatin g tha t  th e speaker' s integratio n rat e i s i n th e rang e o f 
[2345] .  W e wis h t o addres s thi s issu e o f  signale d range s o f 
integratio n rate s explicitly . 

Assumin g tha t  th e signale d range s ar e close d i n th e direc -
tio n o f  integratio n o r  disintegration ,  ther e ar e eigh t  possibl e 
range s tha t  m a y b e signaled :  [1] ,  [12] ,  [123] ,  [1234] ,  [5] ,  [45] , 

[345] ,  an d [2345]. "  Fo r  eac h o f  thes e ranges ,  w e orde r  ou r  can -
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F i g u r e 1 :  Distr ibution s o f  signal in g p e r f o r m a n c e s . 

didate prosodic/temporal features according to their potentials 
a s a  c u e t o th e r a n g e i n quest ion .  T h e cand ida t e feature s a n d 
th e metho d o f  orderin g ar c a s describe d above .  Thu s w e ca n 
compar e th e overal l  cuin g performance s o f  prosodic/tempora l 
feature s wit h respec t  t o differen t  range s o f  integratio n rates , 
an d henc e ca n determin e wha t  ranges ,  i f  any ,  ar e th e target s o f 
prosodic/tempora l  cuing .  B y studyin g th e feature s i n th e to p 
place s o f  th e relevan t  orderings ,  w e ca n als o determin e wha t 
particula r  prosodic/tempora l  feature s d o th e cuings . 

Results 

Signale d Informatio n Tabl e 5  show s result s o f  orderin g 
candidat e signal s fo r  th e followin g integratio n ranges :  [1] , 
[12] ,  [123] ,  [1234] ,  [5] ,  [45] ,  [345] ,  an d [2345] .  (Onl y th e 
to p five  candidate s ar e s h o w n fo r  eac h integratio n range. ) 

A s i t  turn s out ,  th e integratio n rang e [1234 ]  i s  th e tar -
get  o f  th e mos t  accurat e an d comprehensiv e signalin g fro m 
prosodic/tempora l  feanire s (91 .67 % an d 94 .83%) .  Th e in -
tegratio n rang e [2345 ]  receive s th e secon d bes t  signalin g 
(91 .38 % accurac y an d 9 1 . 3 8 % comprehensiveness) .  T h e in -
tegratio n rang e [123 ]  als o seem s t o b e th e targe t  o f  a  fairl y 
g(X) d signalin g (87.76 % accurac y an d 8 9 . 5 8 % comprehen -
siveness) .  O n th e othe r  hand ,  th e accurac y an d compre -
hensivenes s o f  th e to p candidat e signal s fo r  th e integratio n 
range s o f  [1] ,  [12] ,  [345] ,  an d [45 ]  ar e significantl y lower ; 
the y are ,  respectively ,  (61.54%/61.54%) ,  (68.97%/68.97%) , 
(66.67%/76.92%) ,  (77.27%/73.91%) ,  an d (78.57%/78.57%) . 

Thes e discrepancie s i n cuin g performance s ar e visualize d 
i n Figure s 1  (a )  an d (b) ,  wher e th e bes t  twent y feature s fo r 
eac h rang e ar e plotte d accordin g t o thei r  accurac y an d com -
prehensiveness .  Figur e 1  (a )  show s a  clea r  discrepanc y i n 
cuin g performance s betwee n th e grou p o f  feature s targete d a t 
[2345 ]  an d th e grou p targete d a t  [5] ,  [45] ,  o r  [345] .  Figur e 1 
(b )  show s a  discrepanc y betwee n th e grou p targete d a t  [123 ] 
or  [1234 ]  an d th e grou p targete d a t  [1 ]  o r  [12] . 

Consequently ,  w e mus t  conclud e tha t  th e integratio n range s 
signale d b y th e prosodic/tempora l  feature s o f  echoi c response s 
ar e [1234] ,  [123] ,  an d [2345] ,  bu t  no t  [1] ,  [12] ,  [5] ,  an d [45] . 
Intuitively ,  th e informatio n tha t  on e receive s i s eithe r  tha t  th e 
speake r  ha s no t  completel y integrate d th e informatio n sh e 
repeat s (th e cas e o f  [1234 ]  signaled) ,  o r  tha t  sh e ha s no t  com -
pletel y faile d t o integrat e i t  (th e cas e o f  [2345 ]  signaled) ,  o r 
tha t  sh e ha s no t  integrate d i t  wel l  (th e cas e o f  [123 ]  signaled) . 
I n eithe r  case ,  th e informatio n m a d e availabl e throug h thi s 
signalin g i s rathe r  weak . 

Signaling Features What exactly, then, are the tempo-
ral/prosodi c feature s tha t  signa l  thes e piece s o f  information ? 

^Of  course ,  w e migh t  wel l  lif t  thi s assumption ,  an d conside r 

"intermediat e ranges "  suc h a s [234] ,  [34] ,  an d [3] .  Thi s amount s t o 
sortin g ou r  integratio n scal e int o thre e o r  mor e categories ,  rathe r  tha n 
focusin g o n th e binar y classificatio n o f  integratio n an d disintegra -
tion .  I n thi s paper ,  however ,  w e choos e t o focu s o n th e abilit y  o f  th e 
temporal/prosodi c feature s o f  echoi c respons e fo r  thi s binar y classi -
fication,  an d tr y t o find  wha t  ou r  tes t  reveals  abou t  th e coordinatin g 
function s o f  echoi c responses . 
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Tabl e 5 :  Result s o f  orderin g candidat e signal s ( L N :  length ,  D L :  delay ,  T P :  t e m p o ) . 

Integratio n 
l»r=L% )  A [ D L < OD] 
£BT= L» l  A  [  F T <  o n A  I  D L <  0^ 1 
[BT = L* )  A  1  F T <  07 )  A  [  D L <  0.0 ] 
(B T =  L« 1 A[PT<03 1 A(DL<Oi) l 
[DL<0. 0 A((BT=L»lVIPr < 4) 3 1 ) 
I  11 1 J  n  I  I  1  I  III !  J  w  I  1̂ 1 I  w i  J  w  ̂  1  ' 

J isn tegrado n ace . 
73,9* 
77 3 * 
73 9 * 
70 8 * 

coniD . 
73.9% 
714 % 
73.9 % 
73.9 % 
61.5» 
61.3 % 
61.5 % 
76.9 * 

nrr y 
LN =  S 
LN =  S 
LN = S 
LN^S 
Tr y 

AnT'i>0.ZlA[IT>-a.3 1 
> -0. 2 J 
>-o.l ) 
>oo i 
>o. i 

acc . comp. 
61J» 

615* 
53.9 % 
53.9 % 

-89OTS 

151 (I I 

[•n'<iB.ilAliT<;o.iiA[DL<;o; i 
[T P <  0.2 1 A  {  F T <  0.2 1 A  (  D L <  O J 1 (45 )  I  T P <  0. 2 
tTP<0 7 
tTP<0 3 

A [  P T <  0  J  1  A  I  D L <  0  2  1 
A (F T <  0 3 1  A  t  D L <  0  J  1 
A (  F T <  0. 2 1  A  [  D L <  0  J  1 

727 % 
66,7 % 
66.7 % 
5S.S % 

AITP>0. 2 
A [  T P >  0 7 
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PL >  071 ) 

^ 

66.7 * 
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66.7 * 
65.6 * 
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75.9 * 
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72.4 * 0*i ] 
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78.6 « 
76.7 * 
75.0 * 
743 * 
74.4 * 

[L N =  L)VlTP<;0'21V|fr<;-0.J |  9 r j «—TTJT -
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[LN^L ]  V[TP<07]V[PT<0.1 1 900 *  93.1 * 
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[T P >  07 )  V  [F T >  0 3 I  V  [  D L >  0 2 ) 

(123 )  [TP>a2 1 V (PT>07) V [DL>03 1 
[  T P >  0. 2 1  V  [  F T >  0 3 1  V  (  D L >  0 3 1 
TP >  0  I  1  V  [  F T >  0 2 )  V  [  D L >  0 7 ) 

TP>0l  1  V  (  F T >  0 2 )  V  [  D L > 0 7 ) 
BT= H%1 V  [  P T : > D l  1  V  [  U L ̂  0.0 1 
BT= H%1 V  [  P T >  0. 2 1  V  [  D L >  0.0 1 
BT =  H* )  V  [  P T >  0 3 J  V  [D L >  0.0 ) 
BT=H*1 V [DL>00 ) 

[  BT = H* l  V  [  P T >  0. 0 )  V  [  D L >  0. 0 1 

g7J * 
87.8 * 
87.5 * 
87.3 * 
863 * 
91.7 * 
91.5 * 
91.5 % 
94.6 * 
90.2 * 

89 6 % 
89 6 * 
87.5 * 
87.5 * 
91,7 * 
94.8 * 
93.1 * 
93.1 * 
91.4 * 
94.8 * 

For  th e integratio n rang e [123] ,  o n e o f  th e bes t  signal s i s 
clearl y th e disjunctio n o f  a  highe r  tempo ,  a  highe r  pitch ,  an d 
a longe r  delay ,  becaus e th e to p eigh t  feature s targete d a t  thi s 
rang e ar e al l  o f  thi s form .  O u r  data ,  however ,  doe s no t  clearl y 
differentiat e th e cuin g performance s o f  thes e features ,  an d s o 
we canno t  determin e th e exac t  threshol d value s fo r  tempo , 
pitch ,  an d dela y tha t  defin e th e bes t  signa l  o f  thi s form . 

Our  dat a sugges t  tha t  th e integratio n rang e [1234 ]  i s  sig -
nale d b y th e disjunctio n o f  a  hig h boundar y tone ,  a  longe r  de -
lay ,  an d a  highe r  pitch .  H o w e v e r ,  th e to p si x feature s targete d 
at  thi s rang e als o contai n a  simple r  disjunctio n consistin g o f 
a hig h boundar y ton e an d a  longe r  delay .  Sinc e th e accurac y 
an d comprehensivenes s o f  th e featur e ar e no t  discernibl e f ro m 
thos e o f  th e othe r  five ,  a  highe r  pitc h migh t  no t  reall y pla y a 
rol e i n signalin g [1234] .  I n eithe r  case ,  ou r  dat a d o no t  allo w 
us t o determin e th e exac t  threshol d fo r  pitc h tha t  define s th e 
bes t  signa l  o f  thi s form . 

A s fo r  th e integratio n rang e [2345] ,  th e disjunctio n o f  long -
nes s o f  a  repeat ,  a  slowe r  t empo ,  an d a  lowe r  pitc h hav e a 
stron g signalin g potential s (th e to p fiftee n candidate s ar e al l 
of  thi s  form) ,  although ,  again ,  ou r  dat a d o no t  allo w u s t o 
determin e th e exac t  tlveshold s fo r  th e t e m p o an d dela y fo r  th e 
bes t  signa l  o f  thi s form . 

Figure s 2  (a)-(c )  s h o w ,  fo r  th e integratio n range s [123] , 
[1234] ,  an d [2345] ,  th e distribution s o f  di e bes t  signalin g fea -
ture s ove r  th e integratio n scal e 1-5 .  T h e bol d curv e indicate s 
th e distributio n o f  al l  echoi c response s ove r  th e scale ,  whil e 
th e non-bol d ciu^ e indicate s th e distributio n o f  th e signal . 
Accordingly ,  a  prosodic/tempora l  featur e i s a  g o o d cu e fo r  th e 
relevan t  integratio n rang e i f  it s curv e follow s th e bol d curv e i n 
th e shade d are a a s closel y a s possibl e an d goe s d o w n a s lo w a s 
possibl e i n th e non-shade d area .  N o t e tha t  th e non-bol d curv e 
i n eac h grap h doe s a  fairl y g o o d jo b i n thi s respect ,  endorsin g 
our  observations . 

To summar iz e th e observation s m a d e i n thi s section : 

1.  T h e integratio n rang e [123 ]  i s  disjunctivel y signale d b y a 
faste r  tempo ,  a  highe r  pitch ,  an d a  longe r  delay . 

2.  T h e rang e [  1234 ]  i s disjunctivel y s ign^e d b y a  hig h bound -
ar y tone ,  a  longe r  delay ,  an d possibl y a  highe r  pitch . 

3.  T h e rang e [2345 ]  i s disjunctivel y signale d b y a  lon g repeat , 
a slowe r  t empo ,  an d a  lowe r  pitch . 

4.  T h e range s [1] ,  [12] ,  [5] ,  [45] ,  an d [345 ]  receiv e n o signif -
ican t  prosodic/tempora l  signals . 

Discussions 

So fa r  i n thi s pape r  w e hav e concentrate d o n th e informa -
tionalfimction s o f  echoi c responses ,  wit h respec t  t o th e degre e 
i n whic h th e responde r  ha s integrate d th e repeate d informa -
tio n int o he r  bod y o f  knowledge .  I n thi s section ,  w e discus s 

Figur e 2 :  Distribution s o f  th e bes t  signal s ove r  th e integratio n 
scale . 

what our findings on the informational potentials of echoic 
response s impl y abou t  thei r  dialogue-coordinatin g functions , 
or  mor e specifically ,  abou t  th e varietie s o f  groundin g act s tha t 
migh t  b e performw i  wit h them . 

For  brevity ,  le t  u s denot e th e prosodic/tempora l  featiû e s 
tha t  signa l  th e integratio n range s [123] ,  [1234] ,  an d [2345 ]  b y 
Si23 .  Si234 ,  an d S2345 ,  respectively .  N o w ,  i f  w e assum e tha t 
echoi c response s m a y b e use d t o perfor m th e act s o f  acknowl -
edgment  an d repair-initiation ,  i t  seem s natura l  t o suppos e that , 
generally ,  a n echoi c respons e cuin g hig h integratio n fo r  th e 
responde r  perform s th e ac t  o f  acknowledgmen t  an d tha t  cuin g 
lo w integratio n perform s th e ac t  o f  repair-initiation .  There -
fore ,  o n th e basi s o f  th e observation s 1 - 3 above ,  on e migh t 
be tempte d t o infe r  tha t  echoi c response s wit h featur e S12 3 o r 
wit h featur e S123 4 ar e use d t o perfor m repair-initiation ,  whil e 
thos e wit h featur e S234 5 ar e use d t o perfor m acknowledgment . 
Th e stor y i s no t  tha t  simple ,  however . 

A seriou s proble m wit h thi s stor y arise s fro m th e fac t  tha t 
accordin g t o ou r  observations ,  th e allege d integratio n cu e 
overlap s wit h eac h o f  th e allege d disintegratio n cue s i n wha t 
the y signal .  Tha t  is ,  th e cu e S12 3 an d th e cu e S234 5 bot h con -
tai n th e integratio n rate s 2  an d 3  i n thei r  targets ,  an d th e cu e 
S1234 an d th e cu e S234 5 bot h contai n th e integratio n rate s 2 , 
3,  an d 4  i n thei r  targets .  Therefore ,  n o matte r  h o w w e m a y 
interpre t  th e integratio n rate s 1- 5 an d divid e the m int o thos e 
representin g integratio n an d thos e representin g disintegration , 
ther e wil l  alway s b e a  larg e numbe r  o f  echoi c response s fo r 
whic h thes e cue s wil l  fai l  t o classif y  a s eithe r  integratio n case s 
or  disintegratio n cases. ^ 

'interpret ,  fo r  example ,  [123 ]  a s representin g disintegratio n an d 
[45 ]  a s representin g integration .  Then ,  althoug h thos e echoi c re -
sponse s wit h th e featur e S12 3 ar e classifie d a s disintegratio n cases , 
th e othe r  instance s ar e classifie d neithe r  a s integratio n no r  disintegra -
tion .  Fo r  eve n whe n som e o f  the m hav e th e featur e S2345 ,  th e featur e 
simpl y classifie s the m a s bein g i n th e rang e o f  [2345] ,  which ,  o n th e 
curren t  interpretation ,  contain s bot h th e rate s 2  an d 3  representin g 
disintegratio n an d th e rate s 4  an d 5  representin g integration .  Th e 
cue S123 4 doe s no t  wor k either ,  becaus e it s targe t  contain s [4 ]  a s wel l 
as [123] .  Th e othe r  interpretation s o f  th e scal e 1- 5 wil l  encounte r 
analogou s problems . 
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N o w i f  w e ar c right  abou t  thi s observatio n an d th e infor -
matio n abou t  th e integration/disintegratio n statu s i s absen t  i n 
many instance s o f  echoi c responses ,  the n wha t  sor t  o f  ground -
in g act .  i f  any ,  i s  performe d wit h thes e instances ? Not e tha t 
i n thes e instances ,  informatio n concernin g whethe r  th e re -
sponder s hav e integrate d o r  faile d t o integrat e th e repeate d in -
formatio n i s absent .  Therefore ,  acknowledgmen t  an d repair -
initiatio n canno t  b e th e act s performe d b y them ,  assumin g 
tha t  th e performance s o f  th e act s requir e th e availabilit y  o f 
positiv e informatio n abou t  th e responders '  integratio n an d 
disintegration .  Sayin g tha t  echoi c response s d o no t  perfor m 
any groundin g act s i s hardl y a  satisfyin g answer ,  sinc e clearly , 
th e presenc e o f  th e echoi c response s mak e som e differenc e i n 
th e proces s o f  puttin g informatio n int o th e c o m m o n ground . 

To captur e thi s sor t  o f  groundin g act ,  w e propos e th e notio n 
of  display .  W h e n performin g th e ac t  o f  display ,  w e reproduc e 
th e informatio n tha t  w e believ e t o hav e bee n receive d i n th e 
directl y precedin g tiui i  b y th e othe r  party .  Th e poin t  o f  th e 
reproductio n i s t o expos e th e othe r  part y t o th e informatio n 
agai n and ,  mor e importantly ,  le t  he r  maik e correction s j/th e 
reproduce d informatio n i s no t  wha t  sh e ha d intended ,  o r  alter -
natively ,  le t  he r  continu e o n t o th e nex t  tur n i f  th e reproduce d 
informatio n i s correct . 

Th e ac t  o f  displa y i s fundamentall y differen t  fro m th e act s 
of  acknowledgmen t  an d repair-initiatio n i n tha t  whil e th e lat -
te r  positivel y guide s th e othe r  part y t o perfor m a  certai n ac t 
(repai r  o r  th e initiatio n o f  th e nex t  turn) ,  th e forme r  let s th e 
partne r  c/ioo5 e a n appropriat e actio n dependin g o n whethe r  th e 
reproduce d informatio n i s correct .  Therefore ,  fo r  th e purpos e 
of  displaying ,  th e responde r  doe s no t  hav e t o positivel y indi -
cat e whethe r  sh e ha s integrate d th e reproduce d information , 
whil e fo r  th e purpos e o f  acknowledgmen t  o r  repai r  initiation , 
th e speake r  mus t  indicat e i t  t o guid e th e partne r  int o a  specifi c 
act .  I n fact ,  a n echoi c respons e woul d no t  constitut e th e ac t 
of  displa y (an d becom e acknowledgmen t  o r  repair-initiation ) 
i f  eithe r  integratio n o r  disintegratio n o n th e responder' s par t 
wer e indicate d strongly .  Consequently ,  th e ac t  o f  displa y i s 
not  onl y possibl e i n th e absenc e o f  suc h information ,  i t  i s 
ideall y don e i n it s absence .  Thi s explain s th e existenc e o f  a 
larg e numbe r  o f  echoi c response s tha t  ar e signale d neithe r  a s 
integratio n case s no r  disintegratio n cases . 

W h at  the n i s th e overal l  pictur e o f  th e groundin g act s tha t 
ar e performe d wit h echoi c responses ? Precisel y speaking ,  th e 
pictur e varie s dependin g o n h o w w e decid e t o interpre t  th e 
scal e 1-5 .  I f  w e wer e t o conside r  [123 ]  a s th e disintegra -
tio n rang e an d [45 ]  a s th e integratio n range ,  the n w e woul d 
assig n th e ac t  o f  repair-initiatio n t o thos e echoi c response s 
wit h th e prosodic/tempora l  featur e S12 3 whil e assignin g th e 
act  o f  displa y t o others ;  similarly ,  i f  w e wer e t o adop t  th e divi -
sio n [1234]-[5] ,  w e woul d assig n th e ac t  o f  repair-initiatio n t o 
thos e echoi c response s wit h th e featur e S123 4 whil e assignin g 
th e ac t  o f  displa y t o others .  O n th e othe r  hand ,  th e divisio n 
[l]-[2345 ]  woul d le t  u s assig n th e ac t  o f  acknowledgmen t  t o 
thos e echoi c response s wit h th e featur e S234 5 whil e assignin g 
th e ac t  o f  displa y t o others .  Finally ,  i f  w e wer e t o adop t  th e 
divisio n [12]-[345] ,  w e woul d hav e t o assig n th e ac t  o f  displa y 
t o al l  echoi c responses . 

We wil l  no t  commi t  ourselve s t o eithe r  o f  thes e specifi c 
case s i n thi s particula r  paper .  Althoug h th e las t  on e m a y 
appea r  t o b e to o extrem e a  positio n t o take ,  ou r  discussion s s o 
fa r  hav e give n nothin g tha t  preclude s th e possibility .  However , 
our  empirica l  investigation s int o th e informationa l  potentia l 
of  echoi c response s doe s suggest ,  a s a  logica l  consequence , 
tha t  th e notio n o f  displa y mus t  pla y a  significant ,  eve n central , 
rol e i n explainin g th e varietie s o f  groundin g act s tha t  m a y b e 
performe d wit h echoi c responses . 

C o n c l u s i o n 

On th e basi s o f  statistica l  analyse s o n th e signalin g accurac y 
and comprehensiveness ,  w e examine d th e informationa l  po -
tentia l  o f  echoi c response s foun d i n corpor a o f  th e Japanes e 
spoke n language .  W e foun d tha t  variation s i n th e speed ,  pitch , 
boundar y tone ,  length ,  an d timin g o f  a n echoi c respons e hav e 
a definit e potentia l  i n signalin g th e responder' s informationa l 
state ,  concernin g h o w successfull y sh e ha s integrate d th e re -
peate d informatio n int o he r  existin g bod y o f  knowledge . 

On th e othe r  hand ,  w e di d no t  find  an y pai r  o f  tempo -
ral/prosodi c feamre s tha t  divid e th e scal e o f  th e speaker' s 
integratio n rate s a t  a  uniqu e point ,  an d ha d t o abando n th e 
simpl e pictur e tha t  partition s th e instance s o f  echoi c response s 
int o thos e performin g acknowledgmen t  an d thos e performin g 
repair-initiation .  Thi s finding  (o r  non-finding )  require d u s t o 
poshilat e a  groundin g ac t  tha t  a  speake r  m a y perfor m with -
out  signalin g positiv e informatio n abou t  he r  integratio n rate , 
and mad e u s argu e tha t  th e notio n o f  displa y define s suc h a 
groundin g ac t  an d explain s th e phenomeno n i n a  natura l  way . 
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Abstrac t 

The consonance constraint-satisfaction model is applied 
t o Machiavellianis m self-concep t  effect s i n cognitiv e 
dissonance .  Network s parameterize d fo r  lo w 
Machiavellia n trait s showe d th e usua l  dissonanc e effect , 
i .  e. ,  mor e attitud e chang e afte r  givin g a  counter -
attitudina l  speec h tha n afte r  no t  givin g suc h a  speech , 
wherea s network s parameterize d fo r  hig h Machiavellia n 
trait s showe d th e reverse ,  thu s capturin g huma n data . 
Qassica l  dissonanc e theor y ha d no t  accounte d fo r  th e 
fac t  tha t  peopl e wit h hig h Machiavellia n trait s showe d 
les s attitud e chang e afte r  givin g a  counter-attitudina l 
speec h tha n afte r  no t  givin g suc h a  speech .  Th e mode l 
predict s initia l  dissonanc e an d th e cours e o f  dissonanc e 
reductio n i n th e variou s experimenta l  conditions .  Th e 
result s underscor e th e poin t  tha t  cognitiv e dissonanc e 
operate s accordin g t o th e sam e constraint-satisfactio n 
principle s tha t  gover n a  variet y o f  othe r  psychologica l 
phenomena . 

Introduction 

If you are induced to publicly support a position with 
whic h yo u initiall y  disagree ,  an d ar e provide d wit h rathe r 
litd e justificatio n fo r  doin g so ,  i t  i s  ver y likel y tha t  you r 
attitud e wil l  chang e i n th e directio n o f  you r  argument . 
Somewhat  paradoxically ,  th e les s justificatio n tha t  yo u 
receiv e fo r  makin g th e publi c argument ,  th e mor e you r 
attitud e wil l  chang e i n tha t  direction .  Suc h compelling , 
but  somewha t  counter-intuitive ,  result s hav e lon g bee n 
th e hallmar k o f  a  psychologica l  theor y k n o w n a s 
cognitiv e dissonanc e (Festinger ,  1957) . 

Briefly ,  cognitiv e dissonanc e theor y hold s tha t  w e 
experienc e dissonanc e amon g ou r  attitude s an d belief s a s 
psychologica l  discomfort ,  an d tha t  w e tr y t o reduc e thi s 
dissonanc e b y changin g ou r  attitude s i n orde r  t o increas e 
consistenc y a s m u c h a s w e ca n withou t  creatin g n e w 
dissonance .  Fo r  th e las t  fou r  decades ,  cognitiv e dissonanc e 
theor y ha s bee n th e subjec t  o f  ove r  100 0 publication s an d 
has becom e a  centra l  foundatio n o f  socia l  psychology . 
However ,  th e underlyin g cognitiv e mechanism s fo r 
dissonanc e phenomen a hav e not ,  unti l  ver y lately ,  bee n 

adequatel y specified ,  an d th e theor y ha s traditionall y bee n 
viewe d a s distinc t  from  thos e concernin g mor e mundan e 
psychologica l  processes . 

A variet y o f  phenomen a fro m th e majo r  paradigm s o f 
cognitiv e dissonanc e theory ,  k n o w n i n th e psychologica l 
literatur e a s insufficien t  justificatio n an d free-choice ,  hav e 
recentl y bee n modele d wit h constraint-satisfactio n neura l 
network s (Shult z &  Lepper ,  1992,1996) .  I n severa l  cases , 
phenomen a wer e covere d mor e accuratel y b y thi s so-calle d 
consonanc e mode l  tha n the y wer e b y classica l  dissonanc e 
theory .  Superio r  coverag e wa s du e t o th e inclusio n o f 
constraint s no t  presen t  i n dissonanc e theor y an d t o th e 
increase d precisio n inheren t  t o th e computationa l 
formulation .  S o m e prediction s o f  th e consonanc e mode l 
hav e bee n confirme d b y ne w psychologica l  researc h o n 
free-choic e (Shultz ,  L6veill6 ,  &  Lepper ,  i n press) . 

Th e succes s o f  th e consonanc e mode l  enable s a 
reinterpretatio n o f  cognitiv e dissonanc e an d it s reductio n 
tha t  underscore s commonaltie s wit h severa l  othe r 
psychologica l  phenomen a tha t  appea r  t o b e governe d b y 
constraint-satisfaction ,  includin g content-addressabl e 
memory,  comprehension ,  revisio n o f  beliefs ,  explanation , 
attitud e change ,  an d perso n perceptio n (Holyoa k & 
Thagard ,  1989 ;  Kintsch ,  1988 ;  Kund a &  Thagard ,  1996 ; 
Read &  Miller ,  1994 ,  1998 ;  Rumelhart ,  Smolensky , 
McClelland ,  &  Hinton ,  1986 ;  Sloman ,  1990 ;  Spellma n 
& Holyoak ,  1992 ;  Spellman ,  Ullman ,  &  Holyoak ,  1993 ; 
Thagard ,  1989) . 

Thi s pape r  report s n e w simulation s o f  phenomen a i n 
th e cognitiv e dissonanc e literatur e concernin g th e rol e o f 
th e self-concep t  i n th e experienc e o f  dissonance .  Peopl e 
w ho agre e wid i  Machiavellia n idea s hav e bee n show n t o 
experienc e an d reduc e dissonanc e i n a  differen t  manne r  tha n 
othe r  individual s (Epstein ,  1969) .  Becaus e Machiavellian s 
do no t  adher e t o traditiona l  mora l  prohibition s agains t 
manipulativ e duplicity ,  the y apparentl y d o no t  experienc e 
dissonanc e fro m arguin g fo r  a  vie w tha t  i s contradictor y t o 
thei r  own .  W e star t  wit h a n overvie w o f  th e consonanc e 
model ,  procee d t o a  revie w o f  psychologica l  result s o n 
dissonanc e an d Machiavellianism ,  an d the n presen t  th e 
simulations . 
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The Consonanc e Mode l 

Th e consonanc e mode l  i s  base d o n th e ide a tha t  dissonanc e 
reductio n ca n b e interprete d i n term s o f  constraint -
satisfaction .  Dissonanc e reductio n an d othe r  mode s o f 
consistenc y seekin g (Abelson ,  Aronson ,  McGui re , 
N e w c o m b,  Rosenberg ,  &  Tannenbaum ,  1968 )  ca n b e 
solve d b y th e satisfactio n o f  numerou s sof t  constraint s 
tha t  ca n var y i n thei r  relativ e importance .  Sof t  constraint s 
ar e thos e tha t  ar e desirable ,  bu t  no t  essential ,  t o satisfy . 

Consonanc e network s ca n b e use d t o represent  a n 
individual' s interpretatio n o f  a  situatio n create d b y th e 
experimenta l  settin g o f  a  cognitiv e dissonanc e experiment . 
Activation s o n unit s i n th e networ k represen t  th e strengt h 
an d directio n o f  th e person' s attitude s an d beliefs .  Units 
ca n diffe r  i n thei r  resistanc e t o change ,  reflectin g 
difference s i n th e exten t  t o whic h cognition s m a y b e 
supporte d b y othe r  cognition s o r  anchore d i n reality . 
Connectio n weight s betwee n cognition s represen t  th e 
psychologica l  implication s a m o n g attitude s an d beliefs . 
Thes e connection s betwee n unit s ca n b e excitatory , 
inhibitory ,  o r  nonexistent .  Bot h uni t  activation s an d 
connectio n weight s ca n var y acros s th e differen t  condition s 
of  a n experimen t  Consonanc e i s roughl y th e degre e t o 
whic h similarl y evaluate d unit s ar e linke d b y excitator y 
weight s an d oppositel y value d unit s ar e linke d b y 
inhibitor y weights .  Activation s chang e ove r  tim e cycle s 
t o increas e consonanc e whil e satisfyin g th e variou s 
constraint s introduce d b y initia l  activation s an d connectio n 
weights . 

M o r e precisely ,  th e consonanc e contribute d b y a 
particula r  uni t  i  i s 

consonance i  =  ̂  w ĵC-a j  (i ) 

i 
wher e W y i s th e weigh t  betwee n unit s i  and; ,  a /  i s th e 

activatio n o f  th e receivin g uni t  / ,  an d a j  i s  th e activatio n 

of  th e sendin g unity .  Consonanc e ove r  th e entir e networ k 
i s th e su m o f  th e value s produce d b y Equatio n 1  ove r  al l 
receivin g unit s i n th e networ k 

consonance^ = 2 X ^H'^^^j ^) 
•  i 

Activatio n spread s acros s th e networ k ove r  tim e cycle s 
followin g thes e tw o updat e rules : 

Gii t  + 1 )  =  fl.(r)  +  netXceiling-aXt)) , 

when net ,  >  0  C3 ) 

fl.  ( r  + 1 )  =  a ,  ( 0 +  net i  (a .  ( 0 -  floor) , 

when net i  <  0  (4 ) 

wher e a/(r+l )  i s  th e activatio n o f  uni t  i  a t  tim e /  +  1 ,  ai( 0 

i s th e activatio n o f  uni t  /  a t  tim e t ,  ceilin g i s th e 
m a x i m u m activation ,  floo r  i s  th e m i n i m u m activation , 
an d net i  i s  th e ne t  inpu t  t o uni t  / ,  define d a s 

/i€< i  =  re5Wf,^w.;,fl ^  (5 ) 

The parameter resisti indexes the resistance of receiving 

uni t  /  t o havin g it s activatio n changed . 

At  eac h tim e cycle ,  n  unit s ar e randoml y selecte d an d 
update d vi a Equation s 3-5 .  Typicall y n  i s th e numbe r  o f 

unit s i n th e network .  Th e update s produce d b y Equation s 
3- 5 ensur e tha t  consonanc e eithe r  increase s o r  remain s 

constan t  acros s cycles .  W h e n consonanc e reache s 
asymptote ,  th e updatin g proces s i s stopped . 

A generi c consonanc e networ k ca n b e use d t o instantiat e 
any particula r  dissonanc e experimen t  consisten t  wit h five 
principle s tha t  m a p dissonanc e theor y t o th e consonanc e 
model . 

1.  A  cognitio n i s implemente d b y th e ne t  activatio n o f 
a pau -  o f  negativel y connecte d units ,  on e o f  whic h 
represents  th e positiv e pol e an d th e othe r  represent s th e 
negativ e pol e o f  th e cognition .  Ne t  activatio n fo r  th e 
cognitio n i s th e differenc e betwee n th e activatio n o n th e 
positiv e uni t  an d th e activatio n o n th e negativ e unit .  B y 
default ,  th e activatio n floo r  i s  0 ;  th e ceilin g i s 1  fo r 
positiv e pole s an d 0. 5 fo r  negativ e poles . 

2.  Cognition s ar e connecte d t o eac h othe r  base d o n thei r 
assume d causa l  implications .  A  negativ e implicatio n i s 
represented  b y a  negativ e relatio n betwee n tw o cognition s 
an d a  positiv e implicatio n i s  represente d b y a  positiv e 
relatio n betwee n th e cognitions .  Connectio n weight s 
rang e betwee n - 1 an d 1 ,  wit h 0  representin g a  lac k o f 
causa l  relation.  Th e connectio n schem e fo r  tw o generic , 
positivel y related  cognition s i s  illustrate d i n Figur e 1 . 
W h en tw o cognition s ar e positivel y related ,  thei r  positiv e 
poles  ar e linke d wit h excitator y weights ,  a s ar e thei r 
negativ e poles ;  inhibitor y weight s lin k th e positiv e pol e 
of  on e cognitio n wit h th e negativ e pol e o f  th e othe r 
cognition .  Thes e link s ar e reverse d fo r  cognition s tha t  ar e 
negativel y relate d (no t  show n i n th e Figure) .  Eac h uni t 
has a n inhibitor y self-connectio n specifie d b y th e ca p 
parameter ,  describe d later .  Al l  connectio n weight s ar e bi -
directiona l  (als o no t  show n i n th e Figure) .  Connectio n 
weight s hav e a n initia l  defaul t  valu e o f  0.5 . 

Cognitio n 1 Cognitio n 2 

Figur e 1 :  Connectio n schem e fo r  tw o cognition s tha t  ar e 
positivel y related .  Eac h cognition ,  enclose d i n a  rounde d 
rectangle ,  ha s tw o poles ,  on e positiv e an d th e othe r 
negative .  Excitator y connectio n weight s ar e indicate d b y 
soli d line s an d inhibitor y connectio n weight s b y dashe d 
lines . 

3. Total dissonance is defined as the negative of total 
consonanc e divide d b y r ,  th e numbe r  o f  inter-cognitio n 
relation s tha t  ar e no t  zer o 
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dissonanc e = 

- S I -
« > 

'iJ^ îO j 

(6 ) 

Dividin g b y r  standardize s th e dissonanc e inde x acros s 
differen t  network s b y controllin g fo r  th e numbe r  o f 
relevan t  relations .  Self-connections ,  designate d b y w a ,  ar e 

exclude d fro m thi s computatio n o f  dissonance .  Thi s 
definitio n o f  dissonanc e differ s fro m Festinger' s (1957 )  i n 
tha t  i t  i s formalized ,  indexe s th e amoun t  o f  dissonanc e i n 
eac h inter-cognitio n relation ,  include s within-cognitio n 
ambivalenc e an d consonan t  relations ,  an d m a y var y eve n 
when al l  relation s ar e dissonan t  o r  al l  ar e consonant . 

4.  Network s ten d t o settl e int o mor e stable ,  les s 
dissonan t  state s a s uni t  activation s ar e update d wit h 
Equation s 3-5 .  Thi s settlin g i s  influence d b y tw o 
parameters .  A  ca p paramete r  wit h a  defaul t  o f  -0.5 , 
correspondin g t o th e valu e o f  th e connectio n betwee n eac h 
uni t  an d itself ,  w a ,  prevent s activation s fro m reachin g 

thei r  ceiling .  Weights ,  resistances ,  caps ,  an d initia l 
activation s ar e randomize d b y addin g o r  subtractin g a 
rando m proportio n o f  thei r  initia l  amounts .  Th e r a n d % 
paramete r  specifie s th e range ,  i n term s o f  a  proportion ,  i n 
whic h addition s o r  subtraction s ar e randoml y selecte d 
unde r  a  unifor m distribution .  Th e mai n purpos e o f  thi s 
randomizatio n o f  parameter s i s t o efficientl y asses s th e 
robustnes s o f  th e simulatio n acros s variation s i n 
parameters .  I t  als o increase s psychologica l  realis m becaus e 
not  everyon e ca n b e assume d t o shar e precisel y th e sam e 
paramete r  values .  Further ,  i t  violate s a  connectio n weigh t 
symmetr y assumptio n suc h tha t  wi j  *  wj i  an d thu s 

decrease s th e stabilit y o f  networ k solutions .  Typica l 
rand % value s o f  0. 1 (low) ,  0. 5 (medium) ,  an d 1. 0 (high ) 
ar e use d (Shult z &  Lepper ,  1996) . 

5.  Cognitio n uni t  activations ,  bu t  no t  connectio n 
weights ,  ar e allowe d t o change ,  an d som e cognition s ar e 
more resistan t  t o chang e tha n others ,  a s implemente d i n 
Equatio n 5 .  I n particular ,  belief s an d justification s ar e 
more resistan t  t o chang e tha n ar e evaluations .  Th e resis t 
paramete r  ha s defaul t  value s o f  0. 5 (low )  o r  0.0 1 (high) . 
As show n i n Equatio n 5 ,  th e large r  th e resistanc e 
parameter ,  th e mor e readil y a  uni t  change s it s activation . 
Additiona l  detail s abou t  th e consonanc e mode l  an d suppor t 
fo r  it s  variou s assumption s ar e presente d i n Shult z an d 
Leppe r  (19%) . 

Machiavellianism, Self-concept, and 

Dissonanc e 

Relativel y recently ,  ther e ha s bee n concer n wit h th e rol e 
of  th e self-concep t  i n th e arousa l  an d reductio n o f 
dissonanc e (Steele ,  1988 ;  Thibodea u &  Aronson ,  1992) . 
The basi c ide a i s tha t  dissonanc e occur s becaus e a  person' s 
behavio r  i s  inconsisten t  wit h hi s o r  he r  self-concept . 
Becaus e mos t  peopl e posses s a  relativel y positiv e self -
concept ,  behavior s suc h a s lyin g o r  supportin g a 
disagreeabl e positio n arous e dissonance .  However ,  peopl e 
possessin g a  self-concep t  tha t  allow s duplicitou s 

manipulatio n o f  other s woul d no t  likel y experienc e 
dissonanc e fro m performin g suc h behaviors . 

Initia l  suppor t  fo r  th e importanc e o f  th e self-concep t  i n 
dissonanc e c a m e fro m studie s o f  th e trai t  o f 
Machiavel l ianism .  Peopl e scorin g lo w o n 
Machiavellianis m see m t o experienc e dissonanc e i n a 
situatio n o f  insufficien t  justificatio n vi a force d 
compliance ,  bu t  thos e scorin g hig h o n thi s trai t  d o no t 
(Epstein ,  1969) .  I n Epstein' s experiment ,  peopl e wer e 
induced ,  wit h rathe r  littl e justification ,  t o writ e a n essa y 
tha t  wa s contrar y t o thei r  o w n attitudes .  Fo r  thos e hig h o n 
th e trai t  o f  Machiavellianism ,  lyin g o r  writin g a  counter -
attitudina l  essa y woul d no t  b e inconsisten t  wit h thei r  self -
concept ,  an d thu s the y shoul d no t  experienc e th e 
dissonanc e tha t  other s woul d experience .  Epstein' s 
undergraduat e participant s initiall y  supporte d fluoridatio n 
of  water ,  bu t  wer e persuade d t o giv e a  speec h agains t  it . 
The y rea d som e anti-fluoridatio n argument s an d wer e pai d 
a mer e $ 2 t o giv e th e speech .  I n anothe r  condition , 
participant s rea d th e sam e argument s agains t  fluoridation, 
and gav e n o speech ,  bu t  wer e pai d $ 2 anyway . 

Epstein' s result s ar e show n i n Figur e 2 .  I n suppor t  o f 
dissonanc e theor y predictions ,  m e a n opinio n chang e 
toward s anti-fluoridatio n w a s highe r  fo r  lo w 
Machiavellian s w h o gav e th e speec h tha n fo r  lo w 
Machiavellian s w h o di d no t  giv e th e speech .  Hig h 
Machiavellian s showe d th e opposit e trend ,  whic h Epstei n 
explaine d b y citin g evidenc e tha t  hig h Machiavellian s ar e 
mor e susceptibl e t o persuasio n b y factua l  argument s tha n 
ar e lo w Machiavellian s (Harris ,  1966) .  I n thi s case ,  th e 
factua l  argument s wer e presente d i n th e anti-fluoridatio n 
readings .  Strictl y speaking ,  dissonanc e theor y onl y 
explain s th e result s fo r  lo w Machiavellians . 

3- t 

(B 
T3 
3 

2-

Machiavellianis m 

0- "  Lo w 
Hig h \ 

Speec h N o speec h 

Conditio n 

Figure 2: Mean attitude towards the view espoused in a 
speec h (fro m Epstein ,  1969) . 
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S i m u l a t i o n s 

Networ k specification s fo r  th e fou r  cell s o f  Epstein' s 
(1969 )  experimen t  wer e create d followin g th e foregoin g 
fiv e principle s tha t  m a p dissonanc e theor y t o constraint -
satisfactio n models .  Th e specification s ar e identica l  t o 
thos e use d i n th e consonanc e mode l  simulation s (Shult z 
& Lepper ,  1996 )  o f  th e binder ,  Cooper ,  an d Jone s (1967 ) 
force d complianc e experimen t  wit h th e require d exception s 
tha t  reflec t  difference s betwee n tha t  experimen t  an d 
Epstein' s (1969) . 

Specification s fo r  th e speec h condition s ar e show n i n 
Figur e 3 .  Ther e ar e fou r  relevan t  cognitions ,  concernin g 
givin g th e speech ,  attitud e toward s th e vie w expresse d i n 
th e speech ,  th e anti-fluoridatio n arguments ,  an d th e 
payment .  Relation s a m o n g thes e cognition s reflec t 
assumed causa l  relations .  Th e relatio n betwee n attitud e an d 

speec h i s positiv e becaus e th e mor e favorabl e one' s 
attitude ,  th e mor e likel y on e woul d b e t o agre e t o mak e 
th e speech .  Thi s relatio n betwee n attitud e an d speec h i s 
lo w (0.1 )  fo r  hig h Machiavellians ,  because ,  fo r  them , 
ther e i s no t  a  stron g relatio n betwee n attitud e an d publi c 
statement ,  an d hig h (0.5 )  fo r  lo w Machiavellians ,  fo r 
w h o m ther e i s a  stron g relatio n betwee n attitud e an d 
publi c statement .  T h e relatio n betwee n paymen t  an d 
speec h i s hig h an d positiv e (0.5 )  becaus e a  greate r 
payment  shoul d increas e th e likelihoo d o f  givin g th e 
speech .  Th e relatio n betwee n attitud e an d paymen t  i s 
negativ e (-0.5 )  because ,  fo r  an y give n leve l  o f  counte r 
attitudina l  speech ,  th e mor e favorabl e one' s attitude ,  th e 
les s on e woul d nee d t o b e pai d t o giv e th e speech .  Th e 
relatio n betwee n th e anti-fluoridatio n argument s an d anti -
fluoridation  attitud e i s positive ,  bu t  mor e s o fo r  hig h 
Machiavellian s (0.5 )  w h o ar e suppose d t o b e mor e 
influence d b y factua l  argument s tha n ar e lo w 
Machiavellian s (0.1 )  (Harris ,  1966) . 

-0. 5 

0. 1 

ir e 3 

G t t i t udT )  0- 1 o r  0. 5 

1 

or  0. 5 

0. 5 

speec h 

argument s 

0. 1 

:  N e t w o r k des i gn fo r  th e soe t 

1 

payment 

0. 1 

ĉ h co i iditi ( 
thi s an d Figur e 4 ,  cognition s wit h lo w resistanc e ar e 
draw n wit h a n ellipse ,  an d thos e wit h hig h resistanc e ar e 

d raw n wit h a  rectangle .  Positiv e relation s ar e portraye d 
wit h soli d arrow s an d negativ e relation s wit h dashe d 
arrows .  Direction s o f  th e arrow s reflec t  th e directio n o f 
causa l  influence . 

Initia l  attitud e w a s negativ e (-0.5 )  t o reflec t  th e actua l 
view s o f  Epstein' s (1969 )  participants .  T h e speec h wa s 
give n a n initia l  positiv e valu e (0.5 )  becaus e i t  wa s i n fac t 
give n b y al l  participant s i n th e speec h conditions . 

Argument s an d paymen t  wer e give n lo w initia l  value s 
(0.1 )  t o reflec t  thei r  assume d potency .  Attitude ,  bein g a n 
evaluation ,  wa s give n lo w resistanc e t o change ,  an d th e 
othe r  thre e cognitions ,  bein g belief s o r  justifications ,  wer e 
give n hig h resistanc e t o change . 

Networ k specification s fo r  th e n o speec h condition s ar e 
s h o w n i n Figur e 4 .  Here ,  ther e ar e onl y thre e cognition s 
becaus e th e speec h w a s no t  given .  Th e positiv e relation s 
betwee n speec h an d attitud e an d betwee n speec h an d pa y 
b e c o m e 0  unde r  n o speech ,  a s ther e i s n o speech .  Th e 
relatio n betwee n paymen t  an d attitud e i s  change d t o 
positiv e because ,  wit h neithe r  o f  thes e cognition s 
connecte d t o givin g a  speech ,  receivin g a  paymen t  migh t 
improv e one' s attitud e t o th e entir e experimenta l  session . 

-0. 5 

0. 1 o r  0. 5 

attitud e 

argument s payment 

Figur e 4 :  Networ k desig n fo r  th e n o speec h conditions . 

Twenty networks were run in each of the four 
condition s a t  eac h o f  th e thre e level s o f  paramete r 
randomization .  Updatin g continue d fo r  3 0 cycles ,  b y 
whic h tim e activatio n asymptote s wer e reached . 

M e an attitud e toward s th e vie w expresse d i n th e speec h 
i s presente d i n Figur e 5  a t  th e highes t  leve l  o f  paramete r 
randomizatio n (1.0) .  Attitud e i s  compu te d a s ne t 
activatio n o f  th e t w o unit s representin g th e attitud e 
cognition ,  a s specifie d i n mappin g principl e 1 .  Network s 
at  al l  thre e level s o f  randomizatio n sho w th e cross-ove r 
interactio n tha t  ha d occurre d wit h Epstein' s h u m a n 
participants .  L o w Machiavellia n network s sho w th e 
predicte d dissonanc e effect ,  i.e. ,  mor e attitud e chang e wit h 
a speec h tha n withou t  a  speech ,  whil e hig h Machiavellia n 
network s s h o w th e reverse .  A t  eac h leve l  o f  paramete r 
randomizat ion ,  ther e i s a  statisticall y reliabl e 
Machiavellianis m x  speec h interaction ,  p  <  .001 ,  F( l , 
76 )  =  91 3 fo r  lo w randomization ,  26.9 6 fo r  m e d i u m 
randomization ,  an d 12.8 3 fo r  hig h randomization . 

Althoug h ther e i s n o direc t  measur e o f  dissonanc e i n 
h u m an participants ,  th e a m o u n t s o f  dissonanc e 
experience d b y th e networks ,  a s compute d i n Equatio n 6 , 
ca n b e examine d fo r  predictiv e purposes .  Dissonanc e 
reductio n ove r  tim e i s  show n i n Figur e 6  fo r  th e fou r 
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condition s o f  th e experimen t  fo r  network s ru n a t  hig h 
paramete r  randomization .  Th e lo w Machiavellianis m wit h 

speec h conditio n show s th e highes t  initia l  dissonanc e an d 
th e mos t  dissonanc e reduction.  Th e othe r  condition s sho w 
littl e initia l  dissonanc e an d littl e reductio n o f  dissonance , 
al l  o f  whic h correspond s t o th e attitud e chang e result s 

shown i n Figur e 5 . 
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Figur e 5 :  M e a n attitud e toward s th e vie w espouse d i n a 
speech ,  fro m simulation s a t  a  hig h leve l  o f  paramete r 
randomizatio n (1.0) . 
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D i s c u s s i o n 

Th e simulatio n result s o n attitud e chang e mirro r  thos e o f 
th e huma n participant s i n Epstein' s (1969 )  experiment. 

Ther e i s th e expecte d dissonanc e effec t  fo r  lo w 
Machiavellian s an d th e opposit e effec t  fo r  hig h 
Machiavellians .  A s note d earlier ,  th e result s fo r  hig h 
Machiavellian s ar e no t  explainabl e b y classica l  dissonanc e 
theory .  A s i n earlie r  simulation s (Shult z &  Lepper , 
1996) ,  th e inclusio n o f  constraint s no t  presen t  i n 
dissonanc e theor y allow s th e network s t o mor e closel y 
approximat e huma n dat a I n thi s case ,  th e extt a constraint s 
concer n th e relatio n betwee n attitude s an d publi c 
statement s (generall y high ,  bu t  lo w fo r  Machiavellians ) 
and th e relatio n o f  argument s t o attitude s (highe r  fo r 
Machiavellian s tha n fo r  others) . 

The plot s o f  dissonanc e reductio n revea l  somethin g 
abou t  th e underlyin g dynamic s i n thes e networks .  I t  i s 
clea r  from  thes e dissonanc e plot s an d thos e o f  attitud e 
chang e tha t  ther e i s a  clos e correspondenc e betwee n 
amount  o f  attitud e chang e an d amoun t  o f  dissonanc e 
reduction .  Th e highe r  th e initia l  dissonance ,  th e steepe r 
th e dissonanc e reduction ,  an d th e mor e th e chang e i n 
attitude . 

Ther e ar e a  numbe r  o f  othe r  self-concep t  phenomen a i n 
cognitiv e dissonanc e tha t  als o m a y b e possibl e t o 
simulat e wit h th e consonanc e model .  Thes e phenomen a 
concer n th e findin g that ,  afte r  affirmin g a n importan t 
aspec t  o f  th e self-concep t  tha t  m a y b e irrelevan t  t o a n 
experimentall y induce d inconsistency ,  peopl e d o no t  nee d 
t o reduc e dissonanc e b y attitud e chang e (Steele ,  1988) . 
Such effect s hav e bee n foun d i n bot h th e free-choice  an d 
insufficien t  justificatio n paradigm s o f  dissonanc e research . 

The fac t  tha t  reductio n o f  cognitiv e dissonanc e ca n b e 
modele d b y constraint-satisfactio n network s suggest s tha t 
dissonanc e i s governe d b y processe s c o m m o n t o a  wid e 
variet y o f  othe r  cognitiv e phenomen a (Holyoa k & 
Thagard ,  1989 ;  Kintsch ,  1988 ;  Kund a &  Thagard .  1996 ; 
Read &  Miller ,  1994 ,  1998 ;  Rumelhar t  e t  al. ,  1986 ; 
Sloman ,  1990 ;  Spellma n &  Holyoak ,  1992 ;  SpeUma n e t 
al. ,  1993 ;  Thagard ,  1989) .  Processe s a s divers e a s 
memory,  belie f  revision ,  explanation ,  attitud e formation , 
perso n perception ,  an d dissonanc e reductio n al l  appea r  t o 
reflec t  th e progressiv e applicatio n o f  constraint s supplie d 
by cognition s an d relation s betwee n cognitions .  Ther e i s 
considerabl e scop e her e fo r  theoretica l  integratio n an d 
unificatio n usin g constraint-satisfactio n ideas . 
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Abstrac t 

Bailenson, Shum. and Uttal (1998) showed that when 
peopl e ar e aske d t o selec t  fioin  potentia l  route s o n a  nap , 
thei r  decisio n relie d heavil y o n th e initia l  attractivenes s 
of  th e routes .  Specifically ,  peopl e preferre d route s tha t 
wer e initiall y  lon g an d straigh t  an d heade d i n th e 
genera l  directio n o f  th e destination ,  eve n i f  tha t  rout e 
was no t  th e optima l  (shortest )  route .  Thi s pape r  extend s 
thi s roa d climbin g theor y t o rout e choic e o n map s o f 
colleg e campuse s an d t o actua l  navigatio n aroun d a 
colleg e campus .  Bot h experiment s confir m tha t  whe n 
give n a  choic e amon g routes ,  peopl e ofte n resor t  t o 
choosin g th e on e tha t  i s mos t  initiall y  attractive .  Th e 
roa d climbin g mode l  provide s a n explanatio n fo r  bot h 
people' s navigationa l  decision s an d als o th e pat h 
asymmetrie s tha t  hav e bee n discovere d b y previou s 
researchers  studyin g rout e choice . 

Introduction 

W h en peopl e ar e aske d t o mak e decision s o r  judgements , 
the y ofte n resort  t o us e o f  menta l  shortcuts ,  o r  heuristic s 
(Tversk y &  K a h n e m a n ,  1973) .  U s e o f  heuristic s 
minimize s cognitiv e effor t  an d ofte n lead s t o a  satisfactoi y 
but  non-optima l  solutio a Us e o f  a  heuristi c m a y als o 
resul t  i n peoples '  judgement s bein g asymmetric .  Fo r 
instance ,  peopl e ofte n mak e asymmetri c judgment s abou t 
spatia l  (Ustance .  Thei r  distanc e estimate s var y dependin g 
upo n whic h locatio n i s viewe d a s th e origi n an d whic h i s 
viewe d a s th e destinatio n (McNamar a &  Diwadkar ,  1997 ; 
Ncwcombe,  Sandberg ,  &  Lie ,  1996 ;  M c N a m a r a 1991 ; 
Holyoa k &  M a h ,  1982 ;  Sadalla ,  Burroughs ,  &  Staplin , 
1980) . 

Asymmetrie s ca n b e foun d i n th e domai n o f  rout e 
choic e a s well .  Pat h asymmetrie s occu r  w h e n subject s 
consistentl y choos e a  differen t  route  w h e n travelin g fro m 
poin t  A  t o poin t  B  tha n the y d o w h e n travelin g i n th e 
opposit e direction ,  fro m poin t  B  t o poin t  A .  Pat h 
asymmetrie s hav e bee n demonstrate d i n people' s route 
choice s fro m memor y (Ste m &  Leiser ,  1988) ,  fro m m ^ s 
(Bailenson ,  Shum ,  &  Uttal ,  1998) .  an d fro m decision s 
among identica l  path s durin g actua l  navigatio n 
(Christenfeld ,  1995) . 

Bailenson ,  Shum ,  an d Utta l  (1998 )  propose d tha t  thes e 
asymmetrie s aris e fro m us e o f  a  heuristi c tha t  i s simila r  t o 
thos e employe d durin g othe r  form s o f  decisio n making . 
They labele d a s roa d climbin g th e strateg y wherei n 
peoples '  route  choice s ar e largel y influence d b y th e initia l 
attractivenes s o f  potentia l  routes .  The y showe d tha t 
subject s consistentl y preferre d routes  tha t  wer e initiall y 

lon g an d straigh t  an d tha t  heade d i n th e genera l  directio n 
of  th e destination .  Thes e particula r  routes  wer e preferre d 
eve n w h e n alternat e routes  (tha t  wer e no t  a s initiall y 
attractive )  provide d mor e optima l  solutions .  Fo r 
example ,  subject s i n thei r  Experimen t  1  chos e road 
climbin g routes  ove r  non-roa d climbin g alternative s eve n 
i n situation s wher e th e roa d climbin g route s wer e S O 
percen t  longe r  i n length l 

Th e road  climbin g theor y provide s a n explanatio n fo r 
w hy asynunetri c route  choice s occur .  Pat h asymmetrie s 
result  becaus e th e initia l  attractivenes s o f  a  rout e varie s 
dependin g o n whic h portio n o f  th e route  i s clos e t o th e 
origi a W h e n origi n ̂  destinatio n ar e switched ,  a  route 
tha t  wa s initiall y  attractiv e on e wa y m a y n o longe r  b e so ; 
thi s i s reflecte d i n subjects '  differentia l  preferences . 

I n th e curren t  pape r  w e attenqj t  t o furthe r  generaliz e th e 
road  climbin g theor y b y demonstratin g us e o f  th e strateg y 
i n mor e realisti c settings .  Whil e previou s researc h ha s 
show n asymmetrie s i n actua l  navigatio n fo r  identica l 
option s (Christenfeld .  1995) .  n o studie s hav e show n 
asymmetrie s w h e n subject s actuall y traverse d routes 
whic h posses s differen t  type s o f  characteristics .  Separat e 
path s whic h ar e completel y redundan t  (i n term s o f  length , 
number  o f  turns ,  angulari ^  o f  turns ,  etc. )  rarel y occu r  i n 
most  urba n systems . 

We argu e tha t  pat h asymmetrie s occu r  becaus e subject s 
disproportionall y weig h th e utilitie s o f  th e initia l  portio n 
of  a  route.  I n th e curren t  lin e o f  experiments ,  subject s 
navigate d o n routes  whic h wer e chose n specificall y fo r 
h o w attractiv e the y wer e i n term s o f  th e roa d diinbin g 
theory .  W e predicte d tha t  thos e routes  tha t  mor e closel y 
approximate d a  roa d climbin g idea l  woul d b e th e one s 
selecte d b y subjects .  I n Experimen t  1 ,  w e aske d subject s 
t o choos e path s betwee n tw o location s o n actua l  map s o f 
America n colleg e campuses .  I n Experimen t  2 ,  w e 
observe d subject s a s the y travele d betwee n tw o point s o n 
th e Northwester n Universit y campus . 

Experiment 1: Campus Maps 

I n thei r  Experimen t  1 ,  Bailenson ,  Shum ,  an d Utta l 
(1998 )  create d ver y artificia l  ma p stimul i  tha t  wer e 
designe d t o tes t  specifi c  aspect s o f  th e road  climbin g 
theory .  I n thei r  attemp t  t o us e actua l  m ^ s i n Experimen t 
2,  the y di d fin d evidenc e fo r  road  climbin g o n tw o colleg e 
campus maps ,  bu t  onl y o n hal f  th e trials .  Moreover , 
subject s i n thei r  Experimen t  2  wer e require d t o onl y 
choos e a  pat h fro m A  t o B  o r  B  t o A ;  thus ,  th e 
asymmetrie s foun d i n th e experimen t  wer e between -
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subject .  Th e goa l  i n th e curren t  experimen t  i s t o exten d 
thes e results  b y includin g a  large r  numbe r  o f  colleg e 
campus map s (whil e inqxisin g mor e stringen t  selectio n 

criteria) ,  an d als o requiring  subject s t o choos e route s i n 
bot h directions .  Thi s way ,  an y asymmetrie s w e discove r 
wil l  b e within-subject ,  a  resul t  tha t  woul d clearl y bolste r 
th e existenc e o f  pat h asymmetrie s i n general ,  an d th e roa d 
cUmbin g heuristi c i n psuticular . 

Our  prediction s fo r  E}q)erimen t  1 ,  then ,  wer e a s follows : 
1.  People' s rout e choice s woul d ofte n b e asymmetric . 

Tha t  is ,  the y woul d selec t  on e rout e goin g fro m A  t o B , 
and a  dLSeren t  on e goin g fro m B  t o A . 

2.  Th e route s peopl e wil l  selec t  wil l  b e thos e tha t  ar e 
most  initiall y  attractiv e nea r  th e origi n (i.e. ,  th e roa d 
clinibin g routes) . 

Method 

Subject s Th e subject s wer e 3 2 student s (1 9 female s 
and 1 3 males ;  3 0 right-handers  an d 2  left-handers )  i n a 
Northwester n Universit y Introductor y Psycholog y clas s 
w ho participate d t o ear n partia l  experimenta l  credit . 

Material s an d Desig n W e gathere d th e stimul i  b y 
examinin g booklet s o f  campu s maps .  W e selecte d fiv e 
differen t  campu s map s whic h me t  th e followin g criteria : 

1.  Ther e wer e tw o clea r  building s whic h wer e joine d 
by tw o o r  mor e distinc t  paths . 

2.  Th e path s wer e relatively  stable ;  tha t  is ,  onc e o n a 
pat h ther e wer e no t  m a n y opportunitie s t o exi t  tha t 
specifi c  path . 

3.  T w o o f  th e route s betwee n th e building s ha d t o 
serv e a s roa d climbin g routes ,  on e fo r  eac h directio n 
condition .  I n othe r  words ,  on e o f  th e route s ha d t o 
contai n a  long ,  straigh t  segmen t  nea r  on e o f  th e buildings , 
whil e anothe r  rout e ha d t o contai n a  long ,  straigh t 
segment  nea r  th e othe r  building . 

Th e five  campu s m a p s selecte d wer e C lemso n 
University ,  th e Universit y o f  Hartford ,  th e Universit y o f 
Alabama ,  Adelph i  University ,  an d th e Universit y o f 
Massachusett s a t  Amhers t  Eac h subjec t  sa w a  packe t  o f 
twent y maps ,  organize d int o tw o blocks .  I n th e firs t 
block ,  subject s sa w al l  fiv e experimenta l  map s alon g wit h 
fiv e fille r  maps .  Fo r  th e e}q)erimenta l  m ^ s ,  w e denote d 
th e origi n wit h a  sticke r  showin g th e lette r  "S" ,  whil e w e 
denote d th e destinatio n wit h th e lette r  "F. "  Th e orde r  o f 
th e filler s an d th e experimenta l  map s wa s randomized .  I n 
th e secon d block ,  subject s sa w th e sam e five  experimenta l 
maps,  howeve r  th e origi n an d th e destinatio n building s 
wer e reversed.  Fo r  th e fille r  maps ,  th e origin s an d 
destination s wer e denote d wit h entirel y separat e building s 
tha n i n th e firs t  bloc k i n a n attemp t  t o hid e th e 
experimenta l  goa l  fro m subjects .  M a p s i n th e secon d 
bloc k speare d i n th e exac t  sam e orde r  a s m ^ s i n th e first 
block . 

Procedur e Subject s participate d i n group s o f  twelv e o r 
less .  The y wer e instructe d a s foUows : 

I n th e followin g experiment ,  yo u wil l  se e a  serie s o f 
maps o f  a  t o w a Eac h m a p i s o n a  separat e page . 
Thic k dar k line s o n th e m a p represent  roads  o n whic h 
yo u ca n travel ;  yo u wil l  als o se e building s an d lake s 
o n th e maps .  You r  tas k fo r  eac h m a p i s t o fin d a 

rout e betwee n tw o buildings .  Th e lette r  " S "  appear s 
o n th e buildin g yo u mus t  star t  from .  You r 
destinatio n i s th e buildin g whic h i s denote d wit h th e 
lette r  "F. "  S o you r  jo b i s t o fm d a  pat h fro m " S "  t o 
"F. "  Whil e yo u travel ,  yo u mus t  sta y o n th e street s 
(th e thick ,  dar k lines) .  Pleas e begi n o n a  stree t  whic h 
emerge s fro m th e buildin g indicate d b y "S. "  Pleas e 
do no t  loo k bac k ove r  map s tha t  yo u hav e complete d 
akeady . 

Afte r  the y complete d th e packe t  o f  maps ,  subject s rxeive d 
a post-experimen t  questioimair e wher e the y ha d t o 
indicat e thei r  age ,  gender ,  an d handedness . 

Results and Discussion 

Th e dependen t  variabl e wa s th e percentag e o f  time s 
subject s selecte d th e predicte d road  climbin g route  a s 
oppose d t o an y othe r  rout e available .  Ove r  al l 
experimenta l  trials ,  subject s selecte d th e road  climbin g 
route  5 6 % o f  th e time .  Thi s differ s significantl y fro m 
5 0 %,  J(31)=3.16 ,  ii<.05 .  Not e tha t  i n thi s cas e selectio n 

by chanc e i s les s tha n 5 0 % ,  a s subject s wer e allowe d t o 
tak e an y route  tha t  wa s availabl e t o the m base d o n th e 
configuratio n o f  th e maps .  Th e fac t  tha t  w e ca n predic t  t o 
suc h a  degre e th e route  subject s wil l  tak e ou t  o f  numerou s 
possibilitie s indicate s tha t  th e road  clinibin g mode l  ha s 
efficac y beyon d artificia l  map s lik e thos e use d b y 
Bailenson ,  Shum ,  an d Utta l  (1998) . 

Tabl e 1  show s th e route  choice s mad e b y subject s o n 
eac h o f  th e five  experimenta l  maps .  Th e percentage s 
indicat e th e proportio n o f  subject s w h o selecte d th e road 
climbin g route  i n tha t  particula r  conditio a Not e tha t  o n 
eac h m ^ ,  subject s wer e aske d t o g o betwee n tw o point s 
o n th e m a p (i.e. ,  point s A  &  B ) ,  onc e wit h A  a s th e 
origi n an d onc e wit h B  a s th e origin .  Directio n o n Tabl e 
1 indicate s th e genera l  directio n i n whic h th e rout e wa s 
heading :  eithe r  Nort h o r  East ,  o r  Sout h o r  W e s t  Thi s 
arbitrar y classificatio n allow s u s t o loo k a t  route 
preference s whe n origi n an d destinatio n ar e switched . 

Table 1: Percentage of road climbing route selections in 
Experimen t  1 . 

Map 

Clemso n 

Hartfor d 

Alabam a 

Adelph i 

Amhers t 

N/E 
1 

85 

48 
33 

60 
56 

:>irBCtio n 

S/ W 

41 

53 

83 

33 

66 

Mean 

63 

51 
58 

47 
61 

As a n example ,  w e includ e a  schematize d versio n o f  on e 
of  th e campu s map s (Universit y o f  Massachusett s a t 
Amherst )  i n Figur e 1 .  Thi s versio n differ s fro m th e actua l 
m ap tha t  subject s sa w i n tha t  i t  i s  simplifie d t o includ e 
onl y th e pertinen t  roa d climbin g path s an d th e origi n an d 
destinatio n buildings .  Th e routes  i n questio n concer n th e 
loo p existin g betwee n tw o buildings ,  on e a t  th e 
intersectio n o f  Commonweal t h Ave .  an d Massachusett s 
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Ave .  (poin t  A )  an d on e a t  th e intersectio n o f  Governor' s 
Driv e an d N .  Pleasan t  S t  (poin t  B ) .  Subject s i n th e 
experimen t  wer e aske d t o fin d a  rout e betwee n point s A 
and B ,  hal f  th e tim e wit h A  a s th e origi n an d hal f  th e tim e 
wit h B  a s th e origin .  Notic e i n Figur e 1  tha t  ther e ar e 
tw o potentia l  roa d climbin g route s betwee n A  an d B ,  th e 
first  involvin g C o m m o n w e a l t h A v e .  an d Governor' s Driv e 
(rout e 1 ;  approximatel y 2 0 . % c m i n length) ,  an d th e 
othe r  involvin g N .  Pleasan t  S t  an d Massachusett s A v e 
(rout e 2 ;  22.7 1 c m ) .  T h e questio n o f  wh ic h rout e woul d 
be predicte d b y th e roa d climbin g mode l  depend s o n 
whethe r  A  o r  B  i s th e origi a I t  i s  in^r tan t  t o not e tha t 
i n th e actua l  m a p s tha t  subject s s a w thei r  wer e othe r 
possibl e route s t o tak e be twee n th e t w o buildings . 
However ,  w e onl y includ e th e route s wh ic h satisfie d th e 
roa d climbin g constraints ;  thes e als o tende d t o b e th e 
route s tha t  subject s took . 

Governor' s Dr . 
B 

Massachusett s Ave . 

Figur e 1 :  Schematize d versio n o f  Amhers t  m a p use d i n 
Ejqxrimen t  1 . 

When heading from point A to B, route 1 provides a 
mor e initiall y  attractiv e rout e a s pe r  th e roa d climbin g 
model :  C o m m o n w e a l t h Ave .  i s lon g an d straigh t  an d 
head s i n th e genera l  directio n (North )  o f  th e destination . 
On th e othe r  hand ,  rout e 2  i s les s attractiv e becaus e th e 
initia l  headin g i s South ,  wh ic h i s i n th e o p p o s i n g 
directio n o f  th e destination .  Thes e intuition s wer e 
confirme d b y th e data ,  i n tha t  subject s headin g fro m A  t o 
B selecte d rout e I  ove r  rout e 2  b y a  two-to-on e margi n 
(6 6 vs .  34) .  W h e n headin g f ro m poin t  B  t o A ,  th e 
attractivenes s o f  th e potentia l  route s switch .  Rout e 2 
becomes th e preferre d rout e becaus e i t  i s  initiall y  lon g an d 
straigh t  an d head s South ,  i n th e genera l  directio n o f  th e 
destinatio a Rout e 1 ,  o n th e othe r  hand ,  head s W e s t  fo r  a 
bi t  an d the n enter s a  tur n wher e subject s hav e t o g o 
North ,  i n th e opposin g directio n o f  th e destination .  I n 
thi s case ,  subject s selecte d rout e 2  ove r  rout e 1  (5 6 vs . 

44) .  Overall ,  subject s selecte d th e predicte d roa d 
climbin g rout e 6 1 o f  th e tim e fo r  thi s particula r  m a p . 

O n th e Amhers t  m a p ,  bot h route s wer e simila r  i n 
length .  H o w e v e r  th e roa d climbin g effec t  i s  particularl y 
strikin g w h e n w e exami i ^  m a p s o n wh ic h ther e w a s a 
choic e betwee n a  clear-cu t  "optimal "  rout e versu s a n 
alternativ e tha t  w a s m o r e initiall y  attractive .  I n tw o case s 
(Clemso n & .  A labama) ,  ther e w a s a  singl e rout e tha t  w a s 
overwhelmingl y preferre d b y subject s i n eithe r  directior L 
Howeve r ,  th e proportio n o f  subject s w h o chos e th e les s 
optima l  alternativ e varie d significantl y a s a  ftmctio n o f 
wh ic h directio n th e subjec t  w a s travelin g in ,  a s pe r  th e 
road  climbin g model . 

Williamso n Rd . 

W 

Calhou n Dr 

Figur e 2 :  Schematize d versio n o f  C lemso n m a p use d i n 
Experimen t  1 . 

To illustrate this difference we present as another 
exampl e a  schematize d versio n o f  th e C l e m s o n m ^  i n 
Figur e 2 .  Notic e tha t  betwee n point s A  an d B ,  ther e ar e a 
n u m b er  o f  possibl e routes.  Ili e tw o w e wer e primaril y 
intereste d i n wer e For t  Hil l  St-Calhou n Dr .  (rout e 1) ,  an d 
Williamso n Rd.-Rte .  9 3 (rout e 2) .  Rout e 1  i s th e m o r e 
optima l  alternativ e a s i t  i s  2 0 shorte r  tha n route 2  (7.4 7 
c m vs .  8.8 9 c m ) .  I t  i s  als o th e roa d climbin g route  w h e n 
travelin g f ro m buildin g A  t o buildin g B .  O n th e othe r 
hand ,  rout e 2 ,  althoug h longer ,  i s  mor e initiall y  attractiv e 
w h e n traveliii g fro m B  t o A  sinc e Cahlbou n Dr .  initiall y 
head s a w a y f ro m th e destinatio a Thi s distiiKtio n w a s 
reflecte d i n th e results .  Although ,  rout e 1  w a s chose n 
almos t  7 0 % o f  th e tim e overall ,  i t  w a s chose n 8 5 % o f  th e 
tim e w h e n i t  w a s th e roa d climbin g route  fro m poin t  A  t o 
B,  aiK l  onl y 5 4 % o f  th e time  w h e n i t  w a s no t  th e roa d 
climbin g rout e (fro m B  t o A ) .  Likewise ,  rout e 2  w a s 
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chose n les s tha n 2 5 % o f  th e tim e overall ,  4 1 % whe n i t 
was th e road  climbin g rout e an d onl y 1 2 % o f  th e tim e 
when i t  wa s not' . 

Experimen t  1  show s tha t  subject s mak e asymmetri c 
rout e choice s whe n navigatin g o n campu s maps . 
Furthermore ,  thes e asymmetrie s appea r  t o ste m fro m th e 
use o f  th e road  climbin g heuristic .  I n E^qxrimen t  2 .  w e 
generaliz e th e result s t o navigatio n i n th e rea l  wori d b y 
observin g travelers '  route  choice s o n th e Northwester n 

Universit y campus . 

Experiment 2: The Real World 

Christenfel d (1995 )  foun d i n naturalisti c observatio n 
tha t  whe n give n choice s betwee n thre e identica l  routes, 
subject s tende d t o pic k th e on e tha t  ha d th e tur n lates t 
alon g th e route.  I n a  sense ,  Christenfeld' s findin g 
conform s t o th e road  climbin g model ,  whic h state s tha t 
subject s prefe r  t o trave l  lon g an d straigh t  initially ,  an d 
defe r  turn s o r  change s unti l  late r  i n th e route.  Th e goa l  o f 
Experimer u 2  wa s t o se e i f  thi s fmdin g woul d hol d u p fo r 
routes  tha t  wer e iK) t  "identical "  (i n Christenfeld' s sense) , 
i n tha t  routes  typicall y var y i n lengt h an d othe r  features . 
I n particular ,  w e chos e a s th e observatio n piec e a  sectio n 
of  th e Northwester n campu s i n whic h ther e wer e tw o mai n 
potentia l  routes .  Eac h varie d i n initia l  attractivenes s 
dependin g o n whic h o f  tw o location s wa s viewe d a s th e 
origin ;  i n addition ,  th e route s varie d i n lengt h (se e 
below) .  I n term s o f  distance ,  then ,  on e route  wa s a  mor e 

"optirnal "  choic e tha n th e other . 

Our  prediction s wer e simila r  t o thos e i n Experimen t  1 : 
1.  People' s preference s fo r  an y particula r  route  wil l  b e 

dependen t  o n th e directio n o n whic h the y ar e traveling . 
I n othe r  words ,  w e shoul d fm d asymmetri c pat h choice s 
betwee n subject s travelin g on e way ,  an d subject s travelin g 
th e other . 

2.  Thes e asymmetrie s wil l  reflec t  bia s towar d road 
climbin g routes,  thos e tha t  ar e initiall y  attractiv e nea r  th e 
origi a 

Method 

Subject i  W e observe d 18 5 (7 6 males ,  10 9 females ) 
peopl e o n th e Northwester n campu s a s the y travele d 
betwee n tw o points . 

Procedur e Figur e 3  show s th e tw o point s an d th e 
path s tha t  coimec t  them . 

Notic e tha t  whe n poin t  A  i s th e origi n an d poin t  B  i s 
th e destination ,  route  X  i s a  bette r  road  climbin g choic e 
tha n route  Y  sinc e i t  satisfie s th e requirement s o f  bein g 
lon g an d straigh t  initially ,  an d i t  head s i n th e genera l 
directio n o f  poin t  B .  Rout e Y ,  o n th e othe r  hand , 
contain s a  tur n eari y i n th e rout e whic h i s visibl e fro m 
poin t  A .  Whe n origi n an d destinatio n ar e switched , 
however ,  rout e Y  become s th e mor e attractiv e route; 
wherea s route  Y  i s lon g an d straigh t  initially ,  rout e X 
contain s a n eari y tur n (als o visibl e fro m poin t  B) .  Thus , 
road  climbin g principle s predic t  tha t  subject s shoul d b e 
more likel y t o tak e route  X  whe n A  i s th e origin ,  an d 
route  Y  whe n B  i s th e origi a 

I n orde r  fo r  a  travele r  t o qualif y a s a  subject ,  h e o r  sh e 
had t o pas s throug h bot h point s A  an d B .  Furthermore , 
traveler s wh o didn' t  sta y o n marke d path s di d no t  qualif y 
as subjects .  Multipl e traveler s wh o wer e clearl y movin g 
i n a  grou p wer e counte d a s a  singl e subject .  Th e dat a 
wer e collecte d i n tw o separat e hou r  an d a  hal f  sessions , 
eac h sessio n occurrin g o n a  differen t  da y a t  a  differen t 
time . 

Results and Discussion 

Tabl e 2  show s th e numbe r  o f  subject s wh o chos e eithe r 
route  X  o r  route  Y  i n th e tw o directio n conditions .  First , 
ther e wa s a  clea r  preferenc e overal l  fo r  route  Y  ove r  route 
X (86 % vs .  14% )  ove r  al l  trial s acros s bot h directions . 
However ,  not e tha t  whe n B  wa s th e origin ,  route  X  wa s 
chose n onl y 6 % o f  th e time ,  whil e whe n A  wa s th e 
origin ,  route X  wa s chose n 2 2 % o f  th e time .  Thi s 
asymmetr y wa s significantl y differen t  fro m chance , 

x2(l)-I0.29 ,  B<.05 . 

Table 2: Route choice by subjects in Experiment 2. 

Figur e 3 :  Representatio n o f  th e Northwester n routes  use d 
i n E;q)erimen t  2 . 

'Th e percentag e o f  time s subject s selecte d route  A  (70% )  an d 
rout e B  (25% )  d o no t  ad d t o 100 % becaus e subject s selecte d 
route s tha t  wer e neithe r  A  no r  B  abou t  5 % o f  th e time . 

Origi n 

A 

B 

Rout e Choic e 

X Y 

21 
5 

75 
85 

966 



Interestingly ,  considerin g jus t  length ,  route Y  i s a 
bette r  choic e tha n rout e X ,  a s i t  i s  ove r  1 2 % shorte r 
(97.6 1 m vs .  108.8 1 m) .  Tha t  almos t  a  quarte r  o f  th e 
subject s headin g fro m A  t o B  chos e route  X  evidence s 
tha t  peopl e d o no t  alway s choos e th e optima l  solution ; 
rather ,  thei r  decision s ma y b e base d o n us e o f  a  strateg y 
such a s road  climbing . 

Becaus e thi s experimen t  involve d observin g behavio r  i n 
a naturalisti c setting ,  w e wer e unabl e t o contro l  fo r  a 
number  o f  factor s tha t  m ^  hav e affecte d subjects '  choices , 
suc h a s subjects '  familiarit y wit h th e routes,  genera l 
conditio n o f  th e paths ,  th e slop e o f  th e routes,  etc. ;  th e 
fac t  tha t  w e wer e abl e t o fin d a n observabl e bia s suggest s 
tha t  road  climbin g ma y b e a  fairl y robust  phenomeno n 
when navigatin g i n th e actua l  world . 

General Discussion 

I n th e curren t  lin e o f  studie s w e ftuthe r  demonstrate d 
roa d climbin g durin g rout e choice .  Subject s showe d 
asymmetri c choic e behavio r  a s a  consequenc e o f  attendin g 
disproportionatel y t o th e initia l  segmen t  o f  a  route.  I n 
Experimen t  1 ,  w e foun d evidenc e fo r  asymmetri c roa d 
climbin g fro m subject s wh o chos e route s o n universit y 
campus map s fro m aroun d th e Unite d States .  I n 
Experimen t  2 ,  w e observe d subject s a s the y traverse d 
alon g path s o n th e Northwester n Universit y campus . 
Subject s exhibite d road  climbin g an d asymmetri c rout e 
choice s durin g actua l  navigatio n i n th e rea l  world . 

The road  climbin g strateg y seem s t o fal l  unde r  th e clas s 
of  heuristic s i n whic h subject s ar e disproportionatel y 
biase d towar d th e initia l  portio n o f  stimuli .  I n differen t 
domains ,  thi s bia s ha s usuall y resulte d i n fmding s tha t 
have com e unde r  th e rubri c o f  primac y effects .  Fo r 
instance ,  memor y i s bes t  fo r  word s a t  th e beginnin g o f  a 
lis t  (Murdock ,  1962 )  an d initia l  informatio n i n a n 
argumen t  greatl y influence s ho w late r  claim s i n th e 
argumen t  ar e interprete d (Penningto n &  Hastie ,  1986) . 
Primac y effect s hav e als o bee n foun d i n perceptua l 
domains ,  fo r  example ,  i n th e perceptio n o f  pitc h 
(Williams ,  1975) . 

The road  clindiin g heuristi c appear s t o b e th e spatia l 
analo g o f  thes e effects :  whe n choosin g a  route,  subject s 
ar e biase d i n thei r  decisio n towar d one s whic h ar e th e 
most  initiall y  attractive .  Thi s differentia l  attendanc e t o 
th e initia l  portio n o f  route s ma y b e heightene d whe n 
subject s ar e mad e t o focu s o n routes  no t  a s a  whole ,  bu t 
i n parts .  Fo r  example ,  Bailenson ,  Shum ,  an d Utta l 
(1998 )  showe d tha t  whe n map s wer e regionalized  (i.e. , 
broke n u p wit h boundaries) ,  subject s wer e mor e likel y t o 
make road  climbin g choices .  The y explaine d thi s effec t 
by proposin g tha t  regionalizatio n cause s subject s t o 
proces s th e map s o n a n incrementa l  region-by-region 
basis .  Thus ,  th e initia l  regio n (containin g th e origin ) 
receive s eve n mor e attentio n tha n i t  woul d normall y sinc e 
i t  i s  separate d for m othe r  regions. 

The finding s i n th e curren t  pape r  confir m tha t  subject s 
make roa d climbin g choice s o n actua l  map s an d i n th e 
actua l  world .  Bot h o f  thes e demonstration s ar e greate r  i n 
complexit y tha n th e simpl e artificia l  map s use d i n 
previou s studies .  I t  ma y b e th e cas e tha t  whe n subject s 

make thes e sort s o f  decision s the y ar e imposin g som e 
kin d o f  thei r  ow n regionalizatioa  I t  ha s bee n foun d tha t 
subject s automaticall y regionaliz e spatia l  layout s suc h a s 
m ^s (Downs ,  Liben ,  &  Daggs ,  1988 ;  McNamara ,  1986) . 
I n effect ,  thi s in4)lici t  regionalization  ma y caus e subjects ' 

choice s t o adher e t o th e road  climbin g model . 
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Abstrac t 

Current theories concerning the comprehension of noiui-noun 
combination s propos e tha t  relationa l  interpretation s ar e tli e 
resul t  o f  tli e modifie r  filling  som e rol e witlii n th e hea d nou n 
(Murphy .  1988 ;  Wisniewski ,  1997) ,  wherea s propert y inter -
pretation s involv e th e structura l  alignmen t  o f  tli e hea d nou n 
and modifie r  concept s (Wisniewski ,  1997) .  h i  tlii s  pape r  w e 
argu e tha t  structura l  alignmen t  underlie s th e formatio n o f 
bot h relationa l  and  propert y interpretation s o f  noun-nou n 
combinations .  Propert y interpretation s resul t  fro m th e align -
ment  o f  th e modifie r  wit h th e hea d noun ,  wherea s relationa l 
interpretation s resul t  fi-om  th e alignmen t  o f  th e modifie r  wit h 
a filler  i n th e hea d noun .  Modifier s fo r  noun-nou n combina -
tion s wer e chose n base d o n thei r  similarit y t o relationa l  fill-
er s i n th e hea d nou n concept .  Result s indicate d tha t  fi-e-
quenc y o f  instantiatio n o f  relationa l  interpretation s wa s 
positive h correlate d wit h th e similarit y o f  th e modifie r  t o 
fillers  i n th e hea d noun .  Similarit y o f  modifie r  t o fillers  i n 
th e hea d nou n predicte d fi"equency  o f  instantiatio n o f  rela -
tiona l  interpretation s t o a  greate r  degre e tha n th e rate d abil -
it y  o f  modifier s t o fill  role s i n th e hea d nou n concept . 

Introduction 

Research on the comprehension of conceptual combina-
tion s ha s prove n \  aluabl e t o severa l  field s o f  cognitiv e sci -
ence .  I t  ha s provide d informatio n concernin g th e manne r 
i n whic h combination s ar e utilize d t o specif y referent s o f 
discours e context s an d t o exten d th e vocabular y o f  a  lan -
guage .  I t  ha s als o provide d informatio n concernin g th e 
structiu- e o f  concept s an d categories ,  an d th e constraint s o n 
th e utilizatio n concept s whic h nee d t o b e implemente d i n 
comprehensiv e model s o f  conceptua l  fiinctioning 
( M a r k m a n &  Wisniewski .  1997 ;  Med i n &  Shoben ,  1988) . 

Conceptua l  combinatio n model s hav e bee n develope d t o 
explain  variou s type s o f  combinations .  I n thi s pape r  w e 
focu s o n th e processe s involve d i n th e interpretatio n o f 
noun-nou n combination s an d propos e a  mechanis m b y 
whic h interpretation s ar e forme d fo r  suc h combinations . 

Curren t  model s designe d t o explai n th e interpretatio n o f 
noun-nou n combination s tak e on e o f  tw o form s -  a  themati c 
relation s approac h (Gagn e &  Shoben ,  1997 ;  Shobe n & 
Gagne,  1997 )  o r  a  schem a approac h (Murphy ,  1988 ;  Wis -
niewski ,  1997) .  Bot h approache s assum e tha t  interpreta -
tion s o f  noun-nou n combination s ar e forme d throug h th e 
identificatio n o f  a  relationshi p tha t  hold s betwee n th e 
modifie r  an d hea d nou n i n th e combination .  Fo r  example , 
th e combinatio n C A T E R P I L L A R A P P L E migh t  b e under -
stoo d a s referrin g t o a n appl e tha t  ha s a  caterpilla r  livin g i n 

it .  Interpretation s o f  thi s sor t  ar e k n o w n a s relation-linkin g 
(Wisniewski ,  1997 )  o r  relationa l  interpretations . 

Themati c model s propos e tha t  relationa l  interpretation s 
ar e forme d b y determinin g whic h on e o f  a  fairl y smal l  sub -
set  o f  genera l  relation s hold s betwee n th e tw o concepts . 
Thi s approac h assume s th e relatio n i s chose n base d o n th e 
combinatoria l  histor y o f  th e constituent s o f  th e combinatio n 
(Gagn e &  Shoben ,  1997 ;  Shobe n &  Gagne ,  1997) . 

Schema model s represen t  th e concept s i n a  combinatio n 
as schema s o r  frames .  Knowledg e associate d wit h eac h 
concep t  i s store d i n term s o f  slot s an d fillers  wher e th e slot s 
refe r  t o dimension s o f  th e concep t  an d th e fillers  associate d 
wit h thos e slot s consis t  o f  th e variou s instantiation s o f  tha t 
dimensio n i n th e concept .  Slot s als o contai n defaul t  fillers 
whic h ar e th e mos t  frequentl y instantiate d o r  typica l  valu e 
fo r  a  particula r  slot .  Schem a approache s assum e tha t  inter -
pretation s o f  combination s resul t  from  th e modifie r  nou n 
fillin g a  relationa l  slo t  i n th e hea d noun' s conceptua l  space . 
T o explai n h o w a  slo t  i s  selecte d t o b e fille d b y th e modi -
fier,  thes e model s propos e tha t  associate d wit h eac h slo t  i s a 
set  o f  precondition s tha t  mus t  b e me t  b y th e modifie r  i n 
orde r  fo r  i t  t o fill  tha t  slo t  (Wisniewski ,  1997) .  Fo r  exam -
ple ,  i n orde r  fo r  th e combinatio n B L U E B E R RY S P O ON t o 
be interprete d a s referrin g t o " a spoo n fo r  eatin g blueber -
ries",  th e modifie r  o f  th e combinatio n (Blueberry )  mus t 
meet  th e constrain t  o f  bein g edibl e i n orde r  t o fill  th e Use d 
For  Eatin g slo t  o f  th e hea d nou n concep t  (Spoon) . 

Althoug h bot h themati c an d schem a model s predic t  tha t 
combination s wil l  resul t  i n relationa l  interpretations ,  nei -
the r  predic t  th e existenc e o f  anothe r  c o m m o n typ e o f  inter -
pretation ,  namel y propert y interpretations .  Propert y inter -
pretation s involv e th e assertio n o f  a  propert y o f  th e modi -
fier  t o b e tru e o f  th e hea d nou n (e.g. ,  C A T E R P I L L A R 
A P P LE interprete d a s referrin g t o " a fuzz y apple" )  an d 
constitut e abou t  3 3 % o f  th e interpretation s generate d fo r  a 
combinatio n (Costell o &  Keane ,  1997) .  T o exten d th e 
theoretica l  scop e o f  conceptua l  combinatio n model s t o ac -
coun t  fo r  thi s phenomenon ,  Wisniewsk i  (1997 )  ha s pro -
pose d tha t  propert y interpretation s ar e forme d throug h th e 
structura l  alignmen t  o f  th e hea d nou n an d modifier ,  a  dif -
feren t  mechanis m fro m th e on e tha t  produce s relationa l 
interpretation s (i.e. ,  rol e filling).  Whil e thi s accoun t  repre -
sent s a n importan t  advance ,  a  mor e parsimoniou s explana -
tio n woul d b e tha t  on e proces s (structura l  alignment )  un -
derlie s th e formatio n o f  bot h type s o f  interpretations .  Thus , 
a goa l  o f  thi s pape r  i s  t o demonstrat e tha t  thi s sam e 
mechanis m o f  structura l  alignmen t  ca n b e use d t o accoun t 
fo r  relationa l  interpretation s o f  conceptual . 
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Thi s i s no t  t o sa y tha t  rol e filling  doe s no t  occur ,  ampl e 
e\idenc e exist s suggestin g i t  does .  However ,  a  role-fillin g 
explanatio n o f  th e generatio n o f  relationa l  interpretation s 
leave s severa l  question s unanswered .  H o w i s i t  tha t  a  slo t 
i s  selecte d i n th e hea d nou n concep t  fo r  th e modifie r  t o fill? 
W hy i s i t  tha t  th e combinatoria l  histor y o f  a  wor d inllu -
ence s th e relationa l  interpretatio n chosen ? 

We propos e tha t  structura l  aligiunen t  o f  th e constituent s 
of  a  combinatio n underlie s bot h processe s Structura l 
alignmen t  o f  th e hea d nou n an d modifie r  i s  necessar y fo r 
determinin g th e rol e th e modifie r  ca n fill  i n th e hea d noun . 
The relationa l  structur e o f  a  concep t  determine s h o w i t  i s 
goin g t o interac t  wit h mos t  othe r  concept s thereb y influenc -
in g it s combinatoria l  history . 

Whethe r  a  propert y interpretatio n o r  a  relationa l  interpre -
tatio n result s fro m th e aligiunen t  proces s depend s o n th e 
manner  i n whic h th e constituent s o f  th e combinatio n ar e 
aligned .  Propert y interpretation s resul t  fro m th e globa l 
alignmen t  o f  th e modifie r  an d hea d nou n concepts .  I n 
comparison ,  relationa l  interpretation s resul t  fro m th e 
alignmen t  o f  th e modifie r  wit h a  filler  o f  th e hea d noun . 

Becaus e th e concept s involve d i n noun-nou n combina -
tion s ar e comple x concepts ,  thos e concept s consis t  o f  a  va -
riety  o f  slot s containin g fillers  whic h ar e concept s i n thei r 
own righ t  (Murphy ,  1988) .  W h e n th e modifie r  i s  aligne d 
wit h on e o f  thes e filler  concept s th e resul t  i s  a  relationa l 
interpretatio n o f  th e combination . 

For  example ,  fo r  th e combinatio n C A T E R P I L L A R 
APPLE,  i f  th e concept s o f  Appl e an d Caterpilla r  ar e 
aligne d suc h tha t  th e slot s fo r  textur e i n bot h concept s ar e 
brough t  int o aligimien t  the n "fiizzy "  (th e textur e valu e fo r 
Caterpillar )  replace s "smooth "  (th e textur e valu e fo r  Apple ) 
as th e textur e fo r  Appl e resultin g i n th e interpretatio n o f 
C A T E R P I L L AR A P P L E a s " a fuzz y apple" .  However ,  i f 
Caterpilla r  i s  aligne d wit h th e defaul t  filler  o f  W o r m i n th e 
Appl e concep t  ( W o r m bein g th e defaul t  filler  o f  th e slo t 
Has Livin g I n It )  thi s woul d resul t  i n th e relationa l  interpre -
tatio n o f  th e combinatio n "a n appl e wit h caterpillar s livin g 
i n it' . 

To reiterate ,  alignment s foun d a t  th e mos t  globa l  leve l  o f 
th e constituent s ofte n resul t  i n propert y mappin g interpre -
tation s o f  th e combinatio n (Wisniewski ,  1997) .  W h e n th e 
concept s ar e searche d recursivel y an d structura l  alignment s 
ar e sough t  withi n th e slot s o f  th e constituents ,  thi s result s 
i n relationa l  interpretations .  Thi s i s possibl e becaus e th e 
concept s bein g combine d (especiall y noun-nou n combina -
tions )  ar e frequently  comple x concept s whos e slot s an d fill-
er s ar e ofte n concept s i n thei r  o w n righ t  (Murphy ,  1988) . 

Empirica l  evidenc e ha s bee n provide d b y Wisniewsk i 
(1997 )  suggestin g tha t  propert y mappin g interpretation s o f 
combination s ar e mor e likel y t o b e generate d w h e n th e 
constituent s o f  th e combinatio n hav e ver y simila r  represen -
tationa l  structures .  Thi s similarit y facilitate s th e aligiunen t 
proces s (Wisniewski ,  1997) .  I f  structura l  alignmen t  oper -
ate s i n th e formatio n o f  relationa l  interpretations ,  i t  shoul d 
be possibl e t o manipulat e th e similarit y o f  th e modifie r  wit h 
respec t  t o defaul t  fillers  o f  th e hea d nou n t o affec t  th e gen -
eratio n o f  relationa l  interpretation s o f  th e combination . 
The mor e simila r  a  modifie r  i s  t o a  particula r  filler  i n th e 
head noun ,  th e mor e completel y i t  wil l  alig n wit h th e filler 

concep t  an d th e mor e likel y i t  wil l  b e tha t  a  relationa l  in -
terpretatio n wil l  b e generate d fo r  th e combinatio n i n whic h 
th e modifie r  fills  th e rol e o f  th e filler  wit h whic h i t  w a s 
aligned . 

I n thi s experimen t  w e teste d th e hypothesi s tha t  th e 
similarit y betwee n a  modifie r  an d a  defaul t  filler  o f  a  hea d 
nou n i s positivel y correlate d wit h th e frequenc y wit h whic h 
th e modifie r  fills  th e sam e rol e a s tha t  defaul t  filler  i n th e 
interpretatio n o f  th e combination .  W e als o examine d 
whethe r  relaUona l  interpretation s o f  th e combinatio n woul d 
be bette r  predicte d b y th e rate d abilit y  o f  th e modifie r  t o fill 
a rol e i n th e hea d nou n rathe r  tha n b y it s similarit y t o th e 
filler  o f  tha t  role . 

I f  relationa l  interpretation s o f  conceptua l  combination s 
resul t  from  th e alignmen t  o f  th e modifie r  wit h fillers  o f  th e 
hea d nou n the n similarit y o f  th e modifie r  t o a  defaul t  filler 
i n th e hea d nou n shoul d b e positivel y correlate d wit h th e 
frequency  o f  instantiatio n o f  relationa l  interpretation s fo r 
th e combination .  T h e mor e simila r  th e modifie r  i s  t o a  de -
faul t  filler  th e mor e frequently  i t  i s  instantiate d a s partici -
patin g i n th e sam e relatio n a s th e defaul t  filler  i n th e inter -
pretatio n o f  th e combination . 

Becaus e th e abilit y  t o determin e wha t  rol e th e modifie r 
ca n fill  i n th e hea d nou n depend s o n th e alignmen t  o f  th e 
modifie r  an d hea d nou n concepts ,  i t  i s  predicte d tha t  simi -
larit y an d rol e filling  wil l  b e highl y correlate d wit h eac h 
other .  However ,  i f  structura l  alignmen t  i s th e underlyin g 
mechanis m o f  role-finding ,  the n similarit y rating s wil l  b e a 
mor e direc t  measur e o f  thi s process .  Consequently ,  w e 
predic t  tha t  th e similarit y o f  th e modifie r  t o a  filler  i n th e 
hea d nou n wil l  uniquel y accoun t  fo r  mor e o f  th e variabilit y 
i n th e frequency  o f  instantiatio n o f  relationa l  interpretation s 
tha n wil l  th e capacit y o f  th e modifie r  t o fill  a  particula r  rol e 
i n th e hea d noun s concept . 

Th e experimen t  require d a  serie s o f  step s t o determin e 
th e relationshi p betwee n similarity ,  role-finding ,  an d th e 
generatio n o f  relationa l  interpretations .  T h e first  ste p in -
volve d generatin g th e stimul i  se t  t o b e use d i n th e experi -
ment .  Thi s ste p consiste d o f  a )  choosin g a  se t  o f  noun s t o 
be use d a s th e hea d noun s i n th e combinations ,  b )  obtainin g 
featur e listing s o f  thos e noun s t o identif y thei r  relationa l 
features/slots ,  c )  determinin g th e defaul t  fillers  o f  thos e 
slots ,  an d d )  selectin g modifier s simila r  t o th e defaul t  fillers 
of  th e hea d nou n tha t  wer e no t  alread y liste d a s fillers  o f 
thos e nouns . 

T h e nex t  ste p i n th e proces s w a s t o us e thi s stimulu s se t 
t o determin e th e relationshi p betwee n th e frequency  o f  in -
stantiatio n o f  an y give n relationa l  interpretation ,  an d th e 
similarit y an d role-fillin g capacit y rating s o f  th e modifier s 
an d defaul t  fillers  o f  th e combination .  Thi s ste p involve d a ) 
identifyin g th e relationa l  interpretation s generate d fo r  th e 
noun-nou n combination s an d determinin g thei r  frequenc y 
of  instantiation ,  b )  determinin g an y n e w defaul t  fillers  fro m 
thos e interpretation s tha t  involve d relation s tha t  ha d no t 
bee n observe d durin g th e generatio n o f  th e stimulu s set ,  c ) 
measurin g th e similarit y o f  th e modifier s t o th e fillers  the y 
replace d an d d )  obtainin g rating s o f  th e capacit y o f  modifi -
er s t o fill  th e role s ordinaril y  serve d b y th e defaul t  fillers 
the y replaced . 
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S t e p I :  G e n e r a t i n g th e S t i m u l u s Se t 

M e t h o d 

Participants 

O ne hundre d twenty-tw o introductor y psycholog y stu -
dent s participate d i n generatin g th e stimulu s se t  i n ex -

chang e fo r  clas s experimenta l  credit .  Al l  wer e nativ e 
speaker s o f  English .  Fifty-nin e student s generate d th e fea -
tur e listing s fo r  th e hea d nouns .  Fort y student s generate d 
th e fillers  fo r  relationa l  slot s i n th e hea d noun s an d twenty -
thre e student s participate d i n th e similarit y ratin g task . 

Material s an d Procedur e 

Feature Listing Task 

T o assur e th e generalizjibilit y  o f  th e result s w e chos e 
noun s tha t  spanne d a  broa d rang e o f  categories . 

We use d a  syste m simila r  t o th e on e employe d b y Wis -
niewsk i  &  Gentne r  (1991) .  Noun s wer e chose n tha t  differe d 
alon g r\\ o dimensions :  artifac t  versu s natura l  kin d an d 
coun t  nou n versu s mas s noun .  Plac e Noun s (artificia l  an d 
natiual )  wer e als o include d i n orde r  t o b e abl e t o generaliz e 
th e findings  t o mor e comple x structure s suc h a s schemas . 

Si x noun s fro m eac h grou p wer e selected .  T o fiuthe r 
broade n th e rang e o f  concept s explored ,  noun s wer e chose n 
fro m eac h grou p tha t  occupie d differen t  taxonomi c catego -
rie s (e.g. ,  animal ,  flower, fiiiit,  tree ,  insect ,  vegetabl e fo r 
natura l  coun t  nouns) .  Thi s resulte d i n th e followin g se t  o f 
word s use d a s th e hea d noun s o f  th e study : 

Count  nouns/natura l  kinds :  fi-og,  poppy ,  apple ,  oak , 

wasp ,  lettuc e 
Count  nouns /  artificia l  kinds :  chair ,  gun ,  helicopter , 

rake ,  pencil ,  dres s 
M a ss nouns /  natura l  kinds :  clay ,  copper ,  sand ,  milk , 

m u d,  fo g 
M a ss nouns /  artificia l  kinds :  pudding ,  glass ,  steel ,  plas -

tic ,  glue ,  tras h 
Plac e nouns /  natiu-a l  kinds :  Park ,  Mountain ,  Beach ,  Des -

ert ,  Lake ,  Fores t 
Plac e nouns /  artificia l  kinds :  H o m e ,  School ,  Store ,  Res -

taurant ,  Office ,  Circu s 
T o choos e th e word s use d a s th e modifier s i n th e combi -

nations ,  featur e listing s fo r  eac h o f  th e hea d noun s wer e 
obtained .  T h e 5 9 participant s involve d i n th e featur e list -
in g tas k wer e give n a  bookle t  containin g 1 2 o f  th e hea d 
noun s i n th e corpu s ( 2 noun s fro m eac h o f  si x groups )  an d 
wer e aske d t o lis t  th e feature s o f  thos e nouns .  W o r d orde r 
was counterbalance d acros s participant s t o contro l  fo r  orde r 
effects . 

Filler Generation Task 

Becaus e th e experimen t  focuse s o n th e generatio n o f  re -
lationa l  interpretations ,  i t  wa s necessar y t o identif y th e re -
lationa l  feature s o f  eac h nou n liste d b y subject s i n th e fea -
tur e listin g task .  Relationa l  feature s ar e feature s denotin g 

role s th e nou n fills,  activitie s withi n whic h i t  participates , 
or  connection s wit h othe r  concepts .  Thes e relationa l  fea -
ture s (e.g. ,  "use d fo r  writin g o n paper "  fo r  Pencil ,  "tosse d 
i n garbag e can "  fo r  Trash )  wer e the n use d t o determin e th e 
object s o f  thos e relations .  Relationa l  object s ar e th e object s 
of  relationa l  features .  Fo r  example ,  "paper "  woul d b e th e 

relationa l  objec t  o f  th e relationa l  featur e "use d fo r  writin g 
on paper" .  Th e relationa l  feature s migh t  b e considere d slot s 
of  th e concept ,  an d th e relationa l  object s o f  thos e feature s 
ar e th e fillers  o f  thos e slots . 

Becaus e man y o f  th e student s participatin g i n th e featur e 
listin g tas k di d no t  explicitl y  specif y th e relationa l  objec t  o f 
th e relationa l  featur e the y liste d fo r  a  given  wor d (e.g. , 
listin g "flies "  a s a  featur e o f  bir d a s oppose d t o "flic s wit h 
wings "  o r  "flie s throug h th e air") ,  th e relationa l  feature s 
liste d fo r  eac h nou n wer e compile d an d a  grou p o f  fort y 

student s wer e aske d t o generat e th e relationa l  object s fo r 
eac h o f  thes e relationa l  features .  Fo r  example ,  the y wer e 
aske d t o fill  i n th e blank s i n statement s suc h a s "Bird s fly 
wit h . "  Thi s resulte d i n a  lis t  o f  relationa l  fea -
ture s an d th e object s o f  thos e feature s fo r  eac h hea d nou n i n 
th e corpus . 

For  eac h hea d noun ,  th e thre e mos t  frequentl y liste d re -
lationa l  feature s (hig h dominan t  slots )  an d th e mos t  fre -
quentl y liste d filler  (th e defaul t  filler)  fo r  eac h featur e wer e 
noted .  Th e thre e leas t  frequentl y liste d relationa l  feature s 
(lo w dominan t  slots )  an d thei r  defaul t  fillers  wer e als o 
noted .  Th e additio n o f  lo w dominan t  feature s wa s include d 
t o broade n th e rang e o f  relationa l  interpretation s t o whic h 
th e result s coul d generalize . 

Th e hypothesi s o f  th e stud y state s tha t  similarit y o f  th e 
modifie r  t o fillers  o f  th e hea d nou n wil l  facilitat e th e 
alignmen t  o f  th e modifie r  wit h th e filler,  resultin g i n a  re -
lationa l  interpretation .  T o tes t  thi s hypothesi s i t  wa s neces -
sar y t o selec t  modifier s fo r  th e combination s tha t  wer e 
simila r  t o th e defaul t  fillers  o f  th e hea d noun s bu t  tha t  ha d 
not  bee n liste d b y an y participan t  a s a  potentia l  filler  fo r  a 
relationa l  slo t  i n th e hea d noun .  Fo r  example ,  whe n "use d 
fo r  writin g o n paper "  wa s liste d a s a  relationa l  featur e o f 
Pencil ,  "parchment "  wa s chose n a s a  potentia l  modifie r 
becaus e o f  it s  conceptuall y similarit y t o th e relationa l  objec t 
"paper "  an d becaus e i t  di d no t  alread y participat e a s a  filler 
i n tha t  relation .  Thi s initia l  choic e o f  potentia l  modifier s 
was base d o n th e experimenters '  intuition s regardin g simi -
larit y t o th e defaul t  filler,  bu t  thos e intuition s wer e subse -
quentl y verifie d vi a a  similarit y judgmen t  task .  Thi s proc -
ess produce d a  lis t  o f  21 6 potentia l  modifier s (Thre e modi -
fiers  chose n fro m hig h dominan t  relation s an d thre e modi -
fiers  chose n fro m lo w dominan t  relation s fo r  eac h o f  th e 3 6 
hea d nouns) . 

Similarity Rating Task 

Once potentia l  modifier s wer e selected ,  i t  wa s necessar y 
t o chos e thos e modifier s wit h th e highes t  similarit y t o th e 
defaul t  fillers  fro m whic h the y wer e generated . 

Twenty-thre e student s judge d th e similarit y o f  th e poten -
tia l  modifier s t o th e relationa l  object s fro m whic h the y wer e 
derive d (e.g. ,  judg e th e similarit y o f  "parchment "  t o 
"paper") . 
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For  eac h hea d noun ,  th e modifier-relationa l  objec t  pai r 
wit h th e highes t  similarit y ratin g ou t  o f  th e thre e hig h 
dominan t  pair s an d th e modifier-relationa l  objec t  pai r  wit h 
th e highes t  similarit y ratin g ou t  o f  th e thre e lo w dominan t 
pair s wer e chose n t o serv e a s th e modifie r  t o b e paire d wit h 
th e hea d nou n fro m whic h the y wer e generated .  Thi s re -
sulte d i n eac h o f  th e 3 6 hea d noun s bein g paire d onc e wit h 
th e modifie r  generate d fro m th e hig h dominan t  relationa l 
featur e an d onc e wit h th e modifie r  generate d fro m th e lo w 
dominan t  relationa l  featur e (7 2 noun-nou n pair s i n all) . 

S t e p 2 :  H y p o t h e s i s T e s t i n g 

Hypothesi s testin g involve d usin g th e noun-nou n combi -
nation s generate d i n Ste p 1  t o determin e th e relationshi p 
betwee n th e frequenc y o f  instantiatio n o f  an y give n rela -
tiona l  interpretation ,  an d th e similarit y an d role-fillin g ca -
pacit y o f  th e modifier s t o th e defaul t  fillers  o f  th e relation . 
I n thi s ste p w e a )  ha d subject s generate d interpretation s t o 
th e noun-nou n combinations ,  b)identifie d th e relationa l 
interpretation s generate d fo r  th e noun-nou n combination s 
and determine d thei r  frequenc y o f  instantiation ,  c )  obtaine d 
a listin g o f  defaul t  fillers  fo r  thos e interpretation s tha t  in -
volve d relation s no t  produce d durin g th e generatio n o f  th e 
stimul i  se t  i n Ste p 1 ,  c )  measure d th e similarit y o f  th e 
modifier s t o th e fillers  the y replace d an d d )  obtaine d rating s 
of  th e capacit y o f  modifier s t o fill  th e role s ordinaril y 
serve d b y th e defaul t  fillers  the y replaced . 

Method 

Participants 

One hundre d an d ninetee n student s fro m th e sam e sub -
jec t  poo l  a s participant s i n Ste p 1  participate d i n exchang e 
fo r  experimenta l  credit ,  Fifty-nin e student s generate d in -
terpretation s fo r  th e conceptua l  combinations ,  2 4 partici -
pate d i n generatin g relationa l  object s fo r  relationa l  feature s 
tha t  emerge d fro m th e combination ,  bu t  tha t  ha d no t  bee n 
observe d i n th e previou s featur e listin g task ,  1 9 participate d 
i n th e similarit y ratin g portio n o f  th e experiment ,  an d 1 7 
participate d i n th e capacit y ratin g portio n o f  th e experi -
ment .  Participant s wer e al l  nativ e speaker s o f  English . 

Materials and Procedure 

Interpretation Generation 

I n orde r  t o determin e th e frequenc y o f  instantiatio n o f 
relationa l  interpretation s i t  wa s necessar y t o hav e subject s 
generat e interpretation s t o th e combination s generate d i n 
Ste p 1 . 

Each participan t  receive d a  bookle t  containin g 3 6 o f  th e 
72 conceptua l  combination s generate d i n Ste p 1  fo r  whic h 
the y ha d t o generat e interpretations .  Thoug h wor d orde r  di d 
not  var y withi n th e noun-nou n pairs ,  presentatio n o f  pair s 
was counterbalance d t o contro l  fo r  possibl e orde r  effects . 

Betwee n 1  an d 7  differen t  relationa l  interpretation s wer e 
generate d fo r  eac h combinatio n T h e frequenc y o f  instan -
tiatio n o f  eac h interpretatio n wa s the n determined . 

Filler Generation 

For  eac h relationa l  interpretatio n generate d fo r  a  combi -
nation ,  ou r  inten t  wa s t o asses s th e similarit y o f  th e modi -
fier  i n th e combinatio n t o th e defaul t  filler  (relationa l  ob -
ject )  o f  th e relationa l  featur e i n question .  I n mos t  cases ,  th e 
defaul t  filler  ha d bee n identifie d fro m response s t o th e filler 
listin g tas k i n Ste p 1 .  Becaus e som e subject s generate d 
relationa l  interpretation s fo r  combination s whic h involve d 
slot s fo r  whic h th e defaul t  fillers  wer e unknown ,  i t  wa s 
necessar y t o compil e a  lis t  o f  thos e newl y emergen t  rela -
tiona l  feature s an d hav e anothe r  grou p o f  subject s suppl y 
th e relationa l  object s o f  thos e features .  Fo r  example ,  sub -
ject s give n th e combinatio n C A T E R P I L L A R A P P L E 
sometime s provide d th e relationa l  interpretatio n "a n appl e 
m a de ou t  o f  caterpillars "  Becaus e M a d e O f  wa s no t  liste d 
as a  relationa l  featur e fo r  Appl e b y subject s engage d i n th e 
featur e listin g tas k i n Ste p 1 ,  it s  relationa l  objec t  ha d no t 
bee n determined .  Consequently ,  a  differen t  grou p o f  sub -
ject s wer e give n th e ope n ende d questio n "Apple s ar e m a d e 
of  ? "  an d wer e aske d t o fill  i n th e blank . 

Twenty-fou r  subject s participate d i n th e filler  generatio n 
task .  T h e mos t  frequen t  respons e fo r  eac h relationa l  featur e 
was determined .  Thes e wer e the n counte d a s th e defaul t 
fillers  fo r  tha t  relationa l  feature . 

Similarity Rating 

Once th e fii U se t  o f  defaul t  fillers  wer e determine d fo r 
eac h relatio n use d i n th e relationa l  interpretation s gener -
ate d fo r  th e se t  o f  7 2 combinations ,  w e determine d th e 
similarit y o f  th e modifie r  nou n t o th e filler  i t  wa s replacin g 
i n th e interpretation . 

T h e defaul t  filler  fo r  eac h relationa l  interpretatio n wa s 
paire d wit h th e modifie r  nou n o f  th e combinatio n fro m 
whic h tha t  interpretatio n w a s generated .  Ninetee n subject s 
wer e aske d t o rat e th e similarit y o f  th e complet e se t  o f 
modifier-defaul t  filler  pair s associate d wit h th e combina -
tions .  T h e m e a n similarit y ratin g wa s the n determine d fo r 
eac h relationa l  interpretation . 

Capacity Rating 

T h e sam e modifier-fille r  pair s wer e give n t o anothe r 
grou p o f  1 7 subject s w h o wer e aske d t o judg e h o w wel l  th e 
modifie r  coul d serv e i n th e sam e capacit y o f  th e filler  i t  wa s 
replacin g fo r  th e hea d nou n (e.g. ,  " H o w wel l  coul d parch -
ment  fill  th e sam e rol e a s pape r  fo r  a  pencil?" )  T h e m e a n 
capacit y ratin g fo r  eac h interpretatio n wa s the n determined . 

For  th e correlationa l  analyses ,  th e frequenc y o f  occur -
renc e o f  eac h relationa l  interpretatio n wa s paire d wit h th e 
m e an similarit y ratin g an d th e capacit y ratin g o f  th e modi -
fier-default  filler  pai r  associate d wit h tha t  interpretation . 

Becaus e modifier s i n thi s stud y wer e chose n base d o n 
thei r  hig h similarit y t o th e defaul t  fillers  o f  relationa l  fea -
tures ,  interpretation s i n whic h th e modifier s serv e i n th e 
same capacit y a s thos e defaul t  fillers  ough t  t o predominate . 
Shoul d thi s no t  occur ,  i t  woul d provid e a  seriou s challeng e 
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t o th e hypothesi s unde r  iii\estigation .  Thus ,  t o provid e a 
conservativ e estimat e o f  th e correlations ,  th e 7 2 targe t  rela -
tiona l  matche s identifie d i n Ste p I  wer e include d regardles s 
of  whethe r  participant s actuall y gav e relationa l  interpreta -
tion s tha t  include d them .  I f  n o participant s provid e rela -
tiona l  definition s tha t  m a d e us e o f  a  give n targe t  relation , 

tha t  relatio n receive d a  frequenc j  scor e o f  0  whic h wa s 
matche d wit h th e m e a n similarit y an d capacit y rating s o f 
th e modifie r  an d th e defaul t  filler  o f  th e targe t  relation . 
Thi s wa s necessar y fo r  five  o f  th e 7 2 combinations . 

Resu l t s 

Analysis of the data in\ olved determining the correlation 
betwee n th e fi-equenc>  o f  instantiatio n o f  a n interpretatio n 

an d th e m e a n similarit y an d capacit y rating s o f  th e modifie r 
t o th e filler  wit h whic h i t  wa s aligne d i n th e hea d noun . 
Thi s involve d a n item-by-ite m analysi s i n whic h th e uni t  o f 
analysi s wa s th e relationa l  interpretation s give n fo r  th e 
combination s 

A Pearso n correlatio n examine d th e relationshi p betwee n 
frequenc > o f  instantiatio n ( M =  6.48 )  an d similarit y rating s 
( M =  5.44 )  Ther e wa s a  significan t  positiv e correlatio n 
r(225 )  =  442 .  p  <  .00 1 betwee n fi-equency  o f  instantiatio n 
an d similant > suggestin g th e greate r  th e degre e o f  similar -
it y  betwee n th e modifie r  an d a  defaul t  filler,  th e mor e fre -
quent h th e relationa l  interpretatio n wa s instantiate d i n 
w hic h th e defaul t  filler  wa s replace d b y th e modifier . 

A Pearso n correlatio n examine d th e relationshi p betwee n 
frequenc \  o f  instantiatio n ( M =  6.48 )  an d capacit y rating s 
( M =  5.17) .  Ther e w a s a  significan t  positiv e relationship , 
r(225 )  =  425 .  g  <  .001 ,  betwee n fi-equency  o f  instantiatio n 
an d capacit y suggestin g tha t  th e greate r  th e degre e t o whic h 
a modifie r  wa s judge d t o b e abl e t o fill  th e sam e rol e a s th e 
defaul t  filler,  th e mor e frequentl y tha t  relationa l  interpreta -
tio n wa s instantiate d 

Similarit y rating s an d capacit y rating s wer e als o highl y 
an d significantl y correlate d wit h eac h othe r  r(225 )  =  .878 , 
g <  .00 1 suggestin g tha t  simila r  processe s o r  construct s 
underli e subject' s performanc e o n eithe r  task . 

Becaus e o f  th e hig h correlatio n betwee n similarit y an d 
capacit y ratings ,  a  multipl e regressio n analysi s wa s per -
forme d i n orde r  t o determin e whic h variabl e i s contributin g 
mor e t o th e frequenc y o f  instantiatio n o f  a  relationa l  inter -
pretatio n Analysi s reveale d tha t  similarit y entere d th e 
equatio n first  accountin g fo r  1 9 % o f  th e varianc e i n fre -
quenc > o f  instantiation,^(l ,  226 )  =  54.97 ,  p  <  .001 ,  an d 
tha t  rate d capacit y di d no t  accoun t  fo r  a  significan t  per -
centag e o f  th e remainin g variance . 

General Discussion 

The hypothesis that there would be a significant positive 
correlatio n betwee n frequenc y o f  instantiatio n o f  a  rela -
tiona l  interpretatio n an d th e similarit y o f  a  modifie r  t o th e 
defaul t  filler  fo r  tha t  relatio n wa s supported .  Ther e wa s 
als o a  significan t  positiv e correlatio n betwee n th e frequenc y 
of  instantiatio n o f  a  relationa l  interpretatio n an d th e abilit y 

fo r  th e modifie r  t o serv e i n th e sam e capacit y a s th e defaul t 
filler  fo r  tha t  relatio n i n th e hea d noun .  However ,  whe n th e 
varianc e du e t o similarit y wa s accounte d for ,  th e correlatio n 
betwee n a  modifier' s abilit y  t o fill  a  rol e i n a  slo t  an d th e 
us e o f  tha t  slo t  i n interpretin g th e combinatio n wa s n o 
longe r  significant . 

Similarit y ha s frequentl y bee n use d a s a  measur e o f 
alignability .  T h e mor e simila r  tw o concept s ar e th e bette r 
the y alig n structurally .  Conversely ,  th e bette r  tw o concept s 
alig n structurall y th e mor e simila r  the y ar e judge d a s being . 
T h e result s o f  thi s stud y sugges t  tha t  similarit y an d there -
for e alignabilit y  i s  a  facto r  i n th e generatio n o f  relationa l 
interpretation s o f  conceptua l  combinations . 

T o exten d thi s argument ,  th e result s paralle l  earlie r 
findings  tha t  hav e bee n use d t o suppor t  th e operatio n o f 
structura l  alignmen t  i n propert y mappin g interpretations . 
Specifically ,  Wisniewsk i  (1997 )  use d th e fac t  tha t  hig h 
level s o f  modifier-hea d nou n similarit y wer e associate d 
wit h greate r  us e o f  prof)ert y mappin g t o suppor t  th e ide a 
tha t  propert y mappin g definition s resul t  fro m a  structura l 
alignmen t  process .  B y th e sam e reasoning ,  th e fac t  tha t 
modifier-relationa l  objec t  similarit y predict s th e exten t  t o 
whic h particula r  relationa l  interpretation s ar e use d support s 
th e us e o f  structura l  alignmen t  i n relationa l  interpretations . 

Importantly ,  w e ar e no t  suggestin g tha t  rol e filling  doe s 
not  occur .  O n th e contrary ,  i t  i s  quit e c o m m o n .  Wha t  w e 
ar e suggestin g i s tha t  a  structura l  alignment ,  similarit y as -
sessmen t  proces s m a y wel l  underli e determination s o f  ex -
actl y whic h rol e th e modifie r  wil l  fill  i n th e hea d nou n 
structure .  T h e fac t  tha t  similarit y account s fo r  mor e uniqu e 
varianc e tha n th e rate d role-fillin g capacit y o f  th e modifie r 
i n th e generatio n o f  relationa l  interpretation s suggest s tha t 
similarit y judgmen t  i s th e mor e direc t  measur e o f  th e proc -
esse s a t  work . 

T h e result s sugges t  tha t  strucmra l  aligmnen t  operate s no t 
onl y i n th e generatio n o f  propert y interpretation s o f  combi -
nation s bu t  als o i n relationa l  interpretations .  Th e forme r 
involve s th e alignmen t  o f  th e modifie r  an d th e hea d nou n 
i n a  globa l  sense ,  wherea s th e latte r  involve s th e aligrunen t 
of  th e modifie r  t o fillers  o f  th e hea d nou n 

T h e fac t  tha t  on e process ,  structura l  alignment ,  ca n ac -
coun t  fo r  bot h propert y mappin g an d relationa l  interpreta -
tions ,  provide s a  parsimoniou s accoun t  o f  th e processin g 
involve d i n comprehendin g conceptua l  combinations . 
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Abstrac t 

This paper identifies goal handling processes that begin to ac-
coun t  fo r  th e kin d o f  processe s involve d i n invention .  W e 
identif y ne w goa l  propertie s an d mechanism s fo r  processin g 
goals ,  a s wel l  a s mean s o f  integratin g opportunism ,  delibera -
tion ,  an d socia l  interactio n int o goal/pla n processes .  W e focu s 
on enterpris e goals ,  whic h exten d traditiona l  desig n goal s an d 
knowledg e goal s t o addres s significan t  enterprise s associate d 
wit h a n inventor .  Enterpris e goal s represen t  "seed "  goal s o f  a n 
expert ,  aroun d whic h th e whol e knowledg e o f  a n exper t  get s 
reorganize d an d grow s mor e o r  les s opportunistically .  Enter -
pris e goal s reflec t  th e idiosyncras y o f  themati c goal s amon g 
experts .  The y constantl y increas e th e sensitivit y o f  individual s 
fo r  particula r  event s tha t  migh t  contribut e t o thei r  satisfaction . 
Our  exploratio n i s base d o n a  well-documente d example :  th e 
inventio n o f  th e telephon e b y Alexande r  Graha m Bell .  W e 
propos e mechanism s t o explain :  (1 )  ho w Bell' s  earl y themati c 
goal s gav e rise  t o th e ne w goal s t o inven t  th e multipl e tele -
grap h an d th e telephone ,  an d (2 )  ho w th e ne w goal s interacte d 
opportunistically .  Finall y w e describ e ou r  implemente d com -
putationa l  model ,  A L E C (Analogica l  Learnin g b y Explainin g 
Creatively) ,  tha t  account s fo r  th e rol e o f  enterpris e goal s i n 
invention . 

I n t r o d u c t i o n 

Thi s pape r  investigate s th e enterprise s o f  invention .  W e focu s 
o n enterpris e goal s i n design ,  whic h addres s thos e enterprise s 
of  a n invento r  resultin g i n th e creatio n o f  nove l  an d interestin g 
artifacts .  Enterpris e goal s exten d desig n goal s (e.g. ,  Goe l  e t 
al. ,  1997 )  an d knowledg e goal s (e.g. ,  R a m &  Hunter ,  1992 ) 
wit h n e w properties ,  providin g on e wa y t o explai n h o w cre -
ativ e an d innovativ e idea s ar e generated ,  evaluate d an d furthe r 
pursue d b y exper t  reasoners ,  suc h a s inventors . 

I n ou r  view ,  a  professiona l  invento r  pursue s hi s enterpris e 
idea s t o satisf y hi s curiosit y (i.e. ,  lear n more )  and/o r  t o ge t  so -
cia l  recognitio n (e.g. ,  t o ge t  famou s an d wealthy) .  Wheneve r 
th e invento r  c o m e s acros s a  n e w desig n ide a (e.g. ,  throug h ex -
perimentatio n o r  socia l  interaction )  tha t  i s  interestin g fo r  h i m 
and/o r  fo r  society ,  th e preliminar y precondition s fo r  posin g 
an enterpris e goa l  ar e met .  Bu t  a  rationa l  invento r  mus t  als o 
estimat e hi s chance s o f  success ,  befor e allocatin g significan t 
cognitiv e resource s fo r  pursuin g a  n e w desig n idea .  T h e esti -
matio n i s base d o n th e inventor' s knowledg e an d als o o n hi s 
availabl e cognitiv e resources .  Bell' s  quest s fo r  th e multipl e 

telegrap h an d fo r  th e telephone '  ( U S v .  Bell ,  1908 )  coun t 
a m o ng enterpris e goals .  Thes e goal s hel p t o expan d an d re -
organiz e th e whol e expertis e o f  th e inventor ,  b y providin g a 
reaso n t o tr y n e w approache s an d lear n mor e w h e n classica l 
desig n method s don' t  work .  I n particular ,  enterpris e goal s 

m ay generat e broa d knowledg e goal s t o ge t  domai n expertise , 
whil e th e knowledg e gaine d throug h knowledg e goal s ma y b e 
use d t o generat e ne w enterpris e goals . 

D ue t o thei r  hig h risk ,  an d t o th e possibilit y o f  cross -
fertilizatio n a m o n g overlappin g goals ,  a n invento r  tend s t o 
pursu e severa l  enterpris e goal s i n parallel .  Grube r  (1974 ) 
use d th e ter m networ k o f  enterprise s t o describ e th e wa y sci -
entist s suc h a s Darwi n pursue d a  se t  o f  relate d enterpris e 
goals .  However ,  sinc e th e successfu l  pursui t  o f  a n enterpris e 
goa l  m a y ofte n deman d mos t  o f  th e recognitio n an d processin g 
capabilitie s availabl e t o th e inventor ,  th e numbe r  o f  enterpris e 
goal s pursue d i n paralle l  tend s t o remai n low . 

O ur  exploratio n i s base d o n a  well-documente d example : 
th e inventio n o f  th e telephon e b y Alexande r  Graha m Bell . 
We starte d b y analyzin g Bell' s  inventio n proces s i n term s 

of  themes- ,  goal s an d plan s (Schan k &  Abelson ,  1977) ,  bu t 
we realize d tha t  som e o f  th e themati c goals ^  go t  refine d an d 
achieve d a  preferentia l  statu s i n a n unexpecte d way ,  tha t  fur -
the r  guide d th e whol e inventio n process .  A s a n example ,  Bel l 
became obsesse d b y th e ide a o f  th e telephone ,  eve n i f  i t  wa s 
not  i n hi s themati c expertis e domai n (i.e. ,  acoustics) . 

Socia l  interactio n playe d a n importan t  rol e fo r  th e inven -
tio n o f  th e multipl e telegrap h an d telephone .  Bel l  neede d 
Watson' s hel p t o build ,  evaluat e an d repai r  electrica l  artifacts . 
Throug h collaboration .  Bel l  learne d specifi c  plan s t o achiev e 
hi s enterpris e goals .  Readin g electricit y book s an d perform -
in g electrica l  experiment s wer e a m o n g thos e plans .  Bu t  i t 
was th e opportunisti c recognitio n o f  informatio n interestin g 
t o hi s enterpris e goal s tha t  guide d Bell' s  learnin g processes . 
Unlik e traditiona l  goals ,  enterpris e goal s m a y remai n activ e 

afte r  finding  severa l  alternativ e desig n solutions'* . 
Whenever  Bel l  c a m e acros s a  bette r  model/desig n i n th e 

servic e o f  a n enterpris e goa l  (suspende d o r  activ e i n th e back -
ground) ,  h e learned/assimilate d th e ne w alternative .  A s a n ex -
ample .  Bell' s  initia l  conceptua l  mode l  fo r  th e telephon e (i.e. , 

th e har p apparatus^ )  wa s base d o n th e ide a tha t  speec h mus t 
be decompose d explicitl y i n it s harmoni c ton e constituent s 
fo r  electrica l  transmissio n a t  a  distance .  Later ,  durin g a n ex -
perimen t  wit h th e multipl e telegraph ,  Bel l  cam e acros s a  ne w 
desig n abl e t o transmi t  al l  th e component s o f  speec h a t  a  dis -
tanc e withou t  decomposin g i t  explicitl y  int o simpl e tones .  A t 
once ,  th e goa l  o f  inventin g th e telephon e wa s opportunisti -
call y remembered ,  an d th e n e w desig n wa s considere d a s a 

'Alexande r  Graha m Bell' s  Notebook s ar e availabl e o n th e 
W WW at :  http://jefferson .  village .  Virginia .  edu/~meg3c/id/albell / 
homepage.htm l 

^ A theme ,  accordin g t o Schank ,  i s a  generator/predicto r  o f  the -
mati c goals . 

^Themati c goal s ar e thos e goal s tha t  ar e "around "  al l  th e time , 
and ca n b e predicte d fo r  a n individual . 

''Ol d desig n solution s provid e a  contex t  fo r  adaptin g an d evalu -
atin g ne w solutions . 

'Th e har p apparatu s wa s Bell' s  menta l  mode l  fo r  a  devic e tha t 
coul d transmi t  eithe r  musica l  tone s o r  speech . 
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more promisin g solutio n fo r  it . 
Whenever  a  recentl y considered/processe d artifac t  wa s 

prime d durin g th e elaboratio n o f  th e curren t  enterpris e goal , 
tha t  artifac t  wa s considere d a s a  potentia l  alternativ e t o sat -
isf y th e enterpris e goal .  Fo r  example ,  whil e workin g o n th e 
telephon e microphone .  Bel l  wa s als o performin g experiment s 
wit h th e ea r  phonautograph ,  a  mechanica l  devic e fo r  visualiz -
in g speech .  W h e n Bel l  trie d t o desig n a  devic e abl e t o m o v e 
a piec e o f  stee l  i n th e wa y tha t  th e ai r  wa s move d b y th e ac -
tio n o f  th e voice ,  h e wa s reminde d tha t  th e ea r  phonautograp h 

provide d th e require d behavior* . 
Thi s idiosyncrati c sensitivit y fo r  enterpris e goal s behave d 

lik e a  kin d o f  "knowledg e lens" ,  whic h helpe d Bel l  t o dea l 
wit h larg e amount s o f  information ,  b y focusin g hi m onl y o n 
th e relevan t  parts .  Th e relevan t  informatio n wa s constantl y 
reorganize d an d learne d a s n e w case s (i.e. ,  chunk s o f  knowl -
edge) .  Consequently ,  Bel l  achieve d a  goal-directe d expertis e 
i n electricity ,  ver y efficien t  fo r  hi s goals ,  bu t  whic h sometime s 
ignore d th e traditiona l  vie w o f  th e domain . 

Based o n ou r  analysi s o f  Bell' s  inventions ,  thi s pape r  iden -
tifie s a  proces s o f  goal/pla n handlin g tha t  begin s t o accoun t 
fo r  th e kind s o f  goa l  processin g tha t  inventor s an d exper t 
researcher s do .  Enterpris e goal s exten d th e propertie s o f  cla -
sica l  desig n goals .  W e identif y ne w mechanism s fo r  process -
in g suc h goals ,  a s wel l  a s mean s o f  integratin g opportunism , 
deliberation ,  an d socia l  interactio n int o goal/pla n processes . 

Based o n Bell' s  cas e study ,  w e hav e develope d a  compute r 
program ,  A L E C ,  whic h account s fo r  th e rol e o f  enterpris e 
goal s an d socia l  interactio n i n inventio n an d creativ e design . 
Our  compute r  mode l  extend s th e m e m o r y architectur e pre -
sente d i n Simin a an d Kolodne r  (1995 )  an d Simin a an d Kolod -
ner(1997) . 

Cognitive Issues in Invention 

H ow d o interestin g idea s giv e ris e t o ne w enterpris e goal s (i.e. , 
goal s t o inven t  n e w artifacts) ? W h a t  knowledg e an d process -
in g i s relevan t  fo r  pursuin g a n enterpris e goal ? W h a t  i s th e 
rol e o f  socia l  interactio n i n invention ? Thes e ar e som e o f  th e 
issue s tha t  a  cognitiv e mode l  o f  inventio n mus t  address .  Ou r 
analysi s o f  Bell' s  ques t  fo r  th e multipl e telegrap h an d tele -
phon e ha s identifie d way s i n whic h existin g goa l  processin g 
method s (e.g. ,  Schan k &  Abelson ,  1977 ;  Kulkarn i  &  Simo n 
1988 ;  H a m m o nd e t  al. ,  1992 ;  R a m &  Hunte r  1992 )  mus t  b e 
modifie d o r  augmente d t o handl e invention . 

A Critical review 

We starte d b y analyzin g Bell' s  reasonin g i n term s o f  goals , 
plan s an d themes ,  accordin g t o Schan k an d Abelson' s (1977 ) 
computationa l  mode l  o f  goa l  generatio n an d refinement .  Us -
in g Schan k an d Abelson' s model ,  w e coul d easil y identif y 
Bell' s  mai n lif e them e a s a  "teache r  o f  th e deaf" ,  whic h gen -
erate d th e goa l  t o inven t  machine s tha t  woul d m a k e i t  easie r 
fo r  th e dea f  t o hea r  an d t o lear n t o spea k (e.g. ,  t o "visualiz e 

.  speech "  b y providin g visua l  feedback) .  Bu t  w e coul d no t 
identif y a  straightforwar d theme-goal-pla n chai n t o accoun t 
fo r  Bell' s  goa l  t o inven t  th e multipl e telegrap h o r  th e tele -
phone .  Afte r  all .  Bel l  wa s a n exper t  i n acoustic s an d hi s 
themati c goals ,  a s taugh t  b y hi s father ,  ha d nothin g t o d o wit h 
electricity .  No r  i s i t  clea r  w h y a  teache r  o f  th e dea f  woul d wan t 
t o inven t  device s suc h a s a  multipl e telegrap h o r  telephone . 

Not e tha t  th e require d behavio r  wa s no t  reflecte d i n th e pho -
nautograp h function ,  namel y t o transfor m th e speec h i n a  graphica l 
representation .  Consequently ,  Bel l  coul d no t  remembe r  th e pho -
nautograp h base d solel y o n it s function .  Thi s issu e i s addresse d i n 
Simin a an d Kolodne r  (1995) . 

Accordin g t o ou r  analysis ,  th e generatio n o f  enterpris e goal s 
i s a  deliberativ e process ,  i n whic h th e rule-base d mechanism s 
fo r  goa l  generatio n propose d b y Schan k an d Abelso n (1977 ) 
ar e onl y par t  o f  th e story .  Eve n i f  a n invento r  finds  som e 
desig n idea s interestin g fo r  himsel f  and/o r  society ,  h e wil l 
not  decid e instantl y t o pursu e thes e ideas .  Befor e that ,  a n 
invento r  mus t  als o estimat e i f  h e ha s th e prerequisit e knowl -
edg e an d cognitiv e resource s t o pursu e th e ide a successfully . 
Bradsha w an d Liener t  (1991 )  argu e tha t  successfu l  estima -

tio n mus t  b e guide d b y a  functiona l  analysis ^  t o focu s an d 
guid e th e furthe r  desig n process .  Bu t  analyzin g functiona l 
constraint s an d identifyin g efficien t  method s t o furthe r  inves -
tigat e thos e constraint s i s usuall y no t  a  straightforwar d proces s 
t o b e complete d i n on e reasonin g session .  A n invento r  migh t 
nee d t o postpon e th e generatio n o f  a n enterpris e goa l  unti l 
he opportunisticall y learn s method s t o investigat e functiona l 
constraint s critica l  fo r  fulfillin g tha t  goal . 

Once a n enterpris e goa l  i s  generated ,  wha t  processin g 
mechanism s ar e relevan t  fo r  pursuin g i t  further ? W h e n a n 
invento r  decide s t o pursu e a n invention ,  h e allocate s signif -
ican t  cognitiv e resource s t o it .  Eve n afte r  processing ,  en -
terpris e goal s stil l  remai n activ e i n backgroun d fo r  a  while , 
affordin g subtl e primin g effects .  B y strategicall y activatin g 
and suspendin g th e curren t  enterpris e goal ,  a n exper t  reasone r 
m ay maintai n a n interrelate d networ k o f  activ e goal s i n th e 
background .  Simila r  reasonin g processe s wer e identifie d b y 
Grube r  (1974 )  i n Darwin' s work : 

The fact that he was all these things [the pigeon fancier, 
th e evolutionist ,  an d th e materialist ]  a t  onc e mean t  tha t 
a uniqu e an d productiv e intersectio n o f  m a n y enterprise s 
coul d occu r  i n hi s thinking .  A t  th e sam e time ,  th e ex -
istenc e o f  thi s ensembl e wa s no t  a n acciden t  bu t  th e 
deliberatel y cultivate d frui t  o f  Darwin' s work . 

Researc h o n predictiv e encodin g ( H a m m o n d &  al. ,  1992 ) 
gre w u p fro m th e difficultie s associate d wit h managin g ac -
tiv e goal s (e.g. ,  i t  i s  unlikel y tha t  al l  th e goal s ar e activ e du e 
t o computationa l  demands) .  Basically ,  goal s tha t  canno t  b e 
satisfie d immediatel y ar e associate d a t  th e tim e o f  encodin g 
i n m e m o r y wit h feature s o f  th e environmen t  i n whic h goa l 
achievemen t  woul d likel y t o b e possible .  Bu t  i n inventio n 
th e structur e o f  goal s i s mor e comple x an d i t  i s  difficul t  t o 
enumerate ,  i n advance ,  al l  th e feature s o f  th e environmen t  i n 
whic h goa l  satisfactio n migh t  b e possible .  Fortunately ,  w e 
ca n maintai n a  smal l  numbe r  o f  goal s activ e a t  an y time ,  with -
out  excessiv e computationa l  demands .  Simin a an d Kolodne r 
(1995 )  present s a  m e m o r y mode l  whic h account s fo r  th e exis -
tenc e o f  activ e goal s an d postulate s thei r  limite d number .  W e 
sugges t  tha t  Gruber' s network s o f  enterprise s hav e active-goa l 
properties . 

Whil e th e explici t  purpos e i n inventio n i s designin g nove l 
and usefu l  artifacts ,  learnin g als o play s a n importan t  part . 
A n invento r  ofte n mus t  lear n n e w concept s (sometime s b y 
consultin g others ;  sometime s b y experimentatio n an d explo -
ration )  i n orde r  t o m o v e forwar d wit h designing .  R a m an d 
Hunte r  (1992 )  describ e th e rol e o f  knowledg e goal s t o guid e 
inferenc e an d learning ,  i n th e contex t  o f  stor y understandin g 
and proble m solving .  Bu t  i n addition ,  inventor s (an d scien -
tists )  hav e a  specifi c  wa y o f  addressin g suc h knowledg e goal s 
throug h deliberativ e experimentatio n an d exploratio n (Gor -
m a n,  1997) .  Indee d i t  sometime s seem s tha t  experimentatio n 
drive s invention .  K E K A D A (Kulkarn i  &  Simon ,  1988 )  illus -
trate s this .  I t  propose s a  scientifi c  discover y metho d drive n 

'Th e Wrigh t  brother s functionall y decompose d th e flight  o f  bird s 
and matche d i t  wit h bicycles ;  Bel l  decompose d speec h transmissio n 
and matche d i t  wit h telegraphi c equipment . 
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by experimentation .  Bu t  i n allowin g itsel f  t o b e drive n b y ex -
perimentation ,  K E K A D A misse s opportunitie s t o achiev e it s 
goals .  Namely ,  K E K A D A ignore s it s backgroun d goal s whil e 
i t  focuse s o n a  curren t  experimentatio n subgoal .  A  combina -
tio n o f  deliberativ e an d opportunisti c processin g o f  goal s i s 
needed . 

Th e rol e o f  socia l  interactio n has ,  i n general ,  bee n min -
imize d i n cognitiv e model s o f  invention .  Bot h I M P R O -
V I S E R (Will s &  Kolodncr .  1993 )  an d I D e A L (Bhatt a &  Goel , 
1993 )  propos e a n oracl e fo r  modelin g externa l  interaction .  I n 
I D e A L ,  a n oracl e supplie s th e neede d informatio n w h e n th e 
syste m itsel f  fail s  t o solv e a  proble m an d th e syste m assimi -
late s th e ne w informatio n s o a s no t  t o fai l  fo r  th e sam e reaso n 
i n future .  Thu s IDeAL' s interactio n wit h othe r  agent s i s quit e 
limited .  Ou r  analysi s o f  Bell' s  notebook s suggest s tha t  exter -
nal  interactio n i n inventio n take s th e elaborate d for m o f  socia l 
interaction .  A n invento r  m a y reques t  informatio n o r  assis -
tanc e fro m hi s peers ,  bu t  a n answe r  i s no t  guaranteed ,  no r  i s 
i t  guarantee d i n a  timel y way .  N e w processe s ar e responsibl e 
fo r  handlin g socia l  interaction . 

Enterprise Goals in Invention 

To deal with the above invention issues, we identified a dis-
tinguishe d clas s o f  goals ,  namel y enterpris e goals .  Enterpris e 
goal s ar e ope n goals ,  outsid e th e operationa l  knowledg e o f 
a reasoner ,  whic h ar e "interesting "  fo r  him ,  an d fo r  whic h 
th e reasone r  ha s som e "competence "  t o approac h them .  En -
terpris e goal s borro w fro m desig n goal s (e.g. ,  Goe l  e t  al. , 
1997 )  an d knowledg e goal s (e.g. .  R a m an d Hunter ,  1992) , 
but  they :  (1 )  fulfil l  explici t  themati c goal s o f  a  reasoner ,  (2 ) 
hav e a  long-ter m significanc e an d activit y assesse d explicitl y 
(enterpris e assessment) ,  (3 )  rel y explicitl y  o n opportunisti c 
cross-fertilizatio n processin g (eve n partia l  result s m a y hel p 
satisf y overal l  themati c goal s indirectly) ,  an d (4 )  ar e activel y 
seekin g solution s b y plannin g an d actin g (e.g. ,  experimenta -
tion) ,  filling  implici t  knowledg e gap s i n th e process .  Enter -
pris e goal s ar e usuall y long-ter m goals ,  ar e no t  easil y satisfie d 
(the y migh t  loo k fo r  severa l  alternativ e solution s t o facilitat e 
reasonin g an d evaluation) ,  an d the y requir e bot h theoretica l 
qualitativ e reasonin g an d experimentatio n fo r  thei r  achieve -
ment . 

H o w d o interestin g idea s giv e ris e furthe r  t o ne w enterpris e 
goals ? I n ou r  view ,  a n ide a i s interestin g fo r  a n invento r  when : 
(1 )  i t  i s instrumenta l  t o satisfyin g som e o f  hi s highe r  themati c 
goals ,  an d (2 )  h e ha s som e ide a abou t  h o w t o investigat e it . 
S o me o f  th e highe r  themati c goal s ar e persona l  (e.g. ,  scientifi c 
curiosity) ,  whil e other s hav e t o d o wit h wha t  societ y wil l 
value .  I f  a n inventio n ide a i s judge d t o b e interestin g fo r  th e 
invento r  and/o r  th e society ,  th e invento r  mus t  als o deliberat e i f 
he ha s a  minima l  knowledg e (e.g. ,  functiona l  decompositio n t o 
quickl y asses s wha t  i s k n o w n )  an d th e cognitiv e resource s fo r 
pursuin g i t  further .  Enterpris e goa l  generatio n is i  deliberativ e 
proces s i n invention . 

Let' s illustrat e th e abov e idea s wit h th e episod e whe n Bel l 
decide d t o approac h th e inventio n o f  th e multipl e telegraph . 

I n Octobe r  1872 ,  Bel l  rea d a  newspape r  article *  describin g th e 
impac t  o f  a  ne w telegrap h syste m abl e t o transmi t  simultane -
ousl y tw o telegraphi c message s ove r  th e sam e wir e (Stearn' s 
duple x system) .  Th e articl e als o suggeste d tha t  fam e an d 
fortun e awaite d th e invento r  o f  a  telegraphi c syste m abl e t o 
transmi t  mor e tha n tw o message s simultaneously .  Th e mul -
tipl e telegrap h ide a wa s definitel y interestin g fo r  society ,  an d 
thi s coul d b e a n incentiv e fo r  Bel l  t o chec k th e relevanc e o f 

"i n Bosto n Transcript ,  th e newspape r  i n whic h Bel l  advertise d 
hi s speec h lessons . 

th e multipl e telegrap h ide a fo r  hi s o w n research . 
Bel l  functionall y assesse d th e proble m a s follows :  (1 ) 

multiple x multipl e message s an d sen d the m ove r  telegraphi c 
wire ,  an d (2 )  demultiple x th e message s a t  destination .  Bel l 
remembere d tha t  h e ha d som e experienc e wit h telegraphi c 
equipment ,  whil e h e wa s tryin g t o understan d Helmholtz' s 

Apparatus' .  Accordin g t o Bell' s  understanding ,  Helmholtz' s 
Apparatu s wa s abl e t o unscrambl e (demultiplex )  multipl e 
tone s sen t  ove r  a  singl e wire ,  b y usin g tune d receivers .  Sinc e 
bot h device s performe d demultiplexing .  Bel l  coul d us e hi s 
understandin g o f  Helmholtz' s Apparatu s fo r  th e multipl e tele -
grap h idea .  Bel l  estimate d tha t  h e als o ha d th e prerequisit e 
knowledg e fo r  inventin g th e multipl e telegraph .  Helmholtz' s 
Apparatu s provide d a n eas y solutio n fo r  hal f  o f  th e proble m 
(demultiplexing) ,  whil e th e multiplexin g par t  looke d eve n 
easier :  jus t  ad d severa l  ton e generator s i n serie s wit h th e 
on e existin g alread y i n Helmholtz' s Apparatus .  Give n thes e 
premises .  Bel l  decide d t o pursu e th e inventio n o f  th e multipl e 
telegrap h (a s a n enterpris e goal) ,  fo r  whic h h e alread y had  a 
theoretica l  mode l  an d a  partia l  implementation . 

What  knowledg e an d processin g ar e relevan t  fo r  pursuin g 
enterpris e goals ? Enterpris e goal s ar e goal s tha t  identif y in -
terestin g artifac t  idea s (function s an d behaviors) ,  t o b e pursue d 
furthe r  a s desig n goals .  Consequently ,  enterpris e goal s ma y 
contai n a  behaviora l  devic e specification ,  possibl y incomplet e 
and inconsistent .  T h e synthesi s o f  a  structura l  solutio n ma y 
be facilitate d b y evolvin g i n paralle l  severa l  alternativ e so -
lution s t o th e desig n specificatio n (Will s  &  Kolodner ,  1993 ; 
Gruber ,  1974) .  A s a  sid e effec t  o f  pursuin g enterpris e goals , 
th e expertis e o f  th e invento r  increases .  Namely ,  i f  enterpris e 
goal s canno t  b e pursue d du e t o th e lac k o f  expertise ,  the y ma y 
spaw n broade r  knowledg e goal s t o ge t  tha t  expertise . 

I n ou r  view ,  tw o complementar y an d interactin g pro -
cesse s ar e responsibl e fo r  incrementall y evolvin g a n inven -
tio n (Kolodne r  &  Wills ,  1993) :  (1 )  Enterpris e Processing , 
whic h propose s ne w desig n solution s t o th e curren t  desig n 
specification ,  an d (2 )  Evaluatio n &  Repair ,  whic h crinque s 
th e curren t  desig n solutio n an d m a y updat e th e desig n spec -
ification .  Bot h processe s rel y heavel y o n th e previou s expe -
rienc e o f  th e invento r  Enterpris e Processin g relie s o n a 
librar y o f  know n artifact s an d technique s fo r  adaptin g the m t o 
fit  th e curren t  desig n specification ,  whil e Evaluatio n &  Re -
pai r  relie s o n simulation ,  experimentatio n an d knowledg e t o 
interpre t  th e experimenta l  results .  Th e critiqu e provide d b y 
Evaluatio n &  Repai r  m a y als o sugges t  a  divid e an d conque r 
strateg y fo r  pursuin g a n enterpris e goa l  b y decomposin g i t  int o 
subgoals .  G o r m a n (1992 )  report s tha t  Bel l  use d suc h a  strat -
eg y t o independentl y elaborat e critica l  functiona l  subpart s o f 
th e telephone . 

But  wha t  processin g i s responsibl e fo r  generatin g suc h sub -
goals ? Ou r  exploratio n o f  th e inventio n o f  th e multipl e tele -
grap h an d o f  th e telephon e suggest s th e followin g approach . 
Th e invento r  choose s a  desig n alternativ e responsibl e fo r  sat -
isfyin g th e main ,  o r  mos t  difficul t  t o satisfy ,  constraints .  The n 
he generate s subproblem s t o satisf y th e othe r  secondar y con -
straints ,  i n th e framewor k o f  th e mai n desig n alternative .  Fo r 
th e inventio n o f  th e telephone ,  th e mai n constrain t  wa s t o 
transmi t  a n "undulator y current "  (i.e. ,  bot h pitc h an d ampli -
tude )  ove r  a  telegraphi c wire .  Onc e Bel l  identifie d suc h a 
design ,  h e generate d subproblem s t o improv e it s secondar y 
characteristics .  Thos e subproblem s resulte d i n th e desig n o f 
th e telephone' s microphon e an d receiver . 

Let' s als o addres s som e o f  th e processin g difference s be -
twee n enterpris e goal s an d themati c goals .  Whil e theme s 

'Helmholtz's Apparatus was an electrical device for producing 
artificia l  vowels ,  relevan t  t o Bell' s  acoustica l  research . 
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may characteriz e th e goal s c o m m o n t o mos t  inventors ,  the y 
don' t  sa y anythin g abou t  h o w inventor s idiosyncraticall y re -
fine  thes e theme s an d w h y differen t  individual s workin g i n 
th e sam e domai n m a y chos e differen t  path s t o achiev e thei r 
(similar )  themati c goals .  Also ,  th e traditiona l  vie w o f  the -
mati c goal s doe s no t  explai n w h y an d h o w inventor s allocat e 
more computationa l  resource s t o som e themati c goal s (keep -
in g the m mor e active) ,  bu t  no t  t o others .  Enterpris e goal s ar e 
intende d t o explai n th e idiosyncrasie s o f  individua l  experienc e 
among experts ,  providin g a  "knowledg e lens "  fo r  efficien t  in -
teractio n wit h th e event s notice d i n th e world .  Ou r  analysi s 
of  Bell' s  diarie s an d relate d literatur e sugges t  th e followin g 
mechanism .  Onc e a n exper t  evaluate s th e potentia l  o f  a  goa l  t o 
fulfil l  a t  leas t  on e o f  hi s majo r  themati c goals ,  h e activate s an d 
focuse s mostl y o n tha t  (enterprise )  goal .  Th e exper t  ignores , 
fo r  a  while ,  othe r  way s t o satisf y hi s themati c goal ,  sinc e th e 
achievemen t  o f  a n enterpris e goa l  wil l  implicitl y  satisf y th e 
associate d themati c goal . 

What  i s th e rol e o f  socia l  an d environmenta l  interactio n i n 
inventio n ?  I n ou r  view ,  a  cognitiv e mode l  o f  inventio n mus t 
accoun t  fo r  socia l  an d environmenta l  interaction .  Otherwise , 
th e mode l  fail s  t o giv e a  plausibl e accoun t  o f  th e hug e compu -
tanona l  resource s involve d i n acquirin g th e "right "  knowledg e 
fo r  makin g th e inventio n possible .  A  rea l  exper t  take s advan -
tag e o f  th e knowledg e an d processin g availabl e elsewher e 
throug h strategi c socia l  an d environmenta l  interaction . 

An exper t  invento r  i s par t  o f  a  societ y o f  expert s (agents) , 
who ma y communicat e amon g themselves .  Eac h exper t  ha s 
simila r  cognitiv e abilities ,  bu t  differen t  knowledge .  Conse -
quently ,  particula r  enterpris e goal s m a y b e addresse d b y som e 
experts ,  bu t  no t  b y others .  Eac h exper t  ca n as k (i.e. ,  mak e 
queries )  to :  (1 )  retriev e knowledg e availabl e elsewhere ,  an d 
(2 )  reques t  externa l  evaluatio n o f  a  propose d design .  Onc e a n 
exper t  learn s t o desig n a  ne w artifact ,  al l  o f  th e othe r  expert s i n 
th e societ y hav e acces s t o tha t  desig n throug h th e publication s 
and socia l  interaction s o f  tha t  expert . 

By readin g a  newspape r  articl e (i.e. ,  environmenta l  inter -
action) ,  Bel l  learne d abou t  th e importanc e o f  inventin g th e 
multipl e telegraph .  Th e Enterpris e A s s e s s m e n t  proces s 
foun d th e proble m interestin g an d feasible ,  s o i t  generate d th e 
goal  t o inven t  th e multipl e telegraph .  W h a t  abou t  th e rol e 
of  socia l  interaction ? I f  th e Enterpris e Processin g proces s 
canno t  propos e a  desig n solutio n t o th e curren t  specification , 
i t  ma y as k othe r  expert s fo r  a  solution .  I n particular ,  thi s wa s 
th e reaso n w h y Bel l  hire d Watso n fo r  developin g electrica l 
artifacts .  Also ,  i f  a  desig n solutio n propose d b y th e Enter -
pris e Processin g proces s canno t  b e evaluated/repaire d b y 
th e Evaluatio n &  Repai r  proces s (du e t o hi s lac k o f  pre -
viou s experience) ,  i t  m a y as k othe r  expert s t o perfor m th e 
evaluation .  Fo r  example ,  whe n Bel l  ha d doubt s abou t  th e 
physica l  principle s involve d i n telephony ,  h e requeste d hel p 
fro m distinguishe d scientists ,  suc h a s Josep h Henry . 

Computational Model 

Architecture 

Our computational architecture for invention is implemented 
i n a  compute r  progra m calle d A L E C (se e Figur e 1) .  W e 
assume A L E C i s a n agent ,  representin g a n exper t  inventor , 
tha t  ca n collaborat e wit h othe r  agent s (sam e architecture ,  bu t 
differen t  knowledge) . 

Sinc e ou r  vie w o f  th e inventio n proces s relie s heavil y o n 
even t  detectio n an d processing ,  w e opte d fo r  a n event-drive n 
architecture .  A  W o r k i n g M e m o r y ( W M )  keep s trac k o f  al l 
th e stat e informatio n whic h m a y generat e interna l  o r  externa l 
events .  Sinc e th e processe s (represente d a s gra y rectangle s 

i n Figur e 1 )  operatin g o n th e W M rel y heavil y o n previou s 
experience ,  w e als o nee d a  L O N G - T E RM M E M O RY ( L T M )  t o 
accoun t  fo r  th e rol e o f  experienc e i n invention .  Ou r  mode l 
build s o n th e blackboar d mode l  o f  W M (Hayes-Rot h 1985 ) 
and o n th e C B R m e m o r y mode l  o f  L T M (Kolodner ,  1993) . 
Basically ,  change s i n th e W M generat e event s use d t o activat e 
or  generat e n e w goal s i n th e A G E N D A.  A  Strategi c Contro l 
proces s select s th e nex t  C U R R E NT G O AL fro m th e A G E N D A, 
base d o n a  C O N T R OL Plan . 

WM LTM 

I  o c n ^ 
I  Bji.ki!riHjn d Enicrpriv: ^ 
I  BjckjirounJ Aniljt.Ls 

A^cnd j 

Coniro l  pla n 

Currc m Enicrpri s 
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L. 
Expc n Nclwnr k 

Figur e 1 :  A L E C :  a  Framewor k fo r  Inventio n 

Let' s elaborat e th e L T M o f  ou r  architecture .  I n a n event -
drive n architecture ,  th e monitore d event s ma y remembe r 
Suspende d Enterprise s an d Themati c Goals .  Th e Sus -
pende d Enterprise s ar e indexe d i n L T M i n term s o f  thei r 
preconditions ,  represente d a s monitore d events .  T o facilitat e 
th e generatio n o f  desig n solutions ,  give n thei r  intende d func -
tion ,  th e L T M contain s a  collectio n o f  Cases ,  Artifacts , 
Models ,  indexe d b y thei r  function .  T o facilitat e interna l 
evaluatio n o f  th e CURRENT Solutio n propose d b y th e Enter -
pris e Processing ,  th e L T M contain s EVALUATIO N KNOWL-
EDGE (e.g. ,  Forbus ,  1984 )  use d b y th e Evaluatio n &  Repair . 
To facilitat e a  furthe r  analysi s o f  th e inventio n process ,  L T M 
contain s a  NOTEBOOK,  whic h provide s a  derivationa l  recor d 
of  th e invention . 

Once a n exper t  learn s abou t  othe r  relevan t  expert s (an d thei r 
expertis e domains) ,  it s Externa l  Interactio n proces s mus t  b e 
abl e t o us e thi s knowledge ,  i f  needed ,  t o sen d reques t  mes -
sages .  Consequently ,  L T M shoul d b e als o a  repositor y o f 
knowledg e abou t  Exper t  Network ,  indexe d b y thei r  exper -
tis e domains . 

The W M represent s th e "activated "  par t  o f  L T M .  T o simu -
lat e p n m w ^  effects ,  W M keep s trac k o f  th e recentl y processe d 
desig n goals .  Backgroun d Enterprises ,  an d o f  th e recentl y 
processe d artifacts ,  Backgroun d Artifacts .  A  deca y pro -
ces s (no t  represente d i n th e Figur e I )  limit s th e numbe r  o f 
activate d item s i n W M.  Base d o n th e event s notice d i n W M, 
th e Enterpris e Assessmen t  &  Activatio n ma y updat e th e 
Agend a by :  (1 )  activatin g suspende d enterpris e goals ,  o r 
(2 )  generatin g enterpris e goals ,  instrumenta l  fo r  satisfyin g 
themati c goals .  Th e Strategi c Contro l  select s a  Curren t 
Enterpris e fro m th e Agenda .  Th e Curren t  G o a l  ma y 
contai n a  Curren t  Spe c o f  a  desig n (possibl e incomplet e 
and inconsistent) ,  a  CURRENT SOLUTION,  an d a  se t  o f  AL -
TERNATIVES (use d b y th e Enterpris e Processin g t o propos e 
ne w designs) .  Th e MAILBO X IN/OU T i s use d fo r  commu -
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nicatio n wit h othe r  experts ,  vi a Externa l  Interaction .  I f  a 
desig n goa l  canno t  b e achieve d usin g th e knowledg e availabl e 
locally ,  a  reques t  i s sen t  t o relevan t  experts .  Sinc e a n answe r 
i s no t  guarantee d an d i t  m a y c o m e asynchronously ,  th e syste m 
must  b e abl e t o predictivel y encod e th e goa l  i n m e m o r y an d 
t o approac h othe r  enterpris e goal s fro m th e A g e n d a i n th e 
meantime . 

Algorithms 

N o w w e ca n describ e th e mai n algorithm s fo r  creatin g an d 
manipulatin g enterpris e goals ,  essentia l  t o ou r  theor y o f  in -
vention . 

Enterpris e goa l  generatio n i s par t  o f  th e Enterpris e A s -
s e s s m e n t  &  Activatio n process .  Wheneve r  A L E C learn s 
abou t  a  ne w desig n ide a (b y socia l  interactio n o r  experimen -
tation) ,  i t  perform s th e followin g steps :  (1 )  identif y  i f  th e ide a 
i s interestin g (doe s th e implementatio n o f  th e ide a resul t  i n 
condition s tha t  matc h thos e o f  importan t  unsatisfie d themati c 
goals?) ,  (2 )  estimat e it s expertis e t o implemen t  th e ide a a s a n 
artifac t  (give n th e idea' s roug h desig n spec ,  ca n th e Artlfacto r 
Generato r  generat e a n artifact ,  judged/simulate d a s promis -
in g b y th e Evaluatio n &  Repair? )  (3 )  generat e a n enterpris e 
goa l  (instrumenta l  fo r  satisfyin g specifi c  themati c goals) ,  i f 
th e result s o f  step s (1 )  an d (2 )  ar e positive . 

Enterpris e Processin g attempt s t o deriv e n e w design s 
by opportunisticall y adaptin g an d mergin g piece s o f  know n 
designs .  Thi s involve s W M primin g an d L T M retrieva l  o f 
device s base d o n a  give n desig n specificatio n accordin g t o 
th e followin g enterpris e processin g algorithm :  (1 )  i f  th e cur -
ren t  enterpris e specificatio n matche s an y piece s (behaviora l 
segments )  o f  th e desig n alternative s associate d wit h th e Back -
groun d Enterprises ,  adap t  (b y analogy )  thos e piece s an d ad d 
the m t o alternativ e solution s o f  th e curren t  enterpris e (2 )  oth -
erwise ,  i f  L T M retrieva l  i s  successful ,  exten d th e alternativ e 
solution s o f  th e curren t  enterpris e wit h th e retrieve d devices , 
and chec k als o i f  th e behavio r  o f  thos e device s  i s opportunis -
ticall y relevan t  fo r  th e backgroun d enterprises ,  (3 )  otherwise , 
sen d a  messag e t o othe r  expert s fo r  artifact s fulfillin g th e en -
terpris e specification ,  an d suspen d th e enterpris e i n memory , 
indexe d b y  it s desig n specification .  Th e Enterpris e Process -
in g algorith m i s responsibl e fo r  th e synerg y a m o n g (related ) 
enterprise s evolve d i n parallel . 

I n Figur e 2  w e hav e represente d tw o enterprises .  Enterpris e 
1 an d Enterpris e 2 ,  whic h evolv e i n parallel .  A  functiona l 
specificatio n o f  a n enterpris e account s fo r  a n initia l  give n 
state ,  whic h i s transforme d b y th e devic e functio n i n a  final 
makes stat e (Goe l  e t  al .  1997) .  Eac h enterpris e specificatio n 
contain s a  make s stat e (e.g. ,  M 1 fo r  Enterpris e 1) ,  a  give n stat e 
(e.g. ,  G l  fo r  Enterpris e I) ,  an d possibly ,  constraint s restrict -
in g th e (behavioral )  path s betwee n th e give n an d make s state s 
(e.g. ,  C I  fo r  Enterpris e 2) .  Th e desig n synthesi s tas k i s re -
sponsibl e fo r  incrementall y evolvin g a  pat h betwee n th e given 
an d make s state ,  relyin g o n analogy .  I n th e C B R framework , 
th e adaptatio n ste p i s responsibl e fo r  suc h behavior . 

I f  th e Enterpris e Processin g i s unabl e t o retriev e arti -
fact s tha t  satisf y mos t  o f  th e desig n spe c constraints ,  i t  at -
tempt s Enterpris e Decomposit io n o f  th e initia l  enterpris e 
int o subgoal s t o facilitat e th e furthe r  synthesi s o f  th e desire d 
artifact .  Th e algorith m fo r  functionall y decomposin g a n enter -
pris e goa l  int o subgoals ,  give n th e desig n specificatio n o f  th e 
artifac t  is :  (1 )  find  a  desig n alternativ e tha t  satisfie s th e mai n 

constraints'" ,  (2 )  identif y whic h component s o f  thi s desig n 
alternativ e ar e responsibl e fo r  satisfyin g th e secondar y con -
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'"Th e mai n constraint s ar e mos t  difficul t  t o satisf y (i.e. ,  a  ver y 
limite d numbe r  o f  retrieve d artifac t  case s ma y satisf y them) . 

Figur e 2 :  Enterpris e Synerg y 

straints .  (3 )  generat e subproblem s fo r  designin g components , 
t o satisf y (better )  th e secondar y constraints . 

But  Evaluatio n i s essentia l  t o validat e th e desig n solution s 
propose d b y th e Enterpris e Processing .  Her e ar e th e steps : 
(1 )  perfor m simulatio n o f  th e artifac t  an d critiqu e it ,  i f  A L E C 
has enoug h domai n knowledge ,  (2 )  otherwise ,  implemen t  th e 
artifact ,  perfor m experiment s an d interpre t  th e results ,  i f  thi s 
i s possible ,  (3 )  otherwise ,  sen d messag e t o relevan t  expert s t o 
remotel y perfor m th e evaluation . 

Ste p (3 )  o f  th e Enterpris e Processin g retrieva l  an d Eval -
uatio n &  Repai r  algorithm s m a y resul t  i n th e deliberativ e 
generatio n o f  broa d knowledg e goal s t o provid e missin g ex -
pertise .  T h e detail s ar e beyon d th e scop e o f  thi s paper . 

Example: the Multiple Telegraph Idea 

Afte r  readin g a  newspape r  articl e suggestin g tha t  fam e an d 
fortun e awaite d th e invento r  o f  a  multipl e telegraph .  Bel l  re -
alize d tha t  h e coul d desig n a  multipl e telegrap h base d o n hi s 
knowledg e o f  Helmholtz' s Apparatu s an d acoustics .  More -
over ,  th e goa l  t o inven t  th e multipl e telegrap h becam e Bell' s 
enterpris e goa l  fo r  th e nex t  severa l  years .  W e presen t  a  possi -
bl e analysi s o f  Bell' s  reasoning ,  i n term s o f  ou r  computationa l 
model  ( A L E C )  presente d i n Figur e 1 . 

Readin g th e newspape r  articl e abou t  th e multipl e telegrap h 
i s equivalen t  i n ou r  syste m t o receivin g a  messag e (i n th e 
Ma i l box ) ,  containin g a  desig n goa l  (i.e. ,  Multipl e Telegraph) , 
characterize d b y a  sketch y DESIG N SPECIFICATIO N an d a  post -
conditio n describin g tha t  th e invento r  wil l  become/arnoM ^  & 
wealthy .  Thi s even t  i s analyze d b y Enterpris e Assessment , 
whic h identifie s tha t  famou s &  wealth y  i s a  postconditio n as -
sociate d wit h som e o f  Bell' s  themati c goal s  (i.e .  designin g 
th e multipl e telegrap h migh t  provid e a  nove l  alternativ e pla n 
t o satisf y themati c goals )  an d i s als o a  preconditio n t o othe r 
themati c goal s (e.g. ,  ge t  married) .  Consequently ,  th e MuUi -
pl e Telegrap h i s interesting ,  an d i f  A L E C coul d relat e i t  t o it s 
o wn expertise ,  th e Multipl e Telegrap h woul d becom e a  goo d 
candidat e fo r  a n enterpris e goal .  Base d o n th e specificafio n o f 
th e Multipl e Telegrap h (i.e. ,  multiple x telegraphi c message s 
ove r  a  singl e wir e an d demultiple x the m a t  destination) ,  En -
terpris e Processin g searche s th e m e m o r y o f  Cases ,  Arti -
facts ,  M o d e l s an d retrieve s Helmholtz' s Apparatus ,  whic h 
was abl e t o demultiple x a  collectio n o f  harmoni c tones .  Af -
te r  a  quic k case-base d adaptation ,  involvin g usin g severa l 
generator s instea d o f  onl y one ,  Enterpris e Processin g ha s 
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a theoretica l  desig n solution .  Evaluatio n theoreticall y simu -
late s tha t  indee d th e ne w adapte d desig n satisfie s th e CURRENT 
Spec,  an d i t  report s th e resul t  t o Enterpris e Assessment , 
whic h promote s th e Multipl e Telegrap h a s a n enterpris e goal , 
by associatin g wit h i t  a n initia l  (theoretical )  solution .  Th e 
new enterpris e goa l  i s pu t  i n th e Agend a an d wil l  b e furthe r 
selecte d fo r  processing . 

Discussio n 

ALEC, our model for invention, addresses some of the con-
tro l  problem s associate d wit h th e inventio n processes .  I n ou r 
opinion ,  a  realisti c  computationa l  mode l  fo r  inventio n shoul d 
emphasiz e bot h th e deliberativ e an d opportunisti c component s 
of  th e contro l  i n invention .  We inten d fo r  enterpris e goal s t o 
provid e appropriat e mediatio n betwee n th e deliberativ e an d 
opportunisti c component s o f  th e reasonin g proces s i n inven -
tion .  Namely ,  generatin g a n enterpris e goa l  i s a  deliberativ e 
process ,  intende d t o furthe r  guid e th e opportunisti c evolutio n 
of  th e invention . 

ALEC integrate s an d extend s som e o f  th e previou s model s 
of  inventio n an d scientifi c  discovery ,  suc h a s Bradsha w an d 
Liener t  (1991) ,  Kulkarn i  an d Simo n (1988) ,  an d Bhatt a an d 
Goel  (1993) .  I n particular ,  ALEC' s enterpris e goa l  assessmen t 
attempt s afunctiona l  decompositio n o f  a n enterpris e goa l  i n 
subgoal s (suggeste d als o b y Bradsha w &  Lienert ,  1991 )  t o 
asses s i f  a t  leas t  som e o f  thes e functiona l  subgoal s ca n b e im -
plemente d easily ,  providin g a  basi s fo r  opportunisti c desig n 
synthesis .  Afte r  a  desig n solutio n i s opportunisticall y syn -
thesized ,  i t  i s  theoreticall y evaluate d (Bhatt a &  Goel ,  1993) , 
and furthe r  evaluatio n b y experimentatio n ma y identif y gap s 
i n th e theoretica l  mode l  o f  th e propose d device .  Th e Repai r 
algorith m i s a n opportunisti c versio n o f  K E K A DA (Kulka -
rni  &  Simo n 1988) .  IDEA L (Bhatt a &  Goel ,  1993) ,  anothe r 
model  o f  invention ,  ignore s th e opportunisti c aspec t  o f  con -
trol ,  an d consequentl y  ha s t o rel y o n a n oracl e t o provid e "th e 
righ t  informatio n a t  th e righ t  time" .  Ou r  mode l  recognize s 
th e limite d computationa l  powe r  availabl e t o a n inventor ,  bu t 
provide s somethin g mor e realisti c  tha n a n oracle ,  namel y th e 
abilit y  t o suspen d an d com e bac k t o goal s base d o n experi -
mentatio n an d socia l  interaction .  Bell' s  cas e stud y show s tha t 
an invento r  tha t  act s i n societ y mus t  necessaril y  b e oppor -
tunisti c withi n th e framewor k supplie d b y he r  o r  hi s themati c 
goal s an d resultin g networ k o f  enterprises .  Therefore ,  t o us e 
Shrage r  an d Langley' s (1990 )  term ,  ou r  computationa l  mode l 
take s a  larg e ste p toward s dealin g wit h th e proble m o f  embed -
dedness . 

ALEC' s architectur e gre w u p fro m th e difficultie s encoun -
tere d wit h IMPROVISER' s opportunisti c contro l  (Will s  & 
Kolodner ,  1994) .  Simin a an d Kolodne r  (1995 )  postulate d th e 
existenc e o f  "activ e goals" ,  a s a  mechanis m t o explai n prim -
in g effects ,  bu t  i t  di d no t  characteriz e whic h goal s ar e mor e 
likel y t o b e active .  A L E C goe s further ,  identifyin g enterpris e 
goal s a s th e mos t  likel y activ e goal s i n a  cognitiv e mode l  fo r 
invention . 

We can' t  sa y ye t  tha t  A L E C provide s a  complet e o r  correc t 
model  o f  goa l  generatio n an d processin g i n invention .  We 
must  stil l  tes t  i t  o n a  wid e variet y o f  example s (th e inventio n 
of  th e telephon e offer s plenty ,  besid e thos e mentione d briefl y 
here) ,  an d w e mus t  investigat e mor e deeply :  (1 )  th e synerg y 
among activ e goals ,  (2 )  th e rol e o f  contex t  i n goa l  generatio n 
and processing ,  (3 )  th e relatio n betwee n enterpris e goal s an d 
traditiona l  goals ,  an d (4 )  ALEC' s abilit y  t o simulat e inventor s 
wit h differen t  backgrounds . 
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Abstrac t 

The importanc e o f  discriminatio n shift s t o learnin g an d 
developmenta l  psycholog y i s highlighted .  Basi c task s use d 
i n continuou s an d tota l  chang e paradigm s ar e presented ,  an d 
majo r  theoretica l  account s ar e briefl y reviewed .  Th e lac k o f  a 
genera l  an d comprehensiv e interpretatio n o f  huma n shif t 
learnin g i s  identified ,  an d a  recen t  mode l  base d o n neura l 
networ k researc h i s  described .  Thi s mode l  suggest s tha t 
human adul t  performanc e i n discriminatio n shift s differ s fro m 
preschoo l  performanc e becaus e o f  a  proces s calle d 
spontaneou s overtraining .  Thi s hypothesi s ha s bee n 
previousl y use d i n neura l  networ k simulation s t o successfull y 
captur e developmenta l  regularitie s i n continuou s 
discriminatio n shift s (e.g. ,  reversa l  an d nonreversa l  shifts) . 
I n th e presen t  paper ,  ne w simulation s usin g thi s mode l  ar e 
applie d t o tota l  chang e discriminatio n shift s (e.g. , 
intradimensiona l  an d extradimensiona l  shifts) .  Severa l 
developmenta l  regularitie s ar e successfull y capture d b y th e 
networks .  Th e contributio n o f  th e spontaneou s overtrainin g 
hypothesi s i s discussed . 

Introduction 

Discriminatio n learnin g involve s learnin g t o m a k e differen t 
response s t o particula r  stimulu s conditions .  Specifically , 
participant s mus t  lear n t o reliabl y identif y a m o n g 
competin g stimul i  th e on e tha t  exhibit s a  single ,  several ,  o r 
combination s o f  attributes .  Th e vas t  psychologica l 
literatur e o n discriminatio n learnin g offer s a  substantia l 
databas e o f  empirica l  regularitie s abou t  learnin g an d 
developmen t  (e.g. ,  Esposito ,  1975 ;  Wolff ,  1967) .  Thes e 
finding s o n bot h chil d an d adul t  learnin g ar e o f  significan t 
importanc e fo r  theorie s o f  h u m a n learning ,  cognition ,  an d 
cognitiv e development .  A  rigorou s w a y t o develo p an d tes t 
suc h theorie s i s throug h computationa l  modeling .  Becaus e 
m a ny neura l  network s us e learnin g algorithm s an d hav e 
bee n favore d fo r  modelin g a  variet y o f  perceptual , 
cognitive ,  an d learnin g phenomena ,  discriminatio n learnin g 
task s provid e a  usefu l  benchmar k fo r  th e adequac y o f  neura l 
network s as  model s o f  h u m a n cognition . 

Surprisingly ,  ther e ar e fe w studie s tha t  repor t 
connectionis t  modelin g o f  discriminatio n shif t  learning .  O f 
these ,  onl y on e mode l  successfull y capture s th e h u m a n 
ontogen y o f  reversa l  shif t  an d nonreversa l  shif t  performanc e 
(Siroi s &  Shultz ,  submitted) . 

I n th e presen t  paper ,  w e exten d th e applicatio n o f  thi s 
model  t o intradimensiona l  an d extradimensiona l  shifts .  Th e 
firs t  sectio n present s th e discriminatio n shif t  task s tha t  thi s 

researc h addresses ,  a s wel l  a s th e psychologica l  regularitie s 
associate d wit h them .  I n th e secon d section ,  w e revie w 
previou s theoretica l  interpretation s o f  discriminatio n 
learning .  Th e thir d sectio n present s ou r  cascade-correlatio n 
model  o f  discriminatio n learnin g an d n e w simulation s tha t 
model  intradimensiona l  an d extradimensiona l  shifts .  Th e 
discussio n focuse s o n th e implication s o f  ou r  mode l  fo r  a 
genera l  theor y o f  discriminatio n learning . 

Discrimination Shifts 

T h e discriminatio n shif t  task s w e conside r  involv e th e 
pairwis e presentatio n o f  stimul i  wit h varyin g attribute s o n 
thre e binar y dimension s (e.g. ,  shape ,  color ,  an d position) . 
I n eac h pair ,  th e stimul i  ar e constraine d suc h tha t  the y 
exhibi t  mutuall y exclusiv e combination s o f  th e attribute s o n 
al l  thre e dimensions .  Figur e I  present s fou r  stimulu s pair s 
tha t  exhaus t  suc h a  combinatio n o f  shape ,  color ,  an d 
position . 

Participant s i n thes e task s ar e require d t o consistentl y 
identif y i n eac h pai r  th e stimulu s tha t  exhibit s th e attribut e 
targete d b y th e experimente r  (e.g. ,  square) .  The y ar e 
repeatedl y presente d wit h th e pair s o f  stimuli ,  an d the y ar e 
provide d wit h reinforcemen t  feedbac k o n eac h trial . 
Learnin g continue s unti l  th e participan t  reliabl y identifie s 
th e targe t  stimulus ,  typicall y o n eigh t  ou t  o f  te n consecutiv e 

G 
® 

R 

Figur e 1 :  Pair s o f  stimul i  tha t  exhaus t  th e mutuall y 
exclusiv e combination s o f  shape ,  color ,  an d position .  R 

denote s red ,  an d G  denote s gree n (fro m Siroi s an d Shultz , 
submitted) . 
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trials .  W h e n thi s initia l  criterio n i s reached ,  shift s i n rewar d 
contingencie s m a y b e introduced .  Performanc e o n suc h 
shift s ofte n reveal s importan t  feature s o f  th e leaning .  Fo r 
example ,  shif t  performanc e migh t  revea l  whethe r  th e learne r 
i s usin g concept s o r  attentiona l  response s t o mediat e th e 
association s betwee n stimul i  an d responses .  W e elaborat e 
thi s late r  i n a  presentatio n o f  differen t  theoretica l 
interpretation s o f  shif t  learning .  Participant s ar e no t  usuall y 
tol d explicitl y  abou t  th e introductio n o f  a  shift . 

I n a  reversa l  shif t  (RS) ,  th e stimul i  tha t  exhibi t  th e othe r 
attribut e o f  th e initia l  dimensio n ar e n o w associate d wit h 
rewar d (e.g. ,  circl e instea d o f  square) .  Participant s mus t 
consequentl y chang e thei r  response s o n al l  pairs .  Thi s i s 
shown i n th e firs t  ro w o f  Figur e 2 . 

A nonreversa l  shif t  (NS )  involve s a  shif t  t o a n attribut e o f 
a previousl y irrelevan t  dimensio n (e.g. ,  re d instea d o f 
square) .  I n thi s task ,  onl y hal f  o f  th e response s mus t  b e 
changed .  I n ou r  example ,  hal f  o f  th e squar e stimul i  ar e als o 
red .  Th e secon d ro w o f  Figur e 2  present s a  N S task . 

Becaus e R S an d N S us e th e sam e attribute s i n bot h 
learnin g phases ,  the y ar e referre d t o a s continuou s paradig m 
tasks .  T w o othe r  discriminatio n shif t  task s als o involv e a 
complet e o r  a  partia l  shif t  i n reinforcemen t  contingencies . 
Thes e ar e th e intradimensiona l  (IDS )  an d extradimensiona l 
(EDS)  shifts .  The y ar e k n o w n a s tota l  chang e tasks , 
becaus e ne w attribute s o f  th e initia l  dimension s ar e 
introduce d a t  th e onse t  o f  th e shif t  (Esposito ,  1975) . 

I n a n IDS ,  stimul i  tha t  exhibi t  a  specifi c  nove l  attribut e o f 
th e previousl y relevan t  dimensio n ar e associate d wit h 
reinforcemen t  (e.g. ,  fro m squar e t o diamond) .  O n th e othe r 
hand ,  a n E D S involve s a  shif t  t o a  nove l  attribut e o f  a 
previousl y irrelevan t  dimensio n (e.g. ,  fro m squar e t o 
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yellow) .  Bot h task s ar e show n i n th e botto m row s o f  Figur e 
2. 

Continuou s an d tota l  chang e paradigm s ar e highl y 
similar .  R S an d ID S task s involv e a  shif t  withi n th e initiall y 
relevan t  dimension ,  an d N S an d E D S task s involv e a  shif t  t o 
a previousl y irrelevan t  dimension .  Th e importan t 

distinctio n i s  tha t  tota l  chang e paradigm s introduc e ne w 
stimul i  a t  th e onse t  o f  th e shift ,  whic h make s th e shif t  mor e 
obviou s t o participants . 

Decade s o f  researc h hav e identifie d robus t  psychologica l 
regularitie s withi n th e continuou s an d tota l  chang e 
paradigms .  O f  importance ,  th e eas e o f  executin g a  shift ,  a s 
measure d b y th e numbe r  o f  trial s t o criterion ,  ha s bee n 
show n t o var y betwee n task s an d ag e groups .  Childre n 
abov e th e ag e o f  1 0 year s an d adult s reac h th e shif t  criterio n 
i n a  R S quicke r  tha n i n a  N S ,  an d reac h th e shif t  criterio n 
quicke r  fo r  ID S tha n fo r  E D S (Esposito ,  1975 ;  Wolff , 
1967) .  Preschoo l  childre n als o execut e a n ID S faste r  tha n 
an E D S ,  bu t  the y execut e a  N S a s quickl y a s a  R S (Esposito , 
1975 ;  Wolff ,  1967). '  Betwee n th e age s o f  4  an d 1 0 years , 
RS become s easie r  tha n N S (Esposito ,  1975) .  Althoug h 
some studie s repor t  comparison s betwee n continuou s an d 
tota l  chang e paradigm s (Esposito ,  1975) ,  w e hav e faile d t o 
fin d wel l  replicated ,  unequivoca l  regularitie s i n suc h 
comparisons . 

A fina l  psychologica l  regularit y i s  tha t  w h e n traine d 
severa l  trial s beyon d th e usua l  succes s criterio n i n th e initia l 
learnin g phase ,  mos t  preschooler s the n execut e a  R S faste r 
tha n a n N S ,  a s d o adults .  Thi s i s  calle d th e overtrainin g 
effect ,  an d i s  significan t  fo r  th e desig n o f  ou r  neura l 
networ k model . 

Theoretical Interpretations 

Thre e majo r  account s o f  discriminatio n learnin g hav e bee n 
presente d ove r  th e year s t o accoun t  fo r  a  variet y o f  finding s 
(Siroi s &  Shultz ,  submitted) .  Thes e ar e th e Kendlers '  two -
stag e theor y (Kendle r  &  Kendler ,  1975 ;  Kendler ,  1983) , 
Zeaman an d House' s attentiona l  theor y (Zeama n &  House , 
1963) ,  an d th e Tighes '  perceptua l  differentiatio n theor y 
(Tigh e &  Tighe ,  1966) . 

Th e Kendler s worke d primaril y withi n th e continuou s 
paradigm ,  an d thei r  mode l  fair s poorl y whe n applie d t o tota l 
chang e dat a (Siroi s &  Shultz ,  submitted) .  The y argu e tha t 
olde r  childre n an d adult s us e cover t  categorica l  response s t o 
mediat e betwee n th e stimul i  an d over t  behavio r  (Kendle r  & 
Kendler ,  1975 ;  Kendler ,  1983) .  Thes e response s represen t 
th e specifi c  attribute s o f  th e stimuli .  Participant s thu s lear n 
t o respon d t o th e relevan t  attribut e an d us e thi s cover t 
respons e t o produc e over t  behavior .  Fo r  th e Kendlers ,  a  R S 
i s easie r  tha n a  N S becaus e onl y th e lin k betwee n th e cover t 
and over t  response s need s t o b e changed .  I n a  N S ,  th e 
previou s cover t  respons e ha s t o b e extinguished ,  an d a  n e w 
cover t  respons e mus t  b e learned ,  a s wel l  a s th e appropriat e 

Figur e 2 :  Example s o f  R S ,  N S ,  ID S an d E D S .  Plu s 
sign s identif y reinforcement .  R ,  G ,  B ,  an d Y  denot e 

red ,  green ,  blue ,  an d yellow ,  respectively . 

'  Thi s las t  findin g i s i n contradictio n wit h a  pervasiv e belie f  tha t 
preschooler s execut e a  N S faste r  tha n a  R S (Kendler ,  1983) .  A n 
extende d discussio n o f  thi s controversy ,  i n ou r  pape r  o n continu -
ous shif t  paradigm s (Siroi s &  Shultz ,  submitted) ,  show s tha t  th e 
confusio n stein s fro m misinterpretation s o f  result s tha t  ar e con -
founde d wit h certai n methodologica l  variations . 
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respons e t o th e categorica l  response .  Thi s implie s mor e 
learnin g tha n require d fo r  a  N S .  Becaus e th e cover t 
response s represen t  th e discret e attribute s o f  th e stimuli , 

though ,  thei r  mediationa l  mode l  doe s no t  accoun t  fo r  th e 
regularitie s observe d i n tota l  chang e task s (Siroi s &  Shultz , 
submitted ;  Wolff ,  1967) . 

Th e Kendler s suggeste d tha t  preschoolers ,  unlik e olde r 
childre n an d adults ,  behave d accordin g t o a n associativ e 

model  (Kendler ,  1983) .  Mer e association s betwee n 
stimulu s an d respons e ar e involve d i n thei r  shif t 

performance .  Thi s mode l  predict s tha t  a  N S i s easie r  tha n a 
R S,  becaus e mor e response s mus t  b e change d i n th e latter . 
Th e predictio n ha s littl e suppor t  i n th e literatur e (Siroi s & 
Shultz ,  submitted) . 

Z e a m an an d House ,  o n th e othe r  hand ,  develope d a  mode l 
withi n th e tota l  chang e paradig m (Zeama n &  House ,  1963) . 
The y suggeste d tha t  th e stimul i  wer e associate d wit h a n 
attentiona l  response ,  whic h i n tur n wa s associate d wit h a n 

over t  response .  Th e attentiona l  response s involv e th e 
differen t  dimension s o f  variation ,  an d no t  th e discret e 
value s o f  thes e dimensions .  Followin g th e sam e logi c a s 
tha t  foun d i n th e Kendlers '  model ,  thi s mode l  predict s tha t 
an ID S wil l  b e easie r  tha n a n E D S .  Indeed ,  onl y th e lin k 
betwee n th e attentiona l  respons e an d over t  behavio r  need s 
t o b e change d i n a n EDS .  I n a n E D S ,  bot h a  ne w attentiona l 
respons e an d th e appropriat e associatio n wit h over t 
behavio r  mus t  b e learned .  I t  als o predict s tha t  a  R S wil l  b e 
faste r  tha n a  N S ,  fo r  th e sam e reasons . 

W h at  I S nove l  i n Zeama n an d House' s mode l  i s tha t 
mediatio n i s als o involve d i n preschoolers ,  an d differen t 
learnin g paramete r  value s woul d explai n thei r  distinc t 
behavior .  Unfortunately ,  i t  als o predict s easie r  R S ove r  N S 
i n preschoolers ,  whic h i s no t  supporte d b y th e literature . 

Finally ,  Tigh e an d Tighe' s perceptua l  differentiatio n 
model  doe s no t  impl y mediatio n o f  stimul i  int o cover t 
response s (Tigh e &  Tighe ,  1966) .  Rather ,  th e compoun d 
stimul i  ar e differentiate d i n specifi c  over t  response s a s a 
functio n o f  reinforcement .  Olde r  childre n an d adults , 
compare d t o preschoolers ,  perfor m differentl y du e t o thei r 
large r  amoun t  o f  perceptua l  experience .  Thi s enable s the m 
t o bette r  focu s o n th e relevan t  dimensio n an d ignor e th e 
irrelevan t  one .  Th e mode l  predict s tha t  R S an d ID S ar e 
easie r  tha n N S an d E D S ,  respectively ,  becaus e participant s 
ar e attendin g t o th e dimensio n tha t  remain s relevant . 

Preschoolers ,  o n th e othe r  hand ,  poorl y differentiat e th e 
stimul i  int o relevan t  dimension s an d instea d respon d t o th e 
compoun d propertie s o f  th e stimul i  (Tigh e &  Tighe ,  1966 , 
1978) .  The y associat e th e appropriat e respons e wit h th e 
poorl y differentiate d stimulu s pair .  A s such ,  the y canno t 
us e informatio n abou t  th e relevan t  dimensio n a s a n 
advantag e i n shift s withi n thi s dimensio n usin g th e sam e 
stimul i  (i.e. ,  R S ) .  A n d becaus e a  R S require s mor e 
releamin g tha n a  N S ,  thi s mode l  als o wrongl y predict s 
faste r  N S .  I n tota l  chang e paradigms ,  though ,  th e mode l 
suggest s a  faste r  ID S tha n E D S (Tigh e &  Tighe ,  1978) . 
Thi s i s becaus e th e ne w stimul i  preven t  a n interferenc e o f 
th e previous  associations ,  whic h wer e boun d t o th e initia l 
stimuli .  Th e minima l  differentiatio n acquire d durin g 
preshif t  learnin g the n become s helpfu l  fo r  a  shif t  withi n th e 
same dimensio n (i.e. ,  IDS) . 

Al l  thre e theorie s hav e thei r  o w n limitations ,  whic h 
prevente d th e formulatio n o f  a  genera l  an d comprehensiv e 
accoun t  o f  discriminatio n learnin g (Esposito ,  1975 ;  Siroi s & 

Shultz ,  submitted) .  Thi s i n spit e o f  th e fac t  tha t  wor k i n 
discriminatio n learnin g bega n ove r  sixt y year s ag o 
(Kendler ,  1983) .  Becaus e o f  th e importan t  issue s o f 

learnin g an d developmen t  raise d b y thi s literature ,  th e 

formulatio n o f  a  comprehensiv e theoretica l  accoun t  o f  shif t 
learnin g i s stil l  relevan t  today . 

A Cascade-correlation Model 

We hav e recentl y applie d th e cascade-correlatio n neura l 
networ k algorith m t o continuou s paradig m task s (Siroi s & 
Shultz ,  submitted) .  T h e algorith m successfull y capture d th e 
psychologica l  regularitie s i n preschoo l  an d adul t  behavior . 
Network s parameterize d a s adult s execute d a  R S faste r  tha n 
a N S ,  wherea s network s parameterize d a s preschooler s 
execute d bot h shift s equall y quickly .  Th e network s als o 
capture d othe r  developmenta l  regularitie s associate d wit h 
th e continuou s paradig m tha t  ar e no t  discusse d her e (i.e. , 
trial-by-tria l  behavio r  i n shif t  learnin g an d optiona l  shifts) . 
But  th e succes s o f  th e mode l  i s o f  limite d interes t  i f  i t 
canno t  captur e th e regularitie s i n tota l  chang e paradigm s a s 
well . 

Centra l  t o ou r  mode l  i s th e suggestio n tha t  olde r  childre n 
and adults ,  compare d t o preschoolers ,  submi t  themselve s t o 
extende d processin g o f  stimul i  an d reinforcemen t  throug h a 
proces s simila r  t o rehearsa l  (Siroi s &  Shultz ,  submitted) . 
Thi s ha d alread y bee n suggeste d i n th e discriminatio n 
learnin g literatur e b y Levin e (1975) .  B y usin g a  lowe r 
scor e threshold ,  neura l  network s ar e submitte d t o additiona l 
trainin g trials .  Thi s i s because ,  i n cascade-correlation , 
trainin g continue s unti l  al l  outpu t  activation s ar e withi n 
scor e threshol d o f  thei r  targets. ^  W e use d a  scor e threshol d 
of  0.0 1 t o mode l  adul t  performance ,  an d th e defaul t  valu e o f 
0. 4 t o mode l  preschoo l  performance .  Usin g a  lowe r  scor e 
threshol d allow s network s t o lear n a  proble m t o greate r 
dept h an d precision .  Al l  othe r  parameter s i n th e algorith m 
wer e se t  t o th e defaul t  value s o f  cascade-correlatio n 
(Fahlma n &  Lebiere ,  1990) . 

Thi s adjustmen t  o f  th e scor e threshol d paramete r  resulte d 
i n capturin g th e developmenta l  effect s i n continuou s 
paradigm s wit h network s tha t  lac k hidde n (i.e. ,  mediational ) 
units ,  becaus e cascade-correlatio n wil l  no t  instal l  an y fo r 
suc h linea r  problems .  I t  i s  consisten t  wit h developmenta l 
change s i n spontaneou s rehearsal ,  a s wel l  a s wit h th e 
overtrainin g effec t  (Siroi s &  Shultz ,  submitted) .  Adult-lik e 
performanc e i n continuou s discriminatio n shift s ca n b e 
achieve d throug h extende d trainin g wit h a  lo w score -
threshold .  W e n o w repor t  th e applicatio n o f  thi s mode l  t o 
tota l  chang e tasks . 

Simulation of Continuous and Total Change Tasks 

I n thes e simulations ,  w e use d network s wit h eigh t  inpu t 
units .  Th e firs t  tw o unit s code d shap e o f  th e lef t  stimulus , 
th e nex t  tw o unit s colo r  o f  th e lef t  stimulus ,  th e followin g 

^  Th e sam e thin g coul d b e accomplishe d i n backpropatio n net -
work s b y lowerin g th e erro r  criterion . 
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tw o unit s th e shap e o f  th e righ t  stimulus ,  an d th e fina l  tw o 

unit s colo r  o f  th e righ t  stimulus .  Thes e unit s wer e 
connecte d t o tw o outpu t  units ,  wit h initiall y  rando m 
connectio n values .  Targe t  outpu t  wa s [0.5 ,  -0.5 ]  whe n th e 
correc t  stimulu s wa s o n th e left ,  an d [-0.5 ,  0.5 ]  whe n i t  wa s 
on th e right . 

We use d tw o inpu t  unit s fo r  eac h attribut e i n eac h 
stimulu s becaus e w e neede d t o represen t  fou r  attribute s i n 
th e tota l  chang e paradigm s (tw o initia l  attributes ,  an d tw o 
new attribute s a t  th e onse t  o f  th e shift) .  Th e fou r  possibl e 
attribute s o f  eac h dimensio n wer e represente d b y a 
combinatio n of- 1 an d 1  values .  Fo r  example ,  fou r  possibl e 
shape s wer e code d a s [-1 ,  -1] ,  [-1 ,  1] ,  [I ,  -1] ,  an d [1 ,  1] . 
Becaus e eac h attribut e i s a  combinatio n o f  value s o f  th e 
same magnitud e (al l  Is) ,  pre -  an d post-shif t  attribute s hav e 
equivalen t  salience . 

Network s parameterize d a s adult s ar e expecte d t o 
replicat e ou r  previou s finding  tha t  a  R S i s performe d faste r 
tha n a  N S .  The y shoul d als o execut e a n ID S quicke r  tha n 
an E D S .  Network s parameterize d a s preschooler s shoul d 
als o perfor m th e ID S quicke r  tha n th e E D S .  A s w e hav e 
previousl y observed ,  though ,  R S an d N S shoul d b e learne d 
at  equivalen t  rates . 

Method Two hundred and eighty adult networks were used 
i n thi s simulation ,  wit h a  scor e threshol d o f  0.01 .  O n e 
hundre d an d fort y wer e initiall y  traine d o n on e attribut e o f 
color ,  an d on e hundre d an d fort y o n anothe r  attribut e o f 
color .  W h e n performanc e reache d threshol d o n al l 
problem s o f  th e initia l  discrimination ,  trainin g wa s shifte d 
t o anothe r  attribute .  I n eac h subse t  o f  on e hundre d an d 
fort y networks ,  trainin g wa s shifte d t o th e othe r  attribut e o f 
colo r  fo r  twent y network s (RS) .  Fo r  fort y networks ,  i t  wa s 
shifte d t o a n attribut e o f  th e previousl y irrelevan t  dimensio n 
(NS,  n  =  2 0 pe r  attribute) .  Fo r  th e remainin g eight y 
networks ,  ne w dimensiona l  attribute s wer e introduced . 
Fort y network s wer e traine d o n a  ne w attribut e fro m th e 
previousl y relevan t  dimensio n (IDS ,  n  =  2 0 pe r  attribute) , 
and th e remainin g fort y wer e traine d o n a  ne w attribut e 
fro m th e previousl y irrelevan t  dimensio n (EDS ,  n  =  2 0 pe r 
attribute) .  Learnin g continue d unti l  criterio n wa s reache d i n 
th e shif t  trainin g phas e (i.e. ,  outpu t  activation s wer e withi n 
threshol d o f  th e targe t  value s fo r  bot h outpu t  unit s o n al l 
problems) .  T w o hundre d an d eight y network s 
parameterize d a s preschooler s wer e use d unde r  th e sam e 
conditions ,  wit h th e score-threshol d se t  a t  0.4 . 

To asses s h o w quickl y network s perfor m eac h task ,  w e 
recorde d th e numbe r  o f  epoch s require d t o reac h criterio n i n 
shif t  learning .  A n epoc h is ,  i n thi s case ,  a  bloc k o f  fou r 
trials ,  on e wit h eac h stimulu s pair .  Fo r  contro l  purposes ,  w e 
als o recorde d epoch s t o criterio n fo r  th e initia l  learnin g 
phase . 

Results There were no significant differences between any 
of  th e group s i n th e preshif t  phase ,  fo r  network s 
parameterize d a s adult s (F(3,276 )  =  2.56 ,  n.s.) .  Ther e wer e 
no significan t  difference s eithe r  i n th e initia l  phas e fo r 
network s parameterize d a s preschooler s (F(3,276 )  =  1.06 , 
n.s.) .  Tabl e 1  present s th e mea n numbe r  o f  epoch s require d 
t o lear n eac h typ e o f  shift ,  fo r  bot h type s o f  networks . 

Tabl e 1 :  M e a n numbe r  o f  epoch s t o criterio n fo r  shif t 
training . 

Tas k 

RS 
NS 
ID S 
EDS 

Networ k Parameterizatio n 

Adul t 

6.4 8 

10.0 8 
8.4 3 
9.6 9 

Preschoo l 

4.2 5 
4.2 8 
2.9 3 
3.5 9 

For  adul t  networks ,  th e resul t  o f  a  O n e - W a y analysi s o f 
varianc e sho w a  significan t  differenc e betwee n th e group s 
(F(3,276 )  =  136.09 ,  p  <  .001) .  W e performe d Scheff e post -
hoc comparison s o n th e data .  Tabl e 2  present s th e 
significan t  difference s betwee n th e group s (significan t  tes t 
value s ar e betwee n 21.0 8 an d 114.26) . 

I n chil d networks ,  th e result s o f  a  O n e - W a y analysi s o f 
varianc e als o sho w a  significan t  differenc e betwee n th e 
group s (F(3,276 )  =  52.189 ,  p  <  .001) .  W e repor t  significan t 
Scheff e post-ho c comparison s i n Tabl e 2  a s wel l  (significan t 
tes t  value s rang e betwee n 6.9 8 an d 43.44) . 

Discussion The simulation results reported in the first two 
row s o f  Tabl e 2  ar e consisten t  wit h th e psychologica l 
regularitie s reporte d fo r  bot h adult s an d preschoolers . 
Network s parameterize d a s adult s execut e a  R S faste r  tha n a 
N S,  an d a n ID S quicke r  tha n a n E D S ,  a s norma l  adult s do . 
A nd network s parameterize d a s preschooler s execut e a n 
ID S quicke r  tha n a n E D S ,  eve n thoug h the y perfor m 
equall y fas t  o n R S an d N S ,  lik e preschooler s do . 

Networ k analyse s i n ou r  previou s simulation s suggeste d 
tha t  extensiv e trainin g i n adul t  network s yield s finel y tune d 
discrimination s tha t  focu s o n th e relevan t  dimensio n an d 
ignor e th e irrelevan t  one ,  whic h enabl e faste r  R S ove r  N S 
(Siroi s &  Shultz ,  submitted) .  Th e adul t  network s i n thes e 
ne w simulation s als o execute d th e R S faste r  tha n th e N S . 
Becaus e suc h discrimination s remai n relevan t  i n ID S (th e 
shif t  i s  withi n th e initia l  dimension) ,  thi s als o enable s th e 
network s t o execut e a n ID S faste r  tha n th e E D S . 

For  network s parameterize d a s preschoo l  children , 
though ,  w e hav e argue d tha t  thei r  behavio r  wa s a  functio n 
of  th e compoun d propertie s o f  th e pai r  o f  stimul i  (Siroi s & 
Shultz ,  submitted) .  Tha t  is ,  th e minima l  amoun t  o f 

Table 2: Post-hoc comparisons between groups. Signifi-
can t  difference s ar e represente d b y <  (th e grou p o n th e lef t 
too k les s tim e tha n th e on e o n th e right )  o r  >  (th e grou p o n 

th e lef t  too k mor e tim e tha n th e on e o n th e right) .  Th e 
equa l  (= )  sig n indicate s n o significan t  differenc e betwee n 

th e tw o groups . 

Compariso n 
Networ k Parameterizatio n 

Adul t  Preschoo l 

RS vs .  N S 
ID S vs .  E D S 
RS vs .  ID S 
RS vs .  E D S 
ID S vs .  N S 
NS vs .  E D S 

< 
< 
< 
< 
< 
= 

< 
> 
> 
< 
> 
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processin g the y perfor m doe s no t  allo w fin e discrimination s 

betwee n th e dimension s t o b e made .  Thi s prevent s a n 
advantag e o f  R S ove r  NS .  Bu t  i n th e cas e o f  tota l  chang e 
tasks ,  th e introductio n o f  ne w attribute s ma y remov e th e 
influenc e o f  th e initia l  stimul i  an d allo w th e minima l 

abstractio n achieve d i n th e initia l  phas e t o favo r  a n ID S 
ove r  a n E D S .  Thes e generalization s woul d otherwis e b e 

masked b y th e influenc e o f  th e initia l  attribute s i n 
continuou s tasks ,  a s Tigh e an d Tigh e (1978 )  hav e argued . 
Furthe r  networ k analyse s ar e require d befor e genera l 

conclusion s ar e drawn . 
The result s reporte d i n row s 3- 6 i n Tabl e 2  ca n b e take n 

as prediction s mad e b y th e model .  A s w e hav e note d 
previously ,  thes e comparison s hav e eithe r  no t  bee n 
performed ,  o r  hav e le d t o equivoca l  findings .  Ou r 
simulatio n result s shoul d b e evaluate d i n ligh t  o f  an y ne w 
evidenc e fro m suc h psychologica l  comparisons . 

Finally ,  th e reade r  ma y notic e tha t  preschoo l  network s 
tak e fewe r  epoch s t o lear n th e task s tha n adul t  network s do . 
Thi s i s i n contradictio n wit h huma n dat a (e.g. ,  Wolff ,  1967) . 
Our  assumption ,  though ,  i s tha t  olde r  childre n an d adult s 
spontaneousl y submi t  themselve s t o extende d training .  Th e 
number  o f  epoch s w e repor t  i s  a n inde x o f  th e amoun t  o f 
processin g neede d t o lear n th e tasks ,  an d shoul d no t  b e 
equate d wit h th e actua l  numbe r  o f  trial s i n humans .  I n 
particular ,  a t  leas t  som e o f  th e epoch s take n b y network s 
parameterize d a s adult s represen t  rehearsa l  o f  th e pattern s 
rathe r  tha n discret e trials .  Consequently ,  vali d mai n effec t 
compariso n o f  epoch s t o lear n betwee n chil d adul t  network s 

canno t  b e made . 

General Discussion 

Our  previou s simulation s o f  discriminatio n learnin g wer e 
base d o n th e assumptio n tha t  olde r  childre n an d adult s 
spontaneousl y trai n themselve s t o a  greate r  exten t  tha n 
preschooler s d o (Siroi s &  Shultz ,  submitted) .  Thi s 
hypothesi s wa s derive d fro m th e overtrainin g literature ,  an d 
i s consisten t  wit h th e developmen t  o f  activ e rehearsa l  i n 
children .  Indeed ,  change s i n discriminatio n learnin g an d 
spontaneou s rehearsa l  overla p betwee n th e age s o f  4  an d 1 0 
(Siroi s &  Shultz ,  submitted) .  Mor e trainin g result s i n bette r 
discriminatio n o f  th e relevan t  dimension ,  whic h i n tur n 
allow s shift s withi n th e sam e dimensio n t o b e performe d 
mor e quickl y tha n shift s t o previousl y ignore d dimensions . 
I n network s parameterize d a s preschoolers ,  nonselectiv e 
encodin g o f  th e inpu t  prevent s a n advantag e o f  shift s withi n 
th e previousl y relevan t  dimension . 

The ne w simulation s reporte d her e provid e furthe r 
suppor t  fo r  th e adequac y o f  thi s model .  Continuou s 
paradig m task s lik e R S an d N S ma y mas k a  minima l 
amount  o f  abstractio n b y network s wit h preschoo l 
parameters .  Th e introductio n o f  ne w stimul i  a t  th e onse t  o f 
th e shif t  remove s th e influenc e o f  th e initia l  stimul i  an d 
allow s faste r  shift s withi n th e sam e dimension .  Thi s ha d 
previousl y bee n suggeste d b y Tigh e an d Tigh e (1978) . 
They argue d tha t  th e distinc t  natur e o f  continuou s an d tota l 
chang e paradigm s stres s differen t  processes ,  an d tha t  th e 
latte r  i s  mor e sensitiv e t o dimensiona l  discriminatio n tha n 
th e forme r  (i.e. ,  i t  bette r  detect s generalization) .  Thi s i s 
becaus e tota l  chang e task s asses s generalization s acquire d i n 

preshif t  learning ,  withou t  th e influenc e o f  th e specifi c 

materia l  use d t o acquir e th e discrimination .  Previou s 
response s t o th e specifi c  stimul i  ma y exer t  to o larg e a n 
influenc e o n shif t  learnin g t o yiel d generalizatio n effect s i n 
continuou s paradigms . 

Our  mode l  doe s no t  implemen t  mediation ,  whic h i n 

neura l  network s woul d requir e hidde n unit s (Siroi s & 
Shultz ,  submitted) .  A s such ,  ou r  mode l  i s mor e consisten t 
wit h Tigh e an d Tighe' s (1966 )  perceptua l  differentiatio n 
model  tha n wit h th e Kendlers '  an d Zeama n an d House' s 
mediationa l  models .  Unlik e al l  thre e othe r  models ,  though , 
our s ha s bee n abl e thu s fa r  t o captur e al l  regularitie s i t  wa s 
applie d t o i n continuou s an d tota l  chang e paradigms .  I t  ha s 
not  show n th e limitation s identifie d i n th e othe r  models , 
includin g Tigh e an d Tighe' s (Siroi s &  Shultz ,  submitted) . 

Our  spontaneou s overtrainin g hypothesi s o f 
discriminatio n learnin g require s furthe r  researc h befor e 
genera l  theoretica l  claim s ca n b e made .  On e importan t  ste p 
wil l  b e t o evaluat e th e discriminatio n shif t  performanc e o f 
olde r  childre n an d adult s i n condition s tha t  woul d preven t 
processin g o f  th e stimulu s pai r  beyon d it s presentatio n (e.g. , 
by usin g a  distracte r  tas k simultaneously) .  Ou r  mode l 
woul d predic t  equa l  eas e o f  R S an d N S i n condition s tha t 
preven t  rehearsal ,  ye t  ID S shoul d stil l  b e faste r  tha n EDS . 
Thei r  performanc e i s expecte d t o b e lik e tha t  o f 
preschooler s i n suc h conditions ,  becaus e onl y th e amoun t  o f 
processin g distinguishe s bot h group s i n standar d task s unde r 
th e spontaneou s overtrainin g hypothesis . 

Ther e ar e als o a  variet y o f  relate d task s o n whic h ou r 
model  shoul d b e tested .  Thes e includ e dimensionles s shift s 
(e.g. ,  Goule t  &  Williams ,  1970 )  an d compoun d 
categorizatio n (e.g. ,  Kruschke ,  1996) ,  whic h woul d provid e 
a goo d tes t  o f  th e generalit y o f  ou r  mode l  (Siroi s &  Shultz , 
submitted) .  Hopefully ,  furthe r  wor k wil l  represen t  positiv e 
step s toward s a  comprehensiv e accoun t  o f  huma n shif t 
learning . 
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Abstrac t 

MMD is an aigorithm that learns without supervision 
intensiona l  definition s o f  classe s o f  knowledg e error s us -
in g dat a (similarity )  an d theor y (causality) .  Causalit y 
ca n b e especiall y usefu l  whe n similarit y fail s  t o discove r 
certai n error s du e t o thei r  entanglemen t  i n comple x be -
haviors ,  whil e similarit y ca n b e especiall y usefu l  whe n n o 
causa l  relationship s fo r  robus t  co-occurrin g discrepan -
cie s ar e presen t  i n th e backgroun d knowledge .  Thi s pa -
per  examine s th e individua l  an d combine d effectivenes s 
of  M M D ' s similarit y an d causalit y component s i n dis -
coverin g erro r  classe s an d classifyin g behavior s i n whic h 
thes e error s occur .  Experimenta l  result s sho w ho w simi -
larit y an d causalit y ca n serv e t o complemen t  eac h othe r 
i n th e discover y o f  novic e P R O L OG programme r  errors . 

Introduction 

Althoug h mos t  concep t  formatio n system s i n artificia l 
intelligenc e (Gennaji ,  Langle y &  Fisher ,  1989 )  a s wel l 
as concep t  learnin g model s i n cognitiv e psycholog y (Ko -
matsu ,  1992 )  hav e tende d t o rel y almos t  exclusivel y o n 
similaritie s i n th e data ,  evidenc e i s  mountin g tha t  the -
orie s an d goal s ar e a t  leas t  a s importan t  a s dat a i n th e 
formatio n o f  concept s (Murph y &  Medin ,  1985 ;  Barsa -
lou ,  1991 ;  Rip s & :  Collins ,  1993 ;  Wisniewsk i  & :  Medin , 
1994) . 

I n (Sison ,  N u m a o &  Shimura ,  1997 )  a n algorith m 
calle d M M D ^ ,  wa s presente d tha t  utilize s similarit y an d 
causalit y fo r  unsupervise d concep t  formatio n i n a  mor e 
tightl y couple d wa y tha n previou s system s have .  Mor -
ever ,  M M D deal s wit h th e formatio n o f  categorie s tha t 
ar e intende d t o represen t  classe s o f  knowledg e errors. ^ 
Thus ,  th e usua l  proble m o f  concep t  formatio n i s compli -
cate d b y th e additiona l  requiremen t  tha t  th e conceptua l 
description s tha t  ar e forme d als o nee d t o b e explain -
able ,  a t  leas t  i n term s o f  causa l  relationships ,  sinc e a 
conceptua l  descriptio n tha t  i s  a n ordinar y conjunctio n 
of  seemingl y correlate d discrepancie s i n novic e behavio r 
ca n hardl y b e considere d a s representin g a  knowledg e er -

^Multistrateg y Misconceptio n Discover y 
^Misconception s ar e incorrec t  o r  inconsisten t  knowledg e 

— facts ,  procedures ,  concepts ,  principles ,  schemat a o r  strate -
gie s — abou t  a  domai n tha t  resul t  i n error s i n behavior . 
Behaviora l  error s ca n als o b e du e t o insufficien t  knowledge , 
however ,  an d w e us e th e ter m knowledg e erro r  t o includ e 
insufficien t  knowledg e a s wel l  a s incorrec t  o r  inconsisten t 
knowledge . 

ro r  unles s causa l  relationship s amon g th e discrepancie s 

ca n b e found . 
Thi s pape r  furthe r  examine s th e utilit y o f  couplin g 

dat a an d theor y i n th e discover y o f  knowledg e error s o f 
novic e P R O L OG programmers .  Specifically ,  i t  examine s 
(1 )  th e usefulnes s o f  th e causalit y componen t  o f  M M D 
especiall y whe n th e similarit y componen t  fail s t o dis -
cove r  certai n error s du e t o thes e errors '  entanglemen t 
i n comple x behavior s (particularl y i n novic e P R O L OG 
program s wit h multipl e bugs) ,  an d (2 )  th e usefulnes s 
of  th e similarit y componen t  whe n n o causa l  relation -
ship s fo r  robus t  co-occurrin g discrepancie s ar e presen t 

i n th e backgroun d knowledge .  I n wha t  follows ,  w e first 
revie w th e basi c representatio n an d algorith m o f  M M D. 
We the n presen t  an d discus s result s o f  experiment s tha t 
revea l  ho w similarit y an d causalit y ca n serv e t o com -
plemen t  eac h othe r  i n th e discover y o f  novic e P R O L OG 
programme r  errors . 

MMD: A Review and Closer Look 

Representatio n 

The object s tha t  M MD deal s wit h — discrepancie s i n 
behavio r  — ar e represente d a s set s o f  relationa l  descrip -
tion s (specifically ,  a s atomi c formula s i n th e function-fre e 
firs t  orde r  logic) .  Conside r  th e followin g idea l  behavio r 
i n th e for m o f  a  correc t  P R O L OG claus e fo r  th e reversa l 
of  th e element s o f  a  list: ' 

*/, correct clause */, 
revers e (  [HIT ]  ,  R )  :  -  */ .  hea d 

r e v e r s e d , T l ) ,  */ .  subgoal l 
append(Tl, [H],R) .  */ .  subgoal 2 

The correct clause has a head, reverse([HIT] ,R), 
whic h state s tha t  th e revers e o f  a  lis t  tha t  i s  mad e u p 
of  a  first  element ,  H ,  calle d th e list' s  head ,  an d a  sub -
list ,  T ,  calle d th e list' s  tail ,  i s R .  R  i s determine d i n th e 
clause' s body ,  whic h ha s tw o subgoals .  Th e first  subgoal , 
r e v e r s e d , T l ) ,  state s tha t  th e revers e o f  th e lis t  T  i s Tl . 
Th e secon d subgoal ,  appen d (Tl ,  [H ]  ,R) ,  state s tha t  R  i s 
jus t  th e concatenatio n o f  th e lis t  T l  an d th e elemen t  H . 
I n short ,  th e claus e a s a  whol e recursivel y state s tha t  th e 
revers e o f  a  lis t  i s  th e concatenatio n o f  th e revers e o f  it s 
tai l  an d it s head . 

^Word s o r  phrase s tha t  com e afte r  a  '/ ,  symbo l  i n a  PRO-
L OG progra m ar e considere d comments ;  the y ar e no t  par t  o f 
claus e definitions . 
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Now conside r  th e followin g actua l  studen t  behavior , 
whic h i s incorrect . 

t  bugg y claus e */ , 
rever8e([H|T],[Tl|H] )  : -

reverse(T.Tl) . 

The abov e claus e differ s fro m th e correc t  claus e i n tw o 
ways.  First ,  i n plac e o f  th e variabl e R  i n th e hea d o f  th e 
conec t  clause ,  th e bugg y claus e ha s th e lis t  [T l  IH ]  i n 
it s head .  Expresse d i n relationa l  form ,  thi s discrepanc y 
is : 

replace(head,R,[Tl|H]) . 

Second ,  th e secon d subgoa l  i n th e correc t  claus e i s omit -
te d i n th e bugg y clause .  Expresse d i n relationa l  form , 
thi s discrepanc y is : 

remove(subgoal2) . 

The tw o discrepancie s jus t  describe d for m a  discrepanc y 
set ,  an d constitut e on e inpu t  objec t  t o M M D.  M M D 
take s on e suc h discrepanc y se t  a t  a  tim e an d cluster s 
i t  int o a n erro r  hierach y (Figur e lA ;  w e shal l  explai n th e 
figure  shortly) . 

For  ecLc h inpu t  discrepanc y set ,  M M D output s tw o 
things :  (1 )  a  revise d erro r  hierarch y (Figur e IB )  an d 
set  o f  intensionall y define d erro r  classes,' *  an d (2 )  th e er -
ro r  clas s o r  classe s t o whic h a  discrepanc y se t  (a s wel l  a s 
it s correspondin g program )  belongs . 

Algorithm 

M MD use s a  similarit y measur e tha t  adapt s Tversky' s 
(1977 )  contras t  model ,  an d a  se t  o f  causalit y heuristic s 
t o classif y a  discrepanc y se t  int o a n erro r  hierarchy .  Th e 
similarit y measur e is : 

Sim{C,0) = ef{C n O) - af{C - O) - l3f{0 - C) 

wher e C  an d O  ar e set s o f  behaviora l  discrepancies ;  6 ,  a , 
and l 3 ar e user-redefinabl e parameters ;  f { X )  return s th e 
cardinalit y o f  X ;  and ,  th e se t  o f  commonalitie s ( C n  O ) 
is : 

m n 

(CnO)  =  ComicO )  =  U  U  9̂9iCr,O, ) 
1=1j= i 

wher e lgg(x,y )  i s  th e leas t  genera l  generalizatio n (Plotkin , 
1970;  Muggleto n &  Feng ,  1990 )  o f  discrepancie s x  an d 
y i n th e function-fre e firs t  orde r  logic ,  an d m an d n  ar e 
th e numbe r  o f  discrepancie s i n C  an d O ,  respectively . 

The causalit y heuristic s are : 

1.  Component-leve l  causality :  Causa l  relationship s 
a m o ng th e c o m p o n e n t s o f  th e idea l  behavio r  tha t  ar e 
presen t  i n a  se t  o f  discrepancie s sugges t  causa l  rela -
tionship s a m o n g thes e discrepancies . 

2.  Concept-leve l  causality :  T h e co-occurrenc e o f  t w o dis -
crepancie s d l  a n d d 2 i n a  generalizatio n n o d e o f  a n 
erro r  hierarchy ,  w h e r e d l  i s a n intersectio n generaliza -
tio n a n d d 2 i s a  variabilizatio n generalization ,  suggest s 
tha t  d l  cause s d2 . 

^Eac h subtre e (minu s it s variable-instantiatin g leaves )  un -
der  th e roo t  nod e o f  a n M M D - i n d u c e d hierarch y form s a n 
intensiona l  definitio n o f  a  clcts s o f  error s which ,  i n turn ,  rep -
resent s a  misconceptio n o r  othe r  knowledg e error . 

DISCREPANCY SE T I 

replace(head,R,[TllHl ) 
remove(subgoal2 ) ERROR HIERARCHY 

® /̂ jfemove(subgoal2 7 remove(subgoall ) 
replace(subgoal2,T 1 ,T ) 
replace(subgoal2,[H].H ) 

'replace(head,R,[TIH] ) 
remove(subgoall ) 

REVISED 
ERROR HIERARCHY 

® 
(femove(subgoal2 )  | 

'•[replace(head,R,[X?IH) )  |  '" ' 

^ ^ " ^ - \ ^ 
remove(subgoall ) 
X? =  T 

tX? =  Tl | 

B 

remove(subgoall ) 
replace(subgoal2,T 1 ,T ) 
replace(subgoal2,[H],H ) 

denote s a  causa l  relationshi p 
O intersectio n generalizatio n 
@ variabieizatio n generalizatio n 

Figur e 1 :  Clusterin g se t  o f  behaviora l  discrepancie s int o 
a n erro r  hierarch y I  (Se e explanat io n i n text. ) 

3.  Subconcept-leve l  causality :  C a u s a l  relationship s be -
twee n a  paren t  nod e d l  o f  a n erro r  hierarch y an d it s 
chil d d S suggest s that ,  al l  othe r  thing s bein g equal ,  d 2 
cause s dl . 

We shall illustrate the use of the first heuristic later.^ 
M M D,  whos e algorith m i s  summarize d i n Figur e 2 , 

take s on e discrepanc y se t  a t  a  tim e an d classifie s thi s re -
cursivel y int o th e node s o f  th e erro r  hierarch y tha t  matc h 
i t  t o a  certai n degre e (Figur e 2 ,  step s 1  an d 2) .  Refer -
rin g bac k t o Figur e lA ,  fo r  example ,  not e tha t  th e nod e 
remov e (subgoal2 )  belo w th e roo t  nod e o f  th e erro r  hi -
erarch y i s actuall y on e o f  th e discrepancie s i n th e inpu t 
discrepanc y se t  (remov e (subgoal2 )  i s  calle d a n 'inter -
section '  generalizatio n o f  th e two) .  Assumin g tha t  th e 7 
paramete r  o f  ste p 1  indicate s tha t  thi s i s  a  match ,  th e 
inpu t  discrepanc y se t  wil l  therefor e b e classifie d int o thi s 
subtree ,  amon g possibl e others . 

Next ,  th e remainin g discrepanc y replac e (head ,  R , 
[TllH] )  o f  th e inpu t  discrepanc y se t  i s  com -
pare d agains t  th e chil d nod e [replace(head,R ,  [TIH]) , 
remove(subgoall)] .  Thi s time ,  a  'variabilization '  gen -

^Th e secon d an d thir d heuristic s d o no t  directl y affec t  th e 
result s w e discus s i n thi s paper ,  an d ar e provide d onl y fo r 
completeness .  Furthe r  detail s regardin g th e similarit y mea -
sures ,  causalit y heuristics ,  an d algorith m o f  M M D ca n b e 
foun d i n (Sison ,  N u m a o &  Shimura ,  1998) . 
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1.  Match . 
Determin e whic h childre n o f  a  give n nod e N  o f  a n 
erro r  hierarch y matc h th e inpu t  se t  o f  inpu t  discrep -
ancie s D .  Specifically ,  comput e th e se t  o f  common -
alities ,  C o m ,  an d th e degre e o f  similarity ,  Sim ,  be -
twee n a  chil d an d D ,  an d determin e whethe r  Si m ex -
ceed s a  syste m threshold ,  7 .  I n addition ,  determin e 
causa l  relationship s amon g discrepancie s i n D  usin g 
th e component-leve l  causadit y heuristic . 

2.  Position . 
I f  n o matc h i s found ,  o r  i f  th e inpu t  discrepanc y i s a 
singl e discrepanc y (i n whic h cas e i t  ha s n o causa l  ties) , 
plac e D  directl y unde r  TV .  Otherwise ,  plac e D  i n it s 
appropriat e positio n vis-a-vi s th e matchin g child(ren ) 
of  N . 

3.  Seve r  (unnecessar y ties) . 
For  ever y ne w nod e create d i n (2) ,  determin e concept -
and subconcept-leve l  causalities .  I f  n o concept-leve l 
causaUt y exist s amon g discrepancie s i n thi s node ,  re -
tai n th e nod e nevertheless .  I f  thi s nod e i s a  lea f  node , 
and n o subconcept-leve l  causalit y exist s betwee n com -
ponent s o f  thi s nod e am d it s parent ,  seve r  th e lin k be -
twee n thi s chil d an d it s parent ,  an d reclassif y i t  (an d 
th e curren t  subtree )  int o th e hierarchy . 

4.  Forge t  (th e occasiona l  slip) . 
Nodes whos e weight s fal l  belo w a  syste m paramete r 
may b e discarde d o n a  regula r  o r  deman d basis .  (N o 
node s ar e discarde d i n th e curren t  implementation. ) 

Figur e 2 :  Basi c procedur e o f  M M D 

eralization (replace (head, R, [X? IH])) occurs,^ and so 

a nod e fo r  thi s vaxiabilizatio n i s created ,  an d th e instan -
tiation s o f  th e patter n variabl e X ? (i.e. ,  X?= T an d X?=T1) , 
a m o ng others ,  ar e pushe d dow n t o th e nex t  level .  Fig -
ur e I B show s th e revise d hierarchy .  T h e lef t  subtre e i n 
Figur e I B (thoug h no t  complet e i n th e figure )  charac -
terize s a  misconceptio n i n whic h th e append/ 3 relatio n 
(i n subgoal2 )  an d th e [| ]  operato r  ar e though t  t o b e 
functionall y th e same ,  a t  leas t  a s fa r  a s concatenatin g 
tw o list s i s concerned .  Thi s i s i n fac t  th e misconceptio n 
underlyin g th e student' s bugg y claus e presente d earlier . 

The Se\er Operator In addition to the hierarchical 
reorganizatio n tha t  ste p 2  entails ,  th e absenc e o f  causa l 
relationship s betwee n a  paren t  an d a  chil d i n a  hier -
arch y ca n caus e furthe r  reorganization :  sai d chil d ca n 
be severe d fro m it s paren t  an d the n reclassifie d (ste p 3 
(Sever)) .  Thi s aillow s th e algorith m t o disentangl e th e 
multipl e misconception s o r  knowledg e error s tha t  m a y 
hav e produce d th e discrepancie s i n a  student' s behavior . 
Conside r  th e followin g bugg y clause : 

•/ .  bugg y claus e 2  '/ , 
reverse([HIT],R )  : -

append(T,H,R) . 

T h e discrepancie s betwee n th e abov e claus e an d th e 
correc t  claus e presente d earlie r  are : 

remove(subgoal1) , 

DISCREPANCY SET 2 

remove(8ubgoall ) 
replaca(8ubgoal2,T1,T ) ERROR HIERARCHY 

yemove( remova(subgoal1 )  . 
replace(sut)aoal2,T1,T )  • ' 
replace(8ub9oal2.[H].H ) 

'•••[feplace(head,R.[X7IHl )  |  *  * 

K?=tr i remove(subgoal 1 
X? =  T 

REVISED 
ERROR HIERARCHY 

|femove(sub9oal2 )  1  *  *  * 

'•••tfeplace(head,R,[X?IHl )  |  *  * * 

remove(subgoal1 ) 
replace(subgoal2,T 1 ,T ) 

replace(subgoal2,[H],H ) 

remove(subgoall ) ^<?^T n 

denote s a  causa l  relationshi p 
Q intersectio n generalizatio n 

^Variabilizatio n generalization s correspon d t o M a r k m a n 
a n d Centner' s (1993 )  'alignabl e differences. ' 

F igur e 3 :  Clusterin g a  se t  o f  behaviora l  discrepancie s 
int o a n erro r  hierarch y I I  (Se e explanat io n i n text. ) 

replace(head,Tl,T) . 

Clustering the discrepancies of the above buggy clause 
int o th e erro r  hierarch y i n Figur e 3 A produce s th e re -
vise d erro r  hierarch y i n Figur e 3B .  N o w not e tha t  th e 
nod e replac e (subgoal2 ,  [H ]  ,H )  i n th e righ t  subtre e o f 
Figur e 3 B i s no t  a t  al l  (causally )  relate d t o it s paren t 
([remove(subgoal1) ,  replace(subgoal2,Tl,T )  ]) . 

Sinc e th e chil d replac e (subgoal2 ,  [H ]  ,H )  i s no t  re -
late d t o it s parent ,  M M D sever s (denote d i n th e figur e 
by a  jagge d line )  th e chil d fro m th e paren t  an d the n 
reclassifie s th e chil d int o th e hierarchy .  Thi s particu -
la r  severin g operatio n i s consisten t  wit h th e fac t  tha t 
omittin g o r  forgettin g t o pu t  th e lis t  bracket s [ ]  aroun d 
a variabl e (denote d b y th e discrepanc y replace(sub -
goal2 ,  [H ]  ,H) )  ha s nothin g t o d o wit h omittin g th e 
firs t  subgoa l  o f  th e correc t  claus e (i.e. ,  th e discrepanc y 
remov e (subgoall)) ,  an d th e natura l  consequenc e o f  th e 
latter ,  whic h i s usin g som e othe r  variabl e i n plac e o f  T l 
i n th e secon d subgoa l  o f  th e correc t  claus e (i.e. ,  th e dis -
crepanc y replace(subgoal2,T1,T)) . 

I t  wil l  b e note d tha t  th e S e v e r  operato r  onl y applie s 
betwee n a  chil d an d a n unrelate d parent ;  i,e. ,  a  subse t 
of  discrepancie s wil l  no t  b e severe d fro m it s origina l  set , 
5 ,  eve n i f  n o causa l  relationshi p ca n b e foun d betwee n i t 
an d 5 ,  unles s i t  ha s alread y bee n 'gentl y pushe d ou t  o f 
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5,  onl y connecte d t o S  b y a  parent-chil d link .  I n othe r 
words ,  th e Seve r  operato r  wil l  no t  spli t  a  nod e eve n 
thoug h it s content s ar e unrelate d wit h respec t  t o th e 
backgroun d knowledge .  Thi s conservativ e approac h o f 
retainin g node s despit e th e absenc e o f  component-leve l 
causalitie s thu s take s int o accoun t  th e possibilit y  tha t 
th e backgroun d knowledg e ma y b e incomplete . 

Experiments and Discussion 

Experiment s 

To empiricall y examin e th e individua l  an d combine d ef -
fectivenes s o f  M M D ' s similarit y an d causalit y compo -
nent s i n discoverin g erro r  classe s an d classifyin g behav -
ior s accordingly ,  w e compar e th e performanc e o f  M M D 
agains t  it s similarit y an d causalit y component s workin g 
'alone '  o n th e discrepanc y set s o f  6 4 bugg y reverse/ 2 
and 5 6 bugg y sumlist/ 2 P R O L OG programs ^  obtaine d 
fro m thir d yea r  undergraduat e student s learnin g th e lan -
guage .  W e shal l  cal l  th e similarit y an d causalit y compo -
nent s S M D an d C M D,  respectively .  Specifically ,  S M D 
i s M M D withou t  th e check s fo r  causalit y i n step s 1  an d 
3 (o f  Figur e 2) ,  whil e C M D i s M M D i n whic h th e las t 
par t  o f  ste p 1  woul d b e chcinge d t o rea d ".. .  threshold,' ) 
and causa l  relationship s exis t  amon g th e discrepancie s i n 
Com.''' '  Th e latte r  modificatio n implie s tha t  fo r  tw o set s 
of  discrepancie s t o match ,  thei r  similarit y valu e mus t  no t 
onl y b e abov e th e syste m threshold ,  bu t  thei r  commonal -
itie s mus t  als o hav e (th e same )  inter-discrepanc y causa l 
relationships . 

Performanc e i s viewe d fro m tw o perspectives ,  namely , 
(1 )  •program  classificatio n (i.e. ,  th e percentag e o f  bugg y 
programs ,  o r  mor e specifically ,  thei r  correspondin g dis -
crepanc y sets ,  tha t  ar e correctl y classified )  an d (2 )  er -
ro r  discover y (i.e. ,  th e percentag e o f  misconception s an d 
knowledg e errors ,  o r  mor e specifically ,  thei r  correspond -
in g erro r  classes ,  tha t  ar e correctl y discovered) .  Perfor -
mance accurac y i s  determine d b y comparin g th e clas -
sificatio n an d discover y result s o f  S M D / C M D / M MD 
agains t  th e erro r  categorie s an d grouping s tha t  wer e pro -
duce d b y a  tea m o f  P R O L O G teacher s w h o hav e exam -
ine d (1 )  th e bugg y program s an d (2 )  M M D ' s output . 
Specifically ,  performanc e accurac y i s th e percentag e o f 
bugg y program s (discrepanc y sets )  correctl y classifie d o r 
knowledg e error s (erro r  classes )  correctl y discovere d b y 
S M D / C M D / M MD wit h respec t  t o thos e o f  th e experts . 

Earlie r  w e hav e note d tha t  a  bugg y progra m ca n ex -
hibi t  mor e tha n on e misconceptio n o r  knowledg e error . 
Thus ,  i n ou r  experiments ,  a  bugg y progra m i s considere d 
full y classifie d onl y i f  al l  th e misconception s an d knowl -
edg e error s underlyin g i t  ar e detected ;  otherwise ,  i t  i s 
onl y partiall y  classified ,  receivin g onl y a  partia l  poin t 
(^) ,  wher e n  i s th e tota l  n u m b e r  o f  knowledg e error s 
underlyin g th e program .  Similarly ,  a  knowledg e erro r  i s 
considere d full y discovere d (wit h respec t  t o pas t  data ) 
onl y i f  th e knowledg e error' s intensiona l  definitio n con -
tain s al l  th e manifestation s tha t  th e erro r  ca n assum e 
i n a  bugg y program ;  otherwise ,  i t  i s  onl y partiall y  dis -
covered ,  receivin g onl y a  partia l  poin t  (^) ,  wher e m i s 

^For the naive reversal of elements of a list and for sum-
min g th e element s o f  a  lis t  o f  numbers ,  respectively . 

Tabl e 1 :  Result s fo r  th e revers e datase t 

Algorithm s 

SMD 
CMD 
MMD 

Be 
P-P 
61 
68 
84 

P-F 
79 
81 
94 

ED 
F T 
34 
44 
70 

P-F 
38 
50 
88 

BC:  Bugg y Program s Correctl y Classifie d {% ) 
ED:  Erro r  Classe s Correctl y Discovere d (% ) 
P-P:  Partia l  classification/discover y awarde d Partia l  poin t 
P-F;  Partia l  classification/discover y awarde d Ful l  poin t 

Tabl e 2 :  Result s fo r  th e suml is t  datase t 

Algorithm s 

SMD 
CMD 
MMD 

BC 
P-P 
76 
44 
95 

P-F 
81 
45 
97 

ED 
P-F 
55 
63 
75 

P-F 
58 
63 
75 

BC:  Bugg y Program s Correctl y Classifie d (% ) 
ED;  Erro r  Classe s Correctl y Discovere d (% ) 
P-P;  Partia l  classification/discover y awarde d Partia l  poin t 
P-F:  Partia l  cleissification/discover y awarde d Ful l  poin t 

th e tota l  numbe r  o f  possibl e way s i n whic h th e erro r  ha s 
bee n observe d t o appea r  i n a  program .  Partiall y  classi -
fied  bugg y program s o r  partiall y  discovere d erro r  classe s 
can ,  o f  course ,  b e awarde d ful l  points .  Thi s i s appropri -
at e when ,  fo r  example ,  al l  tha t  i s  require d i n a  certai n 
applicatio n i s fo r  on e studen t  erro r  t o b e determined . 

The mea n accuracie s o f  S M D,  C M D,  an d M M D fo r 
5 rando m ordering s o f  th e inpu t  dataset s ar e show n i n 
Table s 1  an d 2 .  Thes e result s wer e obtaine d usin g th e 
followin g paramete r  settings :  ̂  =  1 ,  a  =  0.5 ,  ( 3 — 0.5 , 
and 7  >  0 .  Thes e value s o f  0 ,  a  an d / 3 ar e intuitiv e an d 
giv e goo d result s fo r  7  >  0 .  Othe r  value s o f  7  ar e pos -
sible ,  bu t  ar e somewha t  mor e arbitrar y an d contrived . 
Usin g differen t  value s fo r  a  an d 0  (e.g. ,  t o mode l  som e 
asymmetry )  d o no t  yiel d bette r  results ,  a t  leas t  no t  i n 
th e tw o datasets .  (Siso n e t  ai ,  1997 )  show s som e re -
sult s fo r  differen t  value s o f  thes e parameters .  Th e first 
causalit y heuristi c  i s implemente d usin g input-outpu t  re -
lationship s betwee n component s i n th e idea l  behavio r 
(se e appendix) . 

Results and Discussion 

The overal l  resul t  i s  tha t  M M D ca n identif y th e bug s 
i n mos t  o f  th e programs ,  an d ca n d o thi s mor e effec -
tivel y tha n eithe r  o f  it s  similarit y o r  causalit y compo -
nent s workin g alone .  Table s 1  an d 2  sho w tha t  M M D ' s 
classificatio n performanc e (P-P )  wa s 3 8 % bette r  tha n 
SMD's an d 2 4 % bette r  tha n CMD' s o n th e revers e 
dataset ,  an d 2 5 % bette r  tha n SMD' s an d mor e tha n a 
hundre d percen t  (! )  bette r  tha n CMD' s o n th e sumlis t 
dataset .  A s fa r  a s discover y performanc e i s concerned , 
M MD (P-P )  wa s almos t  a  hundre d percen t  (! )  bette r 
tha n S M D an d almos t  fifty  percen t  bette r  tha n C M D 
on th e revers e dataset ,  an d 3 6 % bette r  tha n S M D an d 
19 % bette r  tha n C M D o n th e sumlis t  dataset .  Th e dif -
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Figur e 4 :  A n erro r  unlearnabl e b y C M D 

ference s wer e eve n greate r  w h e n partiall y  classifie d pro -
grajn s o r  partiall y  discovere d erro r  classe s wer e give n ful l 
point s (P -F ) . 

Moreover ,  M M D ' s P-P-to-P- F ratio s fo r  p rogra m clas -
sificatio n performanc e (84/9 4 o r  .8 9 fo r  reverse ,  95/9 7 
or  .9 8 fo r  sum l i s t )  wer e highe r  tha n thos e o f  S M D ' s 
(61/7 9 o r  .7 7 fo r  reve rse ,  76/8 1 o r  .9 4 fo r  suml i s t ) ,  in -
dicatin g tha t  M M D w a s bette r  abl e t o disentangl e mul -
tipl e error s a s a  resul t  o f  it s  causalit y componen t .  Thi s 
i s th e m a i n reaso n fo r  w h a t  w a s reporte d i n previou s pa -

per s a s M M D ' s superio r  performanc e compare d t o S M D . 
A l thoug h C M D ' s P-P-to-P- F rati o fo r  p rogra m clas -

sificatio n performanc e w a s quit e high ,  quit e a s hig h i n 
fac t  a s M M D ' s fo r  th e suml is t  datase t  (44/4 5 o r  .98) , 
it s  rathe r  surprisingl y disma l  performanc e (bot h P- P an d 
P- F value s fo r  classificatio n accurac y wer e onl y hal f  a s 
g o o d a s M M D ' s o n thi s dataset )  quickl y negate s thi s 
sligh t  P-P-to-P- F advantage .  Thi s poo r  performanc e ca n 
b e trace d t o th e fac t  tha t  C M D require s tha t  tw o simi -
la r  discrepanc y set s hav e (th e s a m e )  inter-discrepanc y 
causa l  relationships .  T h u s ,  fo r  example ,  C M D w a s 
no t  abl e t o lear n th e subtre e i n Figur e 4  becaus e th e 
discrepancie s i n th e nod e [ rep lace (subgoa l l ,T l ,H ) , 
r e p l a c e ( s u b g o a l 2 ,  [H ]  ,X?) ]  ar e no t  causall y relate d 
accordin g t o th e first  causalit y heuristi c an d th e back -
groun d knowledg e (i n th e appendix) . 

Unfortunately ,  no t  al l  co-occurrin g discrepancie s i n 
th e abov e experiment s ha d causa l  relationship s tha t 
coul d b e foun d i n o r  explaine d b y th e backgroun d knowl -
edge .  Thi s i s no t  t o sa y tha t  ther e ar e ar e n o causa l  rela -
tionship s betwee n thes e co-occurrin g discrepancies ;  thi s 
onl y say s tha t  th e backgroun d knowledg e o f  causa l  rela -
tionship s tha t  w a s use d i n th e experiment s w a s no t  c o m -
plete .  Wh i l e a  perfectl y complet e backgroun d knowl -
edg e i s  desirable ,  i t  migh t  no t  alway s b e feasible .  B y 
retainin g suc h robus t  (i.e. ,  frequentl y co-occurrin g bu t 
unseparatabl e b y a  parent-chil d link )  group s o f  discrep -
ancie s i n spit e o f  th e absenc e o f  causa l  relationship s i n 
th e backgroun d knowledge ,  M M D ca n i n fac t  correctl y 
discove r  m o r e error s an d classif y m o r e program s tha n 
C M D.  I n addition ,  suc h as-yet-not-fully-understandabl e 
co-occurrences ® ca n b e use d t o trigge r  a  n e w kin d o f 

* We sa y 'no t  fully '  understandabl e o r  explainabl e because , 
althoug h M M D ' s secon d causalit y heuristi c ca n b e use d t o in -
ductivel y determin e whic h discrepanc y cause s whic h (e.g. ,  th e 
secon d causalit y heuristic s suggest s tha t  th e first  discrepanc y 
i n Figur e 4  cause s th e second) ,  thi s stil l  doe s no t  specif y th e 
exac t  natur e o f  th e relationship . 

discover y proces s involvin g th e searc h fo r  n e w causa l  re -

lationships . 

T h e result s als o indicat e s o m e importan t  difference s 
betwee n th e tw o datasets .  Fo r  example ,  th e suml is t 
datase t  seem s t o b e simple r  tha n th e revers e datase t 

i n th e sens e tha t  bugg y program s i n th e forme r  ten d t o 
eac h hav e onl y on e misconceptio n o r  knowledg e error . 
I n contrast ,  m a n y program s i n th e reve rs e datase t  ar e 
m o r e complex ,  havin g multipl e knowledg e errors .  Thus , 
th e ratio s o f  th e P- P value s t o th e P- F value s ar e smalle r 
i n th e reve rs e datase t  tha n i n th e suml is t  datase t  fo r 

SMD,  CMD,  an d MMD. 

Finally ,  althoug h M M D w a s no t  abl e t o discove r  al l 

erro r  classes ,  M M D succeede d i n discoverin g th e mor e 
c o m m on ones .  Thi s explain s w h y th e classificatio n rate s 
wer e highe r  relativ e t o th e discover y rates . 

Related Work 

The similarit y componen t  o f  M MD i s simila r  t o 
U N I M EM (Lebowitz ,  1987 )  an d C O B W EB (Fisher , 
1987) ,  whic h eur e als o incrementa l  concep t  formatio n sys -
tems .  Lik e U N I M E M,  i t  adopt s a  se t  theoreti c concep t 
representation .  UNIMEM' s similarit y measure ,  however , 
consider s onl y th e difference s betwee n tw o set s o f  fea -
tures .  Moreover ,  U N I M E M onl y deal s wit h attribute -
valu e descriptions .  C O B W EB use s a  probabilisti c  con -
cept  representatio n an d a  correspondin g probabilisti c 
similarit y measur e (categor y utilit y  (Gluc k &  Corter , 
1985)) ,  an d ca n thu s onl y produc e disjoin t  cluster s o f 
whol e objects .  I n term s o f  explainin g error s i n novic e 
behavior ,  thi s mean s tha t  a  bugg y behavio r  ca n onl y b e 
classifie d unde r  on e misconception ,  thoug h i t  ma y wel l 
be symptomati c o f  several .  Lik e U N I M E M,  C O B W EB 
deal s onl y wit h attribute-valu e description s (bu t  se e th e 
C O B W EB varian t  i n (Thompso n &  Langley ,  1991)) . 

Causal  relationship s amon g feature s tha t  hav e bee n 
previousl y clustere d ca n b e induce d o r  deduce d i n a  va -
riet y o f  ways .  I n th e U N I M E M extensio n propose d i n 
(Lebowitz ,  1986) ,  fo r  example ,  frequentl y occurrin g fea -
ture s i n othe r  concept s ar e considere d causative ,  fro m 
whic h on e ca n forward-chai n t o th e othe r  feature s us -
in g heuristic ,  low-level ,  causa l  domai n rules .  I n M M D, 
causalit y betwee n discrepancie s i s determine d b y th e ex -
istenc e o f  causa l  relationship s amon g thei r  components , 
and whethe r  a  generalize d discrepanc y i s a n intersectio n 
or  a  variabilization ,  o r  i f  i t  i s a  paren t  o r  a  child .  Ther e 
i s n o nee d i n M M D fo r  a  give n se t  o f  heuristi c  directiona l 
causa l  rule s linkin g discrepancies ,  thoug h th e causa l  re -
lationship s amon g thei r  component s ca n b e viewe d a s 
a lower-leve l  an d les s a d ho c for m o f  such .  I n (Paz -
zani ,  1993) ,  whic h likewis e use s a  UNIMEM-lik e clus -
terer ,  ther e ar e tw o kind s o f  features ,  namely ,  action s 
and stat e changes ,  an d action s ar e alway s th e causativ e 
features .  Explanatio n i s achieve d b y instantiatin g gen -
era l  causa l  domai n rule s o r  templates .  I n ou r  approach , 
any discrepanc y i s potentiall y  causative ,  an d n o genera l 
causa l  domai n rul e template s ar e necessary . 
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Figur e 5 :  Input-outpu t  (caused )  relationship s betwee n 
idea l  behavio r  component s 

Conc lus io n 

I n thi s paper ,  w e hav e reviewe d th e basi c representatio n 
and algorith m o f  M M D,  an d presente d an d discusse d 
result s  o f  experiment s i n whic h th e individua l  an d com -
bine d us e o f  M M D ' s similarit y an d causalit y component s 
were examine d t o evaluat e thei r  usefulnes s i n discover -
in g novic e programme r  errors .  Result s hav e show n tha t 
M MD ca n effectivel y discove r  suc h error s an d classif y 
discrepan t  behavior s accordin g t o thes e errors .  More -
over ,  result s hav e reveale d th e usefulnes s o f  th e causalit y 
component  o f  M M D especiall y whe n th e similarit y com -
ponen t  fail s  t o discove r  certai n error s du e t o thes e er -
rors '  entanglemen t  i n comple x behavior s (particularl y i n 
P R O L OG program s wit h multipl e bugs) ,  an d th e useful -
ness o f  th e similarit y componen t  whe n n o cause d relation -
ship s fo r  robus t  co-occurrin g discrepancie s ar e presen t  i n 
th e backgroun d knowledge .  Futur e wor k involve s th e in -
corporatio n o f  a  failure-drive n mechanis m fo r  extendin g 
th e se t  o f  causa l  relationship s i n th e backgroun d knowl -
edge.  M M D i s par t  o f  M U L S MS (Siso n &  Shimura , 
1996) ,  a  framewor k fo r  a  multistrategi c learnin g studen t 
modelin g system . 

Appendix 

Figur e 5  show s th e input-outpu t  relationship s betwee n 
component s o f  th e correc t  revers e claus e presente d ear -
lier .  T o illustrate ,  recal l  th e discrepanc y se t  o f  Figur e lA , 
whic h i s m a d e u p o f  th e followin g tw o discrepancies : 

replace(head,R,[Tl|H]), 
remove(subgoal2) . 

These two discrepancies are causally related according 
t o th e first  causalit y heuristi c becaus e bot h involv e th e 
user  variabl e R ,  an d th e R  involve d i n th e secon d discrep -
anc y ca n b e viewe d a s causin g (emphasize d i n Figur e 5 
usin g a  broke n line )  th e R  involve d i n th e first.  O f  course , 
th e R  i n th e hea d an d th e R  i n th e secon d subgoa l  o f  th e 
correc t  claus e refe r  t o on e an d th e sam e thing .  T o b e 
mor e precise ,  therefore ,  wha t  w e m e a n b y th e R  i n th e 
subgoa l  "causing "  th e R  i n th e heci d i s  that :  give n that 
bot h R' s ar e outpu t  variables ,  th e subgoa l  (rathe r  thci n 
th e head )  i s  responsibl e fo r  bindin g R  t o a  value . 
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Abst rac t 

Among data implying pessimistic conclusions about 
human rationality ,  on e migh t  includ e evidenc e fro m th e 
notoriou s Newcomb' s Proble m (Nozic k 1969) ,  whic h 
has hitherto ,  however ,  bee n largel y confine d t o th e 
philosophica l  literature .  Afte r  nearl y thirt y year s o f 
inconclusiv e discussion ,  Newcomb' s Proble m i s  stil l 
widel y see n a s exposin g inadequacie s o f  th e curren t 
standar d theor y o f  rationa l  decisio n sinc e th e mos t 
plausibl e principle s o f  choic e giv e conflictin g 
recommendations .  Thus ,  Jeffre y (1983 )  say s tha t 
Newcomb' s Proble m ma y b e see n "a s a  roc k o n whic h .. . 
Bayesianis m .. .  mus t  founder" .  Despit e a  staggeringl y 
vas t  literatur e o f  grea t  technica l  subtlet y an d 
complexity ,  n o solutio n ha s emerged .  1  offe r  a  nove l 
analysi s whic h goe s beyon d merel y givin g th e righ t 
answer  t o th e choic e proble m b y als o revealin g th e 
sourc e o f  it s persisten t  intractability .  U  m y solutio n 
suggest s goo d new s abou t  huma n capacit y fo r  rationa l 
choice ,  i t  entail s ba d new s abou t  othe r  importan t 
problem-solvin g abilitie s centra l  t o cognitiv e science . 

Introduction 

Th e issu e o f  rationalit y i n reasonin g an d decision-making 
has becom e a  ho t  topi c i n cognitiv e scienc e largel y 
throug h th e stimulu s o f  researc h b y Kahnemann ,  Tversky , 
W a s o n,  Johnson-Laird ,  S t  Joh n Evans ,  an d others .  I n 
particular ,  certai n decisio n problem s hav e becom e famou s 
fo r  bein g abl e t o elici t  choice s tha t  conflic t  wit h thos e 
recommende d b y utilit y  theory .  Th e tw o mos t  famou s o f 
suc h "paradoxes "  ar e thos e o f  Allai s (1953 )  an d Ellsber g 
(1961 )  which ,  lik e th e case s o f  Kahneman n an d Tversky , 
hav e le d som e t o rais e seriou s doub t  abou t  th e exten t  o f  a 
much-vaunte d h u m a n capacit y fo r  rationa l  thought . 
A m o ng suc h dat a implyin g pessimisti c conclusion s abou t 
h u m an rationality ,  on e migh t  includ e evidenc e fro m th e 
notoriou s N e w c o m b ' s Proble m (Nozic k 1969 )  whic h has , 
however ,  bee n largel y confine d t o th e philosophica l 
literature .  Nevertheless ,  lik e th e researc h o n variou s 
paradoxes ,  biases *  an d 'heuristics' ,  Newcomb ' s Proble m 
suggest s dee p an d ill-understoo d puzzle s i n rationa l  choic e 
behavior .  Despit e almos t  complet e neglec t  amon g 
cognitiv e psychologist s (thoug h se e Shafi r  1995) , 
Newcomb' s Proble m shoul d b e o f  crucia l  relevanc e t o 
cognitiv e scienc e throug h revealin g anomalie s i n ou r  taci t 
principle s o f  decisio n making . 

Afte r  nearl y thirt y year s o f  inconclusiv e discussion , 
Newcomb ' s Proble m i s  stil l  widel y see n a s exposin g 
inadequacie s o f  th e curren t  standar d theor y o f  decisio n 
makin g sinc e th e mos t  plausibl e normativ e principle s 
giv e conflictin g recommendations .  Subjectiv e expecte d 

utilit y  consideration s prescrib e a  choic e diametricall y 
oppose d t o tha t  prescribe d b y th e principl e o f  dominance . 
As i n th e cas e o f  othe r  paradoxes ,  seemingl y impeccabl e 
reasonin g give s ris e t o contradictions .  Thus ,  logicia n 
Richar d Jeffre y (1983 )  say s tha t  Newcomb' s Proble m 
m ay b e see n "a s a  roc k o n whic h .. .  Bayesianis m .. .  mus t 
founder" .  I n a  simila r  vein ,  M .  Resni k (1987 ,  111 ) 
declare s ".. .  thi s parado x ha s shake n decisio n theor y t o it s 
foundations "  an d R .  Campbel l  (1985 .  3 )  say s "Quit e 
simply ,  thes e paradoxe s .. .  cas t  i n doub t  ou r 
understandin g o f  rationality..." .  Despit e a  staggeringl y 
vas t  literatur e o f  grea t  technica l  subtlet y an d complexity , 
no solutio n ha s emerged . 

I  propos e a  nove l  analysi s goin g beyon d th e usua l 
solution s whic h merel y giv e a  preferre d o r  "right "  answe r 
t o th e choic e problem .  M y accoun t  provide s a n essentia l 
furthe r  elemen t  o f  an y satisfactor y solutio n b y revealin g 
th e sourc e o f  th e persisten t  intractabilit y o f  th e proble m 
itself . 

Newcomb's Problem 

Th e Proble m involve s a  choic e betwee n tw o alternatives : 
Of  tw o boxe s A  an d B ,  yo u m a y choos e eithe r  t o tak e 
B o x B  only ,  o r  yo u m a y choos e t o tak e bot h b o x e s 
A an d B .  B o x A  contain s $1,000 ;  Bo x B  contain s eithe r 
a millio n dollar s o r  nothin g dependin g o n th e predictio n o f 
th e agen t  w h o place s th e mone y there .  I f  th e agen t  predict s 
yo u wil l  choos e onl y Bo x B ,  the n h e wil l  plac e th e 
millio n dollar s i n it .  I f  h e predict s tha t  yo u wil l  choos e 
bot h boxes ,  h e wil l  leav e Bo x B  empty .  Thi s predicto r  i s 
know n fro m previou s experienc e t o b e extremel y reliable , 
makin g correc t  prediction s 9 5 percen t  o f  th e time .  H e 
makes hi s prediction ,  an d dependin g o n wha t  h e predict s 
abou t  you r  choice ,  eithe r  place s th e millio n dollar s i n Bo x 
B o r  not .  H e depart s an d ca n n o longe r  influenc e th e 
outcome ,  an d the n yo u mak e you r  choice . 

Give n th e hig h reliabilit y o f  th e agent' s predictions , 
th e principl e o f  subjectiv e expecte d utilit y  recommend s 
takin g onl y bo x B  sinc e ther e i s  almos t  certaint y o f 
winnin g a  millio n dollars .  However ,  sinc e th e agen t  eithe r 
place s th e mone y o r  no t  prio r  t o you r  choic e an d ca n n o 
longe r  influenc e th e situation ,  th e principl e o f  dominanc e 
recommend s takin g bot h boxe s sinc e yo u wil l  b e $1,00 0 
bette r  of f  regardles s o f  wha t  th e agen t  ha s done .  Ther e i s 
no poin t  leavin g a  certai n gai n o f  $1,00 0 whe n i t  ca n no t 
influenc e th e outcom e o f  th e choice . 

Prim a facie ,  a t  least ,  i t  i s  surprisin g tha t  Newcomb' s 
Proble m ha s persiste d i n th e literatur e fo r  s o lon g withou t 
any decisiv e solution .  Recentl y returnin g t o th e proble m 
he presente d nearl y thirt y year s ago ,  Nozic k (1993 )  aim s 
t o "formulat e a  broadene d decisio n theor y t o handl e an d 
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encompas s thi s proble m adequately "  (1993 .  p .  41 )  an d a 
wid e variet y o f  othe r  solution s hav e bee n proposed . 
Among these .  Richar d Jeffre y share s Davi d Lewis '  vie w 
tha t  Newcomb' s Proble m i s " a prisoners '  dilemm a fo r 
spac e cadets :  a  secular ,  sci-f i  successo r  t o th e problem s o f 
predestination "  (1983 .  p .  25) .  However ,  non e o f  thes e 
succee d i n demystifyin g th e proble m an d explainin g wh y a 
solutio n ha s bee n s o elusive .  A  trul y insightfu l  solutio n 
wil l  revea l  wh y th e proble m shoul d hav e evade d th e bes t 
philosophica l  mind s w h o hav e toile d ove r  it .  Tha t  is , 
none o f  th e man y solution s propose d appea r  t o decisivel y 
expos e th e sourc e o f  th e puzzlement . 

P s e u d o - P r o b l e m 

Despit e havin g bee n neglected ,  availabl e analyse s o f 
Newcomb' s Proble m sugges t  it s crucia l  relevanc e t o 
cognitiv e scienc e a s a  sympto m o f  furthe r  anomalie s i n 
our  heuristic s fo r  rationa l  decisio n making .  However ,  i n 
venturin g t o offe r  a  ne w approac h her e I  must ,  a t  th e sam e 
time ,  admi t  t o sharin g somethin g lik e th e sentiment s o f 
Wittgenstein' s Prefac e t o hi s Tractatus .  A t  th e sam e tim e 
as claimin g t o hav e solve d al l  th e problem s o f 
philosophy ,  Wittgenstei n confesse d tha t  littl e ha d bee n 
accomplishe d sinc e th e problem s were ,  afte r  all ,  no t  real , 
but  onl y pseudo-problems .  I t  i s  i n thi s spiri t  tha t  I 
propos e m y "solution "  t o Newcomb' s Problem .  I n thi s 
respect ,  th e relevanc e o f  Newcomb' s Proble m t o 
psycholog y turn s out ,  afte r  all ,  t o b e somewha t  indirec t 
and les s seriou s tha n i t  appear s o n curren t  accounts . 
However ,  demonstratin g thi s i s no t  withou t  interes t  fo r 
cognitiv e science .  Somewha t  lik e Wittgenstein' s ladder ,  i t 
must  b e throw n awa y onl y afte r  on e ha s climbe d u p wit h 
it .  Thus ,  I  a m concerne d t o mak e tw o inter-relate d points . 
First .  I  wis h t o dra w attentio n t o th e unnotice d relevanc e 
of  Newcomb' s Proble m t o cognitiv e scienc e give n th e 
currentl y availabl e analyses .  Thi s i s t o plac e i t  amon g th e 
paradoxe s suc h a s thos e o f  Allai s an d Ellsber g whic h ar e 
take n t o rais e question s abou t  huma n reasonin g an d it s 
normativ e foundations .  Second ,  however ,  I  wil l  sugges t 
tha t  th e standar d approache s hav e faile d t o captur e th e 
precis e sourc e o f  th e parado x i n Newcomb' s dilemma .  I f 
my ow n analysi s i s  correct ,  the n th e decisio n proble m an d 
it s consequence s fo r  cognitiv e scienc e are ,  i n fact ,  quit e 
differen t  fro m wha t  i s entaile d b y existin g theories .  I f  m y 
solutio n sugges t  goo d new s abou t  ou r  capacit y fo r  rationa l 
choice ,  i t  suggest s ba d new s abou t  othe r  cognitiv e 
abilitie s o f  importance .  A s a n instanc e o f  a  certai n 
familia r  clas s o f  paradox ,  i t  i s  reveale d a s a  furthe r 
manifestatio n o f  dee p cognitiv e illusion s whic h hav e 
plague d theorisin g abou t  th e min d (se e Sleza k 1982 , 
1983 ,  1984) . 

The lac k o f  empirica l  o r  theoretica l  researc h ma y b e due , 
i n part ,  t o th e science-fictiona l  natur e o f  th e choic e 
situatio n whic h appear s impossibl e t o realis e i n a n 
experimenta l  set-up ,  omniscien t  predictor s bein g har d t o 
find  i n practice .  Clos e real-lif e analog s o f  Newcomb' s 
Proble m hav e bee n discusse d i n th e literature ,  bu t  thes e 
hav e bee n mentione d onl y anecdotall y an d no t  studie d 
systematicall y fo r  wha t  the y migh t  revea l  abou t  huma n 
choic e behaviour . 

Due t o th e limitation s o f  space .  I  w  il l  procee d her e b y 
ignorin g mos t  o f  wha t  ha s bee n writte n i n th e vas t 
literatur e o n th e subjec t  becau.s e m y resolutio n o f  th e 

proble m appear s t o b e radicall y distinc t  fro m availabl e 
analyse s an d is ,  therefore ,  neithe r  derive d from ,  no r 
illuminate d by .  them .  I n particular .  Newcomb' s Proble m 
i s universall y construed ,  followin g Nozick' s (1969 ) 
origina l  presentatio n a s raisin g problem s o f  decisio n 
theory ,  howeve r  I  sugges t  tha t  thes e problem s ar e merel y 
•symptomati c o f  difficultie s whic h li e elsewhere .  I n th e 
thirt y year s o f  extensiv e analysi s i t  appear s no t  t o hav e 
been notice d tha t  th e circumstance s o f  th e choice ,  thoug h 
seemingl y plausibl e i f  somewha t  extravagant ,  ar e i n fac t 
incoheren t  an d logicall y impossible .  Tha t  is ,  th e choic e 
involvin g th e predicto r  i s no t  merel y fantasti c i n a 
science-fictio n sense ,  bu t  paradoxica l  i n a  stric t  logica l 
sense . 

What  appear s a s a  conflic t  betwee n tw o principle s o f 
rationa l  decisio n is ,  i n fact ,  a  clu e t o th e peculia r  natur e o f 
th e problem .  Th e vacillatio n betwee n tw o impeccabl e bu t 
contradictor y recommendation s i s induce d b y certai n 
specifi c  characteristic s o f  th e condition s o f  choice .  Th e 
scenari o involvin g a  super-predictin g demo n ha s serve d t o 
disguis e certai n crucia l  logica l  feature s o f  th e problem . 
The extensiv e an d subtl e discussion s o f  expecte d utilit y 
and dominanc e principle s o f  rationa l  choice ,  hav e merel y 
distracte d attentio n fro m th e rea l  locu s o f  th e problem .  I n 
thi s sens e th e vas t  literatur e spawne d b y Nozick' s origina l 
pape r  ha s serve d onl y a s a  misdirectio n fro m th e rea l 
sleight-of-hand . 

Self-Referential Paradoxes 

I n particular ,  a  vas t  amoun t  o f  speculatio n concernin g 
conditiona l  probabilitie s an d causa l  decisio n theor y ha s 
been precipitate d b y th e mysteriou s lin k betwee n th e 
choic e an d it s consequence s vi a th e earlie r  actio n o f  th e 
Predictor ,  eve n thoug h thi s canno t  b e a  causa l  connection . 
However ,  th e lin k nee d no t  b e a s mysteriou s a s widel y 
believed .  Th e deliberation s leadin g t o a  choic e o f  boxe s 
must  mak e inescapabl e referenc e t o th e Predicto r  an d hi s 
criteri a fo r  placin g th e $ M ,  sinc e th e choic e necessaril y 
involve s calculatin g th e consequence s o f  th e Predictor' s 
actions .  However ,  th e Predictor' s action s themselve s ar e 
predicate d upo n thes e ver y deliberation s an d thei r  outcome . 
Thus ,  w e se e a n inescapabl e circularit y i n th e condition s 
of  th e choic e a s th e subjec t  attempt s t o incorporat e 
feature s o f  hi s ow n reasonin g int o themselves . 
Calculatin g hi s preferre d choic e involve s takin g int o 
accoun t  th e demon' s predictio n which ,  i n turn ,  mus t  tak e 
int o accoun t  th e subject' s o w n calculations .  I n short ,  th e 
subjec t  i s  caugh t  i n a  self-referentia l  loo p o f  tryin g t o 
predic t  hi s ow n actions .  Hi s choic e attempt s t o anticipat e 
th e outcom e o f  th e choic e itself . 

W h en th e self-referentia l  natur e o f  th e subject' s 
deliberation s ar e noticed ,  i t  become s clea r  tha t  th e 
situatio n i s closel y analogou s t o th e notoriou s Lia r 
Parado x an d th e famil y o f  relate d conundrums .  Noticin g 
thi s fac t  i s  illuminatin g throug h assimilatin g th e 
seemingl y independen t  puzzl e t o a  familia r  clas s o f 
problems .  Furthermore ,  o f  course ,  noticin g th e relatednes s 
of  Newcomb' s Proble m t o th e clas s o f  self-referentia l 
paradoxe s explain s no t  onl y wh y i t  shoul d hav e remaine d 
so recalcitrant ,  bu t  als o th e peculia r  vacillatio n i t  induces . 

The failur e t o hav e notice d tha t  Newcomb' s Proble m i s 
a varian t  o f  famila r  self-referentia l  paradoxe s appear s t o b e 
due t o th e fac t  tha t  it s  formulatio n serve s t o disguis e thi s 
connection .  I n orde r  t o expos e thes e link s w e ma y briefl y 
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auen d t o ih e centra l  feature s o f  self-referentia l  paradoxe s 
suc h a s tha t  o f  th e Liar .  I n it s  mos t  familia r  an d direc t 
form ,  th e Lia r  Parado x arise s wit h a  sentenc e (I )  whic h 
assert s it s o w n falsehood ; 

(1) This sentence is false 

Notoriously, sentence (I) is true if it is false, and it is 
fals e i f  i t  i s  true .  Withou t  rehearsin g tw o thousan d year s 
of  inconclusiv e debate ,  w e m a y not e onl y tha t  th e 
contradictio n arise s i n thi s an d relate d case s du e t o tw o 
feature s o f  th e sentence . 

Self-Reference .  First ,  ther e i s a  loo p o r  self-referenc e 
i n al l  case s o f  paradox .  Thus ,  fo r  example ,  Russell' s se t 
theoretica l  parado x turn s o n essentia l  referenc e t o classe s 
whos e member s ar e classes ,  givin g ris e t o th e possibilit y 
of  classe s whic h ar e member s o f  themselves .  I n it s 
popula r  formulation ,  Russell' s  Parado x concern s th e 
villag e barbe r  w h o shave s al l  an d onl y thos e w h o d o no t 
shav e themselves .  T h e questio n i s w h o shave s th e barber ? 
Does h e shav e himself ? Similarly ,  contradictio n arise s 
fro m a  seemingl y innocuou s definitio n o f  th e adjective s 
'autological '  an d 'heterological '  a s thos e word s whic h d o 
or  d o no t  appl y t o themselve s respectively .  Thus ,  mos t 
adjective s d o no t  appl y t o themselves :  th e word s 'red' , 
'frightening' ,  'flexible' ,  'delicious' ,  carnivorous '  etc. .  d o 
not  posses s th e propertie s t o whic h the y refer .  W e m a y 
defin e thes e a s 'heterological' .  However ,  a  fe w adjective s 
d o appl y t o themselve s an d w e m a y defin e thes e a s 
autological' :  'English' ,  'short' ,  'polysyllabic' , 

'unambiguous' ,  'pronounceable '  etc .  T h e questio n n o w is : 
T o whic h clas s doe s th e adjectiv e 'heterological '  belong ? 
I f  i t  applie s t o itself ,  i t  mus t  b e autological .  bu t  i n tha t 
cas e i t  mus t  hav e th e propert y t o whic h i t  refer s an d b e 
heterological .  A n d i f  i t  i s  doe s no t  appl y t o itself ,  bein g 
heterological .  the n i t  i s  autological !  Aha !  Gotcha . 

Not  al l  self-referenc e lead s t o contradiction .  Thus . 
sentenc e (2 )  i s  no t  paradoxical ; 

(2) This sentence is true. 

Negation. In addition to self-reference, a further element 
i s require d t o generat e paradox ,  namely ,  negation .  Thus , 
th e Lia r  sentenc e assert s o f  itsel f  tha t  i t  i s  no t  true , 
Russell' s  paradoxica l  clas s i s tha t  whic h i s no t  a  m e m b er 
of  itself ,  'heterological '  applie s t o itsel f  onl y i f  i t  doe s no t 
etc . 

Indirec t  P a r a d o x .  Finally ,  i t  i s  crucia l  her e t o notic e 
tha t  parado x m a y b e generate d i n les s direc t  ways .  Fo r 
example ,  contradictio n ca n aris e no t  onl y fro m a  sentenc e 
whic h assert s it s o w n falsehood ,  bu t  indirectl y a s i n th e 
followin g pai r  o f  sentence s (3 )  an d (4) : 

(3) Sentence (4) is true. 
(4 )  Sentenc e (3 )  i s false . 

Neither of these sentences is paradoxical on its own, but 
togethe r  the y generat e a  contradictio n an d th e chai n o f 
suc h sentence s coul d b e extende d indefinitely . 

Newcomb as the Liar 

We ar e no w i n a  positio n t o se e mor e clearl y ho w 
Newcomb' s Proble m ma y b e diagnose d a s a  versio n o f 
self-referentia l  paradox .  I t  ca n b e see n t o hav e precisel y th e 

ke y feature s w e hav e jus t  note d whic h lea d t o 
contradiction ,  namely ,  self-referenc e an d negation . 
Moreover ,  Newcomb ' s Proble m ha s th e structur e o f 
indirec t  paradoxe s i n whic h th e contradictio n i s  mediate d 
by intervenin g step s -  perhap s accountin g partl y fo r  th e 
universa l  failur e t o hav e notice d it s character . 

I n Newcomb ' s problem ,  th e Predicto r  act s a s a n 
intermediar y servin g t o externalis e wha t  is .  i n fact ,  a  loo p 
i n one' s attemp t  t o second-gues s one' s self .  Thi s i s 
closel y analogou s t o th e wa y i n whic h th e Lia r  Parado x 
ca n b e extende d vi a intermediar y agent s whos e belief s 
exten d th e loo p an d thereb y avoi d a  direc t  contradictio n i n 
th e manne r  o f  sentence s (3 )  an d (4 )  above .  Her e too ,  th e 
self-referentia l  natur e o f  th e puzzl e i s obscure d b y th e rol e 
of  th e Predictor ,  thoug h i t  onl y extend s th e loo p an d doe s 
not  essentiall y  alte r  th e self-contradictor y natur e o f  th e 
problem . 

A Reformulated Variant of Newcomb 

T h e essentia l  logica l  feature s o f  th e proble m ca n b e see n 
clearl y i n a  reformulatio n whic h eliminate s th e usua l 
complexitie s o f  th e conflic t  betwee n expecte d utilit y an d 
dominanc e principles .  Instead ,  i n thi s reformulation ,  a 
decisio n i s require d betwee n tw o simpl e alternatives ,  on e 
of  whic h result s i n a  reward .  A s before ,  however ,  th e 
alternativ e whic h secure s th e rewar d depend s o n th e 
predictio n o f  a n agen t  concernin g you r  choice .  Consider , 
then ,  tw o boxe s X  an d Y ,  on e o f  whic h wil l  contai n a 
millio n dollar s dependin g o n th e Predictor' s anticipatio n 
of  you r  decision .  I f  th e Predicto r  expect s yo u t o choos e 
bo x X ,  h e wil l  pu t  th e m o n e y i n bo x Y  an d vice-versa . 

You r  reasonin g mus t  b e a s follows :  O n first 
deliberation ,  you r  choic e i s t o tak e bo x X ,  bu t  i f  yo u do , 
the n th e Predicto r  wil l  almos t  certainl y hav e anticipate d 
thi s an d pu t  th e mone y i n bo x Y .  Therefore ,  yo u shoul d 
choos e bo x Y .  But ,  o f  course ,  th e predicto r  wil l  hav e 
anticipate d tha t  yo u wil l  m a k e thi s second-leve l 
calculatio n involvin g hi s reasonin g an d pu t  th e mone y i n 
bo x X  afte r  all .  Therefore ,  yo u shoul d choos e bo x X  a s 
yo u originall y intende d ... .  an d s o o n a d infinitum .  Th e 
vacillatio n betwee n choice s i s precisel y paralle l  wit h th e 
familia r  vacillatio n o f  trut h value s i n th e Lia r  parado x 
wher e th e sentenc e i s alternatel y tru e an d false ,  eac h on e 
leadin g directl y o r  indirectl y t o it s opposite .  Here ,  yo u 
shoul d choos e th e opposit e o f  whateve r  th e Predicto r 
think s yo u wil l  choose .  I f  th e predicto r  i s reliable ,  thi s 
means tha t  yo u shoul d choos e th e opposit e o f  whate\e r 
yo u woul d choose !  Th e bes t  choic e i s whateve r  yo u decid e 
not  t o do .  Thi s reformulate d proble m eliminate s th e 
complexitie s o f  th e origina l  N e w c o m b Proble m 
concernin g utilitie s etc .  whic h serv e t o distrac t  attentio n 
fro m th e essentia l  logica l  feature s o f  th e choice .  I n thi s 
distille d for m th e contradictio n an d analog y wit h th e Lia r 
ar e eviden t  an d permi t  u s t o se e h o w th e origina l 
N e w c o mb Proble m i s als o essentiall y  o f  th e sam e form . 
I n bot h cases ,  vi a th e intermediar y rol e o f  th e Predictor , 
th e subjec t  i s  place d i n th e positio n o f  tryin g choos e 
whateve r  h e doesn' t  wis h t o choose .  Th e Predicto r  merel y 
serve s t o exten d th e loop ,  makin g th e self-referenc e 
indirect .  I n attemptin g t o anticipat e hi s choic e th e subjec t 
is ,  i n fact ,  attemptin g t o anticipat e hi s own . 

I n th e origina l  Newcomb ' s Problem ,  th e temptatio n t o 
tak e bot h boxe s accordin g t o th e dominanc e principl e i s 
th e futil e effor t  t o wi n th e guarantee d extr a Sl.CXX )  b y 
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outsmartin g th e predicto r  an d thereb y outsmartin g one' s 
self .  Althoug h i t  i s  absur d an d eve n amusing ,  inevitabl y 
one think s tha t  on e migh t  outwi t  th e Predicto r  b y 
intendin g t o tak e jus t  bo x B  al l  alon g an d onl y switchin g 
choic e a t  th e las t  m o m e n t  t o tak e bot h boxes .  Somethin g 
lik e thi s has ,  i n fact ,  bee n seriousl y discusse d i n th e 
literatur e o n 'Tickles "  an d "Metatickles "  (Eells ,  1984) . 
Clearly ,  thi s i s absur d sinc e th e Predicto r  woul d anticipat e 
thi s strategy ,  bu t  i t  capture s somethin g o f  th e inescapabl e 
parado x o f  tryin g t o avoid  one' s sel f  -  t o fle e one' s o w n 
shadow .  Th e Predicto r  introduce s a n inessentia l  ste p i n 
what  is ,  i n fact ,  th e calculatio n an d anticipatio n o f  one' s 
o wn decisions .  Deliberatin g abou t  th e Predicto r  i s 
indirectl y t o deliberat e abou t  one' s o w n curren t 
deliberations .  Thus ,  th e stat e o f  natur e i s no t  independen t 
of  m y choic e -  no t  i n th e sens e o f  backwar d causation ,  bu t 
becaus e th e ver y conceptio n o f  suc h a  stat e intrinsicall y 
embodie s assumption s abou t  tha t  choice .  Conversely ,  th e 
choic e I  m a k e i s itsel f  determine d b y consideration s whic h 
attemp t  t o encompas s suppose d knowledg e o r  informatio n 
concemin g th e choic e itself .  I n makin g th e choic e I  a m 
tryin g t o weig h u p fact s includin g thos e whic h determin e 
th e outcom e o f  th e choic e -  o f  course ,  vi a th e intermediar y 
of  th e Predictor .  Th e Predicto r  serve s a s a  sor t  o f  mirro r  o f 
my o w n deliberations .  Th e proble m i s beguilin g becaus e 
th e assumptio n o f  th e predicto r  seem s merel y extravagan t 
i n a  science-fictiona l  sense ,  bu t  otherwis e innocuous . 
However ,  th e assumptio n appear s t o hav e camouflage d th e 
circula r  reasonin g i t  abets .  Reflectio n o n th e postulate d 
circumstance s i n th e cours e o f  deliberatin g itsel f  require s 
considerin g a  predictio n abou t  th e choic e a s par t  o f  th e 
ver y ac t  o f  makin g th e choic e itself .  Thus ,  attemptin g t o 
tak e int o accoun t  th e predictio n involve s attemptin g t o 
anticipat e th e choic e i n th e ver y ac t  o f  makin g it .  Th e 
situatio n i s impossibl e no t  becaus e i t  involve s scienc e 
fictio n speculations ,  bu t  becaus e i t  involve s self -
contradictio n o f  a  notoriousl y familia r  sort . 

Conditional Probabilities 

The failur e t o recogniz e th e foregoin g consideration s a s 
relevan t  t o Newcomb ' s Proble m ha s mean t  tha t  elaborat e 
analyse s hav e bee n undertake n i n term s o f  conditiona l 
probabilities .  Howeve r  th e tal k o f  conditiona l 
probabilitie s i n th e contex t  o f  Newcomb ' s Proble m ha s 
been seriousl y misleadin g since ,  th e lin k i n questio n her e 
i s conditiona l  bu t  no t  probabilistic .  O f  course ,  th e 
difficult y i s tha t  th e lin k i s no t  causa l  eithe r  an d henc e th e 
incentiv e t o develo p 'causa l  decisio n theory '  a s a  critiqu e 
of ,  an d alternativ e to ,  conditiona l  expecte d utilit y  theory . 
Causal  decisio n theor y a s articulate d b y Gibbar d an d 
Harpe r  (1978 )  recommend s th e maximizatio n o f  a n 
expecte d utilit y  differen t  fro m conditiona l  expecte d utility , 
thi s alternativ e utilit y  bein g formulate d i n term s o f 
"nonbacktracking "  counterfactua l  conditional s instea d o f 
conditiona l  probabilities .  However ,  thi s migh t  b e see n a s 
an elaborat e question-begging .  Th e proble m wit h 
conditiona l  probabilitie s i n th e contex t  o f  Newcomb' s 
Proble m i s tha t  i t  doe s no t  explai n th e natur e o f  th e lin k 
and th e underlyin g basi s fo r  it .  I n thi s sens e th e 
conditiona l  probabilit y  i s  merel y a  symp to m o f  a  deepe r 
proble m rathe r  tha n a  ful l  explanatio n a s such .  I t  follow s 
tha t  existin g analyse s a t  thi s leve l  hav e faile d t o diagnos e 
th e sourc e o f  th e difficult y i n Newcomb ' s Proble m o r  t o 
deal  wit h i t  decisively . 

Th e Causa l  Decisio n Theor y wa s introduce d i n orde r  t o 
deal  wit h th e fac t  tha t  cau.sa l  independenc e m a y occu r 
withou t  probabilisti c  independence .  Th e articl e o f  Gibbar d 
and  Harpe r  (1978 )  argue s tha t  Bayesia n decisio n theor y 
canno t  accoun t  fo r  suc h probabilisti c  dependenc e wit h 
causa l  independenc e an d "solves "  N e w c o m b ' s proble m b y 
claimin g tha t  th e absenc e o f  causa l  connectio n remove s 
th e conflic t  o f  principle s b y makin g th e probabilisti c 
dependenc e irrelevant .  Tha t  is ,  w e shoul d ac t  a s i f  w e ha d 
probabilisti c  independenc e an d tak e bot h boxe s a s 
recommende d b y th e Dominanc e Principle .  Thi s ha s a n ai r 
of  question-beggin g abou t  i t  an d th e paradoxicalit y o f  thei r 
conclusio n seem s t o m a k e littl e advanc e o n Nozick' s 
origina l  statemen t  o f  th e paradox .  I n respons e t o th e 
seemin g irrationalit y o f  recommendin g a  polic y (takin g 
bot h boxes )  whic h i s guarantee d t o b e wors e tha n th e 
altemativ e the y write : 

We take the moral of the paradox to be something 
else :  I f  someon e i s ver y goo d a t  predictin g behavio r 
and reward s predicte d irrationalit y richly ,  the n 
irrationalit y wil l  b e richly  rewarded .  (1978 ,  p .  369 ) 

Good News and Bad Choices 

A realisti c analo g t o N e w c o m b ' s Proble m i s th e situatio n 
i n whic h tw o independen t  event s hav e a  c o m m o n cause . 
For  example ,  w e migh t  assum e tha t  smokin g i s no t  a 
caus e o f  lun g cance r  bu t  merel y a  manifestatio n o f  a  desir e 
or  personalit y trai t  whic h i s cause d b y a  gen e whic h als o 
predispose s on e t o cancer .  Smok in g i s the n merel y a 
sympto m o r  indicatio n tha t  on e ha s th e deadl y cance r  gen e 
but  no t  itsel f  causall y relevan t  t o contractin g th e disease . 
Th e choic e whethe r  t o smok e o r  no t  present s a  dilemm a 
simila r  t o Newcomb ' s Proble m sinc e on e know s tha t 
smokin g canno t  caus e cance r  bu t  provide s unwelcom e 
evidenc e tha t  on e i s likel y t o b e a  victim .  Th e temptatio n 
i s t o avoi d smokin g i n orde r  t o avoi d th e disease ,  bu t  thi s 
i s plainl y irrationa l  sinc e foregoin g th e pleasur e o f 
smokin g i n n o wa y affect s th e prio r  geneti c facts . 

Gibbar d an d Harpe r  tal k o f  th e tendenc y o r  temptatio n t o 
brin g abou t  a n indicatio n o f  a  desire d stat e o f  th e world , 
eve n i f  i t  i s  know n tha t  th e ac t  tha t  bring s th e new s ha s 
no effec t  i n bringin g abou t  th e desire d stat e itself . 
However ,  suc h tal k abou t  th e impoten t  manipulatin g o f 
news simpl y misse s th e point .  Specificall y i t  misse s th e 
natur e o f  th e connectio n betwee n th e "news "  an d th e even t 
i t  seem s merel y t o announce .  Despit e th e absenc e o f  an y 
causa l  connection ,  th e universa l  conclusio n tha t  ther e i s 
no relevan t  connectio n ha s bee n to o hast y an d ha s 
overlooke d wha t  is ,  afte r  all ,  a  crucia l  link .  T o appreciat e 
th e specifi c  natur e an d th e forc e o f  thi s lin k i t  i s  essentia l 
t o distinguis h th e science-fictiona l  o r  metaphysica l  aspect s 
of  th e N e w c o m b scenari o an d it s logica l  features .  Tha t  is , 
th e science-fictio n feature s m a y b e accepte d a s 
unproblemati c bu t  shoul d no t  obscur e quit e differen t 
problem s namely ,  th e stricl y logica l  issue s confronte d 
by th e a n agen t  i n th e suppase d circumstance s i n 
attemptin g t o reaso n i n orde r  t o mak e a  choice .  I n 
focussin g attentio n o n th e reasonin g process ,  I  hav e bee n 
concerne d t o dra w attentio n t o purel y logica l  o r  conceptua l 
issue s confronte d b y on e w h o trie s t o calculat e th e bes t 
cours e o f  actio n unde r  th e suppose d circumstances .  Suc h a 
reasone r  i s force d t o mak e a  sequenc e o f  inference s whic h 
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ar e no i  merel y problemati c regardin g principle s o f  choic e 
as generall y assumed . 

Demons, Deceivers and Liars 

Ther e i s a n uncann y bu t  no t  entirel y coincidenta l 
similarit y betwee n Newcomb' s demo n an d tha t  o f 
Descartes .  Jus t  a s Descartes' s demo n systematicall y 
thwart s hi s beliefs ,  s o Newcomb' s demo n systematicall y 
thwart s hi s choices .  Descartes '  demo n defeat s ou r  attemp t 
t o understan d th e world ,  whil e Newcomb' s demo n defeat s 
our  attemp t  t o chang e it . 

The analog y betwee n thes e case s ha s no t  bee n remarke d 
upo n despit e th e prim a faci e similarity ,  bu t  thi s oversigh t 
i s undoubtedl y du e t o a  curiou s failur e t o notic e th e kin d 
of  self-referentia l  paradoxe s t o whic h I  hav e bee n referring . 
I t  i s  perhap s n o accident ,  therefore ,  tha t  bot h Newcomb' s 
Proble m an d Descartes '  doubtin g argumen t  hav e bee n 
unusuall y recalcitrant .  Whethe r  o r  no t  th e controvers y 
ove r  Newcomb' s Proble m migh t  persis t  fo r  anothe r  thre e 
hundre d year s lik e Descartes's ,  ther e ar e ground s fo r  seein g 
thei r  peculiarit y a s derivin g fro m c o m m o n sources .  Thus , 
Sleza k (1983 )  ha s se t  ou t  th e logica l  feature s o f  Descartes ' 
notoriou s argumen t  whic h lead s t o th e conclusio n 'Cogit o 
erg o sum '  an d reveal s thi s t o hav e th e structur e o f 
'diagonal "  argument s lik e Godel' s Theore m an d th e Lia r 
Paradox .  Th e fac t  tha t  th e Cogit o argumen t  i s a  varian t  o f 
th e Lia r  Parado x help s t o explai n man y o f  th e textua l  an d 
philosophica l  feature s o f  thi s notoriou s argumen t  whic h 
remai n obscur e o n othe r  accounts .  I n particular ,  th e 
inexplicabl e certaint y o f  Descartes' s insigh t  follow s a s a 
stric t  logica l  consequenc e o f  hi s attemp t  t o doub t 
everything :  I n short ,  everythin g m a y b e ope n t o doub t 
excep t  doub t  itself ,  whic h thereb y come s t o b e self -
certifyingl y certain .  Th e interes t  an d relevanc e o f  Descarte s 
i n th e presen t  contex t  i s see n fro m th e suggestio n (Sleza k 
1983 )  tha t  th e peculiaritie s o f  th e Cogit o argumen t  reflec t 
certai n deep ,  inheren t  cognitiv e mechanism s arisin g fro m 
attemptin g t o understan d one' s sel f  a s par t  o f  th e world . 
Such self-referenc e give s ris e t o well-know n paradoxe s i n 
logi c whic h m a y b e abstrac t  schemat a capturin g dee p 
psychologica l  processes .  Thes e cognitiv e mechanism s 
m ay b e inheren t  feature s o f  ou r  menta l  representation s o f 
th e worl d insofa r  a s the y attemp t  t o encompas s th e sel f  a s 
par t  o f  th e world .  A n analysi s alon g thes e line s ha s bee n 
give n b y K .  Gunderso n (1970 )  a s a n accoun t  o f  th e 
aetiolog y o f  certai n puzzle s abou t  th e mind .  Specifically , 
i t  i s  th e asymmetr y betwee n ou r  perceptual ,  cognitiv e 
relatio n t o ou r  selve s an d th e worl d whic h give s ris e t o th e 
characteristi c mind-bod y perplexities .  Newcomb' s 
Proble m an d it s paradoxica l  feature s m a y b e du e t o th e 
operatio n o f  th e sam e self-referentia l  schemat a an d m a y b e 
yet  anothe r  manifestatio n o f  th e peculiaritie s o f  suc h taci t 
logica l  reasoning .  Suc h reasonin g m a y b e see n a s 
influence d b y 'heuristics '  an d 'biases '  o f  a  particula r 
intellectua l  variety .  Happil y th e domai n affecte d seem s t o 
be narrowl y confined :  Th e cognitiv e illusion s i n questio n 
appea r  t o violat e th e norm s o f  rationa l  though t  onl y i n 
philosophica l  speculation . 
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Abstrac t 

How do people deal with ambiguity and indeterminacy of 
incomin g information ? Th e result s o f  th e tw o reporte d 
experiment s indicat e tha t  bot h youn g childre n an d adult s ten d 
t o reduc e ambiguity ,  systematicall y 'converting '  non -
informativ e proposition s int o mor e informativ e ones . 
Althoug h youn g childre n an d olde r  participant s us e differen t 
strategies ,  hig h rate s o f  conversion s wer e foun d i n bot h 
groups .  Thes e conversion s see m t o represen t  a n adaptiv e 
cognitiv e constrain t  — a  tendenc y t o reduc e ambiguit y an d t o 
increas e th e informativenes s o f  incomin g information . 

Introduction 

I t  i s  wel l  k n o w n tha t  peopl e commi t  multipl e error s whe n 
reasonin g an d makin g judgment s (Evan s &  Over ,  1996 ;  fo r 
review) .  Fo r  example ,  w h e n processin g deductiv e 
arguments ,  the y ten d t o deviat e from  th e argument' s logic , 
confusin g familia r  o r  believabl e conclusion s wit h logicall y 
necessar y ones ;  the y als o commi t  variou s logica l  fallacie s i n 
reasonin g wit h conditional s (Evans ,  Newstead ,  &  Byrne , 
1993) .  Traditionall y thes e error s hav e bee n explaine d a s 
resultin g from  a  variet y o f  rando m factor s (e.g. ,  fluctuation s 
of  attention )  an d from  reasoners '  tendenc y t o misconstru e 
some premise s i n accordanc e wit h conversationa l  use s o f 
connective s (e.g. ,  reasoner s m a y mistak e a  premis e "  I f  P 
the n e "  fo r  "  I f  an d onl y i f  P  the n Q " )  (Brain e &  O'Brien , 
1991 ;  Rip s 1994) .  However ,  thes e deviation s exhibi t 
amazin g regularit y an d systematicit y fo r  purel y rando m 
fluctuations.  I n thi s pape r  w e argu e tha t  som e o f  thes e error s 
may ste m from  a n adaptiv e strateg y peopl e us e whe n 
dealin g wit h uncertaint y an d ambiguity .  Thi s strateg y m a y 
resul t  i n certai n distortion s o f  incomin g information ,  bu t  i t 
allow s reduction s i n th e uncertaint y an d ambiguit y o f  th e 
environment . 

Thi s tendenc y t o reduc e ambiguit y seem s t o b e a  genera l 
propert y o f  cognitiv e system s whos e functio n i s t o proces s 
informatio n from  th e environment ,  an d t o adequatel y 
navigat e th e organis m usin g availabl e environmenta l  cues . 
Ther e i s  ampl e evidenc e tha t  bot h huma n an d anima l 
specie s ten d t o avoi d nondiagnosti c cues ,  thos e tha t  d o no t 

allo w th e organis m t o discriminat e a m o n g differen t  object s 
or  classes ,  an d highl y variabl e cues ,  thos e tha t  m a y o r  m a y 
not  b e presen t  i n th e sam e objec t  o r  clas s (se e Estes ,  1988 ; 
1994 ,  fo r  reviews) .  Fo r  example ,  th e re d colo r  o f  th e tomat o 
doe s no t  allo w on e t o distinguis h th e tomat o from  othe r  re d 
vegetable s (nondiagnosticity) ,  wherea s th e changin g colo r 
of  th e chameleo n doe s no t  hel p i n identifyin g thi s anima l 
(hig h variability) .  Thi s tendenc y i s  especiall y apparen t  i n 
human cognitio n tha t  relie s heavil y o n linguisti c 
representations .  A  numbe r  o f  author s (Gibson ,  1940 , 
Shepard ,  Hovland ,  &  Jenkings ,  1961 )  hav e demonstrate d 
tha t  tha t  th e difficult y o f  learnin g a  classificatio n increase s 
i f  th e stimul i  tha t  ar e assigne d t o differen t  classe s ar e les s 
discriminabl e (nondiagnosticity) ,  o r  i f  stimul i  tha t  ar e 
assigne d t o th e sam e clas s ar e mor e discriminabl e (highl y 
variable) .  Simila r  difficuhie s hav e bee n demonstrate d i n 
concep t  attainmen t  (Bruner ,  G o o d n o w ,  &  Austin ,  1956 ; 
Estes ,  1994) ,  reasonin g an d proble m solvin g (Fa y &  Klah r 
1996 ;  Evan s &  Over ,  1996) ,  an d earl y wor d learnin g 
(Markman ,  1990) .  W e hypothesiz e tha t  thes e difficultie s 
m ay represen t  a n adaptiv e cognitiv e constraint .  Thi s 
constrain t  prohibit s th e organis m from  acquirin g 
ambiguous ,  indeterminat e information ,  whic h canno t  b e 
readil y use d t o adap t  t o th e environment ,  thu s directin g 
learnin g towar d acquisitio n o f  mor e usefii l  an d les s 
ambiguou s information .  I n othe r  words ,  th e organism' s 
spontaneou s learnin g migh t  b e limite d t o thos e cue s tha t 
bette r  infor m th e organis m abou t  th e environment .  A t  th e 
same time ,  h u m a n discours e i s replet e wit h ambiguitie s an d 
indeterminacie s — peopl e us e variou s propositiona l  form s 
tha t  d o no t  unambiguousl y infor m abou t  state s o f  th e world . 
For  example ,  th e propositio n "  Eithe r  theor y A  o r  theor y B 
i s true "  i s  ambiguou s wit h respec t  t o theor y selection . 
Ambiguou s proposition s (e.g. ,  "  i t  i s  eithe r  blu e o r  green" ) 
ar e les s informativ e wit h respec t  t o th e environmen t  tha n 
mor e determinat e one s (e.g. ,  "  i t  i s  green") . 

Th e forma l  treatmen t  o f  informativenes s wa s propose d i n 
semantics .  Bar-Hille l  an d C a m a p (1964 )  define d 
informativenes s o f  a  propositio n t o b e a  functio n o f  th e 
number  o f  state s o f  th e worl d tha t  th e propositio n rule s out . 
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Tabl e 1 :  Informativenes s o f  proposition s varyin g i n thei r  logica l  form . 

Propositio n 

Affirmatio n 
Negatio n 

Conjunctio n 

Disjunctio n 
(inclusive ) 

Disjunctio n 
(exclusive ) 
Conditiona l 

Bi-Conditiona l 

Tautolog y 

Contradictio n 

For m 

A 
Not- A 

A A N DB 

A O R B 

A O R B  (bu t 
not  both ) 
I F A  THE N 
B 
IF F A 
T H E NB 
A O R not- A 

A A N D not -
A 

Exampl e 
/  dran k te a thi s mornin g 
I  di d no t  drin k te a thi s 
mornin g 
I  dran k te a A N D coffe e 
thi s mornin g 
I  dran k te a O R coffe e thi s 
mornin g 
I  dran k E I T H E R te a O R 
coffe e thi s mornin g 
I F I  dran k te a T H E N I 
dran k coffe e 
I  dran k coffe e I F A N D 
O N LY I F I  dran k te a 
I  dran k te a thi s mornin g 
OR I  di d no t  drin k te a 
thi s mornin g 
I  dran k te a thi s mornin g 
A ND I  di d no t  drin k te a 
thi s mornin g 

Proportio n o f 
state s 
worl d 
out 

of  th e 
rule d 

by th e 

propositio n 

.5 

.5 

.7 5 

.2 5 

.5 

.2 5 

.5 

0 

1 

N o f  state s 
of  th e worl d 
wher e th e 
propositio n 
i s tru e (ITj ) 

1 
1 

I 

3 

2 

3 

2 

4 

0 

Logica l 
Probabili t 

y(i:î /2" ) 

.5 

.5 

.2 5 

.7 5 

.5 

.7 5 

.5 

1 

0 

Informativenes s 

(-loe^PfO ) 
1 
1 

2 

0.4 2 

1 

0.4 2 

1 

0 

Undefine d 

Mor e precisely ,  th e informativenes s o f  a  statemen t  i s 
inversel y relate d t o th e logica l  probabilit y  o f  th e statemen t 
(see ,  Bar-Hille l  &  C a m a p ,  1964 ;  Johnson-Lair d 1993) ,  fo r 
discussions) .  Accordin g t o Bar-Hille l  (1964) ,  th e relation s 
ar e specifie d b y th e followin g equation . 

inftO = - log2 P(/) Equation 1 

The logical probability of a statement is the number of 
state s o f  th e worl d wher e th e propositio n i s tru e divide d b y 
th e tota l  numbe r  o f  al l  possibl e state s o f  th e worl d covere d 
by th e proposition .  Thus ,  logica l  probabilit y  coul d b e 
calculate d usin g equatio n 2 . 

P( 0 =  IT,/2 " Equatio n 2 

Ty i s a  stat e o f  th e worl d wher e th e propositio n i s tru e 
an d n  i s th e numbe r  o f  atomi c statement s i n th e proposition . 
Th e informativenes s o f  th e mos t  c o m m o n form s o f 
proposition s i s provide d i n Tabl e 1 .  Accordin g t o th e table , 
a conjunctio n o f  tw o statement s i s mor e informativ e tha n a n 
atomi c assertion ,  a  biconditional ,  an d a n exclusiv e 
disjunction ,  an d thes e ar e mor e informativ e tha n a 
disjunctio n an d a  conditional .  A t  th e sam e time ,  a  tautolog y 
i s a  totall y non-informativ e statement ,  an d informativenes s 
of  a  contradictio n i s no t  defmed . 

I t  seem s plausibl e tha t  i f  th e tendenc y t o reduc e 
ambiguit y stem s from  a  cognitiv e constraint ,  the n peopl e 
woul d tr y t o reduc e ambiguit y o f  non-informativ e 
proposition s b y increasin g thei r  informativeness ,  an d thi s 
tendenc y wil l  b e presen t  earl y i n thei r  lives .  I n particular . 

the y m a y chang e th e propositiona l  for m o f  les s informativ e 
proposition s t o increas e informativeness .  Thi s tendenc y 
coul d b e defme d a s conversio n o f  les s informativ e 
proposition s int o mor e informativ e ones .  Therefore ,  w e 
predicte d tha t  contradiction s an d tautologie s woul d b e 
converte d mor e frequently  tha n disjunctions ,  which ,  i n tur n 
woul d b e converte d mor e frequently  tha n conjunctions .  T o 
tes t  thi s hypothesi s w e designe d task s wher e youn g childre n 
and adult s ha d t o determin e th e trut h statu s o f  mor e an d les s 
informativ e prediction s (Experimen t  1) ,  an d wher e 
adolescent s an d adult s ha d t o memoriz e an d recal l  mor e an d 
les s informativ e proposition s (Experimen t  2) .  Th e goa l  o f 
th e tw o reporte d experiment s wa s t o tes t  th e hypothesi s an d 
t o provid e descriptiv e account s o f  huma n conversio n 
strategies . 

E x p e r i m e n t  1 

M e t h o d 

Participant s T w o group s o f  participant s wer e include d i n 
th e design .  Th e firs t  grou p consiste d o f  3 4 four -  an d five -
yea r  ol d childre n currentl y enrolle d i n tw o chil d car e center s 
i n a  larg e Midwester n city .  Thes e participant s wer e selecte d 
on th e basi s o f  returnin g a  parenta l  consen t  form .  Th e 
secon d grou p o f  participant s include d 3 1 undergraduat e 
student s currentl y enrolle d i n a  larg e Midwester n university . 
Thes e participant s wer e recruite d from  introductor y course s 
i n a  departmen t  o f  huma n developmen t  an d famil y science . 
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Material s Th e experimenta l  task s consiste d o f  a  serie s o f 
prediction s b y a n imaginar y character ,  Z Z (reference s t o Z Z 
wer e omitte d fo r  th e universit y students) ,  a s t o th e outcom e 
of  a  bal l  droppe d i n th e Tautolog y Machine .  Th e Tautolog y 
Machin e i s a  36 "  x  24 "  boar d wit h a  chut e a t  th e to p i n 
whic h a  bal l  droppe d wil l  fal l  throug h severa l  nail s whic h 
direc t  th e bal l  t o on e o f  tw o terminatin g point s (th e tw o 
chute s wer e marke d wit h re d an d gree n colors) .  Z Z mad e 
prediction s regardin g th e outcome s o f  th e game .  Thes e 
prediction s ha d syntacti c form s o f  logica l  constant s 
(tautologie s an d contradictions) ,  an d contingen t  statement s 
(aflfumation s an d negations) .  Th e followin g prediction s 
wer e presente d t o subject s i n fou r  rando m orders : 

Tautology 1: The ball will NOT land on Red OR will land 
on Red . 
Tautolog y 2 :  Th e bal l  wil l  lan d o n Re d O R wil l  N O T lan d 
on Red . 
Contradictio n 1 :  Th e bal l  wil l  N O T lan d o n Re d A N D 
wil l  lan d o n Red . 
Contradictio n 2 :  Th e bal l  wil l  lan d o n Re d A N D wil l 
N OT lan d o n Red . 
Negation :  Th e bal l  wil l  N O T lan d o n Red . 
Affirmation :  Th e bal l  wil l  lan d o n Red . 

Procedur e O n e within-subjec t  variable ,  th e for m o f  th e 
prediction ,  an d ag e an d gende r  a s across-subjec t  factor s 
wer e include d i n th e design .  Th e experimen t  wa s conducte d 
i n a  singl e 10-1 5 minut e sessio n tha t  include d tw o phases : 
warm-up/instructio n phas e an d th e experimenta l  phase . 
Each participan t  wa s teste d individuall y i n a  quie t  room . 
Childre n wer e videotape d i n orde r  t o ensur e accurat e codin g 
of  responses .  I n th e warm-u p phase ,  th e participant s wer e 
familiarize d wit h th e device .  T o ensur e tha t  th e participant s 
coul d distinguis h betwee n statement s tha t  wer e tru e an d no t 
true ,  the y wer e als o aske d t o evaluat e tw o statement s (on e 
explicitl y  tru e an d anothe r  explicitl y  false) .  I n th e 
experimenta l  phase ,  th e instruction s an d prediction s wer e 
rea d t o eac h participan t  an d repeate d i f  requested .  Th e 
participant s wer e aske d thre e questions .  First ,  the y wer e 
aske d t o evaluat e th e a  prior i  trut h statu s o f  th e predictio n 
as "No t  True" ,  "True" ,  o r  "Can' t  Tell "  ( a prior i 
evaluation) .  The n participant s wer e aske d i f  i t  wa s 
necessar y t o dro p th e bal l  t o chec k th e trut h statu s o f  th e a 
prior i  prediction ,  constitutin g th e reques t  fo r  empirica l 
verificatio n (reques t  fo r  verification) .  I f  empirica l 
verificatio n wa s requested ,  the n th e bal l  wa s actuall y 
droppe d throug h th e machine .  Finally ,  afte r  th e bal l  wa s 
dropped ,  th e participant s wer e aske d t o agai n evaluat e th e 
initia l  prediction s a s "Right" ,  " W r o n g "  o r  "Can' t  Tell "  ( o 
posterior i  evaluation) . 

Results and Discussion 

Tabl e 2  contain s dat a o n h o w th e participant s handle d 
proposition s o f  differen t  logica l  form .  Thes e dat a indicat e 
tha t  childre n di d no t  distinguis h betwee n logicall y true , 
logicall y false ,  an d contingen t  statements .  A t  th e sam e time , 
universit y student s consistentl y distinguishe d betwee n 

proposition s o f  differen t  logica l  form .  Not e tha t  fo r  al l  si x 
propositions ,  al l  3 4 childre n requeste d t o dro p th e bal l  i n 
orde r  t o tes t  th e trut h statu s o f  th e proposition ,  bu t  onl y 3 
universit y student s requeste d t o dro p th e bal l  i n orde r  t o tes t 
Tautolog y I .  A s a  resul t  o f  thes e unifor m responses , 
universit y student s wer e exclude d fro m furthe r  analyses . 
Afte r  th e bal l  wa s actuall y dropped ,  children' s response s 
presente d i n Tabl e 2  change d dramatically .  Thes e n e w 
response s ar e presente d i n Tabl e 3 .  Dat a i n th e tabl e indicat e 
tha t  th e trut h statu s o f  th e prediction s i s a  functio n o f  th e 
ball' s  landing s rathe r  tha n th e logica l  for m o f  th e 
predictions .  Correlation s betwee n wher e th e bal l  actuall y 
lande d an d wha t  trut h statu s childre n attribute d t o th e 
proposition s appeare d t o b e ver y hig h (se e th e not e a t  th e 
botto m o f  Tabl e 3) .  I n addition ,  ther e wer e almos t  perfec t 
correlation s betwee n th e first  par t  o f  compoun d statement s 
and affuTnation s an d negation s (se e Tabl e 4) .  Dat a i n Table s 
3 an d 4  clearl y indicat e tha t  (a )  th e determine r  o f  th e trut h 
statu s o f  tautologie s an d contradiction s (non-informativ e 
logica l  constants )  wa s no t  thei r  logica l  form ,  bu t  empirica l 
outcome s (i.e. ,  wher e th e bal l  actuall y landed )  an d (b ) 
childre n systematicall y ignore d th e secon d par t  o f 
tautologie s an d contradictions .  Thes e fmding s sugges t  tha t 
childre n hav e considere d th e fu-s t  par t  o f  compoun d 
statement s b y cuttin g th e secon d part ,  an d convertin g non -
informativ e tautologie s an d contradiction s int o mor e 
informativ e affirmation s o r  negations .  Th e describe d "  cuts " 
appeare d t o b e th e onl y conversio n strateg y use d b y youn g 
children . 

Th e result s partiall y  suppor t  ou r  hypothesi s an d provid e 
descriptiv e account s o f  th e conversio n strateg y childre n us e 
t o increas e th e informativenes s o f  non-informativ e 
propositions .  However ,  a  numbe r  o f  importan t  point s ar e 
missin g fi-om  th e results .  First ,  onl y younge r  participant s 
exhibite d conversions .  Second ,  th e desig n include d onl y 
non-informativ e an d informativ e form s an d di d no t  includ e 
form s tha t  diffe r  i n degre e o f  informativenes s (e.g. , 
conjunction s an d disjunctions) .  Finally ,  th e result s d o no t 
allo w t o rul e ou t  th e possibilit y  tha t  "cuts "  merel y reflec t 
youn g children' s m e m o r y limitation s (i.e. ,  youn g childre n 
simpl y forge t  th e secon d par t  o f  a  length y statement) .  Thes e 
problem s wer e addresse d i n th e secon d experiment . 
Experimen t  2  focuse d o n olde r  participants ,  i t  ha d a  whol e 
rang e o f  logica l  form s differin g i n informativeness ,  an d th e 
procedur e allowe d u s t o distinguis h conversion s fro m 
m e m o ry limitations . 
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Tabl e 2 :  Percen t  o f  participants '  response s evaluatin g a  prior i  prediction s b y respons e type ,  for m o f  th e proposition ,  an d 
participants '  age . 

For m o f  th e propositio n 

Tautolog y 1 

Tautology 2 
Contradiction ! 

Contradiction 2 
AfTumatio n 
Negatio n 

Not  tru e 

Childre n 

17. 7 

8. 8 
17.6 5 
17.6 5 

14.7 1 
23.5 3 

Student s 

0.0 0 
0.0 0 
83.8 7 

100 
0.0 0 
0.0 0 

Respons e typ e 

Tru e 

Childre n Student s 

35. 3 90.3 2 
26.4 7 10 0 

32.3 5 3.2 2 
38.2 4 0.0 0 

50.0 0 0.0 0 
44.1 2 0.0 0 

Can no t  tel l 

Childre n 

47.0 0 

64.7 1 

50.0 0 
44.1 2 

35.2 9 
32.3 5 

Student s 

9.6 8 

100 
9.6 7 
0.0 0 
100 
100 

Tabl e 3 :  Number s o f  participants '  a  posterior i  evaluation s o f  th e initia l  prediction s a s tru e o r  fals e b y differen t  landing s o f  th e 
ball . 

Initia l  prediction s 

The bal l  wil l  lan d o n Re d o r  wil l  N O T lan d o n Red ' 
The bal l  wil l  N O T lan d o n Re d o r  wil l  lan d o n Red ^ 

The bal l  wil l  lan d o n Re d an d wil l  N O T lan d o n 
Red^ 
The bal l  wil l  N O T lan d o n Re d an d wil l  lan d o n 
Red* 

The bal l  wil l  lan d o n Red ' 
The bal l  wil l  N O T lan d o n Red * 

Ball' s 

Land s 

Tru e 

20 
0 

16 

1 

13 
0 

actua l  landin g an d a  posterior i 
evaluation s 

on Re d 

Fals e 

1 
13 

0 

15 

0 
11 

Land s o n Gree n 

Tru e Fals e 

0 
14 

0 

17 

2 
20 

10 
1 

16 

0 

19 
2 

Note :  V = -93 ,  Ct̂ (l )  =  26.8,/K.OOOl) ;  V = --93 ,  (̂ (1 )  =  24.3,/7<.0001) ;  V = 1 ,  (̂ (1 )  =  32,p<.0001) ;  V = --94 ,  (x'O )  = 
29.2,p<.0001) ;  V = -89 ,  0^(1 )  =  26.7,/7<.0001) ;  V = --88 .  ix'O )  =  25.4,;7<.0001) . 

Tabl e 4 :  Correlation s betwee n evaluatio n o f  th e trut h statu s 
of  empirica l  statement s an d logica l  constant s afte r  droppin g 
th e ball . 

Affirmation Negation 

Contradiction !  (Negatio n first)' 
Contradictio n 2  (Affirmatio n first)^ 
Tautology !  (Negatio n fu-st) ' 
Tautolog y 2  (Affirmatio n first) * 

-.9 9 
.9 9 

-.8 ! 
.8 1 

.8 9 
-.8 6 
.8 4 
-.8 2 

Note :  ̂,. j  =  -.9 ;  A. ,  =  -.76 . 

Exper imen t  2 

Metho d 

Participant s Participant s include d 3 1 colleg e student s (1 1 
male s an d 2 1 females )  fro m a  larg e Midwester n universit y 
who wer e enrolle d i n introductor y psycholog y classe s 
(mean ag e =  19. 3 years )  an d 3 4 sixt h grader s (1 9 male s an d 
15 females )  selecte d fro m a  loca l  middl e schoo l  (mea n ag e 
= 11. 8 years) . 

Materials Materials for the experiment consisted of 12 
picture s an d 1 2 shor t  description s referrin g t o th e peopl e i n 
th e picture s a s "colleg e professors "  (e.g .  "Thi s professo r 

walk s t o schoo l  o r  goe s fishing" )  o r  "  schoo l  teachers. " 
The appearance s o f  th e peopl e i n th e picture s wer e al l  quit e 
distinc t  fro m on e another .  Thes e 1 2 description s wer e 
evenl y divided ,  i n form ,  amon g tautologies ,  contradictions , 
disjunctions ,  an d conjunctions .  Th e first  atomi c propositio n 
i n eac h o f  th e description s wa s affirmative .  Eac h descriptio n 
was paire d wit h on e o f  th e pictures . 

Procedure The only experimental factor, form of 
descriptio n (Tautology ,  Contradiction ,  Disjunction ,  an d 
Conjunction )  varie d withi n subjects .  Eac h participan t  wa s 
teste d individuall y i n a  sessio n lastin g fro m 20-4 0 minutes , 
dependin g o n ho w man y repetition s th e participan t  require d 
t o reac h th e criterio n (t o b e describe d below) .  Participant s 
wer e informe d tha t  th e experimente r  woul d sho w the m a 
serie s o f  picture s o f  professor s (o r  teachers ,  i n th e cas e o f 
th e sixt h graders )  alon g wit h shor t  description s o f  them ,  on e 
at  a  time .  Th e participant s wer e require d t o remembe r  a t 
leas t  7  o f  thes e description s correctly ;  onc e the y reache d 
thi s criterion ,  th e experimen t  woul d mov e ont o anothe r  task . 
The first  par t  o f  th e experiment ,  th e learnin g phase , 
consiste d o f  severa l  trainin g trial s (th e numbe r  range d fro m 
1 t o 4 ,  dependin g o n ho w man y trial s eac h participan t 
require d t o reac h th e criterio n o f  7  correc t  recalls) .  I n eac h 
trial ,  th e experimente r  place d on e pictur e an d it s 
correspondin g descriptio n o n th e tabl e i n fron t  o f  th e 
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participant .  T h e experimente r  rea d th e descriptio n aloud , 

and the n th e participan t  repeate d th e description .  A s soo n a s 
th e participan t  finishe d repeatin g th e description ,  th e 
experimente r  wen t  o n t o th e nex t  picture-descriptio n pair . 
The 1 2 pair s wer e presente d i n a  singl e rando m orde r  mean t 
t o minimiz e th e confoundin g o f  orde r  o f  presentatio n wit h 
th e logica l  for m o f  th e description .  Afte r  al l  1 2 description s 
had bee n presented ,  th e experimente r  shuffle d th e picture s 
randomly ,  the n place d them ,  on e a t  a  time ,  i n front  o f  th e 
participan t  an d aske d fo r  recal l  o f  th e correspondin g 
description .  Thi s entir e proces s w a s repeate d unti l  th e 
participan t  recalle d 7  description s correctly ,  a t  whic h tim e 
th e expernnen t  proceede d t o a  5-minut e distracte r  tas k 
(consistin g o f  mat h wor d problems) .  Afte r  th e distracte r  tas k 
came th e recal l  phase .  Th e experimente r  agai n presente d th e 
participan t  wit h th e pictures ,  on e a t  a  time ,  an d aske d th e 
participan t  t o recal l  th e descriptio n goin g wit h each .  Al l 
participant s receive d th e picture s i n a  singl e rando m orde r 
(differen t  from  tha t  use d durin g th e learnin g phase) .  Thi s 
recal l  phas e conclude d th e experiment .  Al l  participant s wer e 
videotape d (al l  gav e consen t  t o d o s o i n advance )  fo r 
subsequen t  analyse s o f  error s i n recall . 

Results and Discussion 

Becaus e ther e wer e n o gende r  o r  ag e difference s found ,  al l 
th e participant s wer e analyze d a s a  singl e group .  Th e 
percen t  o f  correctl y recalle d item s aggregate d withi n th e 
same logica l  for m i s presente d i n Figur e 1 .  Whil e i n th e first 
trial ,  th e recal l  rat e di d no t  diffe r  significantl y fo r 
proposition s o f  differen t  logica l  form ,  i n th e delaye d recal l 
trial ,  recal l  rate s differe d markedl y fo r  differen t  form s o f 
propositions .  Wit h 8 2 % recal l  rate ,  conjunction s wer e mos t 
likel y t o b e recalle d (F(l,65)=106.3 ,  p<.000l) ,  whil e 
contradiction s wit h 4 1 % recal l  rat e wer e leas t  likel y t o b e 
recalle d (F(l,65 )  =  11.5 ,  p<00 l ) .  Recal l  rate s o f 
disjunction s an d tautologie s wer e in-betwee n thes e tw o 
extreme s ( 4 9 % an d 5 2 % respectiv e recal l  rates) . 

fiinction  o f  tota l  responses ,  acros s trial s i s presente d o n 
Figur e 2 . 

...... .  Dis i 
o:  0 } 

Recal l 
Trial s 

Figur e 1 :  Recal l  rate s o f  proposition s o f  differen t  logica l 
for m acros s trainin g an d delaye d recal l  trials . 

While recalling the descriptions, the participants 
exhibite d a  variet y o f  m e m o r y errors .  Th e mos t  systemati c 
error s wer e thos e o f  substitution ,  "  and "  fo r  "  or" ;  an d "  or " 
fo r  "and. "  Thes e substitution s indicate d conversion s o f 
some type s o f  proposition s int o proposition s o f  differen t 
types .  Th e percentag e o f  thes e substitutio n conversions ,  a s a 

I—Taul 
I—Conti 
,  Dis j 
I—Conj 

Trl Tr 2 Tr 3 
Trial s 

Recal l 

Figur e 2 :  Conversio n rate s b y propositio n typ e an d b y tria l 

The results indicate that across training trials (Trl-Tr3), 
confradiction s wer e mor e likel y t o b e converte d tha n th e 
othe r  form s (F(l,65 )  =  12.3 ,  p<.01) ,  wherea s recal l  rate s o f 
th e othe r  form s wer e approximatel y th e same .  However ,  i n 
th e recal l  tria l  no t  onl y contradiction s wer e mos t  likel y t o b e 
converte d (f"(l ,  65 )  =  24.9 ,  p<.OQl) ,  bu t  als o conjunction s 
wer e leas t  likel y t o elici t  conversion s (F(l ,  65 )  =  117.6 , 
p<.0001) .  Thes e dat a als o sugges t  tha t  participant s tr y t o 
conver t  les s informativ e proposition s int o mor e informativ e 
one s w h e n tryin g t o memor iz e them .  A s predicted ,  th e 
participant s exhibite d (I )  highe r  conversio n rate s fo r  les s 
informativ e proposition s (tautologies ,  contradictions ,  an d 
disjunctions) ,  an d (2 )  highe r  recal l  rate s fo r  m o r e 
informativ e proposition s (conjunctions) . 

O ne coul d hav e expecte d tha t  recal l  rate s fo r  disjunction s 
woul d b e highe r  tha n those  fo r  tautologies .  However ,  bot h 
recal l  rate s an d conversio n rate s o f  disjunction s an d 
tautologie s wer e approximatel y th e same .  O n e possibl e 
explanatio n i s tha t  th e informativenes s o f  disjunction s i s 
lo w enoug h t o b e frequentl y confiise d wit h th e 
informativenes s o f  tautologies . 

General discussion 

Result s o f  bot h experiment s indicat e tha t  peopl e hav e a 
tendenc y t o increas e th e informativenes s o f  propositions . 
However ,  i n s o doin g the y m a y us e differen t  strategies . 
Y o u n g childre n tende d t o completel y ignor e (o r  cut )  th e 
secon d par t  o f  non-informativ e propositions ,  e.g. , 
convertin g a  statemen t  A  V  ~ A int o A .  Olde r  participant s 
exhibite d differen t  strategies .  Th e mos t  prevalen t  strateg y 
was t o substitut e o r  fo r  an d an d an d fo r  o r  t o increas e 
informativeness .  Th e rat e o f  substitutions ,  however ,  differe d 
dramaticall y acros s logica l  forms .  Fo r  example ,  i n 
conjunction s an d disjunction s th e likelihoo d o f  substitutin g 
an d fo r  o r  (substitutio n tha t  lea d t o a n increas e i n 
informativeness )  wa s thre e time s highe r  tha n th e likelihoo d 
of  substitutin g o r  fo r  an d (substitutio n tha t  lea d t o a n 
decreas e i n informativeness) .  Thi s patter n o f  substitution s 
alon g wit h markedl y highe r  recal l  rate s fo r  mor e 
informativ e proposition s suggest s th e tendenc y t o increas e 
informativenes s o f  proposition s i s presen t  i n bot h childre n 
and adults .  However ,  additiona l  studie s ar e neede d i n orde r 
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t o determin e specifi c  quantitativ e relation s betwee n th e Learnin g an d memorizatio n o f  classifications . 
informativenes s o f  a  for m an d th e likelihoo d o f  thi s for m Psychologica l  Monographs ,  75(13) ,  1-42 . 
bein g converte d int o a  mor e informativ e one . 

Conclusion 

The pape r  ha s tw o majo r  results .  Tli e first  i s  tha t  youn g 

childre n almos t  invariabl y converte d non-informativ e 
tautologie s an d contradiction s int o mor e informativ e 

affirmation s an d negations .  I n s o doing ,  the y simpl y ignore d 
("cut" )  th e secon d par t  o f  th e non-informativ e statements . 

Thes e results ,  i n conjunctio n wit h result s o f  th e secon d 
experiment ,  indicat e tha t  cut s d o no t  ste m solel y fro m a 
memory failure . 

Second ,  olde r  participant s use d mor e sophisticate d 
conversio n strategie s tha n youn g children .  Th e mos t 
prevalen t  strateg y amon g olde r  participant s wa s t o 
remember  les s informativ e form s a s mor e informativ e ones . 
Thi s strateg y resulte d i n th e tendenc y t o substitut e o r  fo r 
artd ,  thu s convertin g les s informativ e disjunction s int o mor e 
informativ e conjunctions .  A s a  result ,  mor e informativ e 
form s wer e mor e likel y t o b e correctl y recalle d tha n les s 
informativ e forms . 
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Abstrac t 

A passive spreading activation theory of incubation effects states 
tha t  hints ,  encountere d b y chanc e afte r  a n unsolve d proble m ha s 
been pu t  aside ,  direc t  spreadin g activatio n t o solution s i n mem-
ory .  Result s fro m thre e experiment s rejec t  thi s explanation .  Pre -
teste d hint s tha t  wer e see n second s befor e unsolve d problem s 
wer e reteste d di d no t  ai d resolutio n unles s hint s wer e intention -
all y use d t o hel p proble m solving . 

Introduction 

The term incubation has been used to refer to a stage of cre-
ativ e proble m solvin g i n whic h wor k o n a n initiall y  unsolve d 
proble m i s temporaril y  pu t  asid e (Wallas ,  1926) .  Afte r  a  tim e 
away fro m th e problem ,  th e solutio n m a y com e suddenl y t o 
mind ,  a  phenomeno n referre d t o a s illuminatio n o r  insight .  A 
provocativ e an d popula r  accoun t  o f  thi s phenomenon ,  some -
time s referre d t o a s th e unconsciou s wor k (e.g. .  Smit h & 
Dodds ,  i n press )  o r  cognitiv e unconsciou s (Weisberg ,  1993 ) 
hypothesis ,  state s tha t  incubatio n i s th e resul t  o f  proble m solv -
in g processe s tha t  occu r  withou t  an d beyon d one' s consciou s 
contro l  o r  direction . 

One contemporar y versio n o f  a  theor y o f  incubatio n tha t  coul d 
be characterize d a s a  typ e o f  unconsciou s wor k explanatio n i s 
base d o n th e notio n o f  semanti c activatio n o f  informatio n i n 
memory (e.g. ,  Yani v &  Meyer ,  1987) .  Th e theory ,  dubbe d th e 
memory sensitizatio n hypothesis ,  state s tha t  concept s repre -
sentin g solution s t o unsolve d problem s (o r  ke y informatio n 
neede d fo r  reachin g solutions )  ca n b e activate d b y problems , 
but  tha t  thi s activatio n migh t  a t  time s b e msufFicien t  fo r  bring -
in g th e activate d materia l  int o consciousness .  Th e activatio n 
imparte d t o thes e critica l  concept s occur s b y th e passiv e an d 
automati c proces s o f  spreadin g activation ,  th e sam e proces s 
use d t o explai n semanti c primin g effect s foun d wit h a  lexica l 
decisio n tas k (e.g. ,  Meye r  &  Schvaneveldt ,  1971) .  Thi s m e m-
or y sensitizatio n hypodiesi s ftirther  state s tha t  th e critica l  con -
cept s remai n activate d belo w th e consciou s threshol d leve l 
unti l  ftirther  activate d b y (perhap s chance )  encounter s wit h 
othe r  stimul i  tha t  ar e relate d t o th e ke y concepts .  Suc h en -
counter s shoul d ad d enoug h activatio n t o th e alread y sensi -
tize d concept s t o "rais e th e critica l  trace s abov e threshol d 
(Yani v &  Meyer ,  1987 ,  p  200). "  Presumably ,  exceedin g suc h 
a threshol d shoul d eithe r  pus h th e critica l  concept s int o con -

sciou s awareness ,  o r  m a k e the m mor e accessibl e whe n th e 
subjec t  return s t o th e unsolve d problem . 

A se t  o f  expenment s o n intuitiv e guidin g b y Bowers ,  Regehr , 
Balthazard ,  &  Parke r  (1990 )  use d Remot e Associate s Tes t 
( R A T )  problems ,  whic h consis t  o f  triad s o f  word s (e.g. , 
A P P L E - H O U S E - F A M I L Y ) ,  eac h o f  whic h i s associate d wit h a 
singl e solutio n wor d (e.g. ,  tree) .  Accordin g t o Bower s e t  a l  ' s 
theory ,  activatio n spread s from  eac h wor d o f  a  R A T tria d t o 
th e word' s associates .  Th e solutio n t o th e tna d therefor e get s 
activatio n from  eac h o f  th e thre e proble m words ,  becaus e th e 
activatio n from  eac h stimulu s wor d add s mcrementall y t o th e 
activatio n o f  th e solution ,  eve n i f  tha t  leve l  o f  activatio n doe s 
not  excee d a  threshol d fo r  consciou s awareness .  Bower s e t 
al.' s  theory ,  therefore ,  predict s tha t  activatio n spread s withou t 
awarenes s from  encountere d stimul i  t o solutions ,  a s i n a  pas -
siv e spreadin g activatio n theory . 

Th e spreadin g activatio n theor y (e.g. ,  Yani v &  Meyer ,  1987 ) 
woul d predic t  tha t  encounter s wit h a  fourt h word ,  a  hin t  se -
manticall y relate d t o a  R A T solutio n word ,  shoul d increas e th e 
likelihoo d o f  accessin g tha t  solution .  A  R A T solutio n word , 
fo r  example ,  receive s activatio n no t  onl y from  th e thre e prob -
le m words ,  bu t  additiona l  activatio n from  a  fourt h word .  Thi s 
fourt h wor d i s a n exampl e o f  th e wa y i n whic h a  hin t  t o th e 
solutio n o f  a  problem ,  encountere d b y chanc e durin g a n incu -
batio n period ,  migh t  impar t  extr a activatio n t o th e solution , 
makin g i t  mor e accessible . 

Pasteur' s notio n tha t  "chanc e favor s th e prepare d mind "  im -
plie s tha t  whe n chanc e hint s c o m e along ,  on e mus t  b e read y t o 
us e suc h clue s t o solv e problems ,  a  theor y sometime s k n o w n 
as opportunisti c assimilatio n (e.g. ,  Seifert ,  Meyer ,  Davidson , 
Patalan o &  Yaniv ,  1995) .  Whethe r  chanc e hint s automaticall y 
ai d th e resolutio n o f  unsolve d problem s i s th e issu e unde r  con -
sideratio n i n th e presen t  study .  D o hint s i n th e environment , 
suc h a s a  fourt h wor d associate d wit h th e solutio n t o a  R A T 
triad ,  unconsciousl y prim e solution s t o problems ? 

Ther e i s reaso n t o believ e tha t  hint s i n th e environmen t  migh t 
contribut e unconsciousl y t o th e discover y o f  insightfu l  solu -
tion s t o problems .  Fo r  example ,  Maie r  foun d tha t  whe n a 
seemingl y accidenta l  hin t  wa s given ,  subject s ofte n use d th e 
hin t  t o quickl y solv e th e problem ,  eve n thoug h the y seeme d 
unawar e o f  havin g use d th e hin t  t o reac h a  solution . 

Othe r  research ,  however ,  suggest s tha t  hint s m a y no t  automat -
icall y yiel d solutions ,  bu t  rathe r  tha t  hint s mus t  b e deliberatel y 
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considere d withi n th e contex t  o f  th e proble m Studie s o f  ana -
logica l  transfe r  i n proble m solvin g sho w tha t  hint s t o th e solu -

tion s o f  problem s i n th e for m o f  stor y analogue s rarel y stimu -
lat e spontaneou s transfer ,  althoug h subject s ar e abl e t o us e th e 
analogue s whe n instructe d t o d o s o (e.g. ,  Gic k &  Holyoak , 
1980 ,  1983) .  I t  ma y b e tha t  opportunisti c assimilatio n onl y 
work s i f  hint s ar e intentionall y applie d t o th e problem . 

Thi s lin e o f  reasonin g lead s t o th e hypothesi s tha t  th e wa y tha t 
hint s facilitat e proble m solvin g i s no t  b y providin g passiv e 
spreadin g activatio n tha t  increase s th e accessibilit y  o f  solu -
tion s b  th e presen t  expenment s w e teste d th e efficac y o f  a 
passi\ e spreadin g activatio n mechanis m fo r  explainin g incu -
batio n effect s i n proble m solving ,  h i  Hxperimen t  1  a  se t  o f 
associate s t o R A T solutio n word s wa s teste d t o determin e 
whethe r  th e associate s prime d th e solutio n word s i n a  lexica l 
decisio n task .  Thi s experimen t  wa s necessar y t o determin e 
whethe r  semanti c activatio n sprea d from  th e associate s t o th e 
solutio n words ,  h i  Experiment s 2  an d 3  R A T problem s wer e 
presente d twice ,  th e problem s intermixe d wit h trial s o f  a  lexi -
cal  decisio n task .  Immediatel y pno r  t o th e secon d presenta -
tio n o f  a  R A T problem ,  ther e wa s a  wor d o n th e lexica l  deci -
sio n tas k (t o b e referre d t o a s a  cu e word )  tha t  wa s eithe r  un -
relate d t o th e solution ,  o r  th e semanti c associat e o f  th e solutio n 
word .  Th e passiv e spreadin g activatio n theor y predict s tha t 
mor e initiall y  unsolve d problem s shoul d b e resolve d a t  retes t 
when th e cu e wor d i s semanticall y relate d t o th e solution . 
One conditio n o f  Experimen t  3  als o involve d instructin g par -
ticipant s t o intentionall y us e th e cu e word s a s hint s fo r  subse -
quen t  R A T problem s Relate d cu e word s wer e predicted , 
bot h b y th e passiv e spreadin g activatio n theor y an d th e in -
tentiona l  versio n o f  th e opportunisti c assimilatio n theor y t o 
facilitat e resolutio n o f  initiall y  unsolve d problem s whe n th e 
cue s w  er e intentionall y use d t o ai d proble m solving . 

Experiment 1 

Experiment 1 tested whether passive spreading activation 
from  associate s woul d sprea d t o solutio n words ,  a s measure d 
by a  lexica l  decisio n task . 

Metho d 

Participants .  Th e participant s m al l  thre e reporte d ex -
penment s wer e studen t  volunteer s from  introductor y psychol -
ogy classe s wh o enrolle d fo r  experimenta l  session s b y signin g 
up o n poste d sheet s m th e Departmen t  o f  Psychology .  Partici -
pant s fulfille d par t  o f  a  cours e requiremen t  b y participatin g i n 
expenments .  Ther e wer e 4 6 participant s wh o participate d i n 
th e lexica l  decisio n task . 

Material s Twelv e R A T problem s wer e selecte d tha t  wer e 
judge d t o hav e unambiguou s solutio n words ,  eac h o f  whic h 
form s a  compoun d wor d o r  commo n two-wor d phras e wit h th e 
thre e correspondin g R A T proble m words . 

Ther e wer e 7 2 stunul i  presente d m a  session ,  3 6 o f  whic h 
wer e words ,  an d 3 6 o f  whic h wer e nonword s tha t  resemble d 
Englis h word s (eg, "  pormoil") .  Th e 3 6 word s show n i n eac h 
of  th e tw o counterbalancing s wer e draw n from a  se t  o f  4 2 
words ,  1 2 o f  whic h wer e th e R A T solutio n words ,  1 2 o f  whic h 
wer e associate s relate d t o th e solutio n words ,  an d 1 8 o f  whic h 
wer e word s unrelate d t o solution s an d associates .  Eac h coun -
terbalancin g include d al l  3 6 nonwords ,  al l  1 2 solutio n words , 
al l  1 8 filler  words ,  an d si x o f  th e 1 2 associate s o f  solutio n 
words .  Th e si x associate s use d i n counterbalancin g A  wer e 
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differen t  from  th e si x use d i n counterbalancin g B . 

Procedure .  Participant s sa t  facin g a  compute r  scree n wit h th e 
lef t  inde x fmge r  restin g o n th e "  1 "  ke y an d th e right  inde x fin-
ger  o n th e "0 "  key .  Instruction s t o participants ,  whic h wer e 
shown o n th e compute r  screen ,  indicate d tha t  th e "0 "  ke y wa s 
t o b e presse d whe n a  nonwor d wa s shown ,  an d th e "  1 "  ke y 
was t o b e presse d whe n a  wor d appeared .  Participant s wer e 
urge d t o pres s th e correc t  ke y fo r  eac h ite m a s quickl y a s the y 
coul d giv e a n accurat e respons e Ther e wer e 3-se c give n be -
twee n eac h respons e an d th e onse t  o f  th e nex t  verba l  stimulus . 
Design .  Hal f  o f  th e 1 2 solutio n word s i n eac h o f  th e tw o c -
ounterbalancing s wer e immediatel y precede d b y relate d asso -
ciate s (th e prime d items) ,  an d hal f  wer e precede d b y unrelate d 
word s (th e nonpnme d items) .  Th e si x item s tha t  wer e prime d 
i n counterbalancin g A  wer e nonprime d item s i n counterbal -
ancin g B ,  an d vic e versa .  Thus ,  primin g (prime d vs .  non -
primed )  wa s manipulate d within-subjects ,  an d counterbalanc -
in g ( A vs .  B )  wa s manipulate d between-subjects . 

Result s an d Discussio n 

A significanc e leve l  o f  g  <  .0 5 wa s use d i n al l  test s i n al l  thre e 
of  th e experiment s reporte d i n th e presen t  study ,  unles s other -
wis e indicated . 

A one-wa y A N O V A compare d th e reactio n time s fo r  prime d 
vs .  nonprime d response s t o solutio n words ,  a  within-subject s 
comparison .  Response s exceedin g 100 0 mse c wer e omitte d 
fro m th e analysis .  A  tota l  o f  4 0 o f  th e origina l  55 2 responses , 
21 i n th e relate d prim e conditio n an d 1 9 i n th e unrelate d 
prim e condition ,  wer e thereb y omitted .  Th e 4 0 omitte d re -
sponse s cam e from  3 1 differen t  participant s 

Primin g wa s significan t  [£(1,45 )  =  32.37 ,  M S e =  1325.30] ; 
response s t o solutio n word s wer e faste r  whe n th e word s ha d 
been precede d b y relate d word s (mea n =  58 3 msec )  rathe r 
tha n unrelate d word s (mea n =  62 6 msec) .  Th e primin g effect s 
fo r  al l  bu t  tw o o f  th e item s exceede d 30-msec . 

The selecte d associate s prime d th e semanticall y relate d R A T 
solutio n words .  Thi s resul t  clearl y satisfie s th e standar d crite -
rion ,  showin g tha t  activatio n reliabl y spread s from  th e associ -
ate s t o th e R A T solution s (e.g. ,  Meye r  &  Schvaneveldt ,  1971) . 
I t  i s als o noteworth y tha t  primin g di d no t  depen d o n an y inten -
tiona l  relatio n o f  prime s t o R A T solutio n words ,  participant s 
wer e no t  inshucte d o r  encourage d t o relat e tes t  stimul i  i n an y 
way.  Therefore ,  i t  ca n b e conclude d tha t  activatio n appear s t o 
hav e passivel y sprea d from  associate s t o R A T solutio n word s 
i n Experimen t  1 . 

Experiment 2 

Given that associates primed processing of RAT solution w-
ords ,  i s i t  th e cas e tha t  suc h associate s als o facilitat e th e reso -
lutio n o f  initiall y  unsolve d R A T problems ? I n Experimen t  2 
participant s wer e give n tw o opportunitie s t o solv e eac h o f  1 2 
R AT problems .  Participant s saw ,  immediatel y prio r  t o th e 
secon d presentatio n o f  eac h R A T problem ,  a  prim e wor d tha t 
was eithe r  unrelate d o r  relate d t o th e solutio n t o th e sub -
sequen t  R A T problem .  Fo r  example ,  pno r  t o th e secon d pre -
sentatio n o f  th e R A T proble m A P P L E H O U SE -  FAMIL Y 
(solution :  tree )  appeare d eithe r  th e relate d prim e {leaves )  o r 
an unrelate d prim e {ironic) .  Th e passiv e spreadin g activatio n 
hypothesi s predicte d tha t  th e probabilit y  tha t  a n initiall y  un -
solve d proble m woul d b e resolve d o n a  secon d attemp t  woul d 
be greate r  i f  th e retes t  o f  a  proble m wer e precede d b y a  wor d 



tha t  wa s semanticall y relate d t o th e solutio n word . 

Metho d 

Participants .  Ther e wer e 5 5 participant s i n Experimen t  2 
Expenmenta l  session s wer e hel d i n group s rangin g i n si/ e 
from  5  t o 1 2 participant s a t  a  time . 

Materials .  Twelv e R A T problem s wit h corresponding  cu e 
word s wer e used .  Ther e wer e als o 9 0 fille r  items ,  hal f  o f 
whic h wer e Englis h word s tha t  wer e no t  obviousl y relate d t o 
any o f  th e R A T proble m solution s (eg ,  ironic) ,  an d hal f  o f 
whic h wer e nonword s tha t  resemble d word s (e.g. ,  pormoit) . 
The stimulu s sequenc e presente d 2 4 block s o f  items ,  wit h 
eac h bloc k consistin g o f  fou r  lexica l  decisio n items ,  followe d 
by a  singl e R A T problem .  Thus ,  th e procedur e consiste d o f 
120 trials ,  includin g 9 6 lexica l  decisio n trials ,  an d 2 4 R A T 
problem s (eac h o f  th e 1 2 problem s wa s repeated) .  Th e 1 2 
R AT problem s presente d i n th e fu"s t  1 2 block s wer e repeate d 
i n th e sam e orde r  i n th e nex t  1 2 block s o f  trials .  A  nonwor d 
(i n th e lexica l  decisio n task )  immediatel y precede d th e firs t 
presentatio n o f  eac h R A T problem .  A  singl e wor d (i n th e lex -
ica l  decisio n task) ,  t o b e referre d t o a s a  cu e word ,  appeare d i n 
th e stimulu s sequenc e immediatel y befor e th e secon d pre -
sentatio n o f  eac h R A T problem .  Fo r  si x o f  th e reteste d R A T 
problems ,  th e immediatel y precedin g cu e wor d wa s th e se -
manticall y relate d wor d use d a s a  prim e i n Experimen t  1 , 
wherea s th e othe r  si x reteste d problem s wer e precede d b y un -
relate d words ,  als o draw n from  th e lexica l  decisio n material s 
i n Experimen t  1 .  Si x o f  th e 1 2 relate d cu e word s wer e use d t o 
cue secon d presentation s o f  correspondin g R A T problem s i n 
counterbalancin g A ,  an d th e othe r  si x wer e use d i n coun -
terbalancin g B . 

Procedure .  Th e instruction s informe d participant s tha t  the y 
woul d alternat e betwee n tw o differen t  tasks :  a  lexica l  decisio n 
task ,  an d a  Remot e Associate s Test .  Fo r  eac h tria l  o f  th e lexi -
cal  decisio n tas k a  lette r  strm g appeare d o n a  televisio n scree n 
fo r  2-sec .  Participant s the n ha d 3-se c t o circl e eithe r  >' « (i f 
th e lette r  strin g forme d a n Englis h word )  o r  n o (t o indicat e th e 
strin g wa s no t  a  word )  i n th e appropriat e space s o n thei r  re -
spons e forms .  Fo r  eac h R A T proble m participant s wer e give n 
10-se c t o writ e th e solution . 

Design .  Cuin g (relate d vs .  unrelate d cue )  wa s a  within-sub -
ject s factor ,  an d counterbalancin g ( A vs .  B )  wa s manipulate d 
between-subjects .  Eac h participant' s resolutio n scor e wa s cal -
culate d a s th e numbe r  o f  initiall y  unsolve d problem s tha t  wer e 
solve d a t  retes t  divide d b y th e numbe r  o f  initiall y  unsolve d 
problems .  Resolutio n score s wer e compute d separatel y fo r 
reteste d problem s corresponding  t o relate d cue s vs .  reteste d 
problem s correspondin g t o unrelate d cues . 

Result s an d Discussio n 

The R A T problem s wer e solve d o n thei r  fu-s t  presentatio n 
3 3 % o f  th e time ,  leavin g approximatel y two-third s o f  th e 
problem s initiall y  unsolved .  Th e resolutio n rat e wa s th e pro -
portio n o f  initiall y  unsolve d problem s tha t  wer e successfull y 
solve d a t  retest .  A  one-wa y within-subject s A N O V A wa s 
compute d t o analyz e th e effec t  o f  cuing ,  usin g th e proportio n 
of  resolve d R A T problem s a s a  dependen t  measure .  C u m g ,  a 
repeate d factor ,  wa s eithe r  relate d o r  unrelated .  Ther e wa s n o 
mai n effec t  o f  cuin g [F(l,53 )  =  .27 ,  M S e =  .010] .  Th e mea n 
resolutio n rate s fo r  relate d vs .  unrelate d cuin g condition s ar e 

show n i n Tabl e 1 . 

Tabl e 1 :  Resolutio n Rate s an d Cuin g i n Expt. s 2  an d 3 . 

Relate d C u e Unrelate d C u e 

Experimen t  1  1 3 

Experimen t  2 

Not  histructe d .1 0 

histructe d t o Us e Hint s .1 6 

.1 2 

.1 3 

.1 2 

Th e result s sho w tha t  cuin g reteste d R A T problem s wit h sem -
anticall y relate d word s di d no t  facilitat e resolutio n o f  th e ini -
tiall y  unsolve d R A T problems .  Th e sam e cu e words ,  pro -
cesse d th e sam e wa y (i.e. ,  judgin g whethe r  th e lette r  strin g 
w as a  wor d o r  not) ,  successfiall y  prime d solutio n word s i n a 
lexica l  decisio n tas k i n Experimen t  1 ,  indicatin g tha t  th e re -
late d cue s provide d passiv e spreadin g activatio n t o solutio n 
words .  Th e failur e o f  th e sam e word s t o cu e R A T solution s i n 
Experimen t  2  i s evidenc e tha t  passiv e spreadin g activatio n 
fro m semanticall y relate d word s doe s no t  facilitat e resolutio n 
of  initiall y  unsolve d problems ,  an d canno t  explai n incubatio n 
effect s i n proble m solving . 

Experiment 3 

There were two purposes for conducting Experiment 3. One 
purpos e wa s t o replicat e th e non-eflfec t  o f  cuin g o n th e resolu -
tio n o f  initiall y  unsolve d R A T problems ,  usin g a  large r  num -
ber  o f  participant s i n orde r  t o enhanc e th e powe r  fo r  detectin g 
effects .  Th e secon d purpos e wa s t o deteimin e whethe r  th e cu e 
word s coul d b e intentionall y use d a s hint s t o facilitat e resolu -
tion .  Eve n i f  th e result s d o no t  suppor t  a  passiv e spreadin g 
activatio n theor y o f  incubatio n effects ,  i t  ma y nonetheles s b e 
possibl e tha t  hint s encountere d i n th e envu-onmen t  ca n b e in -
tentionall y use d t o facilitat e resolutio n o f  initiall y  unsolve d 
problems .  Furthermore ,  a n instructio n t o intentionall y us e 
relate d cu e word s migh t  facilitat e resolutio n becaus e partici -
pant s migh t  b e mor e likel y t o conside r  th e hint s an d cue s a s 
par t  o f  th e sam e task .  I n contrast ,  uninstructe d participant s 
shoul d b e mor e likel y t o se e th e tw o task s a s unrelated ,  there -
by failin g t o us e th e cue s a s hint s t o facilitat e resolution . 

M e t h o d 

Participants .  Ther e wer e 15 2 participant s i n Experimen t  3 ; 
7 9 participant s wer e i n th e nonintentiona l  instructio n condi -
tion ,  an d 7 3 wer e i n th e intentiona l  mstructio n condition . 

Materials .  Th e sam e material s describe d fo r  Experimen t  2 
wer e use d i n Experimen t  3 . 

Procedure .  Th e procedur e i n Experimen t  3  wa s th e sam e a s 
tha t  use d i n Experimen t  2 ,  wit h on e exception ,  h i  th e inten -
tiona l  instructio n conditio n participant s wer e tol d tha t  some -
time s th e word s immediatel y precedin g R A T problem s coul d 
provid e hint s t o th e subsequen t  proble m solutions .  Th e inten -
tiona l  instruction s stated ,  "Som e o f  th e Remot e Associate s 
Tes t  problem s wil l  b e precede d b y hints .  TTia t  is ,  fo r  some , 
but  no t  al l  problems ,  ttie  wor d tha t  appear s jus t  befor e th e 
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proble m o n th e wor d decisio n tas k wil l  b e closel y relate d t o 
th e solutio n t o th e problem .  Pa y attentio n t o thos e words ,  an d 
tr y t o us e th e hint s t o hel p yo u solv e th e problems. "  Thi s in -
structio n wa s omitte d i n tli e nonintentiona l  instructio n condi -
tion .  A s i n Experimen t  2 ,  hal f  o f  th e reteste d problem s wer e 
immediatel y precede d b y cu e words ,  an d hal f  wer e precede d 
by unrelate d words . 

Design .  Cumg,  a  within-subject s variable ,  wa s relate d o r  un -
relate d cues .  Counterbalancin g ( A vs .  B )  an d instructio n (in -
tentiona l  vs .  nonintentional )  wer e between-subject s variables . 

Result s an d Discussio n 

The solutio n rat e fo r  initia l  attempt s a t  R A T problem s wa s 
3 6 % A  2  (cuing )  X  2  (instruction )  A N O VA wa s computed , 
usin g resolutio n rat e a s th e dependen t  measur e Cuing ,  a 
within-subject s factor ,  wa s eithe r  relate d o r  unrelate d cues . 
Instruction ,  a  between-subject s factor ,  wa s eithe r  intentiona l 
or  nonintentiona l  instructions .  Ther e wer e n o significan t  mai n 
effect s o f  instructio n [F .  (1,150 )  =  1.02 ,  MS e =  .036 ]  o r  o f 
cuin g [F(l,150 )  =  .04 ,  M S e =  .010] .  Ther e wa s a  significan t 
cuin g X  instructio n interactio n [F(l,150 )  =  7.51 ,  MSe = 
.010] ;  relate d cues ,  relativ e t o unrelate d cues ,  improve d reso -
lutio n m th e intentiona l  instructio n condition ,  bu t  impede d res -
olutio n i n th e nonintentiona l  conditio n (Tabl e 1) .  Simpl e mai n 
effect s analyse s indicat e tha t  cuin g wit h relate d item s margin -
all y reduce d resolutio n rate s i n th e nonintentiona l  instructio n 
conditio n [£(1,79 )  =  3.72 ,  g  =  .057 ,  MS e =  .010] ,  bu t  im -
prove d resolutio n m th e intentiona l  instructio n conditio n [F -
(1,73 )  =  3.76 ,  MS e =  .010] . 

The result s  o f  Experimen t  3  sho w tha t  whe n participant s wer e 
not  instructe d t o intentionall y us e th e cu e word s a s hints ,  th e 
presenc e o f  semanticall y relate d cue s befor e th e retes t  di d no t 
ai d resolutio n o f  initiall y  unsolve d R A T problems .  I n contras t 
t o thes e results ,  th e intentiona l  us e o f  semanticall y relate d cu e 
word s facilitate d resolutio n o f  initiall y  unsolve d R A T prob -
lems .  Cu e word s wer e no t  detrimenta l  t o retrieva l  o f  solutio n 
words .  Unles s cue s wer e intentionall y applie d t o th e prob -
lems ,  however ,  the y di d no t  facilitat e resolutio n throug h som e 
passiv e process ,  suc h a s spreadin g activation . 

General Discussion 

Experiment 1 showed that cue words primed solution words 
on a  lexica l  decisio n task ,  indicatin g tha t  cu e word s impar t 
spreadin g semanti c activatio n t o solutio n words . 

Cue word s tha t  wer e incidentall y encountere d a  fe w second s 
befor e reteste d R A T problem s di d no t  facilitat e resolutio n o f 
initiall y  unsolve d R A T problems ,  contrar y t o th e predictio n 
made b y a  passiv e spreadin g activatio n theor y o f  incubatio n 
effects .  Thi s failur e o f  cu e word s t o facilitat e resolutio n oc -
curre d i n bot h Experiment s 2  an d 3 .  Th e lac k o f  a  cuin g effec t 
i n Experiment s 2  an d 3 ,  an d th e tren d toward s a  reverse d ef -
fec t  i n Experimen t  3 ,  show s tha t  passiv e spreadin g activatio n 
arisin g fi^om  incidentall y encountere d stimul i  doe s no t  accoun t 
fo r  incubatio n effect s i n proble m solving . 

Cue word s helpe d participant s retriev e R A T solution s onl y 
when participant s wer e explicitl y  instructe d t o us e cu e word s 
as hint s fo r  th e R A T problem s (Experimen t  3) .  Th e facil -
itativ e effec t  o f  intentionall y usin g cu e word s a s hint s fo r  th e 

R AT problem s show s tha t  th e cu e words ,  i n an d o f  them -
selves ,  di d no t  imped e retrieva l  o f  correc t  solutions .  Thi s re -
sul t  i s  consisten t  wit h findings  tha t  analogue s d o no t  spontane -
ousl y transfe r  t o newl y encountere d problems ,  bu t  rathe r  tha t 
attentio n mus t  b e directe d t o relat e th e bas e analogu e t o th e 
targe t  (e.g. ,  Gic k &  Holyoak ,  1980 ;  1983) .  Th e genera l  pat -
ter n tha t  emerge s from  thes e studie s i s tha t  a n activ e us e o f 
incidentall y encountere d informatio n i s necessar y i f  on e i s t o 
tak e advantag e o f  hint s tha t  migh t  facilitat e resolutio n o f  un -
solve d problems . 

Althoug h th e result s o f  th e presen t  experiment s ar e inconsis -
ten t  wit h a  passiv e spreadin g activatio n theor y o f  incubation , 
the y d o no t  necessaril y  contradic t  th e assertio n o f  Yani v & 
Meyer' s (1987 )  memor y sensitizatio n hypothesi s tha t  activa -
tio n from  a n initia l  attemp t  a t  a  proble m accrue s an d persist s 
at  node s representin g informatio n tha t  may b e critica l  fo r  solv -
in g problems .  Suc h activatio n an d persistenc e o f  activatio n 
was no t  teste d i n th e presen t  experiments .  Th e result s d o indi -
cate ,  however ,  tha t  i f  memor y sensitizatio n i s importan t  fo r 
incubation ,  the n i t  i s  no t  becaus e chanc e encounter s wit h rele -
vant  stimul i  passivel y besto w th e extr a activatio n neede d t o 
brin g solution s o r  ke y informatio n abov e th e threshol d o f  con -
sciou s awareness .  What  i s rejecte d i s  th e notio n tha t  semanti c 
activatio n tha t  passivel y spread s from  incidenta l  encounter s 
wit h stimul i  ca n explai n incubatio n effects . 
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Abstrac t 

The problem of multiple instantiation is the ability to 
handl e differen t  instance s o f  a  uniqu e objec t  a t  th e sam e 
time .  Fo r  connectionis t  model s tha t  d o no t  us e a  workin g 
are a containin g copie s o f  item s fro m a  long-ter m 
knowledg e base ,  th e proble m o f  multipl e instantiatio n i s a 
particularl y difficul t  one .  Whil e peopl e ar e abl e t o dea l 
wit h multipl e instances ,  thei r  performanc e whe n doin g s o 
i s nonetheles s poorer ,  whic h i s no t  th e cas e fo r  symboli c 
models .  A  cognitiv e mode l  shoul d reflec t  competence ,  a s 
wel l  a s it s limits .  Som e connectionis t  solution s t o th e 
proble m o f  multipl e instantiatio n ar e mentione d i n thi s 
paper .  A n ne w solutio n whic h make s us e o f 
semi-distribute d representation s i s presented .  Thi s mode l 
does no t  separat e th e lon g ter m knowledg e bas e fro m a 
workin g are a an d ha s n o recours e t o copies .  Thi s solutio n 
limit s th e proces s o f  multipl e instantiatio n i n a  wa y tha t 
shoul d bette r  reflec t  huma n data . 

Introduction 

Multipl e instantiatio n involve s th e simultaneou s us e o f  th e 
same part s o f  th e knowledg e bas e i n differen t  ways .  I f  yo u 
hear  tha t  "Joh n i s i n lov e wit h Louise "  an d tha t  "Louis e i s 
i n lov e wit h John" ,  yo u ca n easil y infe r  tha t  the y shoul d b e 
happy .  T o d o thi s inference ,  yo u mus t  instantiat e th e 
predicat e "i s i n lov e with "  an d th e object s "John "  an d 
"Louise "  twice .  Precisel y h o w thi s i s don e i s th e proble m 
of  multipl e instantiatio n o r  "th e type-toke n problem " 
(Norman ,  1986 ;  Dyer ,  1991) . 

Symboli c model s tha t  loa d copie s o f  piece s o f  knowledg e 
int o a  workin g are a befor e transformin g the m d o no t  hav e 
any proble m wit h multipl e instantiation .  The y simpl y 
plac e severa l  copie s o f  th e sam e conten t  from  th e long-ter m 
knowledg e bas e ( L T K B )  int o th e workin g area .  However , 
fo r  connectionis t  models ,  whic h d o no t  us e thi s copyin g 
process ,  multipl e instantiatio n pose s a  seriou s problem . 
H ow ca n th e sam e par t  o f  th e knowledg e bas e b e relate d t o 
differen t  role s a t  th e sam e tim e withou t  makin g severa l 
copie s o f  th e knowledg e i n question ? Multipl e instantiatio n 
i s eve n a  greate r  proble m fo r  distribute d representations . 
Two closel y relate d concept s will ,  i n principle ,  shar e nodes . 
I f  bot h concept s ar e neede d simultaneously ,  thei r  share d 
node s mus t  b e instantiate d twice . 

An abilit y t o handl e multipl y instantiate d concept s 
assigne d t o differen t  role s a t  th e sam e tim e i s require d fo r 
many cognitiv e tasks .  S o m e example s include : 

•  Transitiv e inferences :  Know in g tha t  Mar y i s  olde r  tha n 
Franci s an d tha t  Franci s i s  olde r  tha n Jack ,  a  cognitiv e 
syste m shoul d b e abl e t o infe r  tha t  M a r y i s  olde r  tha n 
Jack .  Thi s tas k require s tw o instantiation s o f  th e sam e 
predicat e an d tw o instantiation s o f  Francis ,  eac h assigne d 
t o tw o differen t  roles ,  "olde r  object "  an d "younge r  object" . 

•  Symmetri c an d non-symmetri c inferences :  F ro m "Joh n 
love s Louise "  an d "Louis e love s Gray" ,  th e syste m shoul d 
infe r  tha t  "Joh n i s jealou s o f  Gray. "  Her e again ,  th e tas k 
involve s tw o instantiation s o f  th e predicat e an d tw o 
instantiation s o f  "Louise" ,  onc e i n th e rol e o f  "lovee "  an d 
onc e i n th e rol e o f  "lover" . 

•  Recursion :  Understandin g thi s sentence :  "Th e bo y w h o hi t 
th e gir l  w h o hi t  th e ca t  wa s m y friend "  require s tw o 
instance s o f  th e predicat e "hit "  an d th e concep t  "girl" . 

Connectionism and Multiple Instantiation 

Classically ,  i n a  connectionis t  networ k ther e i s n o 
separatio n betwee n L T K B an d a  temporar y stor e (o r  a 
workin g area) ,  i n whic h copie s o f  piece s o f  L T K B ar e loade d 
befor e transformation .  I n thes e models ,  activatio n o f  th e 
L T K B create s a  Shor t  Te r m M e m o r y ( S T M ) .  Fo r  system s 
tha t  d o separat e L T K B an d S T M (mos t  traditiona l  A I 
models) ,  multipl e instantiatio n i s no t  a  proble m sinc e th e 
syste m ca n mak e a s man y copie s o f  L T K B informatio n a s 
neede d i n S T M .  Withou t  thi s copyin g process ,  neura l  net s 
suffe r  fro m "crosstalk. "  (Feldman ,  1982) .  Addin g "Joh n 
love s Mary "  t o "Gar y love s Rita "  ca n lea d t o pseudo -
memorie s (Dyer ,  1991 )  lik e "Joh n love s Rita" .  Eve n i f  w e 
assume tha t  Joh n an d Gar y ar e correctl y boun d t o th e rol e o f 
lover ,  an d Mar y an d Rit a t o th e rol e o f  lovee ,  bot h m e n an d 
bot h w o m e n remai n boun d t o th e sam e respectiv e roles . 
Th e syste m need s t o distinguis h th e tw o fact s b y separatin g 
th e tw o identica l  predicate s an d thei r  respectiv e role s 
bindings . 

Th e proble m o f  multipl e instantiatio n arise s i n localis t 
network s i f  tw o instantiation s diffe r  b y mor e tha n on e 
argument s value .  Fo r  example ,  "Jac k eat s egg s an d Jac k 
eat s fish "  doe s no t  requir e separat e instance s o f  th e predicat e 
"eats "  sinc e thi s statemen t  ca n b e reduce d t o "Jac k eat s egg s 
and fish" .  However ,  whe n tw o set s o f  tw o item s mus t  b e 
boun d t o identica l  pair s o f  roles ,  th e syste m mus t  b e abl e t o 
handl e tw o copie s o f  th e predicat e an d argumen t  slots .  Fo r 
example ,  "Jac k eat s egg s an d Mar y eat s fish "  canno t  b e 
reduce d t o "Jac k an d Mar y ea t  egg s an d fish, "  otherwis e on e 
canno t  distinguis h w h o eat s what . 
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The proble m fo r  distribute d representation s i s eve n mor e 

difficult .  Multipl e instantiatio n problem s appea r  a s soo n a s 
on e nod e mus t  b e share d b y entitie s tha t  hav e t o b e 

differentiated .  I f  a n n-ar y predicat e mus t  b e represente d 
wher e eithe r  predicat e role s o r  thei r  filler s nee d t o shar e a 
c o m m on node ,  thi s nod e wil l  hav e t o b e linke d t o differen t 
entities .  I n system s wit h distribute d representations ,  th e 

los s o f  a  singl e nod e i s o f  mino r  importanc e and , 
consequently ,  th e proble m wil l  b e a  functio n o f  th e 

proportio n o f  share d nodes . 

Relevance for Cognitive Science 

Norman (1986 )  wondere d i f  i t  wa s reall y necessar y t o solv e 
th e proble m o f  multipl e instantiation .  Th e connectionis t 
limitation s involvin g multipl e instantiatio n coul d b e 
considere d a  virtu e sinc e human s hav e difficultie s wit h task s 

involvin g multipl e instantiation .  Empirica l  evidenc e ca n b e 
foun d i n psychologica l  studie s o f  reasonin g (Sougn ^  & 
French ,  1997 ;  Carreira s &  Santamaria ,  1997) ,  o f  similarit y 
and workin g memor y (Baddeley ,  1966) ,  an d o f  repetitio n 
blindnes s (Kanwisher ,  1987 ;  Morri s &  Harris ,  1997) .  Thes e 
studie s sho w tha t  multipl e instantiatio n ca n indee d caus e 
problem s fo r  humans .  Bu t  the y als o sho w tha t  th e 

cognitiv e apparatu s possesse s th e mean s t o dea l  wit h it . 
Confronte d wit h multipl e instantiatio n peopl e ten d t o b e 

slowe r  o r  t o m a k e mor e mistakes .  A  cognitiv e mode l 
shoul d no t  onl y b e abl e t o dea l  wit h multipl y instantiate d 
concepts ,  bu t  shoul d als o reflec t  h u m a n performanc e 
includin g difficultie s (se e Sougne ,  1998) . 

Connectionist Solutions 

Tlier e ar e thre e mai n type s o f  connectionis t  solutions .  Th e 
firs t  use s tw o systems ,  on e fo r  th e L T K B an d anothe r  a s 
workin g are a wher e element s o f  L T K B ar e loaded .  Th e 
secon d make s severa l  copie s o f  th e sam e element s i n L T K B . 
The thir d i s th e presen t  attemp t  t o solv e th e proble m wit h 
differen t  frequencie s o f  oscillation . 

Multiple Copies Loaded in a Working Area 

B o o k m an an d Alterma n (1991 )  combin e a  localis t 
semanti c networ k tha t  store s dependencie s betwee n concept s 
wit h a  distribute d networ k o f  semanti c feature s tha t 
determine s whic h schem a slot s wil l  ge t  filled .  Eac h 
combinatio n o f  a  concep t  instanc e an d it s associate d rol e 
wil l  lea d t o a  ne w schema .  Anothe r  model ,  ABR-Composi t 
of  B a m d e n (1994 )  use s tw o systems ,  a  Lon g ter m memor y 
( L T M )  an d a  Workin g memor y ( W M ) ,  bot h system s bein g 
connectionis t  networks .  I n thi s model ,  W M i s compose d o f 
severa l  register s whic h ar e fille d wit h activatio n pattern s 
fro m L T M . 

Model s tha t  separat e " L T M store "  an d " W M store " 
inadequatel y reflec t  difficultie s peopl e hav e whe n the y 
perfor m multipl e instantiation .  Fo r  thes e models ,  eve n i f 
W M stor e ha s a  limite d capacity ,  i t  i s  a s eas y t o loa d on e 
cop y a s t o fil l  W M wit h copie s o f  th e sam e conten t  fro m 
L T M unles s thi s i s prevente d i n a n "a d hoc "  manner .  Othe r 
solution s hav e bee n developed ,  however ,  i n whic h W M 
stor e i s th e activate d par t  o f  L T M .  Thes e model s ar e muc h 

bette r  a t  reflectin g no t  onl y th e ability ,  bu t  als o th e 
difficulty ,  tha t  human s hav e i n doin g multipl e instantiation . 

Multiple Copies of Concepts inside the LTKB 

R O B I N (Lang e &  Dyer ,  1989 )  separate s role s fro m 
concepts ,  eac h concep t  ha s a n associate d nod e tha t  output s a 
particula r  constan t  valu e (calle d it s signature) .  W h e n a  rol e 

nod e ha s th e sam e activatio n a s tha t  o f  a  concep t  signature , 
thi s concep t  i s boun d t o th e role .  Multipl e instantiatio n i s 

performe d b y addin g activation s an d signature s (se e Lange , 

1992) . 
S H R U TI  (Man i  &  Shastri ,  1993 )  use s synchron y o f 

node-firin g t o bin d object s t o thei r  roles .  Multipl e 
instantiatio n i s achieve d b y th e us e o f  a  bounde d (usuall y 3 ) 
set  o f  copie s o r  bank s o f  predicate s an d thei r  argumen t  slot s 
and activatio n i s directe d t o a n uninstantiate d cop y b y mean s 
of  a  switch .  Thi s mode l  make s psychologica l  prediction s 
abou t  bot h W M spa n an d multipl e instantiatio n abilities . 
S H R U TI  predict s tha t  th e numbe r  o f  instantiation s i s 
limite d an d tha t  th e tim e require d fo r  doin g multipl e 
instantiatio n i s proportiona l  t o th e numbe r  o f  predicat e 
banks . 

Period Doubling 

I N F E R N E T ( S o u g n e ,  1996 ;  Sougn e &  French ,  1997 ) 
achieve s variabl e bindin g throug h tempora l  synchron y o f 
nod e firing .  I n short ,  whe n on e nod e fire s i n synchron y wit h 
another ,  the y ar e temporaril y  boun d together .  I t  ha s a  limite d 
W M spa n an d th e conten t  o f  W M i s maintaine d b y 
oscillations .  Onc e a  nod e i s activated ,  i t  tend s t o fir e 
rhythmicall y a t  a  particula r  frequency .  I t  achieve s multipl e 
instantiatio n b y mean s o f  perio d doubling .  Node s pertainin g 
t o a  doubl y instantiate d concep t  wil l  sustai n tw o 
oscillations .  Thi s mean s tha t  thes e node s wil l  b e abl e t o 
synchroniz e wit h tw o differen t  set s o f  nodes .  Th e followin g 
sectio n describe s th e propose d solutio n i n mor e detail . 

INFERNET 

I N F E R N ET i s a  connectionis t  mode l  usin g integrate-and-fir e 
nodes .  Eac h concep t  i s represente d b y a  cluste r  o f  node s 
firin g i n synchrony .  Concept s ar e boun d t o thei r  role s b y 
synchronou s firing .  Simila r  us e o f  synchron y ca n b e foun d 
i n Shastr i  &  Ajjanagadd e (1993) ;  H u m m el  &  Holyoak , 
(1997) ;  Henderson ,  (1996) .  Fo r  example ,  t o represen t  th e 
fac t  "Joh n love s Louise" ,  node s belongin g t o "John "  mus t 
fire  synchronousl y wit h node s belongin g t o "Lover "  (Figur e 

1) . 
Ther e i s considerabl e neurobiologica l  evidenc e fo r 

considerin g synchron y a s a  possibl e bindin g mechanis m i n 
th e brai n (se e Roelfsema ,  Engel ,  Konig ,  &  Singer ,  1996 ; 
Singer ,  1993) . 

Sinc e concept s ar e represente d b y a  se t  o f  nodes , 
I N F E R N ET focuse s o n th e distributio n o f  node-firin g times . 
I f  th e firin g distributio n i s tightl y concentrate d aroun d th e 
mean,  th e concep t  i s considere d t o b e activated . 

Ther e i s neurobiologica l  evidenc e (se e Engel ,  Kreiter , 
Konig ,  &  Singer ,  1991 )  tha t  i f  severa l  object s ar e presen t  i n 
a scene ,  severa l  group s o f  cell s fir e i n distinc t  window s o f 
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synchrony .  I n I N F E R N E T ,  discriminatio n i s  achieve d b y 

successiv e w i n d o w s o f  synchrony .  Predicate s an d role s ar e 
linke d b y a  specifi c  tempora l  order .  T h e activatio n o f  a 
predicat e i s  a lway s fol lowe d b y th e successiv e activatio n o f 
it s differen t  roles ,  eac h o f  w h i c h i s  assigne d t o a  particula r 
w i n d o w o f  synchrony . 

Il l  2n d M 
Window WWidow Wtndc w 

Lov e 

Love r 

Loveei l 

Johi 

Louis< 

•ynehfon i  lynohton J 

- H i  II I  I  I I  I 
0 5  1 0 1 5 2 0 2 5 3 0 3 5 4 0 

Tim e (ms ) 

Figure 1: Synchronization as a binding mechanism. 
Understandin g "Joh n love s Louise "  require s groupin g 

"Lover-John "  an d "Lovee-Louise "  an d discriminatin g them . 

A number of neurobiological parameters are involved in a 
representatio n tha t  relie s o n cluster s o f  node s firin g 
simultaneously .  Th e firs t  i s th e frequenc y o f  oscillation . 
Some specifi c  oscillator y activitie s see m t o facilitat e 
synchronizatio n (Roelfsem a e t  al. ,  1996 ;  Singer ,  1993) .  I n 
I N F E R N ET onc e a  nod e i s  activated ,  i t  tend s (bu t  no t 
necessarily )  t o begi n oscillatin g a t  a  y  frequenc y range , 
whose lowe r  limi t  i s 3 0 H z an d uppe r  limi t  varie s accordin g 
t o variou s author s fro m 7 0 H z (Abeles ,  Prut ,  Bergman , 
Vaadia ,  &  Aertsen ,  1993 )  t o 10 0 H z (Wilso n &  Shepherd , 
1995) .  Th e tempora l  ga p betwee n 2  spike s o f  a  nod e i s 
therefor e fro m 10-1 4 t o 3 3 m s .  Thes e y  wave s hav e bee n 
observe d t o b e associate d wit h attentio n (Wan g &  Rinzel , 
1995 )  an d wit h associativ e memor y (Wilso n &  Shepherd , 
1995 )  an d see m t o b e th e bes t  candidat e fo r  enablin g 
synchronizatio n an d bindin g (Singer ,  1993) .  Th e secon d 
key paramete r  i s  th e precisio n o f  th e synchron y a t  thi s 
frequenc y range .  Accordin g t o Abele s an d al .  (1993) ,  thi s 
precisio n i s abou t  5  ms ,  sometime s less ,  an d depend s o n th e 
frequency  o f  oscillation .  Thi s allow s u s t o approximat e th e 
number  o f  window s o f  synchron y tha t  ca n b e differentiated , 
i.e. ,  25/ 5 =  5 ,  base d o n a  typica l  frequenc y o f  40Hz .  I f  w e 
assume tha t  a  windo w o f  synchron y correspond s t o a n item , 
a word ,  a n idea ,  a n objec t  i n a  scene ,  o r  a  chun k i n workin g 
memory ( W M ) ,  thi s put s W M spa n a t  approximately  5 , 
wit h a  smal l  amoun t  o f  varianc e sinc e precisio n i s 
proportiona l  t o oscillatio n frequency .  Thi s correspond s t o 
estimate s o f  huma n W M spa n (Cowan ,  1998) .  Th e mor e 
th e syste m need s t o discriminat e object s i n W M,  th e mor e 
precis e th e synchron y shoul d be .  Sinc e thi s paramete r  i s 
bounded ,  i t  ca n lea d t o W M overloa d i n whic h window s o f 
synchron y ar e n o longe r  distinguishable .  Therefore ,  th e 
number  o f  distinc t  item s an d th e numbe r  o f  predicat e 
argument s i n W M i s limite d (Sougne ,  1996) .  Finally ,  th e 
representatio n i s maintaine d i n W M b y burst s o f  y  waves . 
Simila r  explanation s fo r  th e brain' s abilit y t o stor e short -

ter m memor y item s ca n b e foun d i n th e literatur e (Shastr i  & 

Ajjanagadde ,  1993 ;  Lisma n an d Idiar t  1995) . 

Inference with Multiple Instantiation 

I N F E R N ET use s a  two-ste p proces s fo r  drawin g inferences . 
The firs t  i s  t o encod e premise s b y temporaril y  "learning " 
th e bindin g o f  object s t o thei r  respectiv e roles .  Fo r 
example ,  Figur e 2  show s th e activit y o f  th e premise s "Joh n 
love s Louise "  an d "Louis e love s John. "  Th e secon d ste p i s 
th e network' s respons e t o a  query .  Fo r  example .  Figur e 3 

show s th e activit y o f  th e concept s comprisin g th e query , 
"Whos e lov e i s reciprocated? " 

Love 

Lover 

Lovee 

Man 

Woman 

X 

Y 

John 

Louise 

A i j i t  A  J L J L - ^ 

JULy iLi^JJ L 

Ai  i ^  J U 

30 6 0 90 12 0 
Time (ms ) 

150 180 

Figur e 2 :  Concept s firin g followin g th e presentatio n o f 
premises :  "Joh n love s Louise "  an d "Louis e love s John "  afte r 
a certai n amoun t  o f  learning .  Verticall y aligne d histogram s 

(denotin g binding )  hav e i n th e sam e color . 

LoveEachOther ? 
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John 
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i t 
A 

£ 

1 
A 

A 

1 

g 

1 k 

A I a 

I 
A 
& 

A 
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Figur e 3 :  Concept s firin g followin g th e query :  " W h o love s 
eac h other? "  onc e premise s i n B  hav e bee n encoded . 

During the encoding phase, the system is sensitive to 
synchronou s firin g o f  nodes .  W h e n tw o node s fir e i n 
synchrony ,  i f  ther e i s a  connectio n betwee n them ,  th e 
strengt h o f  thi s connectio n wil l  b e positivel y increase d an d 
th e dela y associate d wil l  b e adjusted .  Afte r  learning ,  th e 
firin g o f  on e o f  thes e tw o node s wil l  activel y participat e t o 
th e synchronou s firin g o f  th e other .  I n short ,  thi s "learnin g 
phase' '  independentl y reproduce s th e synchronou s firin g o f 
node s detecte d fro m th e input .  Th e modification s o f 
connectio n parameter s deca y ove r  tim e t o ensur e tha t  th e 
syste m wil l  b e read y t o ne w information . 

I N F E R N ET ha s a  Lon g Ter m Knowledg e Bas e tha t  i s 
use d fo r  encodin g premise s an d answerin g queries .  Figur e 4 
shows th e knowledg e necessar y t o mak e inference s abou t 
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lov e an d jealousy .  Arrow s represen t  connections ;  the y ar e 

tagge d wit h number s tha t  indicat e th e tim e require d t o 
propagat e activation .  Specifically ,  i n thi s example ,  a  dela y 

of  30m s correspond s t o th e la g betwee n tw o spike s o f  a 

nod e oscillatin g a t  33Hz .  Thi s dela y ensure s tha t  thes e 
concept-nod e spike s wil l  synchroniz e afte r  30ms . 

I N F E R N ET als o implement s AND-gates ,  whic h requir e al l 
input s t o reac h th e targe t  a t  th e sam e time .  Thi s i s achieve d 
by a  se t  o f  excitator y an d inhibitor y link s combine d wit h 
presynapti c inhibitio n an d facilitatio n (se e Hawkins ,  Kandel , 
and Siegelbaum ,  199 3 fo r  neurobiologica l  counterpart) . 
Unlik e mos t  links ,  thes e latte r  link s ac t  o n connection s 
rathe r  tha n node s (French ,  1995 ;  Shastr i  &  Ajjanagadde , 
1993) .  Similarly ,  XOR-gate s ar e onl y o n whe n on e o f  th e 
input s i s activ e an d NOR-gate s ar e onl y activ e whe n al l 
input s ar e silent .  Thes e gate s ar e relate d t o th e 
neurobiologica l  phenomeno n o f  coincidenc e detectio n (se e 
Konnerth ,  Tsien ,  Mikoshiba ,  &  Altman ,  1996) . 
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Figur e 4 :  Connections ,  delay s an d gate s require d fo r 
reasonin g abou t  lov e an d jealous y 

The knowledge encoded, as shown in Figure 4, can 
correctl y answe r  th e quer y " W h o love s eac h other? "  an d 
" W ho i s jealou s o f  w h o m ? "  fo r  al l  possibl e combinatio n o f 
tw o premises .  I n short ,  th e connection s o f  Figur e 4 
represen t  th e followin g facts :  People' s lov e i s reciprocate d i f 
one individua l  i s  a  w o m a n ,  w h o i s bot h love e an d lover ,  an d 
th e othe r  i s a  m a n w h o i s als o bot h love e an d lover ;  a 
"jealouser "  i s  a  love r  whos e lov e i s no t  reciprocate d an d th e 
perso n w h o m she/h e loves ,  love s someon e else ;  a 

"jealousee "  i s th e perso n w h o i s th e love e o f  someon e wh o 

i s love d b y someon e else . 
Durin g th e premise-encodin g phase ,  connectio n weight s 

and delay s wil l  b e modifie d b y a  Hebbia n learnin g rul e t o 

reproduc e synchronies .  I n Figur e 2 ,  "John "  i s synchronize d 
wit h bot h "Lovee "  an d "Lover" .  Th e connectio n strength s 

betwee n "John "  an d thes e tw o role s wil l  b e increased .  A t  a 
particula r  moment  (95m s i n Figur e 2) ,  th e connection s fro m 
"John "  wil l  b e sufficien t  fo r  th e rol e o f  "Lovee "  t o b e 
activate d wheneve r  "John "  i s activated .  Thereafter ,  th e 
expecte d activatio n o f  "Lovee "  a t  100m s wil l  b e prevente d 
due t o th e refractor y perio d o f  th e "Lovee "  nodes . 

W h en th e quer y come s (Figur e 3) ,  "Love-each-Other? " 

wil l  b e followe d b y th e firin g o f  " X "  the n "Y. "  Sinc e th e 
strengt h o f  th e connection s betwee n "John "  an d "X" ,  an d 
betwee n "Louise "  an d " Y "  ha s increased ,  "John "  an d 
"Louise "  wil l  als o fire . 

W h en doubl y instantiated ,  node s sustai n tw o separat e 
oscillatio n frequencie s an d thi s ma y sometime s lea d t o 
uneve n lag s betwee n successiv e spikes :  (compar e th e doubl e 
instantiatio n o f  " M a n "  wit h tha t  o f  "Lover "  i n Figure s 2) . 
Thi s phenomeno n i s simila r  t o bifurcatio n b y perio d 
doublin g (Canavier ,  Clark ,  &  Byrne ,  1990) .  A  stabl e 
oscillator y stat e ca n los e it s stability ,  givin g ris e t o a  ne w 
stabl e stat e wit h double d period .  Thi s phenomenon ,  whe n 
repeated ,  ofte n lead s t o chaos . 

The solutio n i n th e abov e exampl e i s restricte d t o doubl e 
instantiatio n becaus e multipl e instantiatio n put s extr a 
constraint s o n workin g memory .  Th e abov e exampl e 
require s 6  window s o f  synchrony ,  whic h fil l  workin g 

m e m o r y .  W h e n multipl e instantiatio n i s neede d 
I N F E R N ET mus t  spli t  rol e node s int o differen t  phases . 
H o w t o tak e greate r  numbe r  o f  instantiation s int o account , 
i s  currentl y bein g studied . 

Performance of INFERNET 

Figur e 5  show s th e performanc e o f  th e computationa l 
implementatio n o f  I N F E R N E T .  Th e tas k wa s t o fin d 
"Whos e lov e i s reciprocated? "  an d " W h o i s jealou s o f 
w h o m ?"  whe n give n "Joh n love s Louis e an d Louis e love s 
John "  an d "Joh n love s Louis e an d Louis e love s Gray. "  Th e 
performanc e o f  th e syste m i s measure d b y th e percentag e o f 
correc t  response s an d b y th e tim e take n b y th e syste m t o se t 
th e correc t  bindings . 

T wo variable s wer e manipulated :  th e amoun t  o f 
distributio n (Overlappin g vs .  N o n overlappin g distributions ) 
and th e presenc e o r  absenc e o f  nois e i n th e system .  I n thi s 
experiment ,  eac h concep t  i s compose d o f  1 6 nodes .  I n th e 
Non-overlappin g condition ,  n o concep t  share s node s wit h 
othe r  concepts ,  wherea s i n th e overlappin g condition ,  eac h 
concep t  share s 4  node s wit h tw o othe r  concept s whic h wil l 
neve r  b e boun d t o th e sam e role .  Nois e i s adde d a t  eac h 
tim e step .  Experiment s consiste d o f  2 0 trial s fo r  eac h o f  th e 
fou r  conditions .  Figur e 5  show s that ,  i n general , 
overlappin g distribution s reduc e th e percentag e o f  correc t 
answers ,  an d whe n th e respons e i s correct ,  respons e tim e 
decrease s (i f  ther e i s n o noise) .  I n th e tas k tested ,  mos t 
concept s ar e doubl y instantiate d an d th e representationa l 
overla p mean s tha t  mor e instantiation s wil l  occur . 
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Consequently ,  certai n node s mus t  b e assigne d t o mor e tha n 
tw o w indo w o f  synchrony .  Fo r  example ,  "Louise "  node s 
must  b e synchronize d wit h "Lover "  an d "Lovee "  nodes ,  bu t 
i f  "Louise "  share s node s wit h "Love" ,  thes e share d node s 
must  fire  i n additiona l  w indow s o f  synchrony .  Sinc e ihes e 
node s canno t  oscillat e faste r  tha n lOOHz ,  s o m e o f  th e 
require d spike s canno t  occu r  an d th e proportio n o f  correc t 
answer s thu s decreases . 

% 
100 

Nois e fre e 

Non overlappin g Overlappin g 

2000 -

1500 -

1000 - Nois e fre e 

Non overlappin g Overlappin g 

Figur e 5 :  I N F E R N E T result s fo r  a  tas k requirin g multipl e 
instantiation .  (A )  show s th e percentag e o f  correc t  responses , 
(B )  display s th e tim e take n b y th e syste m t o lear n th e correc t 

bindings . 

Why does binding fixation convergence time decrease in 
th e noise-fre e overlappin g condition ? Postsynapti c node s 
requir e th e conjunctio n o f  activatio n a t  a  precis e tim e t o fire . 
I f  th e conjunctio n involve s inpu t  fro m differen t  concept s an d 
i f  thes e concept s shar e node s i n c o m m o n ,  th e increas e i n 
firin g rat e increase s th e chanc e o f  havin g a  conjunctio n o f 
activatio n tha t  cause s th e firin g o f  th e postsynapti c node . 
On th e othe r  hand ,  thi s wil l  als o increas e th e numbe r  o f 
inappropriat e firing s o f  thes e postsynapti c nodes .  Thi s 
increase s respons e error s an d th e syste m rapidl y reache s a 
loca l  m in imum .  W h e n nois e i s added ,  i t  provide s a  mean s 
of  escapin g fro m thes e loca l  minima ,  thu s improvin g th e 
frequenc y o f  correc t  responses ,  bu t  als o increasin g respons e 
times .  Nois e make s th e syste m mor e errati c befor e reachin g 
a stabl e point .  I t  allow s exploratio n o f  a  large r  par t  o f  th e 
space ,  whic h take s time ,  bu t  als o improve s th e chanc e o f 
finding  th e bes t  answer .  T h e genera l  effec t  o f  nois e i s 
simila r  t o th e p h e n o m e n o n o f  stochasti c resonanc e (se e 
Levi n &  Mille r  1996) . 

Conclusions 

Multipl e instantiatio n pose s problem s no t  onl y fo r 
connectionism ,  bu t  fo r  human s a s well .  However ,  wit h 
adequat e time ,  human s ca n represen t  dat a tha t  involv e 
multipl e instantiation .  I n thi s paper ,  variou s solution s t o 
th e proble m o f  multipl e instantiatio n ar e discussed . 

The firs t  use s separat e L T M an d S T M stores .  Eve n i f 
S T M ha s a  limite d capacity ,  on e ca n fil l  i t  wit h instance s o f 
th e sam e concept .  Thi s solutio n doe s no t  predic t  peopl e 
difficultie s wit h multipl e instantiation . 

The secon d solutio n make s multipl e copie s o f  th e sam e 
conten t  i n L T M .  I t  increase s th e storag e capacit y 
requiremen t  o f  L T M .  I t  predict s a n increas e i n reactio n tim e 
proportiona l  t o th e numbe r  o f  concep t  instances ,  an d a n 
abrup t  disruptio n o f  respons e qualit y i f  th e numbe r  o f 

instantiatio n require d b y th e tas k i s superio r  t o th e numbe r 
of  availabl e copies . 

The thir d solutio n use s multipl e oscillatio n frequencie s 
whic h increase s th e loa d o f  S T M .  Th e numbe r  o f 
instantiation s i s limite d b y S T M capacit y an d b y th e rang e 
of  possibl e oscillatio n frequencies .  Thi s solutio n predict s a 
decreas e i n respons e qualit y proportiona l  t o th e numbe r  o f 
instance s required .  Thi s decreas e i s associate d wit h increase d 
S T M load . 

The las t  solutio n bette r  reflect s people' s difficultie s wit h 
multipl e instantiation ,  althoug h additiona l  psychologica l 
studie s ar e stil l  needed . 
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Abstrac t 

Responding appropriately to multiple, fast evolving, high 
risk  situation s i s difficul t  W e investigate d th e desig n o f  a 
decisio n suppor t  too l  calle d a  Respons e Manage r  withi n 
th e contex t  ofnava l  ai r  warfare .  Ou r  questio n wa s whethe r 
support ,  i n th e fon n o f  presentin g response  option s fo r 
consideration ,  shoul d b e generi c t o al l  aircraf t  o r 
specificall y tailore d t o differen t  type s o f  aircraft . 
Specificall y tailore d option s hmi t  clutte r  o n a  display ,  bu t 
peiiiap s a t  th e pric e o f  constrainin g option s an d decisio n 
makin g t o a n inappropriatel y smal l  set .  I n ou r  experiment , 
ai r  warfare-traine d nava l  ofiicer s sa w snapshot s o f  ai r 
warfar e situation s consistin g o f  a  ma p o f  a n airspace , 
detaile d dat a abou t  on e aircraft ,  plu s a  se t  o f  respons e 
options .  W e varie d th e content s o f  th e respons e sets .  Th e 
result s indicat e tha t  participant s tende d t o giv e order s t o 
execut e response s tha t  wer e congruen t  wit h th e presente d 
response  set .  Highl y experience d ofiicer s showe d a s larg e 
an influenc e o f  response  se t  presentatio n a s di d les s 
experience d officers .  Separat e threa t  assessmen t  ratings , 
however ,  indicate d tha t  th e specificall y tailore d respons e 
set s wer e no t  influencin g threa t  assessments ;  the y wer e 
influencin g response  selectio n only .  W e conclude d tha t 
th e response  manage r  work s mor e Uk e a  memor y aid ,  b y 
orientin g attentio n towar d th e presente d respons e 
options ,  rather  tha n b y biasin g situatio n interpretations . 

Introduction 

Automatio n i s becomin g increasingl y c o m m o n everywher e 
from  manufecturin g t o militar y c o m m a n d an d control .  A s a 
result ,  fewe r  peopl e ar e doin g mor e b y becomin g supervisor s 
of  automate d systems .  Fo r  thes e change s t o b e successfu l 
and safe ,  w e mus t  understan d th e cognitio n involve d i n 
supervisio n an d naturalisti c decisio n making ,  an d w e mus t 
desig n effectiv e tool s t o suppor t  thi s cognition . 

Supervisio n an d naturalisti c decisio n makin g ar e i n m a n y 
ways simila r  t o proble m solvin g i n genera l  (Klein ,  1993) . 
The situatio n i s first  encoded ,  the n assessed ,  an d the n on e 
or  mor e response s ar e selecte d fo r  execution .  Decisio n 
makin g cycle s throug h thes e step s continuall y a s th e 
situatio n evolves .  Here ,  w e hav e focuse d o n sui^rtin g 
respons e management :  h o w t o choos e th e mos t  appropriat e 
respons e a t  eac h point . 

Respons e managemen t  i s m a d e difficul t  b y havin g t o 1 ) 
monito r  an d respon d t o multipl e simultaneou s situation s a s 
the y evolv e ove r  time ,  2 )  asses s an d respon d t o highl y 
ambiguou s situations ,  3 )  conside r  an d choos e a m o n g larg e 
number s o f  respons e choices ,  an d 4 )  cop e wit h tim e pressur e 
and hig h risk. 

I n ou r  research ,  w e hav e ^preache d thes e issue s from  a 
behaviora l  perspective :  h o w d o differen t  version s o f  a 

respons e managemen t  suppor t  too l  influenc e actua l  decisio n 
maldn g behavior ? Nava l  ai r  war&re ,  defendin g agains t 
threatenin g aircraf t  whil e maintainin g saf e passag e fir 
friendly  an d civilia n aircraft ,  provide s a n excellen t  exampl e 
of  respons e management ,  an d i t  serve s a s th e focu s ft)r  thi s 
research .  First ,  m a n y aircraf t  fl y  throug h a n are a 
simultaneously ,  an d the y rang e from  helicopter s visitin g oi l 
platforms ,  new s helicopters ,  privat e planes ,  commercia l 
airliners ,  maritim e patrols ,  t o militar y aircraf t  o f  m a n y 
varieties .  Managin g multipl e situation s simultaneousl y i s 
difficul t  becaus e dat a mus t  b e quickl y an d accuratel y 
assesse d an d remembere d ft»r  eac h situation .  Failin g t o 
remember  previou s responses ,  curren t  states ,  an d previou s 
assessment s o f  eac h evolvin g situatio n ca n lea d t o disaster . 

Second ,  becaus e a n aircraft' s  inten t  i s  invisible ,  a  N a v y 
ship' s officer s mus t  rel y o n frequently  ambiguou s electroni c 
an d voic e information ,  alway s ambiguou s geopolitics ,  an d 
goo d judgmen t  for  decidin g h o w t o handl e eac h aircraft . 
Assumin g th e wors t  cas e an d respondin g accordingl y m a y 
actuall y caus e a  situatio n t o deteriorate .  Yet ,  waitin g fir 
clarifyin g informatio n tha t  m a y neve r  c o m e ca n allo w a 
proble m t o develo p beyon d eas y recovery .  Thi s ambiguit y 
leave s th e decisio n make r  vulnerabl e t o a  hos t  o f  decisio n 
biases . 

Third ,  a  Nav y ship' s C o m m a n d i n g Office r  an d it s 
Tactica l  Actio n Officer ,  hav e a t  thei r  disposa l  a n arra y c f 
respons e options ,  bot h defensiv e an d offensive ,  tha t  var y 
from  benig n t o provocativ e t o overtl y hostile .  T h e first 
respons e tha t  leap s t o m in d m a y no t  b e th e best ,  ye t  cullin g 
throug h a  larg e se t  o f  inappropriat e response s take s tim e an d 
efifor t  bette r  spen t  elsewhere . 

Fourth ,  ai r  warfar e i s clearl y hig h risk,  a s th e incident s 
involvin g th e U S S Star k an d U S S Vincenne s hav e show n us . 
T h e unsuspectin g Star k wa s struc k b y tw o Exoce t  missile s 
fired  from  a n Iraq i  jet ,  an d th e Vincenne s sho t  d o w n a n 
Irania n airline r  mistakenl y believe d t o b e a n attackin g 
Irania n F-14 .  Ai r  warfar e i s als o ver y time-pressiured ;  onl y 
seve n minute s elapse d betwee n Fligh t  655' s tak e of f  an d it s 
subsequen t  destructio n (Rogers ,  Rogers ,  & .  Gregston , 
1992) . 

A first  generatio n respons e managemen t  too l  wa s 
develope d b y th e T A D M U S projec t  (Morrison ,  Kelly ,  & 
Hutchins ,  1996 )  a s par t  o f  a  suit e o f  ai r  watl&r e decisio n 
suppor t  tools .  T h e T A D M U S respons e manage r  presente d 
1)  a  histor y o f  response s alread y take n towar d eac h aircraft , 
2 )  a  lis t  o f  response s fo r  th e decisio n make r  t o conside r 
taking ,  an d 3 )  th e reconunende d (broad )  ranges ,  betwee n 
one' s o w n shi p an d th e aircraf t  i n question ,  durin g whic h t o 
tak e eac h response . 
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T h e T A D M U S response  manage r  wa s wel l  receive d b y 

nava l  ofBcer s w h o use d i t  durin g realistic  tactic ^ 
simulation s an d b y senio r  officer s an d defens e analyst s w h o 
observe d demonstration s o f  th e T A D M U S system . 
However ,  a  numbe r  o f  question s abou t  bot h th e conten t  an d 
for m o f  th e respons e iiumagc r  wer e identified . 

Set  Weapon s Postur e 2  SM,  S R B O C / 5 " 

Set  Weapon s Postur e 1  CIV \  5 

Minimiz e RC S /  Maximiz e C  lÂ S &  Illuminator s 

SLQ-3 2 t o HOSTIL E BIA S /  W Respons e I 

Watc h Altitude .  Verif y Wit h 

Leve l  I  Quer y 

Notif y Senio r 

Leve l  I I  Warnin g 

Notif y Senio r 

Conside r  Conditio n I 
Enabl e Gun s Batter y Releas f  d  V A B 

Authoriz e Fwd/Af t  Lnchrs ,  I  ermi t  S M 2 Fwd/Af t 

Authoriz e Battl e Shor t 

Set  Weapon s Postur e 1  SM,  5 R B O C / y 
Cover  /  Repor t 

lluminat e 
Verif y CIW S Statu s 
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Maneuve r 
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FI S t o ENABL E 

Notif y Senio r 

Addt l  Deconflictio n 

Engag e Deasio n 

Ai r  Corrido r 

•ini M 
Figur e 1  A  respons e manage r  fo r  ai r  warfare .  Number s 
acros s th e to p indicat e rang e fiom  o w n ship .  Bar s indicat e 
wtien  eac h respons e i s apprqjriat e fo r  execution .  Greyed-ou t 
bar s indicat e response s tha t  hav e alread y bee n taken . 

Next generation: How specific? We unagined a next 
generatio n response  manage r  tha t  woul d provid e mor e 
specifi c  respons e recommendation s a s mor e becam e k n o w n 
abou t  a n aircraf t  T h e respons e manage r  woul d star t  ou t  b y 
providin g onl y a  generi c se t  o f  respons e options ;  then ,  a s 
informatio n abou t  th e aircraft' s  identit y an d inten t  accrued , 
th e respons e manage r  coul d provid e increasingl y specifi c 
response  set s an d recommendjutions .  W e wil l  refer  t o thi s 
response  manage r  a s aircraft-specifi c  o r  Track-Specific . 

O ne migh t  wel l  argu e tha t  experience d ai r  war&r e ofiBcer s 
ar e ejqper t  decisio n maker s w h o decid e whic h response s t o 
tak e o n th e basi s o f  availabl e informatio n withou t  regar d t o 
an y respons e set ,  generi c o r  specific .  Th e basi c idea s o f 
naturalisti c decisio n makin g theorie s (e.g .  Klein ,  1993 ) 
predic t  thi s result .  Th e expe n decisio n make r  assesse s th e 
situation ,  matche s th e situatio n t o a  simila r  situatio n i n 
memory ,  an d retrieve s a n associate d response .  Ther e i s n o 
plac e i n thi s mode l  fo r  th e respons e set s t o operate .  I n thi s 

simpl e mode l  th e decisio n make r  doe s no t  conside r 

alternativ e options .  Th e response  sets ,  i n thi s view ,  ar e 
superfluous ,  s o an y difierenoe s betwee n set s woul d b e moot . 

On th e othe r  hand ,  on e migh t  jus t  a s wel l  argu e tha t  sinc e 
recognitio n i s bette r  tha n recall ,  layin g ou t  a  se t  o f 
appropriat e respons e option s i s bette r  tha n requirin g 
decisio n maker s t o dredg e the m u p fi'om  memory . 

Further ,  i t  m a y b e th e cas e tha t  mor e an d les s e?q)erience d 
decisio n maker s utiliz e aid s suc h a s th e respons e manage r 
differently .  Specifically ,  whil e mor e ejqjerience d participant s 
migh t  fee l  confiden t  i n disregardin g a  respons e se t  an d 
followin g thei r  o w n minds ,  les s e^qierience d participant s 
migh t  adher e strongl y t o th e se t  o f  presente d responses . 

T o answe r  thes e questions ,  w e use d a  simpl e metho d i n 
whic h nava l  officer s wit h variou s level s o f  ai r  war& e 
experienc e viewe d an d responde d t o "snapshots "  portrayin g 
ai r  w a i & e situations .  Eac h snapsho t  containe d a  variet y c f 
informatio n includin g a  respons e manage r  tha t  presente d 
eithe r  a  Track-Specifi c  o r  Generi c respons e set .  tf  th e 
presente d respons e se t  influence s decisions ,  the n a n aircraft -
specifi c  respons e se t  shoul d produc e differen t  response s tha n 
a generi c respons e set . 

When does the effect occur? If the decision maker's 
response s vary ,  th e nex t  questio n i s why ? Doe s presentin g 
aircraft-̂ jecifi c  response s bia s th e decisio n make r  t o interpre t 
an ambiguou s situatio n i n term s o f  th e presente d respons e 
set ? O r  doe s presentin g aircraft-specifi c  response s orien t  th e 
decisio n maker' s attentio n towar d evaluatin g thos e 
responses ,  bu t  no t  others ,  withou t  actuall y alterin g th e 
decisio n maker' s interpretatio n o f  th e situation ? W e 
addres s thi s questio n b y askin g participant s t o rat e eac h 
aircraft' s  leve l  o f  threat .  I f  th e threa t  ratings  var y i n th e 
same wa y tha t  th e response s vary ,  the n th e presente d 
respons e set s woul d b e alterin g interpretations . 

Which manager is best? Since the identification and 
inten t  o f  a n aircraf t  ca n neve r  b e certain ,  response 
management  require s reasonin g unde r  uncertainty .  Thi s 
uncertaint y raise s issue s o f  strengt h an d detai l  o f 
recommendations ,  trus t  i n automation ,  an d th e potentia l  ftr 
error s du e t o decisio n biases .  A n aircraft-specifi c  ai d ma y 
lea d a  decisio n make r  t o over-interpre t  a n ambiguou s 
situation ;  the n again ,  a  generi c ai d migh t  lea d a  decisio n 
maker  t o trea t  subtl y differen t  case s to o similarly .  A n 
aiicraft-q)ecifi c  ai d migh t  focu s a  decisio n maker' s attentio n 
t o to o fe w o r  th e wron g potentia l  responses ,  bu t  a  gerieri c 
ai d migh t  focu s attentio n o n eithe r  to o m a n y o r  th e wron g 
responses . 

T o addres s thes e issues ,  w e polle d th e participant s fir 
thei r  preferences ,  an d w e marshalle d a  numbe r  o f  argument s 
base d o n thei r  decisio n data .  Base d o n informatio n b o m a 
prio r  e>q)eriment ,  (St .  Joh n &  Seymoxu: ,  1997) .  w e als o 
create d a  thir d versio n o f  th e respons e manage r  i n a n attemp t 
t o combin e th e generalit y an d prudenc e o f  th e Generi c 
manager  wit h th e relevance  an d specificit y o f  th e Track -
Specifi c  manager .  Th e resul t  wa s th e Combinatio n response 
manager . 

Th e ide a o f  th e Combinatio n respons e manage r  i s t o 
presen t  th e entir e Generi c response  set ,  bu t  t o color-cod e 
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whic h specifi c  response s ar e mos t  appropriat e fo r  a  give n 
aircraft .  Participant s coul d us e th e colo r  code s o r  examin e 
th e entir e set . 

Method 

Participant s Th e participant s wer e 1 6 U S Nav y officers . 
We classifie d 8  o f  thes e participant s a s "mor e e.xperienced " 
wit h ai r  warfer e an d th e Aegi s ai r  defens e system .  Thes e 
(fficer s ha d al l  ha d toiu- s o f  dut y a s Tactica l  Actio n Officer s 
or  Commandin g Officers .  W e classifie d th e remainin g 8 
participant s a s "les s experienced" ,  thoug h al l  ha d stoo d 
watc h i n th e Comba t  Informatio n Cente r  aboar d a n Aegi s 
equippe d shi p an d wer e ̂ milia r  wit h th e Aegi s system . 

Materials The stimuli were a set of "snapshots" porU^ying 
ai r  warfer e situation s durin g a n imagine d scenari o i n th e 
Persia n Gul f  durin g a  tim e o f  increasin g tensions .  Th e 
snapshot s too k th e for m o f  printe d colo r  scree n image s o f 
e;q)erimenta l  ai r  vwSar e displays .  Eac h snapsho t  containe d a 
windo w displayin g a  m a p o f  th e airspac e surroundin g o w n 
shi p overlaye d wit h aircraf t  symbols ,  rathe r  lik e a n ai r  traffi c 
contro l  display .  Th e snapsho t  als o containe d severa l  othe r 
window s contaiiun g mor e detaile d informatio n abou t  on e 
aircraft ,  suc h a s altitude ,  bearing ,  electroni c war&ii e 
emissions ,  an d a  cours e history .  O n e o f  thes e window s 
containe d a  respons e manage r  tha t  displaye d a  se t  rf 
responses ,  bot h defensiv e an d offensive ,  tha t  coul d b e take n 
agains t  th e aircraft .  Eac h snapsho t  indicate d whic h response s 
had alread y bee n take n towar d tha t  aircraf t  b y th e poin t  i n 
tim e illustrate d i n th e snapshot . 

Fiv e snapshot s portraye d "assume d commercial "  aiiciaf t 
(tw o airliner s an d thre e helicopters) ,  an d thre e snapshot s 
portraye d "assume d enemy "  aircraf t  (on e P-3 ,  on e F-4 ,  an d 
one unknow n jet) ,  al l  behavin g somewha t  provocatively . 
Thes e identification s an d categorization s t o commercia l  o r 
enemy ar e assumption s base d o n availabl e (simulated ) 
informatio n suc h a s altitude ,  speed ,  an d rada r  emissions , 
and the y ar e alway s uncertai n t o som e degree .  Instruction s 
t o participant s emphasize d tha t  thes e aircraf t  identification s 
and classification s wer e base d onl y o n availabl e dat a tha t 
the y themselve s coul d verify . 

The experimenta l  manipulatio n involve d insertin g 
difieren t  response  manager s int o th e snapshots .  Th e sam e 
eigh t  snapshot s wer e use d i n al l  thre e conditions .  I n th e 
Generi c condition ,  al l  eigh t  snapshot s containe d th e sam e 
generi c respons e set .  Thi s respons e se t  wa s develope d b y 
subjec t  matte r  expert s fi'om  batU e order s take n fi^om  Nav y 
ships .  Th e Generi c response  se t  i s show n i n Figur e 1 . 

I n th e Track-Spedfi c condition ,  th e five  assume d 
commercia l  aircraf t  snapshot s containe d th e Assume d 
Commercia l  respom e set :  jus t  th e to p five  response s fiom 
th e Generi c set ,  al l  o f  whic h wer e defensive .  Th e thre e 
assumed enem y aircraf t  snapshot s containe d th e Assume d 
Enemy respons e set :  al l  excep t  th e to p five  response s fixMn 
th e Generi c se t  (Se e figure  1) . 

I n th e Combinatio n condition ,  th e Combinatio n manage r 
presente d bot h th e Assume d Commercia l  an d Assume d 
Enemy respons e sets ,  bu t  designate d whic h se t  wa s mor e 
appropriat e fo r  a  give n aircraft .  Th e assiune d commercia l 
responses  wer e show n wit h a  gree n background ,  an d th e 

assumed enem y response s wer e show n wit h a  yello w 

background .  A  darice r  gree n an d a  darice r  yello w wer e use d 
t o indicat e response s tha t  ha d alread y bee n taken .  Th e 
designatio n o f  whic h se t  wa s mor e appropriat e fo r  a  give n 
aircraf t  wa s indicate d b y tex t  statin g "Unknow n Assume d 
Commercial "  o r  "Unknow n Assume d Enemy "  an d b y 
colorin g th e tex t  backgroun d eithe r  gree n o r  yellow .  Th e 
designatio n allow s th e use r  t o concentrat e o n th e mor e 
£^propriat e action s whil e th e presentatio n o f  th e alternativ e 
set  allow s th e use r  t o conside r  alternativ e course s o f  action . 

Procedure Participants were first oriented toward the 
informatio n i n th e snapshots ,  includin g th e respons e 
manager .  The y wer e als o provide d wit h a  "missio n 
statement "  an d Rule s o f  Engagemen t  for  th e operationa l 
context .  The y wer e the n instructe d abou t  thei r  tas k o f 
evaluatin g snapshot s an d makin g respons e decisions .  The y 
wer e tol d tha t  th e response s presente d i n th e respons e 
manager  wer e merel y suggestion s an d tha t  the y wer e fiee  t o 
giv e order s t o execut e an y respons e fi^om  th e set ,  c S th e set , 
or  mak e n o respons e a t  all—^whateve r  the y fe U wa s mos t 
^propriate . 

Al l  eigh t  snapshot s o f  eac h conditio n wer e show n 
sequentially ,  i n th e sam e orde r  for  eac h condition . 
Participant s sa w th e condition s i n diffaen t  orders .  Eac h 
snapsho t  wa s show n fo r  1 5 seconds ,  o r  unti l  a  respons e wa s 
given .  Participant s als o rated  eac h aircraft' s  leve l  o f  threa t  o n 
a seve n poin t  scale ,  wher e 1  mean t  th e aircraf t  wa s "neutral " 
or  n o threa t  an d 7  mean t  th e aircraf t  wa s a  definit e threat . 

Participants '  response s wer e score d o n a  scal e o f  0  t o 5 , 
accordin g t o thei r  locatio n o n th e Generi c respons e se t  (Se e 
Figur e 1) .  Response s residin g nea r  th e to p o f  th e se t  ar e 
basi c defensiv e an d monitorin g actions ,  s o the y receive d a 
scor e o f  0 .  Response s fiirther  dow n th e lis t  ar e mor e 
aggressive ,  an d the y received  progressivel y highe r  scores . 

Participant s occasionall y gav e n o orde r  t o execut e an y 
respons e i n othe r  words ,  th e participant s decide d t o "wai t 
and see" .  I n thes e cases ,  th e response s o n th e snapsho t 
show n t o hav e bee n take n alread y wer e scored .  W h e n a 
participan t  gav e order s t o execut e mor e tha n on e response , 
th e highes t  scorin g respons e wa s used . 

^ 
Assumed 

Commercia l 

Respons e Manage r 
.  •  Track-Speafi c 

n Generi c 
H Combirw d 

Trac k Typ e 

Figure 2. Averaged response scores for each version of the 
respons e manager .  Erro r  bar s indicat e on e standar d 
deviation . 
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Resu l t s 

Respons e score s Figur e 2  show s th e average d respons e 

scores .  Th e respons e score s wer e submitte d t o a  3x2x 2 
repeate d niciisure s A N O V A.  Respons e se t  (Generic ,  Track -
Specific ,  Combination )  wa s a  withi n participan t  vjuiable ; 
aircraft-typ e (commercial ,  enemy )  wa s a  withi n participan t 

variable ;  e.-'qjerienc e (more ,  less )  wa s a  betwee n participan t 
variable . 

Overall ,  th e differen t  response  set s elicite d dififeren t 

response  scores :  F(2 .  28 )  =  10.3 ,  p  <  .001 .  Thi s mai n efiec t 
of  respons e set s i s mor e clearl y understoo d i n term s o f  th e 
significan t  respons e se t  b y aircraf t  typ e interaction : 
F(2,28)=4.1 .  p=.03 .  Fo r  assume d commercia l  aircraft , 
responses  varie d dependin g o n whic h respons e manage r  wa s 
presented :  F(2 ,  28 )  =  17.2 ,  p  =  .0001 .  Fo r  assume d enem y 
aircraft ,  however ,  response s di d no t  vary :  F(2 ,  28 )  =  1.8 ,  p 
= .71 .  I n a  prio r  experiment  (St .  Joh n &  Seymour ,  1997) , 
th e respons e presentatio n efiec t  obtaine d for  bot h commercia l 
an d enem y aircraft . 

Th e larg e response  presentatio n effec t  foun d for  assume d 
commercia l  aircraf t  i s mos t  likel y du e t o th e larg e differenc e 
betwee n th e Track-Specifi c  commercia l  respons e se t  an d th e 
Generi c respons e set .  Th e commercia l  se t  contain s onl y five 
responses ,  an d al l  o f  th e response s wer e assigne d a  response 
scor e o f  0  becaus e the y com e fiom  th e ver y to p par t  o f  th e 
generi c set . 

We foun d n o differenc e betwee n mor e an d les s experience d 
participants :  F(l .  14 )  =  .003 ,  p  =  1.0 .  Thi s resul t  mean s 
tha t  th e mor e e.̂ q)erience d participant s wer e jus t  a s 
influence d b y th e presentatio n o f  differen t  respons e set s a s 
wer e th e les s e;q)erience d participants .  Thi s finding  i s 
somewhat  surprising ,  sinc e on e migh t  wel l  thin k tha t  mor e 
e:«q)erience d participant s woul d weig h thei r  o w n ampl e 
exp^eno e hea\il y  an d pa y littl e credenc e t o th e respons e 
manager .  Nonetheless ,  w e foun d th e sam e nul l  resul t  i n a 
prio r  stud y (St .  J o h n & Seymour ,  1997) . 

O ne explanatio n i s tha t  captain s an d commander s migh t 
be "rusty "  o n th e fine  detail s o f  ai r  wai&r e an d appreciat e th e 
si^por t  tha t  th e respons e manage r  provides .  Workin g 
agains t  thi s idea ,  however ,  i s  th e fac t  tha t  eve n a  curren t 
Tactica l  Actio n OflBce r  o n a n Arleig h Burk e clas s destroye r 
(to p o f  th e line )  showe d stron g respons e presentatio n effects . 
We conclud e tha t  experienc e reall y doe s no t  reduc e th e 
influenc e o f  response  presentation . 

Finally ,  ho w di d th e ne w Combinatio n respons e manage r 
compar e wit h th e Track-Specifi c  an d Generi c respons e 
managers ? H a d participant s use d th e colo r  codin g t o focu s 
selectivel y o n th e suggeste d commercia l  o r  enem y subset . 
the n th e Combinatio n respons e manage r  woul d hav e elicite d 
response s simila r  t o th e Track-Specifi c  respons e manager . 
Th e results ,  however ,  indicat e tha t  th e Combinatio n 
response  manage r  elicite d response s mor e lik e th e Generi c 
response  manager .  Thoug h w e befiev e i t  i s  unlikel y tha t 
participant s entirel y ignore d th e colo r  codin g ari d th e 
suggeste d subset ,  participant s wer e clearl y les s impacte d b y 
thi s color-codin g presentatio n schem e tha n b y th e 
present/absen t  presentatio n schem e o f  th e Track-Specifi c 
respons e manager . 

Preferenc e rating s Al l  participant s reporte d tha t  the y 
remembered  th e individua l  snapshot s an d thei r  response s t o 

the m from  on e conditio n t o th e next .  Nonetheless ,  al l 
participant s reported  re-analyzin g th e situations ,  an d c f 
cours e th e result s indicat e tha t  differen t  order s wer e 
ultimatel y given . 

Most  reported  interpretin g th e respons e set s a s bein g 

base d o n a  ship' s Battl e Orders ,  an d treatin g th e respons e 
set s a s "seriou s suggestions "  o r  "recommendations" , 

thoug h som e reporte d treatin g th e set s a s simpl e "memor y 
joggers" . 

Ten o f  th e participant s wer e aske d whic h o f  th e thre e 
respons e manager s the y woul d prefe r  t o us e whil e standin g 
watch .  Seve n o f  th e te n participant s preferre d th e 
Combinatio n respons e manage r  an d thre e preferre d th e 

Generi c respons e manager .  N o participant s preferre d th e 
Track-Specifi c  respons e manage r  Apparently ,  th e benefit s c f 
specificit y provide d b y th e Track-Specifi c  manager ,  tha t 
some participant s preferre d i n a  prio r  study ,  wer e co-opte d 
by th e Combinatio n manage r  whic h simultaneousl y benefit s 
from  showin g al l  responses .  Meanwhil e th e Generi c manage r 

was agai n preferre d b y thos e participant s w h o distruste d an y 
suggestion s fiom  th e respons e manage r  a s potentiall y 
biasin g thei r  decisio n making . 

Threat ratings Pariicipants' threat ratings were averaged 
and submitte d t o a  3x23^ 2 A N O V A.  Th e mea n ratings  ar e 
show n i n Figur e 3 .  T h e mos t  importan t  questio n i s whethe r 
th e threa t  ratings  sho w th e sam e respons e presentatio n dBfec t 
as di d th e respons e scores .  Fo r  th e threa t  ratings ,  airoaf t 
typ e an d respons e manage r  di d no t  interact :  F(2 ,  28 )  =  .7 ,  p 
= .48 .  Especiall y  fo r  assume d commercia l  aircraft ,  wher e th e 
respons e presentatio n effec t  wa s pronounce d fo r  recuse 
scores ,  n o threa t  ratin g difference s wer e foxmd .  Base d o n thi s 
nul l  effect ,  w e argu e tha t  th e threa t  assessmen t  proces s i s no t 
affecte d b y th e conten t  o r  for m o f  th e response  manager . 

'.  Respons e Manage r 
•  •  Track-Specifi c 
•  Q  Genenc 

•  Combine d 

Assumed Assumed 
Commercia l Enemy 

Trac k Typ e 

Figure 3. Threat ratings. 

Discussion 

Ther e wer e tw o majo r  question s pose d i n thi s research : 
1)  h o w specifi c  t o diflferen l  aircraf t  shoul d a n ai r  waifer e 
respons e manage r  be ,  an d 2 )  h o w doe s response 
management  wor k an d h o w migh t  a  suppor t  too l  enhanc e 
it ? 
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Desig n o f  th e R e s p o n s e M a n a g e r 
Determinin g whic h respons e manage r  i s bes t  i s  a  difficul t 
but  inywrtan t  question .  First ,  th e preferenc e dat a wer e 
stron g bu t  no t  overwhelming :  tw o ou t  o f  thre e participant s 
preferre d th e Combinatio n respons e manager .  T h e 
Combinatio n respons e manage r  benefite d fro m th e generalit y 
of  a  complet e se t  o f  responses ,  a s wel l  a s th e relevanc e o f 
havin g a n assigne d specifi c  se t  tha t  wa s mor e ̂ propriate . 

The unbiase d natur e o f  th e Generi c manager ,  however , 
remaine d a n importan t  benefi t  fo r  som e participants .  Thoug h 
no participant s disagree d wit h th e assignment s o f  th e 
snapshots ,  thes e participant s describe d themselve s a s mor e 
skq)tica l  o f  th e respons e manage r  an d mor e cautiou s agains t 
felling  pre y t o eithe r  thei r  o w n o r  th e system' s biases .  Thei r 
opinio n wa s tha t  th e Track-Specifi c  an d Combinatio n 
manager s dre w conclusion s an d classifie d aircraf t  int o 
assumed commercia l  o r  assume d enem y to o early ;  the y 
preferre d t o "sta y o n th e fence"  longer . 

Of  cours e thi s issu e o f  w h e n th e manage r  classifie s aircraf t 
wil l  ultimatel y b e unde r  th e decisio n maker' s control .  T h e 
classificatio n coul d b e performe d manuall y b y eithe r  th e 
decisio n make r  o r  a  subordinate ,  o r  th e classificatio n coul d 
be performe d automaticall y b y th e system ,  bu t  th e decisio n 
maker  coul d tun e th e syste m t o wai t  for  highe r  certaint y 
befor e makin g an y assignments . 

But  preferenc e dat a ca n onl y tak e u s s o fer.  W h a t  doe s 
th e participants '  behavio r  tel l  us ? First ,  i t  tell s  u s tha t 
choosin g a  respons e manage r  trul y matter s becaus e i t  afflect s 
th e response s tha t  eve n exper t  decisio n maker s orde r  for 
execution .  T h e Track-Specifi c  manage r  elicite d les s 
assertive—mor e hand s off—response s towar d th e assume d 
commercia l  aircraf t  tha n di d th e othe r  managers . 

One migh t  hav e argue d tha t  thi s influenc e i s simpl y du e 
t o th e categor y assignment s influencin g h o w th e participant s 
perceive d th e leve l  o f  threa t  o f  eac h aircraf t  Thi s argument , 
however ,  i s  no t  supporte d b y th e data .  First ,  bot h th e 
Combinatio n respons e manage r  an d th e Track-Specifi c 
respons e manage r  m a d e th e sam e categor y assigiunents ,  bu t 
th e respons e presentatio n eflec t  di d no t  obtai n wit h th e 
Combinatio n respons e manager .  Therefore ,  th e assignment s 
alon e wer e no t  sufficien t  t o influenc e th e participants ' 
decisions .  Second ,  an d mos t  compeUing ,  th e actua l  threa t 
assessment s di d no t  var y a m o n g managers .  Therefore ,  th e 
respons e manage r  i s no t  manipulatin g threa t  assessments ;  i t 
i s  manipulatin g th e late r  decisio n makin g stag e o f  respons e 
selectio n (See  figure  4) .  T h e respons e selectio n natur e o f  th e 
presentatio n eflfec t  suggest s tha t  th e efifec t  wa s mor e a  resul t 
of  th e availabilit y  for  evaluatio n o f  certai n potentia l 
recuse s rathe r  tha n a  resul t  o f  interpretatio n biases . 

Thi s interpretatio n als o fits  wit h ou r  observatio n tha t 
participant s frequenfly  ra n throug h th e visibl e respons e se t  -
sometime s usin g a  forefinger  -  decidin g a s the y went ,  whic h 
response s t o orde r  for  execution .  Unde r  thi s interpretation , 
th e respons e manage r  act s mor e a s a  m e m o r y ai d tha n a s a 
recommendatio n o r  decisio n aid .  I n Distribute d Cognitio n 
and Ecologica l  Psycholog y term s (e.g .  Gibson ,  1979 , 
Hutchins ,  1995) ,  th e presente d respons e se t  afford s 
orientin g t o eac h respons e i n tur n an d evaluatin g i t  fo r 
execution . 

Interpretatio n Bia s Mode l Respons e Orientatio n Mode l 

Encode 
Situatio n Dat a 

Encode 
Situatio n Dat a 

yAssessV ^  Respons e 
\Th rea t / ^—Manage r 

Selec t 
Respons e 

Asses s 
Threa t 

Respons e 
Manager  ' 

Selec t 
Respons e 

Figur e 4 .  T w o possibl e model s o f  w h e n th e respons e 

presentatio n effec t  occurs :  early ,  durin g th e threa t  assessmen t 

stage ,  o r  late ,  durin g th e respons e selectio n stage . 

But what does this influence tell us about which version 
of  th e manage r  i s  better ? First ,  sinc e th e Combinat io n 
manager  show s th e sam e classification s an d respons e set s a s 
th e Track-Specifi c  manager ,  the n user s coul d orde r  fix 
executio n th e sam e responses .  T h e &c t  tha t  the y di d 
no t—the y responde d lik e user s o f  th e Generi c 
m a n a g e r — i n c h e s the y chos e no t  to .  Thi s implicatio n tha t 
user s choos e no t  t o w h e n the y don' t  hav e t o suggest s tha t  i t 
i s th e Track-Specifi c  manage r  tha t  limit s o r  biase s 
responses .  Thi s limitatio n occur s becaus e th e Track-Specifi c 
manager  present s fewe r  respons e option s for  consideration . 
W h en m o r e response s wer e shown ,  eithe r  i n th e 
Combinat io n manage r  o r  i n th e Generi c manager ,  user s 
availe d themselve s o f  th e opportunit y an d ende d u p 
choosin g differently . 

I f  w e ar e correc t  tha t  th e Track-Specifi c  manage r  limit s 
choic e b y orientin g th e use r  t o fewe r  respons e options ,  the n 
we shoul d rul e ou t  th e Track-Specifi c  manager .  Tha t  leave s 
us wit h th e Generi c an d Combinat io n managers .  T h e 
Combinat io n manage r  w a s fweferre d b y mos t  partidpants . 
M o r e importanUy ,  i t  provide s m o r e informatio a Especiall y 
wit h th e abilit y t o tailo r  th e classificatio n function ,  th e 
Combinat io n manage r  seem s th e superio r  choice . 

W h at  woul d b e especiall y impressiv e i s i f  w e coul d s h o w 
tha t  eve n thoug h participant s usin g th e Combinat io n o r 
Generi c respons e manager s chos e simila r  responses ,  th e 
participant s usin g th e Combinat io n respons e manage r  wer e 
mor e thoughtfu l  o r  fester  o r  les s erro r  prone .  A n y suc h 
demonstratio n await s fiirthe r  investigation . 

Besid e choosin g a  manager ,  a n equall y importan t  issu e 
derive s fi-om  th e finding  tha t  participant s ten d t o follo w th e 
respons e sets .  I n cognitiv e terms ,  th e respons e set s orien t 
th e use r  t o thos e response s an d m a k e th e presente d 
response s m o r e mentall y available—an d i n tur n m o r e 
fi-equenUy  chosen .  W e ca n us e thi s finding  t o improv e 
decisio n mak in g skill ,  regardles s o f  th e particula r  respons e 
manager  w e choose ,  b y includin g i n th e respons e set s 
additiona l  option s fo r  user s t o notic e an d perfom u suc h a s a ) 
additiona l  deconflictio n responses ,  an d b )  actua l  Critica l 
Thinkin g stiateg y actions ,  suc h a s "conside r  alternativ e 
explanation s for  aircraf t  behavior "  an d "conside r  outcomes" . 
Wh i l e thes e example s m a y appea r  c lums y o r  hokey ,  the y 
m ay prov e t o b e valuabl e reminder s fo r  critica l  thinking . 
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Cohen.  Freeman ,  an d Wol f  (1996) ,  fo r  example ,  hav e show n 

tha t  easil y taugh t  Critica l  Thinkin g strategie s ca n effectivel y 
supplemen t  naturalisti c decisio n makin g an d improv e 

poformance . 

Cognitive Principles 
What  ca n w e lear n fiom  thi s researc h abou t  decisio n makin g 
more generally ? First ,  w e foun d tha t  th e response s tha t  a 
respons e manage r  present s d o indee d influenc e decisio n 
making .  Second ,  w e foun d tha t  thi s effec t  occur s durin g th e 
respons e selectio n stag e o f  tactica l  decisio n making .  Th e 

respons e presentation s afifecte d th e response s made ,  bu t  the y 
di d no t  influenc e th e threa t  ratings . 

Third ,  siiK e n o effec t  wa s fouiv d whe n participant s use d 
th e Combinatio n manager ,  whic h presente d al l  th e response s 
but  labele d som e a s mor e appropriate ,  w e conclude d tha t  th e 
presentatio n effec t  wa s du e t o whic h response s wer e mad e 
availabl e t o th e participan t  for  consideratio n rathe r  tha n 
whic h response s wer e labele d a s mor e appropriat e b y th e 
respons e manager .  It' s  th e presentatio n tha i  mattered ;  no t 
th e manager' s recommendation s pe r  se . 

The respons e presentatio n e£fec t  shoul d transfe r  t o othe r 

respons e managemen t  domains .  What  thi s mean s i s tha t 
makin g availabl e t o decisio n maker s a  lis t  o f  respons e 
option s wil l  affec t  thei r  decisions .  Th e decisio n makers ' 
actua l  assessment s o f  th e situatio n wil l  no t  change ,  bu t 
presentin g reqwnse s wil l  orien t  users '  attentio n towar d 
thos e responses ,  the y wil l  receiv e first  o r  mos t 
consideration ,  an d the y wil l  b e preferentiall y  selected . 
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Abstrac t 

We specify a model for the conceptual interpretation of rela-
tiv e adjective s (lik e "bi g " ) ,  whic h cover s a  crucia l  aspec t  o f 
th e underlyin g comprehensio n proces s -  th e compariso n t o a 
nor m tha t  i s  associate d wit h a  compariso n class .  Buildin g o n 
an elaborat e domai n ontolog y an d knowledg e abou t  intercorre -
lations ,  compariso n classe s ar e dynamicall y create d dependin g 
on th e contex t  i n whic h adjectiva l  utterance s occur . 

Introduction 

The conceptua l  descriptio n o f  relativ e adjectives ^  differ s sig -

nificantl y fro m thos e o f  othe r  wor d classes .  Unlik e concept s 

denote d b y noun s an d verbs ,  suc h degre e expression s hav e n o 

canonical ,  self-containe d concep t  representation .  The y ar e 

rathe r  dependen t  o n a  referenc e poin t  o r  clas s nor m tha t  i s 

associate d wit h a  compariso n class .  Fo r  instance ,  "Peter "  i n 

(lb )  shoul d no t  b e referre d t o a s "tall "  i n a  genera l  sense ,  bu t 

as "fai i  i n compariso n t o th e clas s nor m o f  a  compariso n clas s 

C" ,  wher e C  i s constraine d b y th e contex t  i n whic h "tall " 

occurs .  Thi s become s immediatel y eviden t  i n exampl e (1 ) 

wher e th e contex t  o f  th e utteranc e (la )  cruciall y determine s 

th e vali d compariso n clas s fo r  "tall(Peter,C)" . 

(1 )  a .  Pete r  i s 4  year s old . 

b.  Pete r  i s tall . 

Whil e linguist s (Sapir ,  1944 ;  Klein ,  1980 ;  Bierwisch , 

1989 )  hav e alread y agree d upo n modelin g relativ e adjective s 

lik e "tall "  b y a  binar y predicat e tha t  relate s a  degre e t o a  com -

pariso n clas s (respectively ,  it s clas s norm) ,  man y challengin g 

problem s fro m a  natura l  languag e understandin g perspectiv e 

ar e stil l  lef t  open .  Thes e fal l  int o tw o mai n categories ,  viz . 

representationa l  an d computationa l  issues .  Fro m th e repre -

sentationa l  perspectiv e on e m a y ask : 

•  H o w ar e compariso n classe s represented ? 

•  Wha t  kin d o f  knowledg e i s neede d t o selec t  th e mos t  suit -

abl e compariso n clas s i n a  give n discours e context ? 

"Th e first  autho r  i s no w affiliate d wit h Fraunhofe r  lAO ,  Insti -
tut e fo r  Industria l  Engineering ,  Nobelstr .  12 ,  D-7056 9 Stuttgar t  — 
http://vAiw.swt.iao .  fhg.de . 

'Relativ e adjective s lik e "tall "  o r  "fast "  ar e oppose d t o abso -
lut e adjective s suc h a s "married "  o r  "rectangular" .  Thoug h thi s 
distinctio n ca n b e furthe r  refine d (cf. ,  e.g. ,  Bierwisc h (1989)) ,  th e 
particula r  relevanc e o f  relativ e adjective s i s commonl y agree d upo n 
(Klein ,  1980 ;  Hutchinson ,  1993) . 

Fro m th e computationa l  poin t  o f  vie w on e m a y ask : 

• How are comparison classes actually determined given a 

degre e expression ? 

•  I s ther e a  flexible,  on-the-fl y assembl y proces s fo r  compar -

iso n classe s o r  ar e the y jus t  accesse d fro m a  static ,  precom -

pile d clas s inventory ? 

In order to answer these questions, we introduce a model 

fo r  th e representatio n an d prope r  selectio n o f  compariso n 

classes .  Thes e representationa l  prerequisite s ar e the n use d 

i n a  computationa l  mode l  whic h account s fo r  a  variet y o f  lin -

guisti c phenomena .  W e clai m tha t  thi s join t  mode l  constitute s 

an improvemen t  upo n proposal s whic h canno t  accoun t  fo r  dy -

namicall y create d classes ,  lik e " 4 yea r  ol d boy" .  W e start , 

however ,  wit h th e presentatio n o f  experimentall y grounde d 

cognitiv e evidenc e whic h lay s th e framewor k o n whic h w e 

buil d ou r  mode l  o f  th e comprehensio n o f  degre e expressions . 

A Cognitive Framework for Grading 

Early on it was recognized that the determination of the 

clas s nor m o r  th e respectiv e compariso n class ^  agains t  whic h 

th e grade d propert y o f  th e objec t  i s  compare d i s har d t o 

determin e (cf. ,  e.g. ,  Sapi r  (1944)) .  Th e onl y explici t  pro -

posa l  wit h respec t  t o thi s proble m w e ar e awar e o f  as -

sumes tha t  th e compariso n clas s i s give n b y a  superordi -

nat e clas s o f  th e semanti c subject ^  o f  th e adjective ,  e.g. ,  a 

superordinat e o f  "Peter "  i n exampl e (1 )  (Bierwisch ,  1971 ; 

1989) .  Thoug h thi s proposa l  i s  o n th e righ t  track ,  i t  is ,  nev -

ertheless ,  insufficien t  t o accoun t  fo r  frequentl y occurrin g ex -

pression s whic h refe r  t o u n c o m m o n o r  a d ho c categories . 

Rosc h e t  al .  (1976 )  showe d tha t  peopl e ar e awar e o f  corre -

lationa l  structure s b y whic h attribute s ar e linked .  Also ,  the y 

prefe r  t o us e categorie s tha t  tak e maxima l  advantag e o f  thes e 

linkages .  Fo r  instance ,  "feather "  an d "flying "  ar e strongl y in -

tercorrelate d wit h eac h othe r  an d thes e attributes ,  a s wel l  a s 

thei r  intercorrelations ,  ar e strongl y indicativ e fo r  th e c o m m o n 

^Th e term s clas s nor m an d compariso n class ,  cf .  Bierwisc h 
(1971) ,  ca n b e interchange d wit h referenc e poin t  an d referenc e class , 
respectively ,  a s use d b y Rip s &  Tumbul l  (1980) . 

^Th e semanti c subjec t  o f  a n adjectiv e i s it s hea d nou n i f  i t  i s i n 
atuibutiv e position .  I f  th e adjectiv e i s i n predicativ e position ,  th e 
subjec t  o f  th e predicat e i s th e semanti c subject . 
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categor y "bird" .  I n contrast ,  a d ho c categories,' *  e.g. .  "thing s 

t o tak e fo r  a  campin g trip" ,  ar e define d b y Barsalo u (1983 ) 

as "set s tha t  (1 )  violat e correlationa l  structur e an d (2 )  ar e 

usuall y no t  though t  o f  b y mos t  people" .  H e finds  tha t  a d ho c 

categorie s generat e typicalit y rating s ver y simila r  t o th e wa y 

c o m m on categorie s do .  Thi s i s a n importan t  observatio n fo r 

any mode l  fo r  determinin g compariso n classe s tha t  account s 

fo r  a d ho c categorie s lik e " 4 yea r  ol d boy" .  Onl y th e exis -

tenc e o f  typica l  degree s fo r  a  gradabl e propert y allow s th e 

divisio n o f  suc h a  compariso n clas s int o group s o f  "more" , 

"less "  an d "equal "  wit h regar d t o th e relevan t  grade d property . 

I n contras t  t o c o m m o n categories ,  h e als o finds  tha t  a d ho c 

categorie s lac k an y stron g category-instanc e an d instance -

categor y links. ^  H e suggest s tha t  becaus e a d ho c categorie s 

ar e s o specialized ,  th e perceptio n o f  a n entit y shoul d no t  ac -

tivat e al l  th e a d ho c categorie s t o whic h i t  belongs .  Further -

more ,  h e conclude s tha t  a d ho c categorie s shoul d com e t o 

min d onl y whe n prime d b y curren t  goals .  Considerin g th e 

apparen t  complexit y o f  th e tas k o f  constructin g appropriat e 

compariso n classes ,  thi s raise s th e questio n a s t o w h y peopl e 

ar e stil l  s o versatil e a t  understandin g grade d attribute s eve n 

when the y encounte r  a d ho c categorie s suc h a s " 4 yea r  ol d 

boy "  i n exampl e (1) . 

Startin g fro m Bierwisch' s (1971 )  proposal .  Rip s &  Tlim -

bu U (1980 )  investigat e th e referenc e clas s determinatio n 

problem .  The y le t  subject s verif y sentenc e pair s lik e (2 )  an d 

(3) .  Wherea s reactio n tim e decrease s fro m (2a )  t o (2b) ,  n o 

suc h chang e ca n b e observe d betwee n (3a )  an d (3b) . 

(2 )  a .  A n insec t  i s  small . 

b.  A n insec t  i s  a  smal l  animal . 

(3 )  a .  A n insec t  i s  six-legged . 

b.  A n insec t  i s  a  six-legge d animal . 

Rip s &  Tumbul l  conclud e tha t  th e determinatio n o f  refer -

enc e classes/point s ough t  t o b e considere d a  dynami c process , 

on e tha t  use s informatio n availabl e fro m th e discours e con -

text .  Give n th e asset s fro m Bierwisc h (1971) ,  Rosc h e t  al . 

(1976) ,  an d Barsalo u (1983) ,  ou r  basi c ide a fo r  determin -

in g th e compariso n clas s i s t o us e th e correlationa l  structur e 

betwee n a  gradin g attribut e an d th e propertie s whic h ar e at -

tache d t o th e majo r  category .  W t h regar d t o siz e then ,  th e 

propert y o f  bein g 4  year s ol d ha s a  differen t  knowledg e statu s 

than ,  e.g. ,  th e propert y o f  bein g o f  a  fai r  complexion .  But , 

h o w m u c h correlationa l  structur e i s availabl e t o humans ? 

Kerste n &  Billma n (1992 )  hav e investigate d th e correla -

tiona l  structur e o f  comple x events .  Subject s observe d event s 

i n a n artificia l  worl d rendere d o n a  compute r  screen .  Agents , 

patient s an d th e environmen t  i n thi s scenari o eac h ha d a  se t 

••This notion is extended by Barsalou (1985) toward goal-derived 
categories .  Thi s (roughly )  subsume s tru e a d ho c categorie s a s wel l 
as categorie s whic h onc e hav e bee n a d hoc  bu t  meanwhil e turne d 
int o conventionalize d expressions . 

^Not e tha t  thes e results ,  i n particula r  th e lac k o f  category -
instanc e hnks ,  predic t  tha t  subject s shoul d hav e difficultie s i n de -
terminin g thi s referenc e point ,  thoug h the y shoul d hav e les s prob -
le m wit h categorizin g instance s int o th e "high" ,  "medium" ,  o r  "low " 
grou p fo r  th e relevan t  grade d property . 

of  attribute s whic h correlate d wit h th e displaye d events .  A n 

agent ,  e.g. ,  wit h on e bod y colo r  approachin g th e patien t  mad e 

i t  flee,  anothe r  agen t  triggere d a  colo r  chang e i n th e pa -

tient .  I n fact ,  Kerste n &  Billma n (1992 )  foun d tha t  corre -

lation s betwee n attribute s an d event s wer e learned .  Simu -

lation s wit h richl y intercorrelate d attribute-behavio r  pattern s 

generate d a  rathe r  hig h learnin g accuracy .  Richl y correlate d 

setting s generate d highe r  accurac y rate s tha n lowl y corre -

late d ones .  Hence ,  thes e findings  suppor t  th e availabilit y  o f 

comple x intercorrelation s lik e "a n expensiv e printe r  produce s 

goo d output "  i n richl y intercorrelate d worl d descriptions . 

We m a y n o w summariz e th e cognitiv e framewor k underly -

in g ou r  mode l  o f  determinin g compariso n classes :  Barsalou' s 

conclusio n indicate s tha t  onl y informatio n give n i n th e dis -

cours e contex t  shoul d pla y a  rol e fo r  determinin g referenc e 

classes/points .  Also ,  th e existenc e o f  typicalit y effect s fo r  a d 

hoc categorie s foster s th e assumptio n tha t  referenc e point s d o 

exist/o r  a d ho c categories .  Th e result s fro m Rip s &  Tlirn -

bu U (1980 )  yiel d suppor t  t o a  dynami c referenc e class/poin t 

model .  Finally ,  w e wil l  exploi t  ric h intercorrelatio n knowl -

edg e t o guid e th e computatio n o f  compariso n classes . 

Representation of Comparison Classes 

Our  effort s directe d a t  th e conceptualizatio n o f  degre e expres -

sion s ar e roote d i n a  tex t  understandin g syste m (Hah n e t  al. , 

1996) ,  whic h operate s i n tw o domains ,  viz .  tes t  report s fro m 

informatio n technolog y magazine s an d medica l  finding  re -

ports .  I n eac h domain ,  understandin g th e evaluativ e portion s 

of  th e discours e i s vita l  fo r  adequat e comprehensio n results . 

A typica l  exampl e fro m ou r  I T corpu s i s give n b y (4) . 

(4 )  Th e pictur e ha s goo d qualit y fo r  a  pictur e printe d b y a 

lase r  printer . 

I n thi s example ,  a  relativ e adjectiv e occur s wit h a n explic -

itl y  give n compariso n class .  Hence ,  it s computatio n merel y 

boil s d o w n t o a  parsin g proble m an d th e associate d knowl -

edg e bas e operation s fo r  th e generatio n o f  a  conceptua l  inter -

pretatio n o f  th e utterance .  I n ou r  system ,  th e representatio n o f 

a compariso n clas s i s dynamicall y create d fro m th e utteranc e 

and th e concept s availabl e i n th e knowledg e base . 

Followin g th e terminolog y introduce d b y Bierwisc h (1989 ) 

and Klei n (1980) ,  w e sa y tha t  a  relativ e adjectiv e a  i s re -

late d t o a  clas s norm, ^  whic h i s a  degre e o f  th e sam e typ e 

(e.g. .  Q u a l i t y )  a s th e on e describe d b y th e adjectiv e (e.g. , 

"good") .  Th e clas s nor m belong s t o a  compariso n clas s (e.g. , 

th e se t  o f  picture s printe d b y lase r  printers) ,  whic h i s a  clas s 

C wit h instance s Oj .  I f  th e degre e o f  suc h a n instanc e Oj  o f  C 

i s abov e th e clas s norm ,  on e m a y asser t  tha t  "o, -  i s  a  fo r  C" . 

We us e a  terminologica l  knowledg e representatio n syste m 

(cf .  W o o d s &  Schmolz e (1992 )  fo r  a  survey )  a s a  framewor k 

fo r  th e specificatio n o f  domai n knowledge .  I t  allows ,  e.g. ,  t o 

creat e a  compariso n clas s C o m p - C l a s s -  1  fo r  exampl e (4 ) 

on th e fly.  C o m p - C l a s s -  1  i s define d b y restrictin g th e class . 

Pic ture ,  t o picture s printe d b y a  Laser-Pr in ter ,  whic h i s 

^We abstrac t  her e fro m differen t  grade d propertie s whic h ar e as -
sociate d wit h differen t  clas s norms . 
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a subconcep t  o f  PRINTE R (cf .  Fig .  1 ,  wit h Comp-Class- 1 

= Pictur e n  Vprinted-By.Laser-Printer) .  A s a  nec -

essar y result ,  th e instanc e o f  picture ,  0-1 ,  i s  classifie d no t 

onl y  a s belongin g t o Picture ,  bu t  als o t o Comp-Class -  1 . 

In a  metarelatio n (CLASS-NORM-OF)  th e compariso n clas s i s 

associate d wit h CLASS-NORM-1 whic h i s relate d t o th e qual -

it y Q- 1 o f  th e pictur e O- 1 b y th e relatio n EXCEEDS. 
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Knowledge about Intercorrelations 

I n a  discours e setting ,  variou s linguisti c expression s ca n b e 

forme d t o associat e a n adjectiv e wit h a  compariso n class . 

(5 )  Pau l  i s 4  year s old .  H e i s tall . 

(6 )  Pau l  celebrate d hi s 4t h birthda y yesterday .  H e i s tall . 

(7 )  Pau l  i s tal l  fo r  a  4  yea r  ol d boy . 

Thes e example s indicat e tha t  purel y linguisti c criteria ,  e.g. , 

Bierwisch' s proposa l  mentione d earlier ,  ar e insufficien t  t o re -

stric t  th e compariso n clas s o f  a n adjective .  Computation s 

tha t  rel y onl y o n stati c knowledg e structure s fai l  t o deter -

min e th e prope r  interpretations ,  too .  A s a n alternative ,  w e us e 

(metajbiowledg e abou t  intercorrelation s tha t  describe s h o w 

a clas s subhierarch y m a y influenc e th e relation s o f  clas s nor m 

instance s o n a  scal e o r  h o w tw o degree s o f  a  give n concep t 

ar e correlated .  A s a n example ,  conside r  th e sentence s (8 )  an d 

(9) .  I n bot h o f  thes e th e compariso n classe s ar e state d explic -

itly ,  and ,  thus ,  the y elucidat e th e distinctio n betwee n a  prope r 

compariso n clas s restrictio n an d a n imprope r  one : 

(8 )  Pete r  i s tal l  fo r  a  gymnast . 

(9 )  ?  Pete r  i s tal l  fo r  a  flute  player . 

The intercorrelatio n betwee n "hasHeight "  an d "practices -

Gymnastics "  describe s gymnast s t o b e usuall y smalle r  tha n 

averag e people .  So ,  bein g tal l  fo r  a  gymnas t  doe s no t  nec -

essaril y  impl y bein g tal l  fo r  th e compariso n clas s o f  al l  peo -

ple .  I t  i s  exactl y th e absenc e o f  correspondin g intercorrela -

tion s betwee n "hasHeight "  an d "playsFlute "  tha t  render s th e 

restrictio n o f  th e compariso n clas s t o flute  player s awkward . 

Severa l  importan t  aspect s o f  intercorrelation s shoul d b e 

note d here .  First ,  knowledg e abou t  intercorrelation s i s par t 

of  humans '  common-sens e knowledg e (Mal t  &  Smith ,  1984 ; 

McRae,  1992) .  Second ,  thes e intercorrelation s nee d no t  b e 

symmetrical. ^  Third ,  i t  nee d no t  b e th e case ,  o f  course ,  tha t 

al l  possibl e intercorrelation s on e m a y conceiv e o f  ar e als o en -
code d b y peopl e -  onl y th e particularl y salien t  one s ar e avail -

abl e (cf .  Mal t  &  Smit h (1984) ,  p .  264) .  Thi s i s no t  a n argu -

ment  against ,  bu t  rathe r  on e i n favo r  o f  ou r  proposal ,  sinc e 

i t  conform s wit h observation s w e m a d e abou t  th e formatio n 

of  compariso n classe s fo r  utterance s fro m ou r  tex t  corpus . 

Finally ,  i t  i s  no t  necessar y tha t  knowledg e abou t  intercorre -

lation s b e overi y fine-grained.  Th e nee d fo r  constructin g a 

conceptuall y mor e specifi c  compariso n clas s arise s onl y du e 

t o th e strengt h o f  th e intercorrelation. *  A s a  consequence ,  th e 

specificatio n o f  intercorrelation s and ,  thus ,  th e constructio n 

of  ne w compariso n classe s ar e subjec t  t o a  principl e o f  par -

simony ,  sinc e onl y th e mos t  relevan t  intercorrelation s hav e 

t o b e accounte d for .  O n e coul d thin k o f  mean s t o provid e 

a strengt h indicato r  i n th e representatio n o f  intercorrelations . 

For  reason s o f  simplicity ,  w e limite d ou r  approac h suc h tha t 

an intercorrelatio n i s eithe r  represente d o r  i t  i s not . 

I n orde r  t o exploi t  knowledg e abou t  intercorrelations ,  w e 

first  specif y wha t  the y describ e an d h o w the y ar e represented . 

Th e intercorrelation s w e conside r  characteriz e loca l  restric -

tio n classe s whic h wil l  late r  b e gathere d t o defin e th e compar -

iso n class .  W e categoriz e intercorrelation s alon g tw o dimen -

sions .  Considerin g th e symboli c representatio n layer ,  on e i s 

th e lengt h o f  th e intercorrelatio n structure .  Thi s roughl y cor -

respond s t o th e distinctio n betwee n intercorrelation s withi n 

objec t  categorie s an d acros s even t  structure s a s m a d e b y Ker -

ste n &  Billma n (1992) .  Th e othe r  dimensio n i s give n b y th e 

typ e o f  th e propert y (whethe r  i t  i s gradabl e o r  not )  tha t  corre -

late s wit h th e degre e tha t  i s interpreted . 

Sentenc e (10 )  illustrate s a  simpl e cas e o f  a  degree -

hierarch y intercorrelatio n (relevan t  compariso n classe s ar e 

underlined :  fo r  a  descriptio n o f  th e relevan t  relation s i n th e 

knowledg e base ,  cf .  Fig .  2) .  I n thi s example ,  th e relevan t 

compariso n clas s (Laser -Pr iNTER )  i s th e concep t  NOISE -

L e v e l  i s  directl y associate d with .  Therefore ,  th e pat h fro m 

th e relevan t  degre e N O I S E - L E V E L t o th e relevan t  restric -

tio n clas s Lase r -P r INTE R ha s th e uni t  lengt h 1  (inheri -

tanc e link s ar e no t  counted) .  Exampl e (11 )  refer s t o th e sam e 

typ e o f  intercorrelation ,  bu t  i t  take s effec t  acros s th e relatio n 

PRINTS whic h represent s printin g event s i n ou r  knowledg e 

"̂  Common-sens e knowledg e tell s  u s tha t  thoug h gymnast s ten d t o 
be smalle r  tha n averag e people ,  smal l  peopl e d o no t  ten d t o d o gym -
nastic s ver y much .  Assum e tha t  a  populatio n consist s o f  5 0 % smal l 
and 5 0 % tal l  people ,  respectively ,  1 % bein g gymnasts ,  an d 9 0 % o f 
th e gymnast s bein g small .  The n th e probabilit y  tha t  a  gymnas t  i s a 
smal l  perso n i s  9 0 % .  However ,  th e probabilit y  tha t  a  smal l  perso n i s 
a gymnas t  i s onl y 1.8% .  Thus ,  restrictin g a  compariso n clas s fro m 
al l  peopl e t o gymnasts ,  i n fact ,  decrease s th e clas s nor m fo r  heigh t 
considerably ,  whil e th e revers e i s no t  true . 

*Fo r  instance ,  fo r  " a smal l  gymnast" ,  i t  i s  necessar y t o defin e 
th e compariso n clas s G y m n a s t  (a s oppose d t o th e mor e genera l 
clas s H u m a n )  i n orde r  t o assur e tha t  prope r  assessment s abou t  th e 
propert y Heigh t  ca n b e derived .  Fo r  " a smal l  iceskater" ,  however , 
th e constructio n o f  a  correspondin g compariso n clas s Iceskate r 
coul d possibl y b e justified ,  bu t  i s no t  necessar y a t  all .  Thi s i s du e t o 
th e fac t  tha t  iceskater s ca n stil l  b e compare d relativ e t o th e genera l 
clas s o f  human s wit h respec t  t o thei r  height ,  eve n thoug h a  wea k 
intercorrelatio n migh t  hol d betwee n HEIGH T an d Iceskaters ,  viz . 
a preferenc e fo r  bein g small .  Thi s cas e o f  a  wea k correlatio n ca n 
furthe r  b e distinguishe d fro m on e i n whic h actuall y n o intercorrela -
tio n seem s reasonabl e a s i n th e cas e o f  Sprinters ,  whos e averag e 
height s d o no t  see m t o diffe r  fro m thos e o f  othe r  persons . 
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base .  Thus ,  i t  differ s i n th e lengt h o f  th e distanc e (tw o re -
lation s hav e t o b e passed )  tha t  lie s betwee n on e o f  th e rel -
evan t  restrictions ,  300dpi-Laser-Printer .  an d th e degre e 
Q u a l i t y  (o f  picture) .  Finally ,  (12 )  show s a n exampl e wher e 
th e intercorrelatio n differ s wit h regar d t o th e type s tha t  ar e 
engaged ,  viz .  i n conUas t  t o (10 )  an d (11 )  a n intercorrelatio n 
betwee n tw o degree s hold s here . 

(10 )  Degree-hierarch y intercorrelatio n (wit h distanc e I ) : 

T h e nois e leve l  o f  th e 300dp i  lase r  printe r  X l l  i s  h ig h 

fo r  a  lase r  printer . 

(11 )  Degree-hierarch y intercorrelatio n (wit h distanc e 2 ) : 

T h e pictur e o f  th e X l l  ha s a  g o o d qualit y fo r  th e 

pictur e o f  a  300dp i  lase r  printer . 

(12 )  Degree-degre e intercorrelatio n (wit h distanc e 2 ) : 

T h e X l l  offer s ver y g o o d qualit y fo r  a 

lase r  printe r  tha t  cost s $ 8 0 0 . 
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F i g u r e 2 :  H i e r a r c h y a n d Definitor y R o l e s 

I n o rde r  t o represen t  th e a b o v e - m e n t i o n e d intercorrela -

tions ,  k n o w l e d g e i s m a d e availabl e abou t  w h i c h relation s li e 

b e t w e e n th e restrictin g hierarch y a n d th e correlate d degree . 

F o r  instance ,  th e representatio n o f  th e intercorrelatio n appear -

in g i n (11 )  i s  depicte d i n Fig .  3 : 
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Figur e 3 :  T h e Intercorrelatio n K n o w l e d g e N e e d e d fo r  (11) . 

Th e relation s QUALITY-O f  an d PRINTED-B y connec t  th e 
relevan t  degree ,  Q U A L I T Y ,  wit h th e subhierarch y wit h whic h 
i t  correlates ,  viz .  th e hierarch y belo w Printer^ .  Thi s con -
nectio n i s reflecte d b y QUALITY-O f  havin g th e domai n (D: ) 
Qua l i t y ,  b y pr in ted-B y havin g th e rang e (R: )  PRINTER , 
and b y bot h bein g associate d t o th e hierarchy-degre e inter -
correlatio n I- 1 throughth e serie s o f  relations :  rel-I ,  REL-2 . 
Moreover ,  i t  mus t  b e know n whic h c o m m o n subclasse s o f 
Pr in te r  hav e a  nor m attache d fo r  Noise-Level ,  whic h i s 

*We abstrac t  her e fro m th e consideratio n o f  multi-hierarchies . 
Furthermore ,  fo r  eac h relatio n (e.g. ,  HAS-QUALITY ,  PRINTS )  w e 
alway s assum e th e existenc e o f  it s inverse ,  whic h i s the n referre d t o 
by a n intuitivel y plausibl e nam e (e.g. ,  QUALITY-Of ,  printed-By) . 

eithe r  belo w o r  abov e th e clas s nor m associate d wit h thei r  di -
rec t  superclass .  I n ou r  example ,  Laser-Printer ,  Inkjet -
Printe r  an d 600dpi-Laser-PR!NTE R belon g t o th e se t  o f 
classe s tha t  ar e associate d wit h clas s norm s abov e tha t  o f 
thei r  superclass ,  whil e Dot -Mat r ix -Pr in te r  an d 300dpi -
Laser-Pr inte r  relat e t o correspondin g lowe r  clas s norms . 
They ar e therefor e marke d a s belongin g t o th e Pos-Clas s 
set  an d t o th e N e g - C l a s s se t  o f  I-1 ,  respectively . 

Computation of Comparison Classes 

Ofte n relativ e adjective s refe r  t o compariso n classe s tha t  ar e 
onl y implicitl y  availabl e (cf .  (5 )  an d (6)) .  TTiei r  recogni -
tio n canno t  b e considere d th e tas k o f  th e parsin g mechanis m 
proper ,  bu t  rathe r  constitute s a  tas k o n it s own .  Accordingly , 
we illustrat e her e suc h a n algorith m tha t  compute s implici t 
compariso n classe s b y makin g us e o f  semanti c relations ,  o f 
th e knowledg e abou t  intercorrelations ,  o f  text-specifi c  an d 
worl d knowledge ,  an d o f  th e representatio n mechanis m fo r 
compariso n classes .  A s a  startin g condition ,  w e presum e th e 
completio n o f  anaphor a resolution ,  ver b interpretatio n an d 
th e interpretatio n o f  prepositiona l  phrases . 

The basi c ide a o f  th e algorith m fo r  computin g implici t 
compariso n classe s i s expresse d i n Fig .  4  (fo r  a  mor e tech -
nica l  presentation ,  cf .  Staa b &  Hah n (1997)) :  A  positiv e ad -
jectiv e a  denote s a  degre e d  i n th e curren t  tex t  fragment .  Thi s 
deg re e d  i s relate d t o a n objec t  O i ,  w h i c h itsel f  i s  relate d t o an -

othe r  objec t  Op .  O f  course ,  ther e m i g h t  b e n o objec t  o r  severa l 

object s relate d t o o i ,  a n d O p itsel f  m i g h t  h a v e othe r  relations . 

E a c h objec t  O j  ha s a  m o s t  specifi c  typ e C,-,i . 

Cp,k{p )  =  R C p 

k 

^  H 
Op 

KKp 

asRe 

Ci,„(i ) 

A 
1̂,̂ (1 )  =  RCi 

Degre e 
A 

A 
Ci, i  DEGTYPEj 

-p ' '  degreeOf ,  V 
-• ^  0 ]  '• d 

Figur e 4 :  Knowledg e Structure s fo r  Compariso n Classe s 

The goa l  o f  th e algorith m i s t o selec t  al l  object s o ,  tha t 
ar e relevan t  fo r  th e computatio n o f  th e correc t  compariso n 
class .  Furthermore ,  fo r  eac h objec t  o ,  i t  mus t  selec t  it s cor -
rec t  intermediat e superconcep t  C,-,fc(,) ,  whic h neithe r  restrict s 
th e compariso n clas s to o narrowl y (a s C, i  migh t  do )  no r  to o 
widel y (a s Cj,„(i )  migh t  do ,  sinc e i t  yield s n o restrictio n a t 
all) .  Thi s goa l  i s  achieve d b y matchin g th e availabl e knowl -
edg e o n intercorrelation s agains t  th e semanti c structure s o f 
th e curren t  tex t  fragment .  Finally ,  a  compariso n clas s i s (re -
cursively )  compute d b y combinin g al l  th e gathere d restric -
tions .  I n Fig .  4  thi s mean s tha t  th e ne w compariso n clas s i s 
define d b y restrictin g R C i  t o a  ne w clas s wher e th e rol e R R p 
i s restricte d t o th e rang e RCp .  W e illustrat e th e compariso n 
clas s determinatio n b y considerin g exampl e (13) : 
(13 )  Th e pictur e wit h th e giraff e wa s printe d b y th e fas t  lase r 

printe r  X I1 .  I t  show s goo d quality . 
The informatio n conveye d b y thi s fragmen t  i s depicte d i n 

Fig .  5 .  W e mus t  no w find  th e prope r  compariso n clas s fo r  th e 
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Figur e 5 :  Inpu t  fo r  E x a m p l e Tex t 

grade d propert y " g o o d quality" .  P I C T U R E 0- 1 itsel f  i s  no t  i n 
a particula r  hierarch y tha t  correlate s wit h Q U A L I T Y Q - 1 ,  bu t 
sinc e Q U A L I T Y i s mode le d a t  th e leve l  o f  P I C T U R E ,  th e latte r 
i s chose n a s th e first  restrictio n clas s from  whic h th e compar -
iso n clas s i s computed .  P I C T U R E O - 1 i s furthermor e relate d 
t o Giraff e 0- 2 an d t o Printe r  X I1 .  Th e forme r  ha s n o 
correlatio n whatsoeve r  wit h th e qualit y o f  th e pictur e — un -
les s knowledg e abou t  suc h a  correlatio n ha s bee n introduce d 
i n th e precedin g discourse .  Give n tha t  n o suc h correlatio n 
i s available ,  ther e i s n o reaso n t o conside r  GIRAFF E fo r  th e 
computatio n o f  th e compariso n class .  Th e objec t  X l l ,  how -
ever ,  show s a n intercorrelatio n wit h th e qualit y  o f  th e picture , 
becaus e lase r  printer s ten d t o produc e bette r  outpu t  tha n gen -
era l  printers ,  whic h includ e th e clas s o f  do t  matri x printer s 
(cf .  Fig .  3) .  A t  thi s poin t  ou r  algorith m alway s proceed s wit h 
th e mos t  specifi c  concep t  fo r  whic h suc h a n intercorrelatio n 
i s found .  Unde r  thi s heuristic ,  Laser-Printe r  i s activate d 
here ,  thoug h i n genera l  Printe r  migh t  als o b e a  reasonabl e 
alternative . 

The algorith m proceed s recursivel y here ,  meanin g tha t 
i t  consider s th e object s relate d t o Xl l .  On e coul d possi -
bl y imagin e tha t  th e Printing-Velocit y correlate s wit h 
th e qualit y o f  th e picture ,  sinc e hig h velocit y printer s ten d 
t o b e mor e expensiv e an d mor e expensiv e printer s ten d t o 
produc e highe r  quality .  A n exper t  i n th e field  o f  printer s 
coul d perhap s produc e suc h a  readin g whic h differ s fro m 
tha t  o f  a  novice .  However ,  sinc e th e intercorrelatio n betwee n 
Printing-Velocit y an d Qua l i t y  i s weak ,  i f  ther e i s on e 
at  all ,  includin g o r  disregardin g i t  wil l  hardl y affec t  th e loca -
tio n o f  th e clas s nor m t o whic h "goo d quality "  i s compared . 
Here ,  fo r  ou r  system ,  w e decide d tha t  i t  wa s to o wea k t o b e 
included .  Hence ,  w e ignor e th e velocit y propert y fo r  Xl l 
and en d u p wit h th e restrictio n classe s PICTUR E an d Laser -
Printe r  whic h ar e compose d t o Comp-Class-1 ,  pictur e 
printe d b y a  lase r  printer ,  a s show n i n th e sectio n o n explici t 
compariso n classes .  Fig .  1  depict s th e correspondin g rela -
tion s compute d b y ou r  algorith m fo r  exampl e (13) . 

Empirical Data 

I n a  preliminar y empirica l  evaluatio n stud y w e compare d ou r 
algorith m (henceforth ,  c3 )  agains t  tw o simpler ,  mor e naiv e 
approaches .  Th e first  o f  these ,  nl ,  constantl y use s th e mos t 
specifi c  concep t  th e semanti c subjec t  has .  Th e secon d one , 
n2,  doe s no t  selec t  thi s mos t  specifi c  concept ,  bu t  it s immedi -

at e superconcep t  instead .  Bot h approache s constitut e some -
what  o f  a  lowe r  botto m lin e t o ou r  approach ,  sinc e i t  ca n re -
ver t  t o on e o f  thes e simple r  approache s i f  i t  i s unabl e t o iden -
tif y mor e selectiv e restrictions . 

We chos e a  tex t  whic h containe d 22 6 sentence s wit h abou t 
4,30 0 words .  12 1 positiv e gradabl e adjective s wer e screened , 
fo r  whic h a  reasonabl e semanti c representatio n coul d b e de -
termine d i n 7 2 case s -  an d onl y thes e wer e evaluated .  Th e 
remainin g 4 9 occurrence s grade d idiomati c expressions ,  con -
cept s tha t  ar e har d t o mode l  (e.g. ,  " a goo d idea") ,  o r  entaile d 
othe r  problem s tha t  wer e no t  directl y relate d t o finding  th e 
correc t  compariso n classes .  Unde r  th e assumptio n o f  com -
plet e knowledge ,  c 3 achieve d a  hig h succes s rat e (6 0 case s 
(83% )  wer e correctl y  analyzed) ,  n l  an d n 2 performe d muc h 
worse ,  a s the y wer e onl y abl e t o properl y determin e 2 0 an d 
15 vali d compariso n classe s ( 2 8 % vs .  2 1 % ) ,  respectively . 

nl  an d n 2 ar e equivalen t  t o th e procedure s Bierwisc h 
(1989 )  suggest s fo r  adjective s relate d wit h generi c an d non -
generi c nouns ,  respectivel y (e.g. ,  i n "tower s ar e high "  th e re -
late d nou n "tower s  "  i s generic ,  whil e i n "thi s towe r  i s hig h ' 
i t  i s  not) .  A n oracl e tha t  tell s  whethe r  a n adjectiv e i s relate d 
t o a  generi c objec t  and ,  dependin g o n th e result ,  change s th e 
strateg y from  n l  t o n 2 w o u l d rende r  a  m e c h a n i s m clos e t o 
th e on e Bierwisc h proposes .  H o w e v e r ,  i t  w o u l d no t  ad d m u c h 
benefit .  Sinc e non e o f  th e 7 2 considere d adjective s ar e relate d 
t o generi c nouns ,  th e positiv e case s o f  n 2 ar e no t  d u e t o an y 
generi c  use .  O u r  result s ar e stil l  interesting ,  eve n thoug h w e 
restricte d ou r  approac h t o distance- 1 an d distance- 2 interre -
lation s t o kee p th e modell in g prob le m manageable . 

Related Work 

Thoug h th e notio n o f  compariso n clas s ha s bee n aroun d fo r 
quit e a  lon g tim e amon g linguist s (Sapir ,  1944 ;  Klein ,  1980 ; 
Sinmions ,  1993) ,  n o comprehensiv e theor y o f  compariso n 
clas s formatio n ha s bee n shape d tha t  account s fo r  a d ho c cat -
egorie s an d properl y incorporate s contex t  information .  W e 
buil d ou r  mode l  fo r  determinin g compariso n classe s o n con -
sideration s b y Bierwisc h (1971 ,  1989 )  an d findings  b y Rosc h 
et  al .  (1976) ,  Rip s &  Turnbul l  (1980) ,  Barsalo u (1983,1985) , 
and Kerste n &  Billma n (1992) .  I n particular ,  w e exten d Bier -
wisch' s (1971 )  approac h t o cove r  a d ho c categories .  Rip s & 
Tumbull' s  (1980 )  findings  suppor t  ou r  mode l  i n tha t  the y fa -
vor  a  dynami c proces s withou t  excludin g rich  domai n knowl -
edg e tha t  guide s th e understandin g process .  Moreover ,  Barsa -
lou' s (1983 )  result s suppor t  th e existenc e o f  referenc e point s 
als o fo r  comple x categorie s lik e "qualit y o f  a  pictur e printe d 
by a  lase r  printer" . 

Furthe r  supportin g evidenc e fo r  ou r  proposa l  i s  availabl e 
fro m researc h tha t  doe s no t  directl y addres s th e compar -
iso n clas s formatio n problem ,  bu t  whic h i s base d o n ex -
periment s tha t  indicat e tha t  majo r  assumption s underlyin g 
our  approac h ca n b e trace d i n empirica l  findings.  First , 
distanc e an d contiguit y effect s tha t  ar e observe d i n com -
parativ e judgment s sugges t  tha t  peopl e categoriz e dynami -
call y fo r  gradin g processe s (Sailo r  &  Shoben ,  1993 ;  Cec h 
et  al. ,  1990) .  Second ,  severa l  source s (e.g. ,  M c R a e (1992) , 
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Sailo r  &  Shobe n (1993) )  maintai n th e assumptio n tha t  peopl e 

encod e knowledg e abou t  intercorrelations ,  whic h lie s a t  th e 

hear t  o f  th e propose d mechanism ,  an d us e thi s informatio n 

fo r  categorizatio n processes .  I n particular ,  Kerste n &  Billma n 

(1992 )  repor t  tha t  intercorrelation s ar e no t  restricte d t o simpl e 

objec t  categories ,  bu t  ar e als o learne d fo r  comple x dependen -

cies ,  e.g. ,  a  mor e expensiv e printe r  produce s bette r  output . 

Thi s hold s especiall y i n richl y intercorrelate d setting s suc h a s 

th e conunonsens e world . 

Th e importanc e o f  compariso n classe s fo r  th e semantic s 

of  relativ e adjective s ha s ofte n bee n underestimated .  M u c h 

previou s wor k o n th e representatio n o f  degree s completel y 

abstract s fro m th e proble m o f  compariso n clas s determina -

tion .  Simmons '  interva l  approac h (1993 )  use s clas s norm s t o 

denot e th e meanin g o f  relativ e adjectives ,  bu t  disregard s th e 

compariso n clas s formatio n problem .  Othe r  computationa l 

accounts ,  e.g. ,  Raski n &  Nirenbur g (1996) ,  Zade h (1978) ,  ne -

glec t  th e effect s a  compariso n clas s ha s a t  all . 

Hutchinso n (1993 )  show s i n detai l  tha t  compariso n classe s 

ar e no t  a n inherentl y semanti c feature ,  bu t  rathe r  dependen t 

on languag e use .  H e als o give s example s tha t  g o wa y be -

yon d th e capabilitie s o f  ou r  compariso n clas s determinatio n 

method .  Exampl e (14 )  coul d plausibl y mea n tha t  Chomsk y i s 

famou s fo r  a  linguist ,  fo r  a  scholar ,  o r  eve n fo r  a n American . 

(14 )  Chomsk y i s a  famou s linguist . 

Thoug h w e canno t  cop e wit h al l  th e challenge s Hutchinso n 

(1993 )  put s forth ,  ou r  proposa l  improve s th e existin g mode l  i n 

a wa y tha t  make s i t  interestin g fo r  tex t  understandin g systems . 

Finally ,  on e shoul d not e tha t  referenc e point s affec t  com -

parativ e judgements ,  i n general .  Holyoa k &  M a h (1982 ) 

observe d tha t  explici t  referenc e point s strongl y increas e dis -

criminabilit y  i n thei r  vicinity .  However ,  fo r  implici t  referenc e 

point s the y coul d produc e onl y inconclusiv e evidence . 

Conclusion 

Onl y littl e evidenc e ha s bee n collecte d s o fa r  concernin g th e 

conceptualization s underlyin g adjectiva l  expressions ,  relativ e 

adjective s i n particula r  — th e thir d majo r  wor d clas s o f  West -

e m languages .  W e hav e introduce d a  mode l  o f  adjectiv e inter -

pretatio n tha t  account s fo r  som e o f  th e intriguin g complexi -

tie s o f  relatin g degre e expression s t o a  prope r  conceptua l  rep -

resentation .  A t  th e cente r  o f  th e mode l  li e compariso n classe s 

and thei r  associate d clas s norm s t o whic h degre e expression s 

ar e related .  Thi s i s no t  a  stati c linkage .  Rather ,  contextua l 

informatio n togethe r  wit h knowledg e abou t  correlation s con -

trol s th e proces s o f  selectin g th e appropriat e compariso n clas s 

on th e fly.  W e exten d Bierwisch' s (1989 )  approac h thereby , 

and includ e a d ho c categorie s int o ou r  model . 

Still ,  som e desiderat a remai n unsolved :  A  mor e compre -

hensiv e model ,  e.g ,  woul d hav e t o tak e int o accoun t  share d 

belief s betwee n participant s i n th e discourse ,  sinc e thes e m a y 

substantiall y  influenc e th e compariso n clas s formatio n pro -

cess .  Also ,  granularit y effect s i n th e knowledg e bas e ar e no -

toriousl y difficult ,  bu t  shoul d b e solvabl e alon g th e line s o f 

path-lengt h neutra l  computation s fo r  textua l  ellipsi s resolu -

tio n a s discusse d b y Marker t  e t  al .  (1996) . 
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Abstrac t 

We describ e a n experimen t  tha t  examine s observationa l  learnin g 
of  eithe r  rule s o r  instances .  Subject s wer e aske d t o lear n a 
dynami c compute r  contro l  tas k an d wer e give n eithe r  a  specifi c 
goal ,  t o mak e th e compute r  produc e a  specifi c  response ,  o r  a  non -
specifi c  goal ,  t o fin d th e patter n underlyin g th e computer' s 
behavour .  Subject s eithe r  interacte d directl y wit h th e compute r 
(th e 'models' )  o r  observe d a  model' s learnin g trial s (th e 
'observers') .  Bot h th e goa l  o f  th e model s an d th e goa l  o f  th e 
observer s wer e varie d s o tha t  specifi c  goa l  an d non-specifi c  goa l 
model s wer e crosse d wit h specifi c  goa l  an d non-specifi c  goa l 
observers .  W e predicte d tha t  th e goa l  o f  th e observe r  an d no t  th e 
goal  o f  th e mode l  woul d determin e whethe r  observer s learne d 
rales  OT  instance s an d tha t  learnin g throug h observatio n woul d 
hinde r  instanc e learning .  Thes e prediction s wer e confirmed . 
Non-specifi c  goa l  model s learne d rule s wherea s specifi c  goa l 
model s learne d instances .  Non-specifi c  goa l  observer s als o 
learne d rules ,  irrespectiv e o f  th e goa l  o f  th e model ,  bu t  specifi c 
goal  observer s faile d t o lear n a t  all .  A  subsequen t  tes t  confirme d 
tha t  th e failur e o f  th e specifi c  goa l  observer s t o lear n wa s du e t o 
th e lac k o f  feedbac k abou t  correc t  responses .  Whe n suc h 
feedbac k wa s provided ,  specifi c  goa l  observer s learne d instances . 
However ,  th e presenc e o f  feedbac k wa s detrimenta l  t o rul e 
learning .  Whe n non-specifi c  goa l  observer s receive d feedback , 
the y learne d onl y instances .  Thes e result s suppor t  th e vie w tha t 
bot h goa l  specificit y an d th e presenc e o r  absenc e o f  feedbac k 
guid e learnin g b y directin g attentio n t o eithe r  instanc e spac e o r 
bot h instanc e spac e an d rul e space . 

Introduction 

Rul e learnin g ha s bee n distinguishe d fro m instanc e 
learnin g i n bot h researc h o n concep t  learnin g (Erickso n & 
Kruschk e i n press ;  Lebowitz ,  1986 ;  Wisniewski ,  &  Medin , 
1995 )  an d researc h o n implici t  learnin g (Geddes ,  & 
Stevenson ,  1997 ;  Shank s &  St .  John ,  1994) .  Gedde s & 
Stevenso n (1997 )  showe d tha t  w h e n learnin g t o contro l  a 
dynami c contro l  task ,  whethe r  subject s lear n rule s o r 
instance s depend s o n thei r  learnin g goal :  I f  the y hav e a 
specifi c  goa l  (t o contro l  th e system) ,  the y lear n rules ;  i f  the y 
hav e a  non-specifi c  goa l  (t o understan d th e system) ,  the y 
lea m rules .  I n thi s paper ,  w e investigat e th e learnin g o f 
rule s an d instance s throug h observatio n s o tha t  th e role s o f 
actio n an d o f  feedbac k ca n b e examined . 

Geddes an d Stevenso n (1997 )  use d a  dynami c contro l 
tas k i n whic h subject s interac t  wit h a  compute r  person ' 
calle d Cleg g an d tr y t o ge t  h i m t o t)ecom e an d sta y Ver y 

Friendly .  Cleg g initiate s th e interactio n b y displayin g on e 
of  twelv e attitude s (e.g .  Polite .  Ver y Friendly .  Loving )  o n 
th e compute r  screen ,  afte r  whic h th e subjec t  respond s b y 
typin g i n anothe r  attitude .  Th e attitude s reflec t  a n intimac y 
sc^ e fro m lo w t o hig h an d Clegg' s respons e t o th e 
subject' s choic e o f  attitud e i s retaliatory .  I f  Cleg g i s Polite , 
an d th e subjec t  respond s wit h Friendly ,  the n Cleg g 
retaliate s wit h th e attitud e Loving .  Clegg' s attitud e o n 
eac h tha i  i s  a  simpl e numerica l  fimctio n o f  th e subject' s 
respons e o n tha t  tria l  an d Clegg' s previou s output .  Subject s 
successfidl y lea m t o carr y ou t  thi s task ,  bu t  w h e n 
questione d abou t  th e experimen t  afterwards ,  the y ar e 
unabl e t o describ e h o w the y di d i t  o r  wha t  th e underlyin g 
rul e i s (Berr y &  Broadbent ,  1984) . 

I n Gedde s an d Stevenson' s study ,  on e grou p o f  subject s 
was give n a  specifi c  learnin g goal ,  comparabl e t o th e 
learnin g goa l  use d i n Berr y an d Broadben t  (1984) .  Subject s 
wer e instructe d t o mak e Cleg g polit e an d sta y polite . 
However ,  i n contras t  t o Berr y an d Broadbent ,  Gedde s an d 
Stevenso n gav e a  secon d grou p o f  subject s a  non-specifi c 
learnin g goal .  Thes e subject s wer e instructe d t o fin d ou t 
th e patter n tha t  explaine d Clegg' s behaviour . 

Al l  th e subject s ha d 3 0 learnin g trials ,  afte r  whic h the y 
wer e teste d o n wha t  the y ha d learned .  I n th e firs t  test , 
subject s i n bot h goa l  groiq) s wer e give n 3 0 trial s t o lea m a 
nove l  specifi c  goa l  -  t o mak e Cleg g ver y friendly.  Th e 
result s showe d tha t  non-specifi c  goa l  subject s performe d 
bette r  tha n specifi c  goa l  subject s wit h th e nove l  specifi c 
goal  ( 5 2 % correc t  response s vs .  4 1 % ) .  I n a  secon d test , 
al l  subject s predicte d Clegg' s response ,  give n a  sequenc e o f 
thre e responses .  Fo r  example ,  a  subjec t  migh t  b e tol d 
"Yo u wer e ver y cool ,  the n Cleg g wa s ver y rude .  Y o u wer e 
the n polite .  W h a t  di d Cleg g d o nextT '  S o m e o f  thes e 
predictio n question s describe d 'old '  situations ,  whic h th e 
subjec t  ha d encountere d durin g learning .  Other s describe d 
'new '  situations ,  whic h th e subjec t  ha d no t  see n before . 
Non-specifi c  goa l  subject s mad e correc t  prediction s i n bot h 
ol d an d ne w situation s whil e specifi c  goa l  subject s onl y 
made correc t  prediction s i n ol d situations .  I n a  thir d test , 
subject s wer e aske d t o describ e th e rul e tha t  governe d 
Clegg' s behaviour .  Wherea s 7 9 % o f  th e non-specifi c  goa l 
subject s gav e eithe r  correc t  o r  partiall y  correc t  rul e 
descriptions ,  ove r  8 0 % o f  th e specifi c  goa l  subject s gav e 
wron g descriptions . 

Thus ,  subject s give n a  non-specifi c  goa l  leame d th e 
abstrac t  rul e underlyin g Clegg' s behaviou r  whil e subject s 
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give n a  specifi c  goa l  remembere d specifi c  response s Thes e 
result s ar e consisten t  wit h othe r  evidenc e suggestin g tha t 
th e learnin g goa l  ca n hav e profoun d effect s o n learning , 
whethe r  i t  b e instanc e learnin g (Whittlese a &  Dorken , 
1993 )  o r  rul e learnin g (Owe n &  Sweller ,  1986 ;  VoUmeyer , 
B u ms &  Holyoak ,  1996) . 

"Dua l  space "  model s o f  learnin g explai n rul e learnin g 
an d instanc e learnin g withi n a  singl e framewor k (Klah r  & 
Dunbar ,  1988 ;  Simo n &  Lea ,  1974) .  Simo n an d Lea ,  fo r 
example ,  propose d tha t  th e proble m spac e i s separate d int o 
tw o spaces :  a  rul e spac e an d a n instanc e spac e Peopl e 
searc h instanc e spac e w h e n seekin g th e solutio n t o a 
specifi c  goal .  Gedde s an d Stevenso n suggeste d tha t  on e wa y 
i n whic h instanc e spac e i s searche d t o reac h a  specifi c  goa l 
i s  throug h means-end s analysis ,  involvin g successiv e 
reduction s o f  th e differenc e betwee n th e learner' s curren t 
stat e an d th e goa l  stat e unti l  th e goa l  i s  reached .  Thus ,  wha t 
get  learne d ar e th e specifi c  state s encountere d o n th e rout e 
t o th e goal .  O n th e othe r  hand ,  peopl e searc h bot h rul e 
spac e an d instanc e spac e w h e n generatin g an d testin g 
hypotheses .  Explici t  h>pothese s ar e generate d i n rul e 
space ,  whic h ar e the n teste d b y experiment s tha t  generat e 
state s i n instanc e space .  I n thes e circumstances ,  subject s 
lear n rule s tha t  explai n th e syste m bein g studied . 

I n orde r  t o explor e th e boundar y condition s o f  instanc e 
learnin g an d rul e learning ,  th e presen t  stud y wa s 
conducted .  Instea d o f  havin g ou r  learner s interac t  wit h th e 
computer ,  w e aske d the m instea d t o observ e othe r  learners . 
I n additior u w e s>stematicall y varie d th e goa l  o f  th e mode l 
an d th e goa l  o f  th e observe r  s o tha t  th e observe r  ha d eithe r 
a contro l  tas k goa l  o r  a  patter n searc h goa l  an d observe d a 
rtKKle l  w h o als o ha d eithe r  a  contro l  tas k o r  patter n searc h 
goal .  Berr y (1991 )  originall y use d thi s observatio n 
procedure ,  bu t  bot h he r  model s an d observer s wer e give n a 
contro l  tas k goal .  Sh e foun d tha t  th e observers '  learnin g 
was ver y poo r  unde r  thes e conditions ,  suggestin g tha t 
actio n i s th e critica l  ingredien t  fo r  instanc e learning . 
However ,  Berr y di d no t  exphcitl y  chec k tha t  he r  subject s 
wer e learnin g instances ,  henc e i n th e presen t  stud y w e use d 
th e sam e test s o f  learnin g a s Gedde s an d Stevenso n (1997 ) 
so tha t  w e coul d examin e th e eflfectivenes s o f  observationa l 
learnin g o n th e learnin g o f  instance s compare d t o rules . 
W h en learnin g t o contro l  th e system ,  an d s o learnin g 
instances ,  th e decision s mad e b y th e learne r  concer n whic h 
respons e t o mak e o n eac h trial .  Thes e decision s ar e les s 
likel y t o b e mad e i f  th e learne r  observe s someon e els e 
makin g an d implementin g thos e decisions .  Consequently , 
i n accordanc e wit h Berry' s (1991 )  results ,  w e hypothesiz e 
tha t  instanc e learnin g wil l  b e inhibite d durin g observationa l 
learning .  W h e n tryin g t o understan d th e system ,  th e 
decision s mad e b y th e learne r  concer n generatin g an d 
testin g hypotheses .  Sinc e thes e decision s ar e purel y 
cognitive ,  the y shoul d b e unaffecte d b y whethe r  th e learne r 
interact s wit h th e compute r  o r  observe s someon e els e 
interacting .  Consequendy ,  w e als o hypothesiz e tha t  rul e 
learnin g wil l  b e successfii l  durin g observationa l  learning . 

Method 

Subject s 

Sevent y tw o studen t  volunteer s fro m Durha m Universit y 

serve d a s subjects .  Thei r  age s range d fro m 1 8 t o 2 4 years . 

Twent y foiu -  wer e models ,  1 2 i n eac h goa l  group ;  4 8 wer e 

observers ,  1 2 i n eac h o f  th e fou r  group s define d b y th e goa l 

of  th e mode l  an d th e goa l  o f  th e observer . 

Design 

A tw o (goa l  o f  model )  b y tw o (goa l  o f  observer ) 

independen t  group s desig n wa s use d fo r  th e fou r  observe r 
groups .  Bot h observer s an d model s wer e give n eithe r  a 
contro l  tas k goa l  o r  a  patter n searc h goal .  Hal f  th e contro l 

tas k observer s observe d contro l  tas k model s an d hal f 
observe d patter n searc h models .  Similarly ,  hal f  th e patter n 
searc h observer s observe d contro l  tas k model s aii d hal f 
observe d patter n searc h models .  Se e Tabl e 1 .  Th e tw o 
group s o f  model s wer e teste d first  afte r  whic h th e observer s 
wer e tested . 

Table 1: Design of the Experiment (Spec = Specific) 

Goal  o f 
Model Spec.  Goa l  Non-Spec .  Goa l 

Goal  o f 
Observe r 

Spec. 
Goal 

Non-
Spec. 
Goal 

Spec. 

Goal 

Non-
Spec. 
Goal 

Al l  subject s wer e require d t o complet e 3 0 learnin g an d 
30 tes t  trials .  Th e goa l  group s wer e define d b y th e natur e 
of  th e goa l  i n th e 3 0 learnin g trials ,  eithe r  specifi c ('Mak e 
Cleg g polite' )  o r  non-specifi c ('Fin d th e underlyin g 
pattern') .  Th e model s interacte d wit h th e compute r  durin g 
learnin g wherea s th e observer s observe d th e models ' 
learnin g trials .  I n th e tes t  trials ,  al l  subject s wer e give n a 
ne w specifi c  goa l  ('Mak e Cleg g ver y fiiendly')  an d the y al l 
interacte d wit h th e computer .  Afte r  th e tes t  trials ,  al l 
subject s wer e give n tw o furthe r  (unexpected )  test s o f 
learning :  predictin g Clegg' s nex t  respons e from  a 
sequenc e o f  thre e response s an d answerin g question s 
designe d t o elici t  description s o f  th e rul e underlyin g 
Clegg' s behaviour . 

Learning and Test Trials Models were told that they 
woul d b e meetin g a  compute r  perso n name d Cleg g an d 
woul d communicat e wit h Cleg g throug h th e scree n an d 
keyboard .  Cleg g woul d expres s hi s attitud e toward s the m 
by displayin g on e o f  twelv e description s (Ver y Rude .  Rude , 
Ver y Cool ,  Cool ,  Indifferent ,  Polite ,  Ver y Polite ,  Friendly , 
Ver y Friendly ,  Affectionate ,  Ver y Affectionate ,  Loving) . 
Followin g this ,  subject s responde d t o Cleg g b y choosin g 
one o f  th e abov e descriptions .  Thi s wa s don e b y typin g i n 
th e first  lette r  o r  letter s o f  tha t  descriptio n (e.g .  V P fo r  Ver y 
Polite) .  Onc e subject s ha d responded ,  Cleg g woul d displj ^ 
hi s ne w attitud e (produce d b y th e equatio n describe d 
below) .  I t  woul d the n b e th e subject' s tur n t o ente r  thei r 
nex t  attitude ,  an d s o on .  Th e lis t  o f  possibl e response s wa s 
displaye d o n a  piec e o f  pape r  attache d t o th e botto m o f  th e 
scree n fo r  permanen t  reference . 

I n additio n t o th e abov e instructions ,  eac h grou p o f 
model s wa s give n specifi c  instruction s concernin g thei r 
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learnin g goa l  an d thei r  secondar y task .  Model s i n th e 

contro l  tas k grou p wer e tol d "You r  ai m i s t o shif t  Cleg g t o 
th e Polit e leve l  an d maintai n hi m a t  tha t  level" .  Model s i n 
th e patter n searc h grou p wer e tol d "You r  ai m i s t o establis h 
under  wha t  patter n Cleg g i s reacting" .  T o remin d subject s 
of  thei r  respectiv e goals ,  th e goa l  o f  thei r  tas k wa s 
permanentl y displaye d o n a  piec e o f  pape r  attache d t o th e 
botto m o f  th e screen . 

On eac h tria l  Clegg' s an d th e subject' s response s wer e 
dî laye d o n th e screen .  Thes e scrolle d u p th e scree n s o 

tha t  i t  wa s possibl e t o se e th e previou s si x trial s o n th e 
scree n a t  an y on e time .  Th e equatio n relatin g Clegg' s 
response s t o thos e o f  th e subject' s wa s identica l  t o th e non -
salien t  rul e use d b y Berr y an d Broadben t  (1984) .  Th e 
description s wer e give n a  valu e fro m 1  (Ver y Rude )  t o 1 2 
(Loving )  an d Clegg' s respons e wa s determine d b y th e 
equation : 

CNR =  ( 2 X  SOR)  -  C O R +  Z , 
wher e C N R =  Clegg' s ne w response ,  SO R =  subject' s ol d 
response ,  C O R =  Clegg' s ol d respons e an d Z  =  a  rando m 
number  wit h th e valu e o f  -1 ,  0  o r  +1 .  Th e rando m elemen t 
i n th e equatio n ensure s tha t  subject s mus t  exercis e 
continuou s contro l  ove r  th e compute r  person .  I t  als o mean s 
tha t  ther e i s n o uniqu e inpu t  associate d wit h an y on e 
output .  I f  subject s reache d thei r  targe t  outpu t  the n simpl y 
re-enterin g th e sam e inpu t  i s unlikel y t o kee p the m o n 
targe t  (Berr y &  Broadbent ,  1984) .  T o allo w fo r  th e rando m 
elemen t  i n th e equatio n producin g Clegg' s response ,  th e 
response s o f  subject s i n th e specifi c  goa l  grou p wer e score d 
as correc t  i f  the y wer e eithe r  o n th e targe t  o r  on e respons e 
eithe r  sid e o f  th e target .  Tha t  is ,  a  respons e fi-om  Cleg g o f 
Indifferent ,  Polite ,  o r  Ver y Polit e wa s score d a s correct . 

Each observe r  wa s randoml y assigne d t o a  mode l  wit h 
th e relevan t  goal .  I n additio n t o th e genera l  instruction s 
about  th e task ,  th e contro l  tas k observer s wer e tol d "Fo r  thi s 
sectio n o f  th e experimen t  however ,  yo u wil l  no t  interac t 
wit h Clegg ,  but ,  wil l  vie w som e interaction s tha t  hav e 
occurred .  Yo u shoul d watc h wha t  th e perso n ha s don e o n 
th e earlie r  occasio n a s thi s shoul d giv e yo u a  fee l  fo r  ho w 
Cleg g responds .  I t  i s  importan t  yo u pa y clos e attentio n t o 
th e interaction s yo u shal l  b e viewin g as ,  later ,  yo u wil l  hav e 
t o contro l  Clegg ,  makin g hi m produc e a  specifi c  outpu t  an d 
the n maintainin g hi s outpu t  a t  th e specifi c  level. "  Fo r  th e 
patter n searc h observers ,  th e final  sentenc e wa s change d t o 
"I t  i s  importan t  yo u pa y clos e attentio n t o th e interaction s 
you shal l  b e viewin g as ,  later ,  yo u wil l  hav e t o establis h 
under  wha t  patter n Cleg g i s reacting. "  Th e observer s wer e 
not  tol d th e tas k tha t  th e mode l  ha d bee n set .  Observer s 
presse d th e spac e ba r  o f  th e compute r  t o displa y eac h tria l 
of  thei r  model .  Wit h eac h ke y press ,  th e trial s scrolle d u p 
th e scree n i n th e sam e wa y a s the y di d fo r  th e models . 

The tes t  trial s wer e identica l  t o th e learnin g trial s fo r  th e 
contro l  tas k model s excep t  tha t  th e goa l  wa s changed .  A s 
was th e cas e i n th e learnin g trials ,  a  respons e eithe r  o n th e 
targe t  o r  on e ste p eithe r  sid e o f  th e targe t  wa s score d a s 
correct ,  t o allo w fo r  th e rando m elemen t  i n th e equation . 

Prediction Questions There were 15 prediction questions, 
5 new ,  5  ol d correc t  an d 5  ol d wrong .  Fo r  eac h question ,  a 
typica l  tria l  situatio n wa s presented .  Th e subject' s an d 

Clegg' s behaviou r  wa s displaye d o n th e screen ,  belo w thi s 
th e subject' s ne w behaviou r  wa s displaye d -  e.g .  Yo u wer e 
Ver y Cool ,  Cleg g wa s Ver y Rude .  Yo u wer e the n Polite . 
Subject s the n ha d t o predic t  wha t  Clegg' s respons e woul d 
be.  Th e five  new '  situation s wer e generate d randoml y fro m 
a lis t  o f  al l  possibl e tria l  situation s tha t  th e subjec t  tia d no t 
encountere d durin g eithe r  th e learnin g trial s o r  th e testin g 
trials .  Th e five  'Old-wrong '  situation s wer e randoml y 
selecte d fi'om  al l  th e trial s th e subjec t  ha d go t  wron g durin g 
th e tes t  phase .  Th e five  'Old-correct '  situation s wer e 
randoml y selecte d fi-om  al l  th e trial s th e subjec t  ha d go t 
correc t  durin g th e tes t  phase .  T o produc e five  Old-wron g 
and five  Old-correc t  question s mean t  tha t  th e subjec t  mus t 
get  a t  leas t  five  wron g o r  five  correc t  respectivel y durin g 
th e tes t  trials .  Th e progra m controllin g th e experimen t 
allowe d fo r  th e possibilit y  o f  thi s no t  occurrin g an d woul d 
have substitute d an y uncreate d question s wit h Ne w 
questions . 

Rule descriptions. Two questions tested the subjects' 
abilit y  t o describ e th e rul e underlyin g Clegg' s behaviour . 
One wa s "Ho w di d yo u ge t  Cleg g t o behav e a s yo u wante d 
hi m toT '  Thi s questio n wa s designe d t o b e sensitiv e t o an y 
procedura l  knowledg e tha t  ma y hav e bee n acquire d durin g 
learning .  Th e othe r  questio n wa s "Coul d yo u tr y t o describ e 
what  sor t  o f  patter n yo u though t  Cleg g wa s usin g t o 
respon d t o you r  behaviour? "  Thi s questio n wa s designe d t o 
be sensitiv e t o declarativ e knowledge . 

Procedure 

Subject s wer e randoml y allocate d t o on e o f  th e si x 
experimenta l  groups .  Th e tw o mode l  group s carrie d ou t  th e 
learnin g instruction s whil e interactin g wit h th e computer , 
th e foi u observe r  group s observe d th e learnin g trial s o f  th e 
models . 

On completin g th e learnin g trials ,  al l  subject s wer e tol d 
th e learnin g goa l  fo r  th e tes t  trial s an d the n th e tes t  trial s 
started .  Cleg g initiate d bot h learnin g an d tes t  trial s b y 
displayin g on e o f  th e thre e adjective s centere d o n Polite . 
Followin g th e tes t  trials ,  subject s wer e instructe d o n th e 
predictio n questions .  Th e instruction s describe d th e 
question s an d gav e a n exampl e o f  a  predictio n situation . 
The instruction s als o explaine d tha t  eac h questio n wa s 
unrelate d t o th e previou s one .  Afte r  completin g th e 
predictio n question s subject s wer e give n a  pe n an d pape r 
and wer e aske d t o answe r  th e tw o genera l  question s 
appearin g o n th e paper . 

Results and Discussion 
Model s 

Test  trial s (Nove l  Specifi c  Goal )  Tes t  trial s wer e score d 
as correc t  fo r  th e contro l  tas k subject s i f  the y obtaine d a 
respons e from  Cleg g o f  Indifferent ,  Polit e o r  Ver y Polite . 
Thi s scorin g take s int o accoun t  th e rando m elemen t  o f  th e 
equatio n producin g Clegg' s behaviour .  Bot h contro l  tas k 
and patter n searc h model s produce d 4 3 % correc t  tes t  trials . 
Thes e score s wer e significantl y abov e th e chanc e leve l  o f 
24.7 % ( p <.03) .  Chanc e leve l  wa s calculate d b y runnin g 
50,00 0 simulate d sessions ,  eac h o f  3 0 trials ,  i n whic h th e 
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subject s chos e an y on e o f  th e 1 2 responses  wit h equa l 

probability . 

Prediction questions Responses to the prediction questions 

wer e score d a s correc t  i f  th e response  predicte d b y th e 
subject s wa s on e above ,  th e sam e as ,  o r  on e belo w th e 

response  expecte d fro m Cleg g i n eac h situatio n Th e 
respons e expecte d fro m Cleg g wa s calculate d b y usin g th e 
equatio n from  th e learnin g phas e o f  th e experiment ,  bu t  no t 
includin g th e rando m elemen t  o f  th e equation ,  sinc e th e 
scorin g proces s too k i t  int o account .  Al l  subject s produce d 

sufficien t  correc t  an d incorrec t  responses  i n th e tes t  trial s t o 
hav e 5  ol d correc t  an d 5  ol d wron g predictio n questions . 
Th e dat a fo r  old-correc t  an d old-wron g situation s wer e 
combine d i n th e results .  Contro l  tas k model s produce d 
1 8 . 3 % correc t  response s i n ne w situation s an d 4 5 . 3 7 % 
correc t  response s i n ol d situations .  Patter n searc h model s 
produce d 6 6 . 7 % correc t  responses  i n n e w situation s an d 
7 1 . 7 % correc t  response s i n ol d situations .  A  tw o (learnin g 
goal )  b y tw o (predictio n situation )  analysi s o f  varianc e wit h 
rqjeate d measure s o n th e las t  facto r  revealed a  significan t 
mai n effec t  o f  goa l  (F (  1,22) = 16.26 ,  p<.001) ,  a  significan t 
mai n effec t  o f  typ e o f  situatio n (F (  1,22) = 10.05 ,  p<.001) , 
an d a  significan t  interactio n (F(l,22)=4.75 ,  p<.04) .  Patter n 
searc h model s produc e mor e correc t  response s tha n contro l 
tas k models ;  ther e wer e mor e correc t  response s i n ol d tha n 
i n n e w situations :  an d th e differenc e betwee n ol d an d ne w 
situation s w3 s confine d t o contro l  tas k model s (t(ll)=3.05 , 
p<.01 ;  patter n searc h models :  t(ll)=1.03) . 

Rule descriptions Subjects' answers to the two questions 
abou t  th e rul e (askin g h o w t o contro l  Cleg g an d askin g 
what  wa s Clegg' s underlyin g pattern )  wer e treate d togethe r 
as subject s generall y answere d onl y on e o f  th e question s 
an d include d informatio n i n tha t  answe r  tha t  wa s relevan t 
t o bot h questions .  Th e answer s wer e judge d b y tw o judge s 
an d place d int o on e o f  thre e categories ;  N o informatio n o r 
Wrong.  Partiall y  Correct ,  Correct .  Answer s wer e 
categorize d a s N o informatio n o r  Wron g i f  subject s gav e n o 
relevant  informatio n abou t  th e patter n Cleg g wa s followin g 
or  abou t  h o w the y controlle d Clegg ,  an d i f  par t  o f  th e 
answe r  gav e wron g informatio a Answer s wer e categorize d 
as Partiall y  Correc t  i f  subject s mentione d Clegg' s tendenc y 
t o mo\' e alon g th e scal e beyon d th e subject' s respons e 
(awa y from  hi s o w n ) ;  mentione d an y othe r  informatio n tha t 
describe d thi s approximat e characteristi c o f  Clegg' s 
behaviour ,  m a d e on e precis e possibl e predictio n o f  Clegg' s 
behaviour :  o r  mentione d h o w Clegg' s behaviou r  clustere d 
aroun d a  continuou s behavioxu -  o f  th e subjects .  Answer s 
wer e categorize d a s Correc t  whe n subject s mentione d 
Clegg' s tendenc y t o m o v e alon g th e scale ,  beyon d th e 
subject' s respons e (awa y from  hi s o v m )  A N D describe d th e 
distanc e alon g th e scal e tha t  Cleg g woul d mov e (i.e . 
roughl y doubl e th e distanc e th e subjec t  wa s from  Clegg) . 
Answer s tha t  m a d e 3  o r  mor e precis e possibl e prediction s 
of  Clegg' s behaviou r  wer e als o classifie d a s Correct . 

Contro l  tas k model s produce d 1 1 wron g rul e 
description s an d I  partiall y  correc t  description .  Patter n 
searc h model s produce d 7  correc t  rul e descriptions ,  3 
partiall y  correc t  description s an d 2  wron g descriptions . 

Fishe r  Exac t  Probabilit y  test s comparin g th e numbe r  o f 
answer s i n th e Correc t  o r  Partiall y  Correc t  categorie s wit h 
thos e i n th e Wron g categor y showe d tha t  patter n searc h 

model s performe d significantl y bette r  tha n contro l  tas k 
modcls(p<.01) . 

Al l  o f  th e abov e result s replicat e th e finding s o f  Gedde s 
and Stevenso n (1997 ) 

Observers 

Tes t  Trial s (Nove l  Specifi c  Goal )  Tabl e 2  show s th e 

percen t  correc t  tes t  trial s fo r  observer s a s a  functio n o f  thei r 

learnin g goa l  an d th e goa l  o f  thei r  model .  A  2  (goa l  o f 

model  )  b y 2  (goa l  o f  observer )  analysi s o f  varianc e 

reveale d a  significan t  mai n effec t  o f  goa l  o f  observe r 

(F(l,44)=23.37,p<.001) .  Patter n searc h observer s produce d 

mor e correc t  trial s tha n contro l  tas k observers .  Ther e wer e 

no othe r  significan t  effects .  Furthermore ,  th e performanc e 

of  bot h patter n searc h observe r  group s wa s significantl y 

bette r  tha n chanc e (bot h p  value s <.02) ,  wherea s neithe r  o f 

th e contro l  tas k observe r  group s wa s sigmficand y differen t 

from  chance . 

Table 2: Percent correct responses on the test trials as a 

fimctio n o f  goa l  o f  mode l  an d goa l  o f  observer . 

Goal of Model 

Contro l  Tas k Patter n Searc h 

Goal  o f  Observe r 

Contro l  Tas k 2 4 1 8 

Patter n Searc h 4 6 5 4 

Prediction Questions The percent correct responses for old 
an d ne w situation s ar e show n i n Figur e one .  A  tw o (goa l  o f 
model )  b y 2  (goa l  o f  observer )  b y 2  (situatio n type )  anal>'si s 
of  varianc e wa s performe d o n th e data .  Th e results  showe d 
a significan t  mai n effec t  o f  goa l  o f  observe r  (F(l,44)=47.59 , 
p<.001) .  Th e patter n searc h observer s performe d bette r 
tha n contro l  tas k observers .  Ther e wer e n o othe r 
significan t  effects .  I n addition ,  bot h th e ne w an d 

I N T 

Ptra w 
OMTWt 

mpoasei 

68 

M ' 

•  CantnlTu k 
Okstrvv s 

aPtXcnSMrdi 
Obnmri 

OM Ne w 

Control Task 
Modek 

OM Ne w 

Pattern Search 
Model s 

Figur e 1 :  Percen t  correc t  prediction s a s a 

functio n o f  goa l  o f  observe r  an d goa l  o f  model . 

102 8 



ol d correc t  response s o f  th e tw o patter n searc h observe r 
group s wer e significantl y bette r  tha n th e chanc e leve l  o f 
2 4 % (al l  p's<.02) ,  wherea s non e o f  th e respons e o f  th e tw o 
contro l  tas k observe r  group s differe d fro m chance . 

Rule Descriptions The results are shown in Table 3. 
Fishe r  Exac t  Probabilit y  test s comparin g th e numbe r  o f 
answer s i n th e Correc t  o r  Partiall y  Correc t  categorie s wit h 
thos e i n th e Wron g categor y showe d tha t  patter n searc h 
observer s performe d significantl y bette r  tha n contro l  tas k 

observer s (p<.OI) . 

Table 3: Percentage of correct, partially correct and 

wron g rul e description s a s a  functio n o f  mode l  an d 

observe r  goals .  (CT=Contro l  Task ;  PS=Patte m 

Search. ) 

Correc t Partiall y 

Correc t 

Wron g 

Goal  o f 

Model 

CT 

PS 

Goal  o f 

Observe r 

CT 
PS 
CT 
PS 

8 
33 
0 
75 

8 
33 
16 
0 

84 
33 
84 
25 

Overall ,  therefore ,  th e result s fo r  th e observer s indicat e 
tha t  wherea s patter n searc h observer s learne d th e rul e 
successfully ,  contro l  tas k learner s faile d t o lear n a t  all , 
sinc e thei r  performanc e wa s consistentl y a t  chanc e level . 
Thi s lac k o f  an y learnin g o n th e par t  o f  contro l  tas k 
observer s i s  consisten t  wit h th e ide a tha t  th e decision s 
made b y instanc e learner s mus t  b e tie d t o thei r  action s fo r 
learnin g t o occur .  W h e n th e relevan t  action s ar e no t 
performed ,  ther e i s n o learning . 

However ,  ther e i s a n alternativ e possibilit y  fo r  th e lac k 
of  an y learnin g b y th e contro l  tas k observers .  I n th e 
experiment ,  non e o f  th e observer s wer e tol d th e goa l  o f  th e 
model .  Hence ,  whe n th e mode l  ha d a  contro l  tas k goal , 
observer s wer e unabl e t o tel l  whe n th e mode l  ha d mad e a 
correc t  response .  Thu s i t  m a y hav e bee n th e lac k o f 
feedbac k abou t  correc t  response s tha t  wa s responsibl e fo r 
th e feilure  o f  contro l  tas k observer s t o learn .  Onl y wit h 
feedbac k ca n contro l  tas k observer s decid e wha t  woul d b e 
th e correc t  response .  T o examin e thi s possibility ,  tw o 
additiona l  group s o f  observer s wer e tested .  O n e grou p wa s 
give n a  contro l  tas k goal ,  th e othe r  wa s give n a  patter n 
searc h goal .  Bot h group s observe d contro l  goa l  model s an d 
bot h group s wer e tol d th e goa l  o f  th e mode l  s o tha t  the y 
woul d receiv e feedbac k abou t  th e model' s correc t  an d 
incorrec t  trials .  W e wishe d t o kno w whethe r  o r  no t  suc h 
feedbac k woul d improv e th e performanc e o f  contro l  tas k 
observers .  W e als o wondere d whethe r  th e presenc e o f 
feedback  woul d affec t  th e performanc e o f  patter n searc h 
observers .  I t  i s  possibl e tha t  havin g feedbac k abou t  correc t 
response s migh t  inhibi t  rul e learnin g b y directin g th e 

observer' s attentio n t o th e correc t  respons e an d awa y fro m 
a genera l  exploratio n o f  th e overal l  patter n o f  responses . 

To examin e thes e possibilities ,  w e focuse d o n th e 
response s t o th e predictio n question s an d th e result s ar e 
show n i n Figur e two .  Figur e tw o als o show s th e dat a fo r 
th e origina l  observer s o f  contro l  goa l  model s s o tha t 
performanc e wit h an d withou t  feedbac k ca n b e directl y 
compared . 

IN t 
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Figure 2: Percent correct predictions as a 

functio n o f  goa l  o f  observe r  a n d presenc e o r 

absenc e o f  feedback .  (Al l  observer s h a d contro l 

tas k models. ) 

A 2  (goa l  o f  observer )  b y 2  (feedback )  b y 2  (situatio n 
type )  analysi s o f  varianc e w a s carrie d ou t  o n th e dat a i n 
Figur e 2 .  T h e result s s h o w e d a  significan t  m a i n effec t  o f 
goa l  o f  observe r  (F(l,44)=12.87 ,  p< .001 ) ,  a  significan t 
m a i n effec t  o f  situatio n typ e (F(l,44)=7.04 ,  p< .02 )  a n d a 
significan t  interactio n be twee n goa l  o f  observe r  a n d 
situatio n typ e (F(l,44)=4.12 ,  p<.05) .  Patter n searc h 
observer s produce d m o r e correc t  response s tha n contro l 
tas k observers ;  ther e we r e m o r e correc t  response s i n ol d 
tha n i n n e w situations ;  a n d th e differenc e be twee n ol d a n d 
n e w situation s w a s confine d t o th e feedbac k condition s 
(old :  9 6 % ,  new :  5 5 % ;  n o feedbac k conditions :  old :  8 2 % , 
new:  7 8 % ) .  Ther e wer e n o othe r  significan t  effects . 

As w e sa w above ,  i n th e absenc e o f  feedback ,  onl y 
patter n searc h observer s ar e significantl y bette r  tha n chanc e 
wit h bot h ne w an d ol d predictions .  W h e n feedbac k i s 
present ,  contro l  tas k observer s ar e abov e chanc e wit h ol d 
prediction s (p<.05 )  bu t  no t  wit h new .  B y contrast ,  whe n 
patter n searc h observer s ar e give n feedback ,  the y perfor m 
at  chanc e leve l  wit h ne w predictions ,  althoug h the y ar e stil l 
abov e chanc e wit h ol d prediction s (p<.01) . 

General Discussion 

We conclud e fro m thes e result s tha t  feedbac k rathe r  tha n 
actio n i s th e critica l  ingredien t  fo r  instanc e learning .  W h e n 
feedbac k wa s provide d contro l  tas k observer s wer e abov e 
chanc e leve l  i n ol d bu t  no t  ne w situations .  W h e n ther e wa s 
no feedback ,  contro l  tas k observer s wer e a t  chanc e leve l  i n 
bot h ol d an d ne w situations ,  indicatin g tha t  learnin g ha d 
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not  take n place .  Presumably ,  feedbac k affect s th e kind s o f 

decision s tha t  ca n b e mad e whil e learnin g instances .  W e 
als o conclud e tha t  feedbac k prevent s rul e learning .  Whe n 
informe d o f  th e model' s  goal ,  patter n searc h observer s 

learne d instance s an d no t  rules ,  a s indicate d b y th e 
differenc e bet\vee n thei r  performanc e i n ol d an d ne w 
situations .  B y contrast ,  whe n no t  informe d o f  th e model' s 

goal ,  patter n searc h observer s mad e correc t  prediction s i n 
bot h ol d an d ne w situations ,  indicatin g successfu l  rul e 

learning . 

Thes e result s sugges t  tha t  learner s ma y us e eithe r 
empirica l  learnin g o r  rul e learning ,  dependin g o n bot h thei r 
learnin g goa l  -  whethe r  t o produc e a  specifi c response  o r 
discove r  th e underlyin g patter n -  an d o n whethe r  o r  no t 
the y ar e give n feedbac k abou t  correc t  reqwnses .  I n th e 
concep t  learnin g literature ,  Erickso n an d Kruschk e (i n 
press )  an d Wisniewsk i  an d Medi n (1995 )  hav e propose d 
model s i n whic h empirica l  learnin g an d theor y drive n 
learnin g interact .  Machin e learnin g researcher s hav e als o 
devel(̂ )e d system s tha t  combin e bot h empirica l  an d 
ejq)laiiatio n base d learnin g (e.g .  Lebowitz ,  1986) . 

Our  result s pos e a  proble m fo r  thes e learnin g models : 
ho w t o e?q)lai n th e influenc e o f  learnin g goa l  an d feedbac k 
on th e acquisitio n o f  instance s o n th e on e han d an d rule s o n 
th e other .  I n ou r  experiment ,  th e stronges t  evidenc e fo r  a 
dissociatio n b^wee n instance s an d rule s come s fro m th e 
predictio n questions .  Accordin g t o Wisniewsk i  an d 
Medin' s interactiv e model ,  peopl e lear n instance s whe n 
the y hav e n o prio r  knowledg e t o infor m learning ,  otherwis e 
the y lear n rules .  HowcNer ,  i n ou r  study ,  w e ca n assum e 
tha t  al l  subject s ha d roughl y th e sam e prio r  knowledg e 
availabl e t o them .  Subject s wh o ba d a  patter n searc h goa l 
and n o feedbac k presxmiabl y use d thei r  prio r  knowledg e o f 
mathematic s t o hel p the m generat e an d tes t  hypotheses . 
But  thi s prio r  knowledg e wa s no t  use d b y subject s wh o ha d 
a specifi c  goa l  o r  wh o ha d n o feedback .  I n Erickso n an d 
Kruschke' s (i n press )  model ,  ever y stimulu s i s processe d 
simultaneousl y b y th e rul e modul e an d th e exempla r 
module ,  wit h th e final  ou^u t  bein g a  combinatio n o f  th e 
ouQMit s o f  thes e tw o modules .  Thi s mode l  too ,  therefore , 
has difficult y accountin g fo r  th e wa y attentio n i s directe d t o 
eithe r  rul e learnin g o r  instanc e learnin g a s a  functio n o f 
learnin g goa l  an d o f  th e presenc e o r  absenc e o f  feedback . 

The dua l  spac e model s o f  KJah r  an d Dunba r  (1988 )  an d 
Simo n an d Le a (1974 )  giv e th e bes t  genera l  frameworic  fo r 
e?q)lainin g ou r  observations .  I n suc h models ,  learnin g ca n 
be directe d t o on e o r  bot h proble m space s a s a  fvmctio n o f 
learnin g goa l  an d feedback .  A  patter n searc h goa l 
encourage s learner s t o e)q)lor e bot h rul e spac e an d proble m 
space .  B y contrast ,  a  contro l  tas k goa l  t o produc e a  specifi c 
outpu t  fro m th e syste m an d th e presenc e o f  feedbac k direc t 
th e learner' s attentio n t o th e goa l  stat e an d ho w t o reac h i t 
and s o th e learne r  focuse s o n instanc e space .  I n th e absenc e 
of  suc h direction ,  i t  i s likel y tha t  relevan t  prio r  knowledg e 
guide s th e learne r  t o us e rul e spac e a s wel l  a s instanc e 
q>ace ,  a s wa s observe d Wisniewsk i  an d Medi n (1995) . 

I n conclusion ,  ou r  findings  sugges t  way s i n whic h 
learner s ca n b e guide d t o lear n mor e effectively ,  sinc e w e 
hav e show n tha t  goa l  orientatio n an d whethe r  o r  no t 
feedbac k i s give n ca n b e tailore d t o th e typ e o f  learnin g 

intended .  Th e result s als o highligh t  th e limitation s o f 
observationa l  learnin g Observatio n support s instanc e 
learnin g onl y whe n feedbac k i s given ,  an d i t  support s rul e 
learnin g onl y whe n feedbac k i s withheld . 
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Abstrac t 

This paper examines the way in which high level 
semanti c informatio n influence s th e productio n an d 
comprehensio n o f  pronouns .  I t  report s a  ne w typ e 
of  ver b semanti c processin g bias .  W e examin e th e 
effect s o f  thi s bia s o n languag e comprehension . 

Introduction 

Experimenta l  wor k o n pronou n resolutio n place s particula r 
focu s o n th e influenc e o f  a  typ e o f  hig h leve l  informatio n 
referre d t o a s implici t  causalit y ( G a m h a m ,  Traxler ,  Oakhil l 
& Gemsbacher ,  1996 ;  Garve y &  Caramazza ,  1974) . 
Implici t  causalit y i s  a  semanti c bia s associate d wit h 
particula r  verb s whic h affect s clausa l  integration . 

(I) John blamed Bill because he broke the window. 

(2) John fascinated Bill because he was interesting. 

In Example (I) there is a preference to interpret the 
pronou n a s referrin g t o th e characte r  'Bill '  (Nou n Phras e 2 ) 
wherea s i n Exampl e (2 )  ther e i s a  preferenc e t o interpre t 
th e pronou n a s referrin g t o th e characte r  'John '  (Nou n 
Phras e I) .  Th e implici t  causalit y congruenc y effec t  i s th e 
findin g tha t  i t  take s longe r  t o rea d a  sentenc e whe n i t 
contain s a n endin g inconsisten t  wit h th e ver b bia s tha n a n 
endin g consisten t  wit h th e ver b bia s (Caramazza ,  Grober , 
Garve y &  Yates ,  1977 )  (Example s (3 )  an d (4 )  below) . 

(3) John blamed Bill because he hated Bill. 

(4) John fascinated Bill because he was interested by 
John . 

However, implicit causality is not the only semantic 
bia s associate d wit h th e proces s o f  clausa l  integration .  I n 
thi s pape r  w e examin e a  n e w typ e o f  bia s whic h w e refe r 
t o a s implici t  consequentiality .  I n th e sam e wa y tha t 
event s hav e causes ,  the y als o hav e consequences .  Cause s 
of  a n even t  occurrin g a t  t  aris e a t  som e poin t  prio r  t o t . 
Conversely ,  consequence s aris e a t  som e poin t  followin g t . 
I n th e sam e wa y tha t  differen t  type s o f  event s ca n hav e 
differen t  type s o f  causes ,  differen t  type s o f  event s ca n als o 
hav e differen t  type s o f  consequences .  Recal l  Exampl e (1) . 
The ac t  o f  N P l  ('John' )  blamin g N P 2 ('Bill' )  i s  usuall y 
precede d b y th e characte r  occupyin g th e N P 2 ('Bill' ) 
positio n doin g somethin g t o brin g abou t  thi s outcome . 
Thi s locu s o f  caus e give s rise  t o th e implici t  causalit y 

effect .  Exampl e (5 )  belo w describe s a n even t  an d th e 
consequence s following .  Intuitively ,  th e ac t  o f  N P l 
('John' )  annoyin g N P 2 ('Bill' )  i s  als o usuall y followe d b y 
some consequenc e affectin g th e characte r  occupyin g th e 
N P2 ('Bill' )  position .  W e propos e thi s i s  a n exampl e o f 
an implici t  consequentialit y  bias . 

I n Exampl e (5) ,  wha t  follow s from  'John '  annoyin g 
'Bill '  i s  'Bill '  complainin g abou t  it . 

(5) Because John annoyed Bill, he complained to the art 
teacher . 

But there is no restriction as to which character may 
experienc e th e consequence s o f  th e event .  I n Exampl e (6) , 
th e sam e subordinat e claus e i s  followe d b y a  consequenc e 
focusin g o n th e first  mentione d character ,  'John' . 

(6) Because John annoyed Bill, he was punished by the 
ar t  teacher . 

We expect to find an implicit consequentiality 
congruenc y effec t  simila r  t o th e implici t  causalit y 
congruenc y effect .  I n othe r  words ,  w e expec t  readin g tim e 
t o th e disambiguatin g region ,  i.e .  th e regio n followin g th e 
pronoun ,  i n (6 )  t o b e rea d mor e slowl y tha n th e equivalen t 
regio n i n (5 )  i f  i t  i s  th e cas e tha t  th e ver b 'annoy ' 
possesse s a  stron g biei s t o focu s o n th e characte r 
occupyin g th e secon d N o u n Phrase . 

Findin g evidenc e fo r  biase s arisin g a s a  resul t  o f 
knowledg e abou t  consequence s o f  event s i s  interestin g fo r 
a numbe r  o f  reasons .  Traditiona l  explanation s o f  th e 
implici t  causalit y phenomeno n hav e suggeste d tha t  verb s 
possessin g suc h biase s hav e a  ta g encode d a t  th e ver b roo t 
correspondin g t o tha t  particula r  verb' s bia s (Garve y & 
Caramazza ,  1974) .  Findin g tha t  a n individua l  ver b 
possesse s differen t  type s o f  biase s dependin g o n th e 
contex t  i n whic h tha t  ver b occur s weaken s thi s manne r  o f 
explanatio n a s i t  require s a s m a n y tag s t o encod e biase s a s 
ther e ar e biases .  Additionally ,  indicatio n o f  a n influenc e 
on processin g o f  genera l  knowledg e abou t  th e tempora l 
contex t  i n whic h event s i n th e worl d typicall y occu r 
immediatel y raise s th e questio n o f  h o w (an d when )  suc h 
knowledg e come s t o bea r  a  processin g influence .  A n 
alternativ e t o a n accoun t  proposin g tha t  biase s ar e encode d 
as lexica l  tag s i s a n accoun t  focusin g o n a  mor e genera l 
mechanis m informe d b y knowledg e abou t  typica l  event s i n 
th e world . 
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O ne proble m pervasiv e i n th e literatur e examinin g 
implici t  causalit y i s on e o f  a  lac k o f  employmen t  o f 
relevan t  experimenta l  controls .  I t  i s  wel l  documente d tha t 
sentence s containin g continuation s followin g th e pronou n 
tha t  ultimatel y resolv e wit h referenc e t o th e characte r 

inconsisten t  wit h th e bia s tak e longe r  t o rea d (Caramazz a 
et  al ,  1977) .  However ,  i t  m a y b e th e cas e tha t  suc h 
sentence s simpl y describ e les s plausibl e events .  I n 

Stewart ,  Pickerin g an d Sanfor d (1998 )  w e addresse d thi s 
questio n an d reporte d tha t  implici t  causalit y congruenc y 

effect s ar e independen t  o f  plausibilit y  effects .  I n ou r 
examinatio n o f  implici t  consequentialit y  belo w w e 
emplo y plausibilit y  control s o f  th e sam e typ e a s w e hav e 
use d previously . 

So,  ther e ar e tw o mai n goal s motivatin g thi s paper . 
Th e first  i s  on e o f  examinin g whethe r  biase s othe r  tha n 
th e implici t  causalit y bia s documente d i n th e literatur e 
exist .  Th e secon d i s concerne d wit h th e tim e cours e o f  th e 
influenc e o f  th e semanti c bia s o n reading .  Thi s i s 
motivate d b y genera l  issue s concernin g th e structur e o f  th e 
cognitiv e architectur e an d focuse s o n th e tim e cours e o f 
biase s influencin g processing .  M u c h wor k o n othe r 
aspect s o f  languag e processin g ha s bee n guide d b y Fodor' s 
modularit y thesi s (Fodor ,  1983) .  Th e basi c proposa l  o f 
modularit y  i s tha t  initia l  processin g proceed s i n a  restricte d 
manner  informe d b y onl y a  subse t  o f  al l  th e informatio n 
tha t  wil l  ultimatel y com e t o bea r  a  weigh t  o n th e fina l 
processin g outcome .  I n parsin g i t  i s  considere d tha t  som e 
degre e o f  processin g informe d purel y b y syntacti c 
informatio n precede s processin g informe d b y semanti c 
factor s (Frazier ,  1987) .  Drawin g a n explici t  analog y 
betwee n th e parsm g literatur e an d th e processin g o f 
pronouns ,  w e propos e tha t  i f  th e par t  o f  th e languag e 
syste m associate d wit h interpretin g pronoun s behave s i n a 
modula r  o r  restricte d manne r  w e woul d expec t  t o find a 
delaye d influenc e o f  hig h leve l  semanti c factor s suc h a s 
implici t  consequentiality .  Unde r  a  restricted  processin g 
accoun t  initia l  processin g wil l  procee d wit h reference  onl y 
t o lo w leve l  information .  Befor e a n answe r  t o thi s 
questio n ca n b e broached ,  however ,  w e nee d t o satisf y 
ourselve s tha t  implici t  consequentialit y  doe s exis t  a s a 
bia s whic h influence s languag e processing .  Experimen t  1 
followin g examine s subject s sensitivit y t o implici t 
consequentialit y  informatio n whe n engage d i n a  languag e 
productio n task . 

Experiment 1 

Our  first  experimen t  wa s performe d t o insur e tha t  implici t 
consequentialit y  informatio n doe s influenc e languag e 
processin g i n th e manne r  tha t  w e suggest .  Specifically , 
we propos e tha t  som e verb s focu s o n th e characte r 
occupyin g th e first  Nou n Phrase ,  whil e other s lea d t o a 
focu s o n th e characte r  occupyin g th e secon d Nou n Phrase . 

Method 

The tas k wa s a n off-lin e productio n tas k requirin g subject s 
t o complet e fi-agments  o f  th e sor t  'Becaus e Joh n love d 
Mary,...' .  Th e tw o character s wer e differentiate d b y gende r 
t o allo w u s t o unambiguousl y scor e whethe r  pronomina l 
referenc e wa s t o th e first  o r  secon d mentione d character . 

Subject s 
Twenty-tw o Englis h speakin g subject s participated . 

Stimuli 
Experimenta l  booklet s wer e constructe d containin g 11 0 

sentenc e fragments .  W e examine d th e sam e 5 0 verb s 
whos e implici t  causalit y biase s ha d bee n examine d b y 

Stewar t  (1998) .  Eac h ver b appeare d i n a  sentenc e o f  th e 
for m : 

Because Sue VERBED John,... 

Names were varied. Each booklet contained 60 filler 

material s o f  a  simila r  structur e t o th e abov e fragment . 
Each ver b appeare d onl y once .  Th e gende r  o f  th e tw o 
character s i n eac h sentenc e wer e different . 

Procedure 
One rando m orde r  wa s use d fo r  hal f  th e booklet s whil e th e 
revers e o f  thi s wa s orde r  use d fo r  th e othe r  half .  Subject s 
wer e simpl y instructe d t o provid e a  sensibl e continuatio n 
t o th e sentenc e fragments . 

Results 

The ending s fo r  eac h experimenta l  sentenc e wer e scOTe d o n 
th e basi s o f  whethe r  th e mai n claus e initiall y  containe d a n 
anapho r  referrin g t o th e first  o r  secon d nou n phrase .  Othe r 
type s o f  continuation s wer e score d a s 'Others' .  Th e tabl e 
belo w contain s th e 1 6 mos t  strongl y biasin g verb s (th e 
ful l  lis t  o f  5 0 verb s ca n b e obtaine d fro m th e authors) . 

Table 1 : Completion type for 16 biasing verbs 

Ver b 

dreade d 

appreciate d 

adore d 

admire d 

loathe d 

resente d 

despise d 

like d 

aggravate d 

annoye d 

scolde d 

coniuse d 

punishe d 

flattered 

thanke d 

congratulate d 

NPl 
17 
17 
21 
22 
19 
18 
18 
19 
0 
6 
0 
0 
I 
0 
0 
2 

NP2 
I 
3 
1 
0 
2 
2 
2 
1 
20 
15 
21 
20 
21 
19 
22 
19 

Other s 

4 
2 
0 
0 
1 
2 
2 
2 
2 
1 
1 
2 
0 
3 
0 
1 

Discussio n 

The dat a gathere d b y Experimen t  1  certainl y indicat e tha t 
subject s ar e sensitiv e t o implici t  consequentialit y  biase s i n 
languag e production .  A  particula r  subse t  o f  verb s posses s 
implici t  consequentialit y  biase s whic h focu s o n th e 
characte r  occupyin g th e first  Nou n Phras e an d a  particula r 
subse t  posses s biase s focusin g o n th e characte r  occupyin g 
th e secon d Nou n Phrase .  Ou r  initia l  questio n o f  whethe r 
we coul d find  semanti c biase s whic h influence d productio n 
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i n th e sam e w a y tha t  implici t  causalit y influence s 
productio n ha s bee n answered . 

We no w tur n t o th e secon d questio n addressin g th e issu e 
of  th e manne r  i n whic h suc h biase s exer t  a n influenc e o n 
processing . 

Experiment 2 
Experimen t  1  provide d evidenc e fo r  implici t 
consequentialit y  biase s influencin g languag e production . 
I n Experimen t  2  w e examin e th e w a y i n whic h suc h biase s 
influenc e languag e comprehension .  Assumin g tha t  th e 

languag e syste m ha s develope d t o tak e advantag e o f  th e 
statistica l  regularitie s i n th e linguisti c environment ,  w e 
expec t  t o find  evidenc e tha t  comprehender s ar e sensitiv e t o 
implici t  consequentialit y  biase s i n a  manne r  simila r  t o 
languag e producers .  Th e bia s act s a s a  potentiall y 
informativ e cu e wit h respec t  t o whic h characte r  th e 
pronou n refers .  However ,  th e bia s i s no t  a s stron g a s a 
gende r  cu e whic h effectivel y rule s ou t  pronomina l 
referenc e t o a  potentia l  anteceden t  differin g i n gende r  from 
a gende r  marke d pronoun . 

We examin e th e behaviou r  o f  implici t  consequentialit y 
informatio n i n th e contex t  o f  th e presenc e an d absenc e o f  a 
gende r  cue .  I n th e presenc e o f  a  gende r  cue ,  w e propos e 
th e relativ e influenc e o f  implici t  consequentialit y  wil l  b e 
reduce d a s th e pronomina l  anteceden t  ca n b e identifie d 
usin g gende r  informatio n (Exampl e 5) . 

(5) Because John punished Sue, she started to cry. 

However, when such a gender contrast is lacking we 
argu e th e degre e t o whic h implici t  consequentialit y 
influence s processin g wil l  b e maximise d a s i t  provide s a 
stron g cu e a s t o whic h characte r  i s referre d t o b y th e 
pronou n (Exampl e 6) . 

(6) Because John punished Bill, he started to cry. 

So, we have defined the conditions under which we 
expec t  t o find  implici t  consequentialit y  informatio n 
exertin g a  processin g influence .  Precisel y whe n thi s 
influenc e wil l  occu r  depend s o n whe n th e reade r  interpret s 
th e pronoun .  I f  th e reade r  trie s t o interpre t  th e pronou n a s 
soo n a s i t  i s  encountere d w e expec t  t o find  evidenc e fo r  th e 
implici t  consequentialit y  congruenc y effec t  o n th e readin g 
tim e dat a associate d wit h th e fragmen t  endin g i n th e 
pronoun .  I f  it s  influenc e i s delaye d w e expec t  t o find  th e 
implici t  consequentialit y  congruenc y effec t  o n readin g 
tim e secon d fragment  o f  th e sentence . 

Method 

Subjects 
Thirt y tw o Englis h speakin g subject s participated . 

Stimuli 
We manipulate d pronomina l  ambiguity ,  ver b bia s an d 
referent .  Th e pronou n coul d eithe r  b e referentiall y 
ambiguou s o r  marke d fo r  gende r  t o unambiguousl y refe r  t o 
one o f  th e tw o participants .  Ver b bia s coul d eithe r  b e 

N Pl  o r  N P 2 biasing .  Referen t  coul d eithe r  b e first  o r 

secon d mentione d character . 

Ther e wer e 3 2 set s o f  experimenta l  materials . 

Unambiguous pronoun /NPl verb/ Referent character 1 
Becaus e Harol d dieade d Joanne ,  h e steadfastl y 

refuse d t o g o bac k t o school . 

Unambiguous pronoun / NPl verb / Referent character2 
Becaus e Joann e dreade d Justin ,  h e wa s tol d t o tr y 

actin g les s aggressively . 

Ambiguous pronoun / NPl verb / Referent characterl 
Becaus e Harol d dieade d Justin ,  h e steadfastl y 

refuse d t o g o bac k t o school . 

Ambiguous pronoun / NPl verb / Referent character2 
Becaus e Harol d dreade d Justin ,  h e wa s tol d t o tr y 

actin g les s aggressively . 

There were also 96 filler items. There were 32 
experimenta l  item s create d usin g th e 1 6 verb s whic h 
Experimen t  1  indicate d exhibite d stron g implici t 
consequentialit y  biases .  Eac h subjec t  sa w eac h ver b twice . 
Pretesin g ensure d tha t  regardles s o f  whethe r  th e sentenc e 
resolve d i n a  manne r  consisten t  o r  inconsisten t  wit h th e 
implici t  consequentialit y  bias ,  th e plausibilit y  o f  th e 
describe d event s wer e equivalent .  Thi s contro l  ensure s tha t 
a simpl y plausibilit y  differenc e betwee n eac h conditio n 
canno t  accoun t  fo r  an y readin g tim e difference s w e m a y 
find.  Th e material s wer e als o carefull y controlle d fo r 
length .  Th e experimen t  wa s divide d int o tw o halve s wit h 
a brea k halfwa y through .  Th e first  occurrenc e o f  eac h ver b 
was i n th e first  hal f  o f  th e stud y an d th e secon d occurrenc e 
i n th e secon d half . 

Procedure 
Th e experimen t  wa s ru n o n a n Appl e Macintos h compute r 
usin g th e PsyScop e experimenta l  softwar e (Cohen , 
MacWhinney ,  Flat t  &  Provost ,  1993) .  A  butto n bo x wa s 
connecte d t o th e compute r  whic h recorded  subjects ' 
response s wit h millisecon d accuracy .  A  fixation  poin t 
appeare d o n th e lef t  han d sid e o f  th e screen .  Subject s 
presse d a  butto n o n th e butto n bo x an d th e fixation  poin t 
was followe d b y presentatio n o f  th e first fragment  o f  th e 
sentence .  Thi s fragment  include d th e pronoun ,  e.g . 
'Becaus e Joh n blame d Mary ,  she' .  Onc e subject s rea d th e 
sentenc e the y presse d th e butto n again .  Th e secon d 
fragmen t  the n appeared .  Pressin g th e butto n agai n resulte d 
i n a  questio n appearin g afte r  ever y trial .  A  brea k o f  a 
m i n i m u m duratio n o f  3 0 second s occurre d halfwa y throug h 
eac h experiment . 

Eac h subjec t  participate d i n 1 0 practic e trial s simila r  i n 
structur e t o th e experimenta l  item s a t  th e star t  o f  th e 
experiment .  Th e experimen t  laste d roughl y 3 5 minutes . 
Befor e th e experimen t  subject s wer e provide d wit h bot h 
verba l  an d writte n instructions . 
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Result s 

Firs t  Fragmen t  Analysi s (e.g .  'Becaus e Joh n annoye d Bill , 
he' ) 

We performed 2 (Unambiguous pronoun vs Ambiguous 
pronoun )  x  2  (NP l  ver b v s N P 2 verb )  x  2  (Char l  v s 
Char 2 referent )  A N O V As wit h bot h subject s an d item s a s 
rando m factors .  N o mai n effect s o r  interaction s 
approache d significance .  W e performe d 2  (NP l  ver b v s 
N P2 verb )  x  2  (Char l  v s Char 2 referent )  A N O V As wit h 
bot h subject s an d item s a s rando m factor s fo r  jus t  th e 

unambiguou s pronouns .  N o mai n effect s o r  interaction s 
approache d significanc e (Fs<2) . 

Table 2 : Reading times for first fragment, subject means 
fo r  eac h conditio n wit h al l  time s i n msecs . 

Verb/Referen t 

NP l /Char l 

N Pl  /  Char 2 

NP2/Char l 

N P2 /  Char 2 

Ambi g Pr o 

233 2 

217 4 

239 1 

233 4 

Unambi g Pr o 

215 9 

220 1 

223 0 

235 5 

Secon d Fragmen t  Analysi s 
math s teacher.' ) 

(e.g .  'complaine d t o th e 

We performe d 2  (Unambiguou s pronou n v s Ambiguou s 
pronoun )  x  2  (NP l  ver b v s N P 2 verb )  x  2  (Char l  v s 
Char 2 referent )  A N O V As wit h bot h subject s an d item s a s 
rando m factors .  W e foun d a  mai n effec t  o f  ambiguit y 
(Fl(l,31)=24.64 ,  p<0.0001 ;  F2(1.30)=29.37 ,  p<0.0001) , 
reflectin g faste r  readin g time s followin g unambiguou s 
reference .  W e foun d a  mai n effec t  o f  ver b bia s 
(Fl(l,31)=23.09 ,  p<0.0001 ;  F2(l,30)=3.94 ,  p<0.06) , 
reflectin g faste r  readin g tim e followin g fragment s 
containin g N P 2 biasin g verbs .  W e foun d a n interactio n 
betwee n ambiguit y an d ver b bia s tha t  wa s margina l  b y 
item s (Fl(l,31)=4.55 ,  p<0.05 ;  F2(l,30)=2.96 ,  p<0.1) . 
We foun d a n ambiguit y x  referen t  interactio n tha t  wa s 
significan t  b y subject s onl y (Fl(l,31)=4.87 ,  p<0.05 ; 
F2<2) .  W e als o foun d a  vert )  bia s x  referen t  interactio n 
whic h agai n wa s significan t  b y subject s onl y 
(Fl(l,31)=5.39 ,  p<0.05 ;  F2(1,30)<1) .  Th e 3-wa y 
interactio n o f  ver b bia s x  referen t  x  ambiguit y wa s 
significan t  b y bot h subject s an d item s (Fl(l,31)=4.26 , 
p<0.05 ;  F2(l,30)=4.50 ,  p<0.05) .  W e examin e thi s 3-wa y 
interactio n i n detai l  below . 

Table 3 : Reading times for second fragment, subject 
means fo r  eac h conditio n wit h al l  time s i n msecs . 

Ver b /  Referen t 

N Pl  /  Char l 

N Pl  /  Char 2 

NP2 /Char l 

N P2 /  Char 2 

Amb i g Pr o 

221 0 

256 6 

235 5 

224 1 

Unambi g Pr o 

220 8 

205 5 

180 9 

178 9 

We explore d th e natur e o f  th e 3-wa y interactio n b y 
performin g analyse s o n th e Ambiguou s an d Unambiguou s 

Pronou n condition s separately .  W e shal l  firstl y focu s o n 
th e Ambiguou s Pronou n conditions . 

Ambiguous Pronoun Conditions 

We performe d 2  (NP l  ver b v s N P 2 verb )  x  2  (Char l  v s 

Char 2 referent )  A N O V As wit h bot h subject s an d item s a s 
rando m factors .  W e foun d a  significan t  ver b bia s x 
referen t  interactio n tha t  wa s margina l  b y item s 

( F 1(1.30=7.56 ,  p<0.01 ;  F2(l,30)=3.09 ,  p<0.1) . 

Unambiguous Pronoun Conditions 
We performe d 2  (NP l  ver b v s N P 2 verb )  x  2  (Char l  v s 
Char 2 referent )  A N O V As wit h bot h subject s an d item s a s 
rando m factors .  W e foun d a  mai n effec t  o f  ver b bia s 
( F 1(1, 3 0=23.74 ,  p<0.0001 ;  F2(l,30)=6.09 ,  p<0.05 ) 
correspondin g t o faste r  readin g tim e followin g a n N P 2 
biasin g verb .  Ther e wa s n o evidenc e o f  a  ver b bia s x 

referen t  interactio n (bot h Fs<0 -
We ca n interpre t  th e 3-wa y interactio n a s reflectin g a 

differenc e i n th e implici t  consequentialit y  congruenc y 
effec t  betwee n th e Ambiguou s an d Unambiguou s Pronou n 
conditions .  W e foun d a  congruenc y effec t  i n th e 
Ambiguou s Pronou n condition s (margina l  b y items )  bu t 
faile d t o find  on e i n th e Unambiguou s Pronou n 
conditions . 

Question Response Time Analysis 
We performe d 2  (Unambiguou s pronou n v s Ambiguou s 
pronoun )  x  2  (NP l  ver b v s N P 2 verb )  x  2  (Char l  v s 
Char 2 referent )  A N O V As wit h bot h subject s an d item s a s 
rando m factors .  W e foun d a  mai n effec t  o f  ambiguit y 
(Fl(l,31)=55.83 ,  p<0.0001 ;  F2(l,30)=49.48 ,  p<0.0001 ) 
indicatin g faste r  questio n respons e time s followin g a 
sentenc e containin g unambiguou s reference .  W e foun d a 
mai n effec t  o f  ver b bia s (Fl(l,31)=8.57 ,  p<0.01) ; 
F2(l,30)=6.29 ,  p<0.05) ,  indicatin g faste r  respons e time s 
followin g a  sentenc e containin g a n N P 2 biasin g verb .  W e 
als o foun d a  mai n effec t  o f  referen t  tha t  wa s significan t  b y 
subject s onl y (Fl(l,31)=5.98 ,  p<0.05 ;  F2<2 )  reflectin g 
faste r  respons e time s followin g referenc e t o th e firs t 
mentione d character .  W e foun d a n ambiguit y x  referen t 
interactio n ( F 1(1,30=12.26 ,  p<0.005 ;  F2(l,30)=9.39 ; 
p<0.005 )  an d a n ambiguit y x  ver b bia s x  referen t 
interactio n significan t  b y subject s onl y ((Fl(l,31)=4.43 , 
p<0.05 ;  F2(l,30)=2.33 ,  p<0.14) . 

Table 4 : Question response times, subject means for each 
conditio n wit h al l  time s i n msecs .  Number s i n 
parenthese s correspon d t o respons e accurac y expresse d a s 
percentag e correct . 

Ver b /  Referen t 

NPl  /  Char l 

NPl  /  Char 2 

N P2 /  Char l 

N P2 /  Char 2 

Ambi g Pr o 

232 3 (80.5% ) 

2910(50.4% ) 

222 9 (90.5% ) 

250 8 (74.0% ) 

Unambi g Pr o 

2083(91.3% ) 

1824(92.9% ) 

173 0 (96.0% ) 

172 7 (93.7% ) 

Questio n Respons e Accurac y Analysi s 
For  th e questio n respons e accurac y dat a w e als o performe d 
2 (Unambiguou s pronou n v s Ambiguou s pronoun )  x  2 
(NP l  ver b v s N P 2 verb )  x  2  (Char l  v s Char 2 referent ) 

103 4 



A N O V As fo r  bot h subject s an d item s a s rando m factors . 
We foun d a  mai n effec t  o f  ambiguit y (F1(I,31)=103.51 . 
jxO.OOOl ;  F2(1,30)=51.79 ,  p<0.0001 )  reflectin g greate r 
respons e accurac y followin g a  sentenc e containin g 
unambiguou s reference .  W e foun d a  mai n effec t  o f  ver b 
bias(Fl(l,31)=26.78 ,  p<0.0001 ;  F2(l,30)=8.41 ,  p<0.01 ) 
reflectin g greate r  respons e accurac y followin g a  sentenc e 
containin g a n N P 2 biasin g verb .  W e als o foun d a  mai n 
effec t  o f  referen t  (Fl(l,31)=34.74 ,  p<0.0001 ; 
F2(1.30)=21.25,  p<0.0001 )  reflectin g greate r  respons e 
accurac y followin g a  sentenc e containin g reference  t o th e 
first  mentione d character .  T h e ambiguit y x  ver b bia s 
interactio n wa s significan t  ( F 1(1,31) = 14.72 ,  p<0.001 ; 
F2(1.30)=6.56 .  p<0.05) .  Th e ambiguit y x  referent 
interactio n wa s als o significan t  (Fl(l,31)=24.04 , 
p<0.0001 ;  F2 (  1,30) = 16.27 ,  p<0.0{)05) .  Th e 3-wa y 
interactio n o f  ambiguit y x  ver b bia s x  referen t  wa s 
significan t  onl y b y subject s (Fl(l,31)=4.90 ,  p<0.05 ; 
F2(1.30)=2.40 .  p<0.14) . 

Discussion 

The lac k o f  a n interactio n betwee n referen t  an d ver b bia s 
fo r  th e unambiguou s pronou n condition s i n th e fragmen t  1 
readin g tim e dat a indicate s tha t  implici t  consequentialit y 
does no t  influenc e processin g a s soo n a s a  pronou n i s read . 
Eithe r  processin g o f  th e pronou n i s delaye d unti l 
informatio n sufficien t  fo r  anteceden t  identificatio n i s 
encountere d o r  a n initia l  commitmen t  t o a  possibl e 
anteceden t  informe d b y lo w leve l  factor s i s  made . 

Our  3-wa y interactio n foun d i n th e fragmen t  2  readin g 
tim e dat a indicate s tha t  th e poin t  a t  whic h implici t 
consequentialit y  firs t  exert s a n influenc e o f  processin g i s 
durin g integration .  Whethe r  suc h a n influenc e occur s i s a 
functio n o f  th e presenc e o r  absenc e o f  additiona l 
informatio n pertinen t  t o th e goa l  o f  interpretin g th e 
pronoun .  Th e 3-wa y interactio n correspond s t o a 
differenc e i n th e natur e o f  th e implici t  consequentialit y 
congruenc y effec t  betwee n th e Unambiguou s an d 
Ambiguou s Pronou n conditions .  W e foun d evidenc e fo r  a 
congruenc y effec t  fo r  th e Ambiguou s Pronou n condition s 
(margina l  o n F2s) .  N o hin t  o f  a  congruenc y effec t  wa s 
foun d i n th e cas e o f  th e Unambiguou s Pronou n 
conditions .  Th e mos t  obviou s explanatio n fo r  ou r  3-wa y 
interactio n i s  tha t  unde r  circumstance s wher e a  pronoun' s 
anteceden t  ca n b e identifie d usin g informatio n a t  a  leve l 
lowe r  tha n tha t  o f  semantic s (e.g .  gende r  information) , 
identificatio n wil l  procee d informe d solel y b y thi s 
morphosyntacti c information .  W h e n suc h unequivoca l 
informatio n i s  availabl e t o th e reader  i t  seem s reasonabl e 
tha t  othe r  factor s tha t  woul d b e informativ e i n th e absenc e 
of  suc h a  cu e ar e no t  calle d upo n t o ai d processin g o f  th e 
anaphor .  However ,  i n case s wher e ther e i s no t  a 
restrictio n a s t o whic h anteceden t  i s  appropriat e th e 
languag e processo r  take s advantag e o f  wha t  othe r  cue s ar e 
availabl e i n th e input .  Unde r  circumstance s o f  thi s type , 
th e implici t  consequentialit y  bia s i s  use d b y th e system . 

The questio n respons e tim e an d questio n accurac y dat a 
indicat e tha t  subject s responded  mor e slowl y an d wit h 
reduce d accurac y t o thos e question s followin g sentence s 
whic h containe d continuation s referrin g t o th e secon d 
mentione d characte r  inconsisten t  wit h th e N P l  biasin g 

verb .  W e didn' t  find  equivalen t  difficult y fo r  th e 

incongruen t  condition s wher e referenc e wa s t o th e fu-s t 
mentione d characte r  i n th e contex t  o f  a n NF* 2 biasin g verb . 
We sugges t  thi s i s du e t o th e first  mentio n privileg e 

whic h result s i n th e first  mentione d characte r  alway s bein g 
eas y t o acces s (Gemsbache r  &  Hargreaves ,  1988 ;  Neat h & 
Knoedler ,  1994) . 

General Discussion 

Th e basi c questio n w e pose d a t  th e outse t  o f  thi s pape r 
was whethe r  w e coul d find  ver b bia s effect s comparabl e t o 
implici t  causalit y effect s bu t  correspondin g t o implie d 
consequence s rathe r  tha n implie d causes .  W e hav e bee n 
successfu l  i n answerin g this .  Th e productio n dat a fi^om 
Experimen t  1  indicate s tha t  subject s ar e sensitiv e t o th e 
consequence s o f  event s describe d b y particula r  verb s an d 
us e thi s informatio n t o focu s o n on e participan t  rathe r 
tha n th e other .  I n languag e productio n implici t 
consequentialit y  exert s a n influenc e i n a  manne r  simila r  t o 
implici t  causality . 

Th e secon d questio n w e raise d focuse d o n th e poin t  i n 
tim e a t  whic h implici t  consequentialit y  informatio n exert s 
an influenc e o n processing .  Conside r  Exampl e (7 )  whic h 
contain s a n endin g inconsisten t  wit h th e ver b bia s : 

(7) Because Michael annoyed Kathryn, he was punished 
by th e ar t  teacher . 

Our production experiment indicated that the verb 
'annoy '  contain s a n implici t  consequentia l  bia s focusin g 
on th e secon d characte r  (i.e .  'Kathryn') .  However ,  th e lac k 
ofevidenc e o f  reader s detectin g th e anomal y i n readin g th e 
first  fragmen t  (u p t o an d includin g th e pronoun )  i n 
Experimen t  2  indicate s tha t  implici t  consequentialit y  isn' t 
use d b y th e syste m t o infor m processin g a s soo n a s a 
pronou n i s encountered .  W h e n th e pronou n i s encountere d 
i t  indicate s tha t  th e sentenc e i s goin g t o continu e i n a 
manner  inconsisten t  wit h th e ver b bias .  I f  ver b bia s 
informatio n wa s bein g use d a t  thi s poin t  w e woul d hav e 
expecte d t o hav e foun d evidenc e fo r  a n implici t 
consequentialit y  congruenc y effec t  i n th e fragmen t  1 
readin g tim e data .  Ther e wa s n o evidenc e fo r  this .  Th e 
earlies t  poin t  a t  whic h w e foun d th e congruenc y effec t  wa s 
i n th e patter n o f  dat a associate d wit h readin g th e secon d 
fragmen t  (i.e .  followin g th e pronoun) .  Wit h respec t  t o th e 
tim e cours e o f  th e influenc e o f  thi s information ,  finding  a 
delaye d influenc e i s consisten t  wit h th e literatur e 
examinin g th e manne r  i n whic h implici t  causalit y 
influence s processin g ( G a m h a m e t  al ,  1996 ;  Stewart , 
1998) .  Thi s seem s t o sugges t  tha t  eithe r  initia l 
processin g o f  a  pronou n proceed s i n a  restricte d manne r 
informe d solel y b y lo w leve l  factor s o r  processin g i s 
delayed . 

Th e 3-wa y interactio n suggest s tha t  implici t 
consequentialit y  informatio n onl y exert s a n influenc e 
when additiona l  cue s tha t  woul d unambiguousl y identif y 
th e pronomina l  referen t  ar e lacking .  Th e implici t 
consequentialit y  congruenc y effec t  wa s presen t  i n th e 
ambiguou s pronou n condition s (althoug h margina l  b y 
items )  bu t  absen t  i n th e unambiguou s pronou n conditions . 
W h en gende r  informatio n whic h woul d otherwis e hav e 
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uniquel y identifie d th e pronomina l  anteceden t  i s  lacking , 

implici t  consequentialit y  i s a  stron g cu e whic h th e syste m 

employ s t o facilitat e processing .  W h e n suc h informatio n 
i s present ,  implici t  consequentialit y  informatio n i s no t 
use d b y th e system .  W h e n implici t  consequentialit y 
informatio n i s used ,  a  persistenc e o f  th e effec t  i n bot h th e 

questio n answerin g tim e an d respons e accurac y dat a 
suggest s tha t  no t  onl y ma y th e relativ e incoherenc e 
presen t  i n sentence s containin g continuation s whic h clas h 
wit h a  verb s bia s lea d t o a  processin g difficulty ,  bu t  th e 
lac k of  coherenc e ma y als o carr y ove r  t o influenc e th e wa y 
i n whic h th e reade r  represent s th e describe d event . 
Response s queryin g a  representatio n lackin g stron g 
coherenc e ar e slowe r  an d exhibi t  reduce d accurac y compare d 
t o thos e queryin g a  representatio n possessin g a  stronge r 
cohesiv e structure .  So ,  w e propos e tha t  bot h readin g an d 
representationa l  problem s aris e a s a  resul t  of  a  reader 
encounterin g sentence s containin g informatio n 
inconsisten t  wit h a  particula r  verb' s implici t  consequentia l 
bias . 

The patter n o f  productio n dat a i n Experimen t  1  i s 
strongl y simila r  t o th e se t  o f  dat a foun d i n a n equivalen t 
stud y examinin g th e wa y i n whic h implici t  causalit y 
informatio n i s  use d i n languag e productio n (Stewart , 
1998) .  Comparin g th e verb s i n Experimen t  1  wit h thos e 
verb s reporte d i n Stewar t  (1998 )  i t  i s  clea r  tha t  a  particula r 
verb' s implici t  causalit y bia s canno t  b e use d t o predic t  tha t 
verb' s implici t  consequentialit y  bias .  Ther e i s n o obviou s 
relationshi p betwee n th e tw o set s o f  biases .  W e strongl y 
believ e tha t  biase s arisin g a s a  resul t  o f  focusin g o n eithe r 
cause s o r  consequence s of  particula r  event s shoul d onl y b e 
see n a s tw o example s draw n fro m a  large r  se t  of  possibl e 
biases .  I n thi s pape r  w e hav e demonstrate d th e influenc e 
of  a n implici t  consequentialit y  bia s bot h i n languag e 
productio n an d comprehension .  A t  it s  mos t  genera l  w e 
ca n defin e a  processin g bia s a s anythin g tha t  direct s th e 
languag e producer' s o r  comprehender' s focu s of  attention . 
An accoun t  proposin g tha t  suc h biase s ar e encode d a s 
lexica l  tag s appear s inadequat e t o accoun t  fo r  a  muc h mor e 
pervasiv e focu s effect .  W e believ e tha t  onl y throug h 
referenc e t o genera l  knowledg e an d readers'  awarenes s o f 
th e typica l  tempora l  context s i n whic h event s occu r  ca n a n 
explanatio n capabl e of  accountin g fo r  genera l  processin g 
biase s b e forthcoming . 
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Abstrac t 

We present a skill learning model Clarion. Different from 
existin g model s o f  high-leve l  skil l  learnin g tha t  us e a  top -
down approac h (tha t  is ,  turnin g declarativ e knowledg e int o 
procedura l  knowledge) ,  w e adop t  a  bottom-u p approac h to -
ward low-leve l  skil l  learning ,  wher e procedura l  knowledg e de -
velop s first  an d declarativ e knowledg e develop s later .  Clar -
io n i s forme d b y integratin g connectionist ,  reinforcement ,  an d 
symboli c learnin g method s t o perfor m on-lin e learning .  W e 
compar e th e mode l  wit h huma n dat a i n a  minefiel d navigatio n 
task .  A  matc h betwee n th e mode l  an d huma n dat a i s foun d i n 
severa l  respects . 

In t roduc t io n 

The acquisitio n an d us e o f  skil l  constitut e a  majo r  portio n 

of  huma n activities .  Skill s  var y i n complexit y an d degre e 

of  cognitiv e involvement .  The y rang e fro m simpl e moto r 

movement s an d othe r  routin e task s i n everyda y activitie s t o 

high-leve l  intellectua l  skills .  W e stud y "lower-level "  cogni -

tiv e skills ,  whic h hav e no t  receive d sufficien t  researc h atten -

tion .  On e typ e o f  tas k tha t  exemplifie s wha t  w e cal l  low-leve l 

cognitiv e skil l  i s reactiv e sequentia l  decisio n makin g (Su n e t 

al  1996) .  I t  involve s a n agen t  selectin g an d performin g a  se -

quenc e o f  action s t o accomplis h a n objectiv e o n th e basi s o f 

moment-to-momen t  informatio n (henc e th e ter m "reactive") . 

An exampl e o f  thi s kin d o f  tas k i s th e minefiel d navigatio n 

tas k develof)e d a t  Th e Nava l  Researc h La b (se e Gordo n e t  al . 

1994) .  Thi s kin d o f  tas k settin g appear s t o ta p int o real-worl d 

skill s  associate d wit h decisio n makin g unde r  condition s o f 

tim e pressur e an d limite d information .  Thus ,  th e result s w e 

obtai n fro m huma n experiment s wil l  likel y b e transferabl e 

t o real-worl d skil l  learnin g situations .  Ye t  thi s kin d o f  tas k 

i s suitabl e fo r  computationa l  modelin g give n th e recen t  de -

velopmen t  o f  machin e learnin g technique s (Su n e t  a l  1996 , 

Watkin s 1989) . 

The distinctio n betwee n procedura l  knowledg e an d declar -

ativ e knowledg e ha s bee n mad e i n man y theorie s o f  learnin g 

and cognitio n (fo r  example ,  Anderso n 1982 ,  1993 ,  Kei l  1989 , 

Damasi o 1994 ,  an d Su n 1995) .  I t  i s  believe d tha t  bot h pro -

cedura l  an d declarativ e knowledg e ar e essentia l  t o cognitiv e 

agent s i n comple x environments .  Anderso n (1982 )  originall y 

propose d th e distinctio n base d o n dat a fro m a  variet y o f  skil l 

learnin g studies ,  rangin g fro m arithmeti c t o geometri c theo -

re m proving ,  t o accoun t  fo r  change s resultin g fro m extensiv e 
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Figur e 1 :  Navigatin g Throug h Mine s 

practice. Similar distinctions have been made by other re-

searcher s base d o n differen t  set s o f  data ,  i n th e area s o f  skil l 

learning ,  concep t  formation ,  an d verba l  informa l  reasonin g 

(e.g. ,  Fitt s an d Posner ,  1967 ;  Keil ,  1989 ;  Sun ,  1995) . 

Most  o f  th e wor k i n skil l  learnin g tha t  make s th e declar -

ative/procedura l  distinctio n assume s a  top-dow n approach ; 

tha t  is ,  learner s first  acquir e a  grea t  dea l  o f  explici t  declar -

ativ e knowledg e i n a  domai n an d the n throug h practice ,  tur n 

thi s knowledg e int o a  procedura l  for m ("proceduralization") , 

whic h lead s t o skille d performance .  However ,  thes e model s 

wer e no t  develope d t o accoun t  fo r  skil l  learnin g i n th e ab -

senc e of ,  o r  independen t  from ,  preexistin g explici t  domai n 

knowledge .  Severa l  line s o f  researc h demonstrat e tha t  in -

dividual s ca n lear n t o perfor m comple x skill s  withou t  first 

obtainin g a  larg e amoun t  o f  explici t  declarativ e knowledg e 

(e.g. ,  Berr y an d Broadben t  1988 ,  Stanle y e t  a l  1989 ,  Lewick i 

et  a l  1992 ,  Willingha m e t  a l  1989 ,  Rebe r  1989 ,  Karmiloff -

Smit h 1986 ,  Schacte r  1987 ,  an d Schraage n 1993) .  I n researc h 

on implici t  learning .  Berr y an d Broadben t  (1988) ,  Willing -

h a m e t  a l  (1989) ,  an d Rebe r  (1989 )  expressl y demonstrat e 

a dissociatio n betwee n explici t  knowledg e an d skille d per -

formanc e i n a  variet y o f  task s includin g dynami c decisio n 

task s (Berr y an d Broadben t  1988) ,  artificia l  gramma r  learn -

in g task s (Rebe r  1989) ,  an d seria l  reactio n task s (Willingha m 

et  a l  1989) .  Berr y an d Broadben t  (1988 )  argu e tha t  th e psy -

chologica l  dat a i n dynami c decisio n task s ar e no t  consisten t 

wit h exclusivel y top-dow n learnin g models ,  becaus e subject s 

ca n lear n t o perfor m th e tas k withou t  bein g provide d a  pri -

or i  declarativ e knowledg e an d withou t  bein g abl e t o verbal -

iz e th e rule s the y use d t o perfor m th e task .  Thi s indicate s tha t 

procedura l  skill s  ar e no t  necessaril y  accompanie d b y explici t 

declarativ e knowledge ,  whic h woul d no t  b e th e cas e i f  top -

down learnin g i s th e onl y wa y t o acquir e skill .  Willingha m 

et  a l  (1989 )  similarl y demonstrat e tha t  procedura l  knowledg e 
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i s  no t  alway s precede d b y declarativ e knowledg e i n h u m a n 

learning ,  an d sho w tha t  declarativ e an d procedura l  learnin g 

ar e no t  necessaril y  correlated .  Ther e ar c eve n indication s tha t 

explici t  knowledg e m a y aris e fro m procedura l  skill s  i n som e 

circumstance s (se e Stanle y e t  a l  1989) .  Usin g a  dynami c de -

cisio n task .  Stanle y e t  al .  (1989 )  foun d tha t  th e developmen t 

of  declarativ e knowledg e parallele d bu t  lagge d behin d th e de -

velopmen t  o f  procedura l  knowledge . 

Simila r  claim s concernin g th e developmen t  o f  procedura l 

knowledg e prio r  t o th e developmen t  o f  declarativ e knowl -

edg e hav e surface d i n a  numbe r  o f  researc h area s outsid e 

th e skil l  learnin g literatur e an d provide d additiona l  suppor t 

fo r  th e bottom-u p approach .  Implici t  memor y researc h (e.g. , 

Schacte r  1987 )  demonstrate s a  dissociatio n betwee n explici t 

an d implici t  knowledge/memorie s i n tha t  a n individual' s per -

formanc e ca n improv e b y virtu e o f  implici t  "retrieval "  fro m 

m e m o ry an d th e individua l  ca n b e unawar e o f  th e process . 

Thi s i s no t  amenabl e t o th e exclusivel y top-dow n approach . 

Instrumenta l  conditionin g als o reflect s a  learnin g proces s tha t 

differ s fro m th e top-dow n approach ,  becaus e th e proces s i s 

typicall y non-verba l  an d involve s th e formatio n o f  actio n se -

quence s withou t  requirin g explici t  knowledge .  I t  m a y b e 

applie d t o simpl e organism s a s wel l  a s human s (Gluc k an d 

Bower  1988) .  I n developmenta l  psychology ,  Karmiloff-Smit h 

(1986 )  propose d th e ide a o f  "representationa l  redescription" . 

Durin g development ,  low-leve l  implici t  representation s ar e 

transforme d int o mor e abstrac t  an d explici t  representation s 

an d thereb y m a d e mor e accessible .  Thi s proces s i s no t  top -

d o wn either ,  bu t  i n th e opposit e direction . 

The Model 

Th e distinctio n betwee n declarativ e an d procedura l  knowl -

edg e lead s naturall y t o "two-level "  architecture s (Su n 1995) . 

We thereb y develope d th e mode l  C l a r i o n ,  whic h stand s fo r 

Connectionis t  Learnin g wit h Adaptiv e Rul e Inductio n O N -

line .  I t  embodie s th e distinctio n o f  declarativ e an d procedu -

ra l  knowledg e (or ,  conceptua l  an d subconceptua l  knowledge) , 

an d i t  perform s learnin g i n a  bottom-u p direction .  I t  con -

sist s o f  tw o mai n components :  th e to p leve l  encode s explici t 

declarativ e knowledg e i n th e for m o f  propositiona l  rules ,  an d 

th e botto m leve l  encode s implici t  procedura l  knowledg e i n 

neura l  networks .  I n addition ,  ther e i s a n episodi c memory , 

whic h store s recen t  experience s i n th e for m o f  "input ,  output , 

result "  (i.e. ,  stimulus ,  response ,  an d consequence) . 

A high-leve l  pseudo-cod e algorith m tha t  describe s C L A R -

IO N i s a s follows : 

1. Observe the current state x. 
2.  Comput e i n th e botto m leve l  th e Q-valu e o f  eac h o f  th e 

possibl e action s (a.'s )  associate d wit h th e perceptua l  stat e 
x:Q{x,ai),Q{x,a2 )  Q{x,an) . 

3.  Fin d ou t  al l  th e possibl e action s (6i ,  62 ,  bm )  a t  th e 
to p level ,  base d o n th e th e perceptua l  informatio n x  an d 
othe r  availabl e informatio n (whic h goe s u p fro m th e bot -
to m level )  an d th e rule s i n plac e a t  th e to p level . 

4.  Choos e a n appropriat e actio n a ,  considerin g th e value s o f 
a,' s  an d b j  ' s  (whic h ar e sen t  dow n fro m th e to p level) . 

5.  Perfor m th e actio n a ,  an d observ e th e nex t  stat e y  an d (pos -
sibly )  th e reinforcemen t  r . 

6.  Updat e th e botto m leve l  i n accordanc e wit h th e Q-Leaming -
Backpropagatio n algorithm ,  base d o n th e feedbac k infor -
mation . 

7.  Updat e th e to p leve l  usin g th e Rule-Extraction-Refinemen t 
algorithm . 

8.  G o bac k t o Ste p 1 . 

In the bottom level, a Q-value is an evaluation of the "qual-

ity "  o f  a n actio n i n a  give n state :  Q{x ,a )  indicate s h o w de -

sirabl e actio n a  i s i n stat e x .  W e ca n choos e a n actio n base d 

on Q-values .  T o acquir e th e Q-values ,  supervise d and/o r  re -

inforcemen t  learnin g method s ma y b e applied .  A  widel y ap -

plicabl e optio n i s th e Q-leamin g algorith m (Watkin s 1989) ,  a 

reinforcemen t  learnin g algorithm .  I n th e algorithm ,  Q{x ,  a ) 

estimate s th e m a x i m u m discounte d cumulativ e reinforcemen t 

tha t  th e agen t  wil l  receiv e fro m th e curren t  stat e x  on .  Th e up -

datin g o fQ{x ,a )  i s base d o n minimizin g 

r - \ -ye{y) -Q{x,a ) (1 ) 

wher e 7  i s a  discoun t  factor ,  y  i s th e ne w stat e resultin g fro m 

actio n a  i n stat e x ,  an d e{y )  =  m a x a Q{y,a) .  Thus ,  th e up -

datin g i s base d o n th e tempora l  differenc e i n evaluatin g th e 

curren t  stat e an d th e actio n chosen :  I n th e abov e formula , 

Q{x ,a )  estimates ,  befor e actio n a  i s performed ,  th e (dis -

counted )  cumulativ e reinforcemen t  t o b e receive d i f  actio n a 

i s performed ,  an d r  -f -  7e(j/ )  estimate s th e (discounted )  cumu -

lativ e reinforcemen t  tha t  th e agen t  wil l  receive ,  afte r  actio n a 

i s performed ;  s o thei r  differenc e (th e tempora l  differenc e i n 

evaluatin g a n action )  enable s th e learnin g o f  Q-value s tha t  ap -

proximat e th e (discounted )  cumulativ e reinforcement .  Usin g 

Q-learnin g allow s sequentia l  behavio r  t o emerg e i n a n agent . 

Throug h successiv e update s o f  th e Q  function ,  th e agen t  ca n 

lear n t o tak e int o accoun t  futur e step s i n longe r  an d longe r 

sequences . 

To implemen t  Q  functions ,  w e chos e t o us e a  four-layere d 

networ k (se e Figur e 2) ,  i n whic h th e first  thre e layer s for m 

a (eithe r  recurren t  o r  feedforward )  backpropagatio n networ k 

fo r  computin g Q-value s an d th e fourt h laye r  (wit h onl y on e 

node )  perform s stochasti c decisio n making .  Th e outpu t  o f  th e 

thir d laye r  (i.e. ,  th e outpu t  laye r  o f  th e backpropagatio n net -

work )  indicate s th e Q-valu e o f  eac h actio n (represente d b y a n 

individua l  node) ,  an d th e nod e i n th e fourt h laye r  determine s 

probabilisticall y th e actio n t o b e performe d base d o n a  Boltz -

m a nn distributio n (i.e. .  Luce' s choic e axiom ;  Watkin s 1989) : 

p{a\x )  = ^.gQ(i,ov)/ a (2 ) 

Thi s learnin g proces s perform s bot h structura l  credi t  assign -

ment  (wit h backpropagation) ,  s o tha t  th e agen t  know s whic h 

elemen t  i n a  stat e shoul d b e assigne d credit/blame ,  a s wel l 

as tempora l  credi t  assignment ,  s o tha t  th e agen t  know s whic h 

actio n lead s t o succes s o r  failure .  Thi s learnin g proces s en -

able s th e developmen t  o f  procedura l  skill s  potentiall y  solel y 

base d o n th e agen t  independentl y explorin g a  particula r  worl d 

on a  continuou s an d on-goin g basis . 

I n th e to p level ,  declarativ e knowledg e i s capture d i n a  sim -

pl e propositiona l  rul e form .  T o facilitat e correspondenc e wit h 
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Figur e 2 :  T h e implementatio n o f  C L A I U O N . 

The to p leve l  contain s localis t  encodin g o f  propositiona l  rules .  Th e 

botto m leve l  contain s connection !  s t  network s fo r  capturin g procedu -

ral  skills . 

th e botto m leve l  an d t o encourag e uniformit y an d integratio n 

(Clar k an d Karmiloff-Smit h 1993) ,  w e chos e t o us e a  localis t 

connectionis t  mode l  fo r  implementin g thes e rule s (e.g. .  Su n 

1992) .  Basically ,  w e translat e th e structur e o f  a  se t  o f  rule s 

int o tha t  o f  a  network .  Fo r  eac h rule ,  a  se t  o f  link s ar e es -

tablished ,  eac h o f  whic h connect s a  nod e representin g a n el -

ement  i n th e conditio n o f  a  rul e t o th e nod e representin g th e 

conclusio n o f  th e rule .  Fo r  m o r e comple x rul e form s includ -

in g predicat e rule s an d variabl e binding ,  se e Su n (1992) . 

To full y captur e bottom-u p learnin g processes ,  w e devise d 

a ne w algorith m fo r  learnin g declarativ e knowledg e (rules ) 

usin g informatio n i n th e botto m leve l  (th e Rule-Extraction -

Refinemen t  algorithm) .  T h e basi c ide a i s a s follows :  i f  a n 

actio n decide d b y th e botto m leve l  i s  "successful" ,  the n th e 

agen t  extract s a  rul e (wit h it s actio n correspondin g t o tha t 

selecte d b y th e botto m leve l  an d wit h it s condition s corre -

spondin g t o th e curren t  sensor y state) ,  an d add s th e rul e t o 

th e top-leve l  rul e network .  Then ,  i n subsequen t  interaction s 

wit h th e world ,  th e agen t  refine s th e extracte d rul e b y con -

siderin g th e outcom e o f  applyin g th e rule :  i f  th e outcom e i s 

"successful" ,  th e agen t  m a y tr y t o generaliz e ("expand" )  th e 

conditio n o f  th e rul e t o m a k e i t  mor e universal ;  i f  th e outcom e 

i s no t  successful ,  the n th e agen t  m a y specializ e ("shrink" )  th e 

conditio n o f  th e rule . 

Specifically ,  a t  eac h step ,  w e comput e a n informatio n 

gai n measur e tha t  compare s th e qualitie s o f  tw o candidat e 

rules .  T o d o that ,  w e examin e th e followin g information : 

(x ,  y ,  r ,  a ) ,  wher e i  i s  th e stat e befor e actio n a  i s performed , 

y i s th e ne w stat e afte r  a n actio n a  i s performed ,  an d r  i s 

th e reinforcemen t  receive d afte r  actio n a .  Base d o n that ,  w e 

updat e rul e statistics :  th e positiv e matc h an d th e negativ e 

matc h count s fo r  eac h rul e conditio n an d eac h o f  it s  mino r 

variation s (i.e. ,  th e rul e conditio n plus/minu s on e possibl e 

valu e i n on e o f  th e inpu t  dimensions )  C ,  wit h regar d t o th e 

actio n a  performed ;  tha t  is ,  P M a { C )  (i.e. ,  Positiv e Match , 

whic h equal s th e numbe r  o f  time s tha t  a n inpu t  matche s th e 

conditio n C ,  actio n a  i s performed ,  an d th e resul t  i s  posi -

tive )  an d N M a { C )  (i.e. ,  Negativ e Match ,  whic h equal s th e 

n u m b er  o f  time s tha t  a n inpu t  matche s th e conditio n C ,  ac -

tio n a  i s performed ,  an d th e resul t  i s  negative) .  Here ,  pos -

itivity/negativit y i s determine d b y th e followin g inequality ; 

maxf c Q { y ,  h )  — Q { x ,  a )  -\ -  r  >  threshold ,  whic h indicate s 

whethe r  o r  no t  th e actio n i s reasonabl y goo d (Su n an d Peter -

so n 1998) .  Base d o n thes e statistics ,  w e calculat e th e infor -

matio n gai n measure ;  tha t  is . 

1G{A,B )  =  log 2 
PMa(A)  +  \ 

PMa(A)  +  NM,{A )  +  2 
-  log 2 

PA/„(B )  +  1 
PMa(B)  +  N M a ( B ) + 2 

wher e A  an d B  ar e tw o differen t  condition s tha t  lea d t o th e 

same actio n a .  T h e measur e compare s essentiall y  th e per -

centag e o f  positiv e matche s unde r  differen t  condition s A  an d 

B (wit h th e Laplac e estimator ;  Lavra c an d Dzerosk i  1994) . 

I f  A  ca n improv e th e percentag e t o a  certai n degre e ove r  B , 

the n A  i s considere d bette r  tha n B .  I n th e algorithm ,  i f  a  rul e 

i s bette r  compare d wit h th e match-al l  rul e (i.e ,  th e rul e wit h 

th e conditio n tha t  matche s al l  inputs) ,  the n th e rul e i s consid -

ere d "successful "  (fo r  th e purpos e o f  decidin g o n expansio n 

or  shrinkin g operations) . 

We decid e o n whethe r  o r  no t  t o construc t  a  rul e base d o n 

a simpl e succes s criterio n whic h i s full y  determine d b y th e 

curren t  ste p (x ,  y ,  r ,  a ) : 

• Construction: if r + 7e(y) — Qix, a) > threshold, where 

a i s th e actio n performe d i n stat e x  an d y  i s th e resultin g 

n e w stat e [tha t  is ,  i f  th e curren t  ste p i s successful] ,  an d 

i f  ther e i s n o rul e tha t  cover s thi s ste p i n th e to p level ,  se t 

up a  rul e C  — > a ,  wher e C  specifie s th e value s o f  al l  th e 

inpu t  dimension s exactl y a s i n x . 

The criterion for applying the expansion and shrinking op-

erators ,  o n th e othe r  hand ,  i s base d o n th e afore-mentione d 

informatio n gai n measure .  Expansio n amount s t o addin g a n 

additiona l  valu e t o on e inpu t  dimensio n i n th e conditio n o f  a 

rule ,  s o tha t  th e rul e wil l  hav e mor e opportunitie s o f  matchin g 

inputs ,  an d shrinkin g amount s t o removin g on e valu e fro m 

on e inpu t  dimensio n i n th e conditio n o f  a  rule ,  s o tha t  i t  wil l 

hav e les s opportunitie s o f  matchin g inputs .  Her e ar e th e de -

taile d description s o f  thes e operators : 

• Expansion: if IG{C,all) > thresholdl and 

m a x c I G { C ' , C )  >  0 ,  wher e C  i s th e curren t  con -

ditio n o f  a n applicabl e rule ,  al l  refer s t o th e match-al l 

rul e (wit h regar d t o th e sam e actio n specifie d b y th e rule) , 

an d C  i s a  modifie d conditio n suc h tha t  C  =  C  plu s 

on e valu e (i.e. ,  C  ha s on e mor e valu e i n on e o f  th e inpu t 

dimensions )  [tha t  is ,  i f  th e curren t  rul e i s successfu l 

a n d a n expande d conditio n i s potentiall y  better] ,  the n 

set  C "  =  a r g m a x c ' I G { C ' , C )  a s th e n e w (expanded ) 

conditio n o f  th e rule .  Rese t  al l  th e rul e statistics .  A n y rul e 

covere d b y th e expande d rul e wil l  b e place d i n it s childre n 

list .  ' 

'Th e childre n lis t  o f  a  rul e i s create d t o kee p asid e an d mak e in -
activ e thos e rule s tha t  ar e mor e specifi c  (thu s full y covered )  b y th e 
curren t  rule .  I t  i s  usefu l  becaus e i f  late r  o n th e rul e i s delete d o r 
shrunk ,  som e o r  al l  o f  thos e rales  o n it s childre n lis t  ma y b e reacti -
vate d i f  the y ar e n o longe r  covered . 
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Figur e 3 :  T h e Navigatio n Inpu t 

The disple y a t  th e uppe r  lef t  corne r  i s th e tiie l  gauge ;  th e vertica l 

one a t  th e uppe r  right  come r  i s th e rang e gauge ;  th e roun d on e i n th e 

middl e i s th e bearin g gauge ;  th e 7  sona r  gauge s ar e a t  th e bottom . 

• Shrinking: if IG{C,all) < threshold! and 

m a j c c / G ( C , C )  >  0 ,  wher e C  i s th e curren t  con -

ditio n o f  a n applicabl e rule ,  al l  refer s t o th e match-al l 

rul e (wit h regar d t o th e sam e actio n specifie d b y th e 

rule) ,  an d C  i s a  modifie d conditio n suc h tha t  C  =  C 

minu s on e valu e (i.e. ,  C  ha s on e les s valu e i n on e o f 

th e inpu t  dimensions )  [tha t  is ,  i f  th e curren t  rul e i s 

unsuccessful ,  bu t  a  shrun k conditio n i s  better] ,  the n se t 

C "  =  a r g m a x c ' I G { C ' , C )  a s th e n e w (shrunk )  conditio n 

of  th e rule .  Rese t  al l  th e rul e statistics .  Restor e thos e rule s 

i n th e childre n lis t  o f  th e origina l  rul e tha t  ar e no t  covere d 

by th e shrun k rule .  I f  shrinkin g th e conditio n make s i t 

impossibl e fo r  a  rul e t o matc h an y inpu t  state ,  delet e th e 

rule . 

• Deletion: included in Shrinking. 

Note that although the accumulation of statistics is gradual, 

th e acquisitio n an d revisio n o f  rule s ar e one-sho t  an d all-or -

nothing ,  a s oppose d t o th e gradua l  change s i n th e botto m 

level . 

I n choosin g a n actio n t o b e performe d a t  eac h step ,  w e 

combin e th e correspondin g value s fo r  eac h actio n fro m th e 

tw o level s (a t  ste p 4  o f  th e overal l  algorithm )  b y a  weighte d 

sum;  tha t  is ,  i f  th e to p leve l  indicate s tha t  actio n a  ha s a n acti -

vatio n valu e V  (whic h shoul d b e 0  o r  1  a s rule s ar e binary )  an d 

th e botto m leve l  indicate s tha t  a  ha s a n activatio n valu e g  (th e 

Q-value) ,  the n th e final  outcom e \ sw i * v +  W 2 * q .  Stochasti c 

decisio n makin g wit h Boltzman n distributio n (base d o n th e 

weighte d sums )  i s the n performe d t o selec t  a n actio n ou t  o f 

al l  th e possibl e action s (Wiilingha m e t  a l  1989) .  w i  an d W 2 

ar e automaticall y determine d throug h probabilit y  matching . 

Experiments 

I n al l  o f  th e huma n experiments ,  subject s wer e seate d i n fron t 

of  a  compute r  monito r  tha t  displaye d a n instrumen t  pane l 

containin g severa l  gauge s tha t  provide d curren t  informatio n 

(se e Figur e 3) .  Th e followin g instructio n wa s give n t o ex -

plai n th e setting : 

I. Imagine yourself navigating an underwater submarine that 
has t o g o throug h a  minefiel d t o reac h a  targe t  location .  Th e 
reading s fro m th e followin g instrument s ar e available : 

(1 )  Sona r  gauge s sho w yo u ho w clos e th e mine s ar e t o th e sub -
marine .  Thi s informatio n i s presente d i n 7  equa l  area s tha t 
rang e fro m 4 5 degree s t o you r  left ,  t o directl y i n fron t  o f  yo u 
and the n t o 4 5 degree s t o you r  right.  Mine s ar e detecte d b y 

th e sonar s an d th e sona r  reading s i n eac h o f  thes e direction s 
ar e show n a s circle s i n thes e boxes .  A  circl e become s large r  a s 
yo u approac h mine s i n tha t  direction . 

(2 )  A  fue l  gaug e show s yo u ho w muc h tim e yo u hav e lef t  be -
for e yo u ru n ou t  fuels .  Obviously ,  yo u mus t  reac h th e targe t 
befor e yo u ru n ou t  o f  fue l  t o successfull y complet e th e task . 

(3 )  A  bearin g gaug e show s yo u th e directio n o f  th e targe t  fro m 
you r  presen t  direction ;  tha t  is ,  th e angl e fro m you r  curren t  di -
rectio n o f  motio n t o th e directio n o f  th e target . 

(4 )  A  rang e gaug e show s yo u ho w fa r  you r  curren t  locatio n i s 
fro m th e target . 

II .  A t  th e beginnin g o f  eac h episod e yo u ar e locate d o n on e 
sid e o f  th e minefiel d an d th e targe t  i s  o n th e othe r  sid e o f  th e 
minefield .  Yo u tas k i s t o navigat e throug h th e minefiel d t o ge t 
t o th e targe t  befor e yo u ru n ou t  o f  fuel .  A n episod e end s when : 
(a )  yo u ge t  t o th e goa l  (success) ;  (b )  yo u hi t  a  min e (failure) ; 
(c )  yo u ru n ou t  o f  fue l  (failure) . 

A random mine layout was generated for each episode. 

Thi s settin g wa s stochasti c an d non-Markovian .  Becaus e o f 

th e tigh t  tim e limit ,  th e subject s wer e force d t o b e reactiv e an d 

us e bottom-u p learning .  Fiv e trainin g condition s wer e used , 

i n orde r  t o produc e difference s o f  performanc e resultin g fro m 

differentia l  emphase s place d o n th e tw o level s respectively : 

• The standard training condition. Subjects received five 

block s o f  2 0 episode s o n eac h o f  five  consecutiv e day s (10 0 

episode s pe r  day) .  I n eac h episod e th e minefiel d containe d 

6 0 mines .  Th e subject s wer e allowe d 20 0 steps . 

• The verbalization conditions. They were identical to the 

standar d conditio n excep t  tha t  subjec t  wer e aske d t o ste p 

throug h replay s o f  selecte d episode s an d t o verbaliz e wha t 

the y wer e thinkin g durin g th e episode .  O n e grou p o f  sub -

ject s verbalize d fo r  five  o f  th e first  2 0 episode s an d five  o f 

th e las t  2 0 episode s o n th e first,  third ,  an d fifth  days ,  whil e 

anothe r  grou p verbalize d o n th e fifth  da y only . 

• The over-verbalization condition. Subjects were required 

t o perfor m verbalizatio n o n 1 5 o f  th e 2 5 episode s tha t  the y 

receive d durin g on e sessio n o f  training . 

• The dual-task condition. Subjects performed the naviga-

tio n tas k whil e concurrentl y performin g a  categor y deci -

sio n task .  (I n th e categor y decisio n task ,  subject s listene d 

t o a  serie s o f  exemplar s fro m five  semanti c categorie s a t  th e 

rat e o f  on e ever y thre e second s (o n average) .  O n e categor y 

was designate d th e targe t  categor y eac h da y an d subject s 

had t o respon d verball y whe n a n exempla r  o f  th e categor y 

was presented. ) 

• The transfer conditions. Subjects were trained in 30 mine 

minefield s unti l  the y reache d th e criterio n o f  8 0 % succes s 

on tw o consecutiv e blocks .  O n e grou p wa s traine d unde r 

th e singl e tas k condition ,  whil e th e othe r  unde r  th e dua l 

tas k conditio n (a s describe d earlier) .  The n the y wer e bot h 

transfere d t o th e 6 0 min e fields  (withou t  secondar y tasks) . 

The rationale for designing these experiments was to manip-

ulat e trainin g setting s s o a s t o allo w differentia l  emphase s 

on th e tw o level s i n subjects ,  whic h serve s t o illusu-at e th e 
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effect s o f  th e tw o level s i n a n indirec t  way ,  an d thu s verif y 

th e mode l  indirectl y (ther e i s n o wa y tha t  w e ca n verif y th e 

contribution s o f  th e tw o level s directly) .  Fo r  instance ,  wit h 

verbalization ,  subject s migh t  b e force d t o b e mor e explicit , 

and thu s thei r  top-leve l  mechanism s migh t  b e mor e engage d 

and th e performanc e enhance d t o som e exten t  (Stanle y e t  a l 

1989 ,  Willingha m e t  a l  1989) .  W h e n subject s wer e force d t o 

be completel y explicit ,  thei r  top-leve l  mechanism s migh t  b e 

overl y engage d an d thu s th e bottom-leve l  mechanism s migh t 

be hampered ;  thu s th e performanc e migh t  b e worsene d (Re -

ber  1989 ,  Schoole r  e t  a l  1993) .  W h e n subject s wer e dis -

tracte d b y a  secondar y (explicit )  task ,  thei r  top-leve l  mech -

anism s migh t  b e les s availabl e t o th e primar y tas k (sinc e at -

tentiona l  manipulatio n affect s explici t  processe s mor e tha n 

implici t  processes ;  Stadle r  1995 ,  Nisse n an d BuUemer  1987) , 

whic h le d t o worsene d performance . 

Clar io n wa s applie d t o th e tas k i n th e sam e way s a s 

human subjects .  Th e effec t  o f  (regular )  verbalizatio n wa s 

posite d t o ste m fro m heightene d explicatio n (rul e learning ) 

activitie s (Stanle y e t  a l  1989 )  an d t o a  lesse r  extent ,  fro m re -

hearsin g previou s episodes .  Thu s fo r  th e model ,  w e reduce d 

th e rul e learnin g threshold s (t o encourag e mor e rul e learning ) 

and als o use d episodi c memor y repla y (t o captur e rehearsal) . 

To captur e th e effec t  o f  over-verbalization ,  w e assume d tha t 

to o muc h verbalizatio n (e.g. ,  verbalizin g fo r  mor e tha n hal f 

of  th e trainin g episodes )  reduce d th e rul e learnin g threshold s 

eve n further .  Th e effec t  o f  th e dua l  tas k wa s conjecture d t o 

be hamperin g th e to p level .  Thu s i n th e model ,  th e effec t  o f 

th e dua l  tas k wa s capture d b y significantl y increasin g th e rul e 

learnin g threshold s a t  th e to p leve l  (whic h discourage d rul e 

learning) . 

10 huma n subject s wer e compare d t o 1 0 mode l  subject s 

(randoml y selected )  i n eac h experiment .  W e obtaine d perfor -

mance dat a fo r  eac h subjec t  separately .  Thes e wer e divide d 

int o block s o f  2 0 episode s each . 

The effec t  o f  th e dua l  tas k conditio n o n learning .  Suc -

ces s rate s wer e average d fo r  eac h huma n o r  mode l  subject . 

Comparin g huma n an d mode l  performanc e wit h singl e vs . 

dual  tas k training ,  2x 2 A N O V A (huma n vs .  mode l  x  singl e 

vs.  dua l  task )  indicate d a  significan t  mai n effec t  fo r  singl e vs . 

dual  tas k ( p <  .01) ,  bu t  n o interactio n betwee n group s an d 

tas k types ,  indicatin g simila r  effect s o f  th e dua l  tas k conditio n 

on th e learnin g o f  huma n an d mode l  subjects .  Se e Figur e 4 . 

The effec t  o f  th e dua l  tas k conditio n o n transfer .  2x 2 

A N O VA (huma n vs .  mode l  x  singl e vs .  dua l  task )  reveale d a 

significan t  mai n effec t  o f  singl e v s dua l  tas k ( p <  .05) ,  an d n o 

interactio n betwee n group s an d tas k types ,  agai n indicatin g 

simila r  effect s o f  th e dua l  tas k conditio n o n th e transfe r  o f 

human an d mode l  subjects .  Se e Figur e 5 . 

The effec t  o f  verbalization .  Th e effec t  wa s reveale d b y 

comparin g performanc e o f  th e tw o group s o f  verbalizatio n 

subject s (on e starte d verbalizatio n o n th e first  da y an d th e 

othe r  o n th e fifth  day) .  Th e first  fou r  day s wer e use d t o ex -

amin e th e effect s o f  verbalization .  W e average d succes s rate s 

acros s eac h o f  thes e 4  day s fo r  eac h subject ,  an d subjecte d 

Figur e 4 :  Singl e vs .  Dua l  Tas k Trainin g 

The lef t  pane l  contain s average d huma n data ,  an d th e right  average d 

model  data . 

Figur e 5 :  Singl e vs .  Dua l  Tas k Transfe r 

The lef t  pane l  contain s average d huma n data ,  an d th e right  average d 

model  data . 

th e dat a t o a  4  (days )  x  2  (huma n vs .  model )  x  2  (verbal -

izatio n vs .  n o verbalization )  A N O V A.  Th e analysi s indicate d 

tha t  bot h huma n an d mode l  subject s exhibite d a  significan t 

increas e i n performanc e du e t o verbalizatio n ( p <  .01) ,  bu t 

tha t  th e differenc e associate d wit h verbalizatio n fo r  th e tw o 

group s wa s no t  significant .  Se e Figur e 6 . 

Th e effec t  o f  over-verbalization .  I n th e over -

verbalizatio n condition ,  virtuall y al l  subject s wer e perform -

in g a t  floor  a t  th e en d o f  thei r  2 5 episode s o f  training .  ^ 

C la r io n capture d thi s effec t  throug h th e aforementione d re -

ductio n o f  th e rul e learnin g thresholds . 

I n addition ,  w e compare d th e huma n an d mode l  subject s 

unde r  th e standard ,  th e verbalizatio n (startin g th e first  day) , 

and th e dual-tas k condition .  The y wer e highl y similar .  Th e 

model  dat a wer e withi n th e standar d erro r  o f  th e huma n data . 

T wo correspondin g set s o f  dat a i n eac h conditio n wer e bot h 

best  fit  b y powe r  functions .  A  Pearso n produc t  moment  corre -

latio n coefficien t  wa s calculate d fo r  eac h pair ,  whic h yielde d 

hig h positiv e correlation s ( r  range d fro m .8 2 t o .91) ,  indicat -

in g a  hig h degre e o f  similarit y betwee n huma n an d mode l 

subject s i n ho w practic e influence d huma n an d mode l  perfor -

mance i n eac h condition . 

Concluding Remarks 

I n sum ,  w e discusse d a  hybri d connectionis t  mode l  C L A R I O N 

as a  demonstratio n o f  th e approac h o f  bottom-u p skil l  learn -

^Overall ,  thes e subject s achieve d a  10 % succes s rate ,  wherea s 
th e subject s i n th e regula r  verbalizatio n conditio n achieve d a  succes s 
rat e o f  33% .  I f  w e eliminat e th e on e subjec t  wh o performe d a t  6 0 % 
i n th e over-verbalizatio n condition ,  th e remainin g subject s achieve d 
a succes s rat e o f  approximatel y 3%. 
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Figur e 6 :  Verbalizatio n vs .  N o Verbalizatio n 

The lef t  pane l  contain s average d huma n data ,  an d th e right  average d 

model  data . 

ing .  Th e mode l  essentiall y  consiste d o f  tw o level s fo r  captur -

in g bot h procedura l  an d declarativ e knowledg e an d enablin g 

bottom-up  learning ,  whic h differe d markedl y fro m existin g 

models .  Initia l  experiment s demonstrate d som e matche s o f 

th e mode l  wit h huma n dat a acros s a  numbe r  o f  manipulations . 
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Abs t rac t 

Design sketches are believed to play essential roles in early 
conceptua l  desig n processes .  Exploratio n o f  ho w sketche s 
ar e essentia l  fo r  th e formatio n o f  ne w desig n idea s i s 
expecte d t o brin g importan t  implication s fo r  desig n 
educatio n an d desig n suppor t  systems .  Littl e researc h ha s 
been done ,  however ,  t o empiricall y examin e th e way s i n 
whic h designer s cognitivel y interac t  wit h thei r  ow n 
sketches .  Usin g a  protoco l  analysi s technique ,  w e examine d 
th e desig n thought s o f  a n architec t  fro m th e followin g 
poin t  o f  view ;  ho w h e dre w depictions ,  inspecte d depicte d 
elements ,  perceive d visuo-spatia l  features ,  an d though t  o f 
non-visua l  functiona l  o r  conceptua l  information .  Th e 
findings  sugges t  tha t  desig n sketche s serv e no t  onl y a s 
externa l  memor y o r  a s a  provide r  o f  visua l  cue s fo r 
associatio n o f  non-visua l  information ,  bu t  als o a s a 
physica l  settin g i n whic h desig n thought s ar e constructe d 
on th e fly. 

Introduction 

Designer s typicall y us e les s rigid  form s o f  diagrammati c o r 
pictoria l  representations ,  suc h a s freehand  sketches ,  i n earl y 
conceptua l  desig n processes .  I t  i s  widel y believe d tha t 
sketche s pla y a n essentia l  rol e i n th e formado n o f  creativ e 
ideas .  Researc h o n th e role s o f  sketche s i n desig n processe s 
i s expecte d t o la y th e foundatio n fo r  desig n educatio n i n th e 
effectiv e us e o f  sketche s an d fo r  th e developmen t  o f  compute r 
tool s t o suppor t  sketch-base d design . 

Relevan t  t o thi s i s a  mor e genera l  question .  Tha t  is ,  w h y 
and h o w d o diagrammati c o r  pictoria l  representation s 
facilitat e people' s problem-solvin g o r  decision-making ? Th e 
ubiquit y o f  thes e representation s i n ou r  everyda y life ,  e.g .  i n 
publi c sign s an d icons ,  maps ,  textbooks ,  advertisemen t  an d 
brochures ,  intensifie s th e significanc e o f  th e pursui t  o f  thi s 
issue .  Newel l  an d S i m o n (1972 )  discusse d h o w thes e 
representation s serv e a s a n externa l  memory .  Externalizin g 
intermediat e result s o f  inferenc e a s visua l  token s reduce s 
memory load .  W h e n som e o f  th e result s nee d t o b e availabl e 
fo r  furtherin g inferenc e late r  i n problem-solving ,  peopl e hav e 
onl y t o visuall y revisi t  th e correspondin g tokens . 

Recent  researc h ha s reveale d mor e activ e role s o f  externa l 
representations .  Inspectin g representation s allow s visuo -
spatia l  informatio n t o naturall y emerg e i n perceptio n 
(Koedinge r  &  Anderson ,  1990) .  Emergenc e o f  visuo-spatia l 
informatio n sometime s occur s i n unexpecte d ways ,  becaus e 
externalizin g a  se t  o f  idea s force s a  specifi c  organizatio n o f 
element s (Stennin g &  Oberlander ,  1995) .  T h e visuo-spatia l 
informatio n extracte d will ,  i n turn ,  m a k e a  centra l 

contributio n t o inferenc e i n tw o ways .  First ,  i t  i s  use d fo r 
inferenc e a s it s majo r  component .  Thi s i s th e cas e wher e th e 
informatio n extracte d correspond s t o a  meaningfu l  predicat e 
i n th e domain ,  fo r  example ,  "equalness "  i n siz e i n geometr y 
proo f  problem-solvin g (Gelemter ,  1963) ,  an d "adjacent " 
arrangemen t  o f  component s o f  a  devic e i n physic s problem -
solvin g (Narayanan ,  S u w a &  Motoda ,  1994) .  I n thes e cases , 
externa l  representation s serv e a s a  spatia l  model ,  providin g a 
concret e appearanc e o f  th e problem-structur e an d thereb y 
encouragin g peopl e t o atten d t o particula r  predicates . 

Second ,  th e visuo-spatia l  informatio n extracte d become s 
th e visua l  cue s fo r  associatio n o r  remindin g o f  abstrac t 
concepts ,  functiona l  issues ,  relevan t  pas t  experiences ,  o r 
problem-solvin g strategies .  Larki n an d S i m o n (1987 ) 
discusse d tha t  proximit y o n a  diagra m coul d b e a  goo d guid e 
fo r  solver s t o decid e wha t  t o infe r  next .  Petr e (1995 ) 
discusse d tha t  indentation ,  alignment ,  whit e space ,  an d 
symmetricalit y i n th e notatio n o f  programmin g languag e 
hel p peopl e understan d th e structur e o f  programmin g 
component s an d thei r  functiona l  relationships . 

Thes e views ,  especiall y th e vie w a s a  provide r  o f  visua l 
cues ,  appl y t o desig n sketche s a s well .  Arnhe i m (1977 ) 
enumerate d m a n y example s i n whic h form s o f  architecture , 
e.g .  shapes ,  sizes ,  an d spatia l  arrangement s o f  elements , 
carr y abstrac t  meanings ,  function s an d psychologica l  effect s 
on peopl e fo r  whic h th e architectur e i s designed .  S u w a an d 
Tversk y (1997 )  suggeste d tha t  experts '  tendenc y t o maintai n 
a successiv e chai n o f  relate d thought s i s  attributabl e t o th e 
abilit y t o us e visua l  cue s fo r  associatio n o f  functions . 
Further ,  designer s ten d t o associat e a  visuo-spatia l  featur e 
wit h on e concep t  a t  a  tim e an d the n wit h anothe r  afterward s 
(Goel ,  1995 ;  Goldschmidt ,  1991) .  Thi s act ,  calle d ns -
interpretation ,  i s  believe d t o b e involve d i n th e formatio n o f 
creativ e ideas . 

Desig n sketche s hav e anothe r  importan t  characteristic . 
The y ar e no t  somethin g give n t o designer s a t  th e beginnin g 
of  a  task ,  bu t  somethin g whic h designer s dynamicall y 
produc e fro m scratc h durin g th e process .  B y puttin g idea s 
d o wn o n pape r  an d inspectin g them ,  designer s se e ne w 
feature s an d relation s tha t  sugges t  way s t o refin e an d revis e 
thei r  ideas ,  an d thereb y ar e drive n t o dra w again .  Scho n an d 
Wiggin s (1992 )  discusse d tha t  thi s sor t  o f  interactio n wit h 
sketche s i s th e essenc e o f  earl y desig n processes . 

Littl e researc h ha s bee n done ,  however ,  t o empiricall y 
examin e h o w designer s cognitivel y interac t  wit h thei r  o w n 
sketches .  W h a t  w e m e a n b y cognitiv e interactio n i s a  whol e 
set  o f  desig n action s consistin g o f  drawing ,  payin g attentio n 
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t o previously-draw n depictions ,  perceivin g thei r  visuo-spatia l 

features ,  thinkin g o f  non-visua l  informatio n an d s o on .  H o w 
ar e th e occurrence s o f  thes e action s relate d t o on e another ? 
We hav e examine d th e desig n proces s o f  a  practisin g architec t 
fro m thi s poin t  o f  view .  W e employe d a  protoco l  analysi s 

method ,  becaus e o f  it s  suitabilit y  fo r  examinatio n o f  th e 
cognitiv e processe s o f  huma n being s (Ericsso n &  Simon , 
1993) .  Afte r  a  brie f  revie w o f  previou s protoco l  analysi s 
techniques ,  th e basi c ide a o f  ou r  codin g schem e wil l  b e 
described .  Th e findings  o f  thi s examinatio n hav e provide d 
importan t  view s abou t  th e role s o f  sketche s i n desig n 
processes . 

Protocol Analysis Techniques 

Desig n i s a  typica l  field  wher e protoco l  analysi s ha s bee n 
intensivel y used .  Dors t  an d Dijkhui s (1995 )  classifie d 
protoco l  analysi s technique s use d i n desig n researc h int o tw o 
categories ;  th e process-oriente d approac h an d th e content -
oriente d approach .  Th e forme r  focuse s o n describin g th e 
structur e o f  desig n processe s i n term s o f  a  genera l  taxonom y 
of  problem-solving ,  i.e .  problem-states ,  operators ,  plans , 
goals ,  strategies ,  an d s o o n (e.g .  Eastman ,  1970 ;  Akin , 
1993 ;  Purcell ,  Gero ,  Edwards ,  &  McNeil ,  1994) .  B y 
contrast ,  th e content-oriente d approac h aim s a t  revealin g th e 
content s o f  information ,  resourc e an d knowledg e tha t  ar e use d 
fo r  makin g inferenc e (e.g .  Scho n &  Wiggins ,  1992 ; 
Goldschmidt ,  1991 ;  S u w a &  Tversky ,  1997) .  F ro m ou r 
concer n wit h designers '  cognitiv e interactio n wit h sketches , 
we hav e take n th e content-oriente d approach . 

Anothe r  dichotom y i n protoco l  analysi s method s i s th e 
on e betwee n "think-aloud "  an d "retrospectiv e report " 
techniques .  Th e forme r  technique ,  i n whic h subject s ar e aske d 

t o tal k alou d abou t  thei r  on-goin g thought s whil e workin g 
on a  give n task ,  i s regarde d a s a  reliabl e metho d (Ericsso n & 
Simon ,  1993) ,  an d therefor e ha s bee n use d widely .  However , 
i t  i s  no t  withou t  disadvantages ;  th e requiremen t  o f  talkin g 
interfere s wit h th e subject' s perceptio n (Lloyd ,  1995) .  Sinc e 
thi s m a y wel l  b e fata l  fo r  examinin g designers '  cognitiv e 
interactio n wit h sketches ,  w e chos e t o emplo y th e 
"retrospectiv e report "  technique .  Subject s ar e aske d t o 
remember  an d repor t  thei r  pas t  thought s afte r  th e task .  Thi s 
technique ,  too ,  potentiall y  ha s a  disadvantage ,  tha t  i s 
selectiv e retrieva l  du e t o deca y o f  memory ,  a s Ericsso n an d 
S imo n pwinte d out .  O n e plausibl e measur e t o alleviat e thi s 
proble m i s t o allo w subject s t o watc h th e videotap e o f  thei r 
sketchin g activitie s whil e reportin g (Suw a &  Tversky , 
1997) ,  B y doin g so ,  subject s ar e provide d wit h visua l  cue s 
abou t  th e exac t  sequenc e o f  sketching ,  includin g th e timing, 
hesitations ,  return s an d redrawings .  Thos e cue s apparentl y 
hel p subject s remembe r  thei r  pas t  thoughts . 

The Coding Scheme 

Design Task 

We use d th e dat a o f  a  practisin g architec t  tha t  S u w a an d 
Tversk y collecte d usin g th e retrospectiv e repor t  technique .  H e 
has bee n practisin g fo r  mor e tha n 2 0 years ,  t o desig n bot h 
offic e building s an d natura l  environment .  Th e tas k give n t o 
hi m wa s t o desig n a n ar t  m u s e u m o n a  give n site .  H e worke d 

on th e tas k fo r  4 5 minute s whil e sketchin g o n tracin g paper . 

Hi s sketchin g activitie s wer e videotaped .  Afte r  th e desig n 
task ,  h e reporte d wha t  h e ha d bee n thinkin g o f  whil e drawin g 
eac h strok e o f  hi s sketches . 

Analysis of Protocols 

Segmentation 

Followin g th e standar d protoco l  analysi s method ,  w e 
segmente d th e entir e verba l  protocols .  W e carrie d ou t 
segmentatio n i n suc h a  wa y tha t  a  chang e i n hi s intentio n 
and i n th e content s o f  hi s thought s o r  action s flags  th e star t 
of  a  ne w segmen t  (Ger o &  McNeil ,  1998 ;  Goldschmidt , 
1991 ;  Purcel l  e t  al. ,  1994 ;  Suw a &  Tversk y 1997) .  A  singl e 
segment  sometime s consist s o f  on e sentenc e an d sometime s 
of  many .  Th e architect' s protocol s containe d 25 0 segments . 

Action Categories 
Fro m ou r  concer n wit h designers '  cognitiv e interaction s wit h 
sketches ,  w e neede d a  codin g schem e t o classif y th e content s 
of  thei r  thought s o r  actions .  A m o n g th e scheme s belongin g 
t o th e content-oriente d approach ,  S u w a an d Tversky' s (1997 ) 
i s th e onl y on e tha t  classifie s th e content s o f  informatio n 
whic h designer s attende d t o o r  though t  of .  Th e majo r 
dichotom y i n thei r  classificatio n wa s betwee n visua l 
informatio n an d non-visua l  information .  Th e forme r  was ,  i n 
turn ,  divide d int o "depicte d elements "  an d "spatia l  relations" , 
and th e latte r  t o "functions "  an d "knowledge" .  Th e dichotom y 
of  visua l  informatio n int o element s an d relation s wa s base d 
on th e "what "  vs .  "where "  distinctio n i n visio n an d spatia l 
cognition .  So ,  th e categor y o f  "depicte d elements "  include s 
not  onl y evidenc e tha t  designer s dre w element s bu t  als o on e 
tha t  the y perceive d visuo-spatia l  feature s o f  elements .  Fo r  th e 
purpos e o f  ou r  study ,  however ,  drawin g an d perceivin g 
shoul d b e distinguished .  W e revise d S u w a an d Tversky' s 
classificatio n i n th e followin g way ,  stil l  inheritin g muc h o f 
it s concept . 

Table 1: Action categories 

categorie s name s 

D-actio n 

physica l  L.actio n 

M-actio n 

perceptua l  P-actio n 

functiona l  F-actio n 

E-actio n 
concepnia l  G.̂ ĵĵ n 

K-actio n 

descriptio n o r  example s 

depict ,  e.g .  dots ,  lines ,  symbols ,  word s 

loo k a t  depicte d element s 

move a  pencil ,  mak e gesture s 

perceiv e shapes ,  sizes ,  spatia l  relation s 

conceiv e o f  functions ,  non-visua l  concept s 

evaluat e aestheti c value s 

set  u p goal s 

retriev e knowledg e 

The first  category ,  physical ,  refer s t o action s tha t  at e 
directl y relevan t  t o physica l  depiction s o n paper .  I t  consist s 
of  thre e actions .  O n e i s t o mak e depiction s o n paper ,  suc h a s 
diagrams ,  symbols ,  annotations ,  m e m o s ,  an d sentences .  W e 
cal l  i t  'D-action' .  Th e secon d i s th e motio n o f  a  penci l  o r 
hand s tha t  d o no t  en d u p wit h depictions .  W e cal l  i t  'M -
action' .  Th e thir d i s t o pa y attentio n t o th e existenc e o f 
previously-draw n depictions .  W e cal l  i t  'L-action' . 
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The secon d category ,  perceptual ,  refers  t o action s o f 
perceivin g visuo-spatia l  feature s o f  depictions ,  suc h a s 
shape s o r  size s o f  depicte d element s an d spatia l  relation s 
among elements .  W e cal l  i t  'P-action' .  Fo r  example ,  i f  a 
designe r  draw s a  ne w depictio n nea r  a n existin g on e b y 
anendin g t o th e spatia l  relatio n betwee n both ,  th e ne w 
depictio n i s code d a s a  D-action ,  hi s attentio n t o th e existin g 
depictio n a s a  L-action ,  an d hi s attentio n t o th e spatia l 
relatio n a s a  P-action .  Thi s P-actio n i s viewe d a s havin g 
occurre d dependen t  o n th e D-actio n an d th e L-action .  Thi s 
way,  P-action s hav e inheren t  dependenc y o n physica l  actions . 

The thir d category ,  functional ,  refer s t o action s o f 
thinkin g o f  non-visua l  functiona l  issue s o r  abstrac t  concept s 
wit h whic h designer s associat e physica l  depiction s o r  thei r 
perceptua l  features .  W e cal l  i t  'F-action' .  Fo r  example ,  i f  a 
designe r  attend s t o a  spatia l  relatio n betwee n tw o region s an d 
associate s i t  wit h a  vie w fro m an d t o bot h places ,  hi s 
though t  o n "view "  i s code d a s a  F-action .  Thi s way , 
function s o r  abstrac t  concept s ar e no t  actuall y give n i n th e 
£q)pearanc e o f  element s an d relations ,  bu t  suggeste d b y it . 
Therefore ,  F-action s hav e inheren t  dependenc y o n physica l 
action s and/o r  P-actions . 

The fourt h category ,  conceptual ,  refer s t o action s tha t 
deal  wit h non-visua l  informatio n whic h i s no t  inherentl y 
suggeste d b y th e appearanc e o f  element s an d relations .  Ther e 
ar e thre e types .  Th e first  i s  t o evaluat e th e aestheti c valu e o f 
desig n decision s mad e b y P -  o r  F-actions .  W e cal l  i t  'E -
action' .  Th e secon d i s t o se t  u p goals .  W e cal l  i t  'G-action' . 
A goa l  i s  sometime s se t  u p b y bein g triggere d b y P -  o r  F -
actions ,  o r  sometime s a s th e subgoa l  o f  a n existin g goal . 
Once a  goa l  i s  se t  up ,  i t  i n tur n give s birt h t o othe r  actions , 
i.e .  G ,  F ,  P  o r  physical ,  i n a  top-dow n way .  Th e thir d i s t o 
retriev e knowledg e fo r  makin g inference .  W e cal l  i t  'K -
action' .  Al l  th e categorie s o f  action s ar e show n i n Tabl e 1 . 

The fou r  categorie s correspon d t o th e level s a t  whic h 
incomin g informatio n i s processe d i n huma n cognition . 
Informatio n i s first  processe d sensorily ,  the n perceptuall y an d 
semantically .  Th e sensor y leve l  correspond s t o physica l 
action s i n ou r  category ,  an d th e perceptua l  leve l  t o 
perceptual .  Th e semanti c leve l  i s  mor e precisel y divide d int o 
functiona l  an d conceptua l  actions ,  dependen t  o n whethe r  o r 
not  i t  ha s inheren t  dependenc y t o physica l  o r  P-actions . 

The codin g o f  desig n action s int o thes e categorie s i s don e 
fo r  eac h segmen t  o f  th e architect' s protocols . 

An Example of The Coding Scheme 

Figur e 1  i s a n excerp t  o f  th e protocol s 1 0 minute s int o th e 
desig n task .  Th e architec t  ha d calculate d th e necessar y siz e o f 
th e museu m buildin g an d th e parkin g lot ,  40,00 0 an d 80,00 0 
sq.  ft .  respectively ,  an d ha d jus t  depicte d a  rectangle  fo r  th e 
parkin g lot .  I n thi s excerpt ,  h e notice d th e relationshi p 
betwee n th e size s o f  both ,  an d dre w a  rectangl e fo r  th e 
buildin g b y cuttin g th e on e fo r  th e parkin g lo t  i n half . 

Thi s excerp t  i s  code d a s follows .  B y revisitin g th e m e mo 
(L-action) ,  "40,00 0 sq .  ft." ,  an d interpretin g i t  agai n a s th e 
siz e o f  th e buildin g (F-action) ,  h e se t  u p a  goal ,  "dra w a 
buildin g o f  thi s size "  (G-action) .  Hi s words ,  " O K ,  buildin g 
i s the n .." ,  sugges t  th e existenc e o f  thi s goal .  I n th e 
meantime ,  b y revisitin g anothe r  m e m o ,  "80,00 0 sq .  ft. "  (L r 
action )  an d interpretin g i t  a s th e siz e o f  th e parkin g lo t  (F -

action) ,  h e notice d tha t  th e buildin g shoul d b e hal f  th e siz e o f 
th e parkin g lo t  (F-action) .  Discover y t o thi s relatio n allowe d 
hi m t o decid e h o w t o accomplis h th e goal ;  tha t  i s  t o cu t  th e 
rectangl e o f  th e parkin g i n half .  I n othe r  words ,  h e se t  u p 
ne w subgoal s (G-actions )  unde r  th e origina l  goal .  Th e 
subgoal s wer e t o loo k a t  th e rectangl e fo r  th e parkin g an d 
the n t o creat e a  ne w depictio n wit h hal f  th e size .  Directe d b y 
th e first  subgoal ,  h e revisite d th e rectangl e o f  th e parkin g (L -
action) .  Directe d b y th e secon d subgoal ,  h e dre w a  ne w 
rectangl e (D-action )  wit h hal f  th e siz e (P-action) .  Th e shap e 
happene d t o becom e thi n an d narro w (P-action) . 

And the n I  di d th e sam e thin g [i :  dre w a  rectangl e a s a 

museum building] .  O K ,  building ,  then ,  i s hal f  o f  tha t  [i :  th e 

parking] ,  bu t  I  though t  thi n a t  th e moment .  I  wa s thinkin g i t 

migh t  b e lon g an d narrow .  So ,  again ,  I  dre w a  lon g narro w 

one whic h wa s abou t  40,00 0 sq .  ft .  a t  tha t  time . 

[i :  ]  —interpretatio n o f  th e protoco l 

Figur e 1 :  A n excerp t  o f  th e protocol s o f  a n architec t 

A n a l y s i s o f  C o g n i t i v e A c t i o n s 

Throug h interactio n wit h sketche s a t  th e physica l  level , 
designer s ar e the n abl e t o hav e highe r  interactio n a t  th e 
perceptua l  an d functiona l  levels .  Thi s way ,  informatio n 
"emerges "  i n a  bottom-u p way .  W e conjecture d tha t  thi s 
bottom-u p proces s i s a  ke y t o understandin g th e role s o f 
sketches .  O n th e othe r  hand ,  processe s involvin g conceptua l 
action s ar e differen t  i n nature .  The y ar e a  top-dow n contro l 
ove r  subsequen t  actions .  Althoug h top-dow n processe s ar c 
als o wort h studying ,  the y ar e beyon d th e scop e o f  thi s paper . 
Our  examinatio n her e i s limite d t o th e lowe r  thre e level s o f 
actions . 

Dominant Cognitive Actions 

We examine d th e frequenc y wit h whic h functional ,  perceptua l 
and physica l  action s occurre d throughou t  th e desig n process . 
The architec t  produce d seve n sheet s o f  sketches .  Page s 1 ,  3 
and 5  ar e show n i n Fig.2 .  Th e triangula r  close d shap e an d a 
pai r  o f  paralle l  line s besid e i t  i n Pag e 1  i s th e propert y lin e 
of  th e sit e an d a  publi c roa d runnin g nearby ,  respectively .  If e 
was aske d t o arrang e m u s e u m building s an d othe r  function s 
on thi s site .  H e state d i n th e repor t  tha t  eac h pag e represented 
a distinc t  desig n phas e i n hi s process .  Page s 1  an d 2  involve d 
analysin g bot h th e sit e an d th e desig n requirements .  Pag e 3 
was th e phas e t o roughl y arrang e thing s o n th e site .  Thi s 
arrangemen t  becam e th e basi s o f  al l  th e subsequen t  pages .  I n 
Page 4 ,  calle d "schem e A" ,  h e explore d a  detaile d desig n 
base d o n th e arrangement .  I n Pag e 5 ,  calle d "schem e B" ,  h e 
teste d anothe r  way .  I n Pag e 6 ,  calle d "schem e B  plan" ,  h e 
worke d o n a  precis e buildin g pla n base d o n Pag e 5 .  I n Pag e 
7,  calle d "schem e A  plan" ,  h e worke d o n a  buildin g pla n 
base d o n Pag e 4 . 

For  eac h page ,  w e calculate d th e su m tota l  o f  occurrence s 
of  physical ,  perceptua l  an d functiona l  actions .  Figur e 3 
shows ,  fo r  eac h page ,  th e rati o o f  occurrence s o f  eac h typ e o f 
actio n t o th e tota l  numbe r  o f  occurrence s o f  al l  types . 
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Figure 2: Sketches of a practising architect 

page 5 

I n Page s 1  an d 2 ,  physica l  action s wer e dominan t  whil e 
functiona l  action s wer e les s frequent .  I n Pag e 3 ,  functiona l 
action s occurre d mor e frequenU y tha n i n th e firs t  tw o pages , 
and physica l  action s wer e les s dominant .  I n Page s 4 ,  5  an d 6 , 
thi s patter n wa s mor e salient .  I n Pag e 7 ,  th e ratio s o f  th e 
thre e action s ar e close r  t o thos e o f  Pag e 3 .  Actually ,  h e mad e 
a ne w spatia l  arrangement ,  instea d o f  th e on e o f  Pag e 3 ,  i n 
th e first  hal f  o f  Pag e 7 ,  an d the n explore d a  detaile d pla n o n 
i t  i n th e latte r  hal f  o f  th e page . 

^  60 -

"B30 -

|20 -
c 

s. 

10-

0-

* " T > ^ « ' ' ' * " ' » " ' * ' ^ 

T —r 
4 

Pages 

T —r 

•  physica l 

•  perceptua l 

•  functiona l 

Figur e 3 :  Th e occurrence s o f  eac h typ e o f  actio n i n eac h pag e 

These findings brought two insights. First, his design 
proces s containe d thre e distinc t  phases :  proble m analysis , 
spatia l  arrangement ,  an d functiona l  exploration .  Second ,  i n 
th e beginnin g o f  hi s process ,  th e architec t  mad e depiction s 
and perceive d thei r  visuo-spatia l  feature s withou t  necessaril y 
frequen t  thought s o f  functiona l  issues .  Rather ,  i t  too k a 
substantia l  tim e befor e functiona l  thought s bega n t o occu r 
frequently . 

Correlation of Different Types of Actions 

We examine d whethe r  o r  no t  th e frequencie s o f  differen t 
action s change d ove r  time  i n correlatio n wit h eac h other . 
Thi s i s  expecte d t o revea l  h o w bottom-u p emergenc e o f 
action s happene d fro m physica l  leve l  throug h perceptua l  t o 
functional ,  an d thu s h o w th e architec t  cognitivel y interacte d 
wit h hi s o w n sketches . 

For  thi s purpose ,  w e neede d t o examin e th e occurrence s o f 
eac h typ e o f  actio n wit h a  mor e precis e granularit y tha n jus t 
examination s o f  th e su m tota l  o f  it s occurrence s i n eac h 
page .  W e chunke d ever y five  segment s fro m th e beginnin g o f 
th e protocols ,  an d thereb y calculate d th e su m tota l  o f  th e 
occurrence s o f  eac h typ e i n eac h 5-segmen t  period .  Thi s way , 
we obtaine d th e change s (i.e .  increas e o r  decrease )  o f  th e 

frequenc y o f  eac h typ e o f  actio n wit h th e granularit y o f  5 -
segment  period s 

Base d o n thi s dat a o n th e change s o f  eac h typ e o f  action , 
we examine d whethe r  o r  no t  ther e ar e an y portion s o f  th e 
proces s i n whic h th e frequencie s o f  tw o action s change d i n 
correlatio n t o eac h other .  W e carrie d ou t  thi s examinatio n fo r 
th e followin g pairs :  P -  vs .  L-actions ,  P -  vs .  D-actions ,  P -
vs .  M-actions ,  D -  vs .  L-actions ,  F -  vs .  P-actions ,  F -  vs .  L -
actions ,  F -  vs .  D-actions ,  F -  vs .  M-actions .  Statistica l 
analyse s wer e carrie d ou t  i n th e followin g manner .  First ,  fo r 
eac h 5-segmen t  period ,  w e calculate d th e differenc e o f  th e 
frequenc y o f  eac h typ e o f  actio n fro m it s  immediately 
previou s 5-segmen t  period .  Then ,  w e identifie d th e portion s 
i n whic h th e difference s fo r  bot h action s correlat e wit h eac h 
othe r  fo r  mor e tha n o r  equa l  t o tw o consecutiv e transition s 
fi"om  a  5-segmen t  perio d t o th e subsequen t  period .  Thi s way , 
th e portion s i n whic h tw o action s happe n t o increas e o r 
decreas e t o a  simila r  exten t  onl y fo r  a  singl e transitio n ar e 
eliminated .  W e di d thi s b y conductin g ̂ -squar e test s o n th e 
pai r  o f  serie s o f  difference s fo r  bot h actions .  W e identifie d th e 
portion s i n whic h th e correlation s ar e statisticall y vali d wit h 
a certaint y o f  mor e tha n 9 0 % . 

I f  P-action s correlate d wit h L-action s i n a  perio d (w e wil l 
cal l  i t  a  P- L correlation) ,  i t  mean s tw o things .  First ,  th e 
majorit y o f  P-action s occurre d durin g th e perio d b y bein g 
triggere d b y revisitin g existin g depictions ,  althoug h P -
action s coul d b e i n principl e dependen t  o n an y o f  L- ,  D- ,  o r 
M-actions .  Second ,  whe n L-action s occurre d the y ofte n 
induce d P-action s t o occu r  simultaneously . 

The period s i n whic h F-action s correlate d wit h D-action s 
onl y an d no t  wit h P-action s wer e muc h shorte r  tha n th e 
period s o f  F- P correlation .  S o wer e th e period s i n whic h F -
action s correlate d wit h L-action s only .  W e foun d n o P- M an d 
F- M correlations .  Therefore ,  i n thi s paper ,  w e wil l  discus s 
onl y th e correlation s o f  th e fou r  pairs ;  P  vs .  L ,  P  vs .  D ,  D 
vs .  L ,  an d F  vs .  P . 

Figur e 4  shows ,  fo r  eac h pai r  o f  actions ,  th e period s i n 
whic h ther e wer e correlations .  Th e horizonta l  axi s i s  th e 
segment  numbe r  o f  th e architect' s  protocols ,  representin g th e 
time  fram e o f  hi s process .  Represente d alon g wit h th e axi s 
ar e portion s correspondin g t o page s o f  hi s  sketches .  Th e 
horizonta l  bar s represen t  period s o f  correlation .  Th e numbe r 
writte n nea r  eac h ba r  i s th e identificatio n numbe r  o f  th e 
period ,  correspondin g t o eac h perio d numbe r  i n Tabl e 2 . 
Tabl e 2  show s th e statistica l  dat a fo r  eac h perio d o f 
correlation :  th e duratio n o f  th e correlatio n i n term s o f  th e 
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number  o f  consecutiv e transitions ,  a  x-squar e value ,  an d a 
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Figur e 4 :  Th e period s i n th e desig n proces s i n whic h ther e 
wer e correlation s betwee n pair s o f  differen t  type s o f  actions . 

Tabl e 2 :  Th e statistica l  dat a o f  period s o f  correlatio n 

perio d 

number 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 

duratio n o f 
th e perio d 

10 
2 
2 
9 
2 
5 
2 
3 
4 
5 
6 
3 
7 
2 
2 
4 

X-squar e 
valu e 

0.69 9 
0.16 0 
0.14 0 
2.0 8 

0.03 9 
0.52 6 
0.01 2 
0.08 8 
0.88 0 
1.1 9 
1.8 4 

0.45 7 
0.97 2 
0.17 1 
0.16 2 
0.54 9 

certaint y 

p> 0.99 5 
p> 0. 9 
p>0. 9 
p> 0.9 9 
p> 0.97 5 
p> 0.9 9 
p> 0.9 9 
p> 0.9 9 
p>0. 9 
p> 0.9 5 
p>0. 9 
p>0. 9 
p> 0.99 5 
p> 0. 9 
p>0. 9 
p> 0.9 5 

I n th e entir e Pag e 3  an d th e las t  hal f  o f  Pag e 5 ,  ther e wa s a 
co-occurrenc e o f  P- L an d P- D correlation s (an d thu s a  D- L 
correlatio n a t  th e sam e time) .  Thi s mean s tha t  perceptio n o f 
visuo-spatia l  feature s i s induce d b y bot h drawin g an d 
revisitin g existin g depictions .  Thi s i s characteristi c o f  th e 
phas e o f  spatia l  arrangement ,  i n whic h designer s ofte n 
arrang e ne w thing s o n a  sketc h b y attendin g t o th e spatia l 
relation s betwee n the m an d existin g depictions .  Actually ,  th e 
architec t  state d tha t  Pag e 3  wa s th e phas e o f  spatia l 
arrangement .  W e recognize d i n hi s protocol s tha t  h e spen t 
th e las t  hal f  o f  Pag e 5  o n arrangin g othe r  function s o n th e 
sit e afte r  havin g explore d th e detai l  o f  a  buildin g plan . 

Ther e wer e period s i n whic h P-action s correlate d wit h L -
action s onl y an d no t  wit h D-actions .  Thi s mean s tha t  th e 
majorit y o f  th e architect' s perceptua l  action s occurre d i n thes e 
period s whe n h e inspectei d existin g depictions .  Ther e wer e 
periods ,  too ,  i n whic h P-action s correlate d wit h D-action s 
only .  Thi s mean s tha t  th e majorit y o f  hi s perceptua l  action s 
occurre d i n thes e period s a s soo n a s h e mad e ne w depictions . 
The forme r  period s covere d 3 2 % o f  th e entir e process ,  whil e 
th e latte r  16% .  Thi s implie s that ,  excep t  fo r  th e phas e o f 

spatia l  arrangement ,  visuo-spatia l  feature s o f  depiction s ar e 
more likel y t o b e perceive d late r  whe n th e depiction s ar e 
revisite d rathe r  tha n simultaneousl y whe n the y ar e bein g 
drawn . 

We als o examine d whethe r  o r  no t  ther e wa s a  negativ e 
correlatio n betwee n D  an d L-actions .  Bot h action s wer e 
negativel y correlate d i n 6 2 % o f  th e entir e process , 
correspondin g t o 7 6 % o f  th e period s i n whic h ther e wa s n o 
positiv e correlation .  Thi s indicate s th e separatio n o f  drawin g 
action s an d inspectin g action s excep t  whe n h e worke d o n 
spatia l  arrangements .  I f  drawin g become s frequent,  inspectin g 
existin g depiction s become s les s frequent,  an d vic e versa . 

F-action s correlate d wit h P-action s fro m th e latte r  hal f  o f 
Page 2  t o th e beginnin g o f  Pag e 3 ,  fo r  th e almos t  entir e par t 
of  Page s 4  an d 5 ,  an d fo r  th e latte r  hal f  o f  Pag e 7 .  Durin g 
thes e periods ,  th e majo r  wa y i n whic h F-action s occurre d wa s 
t o associat e visuo-spatia l  feature s wit h functiona l  issues , 
althoug h F-action s coul d potentiall y  occu r  b y bein g 
suggeste d b y physica l  action s withou t  mediatio n o f  P -
actions .  Visuo-spatia l  informatio n perceivabl e from  sketche s 
became th e cue s fo r  associatio n o f  functiona l  information . 
Perceptio n o f  visuo-spatia l  informatio n itsel f  durin g thes e 
period s wa s induce d sometime s b y D-action s only ,  L-action s 
only ,  o r  both . 

The importan t  characteristi c tru e t o al l  th e thre e majo r 
occurrence s o f  a  F- P correlatio n i s tha t  i t  cam e afte r  a  P- L 
correlatio n ha d laste d fo r  a  while .  Thi s finding  tell s 
somethin g abou t  th e condition s an d way s i n whic h visuo -
spatia l  informatio n become s th e cue s fo r  association .  I t  wil l 
be discusse d i n mor e detai l  i n th e nex t  section .  Ther e wa s a 
page brea k from  Pag e 1  t o Pag e 2  befor e th e first  occurrenc e 
of  F- P correlation ,  an d a  brea k from  Pag e 3  t o Pag e 4  befor e 
it s secon d occurrence .  Thi s doe s not ,  however ,  weake n th e 
relationshi p betwee n a  F- P correlatio n an d th e precedin g P- L 
correlation ,  becaus e th e architec t  sketche d b y layin g a  shee t 
of  tracin g pape r  ove r  a  previou s pag e s o tha t  previou s 
depiction s wer e visible ,  e.g .  Pag e 2  ove r  Pag e 1 ,  Pag e 4  ove r 
Page 3 ,  an d Pag e 5  ove r  Pag e 3 . 

Discussion 

Our  analysi s ha s provide d th e followin g insight s int o th e 
role s o f  sketche s i n desig n processes .  First ,  sketche s serv e a s 
a representation ,  i.e .  externa l  memory ,  i n whic h t o leav e 
idea s a s visua l  tokens ,  s o tha t  the y ma y b e revisite d late r  fo r 
inspection .  Thi s i s supporte d b y th e negativ e correlatio n 
betwee n drawin g an d inspectio n excep t  i n th e phas e o f  spatia l 
arrangement ,  an d b y th e finding  tha t  perceptua l  action s ar e 
more likel y t o occu r  whe n depiction s ar e inspecte d late r  tha n 
whil e the y ar e bein g made . 

Second ,  thinkin g o f  non-visua l  functiona l  issue s i s centra l 
t o desig n activities .  Thi s i s supporte d b y th e finding  tha t 
ftinctional  action s becam e mor e an d mor e frequent  afte r  th e 
phas e o f  spatia l  arrangement .  An d importantly ,  sketche s pla y 
a rol e a s a  provide r  o f  visuo-spatia l  cue s fo r  associatio n o f 
functiona l  issues .  Th e meaningfu l  duratio n o f  period s o f  F- P 
correlation ,  especiall y i n th e phas e o f  functiona l  exploration , 
support s thi s interpretation . 

Third ,  th e finding  tha t  a  perio d o f  F- P correlatio n wa s 
alway s precede d b y a  perio d o f  P- L correlation s provide s a n 
importan t  insight .  W e interpre t  th e perio d o f  P- L correlatio n 
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as a  preparatio n fo r  functiona l  thoughts .  I n thi s period , 
designer s creat e basi c element s o f  sketches ,  an d kee p 
perceivin g visuo-spatia l  informatio n withou t  necessaril y 
frequen t  thought s abou t  functiona l  issues .  Onl y afte r  a 
preparatio n o f  thi s sor t  doe s th e entir e se t  o f  visuo-spatia l 
feature s becom e "ripe "  fo r  cuein g functiona l  issues .  Thi s 
interpretatio n i s supporte d b y th e findin g tha t  ther e wa s a 
tim e dela y i n hi s desig n proces s befor e functiona l  action s 
bega n t o occu r  frequently ,  too .  Thes e sugges t  tha t  sketche s 
serv e a s somethin g mor e tha n jus t  a  provide r  o f  visuo-spatia l 
cues .  Cognitiv e interactio n wit h sketches ,  i.e .  makin g 
depictions ,  inspectin g an d perceiving ,  enable s designer s t o 
determin e whe n t o thin k o f  functiona l  issue s an d how .  Pu t 
differently ,  sketche s serv e a s a  physica l  settin g i n whic h 
desig n thought s ar e constructe d o n th e fl y i n a  situate d way . 
Thi s coincide s wit h th e recentl y prevailin g vie w (e.g .  Agr e 
& Chapman ,  1987 ;  Kirsh ,  1995 )  tha t  peopl e ac t  no t  jus t  i n 
goal-oriente d o r  knowledge-intensiv e ways ,  bu t  mor e ofte n i n 
respons e t o visuo-spatia l  feature s o f  th e physica l  settin g the y 
ar e in . 

Future Work 

Althoug h ou r  finding s sugges t  tha t  desig n thought s occu r  i n 
respons e t o visuo-spatia l  feature s onl y afte r  certai n 
condition s ar e satisfied ,  w e hav e no t  ye t  identifie d precisel y 
what  thos e condition s are .  Wha t  sort s o f  visuo-spatia l 
feature s d o designer s ten d t o us e fo r  cuein g functiona l  issues ? 
I s ther e an y pattern s indicatin g tha t  particula r  visuo-spatia l 
cue s ar e associate d wit h particula r  functiona l  issues ? 

Further ,  i s  designin g i n a  situate d wa y b y respondin g t o 
visuo-spatia l  feature s i n sketche s a n acquire d skil l  tha t  onl y 
exper t  designer s ca n enjoy ? I f  so ,  wha t  sort s o f  visuo-spatia l 
feature s d o expert s ten d t o b e sensitiv e to ? Wha t  sort s o f 
expertis e ar e neede d fo r  usin g sketche s i n a n effectiv e way ? 
Thes e ar e th e issue s t o b e addresse d i n future . 

Conclusion 

Th e purpose  o f  thi s stud y wa s t o explor e th e role s o f  desig n 
sketche s i n earl y conceptua l  desig n processes .  Conductin g 
protoco l  analysis ,  w e empiricall y examine d th e cognitiv e 
processe s o f  a  practisin g architect .  Ou r  examinatio n centere d 
aroun d th e way s i n whic h h e cognitivel y interacte d wit h hi s 
o wn sketches .  Ou r  codin g scheme ,  especiall y it s 
classificatio n o f  desig n action s int o physical ,  perceptual , 
functiona l  an d conceptua l  levels ,  wa s suitabl e fo r  thi s aim . 
Observin g th e frequencie s o f  an d th e correlation s betwee n 
action s belongin g t o th e lowe r  thre e level s ha s le d u s t o th e 
followin g insights ,  althoug h th e generalit y o f  thes e insight s 
i s stil l  a n ope n questio n du e t o th e lac k o f  extensiv e numbe r 
of  subjects .  First ,  sketche s serv e a s a n externa l  memor y i n 
whic h t o leav e idea s fo r  late r  inspection .  Second ,  sketche s 
serv e a s a  provide r  o f  visua l  cue s fo r  associatio n o f 
functiona l  issues .  Third ,  mos t  importantly ,  sketche s serv e a s 
a physica l  settin g i n whic h functiona l  thought s ar e 
constructe d o n th e fl y i n a  situate d way . 
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Abstrac t 

This study investigated the dimensions of the psychological 
similarit y spac e associate d wit h decision s peopl e commonl y 
encounte r  i n thei r  life .  Fou r  distinc t  cluster s wer e foun d 
withi n a  three-dimensiona l  space ,  >\1iic h suggeste d tha t 
peopl e classifi y  decision s base d o n conten t  pe r  s e 
(professional-personal) ,  a s wel l  a s genera l  characteristic s o f 
th e decisions ,  namely ,  importanc e an d complexity .  Thes e 
findings  hav e implication s fo r  decisio n strateg y selection . 

Introduction 

Many theorie s o f  decisio n makin g assum e tha t  ever y 

decisio n ca n b e represente d a s a  choic e i n th e gamblin g 

paradig m (i.e. ,  i t  ca n b e reduce d t o outcome s an d thei r 

associate d probabilities) .  Mos t  prominen t  normativ e 

theorie s base d o n thi s assumption ,  e.g. ,  expecte d utilit y 

(EU )  an d subjectiv e expecte d utilit y  (SEU )  theory ,  tak e int o 

accoun t  onl y thos e element s o f  a  decisio n proble m tha t 

remai n afte r  reductio n t o suc h a  representation .  Accordin g 

t o S E U theory ,  becaus e "al l  informatio n tha t  coul d 

determin e th e decisio n i s  containe d i n thi s reduce d 

representation "  (Wagenaar ,  Kere n &  Lichtenstein ,  1988) , 

thi s form s th e dee p structur e o f  th e decisio n problem .  I n 

th e pas t  fou r  decade s afte r  th e developmen t  o f  E U theor y b y 

vo n Neuman n an d Morgenste m (1947 )  an d tha t  o f  S E U 

theor y b y Savag e (1954) ,  a  grea t  dea l  o f  evidenc e ha s 

accumulate d tha t  people' s choice s deviat e systematicall y 

from  model s tha t  onl y tak e int o accoun t  th e dee p structure . 

The predominan t  interpretatio n o f  thes e finding s ha s bee n 

tha t  peopl e fai l  t o confor m t o th e normativ e mode l  a s a 

resul t  o f  variou s cognitiv e deficiencie s (Frisc h &  Clemen , 

1994) .  Wit h thi s premise ,  Tversk y an d K a h n e m a n (1974 ) 

develope d th e "Heiuistic s an d Biases "  progra m t o describ e 

ho w thes e deviation s occu r  a s th e resul t  o f  cognitiv e 

limitations .  However ,  afte r  ove r  tw o decade s o f  effort ,  th e 

progra m ha s faile d t o systematicall y conside r  whe n thes e 

anomalie s occur ,  sinc e the y ar e considere d t o b e 

"anomalies. "  A  differen t  perspectiv e o f  human s a s adaptiv e 

decisio n maker s tha t  w e endorse ,  focuse s o n determinin g 

th e factor s tha t  influenc e h o w peopl e selec t  ~  consciousl y 

or  unconsciousl y ~  differen t  decisio n strategies .  Wit h suc h 

perspectiv e i n mind ,  w e revie w som e o f  th e "anomalies " 

foun d i n decisio n making . 

Variance due to Content Per Se 

Wagenaar  e t  al .  (1988 )  presente d a  variet y o f  cove r  stories , 

al l  o f  whic h ha d th e sam e dee p structure ,  namely ,  version s 

of  Tversk y an d Kahneman' s (1981 )  well-know n Asia n 

diseas e problem .  Althoug h th e m o d e o f  presentatio n (wit h 

or  withou t  pictoria l  illustration )  di d no t  influenc e th e 

result s i n thei r  study ,  th e chang e i n th e rol e assume d b y th e 

participant s (publi c healt h office r  vs .  islander )  a s wel l  a s 

th e chang e i n th e identit y o f  th e potentia l  victim s (islander s 

subjec t  t o a  diseas e vs .  childre n hel d hostag e b y terrorists ) 

ha d a  profoun d effec t  o n th e choice s o f  participant s w h o 

wer e al l  considerin g th e sam e dee p structur e problem . 

Wagenaar  e t  al .  (1988 )  sugges t  tha t  thi s effec t  ca n b e 

perceive d t o b e th e resul t  o f  difference s i n framin g (i.e. ,  th e 

phonomeno n tha t  som e simpl e wordin g change s ~  e.g. , 

fro m describin g outcome s i n term s o f  live s save d t o 

describin g the m i n term s o f  live s los t  ~  ca n lea d t o differen t 

preferences) .  However ,  varyin g response s t o differen t  cove r 

storie s ca n als o b e attribute d t o th e conten t  o f  th e storie s i f 

certai n characteristic s o f  conten t  elici t  differen t  mode s o f 

processing ,  henc e alterin g th e choice s (Goldstei n &  Weber , 

1995) . 

I n a  revie w o f  framin g effect s i n persona l  healt h 

decisions ,  Ro thma n an d Salove y (1997 )  determine d tha t 

dependin g o n th e categorie s o f  healt h behavio r  (whethe r  i t 

was preventative ,  diagnostic ,  o r  recuperative) ,  th e 

effectivenes s o f  gai n vs .  los s framing  changed .  Thi s 

suggest s tha t  no t  onl y th e perceptio n o f  th e outcome s affect s 
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th e behavio r  bu t  als o th e decisio n conten t  mediate s th e 

effect . 

Cognitive Perspective on Decision Making 

Th e fac t  tha t  choice s ar e no t  predictabl e fro m thei r  dee p 

structur e seem s t o indicat e tha t  people' s preference s d o no t 

resul t  solel y fro m th e calculatio n o f  outcom e an d 

probabilit y  information .  Preference s fo r  an d belief s abou t 

object s o r  event s o f  an y complexit y apjsea r  t o b e 

constructed ,  an d thi s constructio n seem s t o b e affecte d b y 

variable s no t  represente d i n model s suc h a s E U o r  SEU .  I t 

appear s tha t  decisio n maker s hav e a  variet y o f  strategie s fo r 

identifyin g thei r  preference s an d developin g thei r  beliefs , 

an d the y see m t o us e differen t  strategie s contingen t  o n 

decisio n conten t  an d context ,  suc h a s thos e discusse d abov e 

(Payne ,  Bettma n &  Johnson ,  1992) . 

Variance due to Complexity and Importance 

S o me decision s ar e mor e comple x tha n other s b y nature . 

For  example ,  choosin g a  marriag e partne r  i s  m u c h mor e 

comple x tha n decidin g t o bu y on e typ e o f  cand y ba r  versu s 

another .  A  numbe r  o f  studie s hav e bee n conducte d t o 

asses s th e influenc e o f  complexit y o n th e choic e o f  decisio n 

strategie s wit h th e hypothesi s tha t  th e mor e comple x th e 

decisio n problem ,  th e mor e peopl e us e simplifyin g decisio n 

heunstic s (Payn e e t  al. ,  1990) . 

S o me studie s examine d th e impac t  o f  th e numbe r  o f 

alternative s available .  The y foun d tha t  peopl e ten d t o us e 

compensator y decisio n strategie s whe n face d wit h tw o 

alternatives ;  however ,  wiie n face d wit h decisio n task s wit h 

mor e alternatives ,  the y prefe r  usin g noncompensator y 

choic e strategie s (e.g. ,  Johnson ,  Meye r  &  Ghose ,  1989 ; 

Sundstrom ,  1987) .  Other s smdie d th e effec t  o f  th e numbe r 

of  attribute s o f  decisio n alternatives ,  finding  tha t  decisio n 

qualit y decrease s wit h increase s i n th e numbe r  o f  attribute s 

beyon d a  certai n leve l  o f  complexit y (e.g. ,  Kelle r  &  Staelin , 

1987) .  Also ,  tim e constraint s influenc e bot h th e spee d o f 

processin g an d th e shif t  i n processin g strategie s (e.g. , 

Payn e e t  al. ,  1988 ) 

I n th e accuracy-effor t  framewor k presente d b y Payn e e t 

al .  (1990) ,  i t  i s  als o believe d tha t  th e importanc e o f  a 

decisio n increase s th e amoun t  o f  effor t  on e wil l  pu t  i n t o 

arrivin g a t  a  decision .  Thi s implie s (thoug h no t  always ) 

peopl e ten d t o us e mor e compensator y choic e strategie s fo r 

importan t  decisions .  Th e resul t  o f  a  stud y b y Lindberg , 

Garlmg ,  an d Montgomer y (1989 )  support s tha t  factor s suc h 

as perceive d importanc e affec t  whic h decisio n rul e i s used . 

Towards Predictability in the Choice of Decision 

Strategie s 

Ther e ar e m a n y othe r  tas k an d contex t  relate d factors ,  a s 

wel l  a s som e individual-differenc e factors ,  whic h hav e bee n 

foun d t o lea d t o choice s deviatin g systematicall y fro m 

prediction s o f  th e E U / S E U model s (fo r  a  review ,  se e Payne , 

Bettma n &  Johnson ,  1992) .  Fro m suc h findings ,  th e 

questio n arise s whethe r  peopl e systematicall y choos e t o us e 

differen t  strategies .  I n othe r  words ,  ar e peopl e coherent , 

adaptiv e decisio n makers ? Result s obtaine d fro m Payn e e t 

al .  (1990 )  see m t o sugges t  tha t  peopl e ten d t o choos e 

strategie s tha t  optimiz e accuracy/effor t  tradeoffs .  I f  thi s i s 

true ,  wha t  ar e th e factor s tha t  determin e require d decisio n 

accurac y an d effort ? 

T o answe r  thes e questions ,  i t  woul d b e usefu l  t o kno w 

h o w peopl e categoriz e th e decision s the y commonl y 

encounte r  i n thei r  life .  I f  peopl e indee d ar e adaptiv e 

decisio n maker s w h o selec t  decisio n strategie s i n a 

systemati c fashion ,  ther e mus t  b e i n thei r  min d som e 

representatio n o f  th e similarit y betwee n decisions . 

However  straightforwar d an d logica l  thi s ma y sound ,  ther e 

has no t  bee n an y attemp t  t o arriv e a t  a  representatio n o f 

decisio n similarity .  Thus ,  explorator y method s o f 

hierarchica l  clusterin g analysi s an d multidimensiona l 

scalin g ( M D S )  wer e use d t o discove r  th e dimension s o f 

suc h a  representation . 

Metho d 

Stimu U 

I n a  pilo t  study ,  6 4 introductor y psycholog y student s wrot e 

down 2 0 decision s the y ha d mad e withi n th e las t  tw o years . 

Th e majorit y o f  decision s use d a s stimul i  i n ou r  stud y cam e 

fro m thi s list .  S o m e decisions ,  whic h ma y hav e bee n to o 

non-deliberativ e t o appea r  o n th e lis t  (e.g. ,  decidin g t o sto p 

at  a  re d light )  o r  whic h the y m a y no t  ye t  hav e encoxmtere d 

(e.g. ,  whethe r  t o leav e a  spous e o f  man y years )  wer e adde d 

t o exten d th e rang e o f  decisions .  Fift y decision s wer e 

selecte d t o represen t  a  variet y o f  content s (e.g. ,  decision s 

relate d t o money ,  school ,  relationship ,  one' s future ,  mora l 

conduct ,  societa l  well-being )  an d decisio n characteristic s 

(e.g. ,  natur e an d numbe r  o f  alternatives , 

consciously/unconsciousl y mad e decisions )  know n t o 

influenc e decisio n processes .  Th e decisio n situatio n 

questionnair e ( D S Q )  wa s constructe d t o asses s ho w 

participant s perceive d eac h o f  th e 5 0 decisio n situation s i n 

term s o f  importance ,  lengt h o f  tim e take n t o mak e eac h 

decision ,  emotiona l  involvement ,  pleasantness ,  amoun t  o f 

informatio n required ,  difficulty ,  an d th e consequence s 

associate d wit h eac h decisio n (fo r  a  lis t  o f  specifi c  decisio n 

characteristi c assesse d fo r  eac h item ,  se e Tabl e 2) .  A 

questio n abou t  th e frequenc y wit h whic h simila r  decisio n 

situation s ha d bee n encountere d wa s als o included .  A  smal l 

amount  o f  contex t  (generall y on e sentenc e o f  description ) 

was adde d t o provid e respondent s wit h simila r 

interpretation s o f  th e decisio n situation .  Eac h decisio n wa s 

als o printe d o n a n inde x car d whic h wa s subsequentl y use d 

i n a  sortin g task . 

Participants and Procedure 
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Seventy-eigh t  introductor y psycholog y student s a t  th e Ohi o 

Stat e Universit y participate d i n thi s stud y i n fulfillmen t  o f  a 

cours e requirement .  Participant s wer e eac h give n a  se t  o f 

50 inde x cards .  The y wer e aske d t o sor t  th e decision s int o 

categorie s o n th e basi s o f  similarity ,  whic h w e intentionall y 

lef t  undefined .  T h e instruction s explaine d tha t  ther e wer e 

no righ t  o r  wron g w a y t o sor t  th e decisions ,  an d tha t  the y 

coul d sor t  the m int o a s m a n y o r  a s fe w categorie s a s the y 

wished .  A s a n example ,  the y wer e tol d tha t  typicall y 

peopl e i n simila r  sortin g task s us e tw o t o fifteen  categories , 

t o sugges t  a  lowe r  an d a n uppe r  limi t  fo r  th e numbe r  o f 

categories .  Th e instruction s als o state d tha t  i f  a  decisio n 

situatio n di d no t  see m simila r  t o an y other ,  respondent s 

wer e allowe d t o pu t  i t  i n a  categor y labele d miscellaneous . 

Upon completin g th e task ,  participant s wer e aske d t o writ e 

down th e decision s tha t  appeare d i n eac h categor y o n a 

categor y recordin g for m an d t o labe l  eac h category .  Thi s 

was don e t o discourag e respondent s t o arriv e a t 

meaningles s categories .  T h e n th e sortin g tas k wa s repeate d 

t o enabl e u s t o asses s reliability .  Subsequently ,  respondent s 

wer e aske d t o complet e th e D S Q an d a  persona l 

informatio n shee t  inquirin g abou t  som e demogr^h i c 

information .  T h e orde r  o f  task s wa s counterbalanced . 

Thus ,  a  grou p o f  3 8 student s complete d th e sortin g tas k 

twic e first,  an d the n filled  ou t  th e D S Q an d th e persona l 

informatio n (grou p 1 )  whil e th e othe r  4 0 student s 

complete d th e D S Q an d th e persona l  informatio n shee t 

first ,  an d the n performe d th e sortin g tas k twic e (grou p 2) . 

Results 

Aggregat e D a t a 

Becaus e o f  th e natur e o f  th e free  sor t  technique ,  th e sortin g 

informatio n wa s aggregate d acros s individual s t o produc e a 

dissimilarit y matri x fo r  eac h group .  Eac h entr y i n th e 

matri x denote d th e numbe r  o f  time s (acros s participant s 

and replications )  tha t  th e tw o correspondin g decision s wer e 

not  sorte d togethe r  i n th e sam e category .  Hig h number s 

indicate d tha t  th e sorter s perceive d hig h dissimilarit y 

betwee n tw o decisions ,  wherea s lo w entrie s indicate d lo w 

dissimilarity .  Ou r  interes t  i n thi s stud y wa s t o arriv e a t  a 

representatio n o f  decisio n similarit y c o m m o n t o relativel y 

homogeneou s individual s w h o ha d simila r  prio r  exposure s 

t o th e decisio n items .  W e initiall y  aggregate d th e dat a int o 

tw o differen t  group s becaus e i t  i s  quit e possibl e tha t  thos e 

who complete d th e D S Q first  migh t  hav e utilize d a 

differen t  schem e t o sor t  th e decisions ,  havin g bee n 

influence d b y th e question s i n th e D S Q .  Conversely ,  th e 

sortin g tas k migh t  hav e introduce d a  certai n bia s i n 

respondin g t o th e D S Q . 

Participant s appeare d t o sor t  th e card s reliably .  A 

measur e o f  reliability ,  lambda ,  ha d a  m e a n o f  .7 3 an d .7 9 i n 

th e tw o groups ,  respectively .  Thi s mean s tha t  knowin g th e 

resul t  o f  a n individual' s first  sort ,  ther e i s 7 3 % o r  7 9 % 

reductio n i n erro r  (i n compariso n t o rando m responses )  i n 

predictin g th e resul t  o f  th e secon d sor t  o n averag e (Siege l  & 

Castellan ,  1988) . 

Hierarchical clustering The hierarchical clustering using 

betwee n group s averag e linkag e wa s conducte d o n th e tw o 

matrices .  Aldenderfe r  an d Blashfiel d (1984 )  describe s th e 

averag e linkag e clusterin g a s "a n antidot e t o th e extreme s 

of  bot h singl e an d complet e linkage. "  I t  compute s a n 

averag e o f  th e similarit y o f  th e decisio n ite m unde r 

consideratio n wit h al l  item s i n th e existin g cluster ,  an d 

join s th e ite m t o tha t  cluste r  i f  thi s valu e exceed s a  specifie d 

leve l  o f  similarit y (Aldenderfe r  an d Blashfield ,  1984) . 

Between-group s averag e linkag e ha s bee n foxm d o n th e 

averag e t o recove r  th e underlyin g cluster s mor e accuratel y 

tha n othe r  method s (Sneat h &  Sokal ,  1973) . 

CASE 
Label  NUm 

tfhether to ?et up 2 
Whether  t o slci p clas s 1 0 
To ge t  u p &  stud y 4 4 
Whether  t o d o honewor k 2 0 
Work v s tak e a  brea k 2 T 
Which caree r  t o choos e 3 5 
Job v s graduat e schoo l  6 
Which colleg e t o g o t o 5 
Which majo r  t o pursu e I S 
Which gra d sdloo l  1 8 
Drop a  cours e o r  ro t  3 7 
Dat e a n olde r  perso n 7 
Dat e a  ne w perso n 2 8 
Who t o marr y 8 
When t o marr y 3 4 
Sever  a  relationshi p 1 7 
To leav e a  spous e 2 3 
To mak e a  cooniitmen t  4 1 
To us e a  birt h contro l  4 8 
To terniinat e pregnanc y 1 9 

9 
39 
46 
49 
33 
11 

25 

Who fo r  a  rocmnat e 
Who fo r  a  frien d 
Whether  t o cr y 
Whether  t o laig h 
When t o sto p eatin g 
Whether  t o swea r 
To sto p a t  a  re d ligh t  4 0 
To donat e organ s 3 1 
Whether  t o recycl e 3 8 
To giv e bac k chang e 1 4 
Whether  t o d o drug s 2 1 
Whether  t o driv e drun k 4 5 
To suppor t  euthanasi a 2 5 
To li e t o parent s 4 3 
Which religiou s belie f  1 2 
who t o vot e fo r  presid .  4 7 
Where t o g o fo r  a  tri p 2 9 
Tri p outsid e Col./sta y 3 6 
Where t o g o o n Fr i  nit e 1 
Job »*a y fro m home 1 3 
Which apartmen t  3 2 
Hew t o spen d fund s 4 
What  t o bu y w /  extr a S  5 0 
To bu y ita n no t  neede d 2 6 
Buy a  car/rid e a  bu s 2 2 
To bu y a  new/use d ca r  2 4 
Whethe t o bu y a  hous e 4 2 
HcM t o ear n money 1 6 
Which charit y t o giv e S  3 
To bu y a  cand y a t  g.s .  3 0 

1 

J 
-] 

F igur e 1 :  D e n d r o g r a m o f  hierarchica l  clusterin g solutio n 

Four distinct clusters can be identified for both groups. 

T h e s a m e i tem s b e l o n g e d i n th e s a m e cluster s fo r  b o t h 

g r o u p s ,  w i t h on l y a  m i n o r  differenc e i n th e orde r  o f 

clusters .  T h u s ,  th e t w o g r o u p s w e r e c o m b i n e d t o creat e a 

5 0 X  5 0 dissimilarit y ma t r i x fo r  th e w h o l e s a m p l e .  T h e 

d e n d r o g r a m o f  th e hierarchica l  clusterin g solutio n i s  s h o w n 

i n F i gu r e 1 . 

T h e first  cluste r  c a n b e identifie d a s school/professiona l 

decisions ,  w h i c h inc lude s decis ion s s u c h a s w h i c h colleg e 

t o atten d a n d w h e t h e r  t o star t  w o r k i n g i m m e d i a t e l y afte r 
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Tabl e 1 :  I N D S C A L stress ,  R  ,  an d dimensio n weight s fo r  two- ,  three- ,  an d four-dimensiona l  solution s 

Dimensionalit y Grou p Stres s ; r Dimensio n weight s 

2 3 

2 

3 

4 

1 

2 

1 

2 

I 

2 

.18 4 

.20 4 

.12 3 

.13 1 

.10 7 

.11 4 

.81 5 

.77 3 

.89 0 

.87 7 

.89 6 

882 

.6 1 

.6 2 

.5 1 

.5 2 

.4 3 

.4 4 

.7 4 

.7 3 

.5 5 

.5 6 

.4 6 

.4 6 

.6 4 

.6 2 

.5 2 

.5 0 

.5 7 

.5 7 

graduation .  Beneat h thi s i s a  cluste r  concerne d wit h 

relationship s I t  include d som e friendship-related  item s 

suc h a s decidin g w h o t o hav e a s friends,  a s wel l  a s som e 

relationshi p item s suc h a s whethe r  t o leav e a  spous e o f 

many years .  Th e thir d cluste r  i s a  grou p involvin g non -

deliberativ e decisions .  A  smal l  sub-cluste r  include d simpl e 

non-deliberativ e item s suc h a s whethe r  t o cr y (afte r  hearin g 

you r  goo d friend  die d i n a n accident) ,  an d a  large r  sub -

cluste r  include d mor e value-lade n item s involvin g religiou s 

preference ,  dru g use ,  an d suppor t  o f  euthanasia .  Finally , 

th e las t  cluste r  ca n b e identifie d a s concernin g monetar y o r 

consume r  decisions .  Thi s cluste r  als o include d a  rang e o f 

item s from  whethe r  t o bu y a  cancf y ba r  t o whethe r  t o bu y a 

house . 

Multidimensional scaling Given our interest in 

determinin g wiiethe r  th e sortin g result s ca n provid e a  basi s 

fo r  understandin g th e structur e b y whic h decision s ar e 

categorize d i n a  psychologica l  space ,  a  multidimensiona l 

scalin g ( M D S )  analysi s wa s th e nex t  logica l  step .  I n M D S , 

i t  i s  assume d tha t  judgment s abou t  stimulu s similarit y 

depen d i n som e fashio n o n attribute s of  th e stimuli ;  thus ,  it s 

purpos e i s t o identif y thos e attribute s (MacCallum ,  1988) . 

A three-wa y multidimensiona l  scalin g usin g I N D S C A L 

was performe d o n th e dissimilarit y matrice s fo r  th e tw o 

group s t o determin e wiiethe r  th e tw o group s indee d shar e a 

simila r  stimulu s space ,  an d i f  so ,  whethe r  eac h dimensio n 

was weighte d similarl y (fo r  a  descriptio n of  I N D S C A L ,  se e 

Arable ,  Carrol l  &  DeSarbo ,  1987) . 

Two- ,  three- ,  an d four-dimensiona l  solution s wer e 

obtaine d t o compar e th e fi t  o f  thes e solutions .  Tabl e 1 

display s th e Stres s values ,  th e proportion s o f  varianc e 

accounte d fo r  (i.e. ,  R^ )  i n th e tw o groups ,  an d th e 

dimensio n weight s fo r  th e tw o group s fo r  al l  solutions . 

Becaus e th e Stres s valu e an d R ^  improve d significantl y 

from  th e two-dimensiona l  solutio n t o th e three-dimensiona l 

solutio n bu t  di d no t  improv e appreciabl y from  thre e t o four , 

th e three-dimensiona l  solutio n ^ipeare d t o b e mos t 

appropriate .  Also ,  th e dimension s i n thi s solutio n seeme d 

ver y interpretable ,  an d th e cluster s foun d i n th e previou s 

analysi s appeare d distinctivel y i n th e solution .  Thi s ca n b e 

see n i n Figur e 2 .  Thus ,  th e three-dimensiona l  solutio n wa s 

retaine d fo r  furthe r  analysis .  Th e tw o almos t  overlappin g 

needlepoint s (labele d 1  an d 2 )  i n th e middl e o f  th e stimulu s 

VO 
.*f " 

m t  ' " " v ^ 

Figur e 2 :  I N D S C A L 3-dimensio n configuratio n 

space indicate the centroids for the two groups. This, with 

th e similaritie s i n dimensio n weight s fo r  al l  solution s 

indicate d tha t  tw o group s ha d nearl y identica l 

representation s o f  th e decisions . 

Linear regression for dimensional interpretations In 

orde r  t o determin e whethe r  th e I N D S C A L configuratio n 

extracte d previousl y ha d som e systemati c association s wit h 

characteristic s of  th e decisio n items ,  a  sequenc e o f  linea r 

regression s wa s performed .  Kruska l  an d Wis h (1978 ) 

describ e thi s c o m m o n metho d o f  performin g a  linea r 

multipl e regression ,  usin g a  scal e tha t  measure s a 

potentiall y  relevan t  characteristi c o f  th e decision s (eac h o f 

nin e Likert-scal e question s from  th e D S Q )  a s th e dependen t 

variabl e an d th e decisio n coordinate s o f  th e three -

dimensiona l  decisio n spac e a s th e independen t  variable s 

becaus e w e "see k som e weighte d combinatio n o f  th e 

coordinate s of  th e configuratio n vAac h agree s wit h o r 
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Tabl e 2 :  Linea r  regression s o f  rate d decisio n characteristic s o n dimension s o f  decisio n similarit y 

Regressio n Weight s 

(Directio n Cosines ) 

Rate d Decisio n Characteristic s (fro m DSQ) D I Ml 

-.12 0 

.04 1 

-.46 8 

.50 0 

.06 1 

-.02 0 

-.24 6 

-.26 0 

.36 1 

DI M 2 

.92 7 

.76 3 

.80 4 

-.42 4 

.75 8 

.83 2 

.91 0 

.87 1 

-.36 6 

DI M 3 

.35 7 

,64 5 

.36 6 

.75 5 

.64 9 

.55 4 

.33 5 

.41 7 

.45 1 

Mult .  Cor r 

.767* * 

.791* * 

.813* * 

.499* * 

.772* * 

.787* * 

.795* * 

.800* * 

.421 * 

1.  Importanc e o f  makin g th e decisio n 

2.  Lengt h o f  tim e take n t o mak e th e decisio n 

3.  Emotiona l  involvemen t  i n makin g th e decisio n 

4.  Pleasantnes s i n makin g th e decisio n 

5.  Informatio n require d t o mak e th e decisio n 

6.  Difficult y  i n makin g th e decisio n 

7.  Lengt h t o liv e w /  th e consequence s o f  th e decisio n 

8.  Frequenc y w /  whic h t o thin k o f  th e effect s 

9.  Frequenc y o f  previou s simila r  encounte r 

**/K.001 ,  *p<.O l 

'explains' the variable as well as possible." The first three 

column s o f  Tabl e 2  sho w th e optimu m weight s 

correspondin g t o eac h multipl e correlation ;  thes e ar e th e 

directio n cosines ,  whic h ar e regressio n coefficient s 

normalize d fo r  thei r  su m o f  square s t o equa l  1.0 0 fo r  ever y 

scale .  Kruska l  an d Wis h (1978 )  mentio n tw o necessar y 

condition s fo r  a  scal e t o provid e a  satisfactor y interpretatio n 

of  a  dimension :  1 )  th e multipl e correlatio n fo r  th e scal e 

must  b e high ,  an d 2 )  th e scal e mus t  hav e a  hig h regressio n 

weigh t  o n tha t  dimension .  A s ca n b e see n i n Tabl e 2 ,  mos t 

rate d decisio n characteristics ,  excep t  fo r  4  an d 9 ,  ha d a 

multipl e correlatio n greate r  tha n .75 .  Amon g those ,  thre e 

characteristic s loade d hig h o n th e secon d dimensio n an d 

relativel y lo w o n th e othe r  dimensions .  Thes e wer e th e 

importanc e o f  makin g th e decision ,  th e lengt h wit h whic h 

to liv e wit h th e consequence s o f  th e decision ,  an d th e 

frequency  wit h whic h t o thin k o f  th e effect s o f  makin g thi s 

decision ,  al l  o f  whic h ar e relate d t o th e concep t  o f 

(perceived )  decisio n importance .  Non e o f  th e decisio n 

characteristic s loade d hig h o n th e first  dimensio n althoug h 

emotiona l  involvemen t  loade d moderatel y o n al l  thre e 

dimension s Some items ,  whic h als o loade d o n th e secon d 

dimension ,  loade d moderatel y o n th e thir d dimension . 

Thus,  i t  appear s tha t  dimension s 1  an d 3  di d no t 

correspon d closel y t o th e decisio n characteristic s assesse d 

by th e DSQ.  Th e pattern s o f  loading s nevertheles s provid e 

some indication s o f  wha t  thes e tw o dimension s represent . 

Cluste r  2  (dealin g wit h relationships )  wa s foun d o n th e 

lowe r  en d o f  dimensio n 1  whil e cluster s 1  (school/career ) 

and 4  (monetary )  wer e foun d o n th e highe r  end .  Alon g 

wit h a  moderat e loadin g o f  emotion ,  th e first  dimensio n 

may hav e t o d o wit h th e professional-persona l  distinctio n 

Frisch ,  Jone s an d O'Brie n (1993 )  foun d i n thei r  stud y 

(cite d i n Frisc h &  Clemen ,  1994) .  O n th e othe r  hand , 

lengt h o f  tim e taken ,  informatio n required ,  an d difficult y i n 

makin g th e decisio n ar e loade d moderatel y o n th e thir d 

dimension ,  suggestin g tha t  i t  ma y b e concerne d wit h 

decisio n complexity ;  seein g th e decisio n o f  whethe r  t o bu y 

a cancf y ba r  (#30 )  o n th e lowe r  en d an d tha t  o f  wh o t o 

marr y (#8 )  o n th e highe r  en d add s suppor t  t o thi s 

interpretation . 

Discussion and Conclusion 

Our  analysi s identifie d thre e rathe r  stabl e dimension s o f 

decisio n similarity .  On e dimensio n appeare d t o correspon d 

t o th e perceive d importanc e o f  decisions .  Anothe r 

distinguishe d betwee n professiona l  an d persona l  decisions . 

The las t  dimensio n seeme d relate d t o th e complexit y o f 

decisions . 

Our  result s succeede d i n tyin g togethe r  tw o set s o f  result s 

i n decisio n makin g describe d i n th e introduction .  On e se t 

of  studie s ha s show n tha t  factor s suc h a s typ e o f  decision s 

(persona l  vs .  professional) ,  perceive d decisio n importance , 

and decisio n complexit y influenc e th e choice s peopl e mak e 

abov e an d beyon d th e effect s o f  outcom e an d probabilit y 

value .  Presumabl y thes e factor s affec t  decisio n outcome s 

becaus e the y trigge r  differen t  decisio n strategies . 

Anothe r  se t  o f  studie s ha s show n tha t  decisio n strateg y 

selectio n i s mediate d b y accuracy/effor t  maximization .  Ou r 

result s sho w tha t  th e factor s tha t  affec t  decisio n outcome s 

(i.e. ,  typ e o f  decisions ,  perceive d importance ,  complexity ) 

are ,  i n fact ,  dimension s o f  th e spac e use d b y peopl e t o 

categoriz e decisions .  Thi s make s i t  ver y plausibl e tha t  the y 

woul d als o b e use d a s factor s i n th e selectio n o f  decisio n 

strategies ,  i n th e sens e tha t  peopl e woul d appl y th e sam e 

decisio n strateg y t o "similar "  decision s an d a  differen t 

decisio n strateg y t o "different "  decisions .  I t  i s importan t  t o 

not e tha t  th e tw o group s wh o performe d th e sortin g an d th e 

ratin g task s i n th e differen t  order s arrive d a t  virtuall y th e 

same similarit y space ,  suggestin g tha t  th e underlyin g 

dimension s ar e relativel y stable . 

Our  result s als o hav e implication s fo r  othe r  area s o f 

cognitiv e science .  Fo r  example ,  wha t  i f  th e factor s tha t 

distinguis h expert s fi-om  novice s showe d u p a s a  differen t 

dimensio n i n th e decisio n similarit y spac e o r  a s differen t 
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weigh t  o f  th e sam e dimension s i n th e decisio n similarit y 

space ? Knowin g th e decisio n similarit y spac e fo r  expert s 

shoul d the n facilitat e th e developmen t  o f  mor e faithfu l 

exper t  system s i n AI .  Also ,  th e compariso n o f  decisio n 

space s o f  childre n vs .  olde r  people ,  a s wel l  a s tha t  o f 

expert s vs .  novice s ma y provid e u s wit h evidenc e abou t  th e 

evolvin g natur e o f  decisio n processes . 

The decisio n item s include d wer e limite d t o thos e tha t 

ar e commonl y mad e (thoug h no t  necessaril y  encountere d 

everyday )  i n thi s particula r  population .  Furthe r  exploratio n 

tha t  target s differen t  population s an d differen t  situation s i s 

neede d t o determin e th e generalizabilit y  o f  ou r  result s an d 

t o identif y othe r  factor s tha t  ma y affec t  decisio n strateg y 

selection . 
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Abstrac t 

In the first experiment, participants learned an easy rule that 
allowe d perfec t  categorizatio n tha t  the y ha d t o automate . 
Durin g learning ,  a  ne w ancillar y dimensio n wa s 
systematicall y associate d wit h th e definin g featur e o f  eac h 
category .  I n th e tes t  phase ,  item s i n whic h th e associatio n 
create d durin g learnin g wa s broke n wer e categorize d mor e 
slowl y tha n thos e i n whic h th e associatio n wa s present , 
eve n fo r  participant s wh o di d no t  notic e th e association . 
However ,  whe n th e category-definin g an d th e ancillar y 
feature s wer e reverse d i n a  secon d experiment ,  w e di d no t  ge t 
th e anticipate d results :  ther e wa s n o effec t  o f  th e implici t 
associatio n create d durin g th e learnin g phase .  Result s ar e 
explaine d i n term s o f  dependencie s betwee n propertie s 
durin g processing .  I t  i s  argue d tha t  similarit y t o previou s 
exemplar s doe s no t  explai n th e result s obtaine d here . 

I n t r o d u c t i o n 

W h en peopl e ar e confronte d wit h n e w stimuli ,  the y ca n 
acquir e knowledg e tha t  enable s the m t o categoriz e th e 
stimul i  o n th e basi s o f  features .  I n thes e situations ,  peopl e 
attemp t  t o buil d a  vocabular y o f  feature s an d a  rul e (o r  rules ) 
constructe d fro m thi s vocabular y (Thibau t  &  Schyns ,  1995) . 
Once peopl e k n o w th e rule ,  i.e .  th e particula r  se t  o f  relevan t 
properties ,  whateve r  it s structur e migh t  b e define d wit h 
necessar y an d sufficien t  feature s o r  constitutin g wha t  ha s 
been calle d a  famil y resemblanc e structur e - ,  the y ca n lear n 
t o appl y i t  properly . 

What  doe s i t  m e a n t o appl y a  rule ? I n mos t  categor y 
learnin g experiments ,  i t  ha s t o do ,  a t  th e ver y least ,  wit h 
accuracy ,  correc t  generalization ,  an d speed .  I n traditiona l 
approache s t o categorization ,  th e contro l  o f  th e structur e o f 
th e stimul i  presente d t o participant s an d th e w a y participant s 
generaliz e t o n e w stimuli ,  enable s th e experimente r  t o deriv e 
model s o f  th e representatio n o f  concept s and ,  i n particular , 
th e weightin g o f  th e variou s dimension s o f  concept s (se e 
Nosofsky ,  1992 ,  fo r  a  review) ,  i.e .  th e attentio n pai d t o eac h 
dimensio n constitutin g th e stimuli . 

What  doe s i t  m e a n t o pa y attentio n t o a  particula r 
dimensio n i n categorization ? O n e possibl e meanin g i s that , 
durin g learning ,  participant s explicitl y  notice d tha t  a 
dimensio n o r  a  se t  o f  dimension s i n a  stimulu s i s a  relevan t 
cue fo r  categorization .  Thi s constitute s a  rul e fo r 
categorizatio n and ,  wit h practice ,  applicatio n o f  th e rul e 

becomes automated ,  i.e. ,  relyin g o n th e explici t 
dimension(s )  consume s fewe r  processin g resources .  O n thi s 
view ,  categor y learnin g start s b y noticin g th e associatio n 
betwee n a  dimensio n (o r  a  se t  o f  dimensions )  an d a  category . 
O ne doe s no t  normall y conside r  th e possibl e influenc e o n 
categorizatio n o f  characteristic s o f  th e stimul i  tha t  hav e no t 
bee n explicitl y  noticed . 

On th e othe r  hand ,  implici t  learnin g studie s hav e s h o w n 
tha t  characteristic s o f  stimul i  participant s ar e unabl e t o 
verbaliz e see m t o contribut e t o thei r  performanc e i n th e tas k 
(o r  wha t  the y sa y explicit y doe s no t  accoun t  fo r  thei r 
behavio r  i n th e task ,  se e Cleeremans ,  1993 ;  Reber ,  1993 ; 
Berr y &  Dienes ,  199 3 fo r  reviews) . 

I n mos t  implici t  learnin g experiments ,  th e rul e tha t  woul d 
produc e perfec t  contro l  o f  th e tas k i s s o comple x tha t 
participant s neve r  find  i t  o r  ar e unabl e t o explici t  i t  (se e 
Berr y &  Dienes ,  1993 ,  fo r  review) .  T h e questio n o f  whic h 
propertie s o f  th e stimul i  ar e encode d implicitl y  remain s ope n 
(excep t  i f  on e denie s th e existenc e o f  implici t  representation s 
an d argue s fo r  explici t  representations ,  Perruche t  &  Pacteau , 
1990 ,  se e als o Shank s &  Saint-John ,  1994) .  Implici t 
learnin g ha s bee n define d a s bein g "associate d wit h incidenta l 
learnin g condition s rathe r  tha n deliberat e hypothesi s testing " 
(Berr y &  Dienes ,  1993 ,  p .  14) .  Haye s an d Broadben t  (1988 ) 
defin e implici t  learnin g a s a n "unselectiv e an d passiv e 
aggregatio n o f  informatio n abou t  th e co-occurenc e o f 
environmenta l  event s an d features. "  Implici t  learnin g shoul d 
be particularl y goo d a t  discoverin g nonsalien t  covarianc e 
betwee n th e variable s definin g th e task . 

W h at  kin d o f  propertie s ar e use d durin g a  categorizatio n 
task ? Th e prevalen t  vie w i n categor y learnin g i s tha t  peopl e 
us e propertie s the y hav e notice d an d referenc e i s  frequentl y 
made t o attentiona l  weightin g o f  properties ,  an d s o on .  I n 
th e field  o f  implici t  learning ,  give n th e complexitie s o f  th e 
situations ,  i t  i s  no t  alway s eas y t o k n o w wha t  propertie s o f 
th e stimul i  ar e reall y encode d an d use d b y th e participant s 
(par t  o f  th e debat e i n th e fiel d i s devote d t o thi s issue ;  se e th e 
debat e betwee n Shank s &  Saint-John ,  Perruchet ,  etc. ,  an d 
Reber ,  Lewicki ,  an d thei r  colleagues) . 

I n th e followin g experiments ,  w e wil l  addres s th e proble m 
of  th e propertie s tha t  contro l  classificatio n i n a 
categorizatio n task ,  especiall y propertie s associate d 
implicitl y  wit h a n explici t  simpl e rul e o f  categorization .  W e 
designe d a  categor y learnin g tas k i n whic h participant s wer e 
expecte d t o lear n a n explici t  rul e fo r  categorizatio n an d t o 
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automat e i t  throug h extensiv e training .  Durin g learning , 
the y ha d t o discove r  th e rul e fo r  categorizatio n fo r  a  se t  o f 
unknow n stimul i  wit h tw o differen t  arrangement s o f  fou r 
leg s (th e rul e wa s define d a s a  grou p o f  1+ 3 leg s fo r  on e 
categor y an d 2+ 2 fo r  th e othe r  category ,  se e figur e 1) .  Th e 

structur e o f  th e categorie s wa s conceive d i n suc h a  wa y tha t 
apar t  fro m thi s rul e (1- 3 vs .  2-2) ,  ther e wa s n o othe r 
characteristi c o f  th e stimul i  usabl e a s a  perfec t  rul e fo r 
categorization .  Durin g th e secon d phas e o f  training , 
participant s wer e require d t o categoriz e th e stimul i  accordin g 
t o th e rul e learne d durin g th e firs t  phas e a s quickl y a s 
possible .  Thi s phas e wa s intende d t o automat e th e explici t 
rule .  However ,  i n eac h category ,  a  dimensio n perfectl y 
correlate d wit h th e definin g explici t  dimensio n o f  th e 
categor y wa s introduce d (e.g. ,  al l  th e stimul i  o f  th e categor y 
1- 3 wer e rounde d wherea s 2- 2 stimul i  wer e elongated) .  I n th e 
tes t  phase ,  w e compare d th e classificatio n reactio n time s fo r 
stimul i  i n whic h th e explici t  dimensio n definin g a  categor y 
was associate d wit h th e dimensio n introduce d i n th e secon d 
phas e (th e associatio n phase )  (i.e. ,  1- 3 an d rounded ,  2- 2 an d 
elongated ;  thos e wer e calle d congruen t  stimuli )  wit h reactio n 
time s fo r  stimul i  tha t  violate d thi s associatio n (i.e. ,  1- 3 an d 
elongated ,  2- 2 an d rounded ,  thes e wer e calle d contradictor y 

stimuli) . 
Sinc e th e rul e (1- 3 vs .  2-2 )  wa s a  perfec t  cu e fo r 

categorizatio n an d sinc e participant s ha d automate d i t  durin g 
th e associatio n phase ,  on e woul d exjjec t  participant s t o 
extrac t  th e rul e equall y wel l  fro m eithe r  congruen t  o r 
contradictor y stimuli ,  specificall y becaus e th e associate d 
propertie s -rounde d an d elongated- -  d o no t  affec t  th e rule .  I n 
particular ,  thi s shoul d b e tru e fo r  participant s w h o di d no t 
notic e th e associatio n betwee n th e explici t  cue s an d th e 
associate d features .  I n addition ,  participant s w h o notice d th e 
associatio n betwee n th e explici t  cue s an d th e associate d 
dimensio n durin g th e secon d phas e shoul d b e slowe r  fo r  th e 
contradictor y stimuli .  Previou s researc h (Miller ,  1987 ;  Alle n 
& Brooks ,  1991 )  hav e show n tha t  irrelevan t  informatio n 
influence s th e us e o f  relevan t  informatio n i n categorization . 
Thoug h thei r  experimenta l  paradigm s wer e different ,  on e 
woul d predic t  tha t  contradictor y stimul i  wil l  b e categorize d 
mor e slowl y tha n congruen t  stimuli . 

Experiment 1 

Methods 

Participants .  Thirty-thre e undergraduate s fro m th e 
Universit y o f  Lieg e wer e volunteer s fo r  th e experiment . 

Material. Two categories of unknown stimuli composed of 

fou r  connecte d appendages ,  calle d "legs" ,  wer e constructed . 

The spafia l  layou t  o f  th e leg s distinguishe d th e tw o 

categories .  Stimul i  i n categor y A  ha d on e le g o n th e lef t  an d 

thre e leg s o n th e right  (1-3) ,  an d thos e i n categor y B  ha d tw o 

set s o f  tw o leg s (2-2 )  (Figur e 1) .  Participant s ha d t o lea m 

thi s distinctio n betwee n th e tw o categorie s (1- 3 versu s 2-2 ) 
i n orde r  t o categoriz e al l  th e stimul i  appropriately .  A 

primar y se t  o f  stimul i  wa s constructed ,  compose d o f  1- 3 an d 

2- 2 stimul i  calle d th e neutra l  stimuli .  Thes e stimul i  wer e 

the n transforme d wit h th e "spherize "  functio n o f  th e Adob e 

Photosho p software .  I n on e cas e a  positiv e spherizatio n wa s 

applie d an d i n th e othe r  cas e a  negativ e spherization .  I n th e 

latte r  case ,  heigh t  o f  th e stimul i  wa s multiplie d b y 1.25 . 

The "sherize "  functio n wa s applie d t o eac h stimulu s take n a s 

a whol e an d no t  t o part s take n separately .  Th e positiv e 

transformatio n resulte d i n stimul i  tha t  wer e perceive d a s 

more rounde d tha n th e neutral ,  th e negativ e wer e perceive d a s 

more angula r  an d verticall y elongate d tha n th e neutral .  I n th e 

learnin g phase ,  eac h categor y wa s compose d o f  te n stimuli : 

categor y A  (1-3) ,  si x  rounde d stimuli ,  thre e neutra l  an d on e 

angular-elongated ;  categor y B  (2-2) ,  si x  angular-elongate d 

stimuli ,  thre e neutra l  an d on e rounded .  Since ,  i n thi s phase , 

participant s ha d t o discove r  th e explici t  rul e fo r 

categorization ,  neutra l  an d angula r  stimul i  wer e adde d t o 

preven t  the m fro m usin g rounde d versu s angula r  a s th e 

explici t  rule . 
Keepin g i n min d tha t  th e purpos e o f  th e experimen t  wa s 

t o creat e a n associatio n betwee n a n explici t  rul e an d anothe r 
characteristi c o f  th e stimuli ,  i n th e associatio n phase ,  i t  wa s 
decide d tha t  participant s woul d hav e t o lea m th e associatio n 
betwee n 1- 3 an d a  rounde d shap e (positiv e spherization )  an d 
betwee n 2- 2 an d a n angula r  shap e (negativ e spherization) .  I n 
th e associatio n phase ,  th e si x 1- 3 rounde d stimul i  an d th e si x 
2- 2 angula r  stimul i  fro m th e learnin g phas e wer e presented . 
The ai m o f  thi s phas e wa s t o creat e a n associatio n betwee n 

( 7 W ^ f m 

•  • 3 congruen t  1- 3 Contradictor y 

Category A 

1- 3 Neutra l 

r ^  i g T T v 

2-2 congruen t 2- 2 Contradictor y 

Category B 

2- 2 Neutra l 

Figur e 1  :  th e thre e type s o f  stimul i  fo r  th e learnin g phase . 
Durin g th e associatio n phase ,  onl y congruen t  stimul i  wer e 

used . 

1-3 and rounded on the one hand, and 2-2 and angular on the 
other .  I n th e tes t  phase ,  3 0 ne w stimul i  wer e presented :  five 
1- 3 rounde d stimul i  an d five  2- 2 angular-elongate d (sinc e 
thes e stimul i  displa y th e associatio n create d i n th e 
associatio n phase ,  the y ar e calle d congruen t  stimuli) ;  five  1 -
3 angular-elongate d stimul i  an d five  2- 2 rounde d stimul i 
(thes e stimul i  contradic t  th e associatio n create d an d ar e 
therefor e b e calle d contradictory) ;  five  1- 3 an d five  2- 2 
neutra l  stimuli . 

105 6 



Procedure .  Participant s wer e seate d a t  approximatel y 5 0 
c m i n fron t  o f  a  compute r  screen .  Th e compute r  recorded  th e 
tim e elapse d fro m th e presentatio n o f  a  stimulu s t o th e 
categorizatio n o f  th e stimulus .  Th e experimen t  wa s 
compose d o f  thre e phases :  a  learnin g phase ,  a n associatio n 
phase ,  an d a  tes t  phase . 
Learnin g phase .  Participant s wer e tol d tha t  the y woul d hav e 
t o lear n t o classif y a  se t  o f  stimul i  int o tw o categories .  Th e 
stimul i  wer e displaye d unti l  th e participant s responded .  A 
first  stimulu s wa s presente d t o th e participan t  w h o ha d t o 
gues s it s categor y name .  The y wer e aske d t o pres s th e ke y 
correspondin g t o on e category .  Feedbac k wa s provide d abou t 
th e accurac y o f  th e answer .  Th e secon d stimulu s wa s 
presente d i n th e sam e way ,  an d s o forth ,  fo r  th e othe r 
stimuli .  Feedbac k wa s provide d fo r  eac h stimulus .  Th e orde r 
of  presentatio n o f  th e stimul i  wa s random .  Onc e th e entir e 
set  ha d bee n presente d t o th e participant ,  i t  wa s presente d a 
secon d time ,  a  thir d time ,  etc .  Th e learnin g phas e ende d 
when th e participan t  mad e n o mistake s durin g tw o 
successiv e presentation s o f  th e se t  o f  th e stimuli . 
Associatio n phase .  I n thi s phase ,  congruen t  stimul i  wer e 
presente d fo r  15 0 ms .  Th e entir e se t  wa s presente d te n times . 
Participant s wer e instructe d t o classif y th e stimul i  a s quickl y 
as possibl e withou t  sacrificin g accuracy .  Feedbac k wa s 
provide d afte r  eac h stimulu s presentation . 
Test  phase .  Participant s wer e presente d wit h th e 3 0 tes t 
stimul i  twice ,  eac h stimulu s presente d fo r  15 0 ms .  Again , 
the y ha d t o categoriz e al l  stimul i  a s fas t  a s possible .  Ther e 
was n o feedback . 

At  th e en d o f  th e experiment ,  th e experimente r  aske d 
participant s question s abou t  th e structur e o f  th e stimuli .  Th e 
purpos e o f  thes e question s wa s t o asses s whethe r  the y 
notice d th e associatio n "1- 3 an d rounded "  an d "2- 2 an d 
elongated. "  I n order ,  t o avoi d question s tha t  di d no t  addres s 
th e informatio n the y ha d encoded ,  w e starte d wit h th e 
participant s descriptio n o f  th e stimuli .  Question s wer e 
formulate d i n term s o f  participants '  descriptor s an d addresse d 
th e associatio n betwee n th e differen t  dimension s an d th e 
categorie s explicitl y  i n th e followin g way .  Durin g th e 
associatio n phase ,  "di d yo u se e 1- 3 rounde d an d 2- 2 elongate d 
and/o r  mor e angula r  stimuli ,  o r  di d yo u se e 1- 3 elongate d 
and/o r  mor e angula r  stimul i  an d 2- 2 rounde d stimuli ,  o r  th e 
same numbe r  o f  rounde d an d elongate d stimul i  i n th e tw o 
categories" .  Wit h suc h a  procedure ,  w e addresse d explicitl y 
th e associatio n betwee n th e relevan t  feature s i n ou r  tas k (1-3 , 
2-2 ,  rounded ,  an d elongated) . 

Results and discussion 

Sinc e w e wante d t o kno w whethe r  participant s w h o di d no t 
notic e th e associatio n betwee n th e 1- 3 wit h rounde d an d 2- 2 
wit h elongate d woul d b e influence d b y thi s association ,  w e 
separate d thos e participant s fro m participant s w h o notice d 
th e association .  A  first  2 x 2 Anov a wit h Typ e o f  stimul i 
(congruen t  vs .  contradictory )  an d Categor y (1- 3 vs .  2-2 )  a s 
repeated  measur e variable s wa s carrie d ou t  o n th e reactio n 
time s obtaine d fo r  th e twent y participant s w h o di d no t  notic e 
th e associatio n betwee n th e explici t  rul e (1- 3 vs .  2-2 )  an d th e 
associate d dimensio n (rounde d vs .  elongated) .  Ther e wa s a 
mai n effec t  o f  Typ e o f  stimuli :  F(1.19 )  =  9.82 ,  p  <  .0 1 

(congruent :  X  =  35 8 ms ,  contradictory :  X  =  41 7 ms) .  Ther e 

was n o mai n effec t  o f  Categor y an d n o interaction . 
A secon d A N O V A wit h Typ e o f  stimul i  an d Categor y a s 

repeated  measur e variable s wa s carrie d ou t  o n th e reactio n 
time s obtaine d b y th e 1 3 participant s w h o notice d th e 
association .  Again ,  congruen t  stimul i  wer e responded  faste r 
tha n contradictor y stimul i  (congruent ,  X  =  33 7 m s , 

contradictory, X =  41 4 ms) ,  F(l,12 )  =  9.67 ,  p  <  .01 .  Ther e 

was n o mai n effec t  o f  categor y an d n o Typ e o f  stimuli -
Categor y interaction . 

A 2  X  2  mixe d Anov a wit h Typ e o f  stimul i  an d 
Participant s (associatio n notice d vs .  associatio n no t  noticed ) 
wit h repeate d measur e o n Typ e o f  stimul i  reveale d tha t  ther e 
was n o mai n effec t  o f  Participant s an d n o Typ e o f  stimul i  x 
Participant s interaction . 

To summariz e s o far ,  th e result s sho w tha t  th e tw o group s 
of  participant s wer e slowe r  fo r  th e contradictor y tha n fo r  th e 
congruen t  items .  Thi s mean s tha t  eve n whe n the y ha d no t 
notice d th e associatio n betwee n th e rul e (1-3 ,  2-2 )  an d th e 
associate d feature s (rounde d o r  elongated ,  respectively) , 
participant s nevertheles s associate d the m durin g learning , 
eve n thoug h th e rul e wa s eas y t o manipulate ,  ha d n o 
exception ,  an d tha t  wa s eas y t o automate . 

Befor e w e discus s thes e result s mor e thoroughly ,  w e wil l 
presen t  a  secon d experimen t  whic h i s th e sam e a s th e first 
but  i n whic h th e rule-definin g an d associate d feature s ar e 
reversed .  Participant s learne d th e explici t  rul e "rounde d shap e 
versu s elongate d shape "  i n th e first  phas e an d automate d i t  i n 
th e secon d (association )  phase .  I n thi s experiment ,  th e 
associate d feature s introduce d systematicall y i n th e 
associatio n phas e wer e 1- 3 an d 2-2 . 

Experiment 2 

Give n th e result s o f  th e first  experiment ,  w e expecte d a 
significan t  differenc e betwee n th e congruen t  an d th e 
contradictor y stimuli . 

Methods 

Participants .  Eightee n undergraduate s fro m th e Universit y 
of  Liege . 

Material. Category A consisted of rounded stimuli and 
categor y B  o f  elongate d stimuli .  I n th e learnin g phase , 
categor y A  wa s compose d o f  6  rounde d stimul i  wit h 1- 3 leg s 
(congruent) ,  3  neutra l  (th e spac e betwee n th e leg s wa s 
uniform) ,  an d 1  contradictor y stimulu s (rounde d wit h 2- 2 
legs) ;  categor y B  wa s compose d o f  6  angular-elongate d 
stimul i  wit h 2- 2 leg s (congruent) ,  3  neutra l  stimul i  an d 1 
contradictor y (angular-elongate d wit h 1- 3 legs) .  I n th e 
associatio n phase ,  onl y th e congruen t  stimul i  wer e 
presented .  I n th e tes t  phase ,  1 0 ne w congruen t  an d 1 0 ne w 
contradictor y stimul i  wer e presented .  Not e that ,  apar t  fro m 
th e neutra l  stimuli ,  al l  th e stimul i  wer e thos e presente d i n 
th e first  experiment . 

Procedure. The instructions were the same as in the 
previou s experiment .  Recal l  tha t  i n thi s experiment ,  th e rul e 
was rounde d vs .  elongate d an d th e associate d dimensio n wa s 
1- 3 vs .  2-2 . 
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R e s u l t s 
A first  2 x 2 A n o v a wit h Typ e o f  stimul i  (congruen t  vs . 
contradictory )  an d Categor y (rounde d vs .  angular )  a s repeate d 
measur e variable s w a s carrie d ou t  o n th e reactio n time s 
obtaine d fo r  th e 1 5 participant s w h o di d no t  notic e th e 
associatio n betwee n th e explici t  rul e (rounde d vs .  angular ) 
and th e associate d dimensio n (1- 3 vs .  2-2) .  Ther e wa s n o 
mai n effec t  o f  Typ e o f  stimuli :  F(l,14 )  =  0.17 .  p  >  .5 ; 

congruent :  X  =  31 8 m s ,  contradictory :  X  =  32 4 m s .  Ther e 

was n o effec t  o f  Categor y an d n o interactio n betwee n Typ e 
of  stimul i  an d Category .  W e di d no t  carr y ou t  th e analysi s 
o n th e thre e participant s w h o notice d th e association . 
Compar iso n betwee n Experimen t  1  an d Experimen t  2 .  I n 
orde r  t o compar e th e result s obtaine d i n th e 2  experiments , 
we analyze d th e differenc e betwee n congruen t  an d 
contradictor y stimul i  i n th e 2  experiments .  A  t  tes t  n:veale d 
tha t  th e differenc e betwee n congruen t  an d contradictor y 
stimul i  i n experimen t  1  wa s significantl y greate r  tha n th e 
equivalen t  differenc e i n experimen t  2  :  t(33 )  =  2.22 ,  p  <  .05 . 
(Experimen t  1 ,  X  =  5 9 m s ;  Experimen t  2 ,  X  =  6  m s ) . 

Discussion 

T h e mai n resul t  o f  th e first  experimen t  i s tha t  th e decisio n 
reactio n tim e wa s influence d b y th e additio n t o th e stimul i  o f 
certai n (ancillary )  characteristic s tha t  wer e associate d wit h th e 
explicit ,  rule-definin g characteristics .  Th e additio n o f  thes e 
associate d feature s increase d reactio n tim e eve n fo r 
participant s w h o di d no t  notic e th e associatio n betwee n th e 
rul e an d th e additiona l  characteristic s o f  th e stimuli .  I f  on e 
consider s onl y th e propertie s o f  th e rul e -automate d durin g 
th e associatio n phas e an d eas y t o apply-- ,  thi s resul t  i s 
unexpecte d sinc e th e associatio n phas e shoul d allo w 
participant s t o lear n t o extrac t  th e relevan t  informatio n an d 
t o filter  ou t  th e irrelevan t  dimensions . 

However ,  contrar y t o experimen t  1  -  an d quit e 
unexpectedl y - ,  ther e wa s n o differenc e betwee n congruen t 
and contradictor y stimul i  i n experimen t  2 .  Thi s i s 
particularl y intriguin g becaus e th e onl y differenc e i n th e tw o 
experiment s i s tha t  th e rule-definin g an d associate d 
(ancillary )  feature s o f  th e first  experimen t  ar e switche d i n th e 
secon d experiment .  Bu t  i n thi s latte r  experiment ,  th e 
interferenc e effec t  o f  th e associate d characteristic s o n th e rule -
definin g characteristic s tha t  wa s observe d i n th e first 
experimen t  disappears . 

T h e explanatio n fo r  thi s probabl y lie s i n th e abstractio n 
proces s itsel f  an d i n th e characteristic s o f  th e stimul i  t o 
whic h participant s pa y attentio n durin g th e associatio n 
phase .  W e wil l  first  discus s th e implici t  associatio n create d 
betwee n th e rul e an d othe r  systemati c propertie s o f  th e 
stimuli .  The n w e wil l  analyz e th e absenc e o f  a  simila r  resul t 
i n th e secon d experiment . 

T h e basi c ide a i s tha t  th e definin g feature s (1- 3 an d 2- 2 
grouping s o f  leg s i n th e first  experiment ;  rounde d an d 
elongate d i n th e secon d experiment )  ar e aspect s o f  th e 
stimul i  tha t  ar e no t  independen t  o f  th e othe r  feature s o f  th e 
stimuli .  W h e n a  particula r  dimensio n o f  a  stimulu s i s 
focuse d on ,  othe r  propertie s o f  th e stimulu s ar e als o 
processed .  Fo r  example ,  t o distinguis h a  1- 3 stimulu s fro m a 
2-2 ,  on e ha s t o find  th e locatio n o f  th e larges t  spac e betwee n 
th e legs .  Thi s spac e doe s no t  exis t  independentl y o f  th e leg s 

and ,  therefore ,  on e mus t  loo k a t  th e leg s themselves ,  alon g 
wit h thei r  characteristics ,  whic h includ e othe r  dimensions , 
suc h a s size ,  orientation ,  elongation ,  roundness ,  thicknes s o f 
th e lines ,  an d s o on .  I n ou r  experiments ,  th e stimul i  wer e 
designe d i n suc h a  wa y tha t  a  numbe r  o f  characteristic s wer e 
systematicall y associate d wit h eac h rule-definin g featur e (se e 
material) . 

I n orde r  t o understan d th e asymmetr y betwee n experiment s 
I  an d 2 ,  w e hypothesize d tha t  associate d propertie s wer e 
processe d differentl y i n th e 2  experiments .  M o r e precisely , 
th e ancillar y propertie s associate d wit h th e rule-definin g 

feature s ar e no t  encode d i n th e sam e wa y i n th e tw o 
experiments .  I n th e first  experiment ,  i t  seem s likel y tha t  th e 
processin g o f  th e rule-definin g feature s als o necessaril y 
involve s som e degre e o f  processin g o f  th e associate d 
features .  This ,  however ,  i s  no t  th e cas e i n th e secon d 
experiment . 

T o se e this ,  conside r  th e first  experiment .  Th e differenc e 
betwee n 1- 3 an d 2- 2 stimul i  depend s o n th e locatio n o f  th e 
space .  I n orde r  t o locat e th e space ,  on e ha s t o loo k a t  (an d 
therefor e process )  th e informatio n abou t  th e leg s becaus e th e 
spac e i s define d i n term s o f  th e legs .  Sinc e i n th e 1- 3 
configuration ,  th e leg s ar e rounde d an d i n th e 2- 2 
configuratio n th e leg s ar e elongate d an d straight ,  th e 
differenc e betwee n 1- 3 an d 2- 2 stimul i  wil l  als o includ e 
informatio n abou t  th e associate d roundnes s an d elongation . 
N o w compar e thi s t o th e secon d experiment .  I n orde r  t o 
identif y a  stimulu s a s rounde d o r  elongate d (th e rule-definin g 
featur e i n thi s experiment) ,  on e doe s no t  nee d t o proces s th e 
spatia l  orderin g o f  th e leg s o f  th e stimuli .  I n fact ,  'elongate d 
and angular "  o r  "rounded "  ar e globa l  propertie s o f  th e stimul i 
tha t  d o no t  nee d a  loca l  analysi s t o b e identified .  I n othe r 
words ,  on e ca n identif y th e rule-definin g feature s i n thi s cas e 
withou t  eve r  lookin g a t  th e locatio n o f  th e larges t  spac e o f 
th e leg s (firs t  an d secon d legs ,  o r  secon d an d thir d legs) .  T o 
summarize ,  i n th e first  experiment ,  th e identificatio n o f  th e 
rule-definin g feature s 1- 3 an d 2- 2 necessaril y  involve s th e 
processin g o f  th e propertie s directl y associate d wit h th e legs , 
becaus e i n orde r  t o find  th e locatio n o f  th e larges t  spac e 
betwee n th e legs ,  on e mus t  directl y observ e th e legs .  O n th e 
othe r  hand ,  i n th e secon d experiment ,  th e identificatio n o f 
th e rule-definin g feature s "rounded "  an d "elongated "  doe s no t 
requir e th e processin g o f  th e locatio n o f  th e spac e betwee n 
th e legs . 

H o w ca n w e explai n th e differenc e betwee n congruen t  an d 
contradictor y stimul i  i n thi s ligh t  ?  Durin g th e secon d 
(association )  phase ,  participant s lear n t o locat e th e relevan t 
informatio n o n th e stimul i  a s fas t  a s possible ,  i.e .  t o extrac t 
th e relevan t  informatio n fro m th e othe r  feature s o f  th e 
stimuli .  Durin g thi s phase ,  th e attentiona l  syste m become s 
mor e efficien t  a t  extractin g th e definin g featur e o f  eac h 
categor y fro m th e othe r  features .  A t  th e en d o f  thi s phase , 
th e feature s associate d b y th e experimente r  wit h th e definin g 
feature s ar e encode d an d pla y th e rol e o f  a  correlate d cu e fo r 
th e perceptua l  system .  I n th e tes t  phase ,  participant s ar e 
show n contradictor y stimul i  i n whic h th e rule-definin g 
featur e o f  categor y A  (categor y B )  i s presente d alon g wit h th e 
ancillar y featur e previousl y associate d (durin g th e associatio n 
phase )  wit h th e rule-definin g featur e o f  categor y B  (categor y 
A ) .  I n th e contex t  o f  thi s contradictor y evidence ,  participant s 
answe r  mor e slowly . 
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I n experimen t  2 ,  however ,  w e sugges t  tha t  th e 1- 3 an d 2- 2 
leg-groupin g featur e wa s no t  encode d whe n participant s 
looke d fo r  th e definin g feature s "rounded "  an d "elongated" . 
Consequently ,  thes e feature s di d no t  influenc e thei r 
performance .  W e ar e currentl y runnin g experiment s t o furthe r 

examin e thi s hypothesis .  Not e tha t  w e hav e replicate d th e 
result s fro m thes e tw o experiment s i n somewha t  differen t 
experimenta l  context s o r  wit h transforme d stimuli . 

The differenc e betwee n congruen t  an d contradictor y stimul i 
i n experimen t  1  ca n b e interprete d a s a  cas e o f  interference . 
Our  "microdevelopmental "  approac h i s interestin g becaus e i t 
investigate s th e emergenc e o f  a n associatio n betwee n 
propertie s o f  stimul i  an d th e origi n o f  interference .  Th e 
absenc e o f  suc h a n interferenc e i n experimen t  2  underline s 
th e necessit y o f  studyin g whic h propertie s o f  stimul i  ar e 
processe d whe n on e learn s t o categoriz e them . 

Alle n an d Brook s (1991 )  obtaine d simila r  result s the y 
interprete d differently .  I n thei r  experiment ,  the y use d a n 
additiv e rul e define d i n term s o f  thre e dimensions ,  eac h 
dimensio n assumin g tw o values .  Categorizatio n i n on e o r 
th e othe r  categor y depende d o n th e valu e assume d b y a t  leas t 
tw o o f  th e thre e dimension s (e.g. ,  i n on e experimenta l 
condition ,  tw o o f  th e thre e followin g value s wer e require d fo r 
categorizatio n i n categor y A :  presenc e o f  spots ,  lon g legs ,  o r 
angula r  body) .  Consequently ,  n o singl e valu e o n th e thre e 
relevan t  dimension s wa s perfectl y correlate d wit h eithe r  o f 
th e tw o categories .  I n th e tes t  phase ,  participant s wer e give n 
some stimul i  tha t  wer e simila r  t o on e categor y an d ha d t o b e 
categorize d i n th e sam e categor y (positiv e match )  an d t o 
othe r  stimul i  simila r  t o on e categor y bu t  tha t  ha d t o b e 
categorize d i n th e othe r  categor y (negativ e match) .  Result s 
indicate d tha t  participant s categorize d positiv e matche s faste r 
tha n negativ e matche s an d mad e mor e mistake s fo r  negativ e 
matches .  Alle n an d Brooks '  interpretatio n emphasize d th e 
rol e o f  similarit y o f  tes t  item s t o exemplar s presente d durin g 
learning .  Thei r  interpretatio n ca n als o b e applie d t o ou r  data . 
I n thi s framework ,  th e reactio n time s fo r  ou r  contradictor y 
item s (equivalen t  t o th e negativ e matche s i n Alle n an d 
Brooks' s terminology )  wer e slowe r  becaus e the y wer e les s 
simila r  tha n th e congruen t  tes t  stimul i  (th e positiv e 
matches )  t o th e item s i n th e associatio n phase . 

But  thei r  notio n o f  similarit y t o prio r  exemplar s (Alle n & 
Brooks ,  1991 )  doe s no t  see m abl e t o accoun t  fo r  th e absenc e 
of  differenc e betwee n contradictor y an d congruen t  stimul i  i n 
experimen t  2 .  Accordin g t o Alle n an d Brooks ,  contradictor y 
stimul i  shoul d hav e bee n categorize d mor e slowl y tha n 
congruen t  one s becaus e the y ar e mor e simila r  t o th e stimul i 
of  th e associatio n phase .  T h e proble m wit h Alle n &  Brooks ' 
explanation ,  a t  leas t  i n th e presen t  context ,  i s  tha t  i t  doe s 
not  includ e an y referenc e t o th e wa y stimul i  ar e processed . 
Our  analysi s i s mor e i n lin e wit h th e notio n o f  processin g 
episode s (Jacob y &  Brooks ,  1984) .  However ,  t o hav e som e 
explanator y power ,  thi s notio n mus t  includ e a  discussio n o f 
ho w th e stimul i  ar e processed ,  i n othe r  words ,  i n othe r 
words ,  th e exten t  t o whic h th e processin g o f  on e dimensio n 
(o r  se t  o f  dimensions )  doe s o r  doe s no t  engende r  th e 
processin g o f  othe r  propertie s o f  th e stimuli . 

Anothe r  possibl e explanatio n o f  th e asymmetr y tha t  w e 
observe d betwee n experiment s 1  an d 2  coul d involv e salienc y 
of  dimension s 1- 3 versu s 2-2 ,  o n th e on e hand ,  an d elongate d 
versu s rounded ,  o n th e other .  However ,  suc h a  proposa l  lead s 

t o th e followin g problem .  I t  i s  generall y assume d tha t 
implici t  learnin g deal s wit h non-salien t  aspect s o f  stimul i 
(otherwis e the y woul d b e explicit) .  Suc h a  proposa l  mus t 
assume tha t  th e associatio n betwee n th e explici t  dimension s 
and thei r  correlate d feature s wa s no t  salien t  enoug h t o 
become explici t  i n eithe r  experimen t  A N D tha t  on e o f  th e 
tw o association s wa s mor e salien t  tha n th e other .  Sinc e al l 
th e dimension s coul d b e associate d wit h thei r  respectiv e 
categor y a s a n explici t  rul e b y participant s (1- 3 an d 2- 2 i n 
experimen t  1  an d rounde d an d elongate d i n experimen t  2 ) 
when i t  wa s relevan t  fo r  categorization ,  th e clai m tha t  thes e 
association s wer e mor e o r  les s salien t  w h e n the y wer e no t 
th e rul e t o b e learned ,  (1- 3 an d 2- 2 i n th e secon d experimen t 
and elongate d an d rounde d i n th e first)  seem s unfounded .  W e 
thin k th e explanatio n lie s instea d wit h th e specific s o f  th e 
encodin g an d processin g th e stimul i  tha n wit h genera l 
notion s lik e salienc y o r  similarit y t o previou s exemplars . 

The power of implicit learning. Usually, it is 
claime d tha t  implici t  learnin g i s mor e powerfu l  tha n explici t 
learnin g i n detectin g regularities .  Mos t  experiment s i n 
implici t  learnin g sho w tha t  participant s w h o canno t 
associat e a n explici t  dimensio n t o a  particula r  decisio n ca n 
nevertheles s us e thi s associatio n implicitly .  Her e w e hav e 
th e opposit e situation :  a  dimensio n tha t  i s  discovere d an d 
use d explicitl y  (1- 3 an d 2-2 )  i n on e experimen t  doe s no t 
influenc e reactio n tim e i n anothe r  i n whic h i t  i s 
systematicall y correlate d wit h th e rule-definin g feature . 

Is implicit learning passive? The difference between 
experiment s 1  an d 2  show s that ,  contrar y t o a  prevalen t  vie w 
i n th e field ,  implici t  learnin g i s mor e tha n a n "unselectiv e 
and passiv e aggregatio n o f  informatio n abou t  th e co -
occurrenc e o f  environmenta l  event s an d features "  (Haye s & 
Broadbent ,  1988 ,  p .  251) .  T o emphasiz e ou r  ke y poin t  onc e 
again ,  on e ha s t o understan d th e w a y i n whic h peopl e 
proces s associate d dimension s whe n the y focu s thei r 
attentio n o n particula r  aspect s o f  stimuli .  Surfac e feature s 
tha t  ar e associate d wit h th e rule-definin g features ,  th e feature s 
tha t  ar e explicitl y  focuse d on ,  wil l  nonetheles s b e include d i n 
th e representatio n o f  th e stimul i  an d wil l  influenc e 
participant s i n subsequen t  task s performe d o n simila r  stimul i 
Consequently ,  th e proble m o f  learnin g i s no t  whethe r  o r  no t 
i t  i s  implici t  o r  explici t  but ,  rather ,  t o understan d whic h 
dimension s o f  th e stimul i  ar e processe d b y participants , 
implicitl y  o r  explicitly .  W e agre e wit h Whittlese a an d 
Wrigh t  (1997 )  w h o "argu e tha t  implici t  learnin g i s no t 
qualitativel y differen t  fro m explici t  learning :  i n bot h cases , 
what  i s learne d i s dictate d b y a n interactio n betwee n th e 
structura l  affordance s o f  stimul i  an d th e processin g conducte d 
t o satisf y th e subjects '  curren t  intentions .  (... )  w e suspec t 
tha t  th e intentio n t o proces s th e stimul i  .. .  guide s an d 
constrain s thei r  behavio r  bu t  doe s no t  completel y contro l  it " 
(p .  182) .  I n fact ,  w e thin k that ,  eve n i f  participant s ca n 
describ e th e rul e fo r  categorizatio n explicitl y  an d mentio n 
tha t  the y use d it ,  thi s doe s no t  m e a n tha t  the y reall y use d i t 
or  tha t  the y di d no t  us e othe r  information . 

Categorization under the influence. Our results raise 
th e questio n o f  th e natur e o f  th e rul e use d fo r  categorization . 
I n th e standar d literatur e o n categor y learning ,  a 
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characterizatio n o f  categorizatio n i s tha i  rule s contro l 
behavior .  Wha t  doe s i t  mean ? A n implici t  assumptio n i n th e 

field  seem s t o b e tha t  peopl e kno w th e rul e the y use .  I n 
othe r  words ,  the y compar e a  targe t  stimulu s wit h a  se t  o f 
potentia l  rule s (o r  concepts ,  i.e. ,  set s o f  features )  an d decid e 

t o categoriz e i t  i n on e category .  However ,  ou r  dat a 
(experimen t  1 )  sho w tha t  participants '  descriptio n i s a n 
approximativ e descriptio n o f  wha t  guide s thei r  behavior .  W e 
thin k tha t  thei r  descriptio n i s a t  bes t  correlate d wit h th e 
informatio n tha t  reall y control s fo r  thei r  behavior . 
Complementarily ,  eve n thoug h thei r  descriptio n o f  th e rul e 
fo r  categorizatio n i s perfectl y correlate d wit h thei r 
categorization ,  thi s doe s no t  mea n tha t  the y use d thes e 
informatio n i n orde r  t o categoriz e th e stimuli . 

I n concep t  learning ,  th e importanc e o f  a  dimensio n i n 
categorizatio n i s describe d i n term s o f  th e weightin g o f  th e 
dimension .  Thi s notio n i s suppose d t o mea n tha t  subject s 
pay mor e o r  les s attentio n t o thi s particula r  dimension .  Thi s 
notio n o f  weightin g i s to o genera l  an d canno t  accoun t  fo r  th e 
differenc e betwee n experiment s i  an d 2 .  Th e notio n remain s 
empt y unti l  on e ha s describe d ho w i t  interac t  wit h particula r 
stimuli .  I n othe r  words ,  ou r  result s sho w tha t  a s a  resul t  o f 
th e wa y stimul i  ar e processed ,  dimension s subject s di d no t 
atten d t o explicitl y  influence d categorizatio n o r  not . 
Attentio n doe s no t  see m t o b e a  sufficien t  concep t  t o accoun t 
fo r  wha t  dimension s influenc e categorization . 
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Abstrac t 

The debate between single and dual route accounts of 
cognitiv e processe s ha s bee n generate d predominantl y b y th e 
applicatio n o f  connectionis t  modelin g technique s t o tw o 
area s o f  psycholinguistics .  Thi s pape r  draw s a n analog y 
betweo i  thi s debat e an d bilingua l  languag e processing .  A 
prominen t  questio n withi n bilingua l  wor d recognitio n i s 
whethe r  th e bilingua l  ha s functionall y separat e lexicon s fo r 
each language ,  o r  a  singl e syste m abl e t o recogniz e th e word s 
i n bot h languages .  Empirica J evidenc e ha.< ;  bee n take n t o 
suppor t  a  mode l  whic h include s tw o separat e lexicon s 
workin g i n paralle l  (Smith ,  1991 ;  Gerar d an d Scarborough , 
1989) .  However ,  a  rang e o f  interferenc e effect s ha s bee n 
foun d betwee n th e bilingual' s tw o set s o f  lexica l  knowledg e 
(Thomas ,  1997a) .  Connectionis t  model s hav e bee n pu t 
forwar d whic h sugges t  tha t  a  singl e represeiiiationa l  resourc e 
may dea l  wit h thes e data ,  s o lon g a s word s ar e code d 
accordin g t o languag e membershi p (Thomas ,  1997a ,  1997b , 
Dijkstr a an d va n Heuven ,  1998) .  Thi s pape r  discusse s th e 
criteri a whic h migh t  b e use d t o differentiat e singl e rout e and 
dual  rout e models .  A n empirica l  stud y i s  introduce d t o 
addres s on e o f  thes e criteria ,  paralle l  access ,  wit h regar d t o 
bilingua l  wor d recognition .  Th e stud y fail s t o ftnd  suppor t 
fo r  th e dua l  rout e model . 

Introduction. 

T wo wel l  know n connectionis t  model s hav e questione d th e 
necessit y o f  dua l  rout e processin g account s withi n th e 
psycholog y o f  language .  I n inflectiona l  morphology , 
connectionis t  model s o f  th e formatio n o f  th e pas t  tens e hav e 
suggeste d tha t  a  singl e networ k i s  sufficien t  t o lear n bot h 
rule-base d pas t  tens e formation s a s wel l  a s idiosyncrati c 
formation s an d famil y cluster s (e.g .  Plunket t  an d 
Marchman ,  1991) .  Th e namin g an d wor d recognitio n 
model s o f  Seidenber g an d McClellan d (1989 )  an d latterl y 
Plaut ,  McClelland ,  Seidenberg ,  an d Patterso n (1996 )  hav e 
suggeste d tha t  a  singl e networ k i s sufficien t  t o lear n bot h a 
rule-base d metho d o f  constructin g pronunciation s o f  nove l 
wor d strings ,  a s wel l  a s th e variou s irregula r  an d 
idiosyncrati c pronunciation s o f  Englis h monosyllabi c 
words . 

The singl e rout e /  dua l  rout e debat e ha s ofte n revolve d 
aroun d whethe r  i t  i s  necessar y t o postulat e a  prior i  rule -
base d processin g mechanism s t o underli e variou s aspect s o f 
cognition ;  becaus e rule s hav e exceptions ,  a  rule-base d 
processo r  mus t  b e accompanie d b y a n exceptio n 
mechanism .  However ,  th e debat e ca n als o b e see n simpl y a s 

a questio n o f  whethe r  w e nee d t o postulat e on e o r  tw o 
functiona l  processin g mechanism s t o underli e a  give n 
cognitiv e ability . 

I n ibi s paper ,  )  wil l  propos e tha t  th e on e o r  tw o lexicon s 
debat e withi n bilingua l  wor d recognitio n i s  analogou s t o 
thi s question .  Afte r  outlinin g thi s debate ,  1  wil l  sugges t  fou r 
criteri a whic h m a y b e use d t o distinguis h betwee n singl e 
and dua l  rout e model s o f  a  give n cognitiv e ability .  Lastly ,  I 
wil l  introduc e empirica l  evidenc e from  a  bilingua l  primin g 
stud y whic h addresse s on e o f  thes e criteria .  Thi s stud y 
produce s result s whic h appea r  inconsisten t  wit h a  dua l  rout e 
accoun t  o f  bilingua l  wor d recognition . 

Bilingual word recognition. 

A primar y issu e whe n investigatin g th e bilingua l  languag e 
processin g syste m i s it s relatio n t o tha t  o f  th e monolingua l 
system .  A t  on e extreme ,  on e coul d envisag e tha t  th e 
bilingual' s tw o language s serv e merel y a s subdivision s 
withi n a  singl e system .  A t  th e othe r  extreme ,  on e migh t 
envisag e a n entirel y separat e syste m fo r  eac h o f  th e 
bilingual' s tw o languages . 

I n term s o f  bilingua l  wor d recognition ,  th e traditiona l 
accoun t  take s a n intermediat e positio n Assumin g tha t 
knowledg e abou t  word s ca n b e separate d int o knowledg e 
abou t  wor d meaning s an d knowledg e abou t  wor d forms ,  th e 
traditiona l  accoun t  postulate s a  c o m m o n semanti c syste m 
fo r  bot h languages ,  bu t  separat e system s t o recogniz e th e 
wor d form s o f  eac h languag e (Smith ,  1991) .  Thu s i n a  tas k 
lik e visua l  lexica l  decision ,  primin g paradigm s sho w tha t 
shor t  ter m semanti c primin g occur s betwee n th e bilingual' s 
language s a s wel l  a s withi n the m (e.g .  Che n an d Ng ,  1989) ; 
but  lon g ter m lexica l  primin g betwee n th e first  an d secon d 
presentation s o f  a  wor d i s onl y foun d fo r  repetition s withi n 
a language ,  no t  betwee n translatio n equivalent s i n differen t 
language s (e.g .  Kirsner ,  Smith ,  Lockhart ,  King ,  an d Jain , 
1984) . 

For  man y pair s o f  languages ,  ther e ar e wor d form s tha t 
exis t  i n bot h languages .  Thes e ar e know n a s homographs . 
Non-cognat e homograph s o n th e othe r  han d ar e word s 
whic h hav e th e sam e for m bu t  a  differen t  meanin g i n eac h 
languag e (e.g .  th e Frenc h word s M A I N an d FI N m e a n 
'hand '  an d 'end '  i n English) .  Sinc e thes e word s hav e a 
differen t  meanin g i n eac h language ,  the y ofte n hav e a 
differen t  frequency  o f  occurrence .  W h e n bilingual s ar e 
require d t o recogniz e th e visua l  form s o f  non-cognat e 
homographs ,  the y d o s o accordin g t o thei r  frequency  o f 
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occurrenc e withi n eac h languag e (Frenc h an d Ohnesorge , 
1 W 5:  Gerar d an d Scarborough ,  1989) ;  tha t  is ,  th e sam e 

wor d for m i s recognize d quickl y i n th e languag e contex t 
wher e i t  ha s a  hig h frequenc y o f  occurrence ,  an d slowl y i n 
th e languag e contex t  wher e i t  ha s a  lo w frequenc y o f 
occurrence .  Th e behavio r  o f  thes e word s appear s t o b e 
unaffecte d b y th e presenc e o f  th e sam e wor d for m i n th e 
othe r  language .  Thi s i s take n a s additiona l  evidenc e o f 
independen t  lexicon s fo r  eac h language .  A.n d indeed ,  a s i f  t o 
confir m tha t  a  differen t  representatio n underlie s eac h 
versio n o f  th e visua l  wor d form ,  presentatio n o f  a  non -
cognat e homograp h i n on e languag e contex t  doe s no t 
facilitat e late r  recognitio n o f  th e wor d for m i n th e othe r 
languag e contex t  (Thomas ,  1997a) . 

I n broa d metaphorica l  terms ,  then ,  th e bilingua l  wor d 
recognitio n syste m comprise s separat e menta l  dictionarie s 
t o loo k u p th e wor d form s i n eac h language ,  bu t  dictionarie s 
pointin g t o a  c o m m o n se t  o f  meanings .  I n orde r  t o retriev e 
th e meanin g fo r  a  give n input ,  ther e ar e dua l  lexica l  routes . 

Two criticisms of the dual route model of 
bilingua l  w o r d recognit ion . 

Ther e ar e tw o kind s o f  criticism s tha t  hav e bee n mad e o f 
thi s dua l  rout e model . 

Th e first  i s  base d o n th e assumptio n tha t  morpholog y i s 
th e principl e whic h guide s organizatio n o f  th e bilingual' s 
lexica l  representations .  O n th e basi s tha t  word s o f  differen t 
language s ofte n soun d o r  loo k different ,  morpholog y alon e 
coul d b e sufficien t  t o produc e th e apparen t  effect s o f 
independenc e i n a  singl e undifferentiate d system .  Kirsner , 
Lalor ,  an d Hir d (1993 ,  p .  228 )  comment :  "morpholog y m a y 
be th e critica l  featur e fo r  lexica l  organization ,  providin g th e 
peg s aroun d whic h cluster s o f  word s ar e organized , 
regardles s o f  language "  I n thi s kin d o f  system ,  on e woul d 
not  expec t  lon g ter m lexica l  primin g effect s betwee n 
translatio n equivalent s (suc h a s D O G an d C H I  E N i n 
Englis h an d French )  whe n the y ar e orthographicall y 
different ,  i n th e sam e wa y tha t  orthographicall y differen t 
synonym s withi n a  singl e languag e d o no t  prim e eac h othe r 
ove r  lon g interval s (e.g .  D O G an d H O U N D ) .  However ,  th e 
morphologica l  approac h canno t  accoun t  fo r  wh y non -
cognat e homographs ,  wit h th e sam e orthographi c for m i n 
eac h language ,  nevertheles s sho w differen t  recognitio n 
latencie s dependin g o n th e languag e contex t  i n whic h the y 
ar e presented . 

Th e secon d criticis m o f  th e dua l  rout e mode l  o f  bilingua l 
wor d recognitio n arise s because ,  despit e evidenc e fo r  th e 
independenc e o f  lexica l  representations ,  ther e i s 
nevertheles s a  wid e rang e o f  cross-languag e interferenc e 
effect s foun d whe n stimul i  exhibi t  som e degre e o f  similarit y 
betwee n th e tw o languages .  Tha t  is ,  recognitio n o f  a  wor d 
i n on e languag e m a y b e facilitate d o r  inhibite d i f  i t 
resemble s a  wor d i n th e othe r  language .  Thu s Klei n an d 
Docto r  (1992 )  foun d tha t  non-cognat e homograph s ( M A I N , 
FIN )  wer e recognize d mor e slowl y tha n matche d cognat e 
homograph s (word s whic h hav e th e sam e for m an d meanin g 
eac h language ,  suc h a s T R A I N i n Englis h an d French) ; 
Cristoffanini ,  Kirsner ,  an d Milec h (1986 )  an d Gerar d an d 
Scarboroug h (1989 )  foun d tha t  cognat e homograph s i n a 
bilingual' s weake r  languag e wer e recognize d mor e quickl y 

tha n word s o f  comparabl e frequenc y i n tha t  language ; 
Beauvillai n (1992 )  foun d tha t  whe n operatin g i n a  singl e 

languag e context ,  bilingua l  subject s recognize d word s mor e 
quickl y i f  th e word s possesse d orthographi c partem s 
specifi c  t o tha t  language ,  rathe r  tha n c o m m o n betwee n th e 
tw o languages ;  an d Grainge r  an d Dijkstr a (1992 )  foun d tha t 
th e numbe r  o f  orthographi c neighbor s i n th e non-activ e 
languag e coul d affec t  lexica l  decisio n time s fo r  word s i n th e 
activ e language .  I f  a  wor d ha d mor e orthographi c neighbor s 
i n th e othe r  languag e tha n it s own ,  i t  wa s recognize d mor e 
slowly . 

Evidenc e o f  cross-languag e interferenc e effect s ha s le d 
researcher s t o sugges t  tha t  th e bilingua l  ha s a  singl e se t  o f 
lexica l  representations ,  bu t  representation s tha t  ar e 
structure d b y a  combinatio n o f  languag e membershi p an d 
morpholog y (Grainge r  an d Dijkstra ,  1992 ;  Thomas ,  1997a , 
1997b ;  Dijkstr a an d va n Heuven ,  1998) .  Thi s approac h ha s 

bee n supporte d b y computationa l  modelin g withi n th e 
connectionis t  tradition . 

Two single route connectionist models. 

Singl e rout e connectionis t  model s hav e bee n pu t  forwar d 
withi n bot h th e interactiv e activatio n an d distribute d 
fi-ameworks. 

Grainge r  an d Dijkstr a (1992 )  propose d tha t  a  bilingua l 
versio n o f  th e interactiv e activatio n mode l  coul d accoun t  fo r 
th e cross-languag e neighborhoo d effect s foun d i n thei r 
lexica l  decisio n study .  Dijkstr a an d va n Heuve n (1998 ) 
implemente d a  versio n o f  thi s mode l  an d simulate d a 
number  o f  result s fro m experiment s wit h Dutch-Englis h 
bilingual s demonstratin g inhibitor y effect s o f  cross -
languag e neighborhoods .  Th e bilingua l  interactiv e 
activatio n mode l  ( B I A M )  contain s a n integrate d lexico n a t 
th e wor d uni t  level ,  wit h unit s fo r  th e word s i n bot h 
languages .  Al l  wor d unit s compet e wit h eac h othe r 
regardles s o f  th e languag e t o whic h the y belong .  I n 
addition ,  a n extr a representationa l  laye r  i s adde d whic h 
contain s tw o "languag e nodes" ,  on e representin g eac h 
language .  Th e unit s fo r  th e word s i n eac h languag e hav e 
excitator y connection s t o thei r  respectiv e languag e node . 
The languag e node s i n tur n hav e inhibitor y connection s t o 
th e wor d unit s o f  th e othe r  language .  Durin g recognition , 
excitatio n o f  th e wor d unit s o f  on e languag e wil l  inhibi t  th e 
activit y o f  th e wor d unit s i n th e othe r  language ,  vi a thei r 
languag e node .  I n thi s model ,  ther e i s a  singl e lexico n 
differentiate d onl y b y th e additio n o f  informatio n 
concernin g languag e membership . 

Thomas (1997a ,  1997b )  ha s pu t  forwar d a  distribute d 
model  o f  bilingua l  wor d recognition ,  base d o n a n extensio n 
t o Seidenber g an d McClelland' s (1989 )  fi-amework  fo r 
monolingua l  wor d recognitio n an d naming .  Th e Bilingua l 
Singl e Networ k (BSN )  mode l  postulate s a  singl e 
representationa l  resourc e t o perfor m eac h o f  th e mapping s 
betwee n orthography ,  phonology ,  an d semantic s fo r  bot h o f 
th e languages .  However ,  word s ar e tagge d fo r  languag e 
membershi p a s par t  o f  thei r  inpu t  an d outpu t 
representations . 

Th e B S N mode l  ca n accoun t  bot h fo r  empirica l  dat a 
suggestin g th e independenc e o f  lexica l  representation s 
(Frenc h an d Ohnesorge ,  1995 ;  Kirsne r  e t  al ,  1984) ,  an d als o 
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fo r  betwee n languag e interferenc e effect s (Cristoffanini , 
Kirsner ,  an d Milech ,  1986 ;  Gerar d an d Scarborough ,  1989 ; 
IClei n an d Doctor ,  1992) .  Fo r  example ,  i n generatin g th e 
semanti c outpu t  fo r  a  non-cognat e homograp h lik e FI N i n 
one o f  th e languages ,  th e mode l  show s a  frequenc y respons e 
determine d b y h o w ofte n th e mode l  i s traine d o n th e 
orthographi c cod e i n associatio n wit h th e appropriat e 
languag e code .  Thu s FI N woul d sho w a  withi n languag e 
frequency  respons e -  a  behavio r  take n t o sugges t 
independence .  However ,  whe n attemptin g t o lear n non -
cognat e homographs ,  th e networ k i s presente d wit h tw o 
mapping s tha t  ar e ver y simila r  a t  inpu t  bu t  dissimila r  a t 
outpu t  (i.e .  wor d for m +  languag e cod e a  = > meanin g a ; 
same wor d for m +  languag e cod e h  = > meanin g h) .  Suc h 
inconsisten t  mapping s ar e les s wel l  learn t  tha n consisten t 
mapping s wher e simila r  input s generat e simila r  outputs . 
Thus FI N woul d b e recognize d mor e slowl y an d les s 
accuratel y tha n matche d cognat e homograph s -  evidenc e o f 
interferenc e betwee n th e tw o language s a t  th e lexica l  level . 

The dual route model strikes back. 

We hav e seen ,  then ,  tw o model s whic h accoun t  fo r  th e 
cross-languag e interferenc e effect s apparentl y incompatibl e 
wit h th e traditiona l  dua l  rout e account .  However ,  a n 
alternativ e avenu e i s ope n t o th e dua l  rout e theoris t  whic h 
may allo w the m t o dea l  wit h thes e problemati c effects .  Th e 
dual  rout e theoris t  m a y propos e tha t  interferenc e effect s a t 
th e lexica l  leve l  aris e merel y fro m th e competitio n o f  tw o 
independen t  routes .  Thu s Sharwoo d Smit h (1991 ,  p .  16-17 ) 
comments : 

...evidence from crosslinguistic influence in language loss 
and languag e acquisition.. .  woul d sugges t  tha t  L I  an d 1 2 
knowledg e i s no t  rigidl y separate d an d tha t  knowledg e i n on e 
syste m ca n indee d affec t  th e shap e o f  knowledg e i n th e othe r 
What  thi s precisel y mean s wit h respec t  t o th e ide a o f 
autonom y o r  encapsulatio n is .  o f  course ,  theory-dependent . 
Sinc e knowledg e i s onl y "visible "  i n performance ,  an y 
crosslinguisti c influenc e betwee n L I  an d L 2 coul d stil l  b e th e 
on-lin e accessin g o f  wha t  ar e stil l  separat e systems ,  a s i n 
code-switching .  I n othe r  words ,  crosslinguisti c influenc e 
coul d b e a  purel y real-tim e contro l  phenomeno n 

In this version of the dual route model, the lexical 
representation s ar e stil l  functionall y independent ,  bu t  n o w 
any evidenc e o f  interferenc e betwee n th e tw o route s i s take n 
t o aris e becaus e th e route s wor k i n paralle l  an d bot h 
contribut e (fo r  goo d o r  bad )  t o th e overal l  response .  Fo r  th e 
dual  rout e theorist ,  evidenc e o f  betwee n languag e 
interferenc e i s evidenc e o f  a  failur e t o properl y contro l 
independen t  processin g mechanisms ,  no t  evidenc e tha t  ther e 
i s a  singl e representationa l  resource . 

I n ligh t  o f  thi s response ,  i t  i s  n o longe r  clea r  h o w w e m a y 
distinguis h betwee n singl e rout e an d dua l  rout e accounts . 

Four criteria to distinguish single route and 
d u a l  rou t e m o d e l s . 

The dua l  rout e theorist' s  respons e t o evidenc e o f  betwee n 
rout e interferenc e effect s i s foun d no t  onl y withi n bilingua l 

wor d recognition ,  bu t  als o withi n th e pas t  tens e debat e an d 
th e monolingua l  wor d recognitio n debate . 

I n th e pas t  tens e debate ,  th e clai m mad e fo r  th e singl e 
rout e mode l  i s tha t  a  singl e processin g mechanis m ca n 
produc e th e U-shape d learnin g characteristi c o f  childre n 
(e.g .  Plunket t  an d Marchman ,  1991) .  A  singl e connectionis t 
networ k demonstrate s over-generalizations ,  whereb y 
irregula r  pas t  tens e formation s (g o = > went )  ar e temporaril y 
treate d a s regula r  verb s (g o = > goed) ,  befor e additiona l 
trainin g draw s th e mode l  toward s overal l  competence . 
However ,  th e traditiona l  dua l  rout e accoun t  doe s no t  tak e 
suc h interferenc e a s evidenc e o f  a  singl e mechanism .  I t 
suggest s tha t  th e interferenc e effec t  arise s becaus e tw o 
independen t  mechanism s (on e fo r  regula r  pas t  tens e 
formations ,  on e fo r  irregula r  pas t  tens e formations )  ar e 
generatin g conflictin g responses ,  and ,  a t  a  certai n stag e i n 
development ,  ther e i s a  failur e t o contro l  th e mechanisms . 
For  a  brie f  period ,  th e irregula r  rout e fail s  t o 'block '  o r 
overrid e th e regula r  rout e (e.g .  Pinker ,  1994) . 

Wit h regar d t o monolingua l  naming ,  th e traditiona l 
accoun t  suggest s tha t  tw o processin g mechanism s ar e 
necessar y t o generat e th e pronunciatio n o f  a  writte n word . 
Th e wor d m a y b e recognize d an d it s store d pronunciatio n 
retrieve d (lexica l  route) .  O r  th e pronunciatio n m a y b e 
constructe d o n th e basi s o f  th e letter s tha t  mak e u p th e 
word ,  usin g a  se t  o f  rule s whic h conver t  letter s int o sound s 
( G P C route)' .  Th e singl e rout e mode l  (Plau t  e t  al ,  1996 ) 
suggest s tha t  a  singl e processin g mechanis m m a y achiev e 
bot h o f  thes e functions ,  tha t  is ,  stor e th e pronunciation s fo r 
writte n words ,  an d construc t  th e pronunciation s o f  lette r 
string s (a t  leas t  a s wel l  a s human s can) .  I n addition ,  th e 
singl e rout e mode l  ca n accoun t  fo r  consistenc y effects .  I n 
th e dua l  rout e model ,  pronunciation s fo r  lette r  string s suc h 
as Z A I D an d Z A K E ar e constructe d i n th e G P C route .  Ove r 
i n th e wor d store ,  i t  turn s ou t  tha t  whe n -AI D arise s withi n 
know n words ,  i t  doe s no t  generat e consisten t 
pronunciations :  M A I D ,  PAID ,  B R A I D etc .  bu t  als o SAID . 
On th e othe r  hand ,  whe n -AIC E appear s i n words ,  thi s 
segment  i s alway s pronounce d th e same :  B A K E ,  T A K E , 
W A K E,  S H A K E etc .  Th e interestin g thin g i s tha t  huma n 
subject s reliabl y sho w longe r  latencie s whe n namin g string s 
lik e Z A I D tha n the y d o whe n namin g string s lik e Z A K E 
(Glushko ,  1979) .  Presumably ,  thi s i s becaus e th e 
constructio n o f  th e pronunciatio n i s influence d b y th e fac t 
that ,  ove r  i n th e wor d store ,  ther e i s a  differenc e o f  opinio n 
abou t  -AI D word s bu t  no t  abou t  - A K E words . 

For  th e singl e rout e account ,  thi s interferenc e effec t  i s  t o 
be expected ,  sinc e bot h function s ar e realize d ove r  a  singl e 
representationa l  resource .  I n th e dua l  rout e account , 
constructio n o f  pronunciation s an d retrieva l  o f  store d 
pronunciation s occu r  i n independen t  mechanisms .  S o wher e 
doe s th e interferenc e effec t  com e from ? B y n o w w e ca n 
gues s th e response :  interferenc e i s th e resul t  o f  th e paralle l 
functio n o f  tw o independen t  mechanism s wher e bot h 
compet e t o generat e a  response .  Cohheart ,  Curtis ,  Atkins , 
and Haller ,  (1993 )  continu e "...becaus e competitio n 
increase s namin g latency ,  thi s i s a  wa y i n whic h a  pur e 

'  Ther e i s a  thir d rout e vi a semantic s whic h bot h 'dua l  route ' 
and 'singl e route '  account s agre e upon . 
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dual-rout e mode l  ca n explai n consistenc y effect s o n 
nonwor d (an d word )  namin g latency "  (p .  605) . 

Her e the n ar e thre e example s o f  singl e rout e /  dua l  rout e 
debate s i n whic h bot h side s ca n clai m t o provid e equall y 

vali d explanation s o f  th e data .  H o w ca n w e distinguis h 
betwee n thes e accounts ? I n th e nex t  section ,  1  wil l  discus s 
fou r  possibl e criteria : 

1. Are there between route interference effects in the 
empirica l  data ? 

2.  Ca n th e tw o route s b e dissociated ? 
3.  Ca n th e tw o route s b e acquire d independently ? 
4.  I s ther e evidenc e o f  paralle l  access ? 

1. Are there between route interference effects in 
th e empirica l  data ? 

Suc h interferenc e effect s migh t  b e take n a s suppor t  fo r 
th e singl e rout e account .  I t  seem s a  reasonabl e startin g poin t 

t o requir e that ,  i f  a  mode l  want s t o postulat e tw o 
independen t  mechanisms ,  the n durin g th e norma l 
functionin g o f  on e mechanism ,  ther e shoul d b e n o 
interferenc e fro m th e other .  Consistenc y effect s migh t  b e 
see n a s a  prototypica l  exampl e o f  a  betwee n rout e 
interferenc e effec t  supportin g a  singl e rout e model . 
Empirica l  evidenc e o f  consistenc y effect s ha s bee n foun d 
not  onl y i n namin g (Glushko ,  1979) ,  bu t  als o i n pas t  tens e 
formatio n (Seidenber g an d Bruck ,  1990) ,  an d i n bilingua l 
wor d recognitio n (Grainge r  an d Dijkstra ,  1992) .  However , 
i n th e ligh t  o f  th e precedin g discussion ,  thi s criterio n m a y 
wel l  prov e inconclusive :  dua l  rout e model s hav e a  wa y t o 
accoun t  fo r  betwee n rout e effects .  O n e migh t  merel y not e 
tha t  give n tha t  singl e rout e model s hav e provide d 
computationa l  account s o f  consistenc y data ,  th e onu s i s o n 
dual  rout e model s t o provid e a  computationa l  accoun t  o f 
h o w th e activit y o f  th e separat e route s m a y b e glue d 
togethe r  t o produc e th e requisit e interferenc e patterns .  Thu s 
far ,  suc h dua l  rout e computationa l  account s hav e bee n thi n 
on th e ground . 

2. Can the two routes be dissociated? 

A secon d possibl e criterio n t o distinguis h singl e rout e an d 
dual  rout e model s woul d b e th e presenc e o f  dissociation s 
betwee n th e tw o routes .  Evidenc e o f  dissociation s migh t 
suppor t  a  dua l  rout e account .  Pinke r  (1991 )  an d Colthear t  e t 

al  (1993 )  hav e pointe d t o cognitiv e neuropsychologica l 
evidenc e o f  doubl e dissociation s betwee n regula r  /  irregula r 
route s i n pas t  tense ,  an d lexica l  /  G P C route s i n naming .  I n 
th e bilingua l  case ,  ther e i s som e evidenc e o f  differentia l 
impairmen t  o f  languages ,  althoug h thi s generall y appear s t o 
be associate d wit h level s o f  proficienc y an d historie s o f 
acquisitio n (se e Paradis ,  1996 ;  Vai d an d Hall ,  1991) . 

For  thi s criterion ,  th e onu s i s o n singl e rout e model s t o 
sho w h o w damag e t o a  singl e mechanis m m a y lea d t o 
separat e impairmen t  t o on e o r  othe r  functio n (b e i t  regula r  / 
irregular ,  lexica l  /  G P C ,  o r  L I  /  L2) .  S o m e wor k ha s bee n 
carrie d ou t  i n th e lesionin g o f  distribute d networks ,  whic h 
has show n bot h th e potentia l  difficultie s i n thi s enterpris e 
(e.g .  Bullinari a an d Chater ,  1995 )  bu t  als o th e possibilit y  o f 
generatin g doubl e dissociation s i n suc h network s (Plaut , 
1995) . 

3.  C a n th e t w o route s b e acquire d independently ? 

Evidenc e tha t  route s ca n b e acquire d independentl y migh t 
suppor t  a  dua l  rout e account .  Thi s criterio n i s no t  usefull y 
applie d t o th e namin g o r  pas t  tens e debates ,  wher e bot h 
route s ar e acquire d mor e o r  les s simultaneously .  I n th e 
bilingua l  case ,  however ,  bot h simultaneou s an d sequentia l 
acquisitio n o f  language s ar e possible .  Moreover ,  sequentia l 
acquisitio n o f  tw o language s produce s a  functiona l  wor d 
recognitio n syste m no t  markedl y differen t  from  th e 
simultaneousl y acquire d syste m (Magiste ,  1984 ;  Potter ,  So , 
vo n Eckhardt ,  an d Feldman ,  1984) . 

Thi s place s constraint s o n a  singl e rout e model , 
particularl y on e usin g distribute d representations .  Althoug h 
th e bilingua l  interactiv e activatio n mode l  aim s onl y t o 
provid e a n accoun t  o f  final  stat e performance ,  th e 
distribute d networ k mode l  woul d hop e t o includ e a n 
accoun t  o f  acquisition .  However ,  i t  i s  wel l  know n tha t 
distribute d network s whic h ar e traine d sequentiall y  o n 
differen t  task s ca n experienc e interferenc e effect s betwee n 
th e firs t  an d secon d trainin g se t  (se e e.g .  McCloske y an d 
Cohen ,  1989) .  I n bilingua l  terms ,  thi s woul d predic t  damag e 
t o L I  durin g acquisitio n o f  L 2 Thi s doe s no t  appea r  t o b e a 
prominen t  characteristi c o f  secon d languag e acquisitio n 
(althoug h i t  i s  no t  clea r  tha t  anyon e ha s specificall y looke d 
fo r  suc h a n effect ,  fo r  instanc e unde r  condition s o f  intens e 
L 2 acquisition) . 

Give n th e apparen t  independenc e o f  acquisition ,  th e onu s 
her e i s o n th e singl e rout e mode l  t o sho w h o w a  singl e 
mechanis m ca n integrat e sequentiall y  acquire d functions .  A 
distribute d mode l  o f  bilingua l  wor d recognitio n employin g 
a singl e representationa l  resourc e fo r  bot h language s woul d 
nee d t o addres s th e sequentia l  learnin g problem .  Som e 
(limited )  progres s ha s bee n mad e o n thi s issu e (se e e.g . 
McClelland ,  McNaughton ,  an d O'Reilly ,  1995) ,  bu t  muc h 
remain s t o b e done .  I t  i s  wort h notin g tha t  thi s issu e i s no t 
limite d t o bilingua l  models .  Eve n a  distribute d monolingua l 
model  o f  wor d recognitio n need s t o establis h h o w 
vocabular y expansio n ca n progres s i n a  singl e mechanis m 
withou t  disruptio n o f  pre-store d distribute d knowledge . 

4. Is there evidence of parallel access? 

T o accoun t  fo r  betwee n rout e interferenc e effects ,  dua l 
rout e model s emplo y th e notio n o f  paralle l  access .  Bot h 
route s ar e workin g a t  once ,  an d thei r  combinatio n cause s 
interference .  I t  i s  importan t  t o not e tha t  i n a  singl e rout e 
model ,  suc h paralle l  acces s i s no t  possible :  ther e i s onl y a 
singl e representationa l  system ,  whic h m a y tak e o n differen t 
form s i n differen t  context s (regula r  vs .  irregular ,  lexica l  vs . 
G P C,  L I  vs .  L2) .  Evidenc e whic h demonstrate s tha t  paralle l 
acces s mus t  hav e occurre d woul d b e evidenc e fo r  a  dua l 
rout e model . 

We hav e t o b e reasonabl y careful ,  here ,  i n wha t  w e accep t 
as pertinen t  empirica l  evidence .  Fo r  example ,  monolingua l 
researc h o n h o w th e meaning s o f  ambiguou s word s ar e 
retrieve d ha s suggeste d tha t  durin g wor d recognition ,  bot h 
meaning s o f  a n ambiguou s wor d ar e initiall y  accessed ,  bu t 
tha t  onl y on e meanin g remain s activ e afte r  a  dela y 
(Seidenberg ,  Tanenhaus ,  Leiman ,  an d Bienkowski ,  1982 , 
Experimen t  1) .  W e coul d tak e thi s t o mea n tha t  ther e ar e 
tw o independen t  representation s o f  wor d meanin g accesse d 
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i n parallel ,  on e o f  whic h i s subsequentl y suppressed . 
However ,  usin g a  recurren t  connectionis t  network , 
JCawamoto (1993 )  demonstrate d tha t  th e empirica l  result s 
take n t o sugges t  suc h paralle l  acces s coul d b e simulate d b y 
a distribute d syste m wher e bot h meaning s wer e represente d 
ove r  th e sam e representationa l  resource . 

Evidenc e fo r  paralle l  acces s migh t  wor k a s follows .  A 
subjec t  i s require d t o perfor m som e tas k whic h shoul d onl y 
invok e activit y i n on e o f  th e 'routes '  I n th e dua l  rout e 
account ,  thi s tas k mus t  hav e als o activate d th e othe r  rout e 
(t o potentiall y  caus e interferenc e effects) .  W e the n attemp t 
t o searc h fo r  som e residu e o f  th e activit y i n th e secon d 
route .  O n e candidat e residu e woul d b e a  primin g effect .  A s 
an illustratio n o f  thi s approach ,  1  wil l  briefl y discus s a n 
empirica l  stud y carrie d ou t  t o evaluat e th e dua l  rout e mode l 
of  bilingua l  wor d recognitio n (se e Thomas ,  1997a ,  fo r 
furthe r  details) . 

Empirical study: a test of the parallel access 
criterio n i n bil ingua l  w o r d recogni t ion . 

I n th e languag e exclusiv e bilingua l  lexica l  decisio n task , 
one o f  th e subject' s language s i s define d a s active .  Th e 
subjec t  i s  the n require d t o separat e word s fro m plausibl e 
lette r  strings ,  bu t  t o respon d positivel y onl y t o stimul i  tha t 
ar e word s i n th e currentl y activ e language .  I f  a  lette r  strin g 
appear s whic h i s a  wor d i n th e currentl y inactiv e language , 
thi s shoul d b e rejecte d a s i f  i t  wer e a  non-word . 

I n th e standar d monolingua l  lexica l  decisio n task ,  i f 
stimul i  ar e repeate d afte r  a  ga p o f  2 0 o r  s o trials ,  response s 
t o word s ar e accelerated ,  bu t  plausibl e lette r  string s gai n 
littl e from  repetitio n (Scarborough ,  Cortese ,  an d 
Scarborough ,  1977) .  Thi s primin g effec t  i s  assume d t o aris e 
becaus e accessin g th e wor d representatio n o n th e first 
occasio n make s subsequen t  acces s easier .  Plausibl e lette r 
string s o n th e othe r  hand ,  ar e assume d no t  t o hav e a 
representatio n i n th e lexico n tha t  ca n b e s o facilitated . 

I n th e curren t  experiment ,  stimul i  wer e blocke d int o set s 
of  50 .  Th e activ e languag e alternate d betwee n eac h block . 
Stimul i  wer e repeate d eithe r  withi n a  bloc k (i.e .  withi n a 
language )  o r  acros s block s (betwee n th e languages) . 

Let  u s tak e a  give n wor d from  L I ;  w e wil l  focu s o n th e 
situatio n wher e th e secon d presentatio n o f  th e L I  wor d 
occur s i n a  bloc k wher e L I  i s  th e activ e language ,  an d thu s 
wher e th e stimulu s shoul d b e accepte d a s a  word .  Th e firs t 
presentatio n o f  thi s wor d m a y eithe r  hav e occurre d whe n 
th e subjec t  wa s als o respondin g accordin g t o L I ;  o r  i t  m a y 
hav e occurre d whe n th e subjec t  wa s respondin g accordin g 
t o L2 ,  wher e (assumin g th e wor d for m doe s no t  als o exis t  i n 
L2 )  i t  shoul d hav e bee n rejecte d a s a  nonword .  N o w 
accordin g t o th e dua l  rout e model ,  al l  wor d recognitio n 
shoul d activat e bot h route s i n parallel .  S o lon g a s accessin g 
a word' s representatio n cause s late r  acces s t o b e facilitated , 
i t  shouldn' t  matte r  whethe r  th e wor d wa s firs t  viewe d i n a n 
LI  contex t  o r  a n L 2 context .  Paralle l  acces s predict s tha t  th e 
primin g effec t  shoul d b e th e same . 

An experimen t  wa s ru n accordin g t o thi s desig n usin g 1 6 
tmdergraduat e English-Frenc h bilinguals ,  whos e nativ e 
languag e wa s English ,  bu t  w h o ha d studie d Frenc h a t  leas t 
unti l  ag e 18 .  Hal f  o f  th e subject s wer e als o studyin g Frenc h 

at  undergraduat e level ^  I n orde r  t o ensur e tha t  subject s di d 
not  develo p a  strateg y base d o n th e orthographi c 
characteristic s o f  stimuli ,  al l  stimul i  forme d 
orthographicall y lega l  string s i n bot h languages . 

Tabl e I  show s th e result s fo r  repetition s o f  Englis h an d 
Frenc h word s eithe r  withi n languag e o r  betwee n languages . 
For  Englis h words ,  i n th e subjects '  dominan t  language , 
withi n languag e repetitio n cause d th e expecte d primin g 
effec t  (5 6 msec ,  p=0.031) .  O n th e othe r  hand ,  previe w o f  a n 
Englis h wor d fro m a  Frenc h languag e contex t  di d no t  caus e 
any facilitatio n a t  al l  (p>0.5) .  Fo r  French ,  th e subjects ' 
weake r  language ,  withi n languag e repetitio n agai n cause d 
th e expecte d primin g effec t  (9 5 msec ,  p<0.001) .  O n thi s 
occasion ,  previe w o f  a  Frenc h wor d from  a n Englis h 
languag e contex t  di d caus e a  significan t  facilitatio n effec t 
(5 3 msec ,  p=0.035) ,  bu t  a  smalle r  effec t  tha n th e withi n 
languag e repetition .  Overall ,  betwee n languag e primin g 
effect s wer e significantl y smalle r  tha n withi n languag e 
effect s (simpl e factoria l  anova ,  F (  1,3)=4.39 ,  p=0.036) . 

Table 1: Within and between language word repetition. 

l-nglis h words . 

Presentatio n contex t 
Prim e targe t 

Englis h Englvi h 
Frenc h Englis h 

Respons e Tim e (msecs ) 
Unprime d Prime d 

63 0 57 4 
63 0 64 6 

DitT . 

56 
-1 6 

t-tes t 
p-valu e 
0.03 1 
0.5S 9 

Frenc h word s 

Presentatio n contex t 
Prim e Targe t 

French  Frenc h 
Englis h Frenc h 

Respons e Tim e (msecs ) 
Unprime d Prime d 

66 9 57 4 
66 9 61 7 

Diff . 

95 
53 

t-tes t 
p-valu e 
0.00 0 
0.03 5 

I n term s o f  th e dua l  rout e model ,  th e simples t 
interpretatio n o f  thes e result s i s tha t  recognitio n i n L I  i s 
associate d wit h som e limite d paralle l  acces s o f  th e L 2 
lexicon ,  bu t  tha t  recognitio n i n L 2 i s no t  associate d wit h 
an y paralle l  acces s o f  LI .  However ,  thi s interpretatio n i s 
not  consisten t  wit h th e explanatio n th e dua l  rout e mode l 
give s fo r  a n interferenc e effec t  w e encountere d earlier . 
CristofFanin i  e t  a l  an d Gerar d an d Scarboroug h foun d tha t 
lo w frequency  L 2 cognat e homograph s experience d a 
facilitatio n effec t  i n th e lexica l  decisio n tas k compare d t o 
matche d words .  Fo r  th e dua l  rout e model ,  thi s woul d impl y 
that ,  tha t  sinc e th e wor d exist s i n bot h routes ,  durin g 
recognitio n i n L 2 ,  paralle l  acces s o f  L I  i s  indee d require d t o 
produce d th e facilitatio n effect . 

Conclusion. 

Connectionis t  model s o f  bilingua l  wor d recognitio n ar e a n 
excitin g prospect .  I t  i s  clea r  from  th e criteri a reviewe d here , 
tha t  singl e rout e model s i n thi s domai n stil l  mus t  overcom e 
a numbe r  o f  hurdle s t o establis h superiorit y ove r  traditiona l 
dual  rout e accounts .  Nevertheless ,  wit h regar d t o on e 
criterion ,  w e sa w empirica l  evidenc e agains t  a  dua l  rout e 

'  Thes e subject s ma y mor e properl y b e referre d t o a s secon d 
languag e learners ,  bu t  se e discussio n o f  criterio n 3 . 
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accoun t  o f  betwee n rout e interferenc e effects ,  effect s whic h 
singl e rout e model s ca n hancU e wit h ease . 
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Abst rac t 

Much of the research on scientific reasoning has investi-
gate d th e us e o f  explicit ,  hypothesis-testin g strategies . 
However ,  ther e i s evidenc e tha t  scientifi c  reasonin g prob -
lem s ca n b e solve d b y exploratio n o f  th e experimen t  space . 
Thi s stud y investigate s th e strategie s b y whic h peopl e ex -
plor e th e experimen t  space .  W e examin e th e relationshi p 
betwee n th e systematicit y o f  thi s searc h an d successfu l  per -
formanc e an d find  tha t  improve d problem-solvin g ma y b e a 
functio n o f  systemati c dat a collectio n strategies . 

I n t r o d u c t i o n 

The processe s underlyin g successfu l  performanc e o n scien -
tifi c  reasonin g task s represen t  a n importan t  skill ,  o r  se t  o f 
skills ,  tha t  ar e crucia l  fo r  student s o f  scienc e a t  al l  level s i n 
al l  discipline s t o acquire .  However ,  th e precis e natur e o f 
thes e skills ,  a s wel l  a s th e exten t  t o whic h the y migh t  trans -
fe r  acros s scientifi c  domains ,  i s  stil l  a n ope n question . 

One o f  th e primar y theoretica l  framework s i n whic h scien -
tifi c  reasonin g ha s bee n studie d i s Klah r  an d Dunbar' s (1988 ) 
characterizatio n o f  scientifi c  reasonin g a s a  searc h i n tw o 
proble m spaces ,  a  hypothesi s spac e an d a n experimen t  space . 
Althoug h recentl y th e exac t  numbe r  an d natur e o f  th e searc h 
space s ha s becom e a  matte r  fo r  debat e (Bake r  &  Dunbar , 
1996 ;  Schun n &  Klahr ,  1995) ,  th e distinctio n betwee n hy -
pothesis-formatio n an d experimentatio n ha s remained . 

Klah r  an d Dunba r  (1988 )  analyze d participants '  perform -
anc e i n figuring  ou t  h o w th e repea t  ke y worke d o n a  pro -
grammabl e robo t  (BigTrak) .  The y identifie d tw o type s o f 
participants ,  characterize d b y difference s i n th e wa y the y 
searche d th e differen t  spaces .  Participant s workin g i n th e 
hypothesi s spac e (calle d theorists )  wer e abl e t o for m ne w 
hypothese s b y searchin g memory .  The y state d an d teste d 
hypothese s mor e frequentl y tha n participant s w h o worke d i n 
th e experimen t  space .  O n th e othe r  hand ,  participant s work -
in g i n th e experimen t  spac e (calle d experimenters )  state d 
fewe r  explici t  hypotheses ,  conducte d mor e experiments ,  an d 
too k longe r  t o find  th e solution .  Furthermore ,  the y forme d 
th e correc t  hypothesi s onl y a s a  resul t  o f  runnin g experi -
ments .  Interestingly ,  however ,  th e experimenter s wer e ulti -
matel y a s successfu l  i n solvin g th e proble m a s th e theorists . 

Most  researc h o n scientifi c  reasonin g ha s focuse d o n ex -
plici t  hypothesis-testin g strategie s an d ca n thu s b e associate d 

wit h performanc e i n th e hypothesi s space .  I n orde r  t o under -
stan d wha t  differentiate s successfu l  fro m unsuccessfu l  per -
formance ,  m a n y researcher s hav e examine d th e explici t  hy -
pothesis-testin g strategie s b y whic h peopl e attemp t  t o solv e 
scientifi c  reasonin g tasks .  Severa l  suc h strategie s hav e bee n 
identified ,  includin g th e varying-one-thing-at- a tim e strategy , 
or  V O T A T (Tschirgi ,  1980) ,  whic h involve s holdin g al l 
variable s constan t  excep t  one . 

Of  al l  explici t  hypothesis-testin g strategies ,  V O T A T i s 
th e onl y consistentl y effectiv e strategy .  I t  ha s bee n closel y 
associate d wit h successfu l  performanc e (VoUmeye r  e t  al . 
1996 ;  Shut e &  Glaser ,  1990) .  Fo r  example ,  Shut e an d 
Glase r  foun d tha t  i n usin g a n economic s microworl d t o 
"discover "  th e law s o f  suppl y an d demand ,  mor e successfu l 
participant s typicall y change d onl y on e variabl e a t  a  time . 
Vollmeye r  e t  al .  ha d participant s discove r  th e relationship s 
among variable s i n a  biolog y task .  A s participant s shifte d t o 
th e V O T A T strategy ,  th e numbe r  o f  correc t  answer s in -
creased . 

Th e hypothesis-testin g strateg y peopl e us e t o solv e thi s 
typ e o f  tas k i s thu s a n importan t  par t  o f  successfu l  perform -
ance .  A s Vollmeye r  e t  al .  (1996 )  explain ,  V O T A T i s a n 
effectiv e strategy ,  becaus e i t  "allow s th e logica l  disconfirma -
tio n o f  alternativ e hypotheses. "  However ,  m a n y o f  th e ex -
periment s conducte d b y th e experimenter s i n Klah r  an d Dun -
bar' s (1988 )  BigTra k stud y wer e no t  designe d t o tes t  a n ex -
plici t  hypothesis ,  an d ye t  thes e participant s wer e stil l  abl e t o 
solv e th e proble m correctly .  Thi s suggest s ther e m a y b e a 
distinctio n betwee n thei r  dat a collectio n an d thei r  interpretiv e 
strategies .  Tschirg i  (1980 )  als o suggest s tha t  adults ,  a s wel l 
as children ,  manifes t  thi s sam e separation .  Sh e propose s tha t 
peopl e d o no t  necessaril y  analyz e th e logica l  underpinning s 
of  thei r  experimentation . 

S o me researc h ha s explore d th e characteristic s o f  perform -
anc e i n th e experimen t  spac e (e.g .  Klahr ,  Dunbar ,  &  Fay , 
1990) ,  ye t  a  numbe r  o f  question s arise .  W h e n peopl e explor e 
th e experimen t  spac e withou t  explicitl y  usin g a  hypothesis -
testin g strategy ,  h o w ar e the y abl e t o solv e scientifi c  reason -
in g problem s successfully ? Ar e ther e pattern s o f  behavio r  i n 
gatherin g dat a tha t  ar e associate d wit h bein g abl e t o interpre t 
and explai n thos e dat a appropriately ? Ther e i s s o m e evidenc e 
tha t  thi s migh t  b e th e case ;  fo r  example ,  Shute ,  Glaser ,  an d 
Raghava n (1989 )  analyze d performanc e o f  tw o successfu l  an d 
tw o unsuccessfu l  participant s i n Smithtown ,  a n economic s 
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You hav e take n a  summe r  jo b a t  a n amusemen t  parte ,  wortcin g o n th e rollercoaste r  ride .  Th e 
roilercoaste r  i s operate d b y thre e switches ,  whic h mus t  ai l  b e se t  fo r  th e rid e t o operate .  Th e 
rollercoaste r  wil l  giv e th e part e visitor s differen t  rides ,  dependin g o n ho w thes e switche s ar e 
set .  O n e o f  th e switches ,  however ,  serve s a  difTeren t  function ,  an d ha s n o efTec t  o n th e kin d o f 
ride .  Befor e yo u ar e allowe d t o begi n operatin g th e rollercoaster ,  yo u mus t  figur e ou t  whic h o f 
th e switche s doe s no t  alTec t  th e ride .  Se t  eac h o f  th e switches ,  the n clic k Ru n Rollercoaste r  t o 
se e ho w th e rollercoaste r  goes .  W h e n yo u ar e read y t o ente r  you r  answer ,  clic k SOLVE. 

1st  Switc h 2n d Switc h 3r d Switc h 

RIGHT 

LEFT LEF T LEF T loopin g upside-dow n rid e 
LEFT LEF T RIGH T loopin g very-fas t  rid e 

n 

•Ri e 3r d switc h i s upside-dow n o r  very-fas t 

Run Rollercoaste r  S O L V E 

Figur e 1 :  Screensho t  o f  interfac e 

microworld ,  an d foun d tha i  i n additio n t o effectiv e thinkin g 
an d planning ,  efficienc y i n dat a managemen t  wa s associate d 
wit h mor e successfu l  performance .  Thei r  result s sugges t  tha t 
th e metho d b y whic h peopl e collec t  dat a i s indee d important . 

Th e presen t  stud y explore s th e relationshi p betwee n explo -
ratio n i n th e experimen t  spac e an d performance .  Specifically , 
we wante d t o determin e whethe r  dat a collectio n skill s ar e 
separat e fro m explici t  hypothesis-testin g strategie s suc h a s 
V O T AT an d t o determin e whethe r  systemati c dat a collectio n 
i s relate d t o successfu l  performance . 

We chos e a  tas k fo r  whic h th e experimen t  spac e wa s con -
straine d an d quit e small ,  s o tha t  participant s woul d no t  fin d 
th e tas k to o comple x t o solve .  Pilo t  test s indicate d tha t  al -
thoug h th e tas k involve d onl y thre e variables ,  solvin g i t  wa s 
not  trivia l  fo r  ou r  participants .  Th e smal l  experimen t  spac e 
has th e furthe r  advantag e o f  makin g i t  easie r  t o determin e th e 
systematicit y wit h whic h participant s collec t  thei r  data . 

We als o wante d t o explor e h o w thes e dat a collectio n 
strategie s ar e use d whe n participant s solv e th e sam e tas k 
mor e tha n on e tim e an d whethe r  the y transfe r  fro m on e tas k 
t o another .  Consequently ,  ther e wer e tw o condition s i n th e 
study ,  a n identica l  tas k conditio n an d a n isomorphi c tas k 
condition ,  t o stud y strateg y transfer . 

Metho d 

Participant s 

Participant s wer e 3 0 Georg e M a s o n Universit y undergradu -
ate s (1 6 male s an d 1 4 females) ,  w h o receive d cours e credi t 
fo r  thei r  participation .  Participant s wer e randoml y assigne d 
t o on e o f  tw o conditions .  Protoco l  dat a fro m five  partici -
pant s wa s los t  becaus e o f  equipmen t  failures ;  dat a fro m thes e 
participant s wa s no t  include d i n th e analysis . 

Materials 

Fiv e isomorphi c task s wer e developed ,  base d o n a n adajto -
tio n o f  a  tas k fro m Siegle r  an d Atla s (1976) .  A s a n example , 
i n on e tas k participant s wer e aske d t o solv e a  proble m abou t 
a rollercoaster .  Th e rollercoaste r  wa s operate d b y thre e 
switche s an d gav e a  differen t  ride ,  dependin g o n h o w th e 
switche s wer e set .  Althoug h al l  thre e switche s ha d t o b e se t 
fo r  th e rollercoaste r  t o work ,  on e o f  th e switche s di d no t 
affec t  th e kin d o f  ride .  Th e tas k wa s t o identif y whic h switc h 
di d no t  affec t  th e rollercoaste r  ride .  Eac h switc h ha d tw o pos -
sibl e setting s (lef t  o r  right) ;  participant s ha d t o selec t  a  set -
tin g fo r  eac h o f  th e thre e switches ,  the n ru n th e rollercoaster . 
Th e resultin g rid e wa s represente d o n th e compute r  screen . 
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We refe r  t o eac h episod e i n whic h participant s se t  th e vari -
able s an d observe d th e resul t  a s a n experimen t 

Participant s coul d ru n a s man y experiment s a s the y 
wished ,  an d th e interfac e include d a  "notepad "  o n whic h the y 
coul d typ e comment s i f  the y chose .  Figur e 1  show s a  sca-c n 
snapsho t  o f  th e rollercoaste r  task .  Th e interfac e wa s th e 
same fo r  eac h task ;  onl y th e instructions ,  variables ,  an d an -
swer  wer e differen t  acros s tasks .  W e use d th e sam e interfac e 
t o avoi d an y interactio n betwee n performanc e an d interface . 

A differen t  cove r  stor y wa s develope d fo r  fou r  additiona l 
task s i n differen t  domains .  Th e task s wer e isomorphi c i n 
tha t  the y share d th e sam e dee p structur e an d coul d b e solve d 
by applyin g identica l  procedure s (Simo n &  Hayes ,  1976) . 
For  eac h task ,  ther e wer e thre e possibl e causa l  variables , 
eac h wit h tw o settings .  O n e variabl e ha d n o effect ,  an d th e 
tas k wa s t o identif y tha t  variable .  Th e optima l  solutio n 
strateg y i n eac h tas k wa s t o tes t  eac h variabl e b y changin g 
it s setting ,  whil e holdin g th e othe r  variable s constant .  I f  th e 
resul t  wa s th e sam e i n bot h experiments ,  on e coul d deduc e 
tha t  th e variabl e ha d n o effect .  I f  th e resul t  wa s different ,  on e 
coul d infe r  tha t  tha t  variabl e di d hav e a n effec t  an d tes t  an -
othe r  variabl e i n th e sam e way .  Thus ,  fo r  eac h task ,  ther e 
was a  hypothesi s spac e consistin g o f  thre e variable s an d a n 
experimen t  spac e consistin g o f  eigh t  cell s representin g eigh t 
differen t  combination s a m o n g thos e variables . 

Design 

Ther e wer e tw o condition s i n thi s study :  a  "sam e task "  con -
dition ,  (hereafte r  referre d t o a s th e identica l  condition) ,  an d a n 
"isomorph "  condition .  Ther e wer e five  differen t  tasks .  I n th e 
identica l  condition ,  participant s wer e aske d t o solv e th e sam e 
tas k five  times .  Eac h cove r  stor y wa s give n t o thre e partici -
pant s i n thi s condition .  I n th e isomorp h condition ,  partici -
pant s wer e aske d t o solv e a  serie s o f  five  isomorphi c tasks , 
one eac h o f  th e five  task s use d i n th e identica l  condition . 
The task s wer e partiall y  counterbalanced ,  s o tha t  eac h tas k 
appeare d thre e time s i n th e las t  positio n o f  th e sequence .  Th e 
correc t  solutio n fo r  eac h tas k wa s randoml y generate d i n 
bot h conditions . 

Measures 

Keystrok e dat a wa s collecte d an d time-stampe d a s partici -
pant s solve d th e tasks .  I n addition ,  verba l  protocol s o f  th e 
entir e tas k sequenc e wer e collecte d (Ericsso n &  Simon , 
1984) .  Verba l  protocol s wer e code d a s describe d below . 

T wo measure s o f  solutio n correctnes s wer e used .  Th e first 
was generate d fro m th e keystrok e dat a an d measure d onl y 
whethe r  th e solutio n entere d wa s correc t  (righ t  answer) .  Be -
caus e o f  th e hig h probabilit y  (.33 )  tha t  a  correc t  answe r 
coul d b e chose n b y chance ,  a  secon d measur e (righ t  an -
swer/righ t  reasoning )  wa s develope d usin g th e verba l  proto -
cols .  Thi s measur e identifie d correc t  solution s fo r  whic h 
ther e wa s evidenc e o f  explicitl y  verbalize d correc t  reasoning . 

I n orde r  t o investigat e th e participants '  us e o f  th e hy -
pothesi s space ,  verba l  protocol s wer e als o code d fo r  explici t 
hypothesis-testin g strategie s used ,  specificall y whethe r  th e 
V O T AT strateg y wa s adopted .  A  participan t  wa s code d a s 
usin g th e V O T A T strateg y onl y i f  h e o r  sh e explicitl y  ver -
balize d thi s strategy .  I n addition ,  a s a  measur e o f  activit y i n 

th e hypothesi s space ,  protocol s wer e code d fo r  identificatio n 
of  a n a  prior i  plan . 

An importan t  componen t  o f  th e tas k wa s recognizin g tha t 
th e result s o f  tw o differen t  experiment s wer e th e same .  W e 
use d th e verba l  protocol s t o cod e whethe r  participant s no -
tice d this ,  an d i f  so ,  o n wha t  experiment .  Tabl e 1  show s th e 
codin g schem e used ,  wit h example s fro m th e protocols . 

Table 1: Coding scheme 

I D 
205 

107 

203 
204 

Code 

right  answer / 
right  reaso n 
(a t  solution ) 

VOTAT 

pla n 

notice-2-sam e 

Utteranc e 

Thir d switch ,  becaus e th e first 2 
ar e th e same ,  th e thir d i s differ -
ent ,  an d i t  doesn' t  chang e 

I  jus t  hav e t o kee p 2  th e sam e 
and chang e on e an d se e i f  it' s 
differen t 

So I  nee d t o tes t  th e switche s 

It' s  th e sam e ride 

I n orde r  t o investigat e th e strategie s b y whic h participant s 
explore d th e experimen t  space ,  protocol s wer e code d fo r  sys -
tematicit y o f  dat a collection .  Recal l  tha t  th e experimen t 
spac e consiste d o f  eigh t  possibl e combination s o f  variable s 
tha t  participant s coul d selec t  an d test .  The y coul d ru n a s fe w 
or  a s man y experiment s a s the y chose ,  an d experiment s 
coul d b e repeate d o r  duplicated .  Fo r  dat a collectio n t o b e 
code d a s systematic ,  7 5 % o r  mor e o f  th e experiment s chose n 
had t o confor m t o a  discernibl e pattern . 
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Figur e 2 :  Systemati c strategie s 

Several different patterns of data collection emerged. Fig-
ur e 2  show s a n exampl e o f  a  systemati c dat a collectio n strat -
egy .  S o m e participant s recognize d tha t  ther e wer e eigh t  pos -
sibl e combination s an d organize d thei r  dat a b y conductin g al l 
fou r  experiment s wit h on e variabl e a t  on e settin g befor e 
conductin g a  secon d bloc k o f  fou r  experiment s wit h tha t 
variabl e a t  it s  secon d setting .  Often ,  th e secon d bloc k o f 
experiment s wa s ordere d i n exactl y th e sam e w a y a s th e first. 
Thi s strategy ,  an d variant s o f  it ,  wer e code d a s systematic . 

Thi s typ e o f  systemati c strateg y m a y see m lik e th e 
V O T AT strategy ,  i n tha t  onl y on e variabl e i s change d a t  a 
time .  However ,  i t  differ s fro m th e V O T A T strateg y i n tw o 
importan t  ways .  First ,  participant s di d no t  explicitl y  stat e 
tha t  the y wer e usin g V O T A T .  Second ,  participant s contin -
ued t o ru n mor e experiment s afte r  changin g eac h o f  th e vari -
ables .  I f  the y ha d bee n usin g V O T A T ,  a n explici t  hypothe -
sis-testin g strategy ,  the y woul d no t  presumabl y hav e con -
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tinue d wit h thes e extraneou s experiments . 
S o me participant s simpl y trie d variou s combination s 

withou t  clos e attentio n t o prio r  experiments .  Suc h a  strateg y 
was characterize d b y duplication s o f  experiment s whic h fine-
quentl y wen t  unnoticed .  Other s attempte d t o find  ne w com -
bination s an d avoi d duplication s o n a n a d ho c basi s (i.e. , 
experimen t  b y experiment) .  Other s realize d ther e wer e eigh t 
combination s an d trie d t o find  al l  o f  them ,  again ,  o n a n a d 

ho c basis .  Thes e tw o las t  approache s wer e characterize d b y 
participant s searchin g th e record s o f  prio r  experiment s t o se e 
i f  the y ha d alread y trie d a  give n combination .  I n th e las t 
approach ,  participant s searche d th e dat a t o se e i f  the y ha d 
teste d al l  th e combinations .  Th e strategie s describe d abov e 
wer e code d a s unsystematic . 

T o date ,  onl y on e code r  ha s code d th e protocols ;  conse -
quently ,  n o inter-rate r  reliabilit y  score s wil l  b e reported . 

Procedure 

Participant s wer e traine d o n th e talk-alou d proces s an d o n th e 
feature s o f  th e interfac e use d fo r  th e experimenta l  tas k (i.e. , 
h o w t o se t  variables ,  ru n experiments ,  read  th e results ,  an d 
us e th e notepad) .  W h e n participant s understoo d th e interface , 
the y bega n th e experimenta l  task .  The y proceede d throug h 
th e serie s o f  five  task s withou t  receivin g feedbac k a s t o 
whethe r  thei r  solution s wer e correct . 

Results and Discussion 

We first  analyze d th e tim e i t  too k participant s i n eac h condi -
tio n t o complet e th e serie s o f  five  tasks .  Th e mea n comple -
tio n tim e fo r  th e identica l  conditio n wa s 2 3 minute s 4 4 sec -
onds ,  an d fo r  th e isomorp h conditio n i t  wa s 3 0 minute s 2 0 
seconds .  I t  i s  mos t  likel y tha t  participant s i n th e identica l 
conditio n too k les s tim e t o solv e th e tas k becaus e the y di d 
not  nee d t o re-read  th e tas k instruction s ever y time .  H o w -
ever ,  i n genera l  thes e time s ar e no t  ver y informative ,  be -
caus e w e wer e collectin g verba l  protocols . 

Correct Solution 

We analyze d performance ,  measure d b y th e numbe r  o f  correc t 
solution s accordin g t o th e keystrok e data .  Th e identica l  con -
ditio n showe d littl e i f  an y improvement ;  mean s fo r  task s 1 
throug h 5  were ,  respectively ,  .72 ,  .45 ,  .45 ,  .63 ,  .6 3 ( N = 
11) .  I n th e isomorp h condition ,  performanc e improved , 
show n b y a n increas e i n th e m e a n correct .  Respectiv e mean s 
fo r  task s 1  throug h 5  i n th e isomorp h conditio n wer e .64 , 
.78 ,  .71 ,  .92 ,  an d .9 2 ( N =  14) . 

Becaus e o f  th e hig h probabilit y  o f  a  correc t  answer' s bein g 
chose n b y chance ,  w e analyze d performanc e usin g th e righ t 
answer/righ t  reaso n measur e describe d above .  Not e tha t  al l 
furthe r  analyse s o f  correctnes s us e thi s measure . 

Again ,  i n th e identica l  condition ,  performanc e di d no t  im -
prove ;  mean s fo r  task s 1  throug h 5  wer e .45 ,  .36 ,  .27 ,  .36 , 
and .45 ,  respectivel y ( N =  11) .  I n th e isomorp h conditio n 
performanc e improve d a s participant s progresse d throug h th e 
tasks ;  mean s correc t  wer e .29 ,  .50 ,  .42 ,  .79 ,  an d .71 ,  respec-
tivel y ( N =  14) .  A  tes t  fo r  increasin g linearit y showe d tha t 
fo r  participant s i n th e isomorp h condition ,  performanc e im -
prove d i n a  linea r  fashio n a s the y progresse d throug h th e 
serie s o f  five  tasks ,  F ( l ,  13 )  =  13.42 ,  M S e = .16,/ ? <  .05 . 

W hy didn' t  performanc e i n th e identica l  conditio n im -
prove ? Th e protocol s sugges t  tw o possibl e reasons .  First , 

becaus e ther e wa s n o feedback ,  som e participant s though t 
tha t  whe n th e sam e tas k appeare d i t  mean t  the y ha d go t  th e 
answe r  wrong .  S o m e participant s di d no t  recogniz e tha t  th e 
task s wer e independen t  o f  on e anothe r  an d consequentl y une d 

t o carr y informatio n fro m on e tas k ove r  int o another .  Fo r 
example ,  i f  the y chos e th e first  variabl e o n th e first  task , 
the y though t  tha t  th e first  variabl e wa s no t  th e correc t  solu -

tio n fo r  th e nex t  task ,  regardles s o f  wha t  th e dat a indicated . 
Second ,  th e verba l  protocol s sugges t  tha t  som e partici -

pant s i n thi s conditio n bega n wit h a  poo r  representatio n o f 
th e task .  The y neve r  revise d thi s representation ,  s o the y kep t 
gettin g th e answe r  wrong .  O n th e othe r  hand ,  i f  a  participan t 
bega n wit h a n appropriat e representatio n o f  th e task ,  h e o r 

she coul d begi n b y solvin g th e tas k correctl y an d woul d the n 
continu e wit h correc t  performance .  I n eithe r  case ,  ther e 
woul d no t  b e a n increas e i n th e numbe r  o f  correc t  solutions . 

I f  thi s wer e th e case ,  w e woul d expec t  th e majorit y o f  par -
ticipant s i n th e identica l  conditio n t o hav e go t  almos t  al l  th e 
task s eithe r  incorrec t  o r  correct .  I n fact ,  th e participant s wh o 
eithe r  go t  fou r  o r  five  o f  th e task s wron g o r  go t  al l  five  o f 
th e task s righ t  accoun t  fo r  ove r  8 0 % o f  th e participant s i n 
th e identica l  condition .  I t  woul d appea r  the n tha t  eithe r  thes e 
participant s starte d ou t  wel l  an d continue d wel l  o r  the y 
starte d badly ,  go t  stuc k i n a  rut ,  an d perseverate d o n thei r 
strateg y becaus e th e tas k di d no t  change .  Participant s i n th e 
isomorp h conditio n di d no t  hav e thes e problems .  Th e lac k o f 
feedbac k di d no t  affec t  the m i n th e sam e wa y becaus e afte r 
the y ha d entere d thei r  answer ,  the y go t  a  differen t  tas k an d 
di d no t  associat e th e n e w tas k wit h thei r  performance  o n th e 
previou s one .  Furthermore ,  wit h eac h ne w task ,  the y ha d t o 
construc t  a  ne w representation .  I f  the y di d construc t  a  poo r 
representation ,  i t  affecte d performanc e o n tha t  tas k only . 

Systematicity 

Performanc e i n th e isomorp h conditio n improve d a s partici -
pant s progresse d throug h th e sequenc e o f  tasks .  Wha t  cause d 
thi s improvement ? Possibly ,  participant s recognize d th e 
isomorphis m betwee n task s an d use d tha t  informatio n t o 
solv e th e problem s mor e accurately .  I n fact ,  onl y thre e par -
ticipant s mad e referenc e t o similaritie s t o previou s tasks . 
Perhap s the y cam e t o a  bette r  understandin g o f  th e tas k an d 
develope d a  bette r  strateg y t o solv e th e problems .  T o explor e 
th e rol e o f  plannin g an d strateg y us e i n performanc e o n thes e 
tasks ,  w e examine d whethe r  participant s state d a n a  prior i 
pla n an d whethe r  the y use d th e V O T A T strategy .  W e als o 
examine d th e systematicit y wit h whic h the y collecte d dat a i n 
thes e tasks . 

Explicit Hypothesis-Testing Strategy Use and 
Plannin g Recal l  tha t  explici t  strategie s an d plan s wer e 
code d onl y i f  participant s verbalize d thei r  use .  Onl y thre e 
participant s state d a n a  prior i  plan .  Overal l  us e o f  th e 
V O T AT strateg y wa s als o ver y small ;  onl y thre e partici -
pant s explicitl y  use d thi s strategy .  I n th e identica l  condition , 
onl y on e participan t  use d thi s strategy ,  an d thi s us e wa s o n 
th e las t  tas k i n th e series .  I n th e isomorphi c conditio n tw o 
participant s use d th e V O T A T strategy ,  on e o n th e fourt h 
tas k an d bot h o n th e las t  task . 
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Thus ,  althoug h i t  appear s tha t  ther e wa s a  ver y smal l  in -
creas e i n explici t  us e o f  th e V O T A T strategy ,  thi s shif t  i s 
not  sufficien t  t o accoun t  fo r  th e improvemen t  i n perform -
anc e i n th e isomorp h condition .  Apparently ,  ver y fe w o f  th e 
participant s wer e searchin g th e hypothesi s spac e i n orde r  t o 
solv e thes e problems .  I f  participant s wer e no t  usin g a n ex -
plici t  hypothesis-testin g strategy ,  h o w di d the y se t  about 
solvin g th e tasks ? T o answe r  thi s question ,  w e investigate d 
th e strategie s b y whic h the y explore d th e experimen t  space . 

Data Collection Systematicity Recall that 75% of 
th e experiment s o n a  tas k ha d t o b e systemati c fo r  perform -
anc e o n tha t  tas k t o b e code d a s systematic .  I n th e identica l 
condition ,  ther e wa s littl e i f  an y differenc e acros s task s o n 
thi s measure .  M e a n s fo r  task s 1  throug h 5  wer e .27 ,  .56 , 
.38 ,  .40 ,  an d .40 ,  respectively .  I n th e isomorp h condition , 
however ,  participant s becam e mor e systematic .  Mean s fo r 
thi s grou p fo r  task s 1  throug h 5  wer e .29 ,  .50 ,  .33 ,  .86 ,  an d 
.92 ,  respectively .  Nex t  w e explore d th e relationshi p betwee n 
systematicit y an d performanc e i n bot h conditions . 

Systematicity and Correctness 

Figur e 3  illustrate s th e trend s fo r  bot h correctnes s an d sys -
tematicit y fo r  eac h condition .  I t  show s tha t  a s participant s i n 
th e isomorp h conditio n becam e mor e systemati c thei r  per -
formanc e becam e mor e correct .  I t  als o show s tha t  partici -
pant s i n th e identica l  conditio n di d no t  becom e mor e sys -
temati c an d thei r  performanc e di d no t  improve .  Overall ,  sys -
tematicit y wa s strongl y correlate d wit h correc t  solution ,  r  = 
.51,/7<.01 . 
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Figur e 4 :  Systematicit y an d correctnes s 

How did participants in the isomorph condition progress 
fro m bein g unsystemati c an d wron g i n tas k 1  (mea n correc t 
was .29 ,  mea n systematicit y wa s .29 )  t o bein g systemati c 
and righ t  i n tas k 5  (mea n correc t  wa s .71 ,  mea n sys -
tematicit y wa s .91) ? W h y di d participant s i n th e identica l 
conditio n no t  sho w thi s progression ? 

I t  appear s tha t  participant s i n th e isomorp h conditio n 
graduall y refine d thei r  systematicit y an d als o becam e mor e 
correct .  Figur e 4  illustrate s thi s progressio n (th e number s 

refe r  t o th e percentag e o f  participants) .  O n eac h task ,  eac h 
participant' s performanc e wa s code d a s non-systemati c an d 
not  right ,  non-systemati c an d right ,  systemati c an d not -
right ,  o r  systemati c an d right .  Thre e participant s i n eac h 
conditio n wer e systemati c an d righ t  o n tas k 1  an d continue d 
thi s performanc e o n al l  five  tasks .  I n bot h conditions ,  th e 
majorit y o f  participant s bega n b y bein g non-systemati c an d 
not-right .  I n th e identica l  condition ,  performanc e remained 
relativel y stable .  I n th e isomorp h condition ,  however ,  a  clea r 
shif t  occurre d awa y fro m non-systematic ,  not-righ t  perform -
anc e t o systemati c an d right .  I n task s 4  an d 5 ,  n o partici -
pant s i n th e isomorp h conditio n wer e non-systemati c an d 
not-right ,  an d th e majorit y wer e bot h systemati c an d right. 
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Figur e 3 :  Relatio n betwee n systematicit y an d correctnes s 
(number s show n ar e percentag e o f  participants ) 

What could account for the very different pattern in the 
identica l  condition ? Ove r  5 0 % o f  th e participant s i n bot h 
condition s bega n b y bein g non-systemati c an d no t  right . 
Figur e 3  show s a n initia l  increas e i n th e identica l  conditio n 
i n mea n systematicit y (fro m .2 7 i n tas k I  t o .5 6 i n tas k 2) ; 
however ,  thi s increas e represent s a  shif t  t o a  systemati c 
strateg y b y onl y tw o participants .  O f  thes e two ,  on e solve d 
th e proble m correctly ,  an d the n becam e unsystemati c an d 
wron g fo r  th e remainin g thre e tasks .  Th e protoco l  reveal s 
tha t  afte r  th e secon d task ,  thi s participan t  reverte d t o he r 
initia l  poo r  representatio n o f  th e task .  Th e othe r  participan t 
shifte d t o a  systemati c dat a collectio n strateg y i n tas k 2  bu t 
di d no t  solv e th e tas k correctly .  Th e protoco l  show s tha t  thi s 
participant' s answer s wer e significantl y influence d b y hi s 
belie f  tha t  hi s prio r  solution s mus t  hav e bee n wrong . 

What  advantag e di d bein g systemati c i n explorin g th e ex -
perimen t  spac e gai n fo r  participant s i n th e isomorp h condi -
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tion ? O n e o f  th e key s t o solvin g th e task s wa s noticin g tha t 
th e resuh s o f  tw o experiment s wer e th e same ,  eve n thoug h 
th e settin g o f  on e variabl e wa s differen t  i n thes e tw o ex -
periments .  Som e participant s notice d thi s immediately , 
some notice d i t  onl y afte r  conductin g mor e experiments ,  an d 
some participant s apparentl y di d no t  notic e i t  a t  all . 

Were participant s mor e likel y t o notic e thi s importan t 
piec e o f  informatio n i f  thei r  dat a wer e organize d i n a  system -
ati c way ? W e analyze d th e correlatio n betwee n systematicit y 

and participants '  noticin g immediatel y tha t  th e result s o f 
tw o experiment s wer e th e same .  Thi s correlatio n wa s sig -
nificant ,  r = .36 ,  p  <  .01 .  Thi s correlatio n suggest s tha t  a s 
participant s wer e mor e systematic ,  the y wer e mor e likel y t o 
detec t  importan t  an d relevan t  pattern s i n th e data ,  allowin g 
the m t o successfull y solv e th e problems . 

I t  appear s the n tha t  ther e wa s a  stron g relationshi p be -
twee n bein g systemati c i n collectin g dat a an d successfu l 
performanc e i n th e isomorp h condition .  A s participant s be -
came mor e systematic ,  thei r  performanc e becam e mor e cor -
rect .  Participant s i n th e isomorp h conditio n bega n th e serie s 
of  task s withou t  a  systemati c dat a collectio n strateg y an d th e 
majorit y dk l  no t  solv e th e tas k correctl y a t  first .  However , 
by th e las t  task ,  th e majorit y o f  thes e participant s wer e us -
in g a  systemati c strateg y an d wer e gettin g th e answe r  right . 
Finally ,  th e overal l  correlatio n betwee n systematicit y an d 
correc t  performanc e wa s positiv e an d significant . 

General Discussion 

The performanc e o f  participant s i n th e isomorp h conditio n 
improve d a s the y progresse d throug h th e serie s o f  fiv e tasks . 
Yet  th e vas t  majorit y o f  thes e participant s wer e no t  usin g 
explici t  hypothesis-testin g strategie s suc h a s V O T A T tha t 
hav e bee n associate d wit h successfu l  performance .  Further -
more ,  hardl y an y o f  thes e participant s state d a  pla n fo r  solv -
in g th e task .  The y appea r  t o hav e bee n operatin g almos t 
exclusivel y i n th e experimen t  space . 

What  ca n accoun t  fo r  th e improvemen t  i n performance ? I t 
occurre d primaril y i n conjunctio n wit h participant s becom -
in g mor e systematic .  I t  appear s the n tha t  searchin g th e ex -
perimen t  spac e ca n lea d t o th e correc t  solution ,  an d tha t  wha t 
differentiate s successfu l  fro m unsuccessfu l  performanc e i n 
thi s spac e i s th e systematicit y wit h whic h th e searc h i s con -
ducted .  Searc h i n th e hypothesi s spac e i s mor e efficien t  tha n 
searc h i n th e experimen t  space ;  however ,  i t  woul d als o ap -
pear  t o b e les s c o m m o n an d perhap s mor e difficult .  Th e re -
sult s o f  thi s stud y sugges t  tha t  b y conductin g a  searc h i n th e 
experimen t  spac e i n a  systemati c manner ,  eve n i n th e ab -
senc e o f  plannin g o r  o f  a n explici t  hypothesis-testin g strat -
egy ,  peopl e ar e mor e likel y t o reac h th e correc t  conclusion . 

The relationshi p betwee n systemati c exploratio n o f  th e 
experimen t  spac e an d successfu l  performanc e ha s severa l 
implications .  First ,  prio r  researc h ha s identifie d a  connectio n 
betwee n systemati c explici t  hypothesis-testin g strategie s 
suc h a s V O T A T an d successfu l  performanc e (e.g .  Voilmeye r 
et  al. ,  1996) .  However ,  i t  i s  no t  clea r  tha t  participant s i n 
thes e studie s wer e explicitl y  formin g an d testin g hypothese s 
when the y conducte d experiments .  Possibly ,  thei r  improve d 
performanc e wa s relate d t o a n increasingl y systemati c searc h 
of  th e experimen t  space ,  rathe r  tha n t o a  shif t  t o a n optima l 
explici t  hypothesis-testin g strategy .  Clearly ,  suc h system -

ati c searc h o f  th e experimen t  spac e i s als o associate d wit h 
peopl e finding  th e correc t  solution . 

Second ,  ther e ar e implication s fo r  instructio n i n scientifi c 
reasoning .  I t  seem s likel y tha t  mor e peopl e ar e 
"experimenters "  tha n "theorists "  an d therefor e mor e likel y t o 
searc h th e experimen t  spac e tha n th e hypothesi s spac e whe n 
presente d wit h a  scientifi c  reasonin g task .  However ,  teachin g 
explici t  hypothesis-testin g strategie s pe r  s e ma y no t  lea d t o 

improve d performanc e (e.g .  Tweney ,  e t  al. ,  1980) .  h  i s  pos -
sibl e tha t  teachin g strategie s t o conduc t  a  systemati c searc h 
of  th e experimen t  space ,  b y usin g a  systemati c dat a collec -
tio n method ,  migh t  b e a n effectiv e mean s o f  helpin g stu -
dent s improv e performanc e o n scientifi c  reasonin g tasks . 
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Abstrac t 

This paper proposes an experimental system called 
1ST fo r  th e facilitatio n o f  users '  analogica l  transfe r 
by providin g image-schemas .  First ,  b y takin g th e ra -
diatio n proble m a s a n example ,  w e hypothesize d tha t 
a prope r  image-schem a ca n promot e huma n analogica l 
proble m solvin g owin g t o it s plasticit y an d ascertaine d 
th e hypothesi s base d o n a  cognitiv e experiment .  W e 
the n constructe d th e 1S T syste m whic h ca n provid e 
image-schema s wit h plasticity ,  b y usin g th e extende d 
technique s o f  analogica l  mappin g an d o f  constraint -
base d graphics . 

I n t r o d u c t i o n 

Various features of diagrammatic representation have 
bee n investigate d an d compare d wit h thos e o f  ver -
bal  one ;  fo r  instance ,  compactnes s (Larki n &  Simon , 
1987) ,  localit y (Larki n e t  al. ,  1987) ,  an d diagrammati c 
configuratio n schem a (Koedinge r  k  Anderson ,  1990) . 
W h at  i s considere d t o underli e thes e feature s i s tha t  di -
agrammati c representatio n limit s abstractio n becaus e 
of  it s specificit y (Stenning  &  Oberlander ,  1995) .  Mos t 
of  thes e previou s studie s focu s o n th e us e o f  diagram s 
i n deductiv e reasonin g o r  proble m solvin g (th e typ -
ica l  exampl e i s  Hyperproo f  (Barwis e &  Etchemendy , 
1994)) .  A  diagra m whic h facilitate s analogica l  prob -
le m solving ,  on e o f  th e nondeductiv e type s o f  proble m 
solving ,  is ,  however ,  considere d t o b e a  littl e differen t 
fro m tha t  usefu l  i n deductiv e one :  i t  ha s moderat e ab -
stractnes s rathe r  tha n specificit y becaus e a n analog y 
require s a  moderat e leve l  o f  abstractio n whic h provide s 
a bridg e spannin g differen t  problems .  Fo r  example ,  th e 
anecdot e tha t  Kekul e intuitivel y derive d th e structur e 
of  benzen e rin g fro m th e imag e o f  a  snak e i n a  circl e 
wit h bitin g it s o w n tai l  ca n b e interprete d a s follows : 
hi s imag e i n a  drea m gav e a  hin t  fo r  solvin g a  proble m 
i n a  quit e differen t  domai n becaus e i t  wa s moderatel y 
abstract .  I t  i s  tru e tha t  a  diagra m mus t  b e specifi c i n 
some aspect s (e.g. ,  th e locatio n o f  it s  constituents) ,  bu t 
a diagra m facilitatin g analogica l  transfe r  ca n -  owin g 
t o it s moderat e abstractnes s -  als o b e interprete d a s 
th e diagra m o f  anothe r  proble m i n a  differen t  domain . 
We wil l  cal l  thi s featur e o f  a  diagra m plasticity .  A  di -
agra m wit h appropriat e plasticit y ca n b e called ,  afte r 

Lakof f  (Lakoff ,  1987) ,  a n image -schema ^  tha t  bring s 
out  som e essentia l  aspect s o f  a  problem . 

Thi s pape r  wil l  firs t  show ,  b y a  cognitiv e experi -
ment ,  tha t  a  diagra m facilitatin g analog y i s a n image -
schem a whic h ha s relevan t  plasticity .  I t  wil l  the n pro -
pos e an d explai n a n experimenta l  syste m calle d 1 S T 
tha t  enable s suc h image-schema s t o b e provided .  A s 
an exampl e o f  targe t  problem s i s  take n th e so-calle d 
radiatio n proble m describe d below . 

Suppos e yo u ar e a  docto r  face d wit h a  patien t  wh o 
has a  malignan t  tumo r  i n hi s stomach .  I t  i s impossibl e 
t o operat e o n th e patient ,  bu t  unles s th e tumo r  i s 
destroye d th e patien t  wil l  die .  Ther e i s a  kin d o f  ra y 
tha t  ca n b e use d t o destro y th e tumor .  I f  th e ray s 
reac h i t  al l  a t  onc e a t  a  sufficientl y hig h intensity ,  th e 
tumo r  wil l  als o b e destroyed .  Unfortunately ,  a t  thi s 
intensit y th e health y tissu e tha t  th e ray s pas s throug h 
on th e wa y t o th e tumo r  wil l  als o b e destroyed .  A t 
lowe r  intensit y th e ray s ar e harmles s t o health y tissue , 
but  the y wil l  no t  affec t  th e tumo r  either .  Wha t  typ e 
of  procedur e migh t  b e use d t o destro y th e tumo r  wit h 
th e rays ,  an d a t  th e sam e tim e avoi d destroyin g th e 
health y tissue ? 

What is good plasticity? 
S o me studie s suc h a s thos e o f  (Beveridg e k  Parkins , 
1987 ;  Gic k &  Holyoak ,  1983 ;  Kino e &  Anzai,1994 ) 
use d experiment s i n whic h subject s wer e aske d t o solv e 
th e radiatio n proble m b y usin g diagrammati c o r  ver -
bal  representation ,  o r  both ,  tha t  ha s variou s degree s 
of  similarit y t o th e radiatio n problem .  T h e latte r 
tw o studie s showe d tha t  th e kin d o f  diagra m facilitat -
in g analogica l  proble m solvin g i s no t  a  realisti c imag e 
wher e mos t  aspect s o f  a  proble m ar e represente d con -
cretely ,  bu t  i s a n abstrac t  diagram .  Thi s implie s tha t 
our  insistenc e o n plasticit y i s appropriate .  I n bot h th e 
studies ,  however ,  som e explici t  instruction s neede d t o 
be give n i f  th e subject s wer e t o perfor m well. ^ 

I n th e stud y o f  (Beveridg e e t  al. ,  1987) ,  i n contrast , 
no clea r  instruction s wer e neede d fo r  th e subject s t o 
make goo d scores .  Thi s differenc e i s considere d t o b e 

'Interestingly ,  th e neuron s reactin g t o visua l  primitive s 
whic h ar e considere d t o b e simila r  t o image-schema s wer e 
discovere d (Fujita ,  Tanaka ,  Ito ,  L  Cheng ,  1992) . 

The diagram s use d wer e differen t  i n th e tw o studie s i n 
tha t  th e operator s wer e visualize d i n th e diagram s o f  (Gic k 
et  al. ,  1983 )  bu t  no t  i n thos e o f  (Kino e e t  al. ,  1984) . 

107 3 

mailto:iieda@gould.c.u-tokyo.ac.jp
mailto:nagano@idea.c.u-tokyo.ac.jp


cause d b y th e differenc e i n characteristic s o f  th e dia -
gram s presented :  i n th e diagra m use d i n (Beveridg e e t 
al. ,  1987) ,  no t  onl y th e usefu l  operator s bu t  als o thei r 
effec t  whe n bein g applie d wer e symbolicall y visualized , 
whil e th e latte r  wa s no t  i n thos e o f  (Gic k e t  al. ,  1983 ; 
Kino e e t  al. ,  1984) . 

We can ,  thus ,  reac h th e followin g conjecture : 

Conjecture 1 A diagram which has enough plasticity to 
facilitat e a  kin d o f  analogica l  proble m solvin g (i.e. ,  solv -
in g a  proble m b y contrivin g operator s base d o n analogica l 
transfer )  i s  th e so-calle d image-schem a i n whic h no t  onl y 
operator s bu t  als o thei r  effect s whe n bein g applie d ar e mod -
eratel y specificall y bu t  symbolicall y visualized .  I n suc h a n 
image-schema ,  th e spatia l  informatio n o f  it s constituent s 
als o need s t o b e moderatel y specificall y bu t  symbolicall y 
visualized ,  whil e th e othe r  informatio n i s  visualize d les s 
specifically . 

Cognitiv e Exper imen t 

Me tho d 

Two hundred s an d fou r  undergraduat e student s o f 
thre e universitie s wer e divide d int o fou r  groups .  T h e 
experimen t  wa s implemente d a s a  writte n tes t  give n 
i n tw o sessions .  I n th e first  sessio n ( 3 minutes )  al l  th e 
subject s i n ever y grou p wer e aske d t o solv e th e radia -
tio n proble m withou t  an y hint. ^  I n th e secon d sessio n 
(1 0 minutes )  eac h grou p wa s provide d wit h th e radia -
tio n proble m differently :  th e Control-grou p wa s give n 
no hint ,  th e Story-grou p wa s give n th e fire-fighting 
story ^  i n th e appendix ,  th e Diagram-grou p wa s give n 
th e image-schem a o f  th e fire-fighting  stor y (i.e. ,  Fig -
ur e 1) ,  an d th e Story-f-Diagram-grou p wa s give n bot h 

th e stor y an d it s  image-schema. ^  T o th e latte r  thre e 
groups ,  th e attac k stor y i n th e appendi x o r  it s image -
schema ,  o r  both ,  wa s als o presente d a s a  distractio n 
(irrelevan t  analogue )  i n orde r  t o tes t  th e robustnes s of 
th e analogica l  transfer . 

Result and Discussion 

T h e result s ar e liste d i n Tabl e 1. ^  A  4  x  2  x -̂tes t 
reveale d tha t  th e differenc e i n performanc e betwee n 
th e Story-grou p an d th e Diagram-grou p wa s signifi -
can t  ( p =  0.04 4 <  0.05 ,  one-tailed )  a s wel l  a s th e dif -
ferenc e betwee n th e Control-grou p an d th e Diagram -
grou p ( p <  0.01) .  O n th e othe r  hand ,  th e Diagram -
grou p wa s jus t  a  httl e superio r  t o th e Story-hDiagram -
group ,  althoug h th e differenc e betwee n th e tw o wa s no t 

The subject s wh o coul d solv e i n thi s sessio n wer e ex -
clude d fro m consideration ,  becaus e the y migh t  kno w th e 
solutio n i n advance .  Thre e minute s wa s th e minimu m tim e 
i n whic h a  subjec t  could ,  i n a  preliminar y experiment ,  solv e 
th e targe t  proble m withou t  bein g give n a  hint . 

*I t  i s  equivalen t  t o th e Red-Adai r  stor y i n (Gic k e t  al. , 
1983) . 

*N o instruction s (e.g. ,  t o us e th e stor y o r  diagra m pro -
vide d a s a  hint )  wer e give n t o al l  th e subjects . 

^Th e onl y correc t  answe r  wa s assume d t o b e th e so -
calle d convergenc e solution ,  whic h i s t o us e simultaneousl y 
severa l  wea k beam s fro m differen t  directions . 

Figur e 1 :  Th e image-schem a o f  th e fire-fighting  stor y 
an d it s convergenc e solution . 

Tabl e 1 :  T h e resul t  o f  th e experiment . 

Grou p 

Contro l 
Stor y 

Diagra m 
Story-HDiagra m 

Correc t  Incorrec t  I  Tota l 

4(8.9 ) 
25(49.0 ) 
36(65. 5 
33(61.1 ) 

41(91.1 ) 
26(51.0 ) 
19(34.5 ) 
21(38. 9 

45 
51 
55 
54 

Tota l  I I  97(47.5 )  107(52.5 )  |  20 4 
Note :  Eac h figur e denote s th e numbe r  o f  subject s 
wit h th e percentag e i n th e parenthesis . 

significant .  Therefor e w e ca n conclud e tha t  ou r  con -
jectur e i s right .  Tha t  is ,  no t  onl y th e constituent s an d 
operator s o f  a  proble m bu t  als o th e effect s o f  th e op -
erator s shoul d b e moderatel y specificall y bu t  symbol -
icall y visualize d i f  a n image-schem a i s t o hav e enoug h 
plasticit y t o facilitat e analogica l  transfer . 

Zhan g &  N o r m a n (Zhan g k  Norman ,  1994 )  indi -
cate d tha t  th e degre e o f  difficult y i n solvin g th e Towe r 
of  Hano i  proble m depende d o n th e wa y th e proble m 
was represented .  Th e result s o f  th e presen t  experimen t 
sho w tha t  th e sam e hold s fo r  th e radiatio n problem . 

1ST Session 

Thi s sectio n propose s a n experimenta l  syste m calle d 
1ST (Image-Schem a Transfer )  tha t  facilitate s hu -
man analogica l  proble m solvin g b y providin g image -
schemas tha t  satisf y ou r  conjecture .  Figur e 1  an d 
7 wer e actuall y draw n automaticall y b y th e system . 
The image-schem a provide d b y 1S T is ,  therefore ,  par -
tiall y  ascertained ,  base d o n th e cognitiv e experiment , 
t o hav e enoug h plasticity . 

Framework 

The centra l  par t  o f  1S T i s o f  cours e th e modul e i n 
whic h som e aspect s o f  a  proble m ar e visualized .  I t  is , 
however ,  necessar y t o elici t  a  predicativ e representa -
tio n o f  a  potentia l  sourc e fro m whic h a  usefu l  image -
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I  outside(radiation-source ,  flesh),  surround(flesh ,  tumor) . 
G alive(patient) . 
O apply-from-to(radiation ,  radiation-source ,  tumor) ,  -ioperate-on(doctor ,  tumor) , 

increase-in-intensity (  radiation )  V  decrease-in-i n tensit y (radiation) . 
R 1 )  increase-in-intensity(radiation 1 A  apply-frorn-tô radiation ,  radiation-source ,  tumor )  A 

outside(radiation-source ,  flesh)  A  outside(radiation-source ,  flesh)  A  surround(flesh ,  tumor ) 
=*•  destroy(radiation ,  tumor )  A  destro y (radiation ,  flesh), 

2)  decrease-in-intensity(radiation )  A  apply-from-to(radiation ,  radiation-source ,  tumor )  A 
outside(radiation-source ,  flesh)  A  surround(flesh ,  tumor )  = » -'destroy(radiation ,  tumor )  A  --destroy(radiation ,  flesh), 

3)  destroy(radiation ,  tumor )  A  -'destroy(radiation ,  flesh)  ̂  alive(patient) . 

Figure 2: The predicative expression of the radiation problem. 

schema i s generated, ^  becaus e onl y th e image-schem a 
of  a  targe t  proble m whic h canno t  b e solve d deductivel y 
woul d no t  b e usefu l  fo r  th e proble m solving .  Henc e a 
modul e fo r  retrievin g sourc e analogue s relevan t  t o th e 
targe t  proble m i s required .  A  modul e fo r  elicitin g th e 
caus e o f  impass e i n solvin g th e target ,  whic h give s th e 
retrieva l  cue ,  i s  als o needed .  1S T therefor e consist s o f 
thre e modules :  (1 )  on e fo r  analyzin g th e targe t  prob -
lem,  (2 )  on e fo r  retrievin g relevan t  analogues ,  an d (3 ) 
one fo r  visualization .  A  usefu l  image-schem a mus t  b e 
visualize d i n suc h a  wa y tha t  th e operationa l  factor s 
relevan t  t o a  possibl e solutio n o f  th e target ,  whic h giv e 
some constraint s o n visualization ,  ar e salient .  Not e 
tha t  th e caus e o f  impass e elicite d i n th e firs t  modul e 
provide s bot h a  retrieva l  cu e i n th e secon d modul e an d 
a par t  o f  th e constraint s o n visualizatio n i n th e thir d 
module . 

1ST Procedures 

The procedur e o f  eac h modul e wil l  b e explaine d here , 
takin g th e radiatio n proble m a s a  targe t  problem . 
Each proble m i s assume d t o b e represente d b y a  5 -
tupl e {I,G,0,R,S )  wher e /  denote s th e initia l  state , 
G th e goa l  state ,  O  a  se t  o f  operators ,  R  a  se t  o f  rules , 
and S  a  solution. *  Th e radiatio n proble m ca n b e rep -
resente d a s show n i n Figur e 2 .  Th e predicativ e repre -
sentatio n o f  eac h solve d proble m an d th e conceptua l 
hierarch y (suc h a s tha t  show n i n Figur e 4 )  ar e give n 
t o th e 1S T databas e i n advance . 

The First Module First we define an impasse in 
solvin g a  proble m a s follows : 
Definitio n 1  (Impass e i n Solvin g a  Problem ) 

If3g,g'{g\Jg '  =  G{o r  G , ) A g n g '  =  0 A 3 C , C "  C 

0UI( C #  C'A C l- « g A C \f ^  g 'A C \f" -  g A C (- « g')) , 
the n th e proble m solvin g reache s a n impasse . 

I n solvin g th e radiatio n proble m b y backwar d chaining , 
we hav e 

g =  {destroy(radiation ,  tumor) } 

'Each problem is assumed to be represented as a set of 
predicates . 

*Eac h elemen t  appearin g i n / ,  G,  0 ,  an d 5  take s th e 
for m o f  a n atomi c formul a an d eac h appearin g i n R  take s 
th e for m o f  a  rul e clause .  Th e targe t  proble m doe s no t 
involv e S . 

3 = 
C = 

C = 

{-idestroy(radiation ,  flesh)} 
{increase-in-intensit y (radiation) , 
apply-from-to(radiation ,  radiation-source ,  tumor) , 
outside(radiation-source ,  flesh), 
surround(flesh ,  tumor) } 
{decrea.se-in-intensity(radiationj , 
apply-from-to(radiation ,  radiation-source ,  tumor) , 
outside(radiation-source ,  fiesh) , 
surround(flesh ,  tumor) } 

Solvin g thi s proble m thu s reache s th e impasse . 
Now suppos e C c =  C  n  C" .  The n th e essentia l  el -

ement s o f  O  an d / ,  whic h appea r  i n an y derivatio n 
i n th e abov e definition ,  ar e t o b e substitute d int o 
Cc-  I t  i s  significan t  fo r  1S T t o retriev e suc h poten -
tia l  sourc e analogue s a s hav e Cc ,  becaus e a  goo d wa y 
of  usin g th e operator s i n th e targe t  proble m need s t o 
be invente d wit h th e essentia l  element s suc h a s C c un -
changed .  C c ca n thu s b e a  retrieva l  cu e i n selectin g 
relevan t  analogues .  I n cas e o f  th e radiatio n problem , 
Cc =  {apply-from-to(radiation ,  radiation-source ,  tu -
mor) ,  outside(radiation-source ,  flesh),  surround(flesh , 
tumor)} . 

On th e othe r  hand ,  suppos e C „  =  ( C U  C')/Cc -
When som e operator s opposit e t o on e anothe r  {e.g. , 
increase-in-intensit y  v.s .  decrease-in-intensity )  ar e in -
volve d i n C „  concernin g on e operatio n {e.g. ,  chang e 
intensity) ,  som e device s shoul d b e though t  ou t  con -
cernin g th e operators .  C v i s therefor e considere d t o b e 
made salien t  i n a n image-schem a and ,  a s a  result ,  t o 
giv e som e constraint s o n visualizin g a n image-schema . 
We cal l  suc h constraint s th e focu s F  fo r  visualization . 
Thi s focu s consist s o f  th e concep t  {e.g. ,  intensity )  com -
mon t o th e opposit e operators . 

The Second Module In this module, some relevant 
analogue s ar e retrieve d b y usin g Cc -  Her e d  mean s 
Cc n  /  an d C o mean s Ccf^O . 

Ci  an d C o ar e firs t  abstracte d b y usin g th e give n 
conceptua l  hierarch y an d the n generalize d int o Abst I 
and Abst O b y substitutin g th e correspondin g variabl e 
int o eac h constan t  appearin g i n C ,  an d Co -  I n th e 
radiatio n problem ,  Abst I  an d Abst O ar e a s follows : 

Abst I  ={outside(vl ,  v2) ,  surround(v2 ,  v3) } 
Abst O ={apply-from-to(v4 ,  vl ,  v3) } 

For  eac h solve d proble m i n th e 1S T database ,  Ab -
st I  an d Abst O ar e instantiate d {i.e. ,  calculate d b y th e 
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I  o u t s i d e ( p u m p ,  space) ,  surround{space ,  fire) ,  smal l (puinp) . 
G extinguish(fire) . 
O throw-from-to(water ,  p u m p ,  fire),  m u l t i p l y ( p u m p ) . 
R 1 )  o u t s i d e ( p u m p ,  space )  A  surroun d (space ,  fire)  A  smal l (puinp )  A  m u l t i p l y ( p u m p )  A  p lace-a round(pump ,  space )  A 

throw-from-to(water ,  p u m p ,  fire)  A  converge-to(water ,  fire)  = ^  increase-in-pressure(water) , 
2 )  incre2ise-in-pressure(water )  ̂  extinguish(fire) . 

S throw-from-to(water ,  p u m p ,  fire),  m u l t i p l y ( p u m p ) ,  p l ace -a round (pump ,  space) ,  converge-to(water ,  fire). 

Figure 3: The predicative expression of the fire-fighting story. 

displacemen t {X3 ,  y3)_=(x2 ,  ys ) 

di.splacemen t  denote d b y 
a simpl e arro w 

sinipk -
displaLVnicn t 

simpl e 
opcrauo n 

;  m o v e shif t  sen d dispatc h appl y thro w 

I  I t  indicate s a  collectio n o f  concept s whic h ar e regarde d 
as simila r  t o on e anothe r  b y th e 1S T syste m 

Figure 4; The given conceptual iiierarchy. 

metho d revers e t o th e abov e method) :  eac h ato m i n 
Abst I  an d Abst O i s instantiate d b y usin g th e concep -
tua l  hierarchy ,  an d eac h variabl e o f  eac h predicat e i s 
trie d t o b e unifie d t o a  correspondin g constan t  o f  th e 
equivalen t  predicate .  Th e problem s whic h hav e th e 
predicate s i n /  an d O  equivalen t  t o th e instantiate d 
Abst I  an d Abst O respectivel y ar e assume d th e poten -
tiall y  relevan t  analogues .  I n cas e o f  facilitatin g th e ra -
diatio n problem ,  th e fire-fighting  stor y an d th e attac k 
stor y wer e retrieve d b y usin g th e conceptua l  hierarch y 
show n i n Figur e 4 .  Th e fire-fighting  story ,  whic h i s a 
prope r  analogu e o f  th e radiatio n problem ,  i s show n i n 
Figur e 3 . 

The Third Module Finally, the image-schema of 
eac h retrieve d proble m i s visualize d i n a  bottom-u p 
way.  Th e visualizatio n proces s consist s o f  th e follow -
in g fou r  steps :  (1 )  transformin g object s appearin g i n 
/  int o graphi c objects ,  (2 )  transformin g atomi c formu -
la s appearin g i n /  int o equation s holdin g fo r  graphi c 
objects ,  (3 )  transformin g atomi c formula s appearin g 
i n 5  o r  O  int o equation s holdin g fo r  graphi c objects , 
and (4 )  solvin g th e equation s t o determin e th e valu e 
of  eac h variabl e i n th e equations .  Al l  th e step s othe r 
tha n th e thir d on e ar e implemente d o n th e basi s o f 
constraint-base d graphic s (Kamada ,  1989) . 

1st Step Each graphic object is symbolically visual-
ize d a s a  circle .  Fo r  example ,  th e objec t  "fire "  i n th e 

Figur e 5 :  Th e imag e o f  surround{g2,g3) . 

fire-fighting  stor y i s visualize d a s th e cente r  circl e la -
bele d ̂ 3 i n Figur e 5 ,  wher e X 3 an d 2/ 3 denot e it s x  an d 
y coordinate s an d r s denote s it s radius . 

2nd Step Each atomic formula appearing in / is 
transformed ,  accordin g t o th e give n transformatio n 
rules ,  int o a  correspondin g equation .  Th e equation s 
giv e constraint s o n spatia l  informatio n suc h a s th e lo -
cation s an d size s o f  graphi c objects .  Fo r  instance , 
surround(g2,g3) ,  whic h mean s tha t  th e graphi c objec t 
g2 surround s gs ,  i s transforme d a s illustrate d i n Figur e 
5 int o th e followin g equations .  I t  shoul d b e note d tha t 
th e syste m transform s inequalitie s int o correspondin g 
equalitie s b y usin g som e constant s give n i n th e rules . 

X2 = -cs, y2 = 1/3, r2 = C2 X r3(c2 : constant) 
52 :  circle{x2,y2,r2),g 3 •  circ/e(a:3,y3 ,  rs ) 

3r d Ste p Eac h atomi c formul a i n 5  (i n cas e o f  a 
sourc e analogue )  o r  O  (i n cas e o f  a  targe t  problem ) 
i s transforme d int o a  correspondin g equatio n hold -
in g fo r  th e graphi c object s includin g nove l  one s suc h 
as a n arrow ,  accordin g t o th e give n transformatio n 
rules .  Th e transformatio n rule s ar e no w limite d t o 
thos e concernin g th e phenomen a o f  displacemen t  (e.̂ . , 
change/shift/operation) .  Onl y th e rule s necessar y fo r 
th e visualizatio n o f  Figur e 1  ar e show n a s follows : 

•  Simpl e Displacemen t 
(Form )  funcfOb],Terminal ) 

{e.g. ,  m o v e ,  shift ,  send ,  d ispa tch ) 
I t  genera te s th e equa t i o n fo r  th e visualizatio n o f  a n 
arro w fro m Ob j  t o Terminal . 

•  Simpl e Operatio n 
(Form )  fun c (Obj ,  Start ,  Terminal ) 

(e.g. ,  apply ,  throw ) 
I t  generate s th e equatio n fo r  th e visualizatio n o f  a n 
arro w fro m Star t  towar d Termina l  whos e lengt h i s 

StartTermina l  x  1.5 . 

107 6 



(«'.»' )  (ii.ri i 

,• •  -  u 

= '-^^ .  y « =  ^ V ^ 

( ^ ^ ^ ^ 

Figur e 6 :  Th e imag e o f  apply-from-io(g^ ,  ,/, ,  g.̂ ) _ 

For  example ,  bot h apply-from-tofg^ ,  gi ,  33 ^  an d throw -
froTn-to(g4 ,  gi ,  gz )  ar e transforme d a s illustrate d i n 
Figur e 6  int o th e followin g equation s becaus e bot h o f 
the m belon g t o th e clas s o f  Simpl e Operation . 

g^:  arrow((x4,, t/4,), (x4t, VAt), U, «^4, dashi, colovi) 
2̂44 =  xi ,  yi ,  =  J/l , 

X4t  =  ^__ _ 

U = \/{x4 ,  -X4 t ) ^  +  {y4,-y4ty , 
Wi  =  C4 (C 4 :  constant) , 

wher e g I  :  circ/e(xi,yi ,  rj) ,  3 3 :  circle{x3,y3,r3) . 

In the above novel graphic objects named 34, the 
variabl e dash ^  take s a s it s valu e eithe r  T  o r  NI L (de -
faul t  value) ,  whic h determine s whethe r  o r  no t  a  dashe d 
Une i s use d t o dra w th e arrow ,  an d th e othe r  variabl e 
color ^  take s eithe r  blac k o r  light-gra y (defaul t  value ) 
whic h show s th e degre e o f  shading .  W h e n th e focu s F 
specifie s strengt h o r  intensit y a s i n th e radiatio n prob -
lem ,  th e followin g proces s i s execute d t o mak e strengt h 
or  intensit y salient :  (1 )  whe n increase-in-intensity(5i ) 

i s applied ,  dash i  take s NIL ^  an d color i  take s black ;  (2 ) 
when decrease-in-intensity(3j )  i s  applied ,  dash i  take s 
T an d color i  take s light-gray ;  an d (3 )  otherwise ,  dash i 
and color i  tak e th e respectiv e defaul t  values .  I n orde r 
t o visualiz e a  summativ e effec t  o f  severa l  radiation s a t 
th e poin t  o f  convergence ,  th e 1S T syste m calculate s th e 
compositio n o f  shadin g a t  th e overlappin g point s (se e 
th e cente r  par t  o f  Figur e 1) .  I n thi s way ,  th e focu s F 
specifie d i n th e first  modul e i s reflecte d i n th e proces s 
of  visualization.̂ ° 

4t h Ste p Concernin g th e fire-fighting  story ,  eigh t 
graphi c object s (fiv e circle s an d thre e arrows )  wer e 
generate d an d thirty-thre e equation s wer e buil t  i n th e 
first  thre e steps .  I n thi s step ,  al l  th e equation s ar e 
solved .  Bu t  becaus e th e numbe r  o f  variable s i s large r 
tha n tha t  o f  equations ,  si x variable s tak e th e defaul t 
value s give n i n th e rule s an d th e mos t  focuse d objec t 
{i.e. ,  fire)  i s displaye d i n th e cente r  o f  a  window .  I n 
thi s  way ,  1S T visualize s image-schema s lik e tha t  show n 

®When th e variabl e color ,  take s black ,  i t  is ,  i n fact ,  no t 
relevan t  t o visualizatio n whethe r  th e variabl e dash ,  take s 
To r  NIL . 

^°Th e visualizatio n o f  multiply(f?i )  an d o f  place -
around(ji ,  g2 )  i s no w realize d rathe r  a d hoc :  th e tw o nove l 
graphi c object s name d 31 1 an d 31 2 ar e first  generate d an d 
the n place d s o tha t  the y loo k t o b e revolve d aroun d 3 3 fro m 
51 fo r  120 °  an d 240 °  respectively .  I n addition ,  th e syste m 
visualize s bot h throw-from-to(gii ,  g n ,  gi )  an d throw-from -
to(gi2 ,  gi2 ,  gz )  wher e bot h 34 1 an d 34 2 ar e th e copie s o f 
S4. 

i n Figur e 1 . 

Result and Discussion 

Figure s 1  an d 7  ar e actua l  output s o f  th e 1S T sys -
tem :  Figur e 1  represent s th e image-schem a o f  th e fire-
fighting  stor y wit h th e convergenc e solutio n an d Figur e 
7 doe s th e sam e fo r  th e attac k story .  Considerin g th e 
resul t  o f  th e cognitiv e experiment ,  w e ca n conclude : 

Th e 1S T syste m ca n provid e a n image-schem a 
whic h ha s enoug h plasticity .  T h e subject s o f  th e 
experimen t  wer e considere d t o transfe r  th e con -
vergenc e solutio n analogically ,  whic h i s du e t o th e 
plcisticit y o f  th e appropriat e image-schema . 

Thi s syste m onl y visualize s seemingl y prope r  image -
schema s an d leave s i t  t o user s t o transfe r  an d modif y 
possibl e solutions .  Give n tha t  mos t  o f  th e subject s 
coul d us e th e appropriat e image-schema ,  thi s metho d 
i s considere d usefu l  t o facilitat e h u m a n analogy .  1S T 
facilitate s h u m a n visua l  analog y no t  b y decidin g th e 
most  appropriat e analogue ,  suc h a s i s don e i n S M E 
(Falkenhainer ,  Forbus ,  &  Centner ,  1989) ,  bu t  b y pro -
vidin g th e image-schema s o f  severa l  analogue s whic h 
migh t  no t  b e isomorphi c t o th e targe t  bu t  whic h ar e 
visuall y an d operationall y simila r  t o th e target .  Henc e 
th e constraint s o n retrievin g sourc e analogue s i n 1S T 
ar e weake r  tha n thos e i n S M E . 

V A MP (Thagard ,  Gochfeld ,  k  Hardy ,  1992 )  i s a  sys -
te m intende d t o visualiz e a  relevan t  analogue .  Th e 
stud y o f  (Thagar d e t  al. ,  1992) ,  however ,  lack s bot h i n 
considerin g wha t  usefu l  feature s o f  a  proble m shoul d 
be visualize d i n orde r  t o dra w a n image-schem a an d 
i n providin g a  mor e genera l  metho d o f  visualizin g th e 
usefu l  feature s (especially ,  operator s wit h thei r  effects) . 
By comparison ,  th e 1S T syste m adopt s a  wa y o f  visu -
alizatio n whic h ar e base d o n constraint-base d graphic s 
(Kamada ,  1989 )  an d whic h i s mor e genera l  tha n tha t 
i n V A M P.  Moreover ,  a  ne w techniqu e fo r  visuaUzin g 
a clas s o f  dynami c operator s wit h thei r  effect s i s  pro -
posed ,  whic h techniqu e ha s no t  bee n developed . 

Th e radiatio n proble m referre d t o throughou t  thi s 
pape r  i s on e o f  th e typica l  an d actua l  (o r  historical ) 
scientifi c  problem s whos e solutio n require s insigh t  (o r 
emergen t  thinking) .  Th e 1S T syste m i s intende d t o 
suppor t  user s i n solvin g suc h problem s b y providin g 
visua l  analogica l  transfer .  I n thi s sense ,  thi s stud y i s 
closel y relate d t o studie s abou t  th e us e o f  diagram s 
i n a  scientifi c  discover y (fo r  example ,  th e discover y o f 
th e conservatio n o f  m o m e n t u m usin g one-dimensiona l 
diagram s (Chen g k .  Simon ,  1995)) . 

But  th e clas s o f  problem s whos e solutio n i s i n fac t 
facilitate d b y th e syste m i s no w limited .  Suc h a  limita -
tio n i s considere d t o b e mainl y cause d b y a  procedur e 
of  derivin g th e caus e o f  impasse .  Definitio n 1  formu -
late s th e situatio n i n whic h multi-constraint s shoul d 
be satisfie d simultaneousl y althoug h the y see m t o b e 
i n contradictio n a t  first  appearance ,  whic h situatio n i s 
represente d b y th e phras e "th e horn s o f  a  dilemma. " 
Thu s th e first  modul e inevitabl y limit s th e clas s o f 
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problem s tha t  ar e facilitated ,  bu t  th e othe r  module s 
ar e considere d t o b e considerabl y general .  Definitio n 
1 shoul d therefor e b e extended . 

Conclusion 

First ,  i t  wa s ascertaine d o n th e basi s o f  a  cognitiv e 
experimen t  tha t  on e kin d o f  diagra m facilitatin g ana -
logica l  proble m solvin g i s th e so-calle d image-schem a 
tha t  ha s plasticity .  Th e followin g tw o condition s fo r  a 
usefu l  image-schem a wer e derived : 

1.  Bot h spatia l  informatio n o f  object s an d operator s 
wit h thei r  effect s ar e moderatel y specificall y bu t 
symbolicall y visualized . 

2.  Th e othe r  visua l  informatio n i s displaye d les s specif -
ically . 

The experimenta l  syste m 1ST ,  whic h enable s suc h 
image-schema s t o b e visualize d automatically ,  wa s 
the n proposed .  Th e stud y investigate s a  possibil -
it y  tha t  som e externa l  diagrammati c representations , 
whic h ar e provide d automaticall y b y th e 1S T syste m 
i n thi s paper ,  ma y suppor t  huma n interna l  represen -
tations ,  whic h possibilit y  i s  als o discusse d i n (Zhan g 
et  al. ,  1994) .  T?hi s stud y i s a  ste p towar d th e com -
putationa l  facilitatio n o f  huma n emergen t  thinkin g b y 
providin g th e image-schema s o f  relevan t  analogues ,  a n 
approac h tha t  ha s rarel y bee n discusse d i n th e previou s 
studie s o n diagranmiati c reasonin g o r  proble m solving . 

Appendix 

Fire-Fightin g Stor y 

One da y a  buildin g caugh t  fire  an d th e resul t  wa s 
a blazin g inferno .  Th e fire  chie f  kne w tha t  th e fire 
coul d b e pu t  ou t  i f  a  hug e amoun t  o f  wate r  coul d b e 
dumped o n th e origi n o f  th e fire.  Ther e wer e enoug h 
pumps availabl e a t  th e site ,  bu t  ther e wa s non e wit h a 
hose larg e enoug h t o pu t  enoug h wate r  o n th e fire  fas t 
enough .  Th e smal l  pump s availabl e coul d no t  shoo t 
th e wate r  quickl y enoug h t o d o an y good .  Th e fire 
chief ,  however ,  kne w wha t  t o do .  H e statione d me n 
i n a  circl e al l  aroun d th e fire,  wit h al l  o f  th e availabl e 
hose s o f  th e smal l  pumps .  Whe n everyon e wa s ready , 
al l  o f  th e hose s wer e opene d u p an d wate r  wa s directe d 
at  th e fire  fro m variou s directions .  I n thi s way ,  a  hug e 
amount  o f  wate r  coul d b e delivere d t o th e origi n o f  th e 
fire  quickl y enoug h fo r  th e fire  t o b e extinguished . 

Attac k Stor y 

Attackin g Roman s unabl e t o ge t  insid e surroundin g a 
king' s palac e ha d campe d outside .  On e mornin g the y 
foun d a n unlatche d gat e an d rushe d i n throug h it ,  over -
comin g th e king' s soldier s an d th e kin g himself . 
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Rationa l  Hypothesis-Testin g Strategie s 

i n a  Ru l e Discover y T a s k 

Frederic Vallee-Tourangeau (psyqfv@herts.ac.uk) and Martin New 
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Abst rac t 

In Wason's (1960) inductive learning task, subjects must 
discove r  a  rul e tha t  govern s th e productio n o f  sequence s o f 
thre e numbers ,  suc h a s '2-4-6' ,  b y generatin g ne w triple s 
tha t  receiv e feedback .  Dat a obtaine d wit h Wason' s origina l 
procedur e sugges t  tha t  peopl e tes t  fe w hypothese s befor e 
announcin g thei r  gues s an d mostl y procee d o n th e basi s o f 
a positive-tes t  strategy .  Thes e feature s ar e commonl y 
regarde d a s lamentabl e aspect s o f  reasonin g agent s wh o fai l 
t o appreciat e normativ e model s o f  hypothesis-testing . 
Such interpretations ,  however ,  ar e relativ e t o th e 
inferentia l  contex t  i n whic h th e behavio r  i s observed .  I n 
th e presen t  study ,  Wason' s origina l  procedur e wa s modifie d 
suc h tha t  i n on e conditio n desirabl e consequence s wer e 
associate d wit h th e productio n o f  positiv e exemplar s an d 
undesirabl e consequence s wit h negativ e exemplars .  I n a 
secon d condition ,  th e consequence s wer e reversed .  Subject s 
i n th e latte r  conditio n produce d mor e exemplars ,  o f  a 
greate r  variety ,  an d wer e mor e likel y t o discove r  th e rul e 
tha n subject s i n th e first  condition .  I t  seem s the n tha t  i n 
thi s secon d conditio n th e hypothesis-testin g strateg y 
emergin g fro m th e subjects '  appreciatio n o f  th e cos t  an d 
benefi t  o f  generatin g certai n kind s o f  triple s coincide d wit h 
th e normativ e strategy .  However ,  sinc e subject s i n bot h 
condition s aime d t o achiev e differen t  goal s thei r 
hypothesis-testin g strategie s can ,  i n tha t  respect ,  b e 
characterize d a s rational . 

Wason (1960) originated a simple rule discovery task to 
asses s h o w peopl e tes t  hypothese s an d whethe r  th e proces s 
of  doin g s o coul d b e sai d t o approximat e th e the n popula r 
prescriptiv e philosoph y o f  science ,  namel y Popperia n 
falsificationism .  I n thi s task ,  subject s see k t o discove r  a  rul e 
tha t  govern s th e creatio n o f  numbe r  triple s b y producin g 
ne w triple s whic h th e experimente r  classifie s a s conformin g 
or  no t  conformin g t o tha t  rule ;  th e to-be-discovere d rul e i s 
'an y increasin g sequences' .  I n th e origina l  W a s o n procedur e 
(c f  Klayma n &  Ha ,  1989 )  subject s produc e ne w triple s unti l 
the y fee l  confiden t  the y k n o w th e rul e an d the n announc e i t 
t o th e experimenter .  Befor e subject s generat e thei r  first  tripl e 
the y ar e tol d tha t  th e tripl e '2-4-6 '  conform s t o th e rule .  O n 
th e basi s o f  thi s initia l  example ,  subject s ar e naturall y lure d 
t o believ e tha t  th e rul e involve s eve n number s increasin g b y 
a constan t  (Kareev ,  Halberstadt ,  &  Shafir ,  1993 ;  Wetherick , 
1962 )  an d n e w triple s motivate d b y thi s hypothesi s (e.g. , 
'10-12-14' )  wil l  receiv e positiv e feedback .  Th e likel y initia l 
hypothesi s thu s fall s  withi n th e scop e o f  th e targe t  rul e 
(sinc e al l  sequence s o f  eve n number s increasin g b y a 
constan t  ar e increasin g sequences ;  K layma n &  H a ,  1987) . 
Shoul d subject s see k t o tes t  thi s initia l  hypothesi s b y 
producin g sequence s o f  eve n number s increasin g b y a 
constan t  the y wil l  unfailingl y encounte r  positiv e feedbac k 
fro m th e experimenter ,  bolsterin g thei r  confidenc e i n th e 
hypothesis .  I n fac t  thi s initia l  hypothesis  i s  sufficien t  t o 

produc e triple s tha t  receiv e positiv e feedback ,  bu t  no t 
necessar y sinc e a  sequenc e suc h a s '1-5-19 '  wil l  a s well .  Th e 
natur e o f  th e tas k instructions ,  th e initia l  tripl e offere d a s a n 
'example '  t o th e subjects ,  th e initia l  hypothesi s i t  strongl y 
implies ,  an d th e to-be-discovere d rul e togethe r  configur e a 
certai n inferentia l  contex t  i n whic h h u m a n reasonin g i s 
observed . 

I n tha t  inferentia l  contex t  W a s o n foun d tha t  8 0 % o f  hi s 
subject s offere d a n incorrec t  gues s fo r  thei r  firs t 
announcement .  W a s o n foun d tha t  solver s an d nonsolver s (on 
th e first  announcement )  coul d b e demarcate d i n term s o f  h o w 
har d the y worked ,  wit h solver s producin g a  reliabl y greate r 
number  o f  triple s befor e makin g thei r  firs t  announcemen t 
tha n nonsolver s (se e lef t  pane l  o f  Figur e I) ,  an d solver s 
produce d a  greate r  variet y o f  triple s tha n nonsolver s a s 
evidence d b y th e reliabl y greate r  proportio n o f  triple s tha t 
receive d negativ e feedbac k (se e lef t  pane l  o f  Figur e 2) . 

Wason' s findings  ar e n o w textboo k wisdom .  Fo r  example , 
Sutherlan d (1992 )  writes :  " W h y i s i t  difficul t  t o find  thi s 
simpl e rule ? Th e mai n reaso n i s tha t  peopl e tr y t o prov e tha t 
thei r  curren t  hypothesi s i s correc t  -the y tes t  i t  b y pickin g 
onl y example s tha t  wil l  confir m i t  an d d o no t  loo k fo r  one s 
tha t  woul d disconfir m it. "  (p .  136 )  Schustac k (1988 )  draw s 
pessimisti c implication s o f  thi s so-calle d confirmatio n bias : 
"(... )  t o th e exten t  tha t  [Wason' s data ]  characteriz e behavio r 
outsid e th e experimenta l  settin g (an d ther e i s m u c h evidenc e 
tha t  i t  does) ,  al l  o f  u s probabl y hol d m a n y erroneou s belief s 
fo r  whic h w e ca n adduc e m u c h evidence ,  convincin g 
ourselve s an d other s o f  generalization s tha t  ar e a t  leas t 
overl y narrow. "  (p .  110) . 

Thes e sentiment s illustrat e tw o importan t  misconception s 
abou t  th e implication s o f  th e dat a obtaine d vi a Wason' s 
origina l  inferentia l  context .  First ,  seekin g t o disconfir m 
one' s hypothesi s i s no t  sufficien t  t o lea d t o discovery .  Fo r 
example ,  assum e tha t  a  reasoner' s curren t  hypothesi s i s 
'even s increasin g b y a  constan t  (wher e th e constan t  =  2)' . 
Followin g a  strateg y tha t  aim s t o disconfir m th e hypothesis , 
th e reasone r  coul d tes t  '6-4-2 '  o r  '1-7-23' ,  bu t  th e latte r  i s 
clearl y mor e informative .  Thus ,  a n appreciatio n o f  th e logi c 
of  disconfirmatio n alon e doe s no t  guarante e successfu l 
inductio n (Tweney ,  Doherty ,  Worner ,  Pliske ,  Mynatt , 
Gross ,  &  Arkkelin ,  1980) .  N o hypothesi s testin g 
methodolog y ca n guarante e tru e inductiv e inferences , 
althoug h a  broa d o r  creativ e exploratio n o f  th e spac e o f 
possibl e experimenta l  manipulation s (Klah r  &  Dunbar , 
1988) ,  o r  i n thi s context ,  o f  th e spac e o f  possibl e triples , 
helps . 

Second ,  Schustack' s characterizatio n suggest s tha t  th e 
positiv e tes t  strateg y (Klayma n &  H a ,  1987 )  exhibite d b y 
subject s i n th e W a s o n tas k ha s nefariou s consequences . 
However ,  a s Klayma n an d H a (1987 )  demonstrate d elegantly , 
an evaluativ e characterizatio n o f  a  reasonin g 'strategy '  i s 
relativ e t o a n inferentia l  context .  I n th e origina l  W a s o n 
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t 

Figur e I .  M e a n numbe r  o f  triple s produce d b y nonsolver s (whit e bar )  an d solver s 

(shade d bar )  i n W a s o n (1960 )  lef t  panel ,  b y subject s workin g wit h single-goa l 

instruction s (whit e bar )  o r  dual-goa l  instruction s (shade d bar )  i n G o r m a n e t  al . 

(1987 )  middl e panel ,  an d b y subject s i n th e presen t  stud y wit h th e Plagu e scenari o 

(whit e bar )  an d th e Vaccin e scenari o (shade d bar )  righ t  panel . 

procedur e a n unvaryin g positiv e tes t  strateg y migh t  no t  hav e 
fruitfu l  consequences .  I n othe r  contexts ,  however ,  suc h a 
strateg y migh t  b e th e onl y on e t o adop t  (e.g. ,  i f  th e to-be -
discovere d rul e describe s a  subse t  o f  item s characterise d b y 
th e subjects '  curren t  hypothesi s -se e Klayma n &  Ha ,  1987 , 
Figur e 3) . 

Textboo k w i s d o m thu s treat s th e origina l  W a s o n 
inferentia l  contex t  a s th e canonica l  contex t  fro m whic h t o 
evaluat e th e consequence s o f  th e way s i n whic h mos t 
subject s g o abou t  testin g thei r  hypotheses .  Ther e i s n o 
inheren t  virtu e t o th e origina l  W a s o n procedur e tha t  shoul d 
gran t  i t  suc h a  privilege d status .  Othe r  inferentia l  context s 
offe r  equall y legitimat e perspective s fro m whic h t o examin e 
th e consequence s o f  hypothesis-testin g strategies . 

Dual-Goal Instructions (Dax-Med) 

Tweney e t  al .  (1980 )  modifie d th e origina l  Waso n procedur e 
by instructin g subject s t o discove r  tw o rules ,  a  Da x rul e tha t 
produce d triple s o f  th e kin d '2-4-6 '  an d a  M e d rule .  Da x 
triple s ar e thos e tha t  confor m t o th e to-be-discovere d rul e i n 
Wason' s origina l  procedur e an d M e d triple s t o thos e tha t 
don't .  Thi s dual-goa l  ( D G )  manipulatio n ( a ter m coine d b y 
Wharton ,  Cheng ,  &  Wickens ,  1993 )  transform s th e usuall y 
unsuccessful ,  'lazy' ,  uncreative '  tripl e generators ,  int o 
successful ,  'hard-working' ,  'creative '  ones .  Tha t  is ,  th e rat e o f 
rul e discover y i s double d an d sometime s triple d wit h D G 
instructions ;  D G instruction s encourag e th e productio n o f  a 

greate r  numbe r  o f  triple s (se e middl e pane l  ̂  o f  Figur e 1 )  an d 
a greate r  proportio n o f  'negative '  o r  M e d triple s (se e middl e 
pane l  o f  Figur e 2  -se e Gorman ,  Stafford ,  &  Gorman ,  1987 ; 
Tukey ,  1986 ;  Twene y e t  al. ,  1980) .  I n thei r  replicatio n o f 
th e D G manipulation ,  Vallee-Tourangeau ,  Austi n an d 
Ranki n (1995 )  formulate d tw o ne w indice s o f  creativ e 
exploratio n o f  th e tripl e space ,  namel y posvar s an d 
negtypes .  Posvar s ar e triple s tha t  receiv e positiv e feedbac k 
an d fo r  whic h th e incremen t  betwee n number s i s no t 

'  Th e to-be-discovere d rul e i n Gorman ,  Stafford ,  an d Gorma n 
(1987 )  wa s 'thre e differen t  numbers' .  Th e relationshi p betwee n 
th e to-be-discovere d rul e an d th e on e implie d b y th e initia l 
tripl e '2-4-6 '  i s  th e sam e a s i n th e origina l  Waso n procedur e 
however . 

constant .  Thu s i f  a ,  b ,  an d c  ar e th e thre e numbe r  tha t  mak e 
up a  triple ,  a  posva r  i s a  positiv e tripl e fo r  whic h ( b -  a ) 
^  ( c  b) .  Negtype s refe r  t o th e 8  possibl e type s o f  triple s 

tha t  receiv e negativ e feedback^ .  Vall6e-Tourangea u e t  al . 
foun d tha t  th e D G inferentia l  contex t  fostere d a  greate r 
number  o f  posvar s compare d wit h th e traditiona l  single-goa l 
(SG)  procedure ,  a s wel l  a s a  greate r  numbe r  o f  negtype s (lef t 
pane l  o f  Figur e 3) .  Thu s D G instruction s foste r  a  creativ e 
exploratio n o f  th e tripl e space . 

The originato r  o f  th e D G inferentia l  contex t  wer e puzzle d 
by th e potenc y o f  th e manipulation :  "(... )  th e ke y t o a n 
explanatio n lies ,  w e feel ,  i n a n understandin g o f  th e relatio n 
betwee n th e subjects '  entir e conceptualizatio n o f  th e proble m 
at  han d an d th e wa y empirica l  evidenc e i s relate d t o th e 
component s o f  tha t  conceptualization. "  (Twene y e t  al. ,  p . 
121) .  Wharton ,  Cheng ,  an d Wicken s (1993 )  suggeste d tha t 
th e D G effec t  hinge d o n subject s conceptualizin g th e Dax -
M ed rule s a s bein g complementary .  However ,  explici t 
violation s o f  th e rules '  complementarit y i n th e tas k 
instruction s d o no t  mitigat e th e D G effect .  Fo r  exampl e i n 
one o f  th e condition s o f  Experimen t  2  o f  Vallee-Tourangea u 
et  al .  subject s wer e give n D G instruction s bu t  tol d tha t 
triple s coul d b e Dax ,  M e d o r  neither .  Change s i n th e 
conceptualizatio n o f  th e kind s o f  triple s di d no t  alte r  th e 
beneficia l  effec t  o f  th e D G instructions . 

D G instruction s encourag e th e productio n o f  'negative '  o r 
M ed triples .  Thi s shoul d no t  b e though t  o f  a s attempt s t o 
disconfir m D a x hypotheses ,  bu t  rathe r  a s attempt s a t 
discoverin g th e natur e o f  th e M e d rul e (Evans ,  1989) .  I n 
fact ,  a  dua l  positive-tes t  strateg y seem s t o characteriz e 
hypothesis-testin g i n th e D G inferentia l  context .  A  by -
produc t  o f  thi s broade r  exploratio n o f  th e tripl e spac e i s a 
large r  mor e informativ e sampl e o f  triple s o n whic h t o bas e 
inference s an d a s a  consequenc e reasoner s ar e mor e likel y t o 
discove r  th e (Dax )  rule .  Th e challeng e ha s bee n t o explai n 
why i n th e D G manipulatio n subject s see k t o explor e a n 
entirel y ne w regio n o f  th e spac e o f  triple ,  on e populate d b y 
non-increasin g o r  M e d sequences .  Suc h a n explanatio n ma y 

2 Ther e ar e eigh t  possibl e pattern s tha t  produc e a  negativ e 
triple :  I .  a  >  b  >  c ;  2 .  a  =  b  =  c ;  3 .  a  >  b  <  c ;  4 .  a  <  b  >  c ;  5 .  a  =  b 
< c;6. a =  b > c;l. a >  b  =  c;and8.a<f c =  c . 
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Figur e 2 .  M e a n proportio n o f  positiv e (whit e bars )  an d negativ e triple s (blac k bars ) 

produce d b y subject s i n W a s o n (1960 )  lef t  panel ,  b y subject s wit h S G an d D G 

instruction s i n Gorman ,  Staffor d &  G o r m a n (1987 )  middl e panel ,  an d b y th e 

subject s i n th e tw o differen t  scenario s use d i n thi s study ,  righ t  panel . 

be sketche d i n term s o f  th e epistemi c utilit y  (cf .  Evan s & 
Over ,  1996a )  attache d t o bot h Da x an d M e d triples .  I n othe r 
words ,  wit h D G instructions ,  subject s becom e intereste d i n 
bot h positiv e an d negativ e triple s (disguise d a s Daxe s an d 
Meds)  an d thu s valu e thei r  production . 

Differen t  region s o f  th e tripl e spac e m a y var y i n thei r 
perceive d utilit y an d thi s suggest s tha t  a  decision-makin g 
perspectiv e o n thi s rule-inductio n tas k m a y yiel d ne w way s 
of  characterizin g hypothesis-testin g behavior .  Ou r  ai m i n 
thi s stud y wa s t o explor e thi s ide a b y creatin g a n inferentia l 
contex t  wher e th e underlyin g cos t  an d benefit s associate d 
wit h th e productio n o f  differen t  kind s o f  numbe r  sequence s 
wer e mad e mor e explicit .  W e create d tw o inferentia l 
contexts :  i n on e subject s wer e informe d tha t  th e productio n 
of  positiv e triple s ha d mor e beneficia l  consequence s tha n th e 
productio n o f  negativ e triples ,  wherea s i n th e othe r  th e 
utilit y  assignmen t  wa s reversed .  Subject s wer e observe d t o 
favo r  th e kind s o f  triple s tha t  ha d th e highes t  benefits ,  an d 
when thos e wer e th e triple s tha t  receive d negativ e feedback , 
subject s wer e mor e likel y t o mak e th e appropriat e inductiv e 
inference . 

Method 
Subject s 
Sixty-tw o undergraduate s fro m th e Universit y o f 
Hertfordshir e receive d cours e credit s fo r  thei r  participation . 

Design & Procedure 

A rul e discover y tas k wa s use d wher e subject s sough t  t o 
infe r  th e natur e o f  a  rul e governin g th e productio n o f 
sequence s o f  thre e numbers .  Th e rul e wa s 'an y increasin g 
sequences' .  Subject s wer e give n th e sequenc e '2-4-6 '  a s a n 
initia l  exampl e tha t  conforme d t o th e rule .  Subject s produce d 
ne w sequence s o f  number s whic h wer e classifie d b y th e 
experimenter . 

T wo differen t  inferentia l  context s wer e instantiate d i n tw o 
differen t  scenarios .  I n th e firs t  scenario ,  th e Plagu e scenario , 
desirabl e consequence s wer e associate d wit h th e productio n 
of  triple s tha t  receive d positiv e feedbac k bu t  undesirabl e 
consequence s wer e associate d wit h th e productio n o f  triple s 

tha t  receive d negativ e feedback .  Subject s i n thi s conditio n 
rea d th e followin g instructions ; 

"Th e plagu e sewe r  rat s hav e invade d a  majo r  city . 
Thi s bree d o f  rat s ha s develope d immunit y t o al l 
commerciall y availabl e brand s o f  ra t  poison .  Healt h 
official s fea r  a n outbrea k o f  th e plagu e i f  thes e rat s 
ar e no t  exterminated . 
Chemis t  a t  th e loca l  universit y hav e isolate d thre e 
chemica l  elements ,  cal l  the m P ,  Q ,  R ,  whic h whe n 
combine d togethe r  kil l  th e rats .  Chemist s howeve r  d o 
not  kno w th e la w tha t  regulate s whic h combination s 
of  th e thre e element s an d i n whic h quantity ,  bu t 
preliminar y test s hav e show n tha t  th e followin g 
combinatio n kille d a  capture d sewe r  rat : 
P Q  R  OUTCOME 
2 4  6  RA T KILLE D 
Your  tas k i s t o tes t  ne w combination s o f  th e 
chemical s i n an y quantit y yo u choose ,  i n orde r  t o 

discove r  th e genera l  ryl e tha t  determine s whic h 

combination s o f  th e chemica l  element s ar e letha l  fo r 

th e sewe r  rats .  I t  i s  importan t  t o discove r  th e rul e t o 

sav e a s man y peopl e fro m contactin g th e plagu e a s 
possible. " 

Thu s i n thi s scenari o a  'positive '  tripl e i s on e fo r  whic h th e 
combinatio n o f  chemica l  element s kill s th e animal ,  an d a 
negative '  on e i s on e whic h fail s t o d o so .  Fro m th e subjects ' 
perspectiv e positiv e an d negativ e consequence s mappe d ont o 
positiv e an d negativ e triple s respectively . 

Th e secon d inferentia l  contex t  wa s instantiate d i n a 
scenario ,  th e Vacc in e scenario ,  whic h reverse d th e 
assignmen t  o f  consequence s t o tripl e typ e suc h tha t  desirabl e 
consequence s wer e associate d wit h negativ e triple s an d 
undesirabl e consequence s wit h positiv e triples .  Subject s i n 
thi s conditio n rea d th e followin g instructions : 

"Th e Teraggli a parasit e ha s infeste d mos t  o f  th e 
elephan t  calve s i n thei r  natura l  habitat .  Th e parasit e 
cause s fata l  hear t  diseas e befor e th e animal s reac h 
maturity . 
Researcher s workin g o n a  treatmen t  hav e identifie d 
thre e chemica l  elements ,  cal l  the m P ,  Q ,  R ,  whic h 
when combine d togethe r  destro y th e parasite ,  bu t 
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whic h i n mos t  test s kil l  th e cal f  a s well .  Researcher s 
believ e tha t  ther e exis t  combination s o f  chemical s 
whos e interaction s shoul d b e letha l  onl y t o th e 
parasit e an d no t  th e elephant .  Researcher s d o no t 
k n o w th e la w tha t  regulate s whic h combination s o f 
th e thre e element s an d i n whic h quantit y ar e letha l  t o 
bot h th e parasit e an d th e calf ,  bu t  preliminar y test s 
hav e show n tha t  th e followin g combinatio n i s letha l 
t o both : 
P Q  R  OUTCOME 
2 4  6  CAL F KILLE D 
Y o u r  tas k i s t o tes t  n e w combination s o f  th e 
chemical s i n an y quantit y yo u choose ,  i n orde r  t Q 

discove r  th e genera l  rul e tha t  determine s whic h 

combination s o f  th e chemica l  elemen t  ar e letha l  fo r 

th e calves .  I t  i s  importan t  t o discove r  th e rul e t o sav e 

as man y o f  thi s endangere d specie s a s possible." ^ 
As i n th e Plagu e scenario ,  a  'positive '  tripl e wa s on e fo r 
whic h th e combinatio n o f  th e chemica l  element s kille d th e 
hos t  organis m an d a  'negative '  triple s wa s on e whic h di d not . 
H o w e v e r ,  fro m th e subjects '  perspectiv e positiv e 
consequence s wer e associate d wit h negativ e triple s an d 
negativ e consequence s wit h positiv e triples . 

I n bot h conditions ,  subject s wer e instructe d t o produc e 
n e w chemica l  combination s (numbe r  triples )  unti l  the y fel t 
confiden t  the y kne w th e rul e tha t  kille d th e rats/calves .  The y 
the n wrot e thei r  answe r  a t  th e botto m o f  th e respons e sheet . 
At  tha t  point ,  th e experimente r  tol d the m wha t  th e targe t 
rul e was .  Subject s wer e the n debriefed . 

Thirt y on e subject s wer e randoml y assigne d t o eac h 
inferentia l  context .  Subject s wer e ru n individuall y i n a  quie t 
room . 

R e s u l t s 
Succes s 

Of  th e 3 1 subject s i n th e Plagu e condition ,  8  discovere d th e 
rule ,  an d 2 3 announce d a n incorrec t  rule .  O f  th e 3 1 subject s 
i n th e Vaccin e condition ,  1 6 discovere d th e rul e an d 1 5 
announce d a n incorrec t  rule .  Thu s twic e a s man y subject s 
discovere d th e rul e i n th e conditio n whic h attache d desirabl e 
consequence s t o th e productio n o f  negativ e triples .  Th e 

differenc e wa s reliable ,  x^(l )  =  4.35 ,  p  <  .05 . 

Triples 

Subject s i n th e Plagu e conditio n produce d a n averag e o f  7. 5 
triple s (S E =  0.90 )  befor e announcin g thei r  gues s whil e 
thos e i n th e Vaccin e conditio n produce d a n averag e o f  12. 3 
triple s (S E =  1.48 ;  se e als o th e right  pane l  o f  Figur e 1) ;  thi s 
differenc e wa s reliable ,  F(l ,  61 )  =  7.47, p <  .009 . 

Th e m e a n proportio n o f  triple s tha t  receive d positiv e 
feedbac k wer e 0.6 7 (S E =  0.05 )  an d 0.3 8 (S E =  0.05 )  i n th e 
Plagu e an d Vaccin e condition s respectivel y (th e mean s ar e 
als o plotte d i n th e righ t  pane l  o f  Figur e 2) .  Th e differenc e 

^  A n analogou s real-wor d se t  o f  circumstance s aros e wit h th e 
developmen t  o f  th e anthra x vaccin e which ,  i n it s earl y stage s o f 
development ,  wa s ofte n letha l  t o th e recipien t  organism .  Thes e 
difficultie s wer e largel y resolve d b y th e researc h o f  Ma x Stern e 
i n th e 1930' s whic h lea d t o a n effectiv e ye t  saf e vaccin e (th e 
Stern e anthra x spor e vaccine) . 

was reliable ,  F(l ,  61 )  =  17.4 ,  p  <  .001 .  Th e mea n 

proportion s o f  negativ e triple s wer e thu s 0.3 3 i n th e Plagu e 
conditio n an d 0.6 2 i n th e Vaccin e conditio n (sam e standar d 

errors ,  sam e F  ratio) . 

Triple Heterogeneity 

Posvars .  Th e mea n numbe r  o f  positiv e triple s wher e ( b -  a ) 
?t  ( c •  b) ,  o r  posvars ,  wer e 1.5 2 (S E =  0.40 )  an d 1.9 4 (S E = 
0.60 )  i n th e Plagu e an d Vaccin e condition s respectivel y (se e 
als o th e right  pane l  o f  Figur e 3) .  Whil e subject s i n th e latte r 
conditio n seeme d t o hav e produce d slightl y mor e varie d 
positiv e triples ,  th e differenc e wa s no t  reUable ,  F  <  1 . 

Negtypes. The mean number of different types of negative 
triple s wer e 2.1 6 (S E =  0.33 )  an d 3.6 8 (S E =  0.44 )  i n th e 
Plagu e an d Vaccin e condition s respectivel y (se e righ t  pane l 
of  Figur e 3) .  Subject s i n th e Vaccin e conditio n produce d a 
reliabl y greate r  numbe r  o f  differen t  type s o f  negativ e triples , 
F(l,61 )  =  7.66,/7<.008 . 

h 
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II Posvar 

Plagu e Vaccin e 

• Negtype 

Figur e 3 .  M e a n numbe r  o f  variabl e positiv e triple s 

(posvars )  an d type s o f  negativ e triple s (negtypes )  i n th e 

S G an d D G group s o f  Vallee-Tourangea u e t  al .  (1995) , 

lef t  panel ,  an d i n th e tw o group s o f  th e presen t  study , 

righ t  panel . 

D i s c u s s i o n 

I n thi s modifie d Waso n rul e discover y task ,  subject s wer e 
mor e likel y t o discove r  th e rul e "an y increasin g numbers "  i n 
a contex t  i n whic h benefit s wer e associate d wit h th e 
productio n o f  triple s tha t  woul d hav e receive d negativ e 
feedbac k i n th e origina l  W a s o n procedur e tha n i n a  contex t 
i n whic h the y wer e associate d wit h th e productio n o f 
positiv e triples .  Subject s i n th e Vaccin e inferentia l  contex t 
seemed t o hav e bee n mor e successfu l  tha n subject s i n th e 
Plagu e contex t  becaus e the y worke d harder ,  a s indexe d b y th e 
reliabl y greate r  numbe r  o f  triple s the y produced ,  an d 
generate d a  mor e creativ e se t  o f  triples ,  a s indexe d b y th e 
reliabl y greate r  proportio n an d greate r  variet y o f  triple s tha t 
receive d negative '  feedback .  A s a  result ,  th e Vaccin e 
inferentia l  contex t  encourage d th e productio n o f  a  mor e 
informativ e se t  o f  triple s ove r  whic h subject s wer e naturall y 
mor e likel y t o infe r  th e 'correct '  rule .  Thes e dat a als o bolste r 
th e explanatio n o f  th e D G instruction s effec t  i n term s o f  a 
simila r  albei t  mor e implici t  consideratio n o f  th e relativ e 
importanc e o r  epistemi c utilit y o f  generatin g triple s o f  a 
certai n kind . 
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Thi s experimenta l  manipulatio n als o offer s a  clea r 
illustratio n o f  th e fac t  tha t  term s suc h a s 'successful '  o r 
'correct '  o r  indee d negative '  an d positive '  use d t o quantif y 
kind s o f  inference s an d triple s ar e thoroughl y relalivistic . 
Fro m th e perspectiv e o f  th e subject s i n th e Plagu e 
inferentia l  contex t  a  'merel y sufficient '  hypothesi s suc h a s 
'even s increasin g b y 2s '  tha t  unfailingl y produce s positiv e 
triple s (i n thi s context ,  triple s tha t  kil l  plague-carryin g rats ) 
i s  a  ver y successfu l  inductiv e inference .  Indee d t o experimen t 
furthe r  woul d b e costl y i n delayin g th e exterminatio n o f  rats ! 
I n turn ,  fro m th e perspectiv e o f  th e subject s i n th e Vaccin e 
scenari o suc h a  sufficien t  hypothesi s simpl y won' t  do .  An d 
th e reaso n i s no t  becaus e thes e subject s abho r  suc h 
"satisficing "  reasonin g o r  see k t o abid e b y loftie r  canon s o f 
hypothesi s testing .  Rathe r  thes e subject s ar e motivate d t o 
produc e 'negative '  triple s (an d henc e sav e elephan t  calves) . 
The riche r  mor e creativ e se t  o f  triple s produce d b y th e 
subject s i n th e Vaccin e scenari o i s a  by-produc t  o f  thes e 
goal-directe d efforts .  Describin g th e subject s i n th e Vaccin e 
conditio n a s bein g mor e successfu l  tha n thei r  counterpart s i n 
th e Plagu e conditio n make s sens e onl y fro m th e perspectiv e 
of  Wason' s origina l  inferentia l  context .  Outsid e thi s fram e 
of  reference ,  an d outsid e th e cognitiv e psychologist' s 
laboratory ,  reasoner s tes t  hypothese s t o achiev e goals . 

A usefu l  distinctio n i s mad e b y Evan s an d Ove r  (1996a ,  b ) 
betwee n rationality ]  whic h i s characteristi c o f  "reasonin g i n 

suc h a  wa y a s t o achiev e one' s goal s [i n contradistinctio n to ] 
rationality 2 [whic h conform s t o a ]  relevan t  normativ e 

syste m suc h a s forma l  logi c o r  probabilit y  theory. "  (1996a , 
p.  357) .  Normativ e consideration s o f  hypothesis-testin g 
practice s orthogona l  t o reasoners '  goal s ar e unlikel y t o d o 
justic e t o wha t  ma y otherwis e b e "rational "  reasonin g i n th e 
sens e o f  Evan s an d Over' s rationality ]  Th e experimenta l 

condition s designe d i n thi s stud y se t  ou t  differen t  goals . 
Subject s adopte d thes e goal s an d a s a  result '  employe d 
hypothesis-testin g strategie s tha t  yielde d triple s tha t  differe d 
i n quantit y an d quality .  Th e outpu t  o f  thes e strategie s clearl y 
reflecte d th e subjects '  effort s t o achiev e thei r  respectiv e 
goals .  Hence ,  subject s i n bot h condition s exhibite d equall y 
adaptiv e reasonin g behavior . 
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Abstrac t 

Although tutoring by expert human tutors is usually 
effective ,  i t  i s  no t  always .  B y contrastin g case s wher e 
tutorin g doe s an d doe s no t  resul t  i n learning ,  w e ca n fin d ou t 
what  cause s learnin g durin g tutoring .  Approximatel y 12 5 
hour s o f  physic s tutoria l  dialo g wer e analyze d t o se e wha t 
feature s o f  th e dialo g wer e associate d wit h learning . 
Successfu l  learnin g appear s t o requir e tha t  th e studen t  mak e 
an erro r  o r  reac h a n impasse ;  to o muc h hel p ca n preven t 
learning .  Feature s o f  successfu l  tutoria l  explanation s appea r 
t o b e differen t  fo r  differen t  piece s o f  knowledge .  Fo r 
instance ,  som e piece s o f  knowledg e ar e learne d onl y i f  th e 
tuto r  emphasize s generalization ,  wherea s othe r  learnin g 
require s tha t  th e tuto r  fu-s t  explai n wh y th e student' s erro r  i s 
wrong . 

In t roduc t io n 

Tutorin g b y a n exper t  huma n tuto r  i s  on e o f  th e mos t 

effectiv e form s o f  instructio n know n (Bloom ,  1984) . 

However ,  no t  al l  tutorin g i s equall y effective .  Th e researc h 

presente d her e trie s t o fin d ou t  wha t  distinguishe s effectiv e 

tutorin g from  ineffectiv e tutoring .  Th e result s hav e 

implication s no t  onl y fo r  theorie s o f  learning ,  bu t  als o fo r 

improvin g bot h h u m a n an d compute r  tutoring . 

Methods 

A stud y wa s conducte d i n whic h 2  exper t  physic s nator s 

worke d wit h 4 2 colleg e student s fo r  approximatel y 3  hour s 

each .  Th e student s wer e teste d befor e an d afte r  th e tutorin g 

sessio n i n orde r  t o determin e wha t  the y learned .  Tutorin g 

session s wer e recorde d an d selecte d recording s wer e 

transcribe d fo r  analysis . 

Th e 5  physic s problem s covere d i n th e tutorin g session s 

wer e analyze d i n orde r  t o find  ou t  wha t  rule s th e student s 

coul d learn .  W e us e "rule "  t o stan d fo r  an y piec e o f  physic s 

knowledge ,  bot h procedura l  an d conceptual .  Fo r  instance , 

on e rul e is ,  "I f  a  tau t  strin g i s attache d t o a n object ,  ther e i s 

a tensio n forc e o n th e objec t  exerte d b y th e string. "  Th e 

physic s rule s wer e th e one s use d i n Ande s (VanLehn , 

1996) ,  Pol a (Conat i  &  VanLehn .  1995) ,  Ola e (Marti n & 

VanLehn .  1995 )  an d Cascad e (VanLehn ,  Jones ,  &  Chi , 

1992) . 

A tes t  wa s designe d t o asses s th e learnin g o f  eac h rul e 

use d durin g th e trainin g problems .  Th e sam e tes t  wa s use d 

fo r  bot h pre -  an d post-testing . 

For  eac h studen t  an d rule ,  eac h tes t  wa s score d accordin g 

t o whethe r  th e studen t  use d th e rul e o r  no t  ( 2 coders ,  wit h 

an interrate r  reliabilit y o f  .95) .  I f  a  subjec t  faile d t o us e a 

rul e o n th e pre-tes t  bu t  use d i t  o n th e post-test ,  th e subjec t 

was sai d t o "gain "  tha t  rule .  I f  a  subjec t  faile d t o us e a  rul e 

on bot h th e pre -  an d post-tests ,  the n th e subjec t  wa s sai d t o 

"no t  gain "  tha t  rule . 

Sinc e w e coul d no t  feasibl y analyz e al l  4 2 students ,  w e 

chos e a  subse t  o f  8  tha t  woul d maximiz e th e contras t 

among learnin g an d non-learning .  Fo r  eac h o f  th e 2  tutors , 

we selecte d fo r  analysi s th e 2  student s wit h th e mos t  gain s 

and th e 2  student s wit h th e fewes t  gains . 

For  eac h o f  th e 8  subjects ,  potentia l  learnin g event s wer e 

locate d i n th e protocols .  A  potentia l  learnin g even t  i s a n 

episod e wher e th e studen t  ha s th e opportunit y t o lear n on e 

of  th e rule s tha t  th e studen t  misse d o n th e pre-test .  Mor e 

specifically ,  a n episod e wa s classifie d a s a  potentia l 

learnin g even t  i f  th e tuto r  an d studen t  wer e eithe r 

discussin g th e rul e o r  applyin g th e rul e i n orde r  t o solv e th e 

problem . 

General Features 

Our  first  analysi s sough t  t o find  genera l  feature s o f 

potentia l  learnin g event s tha t  woul d explai n wh y som e 

cause d learnin g an d som e di d not .  W e code d th e potentia l 

learnin g event s usin g th e followin g codes ,  the n correlate d 

the m wit h th e gains .  (Pearso n correlation s ar e show n i n 

parenthese s whe n p<.05) . 

•  W h o initiate d th e discussion :  studen t  o r  tutor. ' 

•  Wha t  initiate d th e discussion :  a  student-flagge d error ,  a 

tutor-flagge d erro r  ( r  =  -.24) ,  o r  th e studen t  gettin g 

stuck ? 

•  H o w m a n y o f  th e ke y idea s behin d th e rul e wer e 

mentione d b y th e tutor ? B y th e student. ' 

•  H o w m a n y misconception s wer e mentione d b y th e 

student ? B y th e tutor ? 
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•  W h o firs t  mentione d th e correc t  conclusio n generate d b y 

applyin g th e rule :  th e studen t  ( r  =  .34) ,  th e tutor ,  th e 

studen t  whe n ther e wa s onl y on e plausibl e choice ,  o r 

neither ? 

•  H o w m a n y time s wa s th e correc t  conclusio n mentione d 

by th e student ? B y th e tuto r  ( r  =  -.24) ? 

•  H o w m a n y word s wer e uttere d b y participant s durin g th e 

discussio n ( r  =  -.40) ? 

•  H o w m a n y impasse s o r  error s ( r  =-.29 )  occurre d fo r  thi s 

rul e overall ? 

The codin g wa s don e b y tw o coders .  Th e reliabilitie s wer e 

calculate d separatel y fo r  eac h code ,  an d al l  wer e judge d 

acceptable . 

The patter n o f  correlation s i s consisten t  wit h th e ide a tha t 

some o f  th e rule s wer e harde r  t o lear n tha n others—the y 

require d mor e words ,  cause d mor e errors ,  an d th e error s 

wer e no t  caugh t  b y th e student .  Thi s suggeste d lookin g a t 

th e correlation s wit h th e difficult y o f  th e rul e partiale d out . 

We use d th e numbe r  o f  ke y idea s underlyin g th e rul e a s a 

measur e o f  th e rule' s difficulty .  W h e n difficult y wa s 

partiale d out ,  onl y tw o feature s wer e significantl y 

correlate d wit h gain : 

•  Th e numbe r  o f  word s uttere d b y th e participant s durin g 

discussio n o f  th e rul e ( r  =  -.27) . 

•  Th e numbe r  o f  time s th e correc t  conclusio n wa s first 

generate d b y th e studen t  ( r  =  .30) . 

However ,  neithe r  correlatio n explaine d m u c h o f  th e 

varianc e i n learning .  Thi s suggeste d tha t  ther e wer e othe r 

factor s beside s thes e genera l  feature s tha t  determine d whe n 

a studen t  woul d lear n from a  tutorin g event . 

Rule-Specific Features 

We suspecte d tha t  th e reaso n w e coul d no t  observ e stron g 

explanator y pattern s wa s tha t  ou r  analysi s sough t  a  singl e 

patter n tha t  explaine d ever y rule' s learning .  Perhap s 

differen t  kind s o f  tutoria l  interaction s wer e importan t  fo r 

differen t  rules .  Thus ,  ou r  nex t  analysi s examine d eac h rul e 

separately ,  lookin g fo r  feature s o f  th e tutoria l  dialog s tha t 

explaine d jus t  tha t  rule' s learning . 

Becaus e w e neede d enoug h tutoria l  event s pe r  rul e t o ge t 

statistica l  power ,  w e abandone d th e labo r  savin g devic e o f 

examinin g onl y 8  subject s an d analyze d al l  4 2 subjects . 

However ,  w e di d no t  examin e id l  rules .  W e examine d a 

rul e onl y i f  5  o r  mor e subject s gaine d i t  an d 5  o r  mor e 

subject s faile d t o gai n it .  Thes e constraint s wer e necessar y 

i n orde r  t o hav e enoug h varianc e t o explain .  T h e 

constraint s eliminate d al l  bu t  5  rules . 

We first  checke d whethe r  gain s coul d b e explaine d b y th e 

overal l  competenc e o f  th e students .  Fo r  instance ,  fo r  th e 

fu-s t  rul e discusse d below ,  o f  di e 1 5 student s w h o misse d 

th e rul e o n th e pre-test .  8  gaine d an d 7  di d not ,  an d th e pre -

tes t  score s o f  th e gainer s (25.4 )  wer e no t  significantl y 

differen t  (p=.57 )  from  th e pre-tes t  score s o f  th e non-gainer s 

(27.1) .  I n fact ,  fo r  non e o f  th e 5  rule s wer e th e pre-tes t 

score s o f  th e gainer s significantl y differen t  from  pre-tes t 

score s o f  di e non-gainers . 

For  eac h rule ,  w e separatel y checke d whethe r  th e 

competenc e o f  th e tutor s coul d explai n th e gains .  Fo r  non e 

of  th e 5  rule s wer e gain s associate d wit h tuto r  (Chi-squar e 

test) . 

I n short ,  i t  appear s tha t  learnin g i s associate d wit h wha t 

occurre d durin g th e tutoria l  dialog ,  an d no t  w h o wa s 

involved .  I n eac h o f  th e section s below ,  th e tutoria l  dialo g 

feature s associate d wit h on e rule' s gain s ar e described . 

The Deceleration Rule 

Th e deceleratio n rul e i s "I f  a n objec t  i s  slowin g down ,  the n 

i t  i s  acceleratin g i n th e directio n opposit e it s movement. " 

Thi s rul e wa s taugh t  i n th e contex t  o f  a n elevato r  tha t  i s 

slowin g d o w n a s i t  descends .  Student s w h o kne w th e rul e 

woul d conclud e tha t  th e elevato r  i s acceleratin g upwards . 

On th e tests ,  th e student s ar e aske d t o dra w th e acceleratio n 

of  a  truc k tha t  i s slowin g d o w n whil e movin g rightward s o n 

a horizonta l  surface .  Student s w h o kne w th e rul e woul d 

dra w a  leftwar d horizonta l  arrow . 

Al l  1 5 student s w h o misse d th e rul e o n th e pretes t 

initiall y  faile d durin g fraining  t o correctl y indicat e tha t  th e 

elevator' s acceleratio n wa s upward .  I n al l  cases ,  th e tutor s 

notice d th e erro r  an d provide d remediation .  Th e tutor s 

use d 8  differen t  tactic s t o teac h di e rule ,  including : 

•  T h e nito r  begin s b y askin g th e studen t  fo r  th e definitio n 

of  acceleration ,  whic h is ,  "chang e i n velocit y divide d b y 

th e duration. "  Th e tuto r  nex t  ask s di e studen t  t o dra w 

th e initia l  velocit y o f  th e elevator ,  th e final  velocity ,  an d 

di e chang e i n velocity .  T h e latte r  shoul d b e a  shor t  arro w 

pointin g upwards .  Th e tuto r  the n ask s th e studen t  wha t 

directio n th e acceleratio n o f  th e elevato r  is .  T h e studen t 

shoul d sa y "Up. " 

•  Th e tuto r  pose s a n analog y b y saying ,  "Suppos e I  a m 

movin g north .  W h a t  directio n woul d yo u hav e t o pus h 

me i n orde r  t o slo w m e down? "  Th e studen t  shoul d say , 

"South. "  Th e tuto r  die n ask s th e student ,  "S o accordin g 

t o Newton' s law ,  wha t  directio n woul d m y acceleratio n 

be? "  Th e studen t  shoul d say ,  "Soudi. "  Th e tuto r  die n 

ask s th e studen t  wha t  directio n th e acceleratio n o f  di e 

elevato r  is .  Th e smden t  shoul d say ,  "Up. " 

•  Th e tuto r  use s a  Socrati c approach .  I f  th e studen t  say s 

th e acceleratio n i s downward ,  th e tuto r  ask s wha t  tha t 

woul d d o t o di e velocit y vector .  Th e studen t  shoul d sa y 

tha t  th e velocit y vecto r  get s longer .  Th e mto r  ask s wha t 

dia t  woul d d o t o di e elevator' s speed .  Th e studen t  shoul d 

say dia t  th e elevato r  woul d spee d up .  Th e tuto r  ask s i f 

di e elevato r  i s speedin g up .  T h e studen t  shoul d realiz e 

di e contradictio n an d retrac t  th e belie f  tha t  th e elevato r  i s 

acceleratin g downwards . 

•  T h e tuto r  give s som e kin d o f  mil d negativ e feedback , 

suc h a s "Ar e yo u sur e di e acceleratio n i s downwards? " 

Th e studen t  the n say s somethin g like ,  "No ,  I  mean t 

upwards. " 
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Sometime s th e tutor s woul d tr y on e lin e o f  reasoning ,  the n 

tr y a  secon d i f  th e firs t  seeme d no t  t o work . 

Th e 8  tactic s (line s o f  reasoning )  wer e code d b y tw o 

coders ,  wit h inter-rate r  reliabilit y  o f  .88 .  Th e followin g 

feature s o f  th e tutoria l  dialo g wer e foun d no t  t o b e 

associate d wit h gain : 

•  Whic h lin e o f  reasonin g (tutoria l  tactic )  wa s used . 

•  H o w m a n y line s o f  reasonin g wer e used . 

•  H o w m a n y step s wer e i n th e lin e o f  reasoning ,  o r  h o w 

m a ny step s wer e i n al l  line s o f  reasonin g i f  mor e tha n 

on e wa s used . 

•  H o w m a n y o f  th e step s i n th e line s o f  reasonin g wer e 

explicitl y  presente d (tutor s sometime s skippe d steps) . 

•  H o w m a n y o f  th e step s i n th e line s o f  reasonin g wer e 

produce d b y th e tuto r  vs .  b y th e student . 

•  H o w activ e th e studen t  wa s (numbe r  o f  step s produce d b y 

th e studen t  divide d b y tota l  numbe r  o f  step s produced) . 

•  Whethe r  th e studen t  dre w a  correc t  acceleratio n vecto r  a t 

th e en d o r  merel y stale d tha t  th e acceleratio n wa s 

upward . 

I n othe r  words ,  i t  di d no t  see m t o b e th e line s o f  reasonin g 

or  eve n thei r  qualit y tha t  determine d gain . 

However ,  wha t  wa s reliabl y associate d wit h gai n wa s 

whethe r  th e tuto r  state d a  genera l  versio n o f  th e rule , 

namel y "I f  a  bod y i s slowin g dow n (decelerating) ,  th e 

directio n o f  it s  acceleratio n i s opposit e it s motion " 

(X"=12.4 ,  p=.00O4 ;  Codin g wa s don e b y tw o coder s wit h 

reliabilit y  o f  1.0. )  A  correc t  answe r  t o th e vertica l  trainin g 

situatio n (th e elevato r  problem )  wa s no t  sufficien t  fo r  th e 

studen t  t o answe r  correctl y i n horizonta l  testin g situatio n 

(th e truc k problem) .  I n orde r  t o obtai n generalizatio n an d 

u-ansfer .  th e tuto r  ha d t o mentio n th e critica l  concept s 

"slowin g d o w n "  an d "opposite. " 

The Knot Rule 

Student s ofte n thin k tha t  th e onl y object s tha t  the y shoul d 

apply  Newton' s la w t o ar e block s an d othe r  object s wit h 

mass.  However ,  fo r  som e problems ,  massles s object s ar e 

th e appropriat e choic e fo r  th e "body. "  (Physicist s us e 

"body "  t o mea n th e objec t  tha t  on e wil l  appl y Newton' s la w 

to. )  A  c o m m o n massles s objec t  i s  a  kno t  forme d b y tyin g 

togethe r  severa l  massles s strings .  Ideally ,  th e rul e t o b e 

learne d is .  " A massles s objec t  ca n b e a  body. "  However , 

di e onl y massles s object s use d i n ou r  problem s ar e knots ,  s o 

student s m a y hav e learne d onl y th e mor e specifi c  rule ,  " A 

kno t  ca n b e a  body. " 

I n th e training ,  thi s rul e wa s use d o n a  proble m wher e 

tw o block s ar e hun g from a  harnes s o f  5  massles s string s 

tha t  ha s tw o knot s (se e Figur e 1) .  Th e correc t  solutio n 

follow s from  applyin g Newton' s la w onc e fo r  eac h knot .  I n 

th e testing ,  th e rul e wa s use d o n a  proble m wher e tw o m e n 

ar e pullin g a  car t  wit h a  harnes s tha t  ha s 3  string s an d on e 

knot .  Thus ,  student s mus t  transfe r  th e applicatio n o f  th e 

rul e from a  vertica l  cas e t o a  horizonta l  case ,  an d from a 

mor e comple x harnes s t o a  simple r  one . 

\  / 
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u 

X 

Trainin g proble m 

> ^  ma n I 

man 2 

Tes t 

car t 

H 1 

proble m 

Figur e 1 

Tutoring on the knot rule proceeded as follows. Tutors 

sometime s mentione d quit e earl y i n th e proble m tha t  ther e 

was a  kno t  a t  th e junctio n o f  th e strings ,  bu t  the y di d no t  a t 

tha t  tim e mentio n dia t  knot s coul d b e bodies .  W h e n the y 

came t o th e par t  o f  th e proble m wher e a  bod y need s t o b e 

chosen ,  die y eithe r  explicitl y  state d tha t  a  bod y mus t  b e 

chose n (2 0 cases )  o r  di d no t  explicitl y  stat e thi s (1 6 cases) . 

I f  the y di d no t  stat e tha t  a  bod y mus t  b e chosen ,  the n the y 

jus t  starte d usin g knot s a s bodies ,  fo r  instance ,  b y askin g 

th e studen t  t o dra w th e force s actin g o n on e o f  th e knots .  I f 

di e tuto r  state d tha t  a  bod y mus t  b e chosen ,  the n sometime s 

th e tutor s chos e th e kno t  diemselve s ( 4 cases )  an d 

sometime s the y aske d th e studen t  t o choos e th e bod y (1 6 

cases) .  W h e n th e student s chos e di e body ,  di e studen t 

usuall y chos e incorrectl y (1 4 cases) .  Regardles s o f  w h o 

chos e di e kno t  a s th e body ,  th e mto r  woul d sometime s 

explai n di e rul e (1 3 cases) .  Durin g thos e explanations , 

the y woul d sometime s ( 6 cases )  stat e a  genera l  versio n o f 

th e rule ,  suc h a s " A bod y shoul d b e chose n tha t  connect s 

object s wid i  know n propertie s t o object s whos e propertie s 

we seek. " 

Th e followin g feature s wer e associate d wit h gain : 

•  Whethe r  a  studen t  incorrectl y chos e di e bod y (1 4 

cases )  o r  no t  (2 2 cases) .  (%^=6.5 ,  p=.011 ) 

•  Whethe r  a  studen t  chos e di e bod y (1 6 cases )  o r  no t 

(2 0 cases) .  (%'=10.2 ,  =.0014 ) 

•  Whedie r  di e tuto r  state d tha t  a  bod y need s t o b e 

chose n (2 0 cases )  o r  no t  (1 6 cases) .  (X'=6.1 .  p=.014 ) 

Becaus e thes e feature s ar e nested ,  w e believ e i t  i s  reall y di e 

fu-s t  featur e (errors )  tha t  make s a  difference .  Tha t  is .  di e 

snident s w h o chos e a  bod y incorrectl y ar e a  subse t  o f  di e 

student s w h o chos e a  body ,  w h o ar e i n tur n a  subse t  o f  di e 

student s w h o hear d th e tuto r  stat e tha t  a  bod y need s t o b e 

chosen .  Ther e ar e enoug h gainer s i n th e smalles t  se t  t o 

caus e al l  thre e set s t o b e reliabl y associate d wid i  gains . 

Thi s interpretatio n i s consisten t  wit h di e fac t  b y th e tim e 

th e kno t  rul e come s up ,  di e tuto r  an d studen t  hav e afread y 

discusse d m a n y time s th e nee d t o choos e a  body ,  s o 

mentionin g i t  on e mor e tim e probabl y doesn' t  mak e muc h 

difference .  Thus ,  i t  i s  mor e likel y tha t  th e gain s wer e 

cause d b y makin g errors . 

Th e followin g feature s wer e no t  correlate d wit h gain : 

•  Whethe r  th e tuto r  state d dia t  di e kno t  i s  a n object . 
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•  Whethe r  th e tuto r  explaine d w h y th e student' s choic e 

of  bod y i s wron g (e.g. ,  b y demonstratin g tha t  choosin g 

a weigh t  a s a  bod y lead s t o a  dead-end) . 

•  Whethe r  th e tuto r  explaine d w h y knot s shoul d b e u.se d 

as bodie s (e.g. ,  "Yo u wan t  t o relat e T 3 an d W l ,  an d 

tha t  kno t  i s wha t  yo u need. "  ) . 

•  Whethe r  th e tuto r  state d th e rul e i n genera l  form . 

The non-significanc e o f  thes e feature s show s tha t  th e 

tutors '  explanation s ar e no t  associate d wit h gain .  Becaus e 

th e tutor s alway s gav e explanation s afte r  th e studen t  m a d e 

an error ,  an d error s ar e associate d wit h gains ,  i t  migh t  hav e 

been though t  tha t  i t  i s  th e explanation s an d no t  th e error s 

tha t  ar e critica l  fo r  learning .  However ,  th e tutor s tende d t o 

explai n th e kno t  rul e eve n whe n student s di d no t  m a k e a n 

error .  Apparentl y thes e explanation s wer e no t  effective , 

becaus e explanation s overal l  wer e no t  associate d wit h 

gains . 

Unlik e th e deceleratio n rule ,  ther e wa s n o valu e (o r 

harm )  i n statin g th e kno t  rul e i n a  mor e genera l  form . 

However ,  generalizatio n o f  th e kno t  rul e wa s no t  require d 

fo r  solvin g th e tes t  proble m becaus e i t  als o involve d a  knot . 

The Compound Body Rule 

Some physic s problem s ar e easie r  t o solv e i f  on e treat s tw o 

or  mor e object s tha t  m o v e togethe r  a s a  singl e body .  Fo r 

instance ,  i f  th e proble m ask s fo r  th e acceleratio n o f  a  4 0 k g 

boy o n a  1 0 k g sle d tha t  i s slidin g dow n a  hill ,  the n i t  i s 

easies t  t o trea t  th e boy/sle d combinatio n a s a  singl e 5 0 k g 

body .  Th e compoun d bod y rul e is ,  " A se t  o f  object s tha t 

move togethe r  ca n b e considere d a  singl e body. "  I t  i s 

taugh t  i n th e contex t  o f  a  proble m wher e tw o blocks ,  on e 

sittin g o n to p o f  th e other ,  slid e dow n a  frictionles s incline d 

plane .  I t  i s  teste d i n th e contex t  o f  a  proble m wher e tw o 

adjacen t  block s si t  o n a  horizonta l  firictionless  plane ,  an d a 

horizonta l  forc e i s applie d t o th e lef t  sid e o f  th e lef t  block . 

The tutoria l  dialog s ha d th e followin g genera l  form . 

Becaus e th e physic s proble m use d i n th e trainin g actuall y 

asked ,  "Wha t  i s th e acceleratio n o f  th e two-bloc k system, " 

i t  strongl y suggest s tha t  on e shoul d choos e a  compoun d 

body .  Nonetheless ,  4  student s mistakenl y chos e a  singl e 

bloc k a s th e body .  Th e othe r  2 1 student s correctl y chos e 

th e tw o block s a s th e bod y bu t  5  showe d uncertaint y (e.g. , 

by askin g th e tuto r  i f  i t  wa s correct) .  Regardles s o f  h o w th e 

body wa s chosen ,  th e tutor s woul d ofte n (2 3 o f  2 5 cases ) 

contir m tha t  th e tw o block s shoul d b e treate d a s a  singl e 

body an d sometime s ( 9 cases )  woul d eve n explai n w h y (i.e. . 

becaus e the y hav e th e sam e acceleratio n o r  becaus e the y 

move together) . 

Of  th e 6  student s w h o gained ,  al l  6  mad e a  mistak e o r 

showe d uncertJiinty ,  wherea s o f  th e 1 9 student s w h o di d no t 

gain ,  mos t  (16 )  m a d e di e correc t  bod y choic e withou t 

comment .  Th e differenc e wa s significan t  (x' = 14.035 ,  p  = 
.0002) .  N o othe r  significim t  difference s wer e foun d amon g 

th e othe r  feature s tha t  w e code d for ,  namely : 

•  Whethe r  th e tuto r  explaine d tha t  th e tw o block s ca n b e 

considere d a  bod y becaus e the y mov e together . 

•  Whethe r  th e tuto r  m a d e an y othe r  explanation s (e.g. , 

ther e i s n o nee d t o conside r  interna l  force s betwee n 

blocks) . 

•  Whethe r  th e tuto r  state d th e rul e i n a  genera l  form . 

•  Whethe r  th e tuto r  aske d th e studen t  t o choos e th e 

body . 

•  Whethe r  th e studen t  mentione d mas s durin g th e 

selectio n o f  th e bod y (becaus e i t  migh t  b e possibl e t o 

wor k th e proble m b y simpl y addin g th e masse s o f  th e 

tw o block s togethe r  instea d o f  conceptualizin g di e pai r 

as a  singl e body) . 

Thes e finding s sugges t  tha t  i n orde r  t o lear n di e compoun d 

bod y rule ,  th e student s neede d t o m a k e a  mistak e o r  sho w 

uncertainty .  A s wit h th e kno t  rule ,  i t  i s  unlikel y tha t 

learnin g wa s cause d solel y b y th e explanatio n dia t  followe d 

th e mistake ,  becaus e explanation s diemselve s wer e no t 

associate d wit h gains . 

A Kinematics Equation 

Ther e ar e severa l  kinematic s (time-rate-distance )  equation s 

use d i n physics ,  an d on e o f  the m i s s=Vot+ /̂ i  at̂ ,  wher e s  i s 

di e distanc e a n objec t  travels ,  t  i s  th e duratio n o f  travel ,  v o 

i s th e object' s initia l  velocit y an d a  i s di e object' s 

acceleration .  Durin g training ,  thi s equatio n i s use d i n a 

proble m wher e a  bloc k start s a t  res t  an d slide s d o w n a n 

incline d plan e fo r  2  seconds .  I t  i s  teste d b y askin g h o w fa r 

an objec t  travel s durin g 1 0 second s whe n startin g fi-om  res t 

an d acceleratin g a t  5  m/s" . 

Th e tutoria l  dialog s fo r  Uii s rul e ha d di e followin g 

genera l  form .  Non e o f  th e student s wa s abl e t o produc e a 

correc t  versio n o f  th e equation .  S o m e produce d incorrec t 

equation s (1 3 cases) ,  an d som e coul d no t  produc e an y 

equatio n ( 9 cases) .  I f  th e studen t  coul d no t  suppl y a n 

equation ,  the n di e tuto r  di d s o an d sometime s justifie d i t  b y 

derivin g i t  fro m th e definition s o f  velocit y an d acceleratio n 

vi a eithe r  calculu s ( 2 cases )  o r  algebr a ( 1 case) .  I f  di e 

studen t  produce d a n incorrec t  equation ,  th e tutor s 

responde d i n tw o ways : 

•  Sometime s ( 6 cases )  di e tuto r  explaine d w h y th e 

student' s erro r  wa s wrong .  Fo r  instance ,  a  c o m m o n 

erro r  wa s t o us e s=vt ,  wher e v  i s suppose d t o b e th e 

averag e velocit y bu t  student s use d di e tina l  velocit y 

instead .  Tutor s pointe d thi s ou t  jui d suggeste d usin g 

th e targe t  equatio n instead .  I n 2  o f  th e cases ,  th e tuto r 

justifie d di e targe t  equado n b y derivin g i t  vi a calculus . 

•  Sometime s ( 7 cases )  th e tuto r  di d no t  explai n w h y th e 

student' s equatio n wa s wrong .  Fo r  instance ,  whe n 

on e studen t  use d s=ar ,  th e tuto r  sunpl y pointe d ou t 

tha t  i t  shoul d b e s='/2at' .  Additionally ,  i n 3  cases ,  th e 

tuto r  derive d di e equatio n vi a calculus . 

T wo feature s wer e associate d wit h gains .  First ,  i f  th e 

studen t  produce d a n incorrec t  equatio n an d th e tuto r  di d 

not  explai n w h y i t  wa s wrong ,  the n student s rarel y (i n 1  o f 
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7 cases )  gained ;  bu t  i f  th e tuto r  explaine d w h y th e equatio n 

was wrong ,  the n the y usuall y (i n 4  o f  6  cases )  gained , 

whic h wa s a  signific<m t  differenc e (x'=3.8 ,  p=.053) . 

Second ,  wheneve r  th e tutor s derive d th e targe t  equatio n vi a 

calculus ,  th e student s neve r  (ou t  o f  7  cases )  gained ,  whic h 

was a  significan t  differenc e (X^=5.9 .  p=.015) . 

Othe r  feature s tha t  w e code d wer e no t  associate d wit h 

gain : 

•  Whethe r  th e studen t  produce d a n incorrec t  equatio n o r 

n o equation . 

•  Whethe r  th e studen t  gav e a n incorrec t  answe r  o n th e 

pre-tes t  o r  gav e n o answe r  o n th e pre-test . 

•  Whethe r  th e studen t  m a d e th e sam e mistak e the y 

m a de o n th e pre-test . 

•  Whethe r  th e kinematic s equatio n wa s discusse d befor e 

or  afte r  th e valu e o f  acceleratio n wa s foun d (an d thus , 

coul d b e substitute d int o th e equation) . 

•  Whethe r  th e tuto r  aske d th e studen t  t o n a m e o r  giv e 

value s fo r  th e variable s i n th e equation . 

•  Whethe r  th e studen t  use d th e equatio n durin g trainin g 

t o calculat e a  numerica l  valu e fo r  th e distance . 

Thes e findings  sugges t  tha t  merel y correctin g a  mistake n 

equatio n wa s no t  sufficien t  t o remed y th e bugg y knowledge ; 

th e tuto r  shoul d hav e explaine d w h y th e erro r  wa s wrong . 

W h en teachin g th e targe t  equation ,  th e tutor s use d differen t 

kind s o f  explanations ,  bu t  usin g calculu s t o deriv e th e 

targe t  equatio n apparentl y onl y confuse d th e students . 

The Rotated Axes Rule 

W h en solvin g physic s problem s tha t  hav e force s arraye d i n 

tw o dimensions ,  i t  i s  sometime s convenien t  t o us e 

coordinat e axe s tha t  ar e tilte d fro m thei r  usua l  horizonta l 

and vertica l  orientation .  Fo r  instance ,  i f  a  bloc k slide s 

d o wn a n incline d plane ,  the n simple r  equation s ar e 

produce d b y makin g th e x-axi s paralle l  t o th e plan e an d th e 

y-axi s perpendicula r  t o th e plane .  Durin g training ,  th e 

rotate d axi s rul e wa s use d o n tw o inclined-plan e problems , 

althoug h w e analyze d onl y di e first  one .  Durin g testing , 

student s wer e show n a n objec t  wit h force s draw n o n i t  an d 

aske d t o dra w coordinat e axes . 

Tutors "  explanation s wer e usuall y base d o n a n overl y 

specifi c  versio n o f  th e rule ,  namely ,  tha t  th e axe s shoul d b e 

rotate d t o alig n wit h th e direcfio n o f  motion .  Althoug h thi s 

versio n o f  th e rul e applie s t o th e trainin g problems ,  i t  doe s 

not  appl y i n th e tes t  problem ,  whos e bod y i s stationary . 

T h e mor e genera l  versio n o f  th e rul e i s t o rotat e th e axe s s o 

tha t  on e axi s i s aligne d wit h th e vecto r  on e seeks .  Fo r  mos t 

problem s wit h movin g objects ,  th e sough t  quanut y i s 

usuall y a  kinemati c quantit y suc h a s acceleration ,  whic h i s 

w hy th e overl y specifi c  versio n o f  th e rul e usuall y works . 

Th e tutor s discusse d th e genera l  versio n o f  th e rul e onl y 

once ,  althoug h the y coul d hav e mentione d i t  o n subsequen t 

problems ,  whic h w e di d no t  analyze . 

Th e tutorin g o f  th e rotate d axe s rul e proceede d a s 

follows .  I n 1 2 cases ,  th e tuto r  suggeste d rotatin g th e axe s 

befor e givin g th e studen t  a  chanc e t o dra w them .  I n th e 

remainin g 5  cases ,  th e studen t  chos e th e axe s an d usuall y 

( 4 cases )  chos e non-rotate d ones .  However ,  eve n i f  th e 

tuto r  di d sugges t  rotatin g th e axes ,  I  o f  th e 1 2 student s 

apparentl y misunderstood ,  becaus e th e studen t  faile d t o 

rotat e th e axe s eve n afte r  receivin g th e suggesfion .  O n th e 

othe r  hand ,  i f  the y di d choos e correctly ,  the y di d no t 

expres s uncertainty .  Regardles s o f  h o w th e axe s wer e 

chosen ,  th e tutor s ofte n (1 6 o r  1 7 cases )  gav e a  shor t 

explanatio n o f  th e rul e (e.g. ,  "It'l l  sav e yo u wor k i f  yo u 

rotat e th e axe s s o x  align s wit h th e acceleration.") . 

T h e majo r  featur e tha t  predicte d gain s wa s whethe r  o r 

not  th e studen t  mad e a n erro r  b y drawin g a  non-rotate d 

axis .  O f  di e 5  student s w h o mad e di e mistake ,  4  wer e 

gainers .  O f  th e 1 2 student s w h o di d no t  m a k e a  mistake , 

onl y 3  wer e gainers .  (x^=4.4 ,  p=.036) . 

Othe r  feature s tha t  wer e no t  associate d wit h gain s 

include : 

•  Whethe r  th e tuto r  explaine d th e benefit s o f  rotatin g 

th e axes . 

•  Whethe r  th e tuto r  mentione d th e overl y specifi c 

versio n o f  th e rule . 

•  Whethe r  forc e vector s wer e draw n befor e o r  afte r  th e 

coordinat e axes . 

•  Whethe r  a  proble m dia t  require d a  single ,  vertica l  axi s 

had di e axi s labele d x  o r  y .  Labelin g i t  x  coul d b e 

interprete d a s rotatin g th e axe s b y 9 0 degrees . 

As wit h th e kno t  an d compoun d bod y rule ,  i t  i s  error s 

rathe r  tha n di e explanation s tha t  ar e associate d wit h gain . 

Discussion 

Our  origina l  hypothesi s wa s tha t  effecfiv e potentia l 

learnin g event s coul d b e discriminate d fi^om  ineffecriv e 

one s o n th e basi s o f  genera l  features ,  suc h a s 

1.  W h o (studen t  vs .  tutor )  an d wha t  (erro r  vs .  question ) 

initiate d th e event ? 

2.  H o w m a n y ke y idea s behin d di e rul e wer e mentioned ? 

3.  H o w m a n y word s wer e uttere d b y participant s durin g 

di e discussion ? 

4.  H o w m a n y time s wa s th e correc t  conclusio n first 

generate d b y di e student ? 

Onl y th e las t  tw o feature s turne d ou t  t o b e significantl y 

correlate d wit h learning .  Featur e 3  suggest s dia t  long -

winde d explanation s thwar t  learning .  However . 

discussion s generall y continu e unti l  di e tuto r  judge s dia t 

th e studen t  ha s learne d th e rul e o r  di e tuto r  give s up .  Thus , 

shor t  discussion s occurre d wheneve r  di e tuto r  foun d i t  eas y 

t o teac h di e rul e t o di e student ,  an d i n dios e cases ,  di e 

smdent  tende d t o appl y di e rul e o n di e post-test .  Thus ,  i t 

coul d b e lac k o f  learnin g dia t  cause s lon g discussion s an d 

not  vic e versa . 

Featur e 4  ha s tw o interpretations .  First ,  i t  suggest s tha t 

when tutor s le t  student s produc e th e first  correc t  applicatio n 

of  di e rul e diemselves .  die n di e student s ten d als o t o 

construc t  th e rul e themselves ,  an d dii s produce s succes s o n 
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th e post-test .  However ,  i t  ma y als o b e tha t  wheneve r  a  tuto r 

sees tha t  a  studen t  i s no t  learnin g a  rul e despit e th e tutor' s 

best  efforts ,  th e tuto r  applie s th e rul e instea d o f 

embarrassin g th e studen t  an y further ,  an d i n thes e cases , 

th e studen t  tend s no t  t o appl y th e rul e o n th e post-test . 

Althoug h interesting ,  non e o f  thes e genera l  feature s 

explai n muc h o f  th e variance .  Thi s suggeste d examinin g 

rule-specifi c  features . 

Fiv e rule s wer e analyze d t o se e wha t  feature s o f  th e 

tutoria l  dialog s discriminate d student s wh o learne d th e rul e 

from  student s wh o faile d t o lear n it .  Th e feature s 

associate d wit h learnin g wer e differen t  wit h differen t  rules : 

•  Fo r  th e kno t  rule ,  th e compoun d bod y rule ,  an d th e 

rotate d axe s rule ,  student s wh o mad e a n erro r  tende d 

t o gain .  Fo r  th e compoun d bod y rule ,  student s wh o 

applie d th e rul e correctl y bu t  expresse d uncertaint y 

als o tende d t o gain .  Fo r  al l  3  rules ,  i f  th e tuto r 

applie d th e rul e o r  th e studen t  applie d th e rul e 

correctl y withou t  expressin g uncertainly ,  the n th e 

student s tende d no t  t o gain . 

For  th e deceleratio n rule ,  onl y student s wh o hear d a 

generalizatio n o f  th e rul e tende d t o gain . 

•  I f  a  studen t  produce d a n incorrec t  kinematic s 

equation ,  explainin g wh y i t  wa s wron g produce d 

gains .  Correctin g th e equatio n withou t  explainin g 

why i t  wa s wron g di d no t  produc e gains . 

•  I f  th e targe t  kinematic s equatio n wa s explaine d b y 

usin g calculu s t o deriv e i t  fro m th e definition s o f 

velocit y an d acceleration ,  the n student s di d no t  gain . 

Fro m thes e findings ,  severa l  genera l  observation s ca n b e 

made. 

First ,  i t  seem s essentia l  tha t  student s becom e awar e tha t 

the y hav e a  knowledg e deficit .  I n th e case s o f  th e 

deceleratio n an d kinematic s rules ,  al l  student s eithe r  mad e 

an erro r  o r  go t  stuck ,  an d thu s realize d tha t  thei r 

knowledg e wa s eithe r  incorrec t  o r  incomplete .  I n di e case s 

of  th e knot ,  compoun d body ,  an d rotate d axe s rules ,  onl y 

some student s mad e error s o r  go t  stuck ,  an d the y wer e th e 

ones tha t  tende d t o gain .  I f  th e tutor s eithe r  applie d th e 

rule s themselve s o r  provide d suc h stron g hint s tha t  th e 

student s coul d easil y appl y th e rul e correctly ,  the n th e 

student s ma y no t  hav e realize d tha t  thei r  knowledg e wa s 

flawed,  whic h coul d explai n wh y the y tende d no t  t o gain . 

However ,  eve n i f  th e student s realize d tha t  the y ha d a 

knowledg e defect ,  the y di d no t  necessaril y  lear n fro m th e 

tutoring .  Whe n di e explanatio n involve d les s familia r 

backgroun d knowledge ,  suc h a s calculus ,  th e explanatio n 

may onl y hav e confuse d th e students .  Tw o o f  di e rules ,  th e 

deceleratio n rul e an d th e roLite d axe s rule ,  require d som e 

generalizatio n i n orde r  t o b e use d successfull y o n th e post -

test .  I n th e cas e o f  th e deceleratio n rule ,  whe n th e tutor s 

mentione d th e genera l  rule ,  di e student s tende d t o gain . 

Remedyin g misconception s tha t  produce d incorrec t 

kinematic s equation s seeme d t o requir e tha t  th e tuto r 

explai n wh y th e misconception s wer e wrong .  Thi s i s 

surprising ,  give n Uia t  Sieeman ,  Kelley ,  Maninak ,  War d 

;md Moor e (1989 )  foun d tha t  tutor s wh o explaine d wh y 

algebr a "mal-rules "  wer e wron g di d n o bette r  tha n tutor s 

who merel y sai d tha t  di e rul e wa s wron g withou t 

explainin g why .  Thei r  resul t  i s consisten t  wit h mos t  o f  th e 

rule s i n dii s  study ,  wher e gain s wer e no t  associate d wid i 

explanation s o f  wh y error s wer e wrong .  Apparently ,  a  fe w 

misconception s mus t  b e "untaught "  whil e other s ca n simpl y 

be overridden . 

Fro m a  practica l  standpoint ,  tw o heuristic s fo r  tutorin g 

emerge from  dies e data .  First ,  tutor s shoul d le t  student s 

make mistake s instea d o f  usurpin g th e opportunit y b y 

givin g stron g hint s o r  doin g th e reasonin g themselves . 

Thi s heuristi c mus t  b e applie d wit h caution ,  sinc e w e onl y 

measure d th e students '  learnin g an d no t  th e chang e i n thei r 

modvatio n o r  interest ,  whic h coul d b e negativel y affecte d 

by lettin g die m mak e errors .  Th e secon d heuristi c i s tha t 

differen t  rule s ma y requir e differen t  emphase s durin g 

tutoria l  explanations .  Thi s coul d b e a  significan t  challeng e 

to r  developer s o f  intelligen t  tutorin g systems ,  sinc e i t 

necessitate s findin g out ,  fo r  eac h rule ,  wha t  make s tha t  rul e 

difficul t  t o learn . 
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Abstrac t 

Goal-specificit > ha s bee n foun d t o affec t  performance :  I n 
difficul t  tasks ,  specifi c  goal s ma y b e detrimenta l  fo r  learning . 
Lock e an d Latha m (1990 )  claime d tha t  goal-specificit y ha s a n 
impac t  o n performanc e vi a motivation .  Vollmeye r  an d 
Rheinberg' s (1998 )  cognitive-motivationa l  proces s mode l 
propose d tha t  cognitiv e an d motivationa l  processe s interact . 
Therefore ,  w e investigate d i f  goal-specificit y ma y chang e th e 
natur e o f  thi s interaction ,  b y tryin g t o fit  differen t  structura l 
equation s model s fo r  group s give n a  specifi c  goa l  (SG )  o r  a 
nonspecifi c  goa l  (NSG) .  Befor e beginnin g a  comple x 
dynami c task ,  th e S G grou p wa s give n a  specifi c  goa l  t o 
reach ,  bu t  th e N S G grou p onl y receive d a  goa l  whe n the y ha d 
t o transfe r  thei r  knowledge .  W e foun d tha t  th e S G grou p 
learn t  les s an d ha d lowe r  motivatio n durin g learnin g 
Contrar y t o earlie r  claims ,  ther e wa s n o direc t  effec t  o f  goal -
specificit y o n initia l  motivation ,  bu t  i t  di d alte r  th e interactio n 
betwee n strategie s an d motivatio n durin g learning .  Th e 
empirica l  mode l  fo r  th e S G grou p showe d a  stron g effec t  o f 
initia l  motivatio n o n th e learnin g proces s an d goal-directe d 
strategie s wer e effective .  Fo r  th e N S G grou p motivatio n 
durin g th e tas k an d systemati c strategie s wer e important . 

Goals, Motivation, and Performance 

W h en settin g goal s fo r  peiformance ,  ther e ha s lon g bee n a 
debat e i n th e industria l  psycholog y literatur e ove r  whethe r  a 

nonspecifi c  goa l  (e .  g. ,  " D o you r  best") ,  o r  a  specifi c  goa l 
(e .  g. ,  "Ge t  withi n te n point s o f  th e target" )  lead s t o bette r 

performance .  Fo r  example ,  Tubb s (1986 )  i n a  meta-analysi s 

foun d tha t  specifi c  goal s lea d t o bette r  performanc e { d = 
.82) .  However ,  thi s relationshi p m a y b e moderate d b y tas k 
difficulty :  Fo r  eas y task s specifi c  goal s lea d t o bette r 
performance ;  bu t  fo r  difficu k task s thi s effec t  m a y b e 
reverse d (se e Kanfe r  &  Ackerman ,  1989 ;  th e meta-analysi s 
by W o o d ,  Mento ,  &  Locke ,  1987) .  Vollmeyer ,  B u m s ,  an d 
Holyoa k (1996 )  als o showe d tha t  specifi c  goal s ca n hinde r 
learnin g o f  a  difficul t  task . 

T o disentangl e th e comple x relationshi p betwee n goal s 
and performance ,  tw o differen t  type s o f  mediator s hav e bee n 
proposed :  1 )  motivation ,  an d 2 )  strategies . 

Lock e an d Latha m (1990 )  propose d tha t  goal s directl y 
affec t  motivationa l  mechanism s (suc h as ,  intensit y o f  effort , 
directio n o f  attention ,  persistence) ,  bu t  tha t  the y onl y 
indirectl y affec t  strategies .  Kanfe r  an d Ackerman' s approac h 
(1989 )  als o emphasize d motjyatio n a s a  mediator ,  however . 

the y define d motivatio n mor e narrowl y a s a  "subject' s tota l 

capacit y actuall y devote d t o th e task. "  (p .  664 ) 
Vollmeye r  e t  al .  (1996 )  foun d tha t  goa l  specificit y ma y 

affec t  th e strategie s tha t  learner s used .  Participant s give n a 

nonspecifi c goa l  wer e mor e likel y t o us e systemati c 
strategie s appropriat e fo r  learnin g abou t  th e underlyin g 

structur e o f  th e task ,  tha n wer e participant s give n a  specifi c 

goal ,  w h o wer e mor e likel y t o focu s o n th e goa l  rathe r  tha n 
structure .  DeSho n an d Alexande r  (1996 )  als o foun d 
evidenc e o f  goa l  effect s o n strategies . 

A thir d possibility ,  i s  tha t  motivatio n an d cognitiv e 
strategie s m a y interact .  Thi s i s  th e perspectiv e o f  th e 

cognitive-motivationa l  proces s mode l  o f  Vollmeye r  an d 
Rheinber g (1998) .  Thi s mode l  propose s tha t  initia l 
motivatio n affect s th e motivationa l  stat e durin g learning , 

whic h i n tur n influence s strateg y us e an d th e acquisitio n o f 
knowledge .  Thi s mode l  ha s bee n supporte d b y experiment s 

i n whic h participant s ha d a  nonspecifi c  goal .  However ,  th e 
structur e o f  thi s mode l  m a y chang e fo r  participant s give n a 
specifi c  goal ,  an d thi s m a y explai n th e comple x relationshi p 
betwee n goal s an d performance .  S o i n th e curren t  stud y w e 
examine d th e mode l  fit  fo r  participant s give n a  specifi c goa l 
and fo r  thos e give n a  nonspecifi c  goal . 

I n addition ,  w e teste d th e direc t  impac t  tha t  goal s ma y 
hav e o n participants '  initia l  motivation ,  a s motivatio n alon e 
migh t  explai n th e goa l  effect s o n performance .  W h e n a 
learne r  approache s a  learnin g task ,  th e literatur e suggest s 
tha t  severa l  motivationa l  factor s ca n aris e an d b e measured . 
(1 )  Learner s ca n var y i n thei r  certaint y tha t  the y wil l  succee d 
i n understandin g th e task .  Thi s facto r  w e wil l  cal l  master y 
confidenc e (simila r  concept s hav e bee n proposed ,  e.g. , 
subjectiv e probabilit y o f  succes s [Atkinson ,  1957] ;  self -
efficac y [Bandura ,  1977]) .  (2 )  Learner s ca n diffe r  i n thei r 
anxiet y abou t  failin g i n th e task .  Thi s facto r  w e wil l  cal l 
incompetenc e fea r  ( a simila r  concep t  i s Atkinson' s fea r  o f 

failure ,  however ,  fo r  hi m thi s concep t  i s  measure d a s a  trait) . 
(3 )  Learner s ca n perceiv e thi s tas k a s a  challeng e (e .  g. , 
Czikszentmihalyi ,  1975) .  (4 )  Th e tas k ma y o r  m a y no t  evok e 
th e learner' s interes t  (se e Schiefele ,  1991) .  Al l  thes e 
motivationa l  factor s ar e par t  o f  th e initia l  motivation . 

Alternatively ,  goal s coul d indirectl y impac t  motivatio n 
durin g th e task ,  becaus e the y presen t  participant s wit h 
evidenc e o f  succes s an d failure ,  leadin g t o lowe r  motivation , 
i f  th e tas k i s difficu k an d complex .  Thi s i n tur n coul d affec t 
thei r  strategies .  So ,  i n contras t  t o Lock e an d Latha m (1990) , 
we measure d motivatio n durin g th e task . 
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B i o l o g y - L a b :  A  C o m p l e x S y s t e m 

Vollmeye r  e t  al .  (1996 )  studie d goal-specificit y usin g a 
computer-drive n syste m calle d biology-lab ,  whic h wa s 
constructe d wit h th e shel l  D Y N A M I S (Funke ,  1991) .  W c 

agai n use d thi s system ,  bu t  change d th e variable s names .  I n 
our  cove r  story ,  participant s wer e tol d tha t  the y wer e i n a 

chemica l  la b i n whic h the y ha d t o stud y th e effect s o f 
chemica l  element s (iron ,  carbon ,  aluminum )  o n th e result s o f 

chemica l  processe s (oxygenation ,  chlorin e concentration , 
and temperature) .  Figur e 1  show s th e system' s hidde n 

structure ,  whic h i s comple x i n tha t  i t  involve s multipl e inpu t 
variable s tha t  ar e manipulate d t o contro l  multipl e outpu t 
variables .  A  deca y facto r  (marke d a s a  circl e connecte d t o 

temperature )  add s a  dynami c aspect ,  an d wa s implemente d 
by subtractin g a  percentag e o f  th e output' s previou s valu e o n 
eac h trial ,  therefore ,  th e variabl e change s eve n i f  ther e i s n o 
input .  Participant s trie d t o lear n h o w t o contro l  thi s system , 

the n the y applie d thei r  knowledg e t o tryin g t o reac h a  goa l 
(i.e. ,  brin g i t  t o specifi c  values) . 

iro n 

carbo n 

aluminu m 

oxygenatio n 

CI  concoitrat . 

temperatur e 

Q 

Figur e 1 :  Biology-la b syste m (sam e structur e bu t  differen t 
variabl e name s tha n i n Vollmeyer ,  RoUett ,  &  Rheinberg , 

1997) . 

Experiment 

Method 

Participants .  O n e hundre d an d sixt y student s (8 0 male ,  8 0 
female )  a t  th e Universit y o f  California ,  Lo s Angele s 
participate d i n th e experimen t  fo r  cours e credit . 

Design. There were two levels of goal specificity. The 
specifi c  goa l  grou p (SG )  consiste d o f  8 0 participant s w h o 
receive d a  goa l  a t  th e beginnin g o f  th e learnin g phase .  Th e 
nonspecifi c  goa l  grou p {NSG )  consiste d o f  8 0 participant s 
who wer e no t  give n th e goa l  unti l  th e transfe r  round .  I n th e 
transfe r  roun d th e goa l  state s wer e ne w t o bot h groups . 

Procedure. To learn about the biology-lab system, required 
participant s o n eac h tria l  t o se t  th e level s o f  th e thre e inpu t 
variable s an d t o observ e th e resultin g value s o f  th e outpu t 
variable s (number s fo r  eac h o f  thre e chemica l  processes) .  A 

serie s o f  si x trial s wa s define d a s a  round .  Al l  participant s 

receive d thre e initia l  learnin g round s (th e specifi c  goa l 

grou p wit h a  goal ,  th e nonspecifi c  goa l  grou p wit h n o goal ) 

followe d b y a  fourt h roun d (th e transfe r  round )  i n whic h 

the y wer e aske d t o reac h a  specifi c  goa l  state . 

Th e procedur e varie d slightl y fro m previou s studie s 
(Vollmeye r  e t  al. ,  1996) .  Although ,  th e specifi c  goa l 
participant s wer e tol d tha t  the y shoul d explor e th e system , 
the y wer e als o tol d tha t  the y onl y ha d thre e round s an d 

shoul d tr y t o reac h th e goa l  a s soo n a s possible .  Thus ,  w e 

maximize d S G participants '  focu s o n th e goal .  Vollmeye r  e t 
al .  ha d foun d tha t  thi s chang e o f  focu s appeare d t o b e a 
majo r  effec t  o f  givin g a  specifi c  goal .  Nonspecifi c  goa l 
participant s wer e give n n o goa l  unti l  th e fourt h round ,  a s i n 
Vollmeye r  e t  al .  Fo r  bot h groups ,  th e fourt h roun d goa l  wa s 

th e same ,  bu t  i t  wa s differen t  t o tha t  give n t o S G participant s 
at  th e star t  o f  th e learnin g rounds . 

Befor e startin g th e learnin g round s al l  participant s 

receive d genera l  instruction s abou t  th e task .  I n addition ,  w e 
explaine d tha t  th e bes t  strateg y fo r  explorin g th e syste m wa s 
t o var y on e inpu t  variabl e a t  a  tim e (Vollmeye r  e t  al. ,  1996 , 
showe d tha t  thi s wa s a  goo d strategy) .  Afte r  havin g rea d th e 
instructions ,  th e participant s answere d th e Q C M 
(Questionnair e o f  Curren t  A/otivation ,  b y Vollmeye r  & 

Rheinberg ,  1998 )  whic h measure d thei r  initia l  motivatio n o n 
th e fou r  factor s master y confidence ,  incompetenc e fear , 
interest ,  an d challeng e (se e Tabl e 1) . 

Table I: Example items for the motivational factors (with 
facto r  loadings) ,  an d al l  item s fo r  th e motivationa l  state . 

Master y confidenc e 
I  thin k everyon e coul d d o thi s task . 
I  can' t  wai t  t o start . 
I  thin k I  a m u p t o th e difficult y o f  th e task . 

Challeng e 
Thi s tas k i s a  rea l  challeng e fo r  m e . 
I f  I  ca n d o thi s task ,  I  wil l  fee l  prou d o f  mysel f 
I' m excite d abou t  h o w wel l  I  wil l  perfor m i n thi s 
task . 

Incompetenc e fea r 
I' m a  littl e bi t  worried . 
I  fee l  paralyze d b y th e demand s o f  th e task . 
I' m afrai d I  wil l  m a k e a  foo l  ou t  o f  mysel f 

Interes t 
Afte r  havin g rea d th e instruction ,  th e tas k seem s 
t o b e ver y interesting . 
I  lik e riddle s an d puzzles . 
I  woul d wor k o n thi s tas k eve n i n m y fi-ee  time . 

Motivationa l  Stat e (al l  items ) 
Th e tas k i s fiin. 
I' m sur e I  wil l  find  th e correc t  solution . 
It' s  clea r  t o m e h o w t o continue . 

facto r 
loadin g 

.7 3 

.6 7 

.6 5 

.7 6 

.7 5 

.7 0 

.7 2 

.7 2 

.7 1 

.7 5 

.7 5 

.7 5 

Cronbac h 
a =  .8 0 
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Afte r  eac h o f  th e thre e learnin g rounds ,  participant s 

complete d a  structur e diagram ,  i n whic h the y indicate d h o w 

the y believe d th e inpu t  variable s affecte d th e outpu t 

variables .  Th e participant s wer e provide d wit h a  diagra m 

showin g th e input s an d output s a s i n Figur e 1 ,  bu t  wit h al l 
link s an d weight s omitted ,  whic h n o w ha d t o b e filled  in . 

Afte r  this ,  the y answere d thre e item s tha t  measure d thei r 

motivationa l  stat e (se e Tabl e 1) .  Afte r  th e transfe r  round , 

participant s di d no t  fill  i n a  structur e diagram ,  the y wer e t o 
focu s o n reachin g th e goal . 

As Lock e an d Latha m (1990 )  assume d tha t  goal -

specificit y affect s motivation ,  w e analyze d th e initia l 

motivatio n a s indicate d b y ou r  fou r  factors .  Afte r  havin g 

rea d th e instructions ,  includin g ou r  goal-specificit y 

manipulation ,  ther e wa s n o differenc e betwee n th e 

experimenta l  group s regardin g th e fou r  QCM-factor s (al l  p' s 
> .20) .  Th e overal l  mean s (o n a  seven-poin t  scale )  fo r  th e 

fou r  factor s were :  fo r  challenge ,  M =  4.52 ,  S D =  1.01 ;  fo r 

interest ,  iV /  =  4.02 ,  S D =  1.04 ;  fo r  fear .  A / = 3.32 ,  S D =  0.91 ; 

and fo r  confidence ,  M =  4.43 ,  S D =  1.00 . 

Mediatin g variables .  T w o mediatin g variable s wer e 
measure d tha t  m a y interven e betwee n motivationa l  factor s 

and th e learnin g outcomes .  (1 )  Motivationa l  state .  A t  th e 
end o f  ever y learnin g roun d participant s answere d thre e 

question s (se e Tabl e 1 )  o n a  seven-poin t  scale ,  whic h wer e 

average d together .  (2 )  Strateg y systematicity .  Fo r  eac h 
learnin g round ,  th e si x trial s wer e code d fo r  eithe r 

systematicity ,  o r  whethe r  participant s trie d reachin g th e goa l 

states .  W e ha d fou r  categories :  lo w systematicity ,  al l  inpu t 
variable s wer e varied ;  mediu m systematicity ,  a  systematicit y 

was recognizabl e (e .  g. ,  tw o variable s ar e varied ;  fo r  on e 
variabl e ther e i s a  positiv e number ,  fo r  tw o a  negative) ;  hig h 
systematicity ,  onl y on e o r  n o inpu t  variabl e wa s varie d (i .  e. , 

th e strateg y explaine d t o participant s a t  th e beginning) ;  goal -
directe d strategy ,  participant s eithe r  reache d a  goal ,  o r  o n 
thre e consecutiv e trial s the y cam e close r  t o a  goa l  state .  Th e 
las t  categor y wa s difficul t  t o code ,  bu t  th e inter-rate r 

reliabilit y  ( k = .84 ,  Cohen ,  1960 )  wa s acceptable . 

Dependent variables. We measured two indicators for 
learning .  (1 )  Structur e score .  Fo r  eac h o f  th e thre e structur e 
diagram s (on e fo r  eac h learnin g round )  w e compute d a 
structur e score :  th e su m o f  th e numbe r  o f  correc t 
specification s o f  links ,  directions ,  an d weights ,  adjuste d wit h 
a correctio n fo r  guessing .  (2 )  Transfe r  score .  I n orde r  t o 
calculat e h o w wel l  participant s wer e abl e t o approac h th e 
targe t  goal ,  accurac y i n reachin g th e goa l  stat e durin g Roun d 
4 (th e transfe r  round )  wa s computed .  Thi s wa s th e su m o f 
th e absolut e difference s betwee n th e targe t  valu e an d th e 
obtaine d valu e fo r  eac h o f  th e thre e outpu t  variable s (a s thi s 
measur e produce d a  skewe d distribution ,  th e varianc e wa s 
correcte d b y applyin g a  natura l  lo g transformation) , 
compute d fo r  eac h o f  th e si x trial s tha t  comprise d Roun d 4 . 
The mea n o f  thes e si x sum s wa s the n subtracte d fro m a n 
arbin-ar y constant ,  s o tha t  hig h transfe r  score s indicate d 

goo d performance ,  jus t  a s fo r  structur e scores .  Therefore ,  w e 
coul d consistentl y predic t  correlation s i n th e sam e directio n 
fo r  bot h scores . 

Results 

Preliminar y analyses .  Fo r  th e fou r  motivationa l  factor s o f 

th e Q C M w e calculate d th e mean s fo r  th e item s o n eac h 

factor .  Therefore ,  w e coul d interpre t  th e absolut e leve l  o f 
thes e means ,  unlik e th e facto r  score s calculate d i n 
Vollmeye r  e t  al .  (1997) .  However ,  thi s resulte d i n highe r 

correlation s betwee n factor s tha n previousl y reported ,  a s 
Tabl e 2  shows . 

Tabl e 2 :  Correlation s o f  th e motivationa l  factor s an d th e 
dependen t  variables .  Th e first  coefficien t  belong s t o th e 

NSG-grou p (r t  =  80) ,  th e secon d t o th e SG-grou p ( n =  80) . 

incompetenc e 
fea r 

challeng e 

interes t 

motivat .  stat e 

(Roun d 3 ) 

structur e scor e 
(Roun d 3 ) 

transfe r  scor e 

master y 

confidenc e 

-.31** / 

-.26 * 

.51** / 
.26 * 

.71** / 

.67* * 

.37** / 
.56* * 

.24* / 
.1 4 

.19 / 
.2 2 

incompet . 

fea r 

.07 / 
.35* * 

-.30** / 
.26 * 

-.23* / 
-.41* * 

-.23* / 

-.0 9 

-.25* / 
-.43* * 

challeng e 

.58** / 
.39* * 

.39** / 

-.1 1 

.24* / 
-.1 7 

.25* / 
-.23 * 

interes t 

.49** / 

.47* * 

.37* / 

.1 5 

.29** / 
.1 3 

*/7<.0 5 * *p< .00 1 

Goal-specificity effects on strategies. As reported in 

Vollmeye r  e t  al .  (1996) ,  th e strategie s fo r  th e S G grou p 
differe d from  th e N S G group ,  i n tha t  the y trie d i n th e 
learnin g phas e t o reac h th e goa l  state s (i.e. ,  us e a  goal -
directe d strategy) .  I n thi s experiment ,  S G participant s wer e 
tol d t o reac h goa l  state s a s soo n a s possible .  A s show n i n 
Figur e 3 ,  the y change d t o a  goal-directe d strategy .  Figur e 2 
shows tha t  th e N S G grou p mainl y use d th e instructe d hig h 
systematicit y strateg y ( 6 7 % o f  al l  learnin g trials) . 

nonspecifi c goa l 

>> 

in 
• s 

a> 
a. 

100%- , 

8 0 % • 

6 0 % • 

4 0 % -

2 0 % -

Round 1 Round 2 Round 3 

systematicity : 
•  lo w •  mediu m •  hig h 

strategy : 
D goal-directe d 

Figur e 2 :  Percentag e o f  N S G participant s usin g eac h o f  th e 
fou r  type s o f  strategie s i n eac h round . 
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6 0 % • 

4 0 % • 

20%-
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specifi c  goa l 

Round I  Roun d 2 Round 3 

systematicity : 
•  lo w •nnedJunr i •  hig h 

strategy : 
D goal-directe d 

Figur e 3 :  Percentag e o f  S G participant s usin g eac h o f  th e 
fou r  type s o f  strategie s i n eac h round . 

Goal-specificity effects on learning. Our research question 
was,  whethe r  goal-specificit y affect s performanc e vi a 
motivation .  Initia l  motivatio n wa s no t  affecte d b y th e 
manipulation ,  bu t  th e fou r  motivationa l  factor s ha d effect s 
on learnin g (motivationa l  state ,  structur e score ,  transfe r 
score )  a s show n i n Tabl e 2 .  Althoug h correlation s 
demonstrate d relationship s betwee n variables ,  a  mor e 
comple x statistica l  analysi s wa s require d t o examin e th e 
interdependencie s i n th e data .  S o initia l  motivatio n (a s a 
predictor) ,  th e mediato r  an d dependen t  variables '  score s 
from  th e thre e measuremen t  point s i n th e learnin g phase ,  an d 
final  performance ,  wer e analyze d togethe r  usin g structura l 
equation s modelin g (usin g E Q S ,  se e Bentler ,  1995) .  Linea r 
structura l  equation s modelin g i s a  methodolog y fo r 
specifying ,  estimating ,  an d testin g hypothesize d 

interrelationship s a m o n g a  se t  o f  variables .  Ther e ar e tw o 

criteri a fo r  whethe r  th e hypothesize d mode l  fits  th e 

empirica l  data :  (1 )  th e goodnes s o f  fit  (e.g. ,  Comparativ e fi t 

/ndex) ,  whic h ha s th e m a x i m u m valu e 1.0 ,  (2 )  an d ̂ ,  whic h 

shoul d no t  b e significant . 
We expecte d tha t  goal-specificit y woul d lea d t o 

fundamentall y differen t  relationship s i n th e dat a becaus e i t 

influence s th e whol e learnin g process .  Therefore ,  w e 
analyze d tw o empirica l  models ,  on e fo r  participant s wit h a 
specifi c  goal ,  on e fo r  participant s wit h a  non-specifi c  goal . 

Th e mode l  fo r  th e non-specifi c  grou p wa s theoreticall y 
derive d from  ou r  cognitive-motivationa l  proces s mode l 
(Vollmeye r  &  Rheinberg ,  1998) ,  whic h wa s empiricall y 

supporte d b y Vollmeye r  e t  al .  (1997) . 
Th e mode l  fo r  th e N S G grou p i s  presente d i n Figur e 4 . 

Th e empirica l  dat a fit  t o ou r  theoretica l  expectations ,  C F I  = 

.98 ,  ^^(61 )  =  71.28 ,  p  =  .17 .  A s before ,  w e foun d a 
cognitiv e path :  Participant s usin g th e instructe d goo d 
strateg y learn t  mor e abou t  th e system' s structur e (link s from 
strategie s t o structur e scores) ,  whic h le d t o mor e knowledge , 
tha t  coul d b e applie d t o reachin g th e goa l  stat e mor e 

accuratel y i n th e transfe r  roun d (structur e scor e - > transfe r 
score) .  Thi s cognitiv e pat h wa s affecte d b y motivation .  Th e 
initia l  motivation ,  incompetenc e fear ,  interes t  an d master y 
confidence ,  combine d a s th e laten t  variabl e motivation , 
affecte d h o w th e participant s fel t  durin g learnin g 
{motivationa l  state) .  Participant s w h o initiall y ha d les s fear , 
but  mor e confidenc e an d interest ,  enjoye d learnin g more . 

m aster y 
c o n f i d e n c e 

interes t 
.8 5 

R o u n d 1  R o u n d 2  R o u n d 3 

45 .5 0 
Strateg y — * ~ strateg y — * -  strateg y 

^ > motivatio n .6 7 

.2 3 

m otivat .  8 0 
stat e 

26 

m otivat .  8 7 
stat e 

32 2 6 

structur e .3 8 structur e 4 4 

m otivat . 
stat e 

inco m petenc e 
fea r 

scor e scor e 
structur e 
scor e \  3 2 

.2 0 

.3 2 transfe r 
scor e 

Figur e 4 :  Pat h analysi s fo r  th e cognitive-motivationa l  proces s mode l  fo r  participant s wit h a  nonspecifi c  goal . 
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Participant s i n a  mor e positiv e motivationa l  stat e gaine d 

mor e knowledge ,  perhap s becaus e the y pu t  mor e effor t  int o 

calculatin g th e system' s weights .  Th e positiv e motivationa l 

stat e als o helpe d participant s reac h th e goa l  stat e mor e 

accuratel y i n th e transfe r  roun d (motivationa l  stat e - > goa l 

achievement) .  Thi s pat h analysi s replicate d th e VoUmeye r 
and Rheinber g (1998 )  mode l  o f  h o w initia l  motivatio n 

affect s learnin g (knowledg e an d application )  vi a mediatin g 

variable s (motivationa l  stat e an d strateg y systematicity) . 

Th e mode l  fo r  S G participants ,  wa s mor e explorativ e a s 
ther e wer e n o exac t  theorie s explainin g h o w goal-specificit y 

has a n impac t  o n performanc e vi a motivation .  First ,  w e trie d 
t o fit  th e sam e mode l  a s show n i n Figur e 4  fo r  N S G 

participants .  T o d o thi s we ,  combine d th e categor y lo w 
systematicit y wit h th e goal-directe d strategy ,  a s i n 

VoUmeyer ,  e t  al .  (1996) .  Bot h strategie s wer e inappropriat e 
fo r  discoverin g th e underlyin g structur e o f  th e system .  A s 

expected ,  th e mode l  fit  droppe d t o a  C F I  =.90 ,  ̂ ^(61 )  = 
94.99 ,  p  =  .004 .  S o w e teste d alternativ e model s base d o n 

th e theoretica l  principl e discusse d earlier . 
Goal-directe d strategie s see m qualitativel y differen t  t o 

systemati c strategie s appropriat e fo r  discoverin g th e 

structure .  S o w e examine d a  n e w mode l  fo r  th e S G grou p 
usin g a  strateg y measur e whic h wa s th e frequency  o f  h o w 

ofle n th e goal-directe d strateg y wa s use d durin g th e whol e 

learnin g phase ,  a  measur e whic h wa s no t  possibl e fo r  th e 
N SG group .  Therefore ,  i n th e mode l  show n i n Figur e 5 , 

ther e i s n o indicato r  fo r  strateg y systematicit y bu t  instea d fo r 
th e frequency  o f  goal-directe d strategies . 

The mode l  i n Figur e 5  ha d a  C F I  =  1.00 ,  A*(30 )  =  24.38 , 
p =  .76 .  Fo r  th e S G grou p th e initia l  motivatio n ( a laten t 

variabl e derive d from  interest ,  incompetenc e fear ,  master y 

confidence )  influence d learnin g no t  onl y i n Roun d 1  o f  th e 

learnin g phas e (motivatio n - > motivationa l  state )  bu t  als o i n 

Round 3  (motivatio n - > motivationa l  stat e an d structur e 

score )  an d i n th e transfe r  phas e (motivatio n - > transfe r 

score) .  Thi s sfron g influenc e o f  initia l  motivatio n appear s t o 

be du e t o participant s w h o ha d a  goo d knowledg e i n Roun d 
1 changin g thei r  instructe d strateg y t o a  goal-directe d 

strateg y (lin k from  structur e scor e t o goal-directe d strategy) . 

As previou s studie s (VoUmeye r  e t  al. ,  1996 )  hav e suggested , 
S G participant s experience d failur e becaus e the y starte d 

reachin g th e goa l  state s withou t  havin g enoug h knowledge . 

We teste d thi s hypothesi s b y calculatin g fo r  Roun d 3  th e 

differenc e betwee n th e S G an d N S G grou p o n motivationa l 
stat e an d structur e score .  A s expected ,  th e S G grou p ha d les s 
knowledg e (A /  =  1.08 ,  S D =  .92 )  tha n th e N S G grou p ( M = 
1.45 ,  S D =  1.0) ,  /(158 )  =  2.43,/ )  =  .016 ,  whic h coul d b e wh y 

thei r  motivationa l  stat e i s als o lower ,  /(159 )  =  2.33 ,  p  =  .02 1 

(Ms G =  3.32 ,  S D =  0.91 ;  His g =  3.70 ,  S D =  1.60) . 
Therefore ,  althoug h initia l  motivatio n wa s no t  affecte d b y 
goal s specificity ,  fo r  S G participant s i t  ha d a  majo r  effec t  o n 

performance ,  a s onl y thos e participant s wit h hig h initia l 
motivatio n wer e stil l  confiden t  a t  th e en d o f  th e learnin g 

phas e (motivatio n - > motivationa l  state) ,  gaine d mor e 

knowledg e (motivatio n - > structur e score) ,  an d wer e mor e 

accurat e i n reachin g a  secon d goa l  stat e (motivatio n - > 

transfe r  score) .  A s expected ,  S G participant s wer e no t  abl e 

m aster y 
c o n f i d e n c e 

89 
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R o u n d 1  R o u n d 2  R o u n d 3 

.4 0 
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.57 . 

-.3 8 

incompetenc e 
fea r 

-* -  goal-directe d 
strateg y 
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stat e * "  stat e * "  stat e 

.2 5 >̂  .2 7 

.5 5 
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Figur e 5 :  Pat h analysi s  fo r  th e cognitive-motivationa l  proces s mode l  fo r  participant s wit h a  specifi c  goal . 
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t o transfe r  wha t  the y learn t  abou t  th e system' s structur e 

t o a  ne w goa l  stat e (missin g lin k from  structur e scor e i n 
Round 3  t o transfe r  score) .  Instea d th e structur e scor e i n 

Round 1  wa s a  bette r  predicto r  (structur e scor e - > 

transfe r  score )  becaus e thi s knowledg e leve l  affecte d 
thei r  subsequen t  strategies .  Fo r  reachin g th e transfe r 
goal  mor e accuratel y a  hig h utilizatio n o f  th e goal -

directe d strateg y durin g learnin g wa s mor e helpfu l  tha n 
acquirin g knowledg e (structur e score) . 

Discussion 

The ai m o f  ou r  stud y wa s t o investigat e ho w th e wa y 
peopl e lear n abou t  a  comple x syste m i s  influence d b y 
th e typ e o f  goa l  the y ar e given :  specifi c o r  nonspecific . 
I n contras t  t o Lock e an d Latha m (1990) ,  wh o assume d 
tha t  specifi c  goal s motivat e peopl e mor e tha n 
nonspecific ,  w e di d no t  find  suc h a  differenc e i n initia l 
motivation .  Instea d a  specifi c  goa l  affecte d th e strateg y 

whic h peopl e use d (althoug h w e di d tel l  specifi c  goa l 
participant s t o conside r  th e goal ,  unlik e Vollmeye r  e t 

al. ,  1996) .  Motivatio n als o ha d a n impac t  o n strategies , 
but  mor e critically ,  goal s affecte d th e natur e o f  th e 
interactio n betwee n motivatio n an d strategies .  Th e sam e 
model  di d no t  fit  t o dat a from  bot h experimenta l  groups . 

Structura l  equation s modeling  showe d tha t  initia l 
motivatio n wa s a  mor e importan t  aspec t  fo r  S G tha n fo r 
N SG participants .  Initia l  motivatio n appeare d t o 
influenc e S G participants '  abilit y t o maintai n th e 
motivatio n necessar y t o persis t  wit h a  goal-directe d 
strategy ,  a  strateg y tha t  wa s associate d wit h successfii l 
performance .  Perhap s initia l  motivatio n i s  importan t 
becaus e the y experience d failure ,  a s indicate d b y th e 

lowe r  structur e score s fo r  S G participants .  Fo r  N S G 
participants ,  curren t  motivatio n influence d knowledg e 
acquisition .  However ,  initia l  motivatio n wa s no t  a n 
independen t  contributo r  t o motivatio n a t  th e en d o f  th e 
task ,  perhap s becaus e failur e wa s no t  s o clearl y 
experience d b y N S G participants .  Vollmeye r  e t  al . 
(1997 )  fit  a  ver y simila r  mode l  fo r  N S G participants , 
excep t  tha t  ther e wa s als o a  lin k from  curren t  motivatio n 
t o strateg y systematicit y i n tha t  model ,  a  lin k tha t  wa s 
not  statisticall y significan t  fo r  thi s data . 

The result s suppor t  Vollmeye r  an d Rheinberg' s 
(1998 )  cognitive-motivationa l  proces s mode l  an d 
illustrat e th e importanc e o f  measurin g mediatin g 
variable s betwee n goal-specificit y an d performance . 
Further ,  the y sho w th e importanc e o f  treatin g learnin g a s 
a process ,  whic h make s i t  critica l  t o measur e thes e 
mediator s durin g th e task .  Othe r  theorie s (Lock e & 
Latham ,  1990 ;  Kanfe r  &  Ackerman ,  1989 )  als o assum e 
tha t  motivatio n i s a  mediator ,  bu t  the y hav e no t 
measure d i t  durin g learning .  B y providin g a  mode l  o f 
ho w goal s chang e th e proces s b y whic h othe r  variable s 
(i.e. ,  motivatio n an d strategies )  affec t  performance , 
thes e result s provid e a  wa y t o star t  t o disentangl e th e 
inconsistencie s foun d i n th e studie s o f  ho w goa l 
specificit y affect s performanc e i n learnin g tasks . 
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Abstrac t 

The purpose of this study is to propose a process model to 
explai n elementar y schoo l  students '  solution s o f  thre e 
simpl e problem s i n elementar y mechanics .  Fort y eigh t  5 " 
grad e student s wer e give n thre e drawing s depictin g object s 
of  variou s size s i n differen t  kineti c state s o r  bein g pushe d 
by a  huma n agent .  The y wer e aske d t o sa y whethe r  a  forc e 
was bein g exerte d o n th e object s an d t o explai n why .  A 
proces s mode l  ha s bee n propose d t o explai n students ' 
answer s t o th e thre e questions .  Th e innovatio n o f  th e 
proces s mode l  i s  tha t  i t  attempt s t o lin k tw o level s o f 
representation :  A  semanti c level ,  wher e a  concep t  i s 
analyse d i n term s o f  th e presuppositions ,  beliefs ,  an d 
menta l  model s tha t  underli e i t  an d a  syntacti c leve l  tha t 
specifie s ho w concept s ar e relate d t o othe r  concept s i n 
hierarchica l  categories .  Th e wor k ha s bee n validate d b y a 
compute r  mode l  designe d b y th e A I  tea m (Vosniadou , 
Kayser ,  Champesme,  loannide s &  Dimitrakopoulou ,  i n 
press) . 

1. Introduction 

Th e presen t  projec t  i s  base d o n collaborativ e an d 
interdisciplinar y wor k tha t  too k plac e i n th e framework  o f 
th e projec t  Learnin g i n H u m a n s an d Machine s sponsore d 
by th e Europea n Scienc e Foundation .  Th e purpos e o f  th e 
researc h wa s t o brin g togethe r  th e know-ho w from  th e fields 
of  cognitiv e psycholog y an d artificia l  intelligenc e i n vie w 
of  th e fulfillmen t  o f  tw o mai n goals .  Th e first,  mostl y 
relevan t  fo r  cognitiv e psychology ,  i s t o propos e a  theor y o f 
th e developmen t  o f  knowledg e acquisitio n i n mechanics , 
wit h th e hel p o f  computationa l  models ,  clearl y formalise d 
and precisel y testable .  Th e second ,  relevan t  mostl y fo r 
artificia l  intelligence ,  i s t o obtai n powerfu l  guideline s fo r  a 
mor e effectiv e desig n strateg y o f  learnin g systems ,  startin g 
from  th e ver y basi c issu e o f  wha t  knowledg e the y shoul d 
handl e an d h o w t o represen t  it . 

2. Theoretical Framework 

2. 1 M e n t a l  M o d e l s o f  F o r c e 

TTier e ar e differen t  way s t o thin k abou t  th e wa y concept s ar e 
organize d i n th e knowledg e base .  S o m e researcher s pa y 

particula r  attentio n t o specifyin g assume d hierarchica l 
relation s amon g concept s an d categories ,  i n othe r  word s t o 
providin g a  syntacti c descriptio n o f  conceptua l 
organization .  Othe r  researcher s pa y mor e attentio n t o 
menta l  representation s o r  menta l  model s (e.g. ,  Larkin , 
1983) ,  o r  t o assume d underlyin g theoretica l  structures , 
suc h a s scheme s o r  theorie s (Carey ,  1991) . 

I n previou s wor k (loannide s an d Vosniadou ,  1995 ; 
submitted )  w e use d th e theoretica l  mode l  an d methodolog y 
describe d i n a  serie s o f  studie s o n knowledg e acquisitio n i n 
astronom y (Vosniado u an d Brewer ,  1992 ;  1995 ; 
Vosniadou ,  1994) ,  t o investigat e th e developmen t  o f  th e 
concep t  o f  force .  Th e result s showe d tha t  i t  i s  possibl e t o 
classif y approximatel y 8 0 % o f  th e student s i n ou r  sampl e 
as usin g on e ou t  o f  si x relativel y well-define d menta l 
model s o f  forc e i n a  logicall y consisten t  way .  Mor e 
specifically ,  th e si x menta l  model s o f  forc e show n i n tabl e 
1 wer e identified .  Thes e model s wer e use d i n diffaen t 
frequencies  b y student s rangin g i n ag e from  5  year s 
(kindergarten )  t o 1 5 year s (9t h grade) . 

As ca n b e see n i n tabl e 1 ,  youn g childre n star t  wit h a 
menta l  mode l  o f  forc e a s a n interna l  propert y o f  object s tha t 
appea r  t o b e larg e and/o r  heavy .  Soon ,  th e notio n o f  a n 
acquire d forc e i s adde d t o o r  replace s th e notio n o f  interna l 
force .  Thi s acquire d forc e i s suppose d t o b e imparte d t o a 
movin g inanimat e objec t  b y th e pus h o r  pul l  o f  anothe r 
objec t  an d t o explai n th e object' s movement .  Th e us e d 
iarf x t o explai n th e movemen t  o f  inanimat e object s ha s 
bee n note d i n previou s researc h (Clement ,  1983 ; 
McCloskey ,  1983) .  Olde r  childre n star t  t o mentio n th e 
forc e o f  gravit y bu t  construc t  variou s misrepresentation s o f 
gravit y whic h wil l  no t  b e discusse d her e (fo r  mor e details , 
see loannide s an d Vosniadou ,  1993) . 

2.2 Hypothesized conceptual structure 

Menta l  model s ar e assume d t o b e base d o n th e subject' s 
interpretatio n o f  th e incomin g informatio n an d t o b e 
constraine d b y underlyin g knowledg e structures .  I n th e 
theoretica l  framework  w e hav e develope d t o explai n th e 
proces s o f  acquirin g knowledg e abou t  th e physica l  world , 
we hav e mad e a  distinctio n betwee n wha t  w e cal l  specifi c 
theorie s sai d framework  theorie s (Vosniadou ,  1994) . 
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Tabl e 1 :  Menta l  model s o f  forc e an d thei r  us e a s a  functio n 
of  grad e 

Menta l  Model s 

1.  INTERNA L 

FORCE:  Ther e i s 

an interna l  forc e i n 

heav y objects ,  no t 

affecte d b y positio n 

or  motio n 

2.  INTERNA L + 
ACQUIRED 
FORCE:  Ther e i s 
an interna l  forc e i n 

heav y object s tha t 

ar e stationar y an d a n 

additional ,  acquire d 

force ,  whe n the y 

move. 

3.  INTERNA L 
FORCE I N 
STATIONARY 
OBJECTS:  Ther e i s 
an interna l  forc e 

onl y i n stationary , 

heav y objects . 

4.  ACQUIRED 
FORCE Ther e i s a n 
acquire d forc e i n 

movin g object s 

only . 

5.GRAVnY+ 
ACQUIRED 
FORCE:  Ther e i s 
th e forc e o f  gravit y 

on al l  stationar y an d 

fallin g objects ,  an d 

an acquire d forc e i n 

al l  object s tha t  hav e 

been thrown . 

6.  N O FORCE: 
Ther e i s n o forc e o n 

any objec t  unles s a n 

obviou s agen t  i s 

actin g o n i t 

7.  Othe r 

8.  Mixe d 

1 Kind / 

te n 

40 % 

13.3 % 

13.3 % 

0 % 

0 % 

0% 

6.7 % 

2 6 . 7 % 

4t h 
grad e 

6.7 % 

26 .7 % 

6.7 % 

10% 

6.7 % 

0% 

10% 
33 .3 % 

6t h 
grad e 

0% 

13.3 % 

0% 

43 .3 % 

6.7 % 

0% 

13.3 % 

23 .3 % 

9t h 
grad e 

0% 

0% 

0% 

2 0 . 7 % 

4 6 . 7 % 

3% 

6.7 % 

23 .3 % 

A frameworic  theor y i s  suppose d t o consis t  o f  certai n 
fundamenta l  presupposition s abou t  th e wa y physica l 
object s behave ,  acquire d earl y i n infancy .  Specifi c  theorie s 
consis t  o f  a  se t  o f  interrelate d proposition s o r  belief s tha t 
explai n physica l  phenomena ,  generate d throug h th e 

interpretation s o f  observation s an d informatio n presente d b y 
th e cultur e unde r  th e constrainin g influenc e o f  th e relevan t 
framework  theory .  I n table s 2  an d 3  w e ca n se e th e 

assume d framework  an d specifi c  theorie s tha t  imderli e th e 

model  o f  interna l  forc e an d th e mode l  o f  acquire d force . 
As ca n b e see n i n tabl e 2 ,  th e interna l  forc e mode l  i s 

assume d t o b e constraine d b y a n underlyin g presuppositio n 
tha t  forc e i s a n interna l  propert y o f  physica l  objects .  Th e 
specifi c  theor y underlyin g thi s menta l  mode l  o f  forc e 
appear s t o b e base d o n th e everyda y observatio n tha t  heav y 
object s resis t  th e push/pul l  o f  othe r  object s o r  humans . 

Table 2: Hypothesised conceptual structure underlying the 

interna l  forc e mode l 

Framewor k theor y Specifi c  theor y 

Presupposition s Observation s o r  othe r  informatio n 
i n th e cultura l  contex t 

-  Ther e ar e physica l 
objects .  Ther e ar e 
animat e an d 
inanimat e physica l 
objet s 

- Physical objects 
hav e properties . 
Forc e i s a  propert y 
of  inanimat e o r 
animat e object s etc . 

H u m a ns tha t  pus h 
or  pul l  othe r 
humans 
or  objects , 
exer t  forc e 

Heav y object s 
resis t  th e push , 
pul l  o f  othe r 
object s o r 
humans .  Ligh t 
object s d o no t 

Belief s 

Heav y object s hav e interna l 
forc e 

Menta l  mode l 

Ther e i s a n interna l  forc e i n heav y 
objects ,  movin g o r  stationar y no t 

affecte d b y motio n o r  positio n 

I n th e theoretica l  framework  w e hav e describe d th e 
knowledg e acquisitio n proces s proceed s throug h change s i n 
specifi c an d framework  theorie s whic h com e eithe r  a s th e 
resul t  o f  systemati c instructio n o r  throug h ne w 
observation s an d cultura l  experience s i n th e absenc e c f 
systemati c instruction .  Fo r  example ,  th e chang e from  th e 
interna l  forc e mode l  (tabl e 2 )  t o th e acquire d forc e mode l 
(tabl e 3 )  i s  explaine d o n th e basi s o f  change s i n th e 
presupposition s o f  th e fiamewoik  theor y (forc e i s  stil l 
considere d t o b e a n interna l  propert y o f  animat e object s bu t 
not  o f  inanimat e objects) .  Ther e ar e als o change s i n th e 
belief s o f  th e specifi c  theor y tha t  tak e place .  A s tabl e 3 
shows ,  inanimat e object s ar e differentiate d from  animat e 
object s o n th e ground s tha t  the y lac k self-initiate d 
movement .  Forc e i s n o w considere d t o b e th e caus e o f  a n 
inanimat e object' s motion .  I n thi s theoretica l  fiBmewoik, 
concept s ar e analyze d i n term s o f  th e assume d dieoretica l 
structure s tha t  underli e them .  Conceptua l  chang e i s 
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explaine d i n term s o f  change s i n th e presupposition s an d 

belief s tha t  m a y com e spontaneousl y o r  a s th e produc t  o f 
instruction . 

Table 3: Hypothesised conceptual structure underlying the 

acquire d forc e mode l 

Framewor k theor y 

Presuppositions 

Specifi c  theor y 

Ontologica l 

- There are physical 
objects .  Ther e ar e 
animat e an d 
inanimat e object s 
-Physica l  object s 
hav e properties . 
Forc e i s a  propert y 
of  animat e object s 

Observation s o r  othe r  informatio n 
i n th e cultura l  contex t 

bianimat e 
object s 
nee d t o b e 
pushe d o r 
pulle d i n 
orde r  t o b e 
moved 

Animat e 
object s 
move b y 
themselve s 

•lli^iUlUUjLLlLAi L 
i n res t  o r  i n motio n 
etc . 

Epistemological 

- In inanimate 
objects ,  processes , 
lik e motion ,  nee d t o 
be explaine d 

-  Explanation s 
shoul d b e causa l  etc . 

The motio n 
of  a n 
inanimat e 
objec t 
continue s 
fo r  a  whil e 
and the n i t 
stop s 

We hypothesize d tha t  i n orde r  t o answe r  thi s question , 
student s woul d searc h thei r  knowledg e bas e fo r  informatio n 
regardin g force .  I f  the y woul d for m th e interna l  fwc e 
model ,  the y woul d giv e response s o f  th e kin d Yes ,  ther e i s 
a forc e exerte d o n th e stone s becaus e the y hav e weight ,  o r 
mass,  o r  Ther e i s forc e exerte d o n th e first  ston e becaus e i t 
i s  bigge r  o r  heavie r  tha n th e smalle r  stone .  I n th e cas e 
student s forme d th e acquire d forc e model ,  w e expecte d 
answer s suc h a s No ,  ther e i s n o forc e exerte d o n th e stone s 
becaus e the y d o no t  move .  Th e respons e type s w e actuall y 
obtaine d whe n w e gav e thi s questio n t o 5t h grad e student s 
ar e show n i n tabl e 5 . 

Table 5: Students' responses to question 1 

Respons e type s 

Yes,  a  forc e i s exerte d 

on bot h stone s 

becaus e the y ar e 

big/heav y the y hav e 

No forc e i s exerte d o n 

th e stone s becaus e 

the y ar e no t  movin g 

Yes,  a  forc e i s exerte d 

on bot h stone s 

becaus e th e eart h 

pulls/attract s the m 

No forc e i s exerte d o n 

th e stones ,  becaus e 

th e ma n doe s no t  pus h 

them/exert s effor t 

Othe r 

Assumed menta l 

model 

Interna l  forc e 18.4 % 

Belief s 

W h en a n agen t  Th e objec t 
pushes/pulls/throw s stop s whe n 
etc .  a n objec t  he/sh e th e forc e 
impart s t o th e objec t  disappear s -
a forc e whic h goe s awa y 
sustain s it s 
movement 

Menta l  mode l 

Ther e i s a n acquire d 
forc e i n inanimat e 

movin g object s 

3 .  Proces s M o d e l 

3. 1 Fo rc e i n an imat e object s 

I n th e presen t  wor k w e trie d t o us e th e theoretica l 
framework  describe d abov e a s th e basi s fo r  a  proces s mode l 
t o explai n 5t h grad e students '  response s t o problem s i n 
mechanics .  Le t  u s star t  wit h questio n 1 ,  whic h appear s i n 
tabl e 4 . 

Table 4: Question 1 

1 

Thes e tw o stone s ar e jus t  standin g there .  I s ther e a 

forc e exerte d o n them ? 

Acquire d forc e 

Force of gravity 

Push/pull 

26.5 % 

20.3 % 

30.6 % 

4.2 % 

As w e ca n se e a  larg e percentag e o f  th e response s (45% ) 
t o questio n 1  ca n b e explaine d b y assumin g tha t  student s 
use d eithe r  th e interna l  forc e mode l  (18.4%) ,  o r  th e 
acquire d forc e mode l  (26.5%) ,  o r  th e forc e o f  gravit y 
model  (20.3%) .  Thi s leave s unexplaine d th e remainin g 
34.8 % o f  th e students '  responses .  Som e childre n gav e 
response s o f  th e sor t  N o forc e i s exerte d o n th e stone s 
becaus e th e m a n doe s no t  pus h them ,  o r  exert s effort . 
Thes e response s indicate d tha t  som e student s di d no t  focu s 
thei r  attentio n o n th e inanimat e object s (th e stones )  bu t  th e 
animat e objec t  (th e man )  an d note d th e absenc e o f  fixce 
bein g exerte d o n th e stone s b y th e man . 

Afte r  a  clos e examinatio n o f  students '  response s t o 
questio n 1  a s wel l  a s t o question s 2  an d 3  (show n i n tabl e 
6)  w e adde d anothe r  menta l  mode l  o f  force ,  th e push/pul l 
model .  Thi s mode l  ha d bee n identifie d i n ou r  previou s 
wor k i n referenc e t o animat e objects .  I t  attempt s t o captur e 
th e notio n o f  forc e associate d wit h animat e ratiie r  tha n wit h 
inanimat e objects .  Accordin g t o thi s model ,  forc e i s a 
propert y o f  animat e object s tha t  ca n ac t  o n othe r  object s 
(mainl y throug h pus h o r  pull) .  I t  i s  relate d t o physica l 
characteristic s o f  object s suc h a s siz e an d weight ,  an d i t 
transfer s t o othe r  object s b y direc t  contact .  Usin g thi s 
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additiona l  mode l  offere e w e wer e abl e t o accoun t  fo r  abou t 
9 5 % o f  students '  response s t o th e thre e questions . 

3.2 Context effects 

We hav e argue d tha t  5 *  grad e students '  response s t o th e 

thre e question s abou t  mechanic s problem s show n bello w 
can b e explaine d b y assumin g tha t  thes e student s construc t 
one o f  fou r  relativel y wel l  define d menta l  model s o f  force .  I t 
appears ,  however ,  tha t  thes e menta l  model s ar e no t 
mutuall y exclusiv e an d tha t  th e probabilit y  o f  activatin g 
one mode l  o f  forc e a s oppose d t o anothe r  i s influence d b y 
th e verba l  an d pictoria l  conten t  o f  th e question s asked . 
Tabl e 6  show s th e percentag e o f  response s obtaine d fo r  th e 
fou r  model s o f  force . 

Table 6: Context effects: Percentage of responses as a 

functio n o f  questio n typ e 

Menta l 

Model s 

of  Forc e 

Push/pul l 

Interna l 

Acquire d 

Gravit y 

Questio n 1 : 

Th e tw o 

stone s ar e 

jus t  standin g 

there . 

I s ther e a 

forc e exerte d 

on th e 

stones ? 

30 .6 % 

18.4 % 

2 6 . 5 % 

20 .3 % 

Questio n 2 : 
The secon d 
ston e 
moves ,  th e 
first  doe s 
not .  I s ther e 
a forc e 
exerte d o n 
th e stones ? 

6 1 . 2 % 

8.1 % 

2 4 . 4 % 

0% 

Questio n 3 : 

The m a n 

canno t  mov e 

th e box .  I s 

ther e a  forc e 

exerte d o n 

th e box ? 

j 8 

j f r n 

89.6 % 

0% 

4 % 

2 % 

1.  Th e push/pul l  mode l  i s th e mos t  frequently  used .  It s 
probabilit y o f  us e increase s i n th e presenc e o f  a n animat e 
agen t  exertin g forc e o n a n objec t  (Question s 2  &  3) . 
2.  Th e gravit y mode l  i s th e leas t  frequent.  It s probabilit y 
of  us e increase s i n th e absenc e o f  a  push/pul l  b y a n animat e 
agen t  (Questio n 1) . 
3.  Th e interna l  an d acquire d forc e model s ar e als o mos t 
frequent  i n th e absenc e o f  a  push/pul l  b y a  huma n agent . 
The interna l  forc e mode l  wa s mos t  frequent  i n th e absenc e 
of  movemen t  (Questio n 1) . 

3.3 Internal Consistency 

The contex t  effect s describe d abov e indicat e tha t  eac h 
studen t  ha s a t  his/he r  disposa l  differen t  alternativ e 
representation s o f  forc e whic h ar e activate d selectivel y i n 
differen t  contexts .  A s w e saw ,  ther e ar e noticeabl e change s 
i n th e frequency  o f  us e o f  th e fou r  model s o f  forc e i n th e 
differen t  question s b y th e sam e subjec t  population .  W e 
als o kno w tha t  th e differen t  menta l  model s o f  forc e mus t  b e 
relativel y unconnecte d from  eac h othe r  an d no t  integrate d i n 
a highe r  orde r  system .  Thi s mus t  b e th e cas e becaus e w e 
foun d student s t o us e onl y on e mode l  o f  forc e a t  a  time .  I n 

othe r  words ,  w e di d no t  hav e eve n on e cas e o f  a  studen t 
w ho use d mor e tha n on e mode l  t o answe r  a  give n question . 
We di d no t  hav e response s o f  th e sort ,  Ye s ther e ar e tw o 

force s exerte d o n th e stone .  Th e forc e o f  gravit y an d th e 
forc e fro m th e man' s push .  F ro m thi s w e deduc e tha t  th e 
differen t  model s o f  forc e ar e relativel y isolate d from  eac h 

othe r  an d no t  integrate d i n a  highe r  orde r  system . 
The co-existenc e o f  mor e tha n on e menta l  model s offere e 

raise s th e issu e o f  interna l  consistency .  S o fer  w e hav e 
argue d i n ou r  wor k (Vosniadou ,  1994 ;  Vosniado u & . 
Brewer ,  1992 ,  1994 )  tha t  mos t  student s ar e logicall y 
consisten t  i n thei r  us e o f  no t  mor e tha n on e menta l  mode l 
t o answe r  ou r  question s abou t  th e earth ,  th e day/nigh t  cycl e 
or  abou t  force .  Ar e th e presen t  findings  contradictin g ou r 
previou s claims ? 

Table 7: Assumed Categorization of the Concept of Force 
(fo r  elementar y schoo l  children ) 

Al l  Entitie s 

etc . Abstrac t  Entitie s 

Physica l  Object s 
t o b e affecte d b y 
earth' s 
attraction , 
gravi t it y 

Gravit y 

Animat e Forc e 

Push/pul l Interna l  Forc e 

Inanimat e — Forc e 

X 
Acquire d Forc e 

We believ e tha t  th e proble m ca n b e solve d i f  w e assum e 
tha t  th e interna l  forc e an d acquire d forc e model s appl y t o 
inanimat e object s an d tha t  th e push/pul l  mode l  applie s t o 
animat e objects ,  a s show n i n tabl e 7 .  I n othe r  words ,  w e 
assume tha t  i n th e conceptua l  syste m o f  th e 1 1 yea r  ol d 
child ,  forc e i s categorize d differentl y fo r  animat e versu s 
inanimat e objects .  Fo r  animat e objects ,  th e push/pul l 
model  o f  forc e applies ,  wherea s fo r  inanimat e object s w e 
hav e th e model s o f  interna l  an d acquire d forc e (i n additio n 
t o th e othe r  model s mentione d i n tabl e 1) .  I n suc h a 
system ,  interna l  inconsistenc y appear s onl y i f  th e interna l 
and acquire d fwc e model s ar e use d b y th e sam e chil d i n 
differen t  contexts .  A n examinatio n o f  th e dat a show s tha t 
out  o f  a  tota l  o f  4 9 subjects ,  onl y on e subjec t  use d th e 
interna l  an d acquire d forc e model s inconsistentl y (th e 
interna l  forc e mode l  i n question s 1  an d 2  an d th e acquire d 
forc e mode l  i n questio n 3) . 

Thi s stil l  leave s unsolve d th e proble m o f  h o w th e menta l 
model  o f  th e forc e o f  gravit y i s used .  I t  appear s tha t  th e 
gravit y mode l  come s throug h instructio n t o b e adde d t o th e 
existin g conceptua l  syste m o f  th e 1 1 yea r  ol d chil d an d t o 
be interprete d t o appl y t o physica l  object s i n general . 
Thus ,  th e gravit y menta l  mode l  ca n theoreticall y tak e th e 
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plac e o f  an y animat e o r  inanimat e mode l  o f  force .  W h e n 

contextua l  cue s lea d t o th e activatio n o f  th e gravit y model , 
th e searc h stop s ther e an d th e othe r  menta l  model s o f  forc e 

ar e no t  utilized .  W e understan d tha t  thi s i s  a  ver y 
preliminar y treatmen t  o f  th e notio n o f  gravity .  W e kno w 
from  previou s wor k tha t  ther e ar e variou s misconception s o f 
gravity .  Thes e issue s ar e furthe r  investigate d i n ongoin g 
work . 

T o conclude ,  a s show n i n tabl e 7 ,  forc e ca n appea r  i n 
differen t  place s i n a n assume d categorizatio n tree .  I t  ca n 
appea r  unde r  inanimat e object s eithe r  a s a n inheren t  interna l 
propert y (interna l  force )  o r  a s a n acquire d propert y 
(acquiredforce) .  I t  ca n appea r  unde r  animat e object s a s th e 
fraic e exerte d b y a  person' s pus h o r  pull .  Finall y i t  m a y 
appea r  a s a  propert y o f  physica l  object s t o b e affecte d b y th e 

earth' s attractio n (gravity) .  O n th e basi s o f  ou r  previou s 
developmenta l  wor k i n thi s are a w e ca n sa y tha t  thes e 
categorization s o f  forc e appea r  t o hav e evolve d from  a 
simple r  syste m wher e th e notio n o f  gravit y wa s absen t  an d 
wer e th e interna l  forc e mode l  precede d tha t  o f  th e acquire d 
force .  No t  m u c h i s  know n abou t  th e model s o f  farc e 
associate d t o a n animat e agent . 

4. Validation 

From an A.I. point of view, the task of providing a model 
adapte d t o th e abov e finding s appear s ver y difficult .  A s a 
matte r  o f  feet,  th e proble m require s th e presenc e o f  severa l 
"copies "  o f  th e sam e concept ,  e.g .  force ,  withi n a  singl e 
globa l  representation .  Detail s o n th e solutio n adopte d ar e 
give n i n [Vosniado u &  al. ,  i n press] .  Briefly ,  eac h fac t  an d 
rul e o f  th e knowledg e bas e i s indexe d wit h a  boolea n vecto r 
indicatin g i n whic h model(s )  — e.g .  Interna l  Forc e (IF ) 
and Acquire d Forc e ( A F ) — i t  i s  considere d a s valid . 
Fact s an d rule s ar e provide d i n a  languag e exactl y tailore d 
fo r  th e need s o f  thi s experiment ,  whic h ca n b e see n a s a 
syntacti c varian t  o f  a  fragment  o f  first-orde r  predicat e logic . 
A ver y brie f  descriptio n o f  th e mode l  I F i s give n below : 

inanimate: jg^ physical object 

relatio n weigh t  { < 1) :  S  measur e 

relatio n forc e ( < 1) :  a  measur e 

Inferenc e rul e IF.1 : 
tfi l  x :  a n inanimat e 

i l  i s  a(weigh t  Qf  x ,  measure ) 

the n X  wil h force :  weigh t  o f  x 

This means that, in this model, inanimate objects may 
hav e weigh t  an d (internal )  force ,  an d tha t  i f  student s hav e a 
(qualitative )  measur e o f  th e weigh t  o f  a n object ,  sa y big , 
the n the y infe r  tha t  it s  interna l  forc e i s  als o big .  I n 
contrast ,  i n th e mode l  A F ,  w e find  th e followin g (someho w 
simplifie d fo r  keepin g explanation s clear) : 

Inanimate: is a physical object 

relatio n acquire d forc e (<1) :  a  measur e 

inferenc e rul e AF .1 : 
ISi T x :  a  m o v e 
i f  js^(cause ,  push ) 

the n ter m o l  X  wil h acquire d force :  intensit y q I  caus e o f  x 

Here ,  inanimat e object s m a y hav e acquire d force ,  an d i f 
student s kno w abou t  a  mov e cause d b y a  pushin g event , 
the y wil l  infe r  th e existenc e o f  a n acquire d forc e fo r  th e 
movin g objec t  (th e rol e ter m connect s a n even t  an d th e 
objec t  i t  concerns ,  therefor e x  bein g th e m o v e event ,  th e 
movin g objec t  i s  accesse d throug h th e nam e ter m s £ x) ,  an d 

it s qualitativ e valu e wil l  depen d o n h o w stron g th e pus h 
has bee n (intensit y fif  caus e flfx). 

I n orde r  t o validat e thi s representation ,  w e hav e 
implemente d th e languag e an d checke d that ,  whe n th e 
descriptio n o f  a  situatio n wa s give n t o th e model ,  th e 

inferre d feature s wer e exactl y thos e tha t  coul d b e expecte d 
from  a  studen t  suppose d t o us e tha t  model . 

Example :  w e describ e her e partiall y h o w th e question : 

The sam e m a n pushe s tw o stones .  Th e smal l  ston e moves , 
th e bi g on e doe s not .  I s  ther e a  forc e exerte d o n th e 
stones? ,  i s  translate d i n ou r  representation : 

man: ao animate 

bigStone :  a n inanimat e 

wit h weight :  bigValu e 

manPush:  a  pus h 

wit h term :  m a n 

wit h theme :  bigSton e 

wit h purpose :  movinglntentio n 

movinglntention :  a  mov e 

ffiilh  term :  bigSton e 

wit h new-state :  intendedStat e 

intendedState :  a  movin g 

wit h term :  bigSton e 

First ,  th e physica l  entitie s ar e asserte d e.g. ,  a  m a n an d a 
ston e wit h bi g weigh t  (w e dea l  her e wit h qualitativ e value s 
of  weight) .  Next ,  th e pus h i s  describe d b y mean s o f  it s 
agent :  th e man ,  it s object :  th e bi g ston e an d it s  purpos e 
whic h i n tur n i s describe d a s a n attemp t  t o chang e th e stat e 
of  th e stone ,  namel y gettin g i t  moving . 
N o w i f  w e ru n th e mode l  wit h thes e data ,  w e get : 

** manPush wjlh transferred: big 

i.e. ,  w e infe r  from  th e purpos e o f  movin g a  bi g objec t  tha t 
th e qualitativ e intensit y o f  th e pus h i s big .  The n w e get : 

** assert newforce-exerted.1 

wit h ternn :  bigSton e 

wit h cause :  m a n P u s h 

wit h Intensity :  bi g 

i.e. ,  w e infe r  th e existenc e o f  a n exerte d forc e o n th e bi g 
stone ,  wit h som e o f  it s  attributes .  Concernin g th e smal l 
stone ,  a s manPus h succeeds ,  th e rule s tha t  applie d abov e 
do no t  fire  an y more ,  an d n o forc e exerte d i s created . 

Th e result s obtaine d her e ar e i n complet e agreemen t  wit h 
th e expecte d answer s o f  a  subjec t  usin g th e model . 

5. Summary and Conclusions 

It  ĵ pear s tha t  i n th e conceptua l  syste m o f  a n 1 1 yea r  ol d 
student ,  forc e ca n hav e differen t  representation s tha t  ar e 
categorize d i n differen t  places ,  e.g. ,  a s a  propert y o f 
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inanimat e objects ,  a s th e forc e o f  gravity ,  a s somethin g tha t 
require s pus h o r  pul l  b y a n animat e agent ,  etc .  Thes e 
alternativ e representation s o f  forc e becom e availabl e a s 
informatio n come s throug h observatio n an d from  th e 
cultur e i n th e for m o f  systemati c o r  unsystemati c 
instruction .  I n previou s wor k w e describe d som e o f  th e 
belief s an d presupposition s abou t  fa w tha t  underli e thes e 
representations .  I n th e presen t  wor k w e not e tha t  th e 
differen t  representation s offere e ar e associate d wit h diflferen t 
context s o f  use .  Dependin g o n th e natur e o f  th e questio n 
and o n th e context ,  th e studen t  activate s selecte d piece s o f 
hi s o r  he r  prio r  knowledg e t o eventuall y creat e a  specifi c 
menta l  representatio n offere e o n th e basi s o f  whic h h e o r 
she provide s a  response .  O n th e basi s o f  th e presen t 
evidence ,  i t  appear s tha t  fo r  mos t  1 1 yea r  old s th e differen t 
meaning s o f  forc e ar e isolate d an d hav e no t  bee n integrate d 
int o a  highe r  orde r  system .  Finally ,  th e meanin g o f  fiarce 
as a n abstrac t  entit y ha s no t  ye t  appeared . 

We believ e tha t  thi s wor k succeed s i n capturin g 
importan t  aspect s ofth e concep t  o f  forc e i n youn g children , 
bot h i n term s o f  ho w i t  i s  relate d t o assume d underlyin g 
belief s an d presupposition s (semanti c description )  an d i n 
term s o f  it s  relationshi p t o othe r  concept s an d categorie s 
(syntacti c description) .  I t  als o provide s a  ric h basi s for 
understandin g th e proces s o f  conceptua l  change ,  whic h wil l 
be describe d i n futur e work . 

Vosniadou ,  S. .  &  Brewer ,  W .  F .  (1994) .  Menta l  model s o f 

th e day/nigh t  cycle .  Cognitiv e Science ,  18 ,  123-183 . 

Vosniadou ,  S. ,  Kayser ,  D. ,  Champesme,  M. ,  loannides , 
C,  &  Dimitrakopoulou ,  A .  (i n press) .  Modellin g 
elementar y schoo l  students '  solutio n o f  mechanic s 
problems .  I n D .  Kayser ,  &  S .  Vosniado u (Eds.) , 
Changes i n Understanding :  Cas e Studie s i n Physica l 

Reasoning .  Elsevie r  Press . 
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Abstrac t 

Associationist theories of causal induction model learning as 
th e acquisitio n o f  associativ e weight s betwee n cue s an d out -
comes.  A n importan t  defici t  o f  thi s clas s o f  model s i s it s  in -
sensitivit y t o th e causa l  rol e o f  cues .  A  numbe r  o f  recen t  ex -
perimenta l  findings  hav e show n tha t  huma n learner s differen -
tiat e betwee n cue s tha t  represen t  cause s an d cue s tha t  repre -
sent  effects .  Ou r  Bayesia n networ k mode l  overcome s thi s re -
striction .  Th e mode l  start s learnin g wit h initia l  stractura l  as -
sumption s abou t  th e causa l  mode l  underlyin g th e learnin g 
domain .  Thi s causa l  mode l  guide s th e estimatio n o f  causa l 
strength ,  an d suggest s integratio n schema s fo r  multipl e cues . 
I n thi s way ,  causa l  model s effectivel y reduc e th e potentia l 
computationa l  complexit y inheren t  i n eve n relativel y simpl e 
learnin g tasks .  Th e Bayesia n mode l  i s  applie d t o a  numbe r  o f 
experimenta l  findings,  includin g studie s o n estimatio n o f 
causa l  strength ,  cu e competition ,  bas e rat e use ,  an d learnin g 
linearl y an d nonlinearl y separabl e categories . 

Introduction 

T h e T e m p o r a l  O r d e r  o f  In format io n Constrain t 

A popula r  approac h t o causa l  learnin g postulate s a  proces s 
tha t  i s  associativ e i n natur e (e.g. .  Shank s &  Dickinson , 
1987) .  Accordin g t o thi s view ,  learnin g involve s th e asso -
ciatio n o f  cue s an d outcomes .  A n importan t  characteristi c o f 
thi s clas s o f  model s i s  it s insensitivit y t o th e semantic s o f 
learnin g events .  Regardles s o f  whethe r  th e cue s represen t 
conditiona l  stimuli ,  features ,  causes ,  o r  effects ,  th e learnin g 
proces s i s  alway s identical .  Mos t  notably ,  th e reductio n o f 
causa l  learnin g t o th e associatio n o f  cue s an d outcome s 
implie s th e equatio n o f  predictiv e learnin g an d diagnosti c 
learning .  Predictiv e learnin g involve s th e associatio n o f 
cause s (cues )  an d effect s (outcomes) ,  diagnosti c learnin g th e 
associatio n o f  effect s (cues )  an d cause s (outcomes) .  A s lon g 
as th e cue s an d outcome s i n thes e tw o task s hav e compara -
bl e characteristics ,  learnin g shoul d b e identical .  Thi s ap -
proac h t o learnin g embodie s a  tempora l  orde r  o f  informatio n 
constraint .  Th e informatio n receive d firs t  i n tim e i s assigne d 
t o th e cu e laye r  o f  th e associativ e network .  Associativ e 
theorie s ar e onl y on e exampl e o f  a  larg e clas s o f  theorie s 
tha t  us e thi s constraint .  Multiple-cu e integratio n models , 
suc h a s th e len s model ,  an d man y categorizatio n theorie s 
als o assig n cue s o n th e basi s o f  tempora l  orde r  o f  informa -
tion . 

We hav e conducte d a  numbe r  o f  experiment s whic h sho w 
tha t  thi s clas s o f  model s i s inadequat e fo r  describin g causa l 
learnin g (se e Waldmann ,  1996 ,  fo r  a n overview) .  Ou r  ex -
periment s demonstrate d tha t  huma n learner s ar e indee d 
sensitiv e t o th e causa l  statu s o f  cue s an d outcomes .  I n par -
ticular ,  th e experiment s showe d tha t  a  predictiv e learnin g 
tas k i n whic h multipl e cause s ar e use d t o predic t  a  c o m m o n 
effec t  i s  learne d differentl y fro m a n otherwis e identica l 
diagnosti c learnin g tas k i n whic h multipl e effect s ar e use d 
as cue s t o a  c o m m o n cause . 

The Temporal Order of Events Constraint 

A ke y featur e o f  ou r  mode l  i s th e decouplin g betwee n th e 
tempora l  orde r  o f  th e incomin g informatio n an d th e repre -
sente d tempora l  orde r  o f  events .  Learnin g event s ar e as -
signe d t o th e causa l  mode l  o n th e basi s o f  th e tempora l 
orde r  o f  event s i n th e rea l  worl d an d no t  o n th e basi s o f  th e 
tempora l  orde r  o f  information .  Thus ,  ou r  mode l  honor s th e 
tempora l  orde r  o f  event s constraint .  W e assum e tha t  leamer s 
brin g t o bea r  prio r  knowledg e abou t  th e precedenc e o f 
cause s an d effects .  Cause s occur  temporall y prio r  t o thei r 
effects ,  regardles s o f  whethe r  th e informatio n give n firs t  i s 
abou t  cause s (predictiv e learning )  o r  abou t  effect s (diagnos -
ti c  learning) .  I n bot h tasks ,  th e caus e informatio n i s assigne d 
t o th e caus e layer s o f  th e causa l  model s an d th e effec t  in -
formatio n t o th e effec t  layers . 

The Model 
Th e mode l  involve s fou r  steps .  I t  start s wit h initia l  assump -
tion s abou t  th e causa l  mode l  tha t  presumabl y underlie s th e 
learnin g dat a (Ste p 1) .  Thi s initia l  causa l  mode l  serve s tw o 
functions .  I t  guide s th e proces s o f  estimatin g th e causa l 
power  o f  eac h caus e wit h respec t  t o it s effect s (Ste p 2) ,  an d 
i t  suggest s schema s fo r  integratin g th e causa l  powe r  esti -
mate s fo r  multipl e cue s (Ste p 3) .  I n predictiv e learnin g thes e 
cue s represen t  multipl e causes ,  i n diagnosti c learnin g multi -
pl e effects .  Wheneve r  th e initia l  mode l  fail s  t o represen t  th e 
learnin g data ,  error s wil l  occur .  Thes e error s wil l  sugges t  a 
revisio n o f  th e causa l  mode l  (Ste p 4) .  Subsequen t  learnin g 
wil l  b e base d o n th e revise d model . 

Setting up an Initial Causal Model (Step 1) 

Accordin g t o th e model ,  learner s mak e initia l  hypothetica l 
assumption s abou t  th e causa l  mode l  underlyin g th e learnin g 
input .  I n ou r  experiment s thes e assumption s ar e typicall y 
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manipulate d b y mean s o f  differentia l  initia l  instructions ,  bu t 
othe r  cue s t o causalit y suc h a s tempora l  precedenc e m a y 
als o b e use d (se e W a l d m a n n ,  1996) . 

The top-dow n orientatio n o f  ou r  mode l  deviate s sharpl y 
fro m th e majorit y o f  Bayesia n networ k model s (e.g .  Pearl , 
1988 ;  Spirtes ,  Glymour ,  &  Scheines ,  1993) .  Suc h model s 
ar e typicall y develope d a s normativ e tool s fo r  statistica l 
analysis ,  an d the y ofte n ai m a t  developin g strategie s t o 
bootsU-a p causa l  structure s fro m covariatio n dat a i n a  bot -
tom-u p fashion .  Thes e method s ar e no t  intende d t o mode l 
everyda y causa l  reasoning .  O n th e contrary ,  the y ar e ofte n 
motivate d b y th e assumptio n tha t  causa l  analysi s need s t o b e 
guide d b y exper t  system s tha t  embod y Bayesia n strategies . 
I n ou r  view ,  i t  i s  unlikel y tha t  h u m a n learner s ar e goo d a t 
inducin g th e causa l  relation s betwee n severa l  interconnecte d 
event s solel y o n th e basi s o f  covariatio n information . 

Causal  model s hav e th e potentia l  t o dramaticall y reduc e 
th e processin g effor t  durin g learning .  Consider ,  fo r  instance , 
th e potentia l  effor t  involve d i n a  domai n wit h thre e interre -
late d binar y events ,  entailin g dozen s o f  unconditiona l  an d 
conditiona l  frequencies  tha t  a  learne r  migh t  decid e t o focu s 
on (se e Pearl ,  1988) . 

Figur e 1  illustrate s thre e differen t  causa l  model s tha t  ca n 
be generate d b y thre e events .  Th e arrow s denot e direc t 
causa l  influence s tha t  poin t  from  cause s t o effects .  Th e 
computationa l  advantag e o f  suc h model s i s tha t  the y encod e 
not  onl y informatio n abou t  direc t  dependencies ,  bu t  als o 
additiona l  structura l  informatio n abou t  furthe r  dependencie s 
(se e Pearl ,  1988 ;  Spirte s e t  al. ,  1993) .  Fo r  example ,  a  com -
mon caus e mode l  wit h tw o effect s (Fig .  lA )  convey s th e 
informatio n tha t  th e tw o effect s ar e marginall y correlate d 
but  becom e independen t  conditiona l  upo n thei r  c o m m o n 
cause .  A  c o m m o n effec t  mode l  (Fig .  IB) ,  b y contrast ,  im -
plie s tha t  th e tw o alternativ e cause s ar e marginall y inde -
penden t  o f  eac h other ,  bu t  becom e dependen t  conditiona l 
upon thei r  c o m m o n effect .  Finally ,  a  causa l  chai n mode l 
(Fig .  IC )  entail s tha t  th e initia l  caus e become s independen t 
of  th e final  effec t  onc e th e intermediat e caus e i s hel d fixed. 
Thes e ar e jus t  som e example s o f  th e m a n y usefu l  implica -
tion s o f  thes e models .  Wheneve r  thes e model s describ e th e 
learnin g domai n appropriately ,  the y hav e th e potentia l  t o 
greatl y reduc e th e learnin g informatio n required . 

Estimating Causal Power (Step 2) 

One o f  th e primar y function s o f  causa l  model s i s tha t  the y 
specif y th e informatio n relevan t  t o th e assessmen t  o f  th e 
strengt h o f  causa l  relations .  No t  ever y statistica l  relatio n 
observe d i n learnin g inpu t  i s relevan t  fo r  assessin g causa l 
hypotheses ;  causa l  model s ca n provid e guidanc e i n th e se -
lectio n o f  relevan t  information . 

Followin g Chen g (1997) ,  th e strengt h o f  a  direc t  causa l 
relation ,  th e causa l  powe r  o f  th e cause ,  ca n b e define d a s th e 
probabilit y  o f  th e effec t  i n th e presenc e o f  th e caus e i n th e 
absenc e o f  al l  alternativ e influences .  Causa l  powe r  i s as -
sesse d i n th e cause-effec t  directio n regardles s o f  th e orde r  o f 
learnin g events .  A t  thi s point ,  th e mode l  i s restricte d t o 
situation s i n whic h informatio n abou t  frequencies  i s avail -
abl e (e.g. ,  trial-by-tria l  learning) .  W e assum e tha t  learner s 
use frequenc y information ,  whic h i s update d afte r  eac h 
learnin g trial ,  t o asses s causa l  power .  However ,  no t  al l  th e 

unconditiona l  an d conditiona l  frequencie s hav e t o b e en -
coded ,  bu t  onl y thos e frequencies  which ,  accordin g t o th e 
initia l  causa l  model ,  ar e relevan t  t o th e estimatio n process . 

Assumin g a  situatio n i n whic h al l  th e causa l  factor s ar e 
specifie d withi n th e causa l  mode l  ("close d worl d assump -
tion") ,  causa l  powe r  ca n b e directl y measure d o n th e basi s 
of  observe d conditiona l  frequencies .  I n th e simpl e cas e o f 
on e caus e an d on e effect ,  th e causa l  powe r  o f  th e caus e i s 
represente d b y th e conditiona l  probabilit y  o f  th e effec t  e 
give n caus e c ,  P(e\c) .  Thi s estimat e i s alread y guide d b y a 
prio r  causa l  mode l  tha t  specifie s whic h o f  th e tw o event s i s 
th e caus e an d whic h th e effect. ' 

Figur e 1 :  A  c o m m o n caus e (A) ,  c o m m o n effec t  (B) ,  an d 
causa l  chai n (C )  model . 

The role of causal models is even clearer in more complex 
situation s wit h thre e event s (se e Eells ,  1991 ;  W a l d m a n n & 
Hagmayer ,  submitted) .  I n th e c o m m o n caus e situatio n (Fig . 
lA ) ,  th e causa l  powe r  relatio n betwee n th e caus e c  an d eac h 
of  th e effect s e ,  an d e ^  ca n similarl y b e inferre d o n th e basi s 
of  th e conditiona l  probabilitie s P{e,\c )  an d Pie l̂c) ,  becaus e 
th e mode l  implie s conditiona l  independenc e o f  th e tw o 
effects .  Th e situatio n i s differen t  w h e n th e causa l  arrow s ar e 
reversed ,  yieldin g a  c o m m o n effec t  mode l  wit h tw o alterna -
tiv e cause s c ,  an d C j  (Fig .  IB) .  I n thi s situation ,  th e prob -
abilit y  o f  th e effec t  i n th e presenc e o f  eithe r  caus e i s als o 
influence d b y th e possibl e presenc e o f  th e alternativ e cause . 
Thus ,  i n a  situatio n i n whic h th e tw o cause s increas e th e 
probabilit y  o f  th e effec t  (generativ e causes) ,  th e appropriat e 
metho d o f  measurin g causa l  powe r  i s t o focu s o n situation s 
i n whic h th e alternativ e cause s ar e absen t  (fo r  a  discussio n 
of  preventiv e causes ,  se e Cheng ,  1997) .  Fo r  example ,  th e 
causa l  powe r  o f  c ,  ca n b e inferre d o n th e basi s o f 
P(e\c ,  .-Cj) .  (A n isolate d perio d mean s "and, "  an d "~ "  refer s 
t o th e absenc e o f  th e cause. )  Finally ,  i n causa l  chain s th e 
causa l  powe r  o f  th e initia l  caus e c  ove r  it s direc t  effec t  e , 
shoul d b e independen t  o f  th e final  effec t  ê .  Therefore ,  th e 
simpl e conditiona l  probabilit y P(e,\c )  shoul d serv e a s a n 
indicato r  o f  th e causa l  powe r  o f  even t  c .  T h e causa l  powe r 
of  th e intermediat e caus e e ,  i s  dependen t  o n th e kin d o f 
causa l  chai n underlyin g th e domain .  I n a  genuin e Marko v 
chain ,  i n whic h th e initia l  caus e i s independen t  o f  th e fina l 

' a mor e realisti c assumptio n i s tha t  ther e ar e othe r  unknow n causa l 
influences .  Chen g (1997 )  ha s derive d a n empirica l  estimat e o f 
causa l  powe r  fo r  a  singl e cause-effec t  relation ,  fo r  situation s i n 
whic h ther e ar e unknow n causes .  Althoug h w e hav e als o devel -
oped ou r  mode l  fo r  thi s mor e realisti c  case ,  w e wil l  focu s i n thi s 
paper  o n full y specifie d models .  Mos t  o f  th e experiment s describe d 
belo w ca n b e explaine d usin g th e simplifyin g assumptio n o f  a 
close d world .  Th e mor e comple x versio n o f  th e mode l  tha t  in -
clude s unknow n causa l  factor s doe s no t  qualitativel y chang e th e 
prediction s fo r  thes e experiments . 
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effec t  conditiona l  upo n th e intermediat e cause ,  th e condi -
tiona l  probabilit y Pi^ey, )  i s  a n appropriat e indicato r  o f 
causa l  power .  However ,  mor e comple x chain s ar e possibl e 

i n whic h th e event s c  an d e ,  interac t  (Eells ,  1991) .  I n thes e 
situation s i t  woul d b e appropriat e t o contro l  fo r  th e influ -
enc e o f  th e initia l  caus e c  b y lookin g a t  P{ê \e,.c )  an d possi -
bl y als o P{ej\e,.~c) .  (Se e als o Wa ldman n &  Hagmayer , 
submitted. )  Wit h genuin e Marko v chain s bot h method s 
shoul d lea d t o th e sam e results . 

I n summary ,  th e mode l  estimate s causa l  powe r  o n th e ba -
si s o f  th e relevan t  frequenc y information .  Thes e estimate s 
ar e update d afte r  eac h learnin g trial . 

Integrating Causal Power Estimates (Step 3) 

Th e secon d importan t  functio n o f  causa l  model s i s th e guid -
anc e the y provid e fo r  th e integratio n o f  multipl e cues .  W e 
assume tha t  th e initia l  strateg y o f  learner s i s t o integrat e th e 
causa l  powe r  estimate s o n th e basi s o f  structura l  assump -
tion s implie d b y th e semantic s o f  causa l  networks .  Thi s 
strateg y i s computationall y les s demandin g tha n tryin g t o 
asses s th e probabilitie s o f  th e outcome s conditiona l  upo n al l 
possibl e pattern s o f  cue s fro m th e learnin g input . 

Predictive Learning Common effect models are typical 
causa l  model s underlyin g predictiv e learnin g wit h multipl e 
cue s (se e Fi g IB) .  A n importan t  assumptio n implicitl y  en -
code d b y thes e model s i s tha t  th e alternativ e cause s occu r 
independend y o f  eac h other ,  an d tha t  thei r  individua l  causa l 
impact s o n th e effec t  ar e als o independent .  Thus ,  a  noisy-o r 
integratio n schem a provide s a  natura l  integratio n strateg y 
fo r  multipl e cause s (se e als o Pearl ,  1988 ,  chap .  4.3.2) .  As -
sumin g tw o causes ,  a  noisy-o r  schem a predict s tha t  th e 
effec t  i s  cause d eithe r  b y cause ^  o r  b y cause^ .  Sinc e thes e 
tw o cause s m a y overla p i t  i s  necessar y t o subtrac t  th e inter -
section .  Base d o n th e tw o powe r  estimate s p ,  an d p ^  fo r  th e 
tw o cause s c ,  an d Cj ,  th e conditiona l  probabilit y  o f  th e effec t 
ca n b e compute d usin g th e noisy-o r  schema , 

P{e\c,,c^)=p ^  + P 2 - P r P 2 (Equatio n 1) . 
I n summary ,  i n a  predictiv e learnin g situatio n wit h a  com -
m on effec t  mode l  th e causa l  powe r  o f  eac h individua l  caus e 
i s assesse d o n th e basi s o f  frequenc y informatio n (Ste p 2) . 
The n thes e estimate s ar e integrate d int o a  predictio n usin g 
th e noisy-o r  schem a (Ste p 3) .  Thi s proces s i s repeate d a t 
eac h learnin g trial . 

Diagnostic Learning A typical causal model underlying 
diagnosti c learnin g wit h multipl e effec t  cue s i s th e c o m m o n 
caus e mode l  (se e Fi g lA) .  Thi s mode l  assume s tha t  th e 
effect s ar e independen t  o f  eac h othe r  conditiona l  upo n th e 
state s o f  th e cause ,  thu s simplifyin g th e diagnosti c judg -
ments .  Instea d o f  havin g t o stor e th e probabilit y  o f  th e caus e 
conditiona l  upo n al l  pattern s o f  effec t  cues ,  th e mode l 
makes i t  possibl e t o us e th e individua l  powe r  estimate s an d 
integrat e the m b y takin g thei r  product .  Fo r  example ,  i n a 
c o m m on caus e situatio n wit h tw o effect s e ,  an d ê ,  th e Baye -
sia n c o m m o n caus e integratio n schem a ca n b e expresse d a s 

Pic\e,,e, )  =  aP(c)P(e,\c)P(e,\c )  (Equatio n 2) . 
I n thi s formula ,  a  refer s t o a  normalizin g constant ,  P(c )  t o 
th e unconditiona l  probabilit y  (bas e rate )  o f  th e cause ,  an d 
th e tw o conditiona l  probabilitie s o n th e right-han d sid e t o 

th e causa l  power s o f  c  wit h respec t  t o eithe r  effect .  I n a 
situatio n wit h tw o mutuall y exclusive ,  exhaustiv e cause s ( a 
situatio n typica l  o f  man y categorizatio n experiments) ,  a 
diagnosti c decisio n i s achieve d b y comparin g th e condi -
tiona l  probabilit y  o f  th e caus e (Equatio n 2 )  wit h th e condi -
tiona l  probabilit y  o f  th e absenc e o f  th e cause ,  P(~cle,,ej) . 
Accordin g t o th e model ,  th e learne r  wil l  hypotheticall y 
assume tha t  a  specifi c  caus e i s present ,  estimat e th e prob -
abilit y  o f  th e observe d pattern ,  an d the n compar e thi s esti -
mat e wit h th e hypothesi s tha t  th e caus e i s no t  present .  Thes e 
estimate s ar e weighte d b y th e frequenc y o f  th e store d 
learnin g exemplars . 

Revising the Causal Model (Step 4) 

So far ,  th e mode l  ca n onl y lear n abou t  domain s tha t  ar e 

consisten t  wit h th e structur e o f  th e initia l  causa l  model . 
However ,  thi s consistenc y i s no t  alway s given .  I n a  predic -
tiv e learnin g task ,  fo r  example ,  a  c o m m o n effec t  mode l  ma y 
not  adequatel y represen t  a  causa l  situation .  I t  coul d b e th e 
cas e tha t  whil e neithe r  o f  th e cause s alon e cause s th e effect , 
bot h cause s togethe r  d o so .  Wit h a  c o m m o n effec t  mode l  a s 
th e initia l  model ,  th e tw o powe r  estimate s wil l  b e zero .  I f 
thes e estimate s ar e plugge d int o th e noisy-o r  schema ,  th e 
incorrec t  predictio n tha t  th e effec t  i s  absen t  whe n bot h 
cause s ar e presen t  i s obtained .  Thu s i n thi s situatio n th e 
model  wil l  mak e predictio n errors .  W e assum e tha t  learner s 
wil l  notic e thes e errors ,  an d conside r  modifyin g th e struc -
tur e o f  th e mode l  i n a  parsimoniou s fashion .  A  smal l  modi -
ficatio n i s on e tha t  doe s no t  ad d unknow n causa l  factors , 
and doe s no t  chang e th e causa l  role s o f  th e learnin g events . 
O ne possibilit y  woul d b e t o includ e configura l  cause s i n th e 
causa l  model .  Thi s modificatio n amount s t o addin g a n extr a 
ter m fo r  th e conjunctiv e caus e c „  whic h expresse s it s powe r 
independen t  o f  th e powe r  o f  th e tw o components , 

P(e\c„c, )  =  p,_ ,  +  p,_ ,  +  p „  (Equatio n 3) . 
Unlik e i n th e noisy-o r  schema ,  th e causa l  powe r  o f  eac h 
individua l  caus e onl y manifest s itsel f  i n th e absenc e o f  th e 
cause s wit h whic h i t  interacts .  Therefor e th e individua l 
causa l  powe r  estimate s onl y appl y t o situation s i n whic h 
interactin g factor s ar e absen t  (e.g. ,  p,. ^  refer s t o th e causa l 
power  o f  c ,  i n th e absenc e o f  c )̂ .  O n th e basi s o f  thi s modi -
fie d integratio n schem a (An d schema) ,  powe r  estimate s hav e 
t o b e obtaine d fo r  eac h individua l  caus e an d separatel y fo r 
th e conjunctiv e cause .  Thi s ne w mode l  ca n lear n abou t  som e 
type s o f  interaction s betwee n causes ,  suc h a s th e situatio n i n 
whic h th e presenc e o f  tw o cause s i s necessar y fo r  th e effect . 
However ,  i t  wil l  fai l  i n situation s wit h mor e complicate d 
interactions .  Fo r  example ,  i n a n exdusive-o r  scenari o 
( X O R ) ,  eithe r  th e presenc e o f  bot h cause s o r  th e absenc e o f 
bot h cause s produce s th e effect ,  bu t  neithe r  o f  th e cause s 
doe s s o o n it s own .  T o accoun t  fo r  thi s situatio n a  mor e 
complicate d schem a ha s t o b e invoked . 

I n genera l  w e clai m tha t  peopl e attemp t  t o mak e smal l 
modification s t o th e initia l  causa l  model .  Th e initia l  schem a 
fo r  multipl e cause s wil l  b e th e noisy-o r  schema ,  followe d b y 
th e A n d schema .  Othe r  modification s o f  th e causa l  structur e 
ar e als o possibl e (e.g. ,  addin g causa l  links) . 

I t  i s  importan t  t o not e that ,  despit e th e top-dow n directio n 
of  th e model ,  i t  i s  implicitl y  sensitiv e t o violation s o f  mode l 
assumptions .  Th e initia l  mode l  wil l  generat e predictio n o r 
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diagnosi s error s whe n i t  i s  inconsisten t  wit h th e learnin g 
data .  Thi s wil l  i n tur n lea d t o a  (parsimonious )  modificatio n 
of  th e initia l  model . 

Empirical Evidence 

The mode l  provide s a  theoretica l  basi s fo r  a  numbe r  o f 
finding s i n th e domai n o f  causa l  learning . 

Estimating Causal Power 

Waldmann an d Hagmaye r  (submitted )  hav e studie d th e 
proces s o f  assessin g th e causa l  powe r  relatio n betwee n a 
potentia l  caus e an d a n effec t  i n th e presenc e o f  a  covaryin g 
thir d event .  Participant s receive d informatio n abou t  th e ra w 
dat a o f  a  fictitiou s neuro-immunologica l  study .  Al l  partici -
pant s i n ou r  stud y receive d identica l  learnin g dat a ( a lis t  o f 
cases) ,  an d ha d t o answe r  th e sam e questio n abou t  th e 
strengt h o f  th e causa l  relatio n betwee n th e caus e an d th e 
effect .  Acros s participants ,  w e manipulate d th e causa l  rol e 
of  th e thir d even t  b y mean s o f  initia l  instruction s i n whic h 
th e causa l  rol e o f  thi s even t  wa s differentiall y  describe d (se e 
Fig .  1) .  Thu s participant s believe d the y wer e confronte d 
wit h a  c o m m o n caus e model ,  a  conmio n effec t  model ,  o r  a 
causa l  chai n model .  Th e result s clearl y confirme d th e pre -
diction s o f  ou r  theory .  Participant s onl y hel d th e thir d even t 
constan t  whe n the y though t  i t  wa s par t  o f  a  c o m m o n effec t 
model ,  otherwis e the y tende d t o ignor e it .  O n e additiona l 
interestin g resul t  o f  thi s stud y i s tha t  n o participan t  explic -
itl y  attempte d t o tes t  th e fi t  o f  th e mode l  t o th e data .  Sinc e 
learnin g dat a wa s identical ,  th e statistica l  structur e o f  th e 
learnin g inpu t  wa s no t  equall y consisten t  wit h th e hypothe -
size d causa l  model .  However ,  a s anticipate d b y ou r  model , 
participant s di d no t  becom e awar e o f  thes e inconsistencies , 
but  rathe r  use d th e instructe d mode l  t o estimat e causa l 
power  i n a  top-dow n fashion .  (I n thi s experimen t  n o learn -
in g feedbac k wa s give n s o tha t  participant s coul d no t  be -
come implicitl y  awar e o f  thes e mismatches. ) 

Asymmetries of Cue Competition 

The mode l  readil y explain s th e asymmetrie s o f  cu e compe -
titio n foun d i n experiment s tha t  characteriz e th e learnin g 
cues eithe r  a s cause s o f  a  c o m m o n effec t  o r  a s effect s o f  a 
common caus e (Waldman n &  Holyoak ,  1992 ;  Waldmann , 
1996) .  I n thes e experiments ,  a  blockin g paradig m wa s use d 
t o investigat e cu e competition .  Participant s learne d i n Phas e 
1 tha t  a  specifi c  cu e wa s perfectl y correlate d wit h th e out -
come.  I n Phas e 2 ,  a  secon d redundan t  cu e wa s constantl y 
paire d wit h th e fu-s t  cue .  N o w th e compoun d o f  bot h cue s 
was predictiv e o f  th e outcome .  Associativ e theorie s suc h a s 
th e Rescorla-Wagne r  rul e (1972 )  predic t  lowe r  associativ e 
weight s fo r  th e redundan t  cu e relativ e t o a  conditio n i n 
whic h thi s cu e i s no t  paire d wit h th e predictiv e cu e fro m 
Phase 1 .  Ou r  experiment s sho w that ,  althoug h th e learnin g 
inpu t  wa s identical ,  a  significan t  reductio n i n th e rating s o f 
th e redundan t  cu e wa s onl y observe d whe n th e cue s wer e 
introduce d a s cause s o f  a  c o m m o n effec t  (predictiv e learn -
ing) ,  bu t  no t  whe n the y wer e characterize d a s effect s o f  a 
c o m m on caus e (diagnosti c learning) . 

The mode l  anticipate s thi s asymmetry ,  becaus e causa l 
power  estimate s ar e compute d i n th e cause-effec t  directio n 

on th e basi s o f  assumption s abou t  th e underlyin g causa l 
model .  I n th e predictiv e conditio n th e cue s represen t  multi -
pl e causes .  Th e mode l  predict s tha t  fo r  c o m m o n effec t  mod -
el s i t  i s  necessar y t o calculat e causa l  powe r  estimate s fo r 
individua l  cause s i n th e absenc e o f  alternativ e causes .  Sinc e 
i n Phas e 2  o f  th e blockin g desig n th e ne w redundan t  caus e 
i s neve r  presente d i n th e absenc e o f  th e caus e establishe d 
withi n Phas e 1 ,  n o causa l  powe r  estimat e ca n b e obtaine d 
fo r  thi s redundan t  cause .  Thu s w e ca n expec t  participant s t o 
be uncertai n abou t  th e causa l  impac t  o f  thi s  cue ,  an d expres s 
thi s uncertaint y i n lowere d ratings .  B y contrast ,  i n th e diag -
nosti c conditio n a  c o m m o n caus e mode l  i s assumed ;  th e 
causa l  powe r  o f  eac h effec t  ca n b e assesse d withou t  havin g 
t o hol d constan t  collatera l  effects .  Thus ,  bot h effec t  cue s 
shoul d yiel d simila r  rating s (i.e. ,  absenc e o f  blocking) . 

Asymmetries of Base Rate Use 

I n th e las t  fe w years ,  a  numbe r  o f  psychologist s hav e show n 
tha t  sensitivit y t o bas e rat e informatio n ca n b e obtaine d 
when frequenc y informatio n i s given  a s learnin g inpu t  (e.g. , 
Cosmide s &  Tooby ,  1996) .  Althoug h ou r  mode l  i s restricte d 
t o frequenc y data ,  i t  predict s interestin g asymmetrie s i n th e 
use o f  bas e rates .  Wherea s th e predictiv e integratio n sche -
mas (e.g. ,  noisy-o r  schema )  d o no t  contai n term s fo r  th e 
bas e rate s o f  th e causes ,  th e diagnosti c schema s (e.g. ,  com -
m on caus e schema )  integrat e causa l  powe r  estimate s wit h 
bas e rat e information . 

Wa ldmann an d Reip s (i n preparation )  hav e teste d thi s as -
sumption .  I n a  numbe r  o f  experiments ,  participant s learne d 
abou t  identica l  causa l  structure s wit h varyin g causa l  bas e 
rate s i n eithe r  th e cause-effec t  o r  th e effect-caus e direction . 
Subsequen t  t o th e learnin g phas e al l  participant s ha d t o giv e 
diagnosti c judgments .  I n lin e wit h th e model' s predictions , 
participant s use d bas e rat e informatio n whe n prio r  learnin g 
was diagnosti c bu t  tende d t o ignor e bas e rate s whe n i t  wa s 
predictiv e (se e als o Waldmann ,  1996) . 

Linearly Separable Versus Nonlinearly Separable 
Categor y Structure s 

Waldmann ,  Holyoak ,  an d Fratianne' s (1995 )  experiment s 
on categor y learnin g provid e a  furthe r  tes t  cas e fo r  th e 
model .  Thes e experiment s showe d tha t  th e relativ e difficult y 
of  linearl y separabl e an d nonlinearl y separabl e categor y 
structure s interact s wit h th e causa l  rol e o f  th e learnin g cues . 
Tabl e 1  show s tw o o f  th e categor y structure s investigated . 
Th e learnin g exemplar s embod y thre e binar y dimension s 
tha t  indicat e eithe r  hig h intensit y (H )  o r  lo w intensit y (L ) 
values .  Fo r  example ,  i n Experiment s 4  an d 5  participant s 
receive d picture s o f  a  ston e surrounde d b y thre e colore d iro n 
compounds .  Th e orientatio n o f  th e compound s specifie d th e 
value s o f  th e dimensions :  Eithe r  th e end s o f  th e compound s 
pointe d t o th e ston e (H )  o r  thei r  side s face d th e ston e (L) . 
Thus ,  cas e 1  ( H H H )  i n Tabl e 1  represent s a  pictur e i n whic h 
th e thre e compound s poin t  t o th e stone . 

T wo categor y structure s wer e compared .  I n th e linearl y 
separabl e arrangemen t  (LS) ,  hig h value s ar e mor e typica l 
fo r  categor y A  an d lo w value s fo r  categor y B .  Withi n cate -
gor y A ,  a t  leas t  tw o ou t  o f  thre e dimension s ha d hig h val -
ues .  B y conu-ast ,  i n th e nonlinearl y separabl e arrangemen t 
(NLS) ,  neithe r  hig h no r  lo w value s wer e typica l  fo r  th e tw o 
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categorie s A  an d B .  Thi s structur e ca n onl y b e categorize d 
on th e basi s o f  a  configura l  cue .  Withi n categor y A  th e first 
and th e thir d dimensio n ar e positivel y correlate d ( H H o r 
LL ) ,  wherea s withi n categor y B  the y ar e negativel y corre -
late d (H L o r  L H ) .  Thi s structur e correspond s t o a n X O R 

structur e wit h a n additiona l  irrelevan t  featur e (Dimensio n 

2) . 

Table 1: Structure of item sets (Waldmann et al., 1995) 

Linearl y Separabl e 
Categorie s 

A 

B 

Nonlinearl y 
Separabl e Categorie s 

A 

B 

1. 
2. 
3. 
4. 

5. 
6. 
7. 
8. 

1. 

2. 

3. 
4. 

5. 

6. 

7. 
8. 

Dimension s 
1 2  3 

H H  H 
H H  L 
H L  H 
L H  H 
L L  H 
L H  L 
H L  L 
L L  L 

Dimension s 
1 2  3 

H H  H 
H L  H 
L H  L 
L L  L 
H H  L 
H L  L 
L H  H 
L L  H 

I n th e experiments ,  th e facto r  categor y structur e (L S vs . 
N L S)  wa s crosse d wit h a  secon d facto r  i n whic h th e causa l 
interpretatio n o f  th e cue s wa s manipulate d b y mean s o f 
initia l  instructions .  I n th e predictiv e learnin g condition , 
participant s wer e tol d th e thre e compound s wer e potentia l 
causes :  The y emi t  eithe r  hig h (H )  o r  lo w (L )  intensit y mag -
neti c wave s whic h ma y caus e som e stone s t o becom e mag -
netic .  Th e tas k wa s t o decid e whethe r  th e stone s i n th e pic -
ture s wer e magnet s (categor y A )  o r  wer e no t  (categor y B) . 
Thu s i n thi s conditio n a  c o m m o n effec t  mode l  wa s in -
structed .  I n th e diagnosti c learnin g conditio n a  c o m m o n 
caus e structur e wa s suggeste d t o th e participants ;  the y wer e 
instructe d tha t  som e o f  th e stone s potentiall y  emi t  magneti c 
waves whic h ma y affec t  th e orientatio n o f  th e compounds . 
The orientatio n ma y indicat e eithe r  a  stron g (H )  o r  a  wea k 
(L )  effect .  I n bot h condition s th e orientatio n o f  th e com -
pound s serve d a s cues ,  th e onl y differenc e wa s whethe r  th e 
cue s wer e interprete d a s cause s o r  a s effects . 

The experiment s yielde d a  numbe r  o f  findings  tha t  ca n b e 
explaine d b y ou r  mode l  (se e Waldman n e t  al. ,  1995) .  On e 
genera l  finding  wa s tha t  i n th e predictiv e learnin g conditio n 
th e L S categor y structur e wa s easie r  t o lear n tha n th e N L S 
structure .  Thi s finding  i s i n lin e wit h th e assumptio n inher -
ent  i n th e mode l  tha t  learner s sequentiall y  activat e integra -
tio n schema s tha t  ar e ordere d o n th e basi s o f  complexity .  A s 
th e mode l  start s wit h a  noisy-o r  schema ,  i t  fail s  initiall y 
wit h bot h categor y structures .  However ,  th e nex t  schem a 
(An d schema )  include s additiona l  term s fo r  paire d cues . 

Thi s schem a pick s u p th e two-out-of-thre e rul e embodie d i n 

th e L S structur e bu t  i s unabl e t o captur e th e mor e comple x 
X OR interactio n i n th e N L S structure . 

The findings  i n diagnosti c learnin g condition s ar e mor e 
complex .  I n Experimen t  5  (Waldman n e t  al. ,  1995) ,  partici -
pant s learne d tha t  th e exemplar s i n categor y A  wer e cause d 

by th e presenc e o f  a  magnet ,  wherea s th e stone s i n categor y 
B wer e no t  magnetic .  Thi s instructio n yielde d a  clea r  learn -
in g advantag e fo r  th e L S structure .  Fa r  les s error s wer e 
committe d whe n participant s learne d th e L S structur e tha n 
when the y learne d th e N L S structure .  However ,  whe n th e 
instruction s wer e slightl y modifie d th e opposit e effec t  wa s 
observed .  I n Experimen t  4  participant s wer e tol d tha t  ther e 
ar e tw o type s o f  magnets ,  stron g an d weak .  A s i n Experi -
ment  5 ,  participant s onl y ha d t o decid e whethe r  ther e wa s a 
magnet  (categor y A )  o r  no t  (categor y B) .  N o feedbac k wa s 
give n abou t  th e strengt h o f  th e magnet .  Thus ,  apar t  from  th e 
instructiona l  difference ,  th e procedur e wa s identica l  i n th e 
tw o experiments .  Nevertheless ,  th e N L S structur e prove d 
easie r  t o lear n tha n th e L S structur e i n Experimen t  4 ,  i n 
whic h th e variabilit y  o f  th e strengt h o f  th e magnet s wa s 
pointe d out .  H o w ca n thi s reversa l  b e explaine d b y th e 
model ? 

For  Experimen t  5 ,  th e mode l  firs t  set s u p a  c o m m o n caus e 
model ,  whic h i s base d o n th e initia l  instruction s (Ste p 1 )  an d 
specifie s ho w causa l  powe r  i s assesse d (Ste p 2) .  O n th e 
basi s o f  frequency  input ,  update d afte r  eac h learnin g trial , 
th e causa l  powe r  betwee n th e presenc e an d absenc e o f  th e 
caus e (categor y A  vs .  B )  an d eac h o f  th e thre e effect s wil l 
be estimate d b y calculatin g th e conditiona l  probabilit y  o f 
th e state s o f  th e effect s ( H vs .  L ) ,  give n th e tw o categories . 
For  example ,  P(e^=}i\c )  expresse s th e probabilit y  o f  th e first 
dimensio n havin g a  hig h intensit y valu e i n th e presenc e o f  a 
magnet .  I n th e L S condition ,  th e mode l  wil l  eventuall y lear n 
tha t  th e probabilit y  o f  eac h effec t  havin g a  hig h valu e i s 
0.7 5 withi n categor y A  an d 0.2 5 withi n categor y B .  Th e 
probabilitie s o f  a  lo w valu e ar e th e complements .  B y con -
trast ,  i n th e N L S conditio n thes e estimate s wil l  b e 0. 5 fo r 
bot h categories .  T o obtai n categorizatio n judgment s th e 
power  estimate s wil l  b e plugge d int o a  c o m m o n caus e 
schema (se e Equatio n 2 )  fo r  thre e effects .  Usin g thi s 
schema,  th e probabilit y  o f  th e presenc e (categor y A )  o r 
absenc e (categor y B )  o f  th e caus e wil l  b e compared .  Fo r 
example ,  give n a n H H H patter n (cas e 1 )  th e probabilit y  o f 
categor y A  i s th e produc t  o f  th e thre e powe r  estimate s o f  th e 
thre e effect s (0.75' )  multiplie d b y th e bas e rat e (0.5 )  an d th e 
normalizin g constan t  (identica l  fo r  bot h categories) .  Th e 
fac t  tha t  th e probabilit y  o f  categor y A  i s highe r  tha n tha t  o f 
categor y B  wil l  lea d t o th e correc t  decisio n tha t  thi s cas e 
belong s t o categor y A .  Applyin g thi s schem a t o th e othe r 
learnin g exemplar s als o lead s t o correc t  categorizations .  B y 
contrast ,  applyin g thi s procedur e t o th e N L S structur e wil l 
not  b e successful .  Give n tha t  eac h effec t  i s  equall y associ -
ate d wit h bot h categories ,  n o reliabl e categorizatio n ca n b e 
achieved .  Th e onl y solutio n i s t o modif y th e initia l  mode l 
(Ste p 4) ,  whic h wil l  tak e tim e relativ e t o th e L S condition . 

To mode l  th e result s o f  Experimen t  4 ,  th e additiona l  as -
sumptio n ha s t o b e mad e tha t  participant s ente r  th e tas k wit h 
prio r  knowledg e tha t  stron g magnet s ten d t o produc e hig h 
intensit y value s wherea s wea k magnet s ar e mor e likel y t o 
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caus e lo w values .  Th e mode l  agai n approache s th e tas k 
usin g a  conuno n caus e mode l  (Ste p 1) .  However ,  base d o n 
th e instructions ,  th e mode l  ha s t o expres s th e fac t  tha t  th e 
caus e (categor y A )  ca n b e stron g o r  weak .  I t  i s  therefor e 
necessar y t o obtai n causa l  powe r  estimate s fo r  thre e causa l 
events ,  th e caus e bein g strong ,  th e caus e bein g wea k (e.g. , 
P(e,=Hlc=weak) ,  an d absenc e o f  th e caus e (categor y B) . 
Sinc e n o feedbac k i s give n abou t  th e strengt h o f  th e cause , 
th e participant s hav e t o infe r  th e probabl e stat e o f  th e caus e 
by themselves .  Thi s ca n b e achieve d o n th e basi s o f  prio r 
assumption s abou t  a  positiv e correlatio n betwee n th e stat e 
of  th e caus e an d th e stat e o f  th e effects ,  whic h ca n b e im -
plemente d b y havin g th e learnin g proces s star t  wit h a  prese t 
dat a bas e tha t  embodie s thes e correlations .  Thes e assump -
tion s will ,  fo r  example ,  lea d t o th e decisio n tha t  th e H H H 
case i n th e NL S structur e i s probabl y cause d b y a  stron g 
cause .  Th e feedbac k confirm s tha t  thi s cas e indee d belong s 
to categor y A .  Therefore ,  th e causa l  powe r  estimat e fo r  th e 
stron g valu e o f  th e caus e wil l  b e updated .  Similarly ,  a n LL L 
case wil l  lea d t o a n updatin g o f  th e wea k valu e o f  th e cause . 
Due t o th e outlyin g valu e o f  th e middl e dimension ,  th e othe r 
two case s withi n categor y A  (e.g. ,  HLH )  wil l  initiall y  lea d 
t o incorrec t  categor y B  decision s (th e mode l  doe s no t  kno w 
yet  tha t  Dimensio n 2  i s irrelevant) .  However ,  th e learnin g 
feedbac k reassign s thes e tw o case s t o categor y A .  No w a 
decisio n ha s t o b e mad e betwee n a  stron g an d a  wea k cause , 
whic h i n th e H L H cas e lead s t o a n updat e o f  th e powe r 
estimat e fo r  th e stron g cause ,  an d i n th e LH L cas e t o a n 
updat e fo r  th e wea k cause .  Eventuall y th e mode l  wil l  lear n 
tha t  th e probabilit y  o f  hig h intensit y value s o f  th e relevan t 
effect s (Dimension s 1 ,  3 )  i s  1  whe n th e caus e i s stron g an d 0 
when i t  i s weak ,  o r  vic e vers a whe n th e caus e i s weak .  Di -
mensio n 2  wil l  lea d t o estimate s o f  0. 5 wit h eithe r  stat e o f 
th e cause .  Furthermore ,  th e probabilitie s o f  th e value s o f  al l 
thre e effect s ar e uniforml y 0. 5 withi n categor y B .  Usin g 
thes e powe r  estimate s th e mode l  i s abl e t o correctl y classif y 
th e eigh t  case s o f  th e NL S arrangement .  Th e mode l  classi -
fies  a  cas e int o categor y A  whe n eithe r  a  stron g o r  a  wea k 
caus e i s inferred ;  otherwis e th e cas e wil l  b e assigne d t o 
categor y B .  Wit h th e powe r  estimate s generate d i n Ste p 2 
(an d 0.2 5 a s th e bas e rat e estimate s fo r  th e tw o state s o f  th e 
cause )  th e probabilit y  o f  categor y B  wil l  alway s b e lowe r 
tha n tha t  o f  categor y A  fo r  case s 1  t o 4 .  B y contrast ,  case s 5 
t o 8  wil l  b e correcd y assigne d t o categor y B . 

Usin g th e initia l  assumption s outline d above ,  th e mode l 
wil l  mak e mor e error s wit h th e L S structur e tha n wit h th e 
NLS one .  Again ,  th e mode l  wil l  initiall y  assig n th e LL L 
case t o categor y A  (wea k state) ,  althoug h thi s i s th e wron g 
decisio n i n thi s condition .  Excep t  fo r  th e correctl y classifie d 
H HH case ,  th e othe r  case s withi n categor y A  wil l  creat e 
problems .  The y wil l  b e wrongl y assigne d t o categor y B . 
Afte r  feedbac k the y wil l  b e reassigned .  However ,  sinc e 
thes e exemplar s hav e mor e H  tha n L  values ,  onl y th e powe r 
estimat e fo r  th e stron g varian t  o f  th e caus e wil l  b e updated . 
Eventuall y thi s wil l  lea d t o a  fadin g ou t  o f  th e hypothesi s 
tha t  th e caus e migh t  als o b e weak ,  becaus e th e constan t 
updatin g o f  onl y on e valu e o f  th e caus e wil l  boos t  th e bas e 
rat e estimat e fo r  thi s valu e a t  th e expens e o f  th e alternativ e 
value .  A t  th e asymptot e th e mode l  wil l  hav e learne d tha t 
ther e i s n o wea k cause ,  bu t  thi s wil l  tak e time . 

Discussio n 

Causal  learnin g i s typicall y confronte d wit h a  larg e dat a 
base o f  potentiall y  relevan t  statistica l  relations .  On e wa y o f 
dealin g wit h thi s complexit y i s  t o us e prio r  knowledg e abou t 
mechanism s (se e Koslowski ,  1996) .  However ,  whe n n o 
prio r  knowledg e i s availabl e othe r  type s o f  solution s hav e t o 
be used .  Ou r  Bayesia n networ k mode l  belong s t o a  fairl y 
recen t  clas s o f  theorie s tha t  invoke s mor e abstrac t  type s o f 
structura l  knowledge .  W e assum e tha t  learner s star t  wit h 
initia l  assumption s abou t  th e causa l  structur e o f  th e learnin g 
domain .  Thes e model s guid e th e estimatio n o f  causa l  powe r 
on th e basi s o f  frequenc y information ,  an d the y sugges t 
integratio n rule s fo r  predictio n an d diagnosis .  I n thi s way , 
causa l  model s effectivel y reduc e th e potentia l  computationa l 
complexit y inheren t  i n eve n relativel y simpl e causa l  learn -
in g tasks . 

Cheng, P. W. (1997). From covariation to causation: A 
causa l  powe r  theory .  Psychologica l  Review ,  104 ,  367 -
405. 

Cosmides ,  L. ,  &  Tooby ,  J .  (1996) .  Ar e human s goo d statis -
tician s afte r  all ? Rethinkin g som e conclusion s fro m th e 
literatur e o n judgmen t  unde r  uncertainty .  Cognition ,  58 , 
1-73 . 

Eells ,  E .  (1991) .  Probabilisti c  causality .  Cambridge :  Cam-
bridg e Universit y Press . 

Koslowski ,  B .  (1996) .  Theor y an d evidence .  Cambridge , 
M A:  Th e MI T Press . 

Pearl ,  J .  (1988) .  Probabilisti c  reasonin g i n intelligen t  sys -
tems :  Network s o f  plausibl e inference .  Sa n Mateo ,  CA : 
Morga n Kaufman n Publishers . 

Rescoria ,  R .  A. ,  &  Wagner ,  A .  R .  (1972) .  A  theor y o f  Pav -
lovia n conditioning :  Variation s i n th e effectivenes s o f  re -
inforcemen t  an d non-reinforcement .  I n A .  H .  Blac k &  W. 
F.  Prokas y (Eds.) ,  Classica l  conditionin g II .  Curren t  re -
searc h an d theory .  Ne w York :  Appieton-Century-Crofts . 

Shanks ,  D .  R. ,  &  Dickinson ,  A .  (1987) .  Associativ e ac -
count s o f  causalit y judgment .  I n G .  H .  Bowe r  (Ed.) ,  Th e 
psycholog y o f  learnin g an d motivation :  Advance s i n re -
searc h an d theor y (Vol .  21) .  Ne w York :  Academi c Press . 

Spirtes ,  P. ,  Glymour ,  C ,  &  Scheines ,  R .  (1993) .  Causation , 
prediction ,  an d search .  Ne w York :  Springer-Verlag . 

Waldmann,  M .  R .  (1996) .  Knowledge-base d causa l  induc -
tion .  I n D .  R .  Shanks ,  K .  J .  Holyoa k &  D .  L .  Medi n 
(Eds.) ,  Th e psycholog y o f  learnin g an d motivation .  Vol . 
34:  Causa l  learning .  Sa n Diego :  Academi c Press . 

Waldmann,  M .  R. ,  &  Hagmayer ,  Y .  (submitted) .  Estimatin g 
causa l  strength :  Th e rol e o f  structura l  knowledg e an d 
processin g effort . 

Waldmann,  M .  R. ,  &  Holyoak ,  K .  J .  (1992) .  Predictiv e an d 
diagnosti c learnin g withi n causa l  models :  Asymmetrie s i n 
cue competition .  Journa l  o f  Experimenta l  Psychology : 
General ,  121 ,  222-236 . 

Waldmann,  M .  R. ,  Holyoak ,  K .  J. ,  &  Fratianne ,  A. .  (1995) . 
Causal  model s an d th e acquisitio n o f  categor y structure . 
Journa l  o f  Experimenta l  Psychology :  General ,  124 ,  181 -
206. 

Waldmann,  M .  R. ,  &  Reips ,  U.-D .  (i n preparation) .  Bas e 
rat e appreciatio n afte r  predictiv e an d diagnosti c learning . 

1107 



T h e Borderl in e B e t w e e n Subsymbo l i c an d Symbol i c Processing : 

A Deve lopmenta l  Cognitiv e Neuroscienc e A p p r o a c h 

J.G.Wallace (jgwallace@swiii.edu.au) 
Informatio n Technolog y Institute ,  Swinburn e Universit y o f  Technolog y 

P O B o x 218 .  Hawthorn .  Victori a Australi a 312 2 

K.BIufT (kblufr@swin.edu.au) 

Schoo l  o f  Informatic m Technology ,  Swinburn e Universit y o f  Technolog y 

P O Bo x 218 ,  Hawthorn ,  Victori a Australi a 312 2 

Abstrac t 

Ideas, empirical data and methodologies from a broad range of 
discipline s ar e deploye d i n explorin g th e functiona l  borderlin e 
betwee n subsymboli c an d symboli c processin g i n huma n 
cognition .  Initia l  clarificatio n o f  functiona l  relationship s 
betwee n th e tw o form s o f  representatio n involve s a  brai n 
monitorin g stud y base d o n th e concep t  o f  'semanti c 
transparency. '  Th e searc h fo r  furthe r  clarificatio n focusse s o n 
tw o majcs -  issues ,  th e ontogeneti c an d phylogeneti c origin s o f 
loca l  neura l  area s an d processe s underlyin g formatio n o f  dista l 
associaticHi s betwee n them .  Pursuin g thes e objective s ha s 
prove d t o b e a  challenging ,  interdisciplinar y enterprise .  A 
model  o f  developmen t  o f  loca l  neura l  area s i s presente d whic h 
assign s a  critica l  rol e t o astrocyte s an d thei r  interactio n wit h 
adjacen t  neurons .  A n extensio n t o includ e th e phylogeneti c 
dimension ,  draw s o n th e concep t  o f  'cortica l  inheritance' ,  a 
largel y ignore d aspec t  o f  geneti c theory .  A n accoun t  o f  dista l 
associatio n formatio n involve s co-optio n o f  hippocampa l  plac e 
field s fa r  a  ne w use . 

Introduction 

The goal of the work to be reported is exploration of the 

natur e an d developmen t  o f  th e functiona l  borderlin e 

betwee n n o n ot  subsymboli c processin g an d symboli c 

processin g i n h u m a n cogniticm .  Pursuin g thi s objectiv e ha s 

involve d th e combinatio n o f  ideas ,  empirica l  dat a an d 

researc h methodologie s derive d from  a  broa d rang e o f 

disciplines .  Johnson' s (1997 )  recen t  definitio n o f 

'developmenta l  cognitiv e neuroscience '  capture s m u c h o f 
th e territor y involved .  W e do ,  however ,  rang e mor e widel y 

acros s bot h dcanain s an d level s o f  explanatia i  tha n h e 

consider s appropriate .  Thi s wil l  becom e eviden t  i n th e 
followin g outlin e o f  ou r  wor k t o date . 

I n seekin g initia l  clarificatio n o f  functiona l  relationship s 

betwee n th e tw o form s o f  representatio n w e adopte d 

Smolensky' s (1988 )  ccmcep t  o f  "semanti c transparency '  a s 

an analyti c  tool .  Fo r  ou r  purpose s a  suitabl e definitio n i s 

provide d b y Clar k (1989 )  i n a n extende d discussio n o f 

Smolensky' s views :  " A syste m wil l  b e sai d t o b e 

'semanticall y transparoit '  jus t  i n cas e i t  i s  possibl e t o 

describ e a  nea t  mappin g betwee n a  symboli c (conceptua l 

level )  semanti c descriptio n o f  th e system' s behaviou r  an d 

some "projectible '  semanti c interpretatio n o f  th e internall y 

represente d "objects '  o f  it s forma l  computationa l  activity. " 

(p .  18) .  Thi s definitio n provide s a  theoretica l  basi s fo r  th e 

forma l  descriptio n o f  a  rang e o f  system s varyin g i n thei r 

degre e o f  semanti c transparency .  A t  on e en d o f  th e 

spectru m providin g a n exampl e o f  tota l  semanti c 

transparenc y i s a  classi c symboli c syste m i n whic h al l 

interna l  processin g proceed s b y manipulatio n o f  symbol s 

directl y an d constantl y mappabl e ont o feature s o f  th e 

system' s interactio n wit h it s environment .  A  tota l  absenc e 

of  semanti c transparenc y woul d b e exhibite d b y a 
subsymboli c P D P syste m i n whic h interna l  processin g 

proceede d vi a unit s devoi d o f  constanc y acros s context s an d 

an y identifiabl e mappin g ont o environmenta l  features .  I n 

usin g semanti c transparenc y a s a  mean s o f  assessin g th e 

exten t  t o whic h cognifiv e task s dra w upo n subsymboli c o r 

symboli c processin g th e critica l  variabl e i s  di e contai t  o f 

consciou s awareness .  Th e degre e o f  semanti c transparenc y 
of  a  segmen t  o f  cognitiv e performanc e i s determine d b y th e 

exten t  t o whic h th e cours e and/o r  result s o f  interna l 

processin g ca n registe r  i n consciou s awarenes s a s a  resul t  o f 

mappin g ont o linguisti c symbol s o r  non-Unguisti c symbol s 
suc h a s sensor y images .  T h e exten t  o f  mappin g i s assume d 

t o reflec t  th e degre e o f  correspondenc e betwee n th e grai n o r 

segmentatio n o f  processin g an d th e modularit y o f  linguisti c 

or  sensor y symbols . 

A detaile d accoun t  o f  ou r  empirica l  investigatio n i s 

provide d elsewher e (Wallac e an d Bluff ,  1994) .  Thre e 

quantificatio n task s wer e selecte d o n th e basi s o f  subjects ' 

introspectiv e report s durin g thei r  performance .  Th e first , 

countin g b y ones ,  i s  charactCTise d b y a  hig h degre e o f 

semanti c transparency ;  th e second ,  subitising ,  represent s a 

ver y lo w degre e o f  semanti c transparenc y an d th e third , 
subitisin g an d adding ,  fall s  betwee n th e firs t  an d secon d o n 

th e spectrum .  Stead y stat e visuall y evoke d potentia l  dat a 

( S S V E P)  wer e acquire d from  adul t  subject s engagin g i n 

eac h typ e o f  quantification ,  (Silberstei n e t  al. ,  199 0 a ,  b) . 

Th e result s wer e consisten t  wit h th e distinctiv e an d 

interactiv e natur e o f  th e tw o form s o f  representation . 

Significan t  variatiai s wer e detecte d i n th e activit y leve l  o f 

th e prefronta l  corte x an d th e parieto/tempora l  regio n o f  th e 

right  cerebra l  hemispher e provide d a  fiirthC T sourc e o f 

discrimination . 
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Th e nex t  phas e o f  ou r  wor k involve d adoptio n o f  a 

developmenta l  perspective .  Newel l  (1990 )  attribute s th e 

existenc e o f  a  physica l  symbo l  syste m t o th e fundamenta l 

restrictio n impose d o n th e amoun t  o f  informatio n 

represente d an d processe d i n a  loca l  neura l  are a b y th e 
limite d energ y available .  Symbo l  token s overcom e th e 

restrictio n b y providin g dista l  acces s t o anothe r  loca l  are a 

and furtho -  eno-g y whil e maintainin g th e linkag e necessar y 

fo r  integrate d informatio n processing .  Critica l  t o furthC T 

specificatio n o f  thi s accoun t  o f  th e raigins  o f  symboli c 

processin g i s clarificatio n o f  th e natur e an d capabilitie s o f 

subsymboli c processin g proceedin g withi n a  loca l  neura l 

area .  I n seekin g t o contribut e t o thi s clarificatiw i  w e hav e 

focusse d o n tw o majo r  issues ,  th e ontogeneti c an d 
phylogeneti c origin s o f  loca l  neura l  area s an d th e processe s 

underlyin g formatio n o f  dista l  association s betwee n them . 

Pursuin g thes e objective s ha s prove d t o b e a  challenging , 
interdisciplinar y enterprise . 

Development of Local Neural Areas 

Brain and, more specifically, cortical rhythmic activity 
provide s a  mean s o f  definin g loca l  neura l  processing .  Loca l 
resonance s ar e relativel y hig h frequency  rhythmi c processe s 
i n th e 30-8 0 H z rang e wit h a  spatia l  dimaisio n i n th e 

millimetri c range .  A  majo r  distinctio n betwee n loca l  an d 

lowe r  frequaicy  global/regiona l  resonan t  mode s i s tha t  th e 
loca l  resonan t  mode s ar e no t  coherai t  ove r  distance s o f 
mor e tha n a  fe w millimeters .  H u m a n regiona l  an d globa l 

resonan t  modes ,  i n confrast ,  ar e alway s coheren t  ove r  a 

distanc e o f  centimeters .  I t  i s  suggeste d tha t  cognitiv e 
behaviora l  o r  perceptua l  state s requirin g a  hig h degre e o f 

spatio-tempora j  specificit y i n neocortica l  activatic m ar e onl y 

consisten t  wit h loca l  states ,  (Silberstein ,  1995) .  W e focu s 

on th e loca l  cortica l  neura l  mechanism s a t  th e millimetri c 
leve l  underlyin g th e acquisitio n an d operatio n o f  specifi c 

cognitiv e performance .  Althoug h loca l  acquisitio n ot 
learnin g depend s o n th e functionin g o f  distan t  area s suc h a s 

th e hippocampu s an d th e striatu m thei r  rol e i s relativel y 

globa l  an d complement s th e spatio-tempora l  specific s tha t 

emerg e i n loca l  areas ,  (Wickens ,  1993) . 
Oiu -  approac h deviate s from  th e curren t  nor m b y assignin g 

a critica l  information-processin g rol e t o gli a and ,  mor e 
specifically ,  astrocyte s an d thei r  interaction s wit h neurons . 
Althoug h on e o f  th e tw o majo r  cel l  type s composin g th e 
brain ,  gli a hav e bee n assigne d a n entirel y auxiliar y rol e i n 
whic h the y provid e physical ,  trophi c an d metaboli c suppor t 

t o neurons .  Recently ,  however ,  i t  ha s bee n establishe d that , 
althoug h astrocyte s sho w n o evidenc e o f  th e typ e o f 

elecfrica l  excitabilit y  involve d i n signallin g betwee n 
neurons ,  the y exhibi t  intracellula r  calciu m dynamic s tha t 
provide s a n alternativ e basi s fo r  signallin g betwee n them . 
Finkbeine r  (1992 ,  1993) ,  Smit h (1992 ,  1994 )  an d other s 

have ,  accordingly ,  propose d tha t  astrocyt e network s migh t 
mediat e slo w modulation s o f  neura l  function ,  lik e thos e 
underlyin g arousal ,  selectiv e attention ,  motivationa l  state , 

m o od change ,  learnin g an d memory . 

Our  mode l  o f  th e developmen t  o f  loca l  neura l  area s 

assign s tw o critica l  role s t o astrocytes :  th e formatio n o f 

association s betwee n asfrocyte s a s a  resul t  o f  adjacen t 

neura l  functionin g define s th e dimension s o f  a  loca l  neura l 

area ;  astrocyt e base d mechanism s operat e a  boundar y o r 

barrie r  whic h compartmentalize s a  loca l  neura l  are a i n 

relatio n t o adjacen t  cortica l  areas . 

A detaile d accoun t  o f  th e mode l  an d th e wid e rang e o f 

experimenta l  evidenc e from  whic h i t  i s  derive d i s presente d 

elsewhere ,  (Wallac e an d Bluff ,  199 5 a ,  b ;  1997) .  T h e 

multiplicit y o f  role s playe d b y calciu m (Ca^* )  and , 

specifically ,  fluctuations  i n th e concentratio n o f  free 

intracellula r  Ca^ *  provid e th e framework  o f  th e mode l  an d 

offe r  a  n e w approac h t o th e constructic m an d operatio n o f 

complex ,  neura l  cormectivity . 

Astrocytes ,  unlik e neurcxis ,  ca n onl y communicat e 

directl y wit h othe r  astrocyte s i f  the y ar e inunediatel y 
spatiall y  proximal ,  a s th e communicatio n occur s throug h th e 
med iu m o f  a  ga p junction .  Th e interactio n betwee n 
astrocyte s an d neura l  synapti c activit y i s simulate d a s a  tw o 
ste p process .  A s neura l  activit y proceed s th e coimectio n 

sfroigth s o f  synapse s ar e adjuste d b y a  competitiv e learnin g 

rule .  Occurrenc e o f  adjacen t  synapti c activit y registCT s o n 
specifi c  location s o n th e membran e o f  astrocytes . 
Continuatio n result s i n releas e o f  Ca^ *  from  interna l  store s 
clos e t o th e initia l  o r  trigge r  locatio n an d initiatio n o f  Ca^ * 

wave s traversin g th e intracellula r  space .  T h e wav e directio n 

i s determine d b y th e relativ e level s o f  free  Ca^ * 
concentratio n elsewher e i n th e astrocyt e cytoplasm .  W a v e 
propagatio n beyon d th e initiatin g cel l  t o adjoinin g 

astrocyte s depend s o n co-occurrenc e o f  raise d free  Ca^ * 
level s o n bot h side s o f  a  ga p junction . 

Th e considCTabl e differenc e i n tim e scale s o f  neiua l  an d 

astrocyti c mechanism s i s reflecte d i n adoptio n o f  a  tim e 
windo w representin g th e nimibe r  o f  cycle s o f  neura l 

activatiM i  (an d thu s synapti c strengt h modification )  whic h 

constitut e a  cycl e o f  asu-ocyti c activity .  Ove r  tim e 
consisten t  association s betwee n astrocyte s ar e establishe d 

by repeate d waves .  T h e spatia l  directicx i  o f  associatio n 
chain s i s represente d b y increase s i n th e bas e level s o f 
appropriatel y situate d Ca^ *  store s adjacen t  t o trigge r 
location s an d establishe d ga p junctions .  T h e effec t  o f  th e 

formatio i  o f  asffocyti c associatio n chain s cycle s bac k o n 
neuron s vi a thei r  ga p jimctions .  Thi s result s i n a  ris e i n th e 
intraneurona l  free  Ca^ ^  leve l  an d m a y produc e intemeurona l 
Ca^*  waves .  W h e n th e Ca^ *  leve l  i n a  neuro n reache s a 
threshol d th e plasticit y o f  it s curren t  synapti c connection s i s 

reduce d t o a  leve l  consisten t  wit h long-ter m stabilizatiwi . 

Th e processe s o f  astrocyti c an d neura l  associatio n formatio n 
vi a ga p junction s an d synapti c connectio n stabilizatio n 

interactivel y defin e th e characteristic s o f  functionall y 
significan t  loca l  neura l  areas . 

I n seekin g t o exten d ou r  wor k t o includ e th e phylogeneti c 
dimensio n and ,  mor e specificall y th e intragenerationa l 
learnin g represente d i n loca l  neura l  are a phenotype s w e 

hav e take n inspiratio n from a  controversia l  an d largel y 

ignore d aspec t  o f  geneti c theory .  Sap p (1987 )  provide s th e 
backgroun d t o th e concep t  o f  'cortica l  inheritance' ;  i n thi s 
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contex t  'cortex '  refer s t o th e comple x structure s tha t  m a k e 

up th e cel l  surfac e (skeleto n ot  ectoplasm )  o f  ciliate d 

protozoa .  Geneti c studie s (Sonnebom ,  1970 )  indicat e tha t 

th e basi s fo r  th e structure s seem s t o b e containe d i n th e cel l 

corte x whic h carrie s informatio n fo r  it s gros s organizatio n 

an d transmit s i t  t o progen y independentl y o f  th e genes . 

Structura l  element s o f  th e ciliat e corte x provid e th e 

"scaffolding *  fo r  th e insertio n o f  n e w organelles .  Ciliat e 

geneticist s generall y conclud e tha t  th e locatio n o f  th e 

cortica l  part s i s no t  rando m but ,  a t  th e tim e o f  thei r 

development ,  force s exterio r  t o th e organell e itsel f  dictat e 

thei r  location ,  orientatio n an d number .  Ther e i s n o 

consensu s o n th e natur e o f  th e force s bu t  Hershe y (1970 ) 

link s the m t o ectoplasmi c spatia l  principle s underlyin g cel l 

polarity . 

Th e inheritanc e o f  cel l  organizatio n throug h structura l 

inf(xmatio n maintaine d an d transmitte d b y supr a molecula r 

structure s clearl y represent s a  challeng e t o th e clai m tha t 

biologica l  evolutio n i s solel y th e evolutio n o f  nucleotid e 

sequences .  Th e relevanc e o f  th e ide a o f  cortica l  inhaitanc e 

fo r  ou r  wor k arise s from  th e natur e o f  organelles . 

Periphera l  organelle s consis t  o f  endoplasmi c reticulu m an d 

some mitochondria ,  bot h o f  whic h ac t  a s releasabl e Ca^ * 

stores .  W e ,  thus ,  hav e a  basi s fo r  linkin g loca l  neura l  are a 

phenotype s t o a  genotypi c mechanis m b y mean s o f  th e 

astrocyti c Ca^ *  store s spatiall y  adjacen t  t o trigg a location s 

an d establishe d ga p juncticm s sinc e the y provid e a n 

architectura l  trac e o f  loca l  neura l  area s arisin g from 

intragenoatiraia l  learning . 

fri  seekin g t o incorporat e th e ide a o f  cortica l  inheritanc e 

int o ou r  modellin g w e hav e bee n influence d b y th e 

dwninan t  neuroanatomica l  vie w tha t  th e majorit y o f 

cerebra l  cortica l  tissu e i s largel y equipoten t  earl y i n 

epigenesis .  Evidence ,  suc h a s tha t  reviewe d b y Johnso n 

(1997) ,  however ,  suggest s a  mor e probabilisti c  epigeneti c 

vie w i n whic h certai n cortica l  area s hav e a  detaile d 

architectur e slightl y differen t  from  th e basi c neura l  structur e 
c o m m on t o th e COTtex .  Thi s make s tha n th e mos t  efficien t 

at  processin g certai n type s o f  input .  I t  i s  possibl e fo r  othe r 

area s t o carr y ou t  simila r  processin g bu t  no t  s o efficiently . 
We tak e thi s vie w a s ou r  poin t  o f  departure . 

I n seekin g t o translat e astrocyti c Ca^ *  stor e trace s o f  loca l 

neura l  are a architectur e int o a  genotypi c for m suitabl e a s a 
basi s fo r  th e nex t  goieratio n o f  a  neura l  networ k w e ar e 

currentl y explorin g th e effectivenes s o f  a  topologica l  rathe r 

tha n biologica l  ^proach .  Discret e poin t  position s 

distribute d i n spac e ca n b e characterise d usin g a 

representationa l  networ k calle d a  minima l  spannin g tre e 

( M S T ) .  Th e M S T techniqu e aim s t o quantif y spatia l  do t 

pattern s b y revealin g hidde n nearest-neighbou r  correlations . 

I t  ha s recentl y bee n applie d i n a  broa d rang e o f  researc h 
area s bu t  ha s receive d relativel y littl e attentio n i n th e 

biosciences ,  (Jone s e t  al. ,  1996) .  h i  ou r  cas e th e location s o f 

th e Ca^ *  stwe s definin g loca l  area s provid e th e spatia l  do t 

patter n from  whic h gaiotype s ar e dwive d reflectin g 

intragenerationa l  learning . 

A n increasin g amoun t  o f  biologica l  evidenc e support s th e 

plausibilit y  o f  th e typ e o f  clos e relationshi p propose d 

betwee n astrocyte s an d neuron s i n th e initia l  wirin g o f  th e 

cortex .  Astrocyte s pla y a  critica l  rol e i n detominin g th e 

intra-neurona l  Ca^ *  concentratio n leve l  controllin g th e 

directio n an d continuit y o f  neura l  growt h i n th e pre- ,  peri -

and post-nata l  period ,  (Kate r  an d Shibara ,  1994 ;  Kate r  an d 
Lipton ,  1995) .  Studie s involvin g Ca^ *  imagin g o f  cortica l 

slice s from  embryoni c an d immediatel y post-nata l  rat s an d 

mic e revea l  spontaneou s wave s o f  increase d Ca^ *  spreadin g 

throug h cluster s o f  neuron s (Charle s c t  al. ,  1996 ;  Yust e e t 

al. ,  1995) .  Wave s di d no t  propagat e t o distan t  neuron s o r  t o 

neighbourin g neurona l  clusters ,  eve n whe n ther e wer e 

clearl y visibl e processe s betwee n th e tw o clusters .  I n som e 

case s neura l  Ca^ *  wave s wer e associate d wit h intercellula r 

wave s i n neighbourin g glia l  cells .  Cluster s showe d a  single , 

consisten t  trigge r  cel l  o r  sit e o f  initiatio n o f  intercellula r 

Ca^*  wave s whic h propagate d ove r  group s o f  1 0 t o 20 0 

cells . 
Result s suppor t  a  mode l  i n whic h a  domai n start s b y th e 

activatiCT i  o f  on e o r  a  fe w trigge r  cell s tha t  subsequentl y 

activat e th e res t  o f  th e cell s throug h ga p junctions . 

Spontaneou s coactivatio n o f  neuron s throug h ga p junction s 

i s increasingl y recognise d a s a  genera l  propert y o f 

developin g circuit s i n th e mammal ia n C N S .  Nonsynapti c 

interaction s throug h ga p junction s m a y b e a  mor e reliabl e 

mechanis m fo r  interaction s amcxi g developin g cortica l 

neuron s tha n conventiona l  synapti c transmission .  Critica l 

ga p junction s ar e primaril y locate d o n dendrites .  Spatia l 

cel l  couplin g pattern s vi a ga p junction s ofte n resembl e 
fiitur e synapti c connectio n pattern s leadin g t o th e hypothesi s 

tha t  group s o f  ga p junctio n couple d cell s represent s 

functiona l  cel l  assemblie s tha t  guid e formatio n o f  synapti c 

connection s an d serv e a s a  scaffol d o r  blueprin t  fo r 

columna r  structur e durin g development ,  (Kandle r  an d Katz , 

1995) .  Finally ,  i t  ha s bee n propose d tha t  th e restrictio n o f 

th e sprea d o f  coactivatio n whic h provide s domain s wit h 

distinc t  border s n w y b e attributabl e t o filtering  o f  th e 
activatio n signa l  whe n passin g throug h ga p junctions . 

Learning of Distal Cortical Associations 

The development and operation of distal cortical 

connection s hav e stimulate d varie d approaches .  Shastr i  an d 

Ajjanagadd e (1993) ,  fo r  example ,  rel y o n synchronou s 

oscillation s a s a n operationa l  mean s o f  achievin g 
integration .  Learnin g i s triggere d b y synchronou s activatio n 

rathe r  tha n th e co-activatio n familia r  i n connectionis t 
networks .  Thi s highlight s th e fundamoita l  technica l 

proble m o f  distinguishin g spuriou s co-varianc e o f  widel y 

separate d loca l  neura l  area s from  genuine ,  share d relevanc e 

t o a  specifi c  contex t  i n cognitiv e fimctioning. 

Our  approac h t o establishin g dista l  associatiwi s betwee n 

loca l  cortica l  area s ha s m u c h i n conmio n wit h Singe r 

(1994) .  SynchronizatiO T o f  response s o f  spatiall y  separate d 

loca l  cortica l  area s wit h zero-phas e la g i s adopte d a s th e 

definitio n o f  association .  Simulatio n studie s confir m tha t 

synchron y ca n b e establishe d withou t  phas e la g b y 

reciproca l  connection s eve n i f  the y hav e slo w an d variabl e 
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conductio n velocities .  Thi s possibilit y  doe s no t  exclud e 

c o m m on inpu t  t o loca l  ccfftica l  area s a s a  contributo r  t o th e 

establishmen t  o f  synchronization .  I t  seem s highl y probabl e 

tha t  c o m m o n inpu t  from  bifurcatin g cortico-cortica l 

projection s o r  divergin g sub-cortical-cortica l  projection s 
wil l  b e necessar y fo r  th e developmen t  o f  co-ordinate d 

tempora l  pattern s o f  respons e betwee n widel y separate d 

loca l  areas .  W e adop t  synchronou s modulatio n o f  th e 

excitabilit y  o f  loca l  area s a s a  mean s o f  influencin g th e 

probabilit y  o f  the m engagin g i n synchronou s firing.  TTi e 

sourc e o f  th e modulatio n i s a  propose d mechanis m fo r 

resolvin g th e problem s pose d b y cortica l  separatio n o f  loca l 

area s an d th e determinatio n o f  thei r  shared ,  specifi c 

COTtextua l  relevance .  Th e mechanis m i s base d o n cortico -

hippocampa l  intCTactio n an d involve s bot h cortico-cortica l 

and sub-cortical-cortica l  connections . 

Stud y o f  th e hippocampu s ha s yielde d a  rang e o f  view s o n 
it s function ,  (McClelland ,  1995) .  Ou r  mechanis m add s t o 

th e rang e b y requirin g pri w recruitmen t  o f  hippocampa l 
neura l  structure s t o n e w function s throug h evolution . 

Burges s e t  al .  (1994 )  provid e a n accoun t  o f  th e structure s 
concerne d an d thei r  functio n i n th e rat .  Extracellula r 

recording s o f  pyramida l  cell s i n freely  movin g rat s sho w 

tha t  mos t  cell s i n hippocampa l  region s C A l  an d C A 3 ar e 
•place '  cell s whic h (MU y fir e whe n th e ra t  i s  i n a  particula r 
portira i  o f  it s  environment .  Burges s a t  al .  (1994 )  conside r 
plac e cell s i n term s o f  thei r  receptiv e fields  an d sugges t  h o w 

plac e cel l  firing fields  o r  'plac e fields'  ar e constructed . 
Regio n C A l  provide s m a n y plac e fields  eac h restricte d t o a 
portio n o f  th e envirwunent .  Extracellula r  recordin g dat a 

indicat e tha t  les s tha n 5 % o f  plac e cell s hav e multipl e plac e 

fields  an d tha t  plac e fields  ar e single ,  peaked ,  smoot h 

functions .  Plac e cell s ar e controlle d b y sensor y cue s from 
differen t  modalities .  I t  i s  believe d tha t  th e sensor y input s 

come from  th e entorhina l  corte x whic h ha s acces s t o 
multimoda l  sensor y information . 

Our  mechanis m involve s th e assumptio n that ,  i n huma n 

cognition ,  loca l  cortica l  area s ca n b e substitute d fo r  sensor y 

inpu t  from  portion s o f  th e environmai t  an d vi a entorhina l 

corte x becom e represente d a s plac e fields  i n th e 
hippocampus .  I t  i s  indisputabl e tha t  co-optio n o f  pre -

existin g feature s int o n e w feature s ha s occurre d durin g th e 

cours e o f  evolution ,  (Raff ,  1996) .  Ou r  proposa l  conform s t o 
th e definitic n o f  'co-option '  i n tha t  preexistin g stracture s 
whic h perfor m a  particula r  functio n ar e presume d t o b e 

enliste d fo r  a  n e w us e tha t  i s selectivel y advantageou s i n 

evoluticmar y terms . 
The natur e o f  th e representation s o f  cortica l  structur e 

availabl e t o th e hippocampa l  syste m i s problematic . 
Consensu s favour s a  for m o f  attenuate d representation .  I n 

our  model ,  spars e connection s from  cortica l  loca l  regions , 
vi a layer s 2  an d 3 ,  connec t  t o entorhina l  corte x i n a 
fiinctionally  simila r  manna -  t o environmental ,  sensor y 

inputs .  Thes e connection s ar e reciproca l  an d impermanoi t 
sinc e th e flexibility  require d fo r  th e developmen t  o f  n e w 
envirCTunen t  representation s is ,  also ,  necessar y fo r 
constructio n o f  a  sequenc e o f  dista l  cortica l  associations . 

Eac h cortica l  loca l  regicH i  ( C L R )  currentl y represente d i n 

th e hippocampa l  syste m i s connecte d t o a  cel l  (EC )  i n th e 

entorhina l  layer .  Th e laye r  o f  plac e cell s (PCs )  i n 

hippocampa l  are a C A l  i s arrange d i n plac e fields  (PFs) . 

Eac h E C ha s a  reciproca l  connectio n wit h P C s from  0. 5 PFs . 

Excitatio n o f  C L R s produce s competitiv e learnin g i n PFs . 

Acceptabl e resolutio n o f  competitiv e learnin g i s define d a s 

emergenc e o f  a  m i n i m u m o f  tw o activ e PCs . 

Our  approac h t o establishin g shared ,  specifi c  contextua l 

relevanc e involve s furthe x connection s t o P C s i n PFs .  Thes e 

represen t  inpu t  t o th e hippocampa l  syste m from 

motivational/emotiona l  activit y i n th e brainstem .  TTi e 

structur e o f  th e hippocampa l  syste m a s a  whol e feature s a 

fimctional  subdivisio n from  inpu t  t o outpu t  i n a  larg e 

number  o f  lamellae .  Thi s i s exemplifie d i n th e moss y fibre 

connection s betwee n th e dentat e gyru s an d C A 3 pyramida l 

cell s an d th e Schaffe r  collateral s connectin g th e pyramida l 

cell s o f  C A 3 wit h thos e o f  C A l .  I n ou r  mode l  individua l 
lamella e betwee n th e dentat e gyru s an d C A 3 represen t 

motivational/emotiona l  elemoit s (MEs) .  T h e architectur e 

an d operatio n o f  connectivit y betwee n th e M E laye r  an d 
C A3 plac e cell s organise d i n M E fields  ( M E F s )  i s identica l 

t o th e EC-P F arrangement s alread y described .  Th e sam e 

competitiv e learnin g proces s operate s i n M E F s . 
Feedforwar d connection s from  th e C A 3 laye r  t o C A l 

plac e cell s represen t  resolve d M E F s .  Eac h M E F ha s 
connection s wit h P C s from  0. 5 PFs .  Critica l  t o establishin g 

share d contextua l  relevanc e i s th e requiremen t  tha t 
acceptabl e resolutio n o f  competitiv e learnin g i n an y P F 

involve s inclusia i  o f  a t  leas t  on e M E F connecte d P C i n th e 
activ e group . 

Cortica l  activit y an d motivational/emoticHia l  activit y 

procee d o n differen t  tim e scales .  Detectio n o f  appropriat e 

association s i n ou r  mode l  i s achieve d b y adoptio n o f  th e 

same intwactiv e proces s betwee n astrocyte s an d neuron s 

involve d i n th e identificatic m an d stabilizatio n o f  loca l 
neura l  areas .  Thi s produce s loca l  aggregatio n o f  th e effec t 

of  E C - P C inpu t  t o brin g thi s aspec t  o f  P F competitiv e 
learnin g resolutio n int o tempora l  lin e witt i  th e 

neuromodulatio n rat e o f  M E processes .  Resolutio n result s 
i n a  200H z burs t  whic h reache s appropriat e cortica l  loca l 

region s vi a reciproca l  P C - E C an d E C -  loca l  regio n 

connection s (Yline n e t  al. ,  1995) .  Arriva l  o f  a  20 0 H z burs t 

provide s synchronou s modulatio n o f  th e excitabilit y  o f 
appropriat e loca l  area s an d advance s th e proces s o f 

establishin g reciproca l  connection s acros s th e spac e 

separatin g them .  Th e performanc e characteristic s o f  thi s 
architectur e ar e bein g explore d throug h implementatio n o f  a 
computaticaia l  model . 

Conclusion 

To date our attempts to explain the nature of the fimctional 
relaticHishi p betwee n subsymboli c an d symboli c processin g 

i n huma n cognitio n hav e involve d wor k o n a  variet y o f 
level s rangin g from  comple x cognitiv e performanc e t o 

intracellula r  mechanisms .  W e hav e employe d a  divers e 
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rang e o f  discipline s includin g neuropsychology , 

neuroanatomy ,  neurophysiology ,  molecula r  biochemistr y 

and genetics .  A  rang e o f  methodologie s an d technique s ha s 

bee n use d a s heterogeneou s a s brai n monitoring ,  compute r 

modellin g an d confoca l  scannin g microscopy . 

I n general ,  ou r  result s suppor t  th e vie w o f  Norma n (1991 ) 

on th e natur e o f  th e borderlin e betwee n subsymboli c an d 

symboli c processing .  Th e complexit y an d informatio n 

processin g powe r  represente d i n th e intracellula r 

mechanism s o f  astrocyte s an d neuron s an d i n neural-glia l 

intaactio n i n loca l  area s suggest s tha t  muc h specifi c 

cognitiv e processin g ca n occu r  withou t  th e nee d fo r  symbo l 
token s t o provid e dista l  acces s t o othe r  loca l  areas .  Th e 

principl e tha t  th e unit s i n th e physica l  symbo l  syste m refe r 

t o relativel y elaborat e loca l  subsymboli c processin g area s 
m ay assis t  i n explainin g th e effectivenes s o f  symboli c 

processin g i n spit e o f  th e constraint s o f  slowness ,  serialit y 
and limite d memor y siz e imj)ose d b y it s dependenc e o n 

neura l  networks .  Ou r  curren t  wor k i s focusse d o n proxima l 

and dista l  relaiicm s betwee n loca l  area s an d th e emergenc e 

of  mor e aggregate d representatiwi s underlyin g developmen t 

of  non-linguisti c symbol s suc h a s sensor y image s an d 

linguisti c symbols . 
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Abstrac t 

This paper explcves the uncertainty aspects of human abduc-
tiv e reasoning .  Echo ,  a  mode l  o f  abductio n base d o n th e The -
or y o f  Explanator y Coherenc e (Thagard ,  1992a) ,  capture s 
many aspect s o f  huma n abductiv e reasoning ,  bu t  fail s  t o suf -
ficientl y manag e th e uncertaint y i n abduction .  I n particular , 
Echo doe s no t  handl e belie f  acquisitio n an d dynami c belie f 
revision ,  tw o essentia l  component s o f  huma n abductiv e rea -
soning .  W e propos e a  modifie d Ech o mode l  (UEcho) ,  i n 
whic h w e ad d a  learnin g mechanis m fo r  belie f  acquisitio n an d 
a dynami c processin g mechanis m fo r  belie f  revision .  T o 
evaluat e th e model ,  w e repor t  a n empirica l  stud y i n whic h 
base rat e learnin g serve s a s a  testbe d fo r  belie f  acquisitio n 
and th e orde r  effec t  serve s a s a  testbe d fo r  belie f  revision . 

Introduction 

Peopl e liv e i n a n uncertai n world .  W h e n a n even t  happens , 
th e meanin g o r  th e implicatio n o f  th e even t  i s seldo m com -
pletel y clea r  a t  th e ver y beginning .  Uncertaint y result s i n 
belie f  an d belie f  guide s decision s an d action s (Schmitt , 
1992) .  Therefore ,  accuratel y evaluatin g th e natur e o f  a  be -
lie f  i s  on e o f  th e fundamenti d task s tha t  peopl e hav e t o fac e 
i n bo\ h everyda y reasonin g an d scientifi c  discovery . 

Abduction ,  a  distinc t  typ e o f  inferenc e fro m deductio n 
and induction ,  i s a  for m o f  reasonin g tha t  infer s cause s o r 
explanation s fro m effect s (se e Fann ,  197 0 fo r  a n introduc -
tio n t o th e theor y o f  abduction) .  Sinc e i n abductio n prem -
ise s d o no t  guarante e th e trut h o f  conclusion s du e t o incom -
plet e information ,  uncertaint y an d thu s belie f  pla y a n im -
portan t  rol e i n huma n abductiv e reasoning . 

The researc h presente d i n Uii s pape r  represent s a n attemp t 
t o explor e th e essenc e o f  uncertaint y i n huma n abductiv e 
reasoning ,  an d t o captur e i t  i n a  modifie d Ech o model . 

Thi s pape r  i s organize d a s th e followin g thre e parts .  First , 
some theoretica l  development s o f  abduction ,  uncertainty , 
and Ech o ar e reviewed .  Th e conclusio n i s tha t  altlioug h i n 
genera l  Ech o i s a  goo d candidat e fo r  modelin g huma n ab -
ductiv e reasoning ,  i n orde r  t o handl e th e uncertaint y aspect s 
of  abduction ,  som e modification s ar e needed .  I n th e secon d 
part ,  w e describ e h o w t o modif y Ech o t o perfor m uncer -
taint y an d belie f  relate d functions .  Th e mode l  i s evaluate d 
by comparin g it s performanc e wit h empirica l  data .  I n tli e 
tliir d part ,  futur e researc h plan s ar e discussed . 

A b d u c t i o n 

Abductio n i s a n essentia l  componen t  o f  m a n y tasks ,  in -
cludin g medica l  diagnosi s (Feltovich ,  Johnson ,  Moller ,  an d 
Swanson ,  1984) ,  scientifi c  discover y (Thagard ,  1989) ,  an d 
discours e comprehensio n (Kintsch ,  1988) .  Th e ke y tas k o f 
abductio n i s t o find  a  bes t  explanatio n o f  a  se t  o f  observa -
tion s (Pen g &  Reggia ,  1990 ;  Josephso n &  Josephson ,  1994) . 

Abductio n ca n b e represente d i n th e followin g genera l 
form : 

Th e surprisin g fac t  C  i s observed . 
But  i f  A  wer e true ,  C  woul d b e a  matte r  o f  course ; 
Hence ,  tlier e i s a  reason  t o suspec t  tha t  A  i s true . 

Clearly ,  differen t  fro m deduction ,  wher e th e conclusio n 
necessaril y  follow s fro m th e premises ,  i n abductio n th e con -
clusio n doe s no t  follo w fro m th e premise s wit h necessity . 
Tha t  is ,  give n a  se t  o f  observations ,  m a n y hypothese s (o r 
conjunctiv e hypotheses )  ca n b e formed ,  eac h o f  whic h m a y 
hav e differen t  degree s o f  plausibility .  I n general ,  h o w d o 
we selec t  a  bes t  one ? 

M a ny researcher s (e.g. ,  Josephso n &  Josephson ,  1994 ; 
Thagard ,  1992a ;  Paul ,  1993 )  distinguis h tw o component s o f 
an abductiv e reasonin g process .  Tha t  is ,  abductio n i s a  pro -
ces s tha t  include s bod i  hypoUiesi s generatio n (formin g a  se t 
of  plausibl e hypoUieses )  an d hypothesi s evaluatio n (choos -
in g a  bes t  one) .  Not e tha t  thi s distinctio n doe s no t  impl y 
tlia t  abductio n i s a  clea n 2-stag e process .  Th e fac t  tha t  peo -
pl e d o no t  exhaustivel y generat e al l  possibl e hypothese s 
indicate s tha t  th e tw o component s ca n happe n simultane -
ously . 

Uncertainty 

Uncertaint y i s inevitabl e a t  al l  levels-o f  humans '  intaactio n 
wit h tliei r  environment .  A t  tli e lowes t  level ,  biologica l  pro -
cesse s ar e neve r  clear-cu t  an d withou t  noise .  A t  th e cogni -
tiv e level ,  uncertaint y result s firom  inadequat e informatio n 
sources ,  limite d informatio n processin g capacity ,  o r  ambi -
guitie s i n natura l  hinguage . 

A n importan t  aspec t  o f  uncertaint y researc h i s h o w t o 
quandf y o r  measur e th e uncertainty'• ^  O n e classica l  ap -

'  Non-quantitativ e approache s t o uncertaint y wil l  no t  b e dis -
cusse d here . 
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proac h i s probabilit y  theor y i n genera l  an d Ui e Bayesia n 
approac h i n particula r  (se e Robert .  1994) .  I n th e Bayesia n 
approach ,  uncertaint y ca n b e represente d b y a  probability , 
(P ,  a  numbe r  betwee n 0  an d 1) ,  interprete d a s degre e o f  be -
lie f  base d o n al l  availabl e knowledge .  W h e n ne w evidenc e 
comes ,  belie f  i s  update d o r  revise d base d o n Bayes '  Theo -
rem,  whic h i s generall y regarde d a s tii e normativ e mcxle l  o f 
belie f  revision .  Thi s approac h ha s a  soun d dieoretica l  foun -
datio n an d i s eas y t o understand ,  tliu s i t  ha s bee n success -
full y applie d t o a  wid e rang e o f  domains .  A n alternativ e 
approac h t o uncertaint y managemen t  i s Dempster-Shafe r 
(D-S )  theor y (e.g. ,  Shafer ,  1976) ,  whic h represent s tli e belie f 
abou t  a  propositio n a s a n interva l  [Bel ,  / * / ] .  Be l  i s  inter -
prete d a s th e degre e o f  belie f  (o r  credibility )  an d P I  i s Ui e 
degre e o f  plausibility .  Th e interva l  betwee n tJi e tw o repre -
sent s ignorance ,  whic h ca n no t  b e represente d b y probabilit y 
theory .  Bot h Be l  an d P I  ar e number s betwee n 0  an d 1 ,  an d 
th e tw o ar e relate d i n th e followin g way :  P/(H)=l-fi^/(~H) . 
That  is ,  th e degre e o f  plausibilit y  o f  H  i s th e complemen t  o f 
th e credibilit y  o f  no t  H .  Probabilit y  Uieor y i s claime d t o b e 
a specia l  cas e o f  D- S theory ,  whe n th e [Bel ,  PI ]  interva l 
degenerate d int o a  point ,  i.e. ,  Bel=Pl=P .  I t  ha s bee n show n 
tha t  D- S theor y ha s it s limitations .  I t  i s  harde r  t o understan d 
an d implemen t  tha n probabilit y  tlieory .  I n th e meantime ,  i t 
assume s tha t  th e se t  o f  hypotliese s i s exclusiv e an d exhaus -
tiv e an d require s a n independen t  bod y o f  evidence ,  whic h i s 
usuall y unreaUstic . 

A numbe r  o f  studie s tr y t o identif y differen t  type s o f  un -
certaint y base d o n th e psychologica l  source s o f  uncertainty . 
For  example ,  Kahnema n an d Tversk y (1982 )  distinguis h 
externa l  uncertaint y fro m interna l  uncertainty .  Externa l 
uncertaint y refer s t o dispositio n o r  randomnes s o f  externa l 
events ,  whic h ar e somethin g peopl e canno t  control .  A n 
exampl e i s th e outcom e o f  throwin g a  coin .  Externa l  un -
certaint y ca n b e assesse d i n eithe r  a  relative  frequenc y m o d e 
or  b y subjectiv e judgmen t  o f  a  singl e even t  Interna l  un -
certaint y refer s t o ignorance ,  whic h result s from  incomplet e 
knowledge .  A n exampl e i s tha t  on e i s unsur e i f  Beijin g i s 
th e capita l  o f  China . 

Clearly ,  huma n abductiv e reasonin g involve s bot h exter -
nal  an d interna l  uncertainty .  Therefore ,  adequatel y manag -
in g th e uncertaint y i s a  critica l  componen t  o f  huma n abduc -
tiv e reasoning. 

Echo 

Th e Theor y o f  Explanator y Coherenc e (TE C hereafter ;  Tha -
gard ,  1989 ,  1992a )  i s claime d t o b e a  theor y o f  abduction . 
M o r e precisely ,  however ,  i t  shoul d b e calle d a  theor y o f 
hypothesi s evaluatio n sinc e i t  ignore s th e hypothesi s forma -
tio n par t  o f  abduction .  Accordin g t o dii s theory ,  th e bes t 
explanatio n i s th e on e wit h th e mos t  explanator y coherenc e 
base d o n al l  curren t  hypotheses ,  evidence ,  an d explanator y 
relations . 

We do not tackle the problem of imprecision measurement 
studie d i n fuzz y set s theor y an d possibiht y theor y (se e Duboi s & 
Prade ,  198 8 fo r  distinction s betwee n imprecisio n an d uncertainty) . 

'  Althoug h peopl e ma y sometime s distinguis h belie f  updatin g 
and belie f  revisio n (se e Wang ,  1993) ,  w e us e the m interchangeabl y 

i n thi s paper . 

Fro m th e perspectiv e o f  T E C ,  proposition s P  an d Q  co -
her e i f  ther e i s som e explanator y relatio n betwee n them . 
Mor e specifically ,  proposition s P  an d Q  coher e i f  an y on e o f 
tli e followin g condition s i s satisfied : 

•  P  i s par t  o f  th e explanatio n o f  Q ; 
•  Q  i s pai l  o f  th e explanatio n o f  P ; 

•  P  an d Q  ar e togethe r  pai t  o f  th e explanatio n o f  R ;  o r 
•  P  an d Q  ar e analogou s i n th e explanation s the y respectivel y 

giv e o f  som e R  an d S . 
Ther e ar e severa l  underlyin g principle s i n T E C tha t  pro -

vid e genera l  guideline s fo r  explanator y coherenc e evalua -
tion .  S o m e importan t  one s includ e symmetr y (i f  P  an d Q 
cohere ,  Q  an d P  cohere ;  i f  P  an d Q  incohere ,  Q  an d P  inco -
here) ,  explanatio n (i f  Pl...P m explai n Q ,  the n fo r  eac h P i  i n 
Pl...Pm .  P i  an d Q  cohere ;  fo r  eac h P i  an d P j  i n Pl...Pm ,  P i 
and P j  cohere ;  tli e degre e o f  coherenc e i s inversel y propxjr -
tiona l  t o tli e numbe r  o f  proposition s Pl...Pm.) ,  dat a priorit y 
(proposition s tha t  describ e th e results  o f  observation s hav e a 
degre e o f  acceptabilit y  o f  tJiei r  own) ,  competitio n (i f  P  an d 
Q botl i  explai n a  proposition ,  an d i f  P  an d Q  ar e no t  ex -
planator y connected ,  tlie n P  an d Q  incohere) ,  an d accept -
abilit y  (tli e acceptabilit y  o f  a  propositio n P  i n a  syste m S 
depend s o n it s coherenc e wit h th e proposition s i n S) .  Con -
straine d b y tlies e principle s an d actin g a s a  whole ,  th e sys -
te m trie s t o pursu e Ui e highes t  explanator y coherenc e a t  th e 
syste m leve l  ratlie r  tlia n a t  tli e individua l  propositio n level . 

Ech o i s a  connectionis t  implementatio n o f  T E C .  I n Echo , 
proposition s (botl i  dat a an d hypotheses )  ar e represente d b y 
nodes .  Coherenc e relation s ar e represente d b y excitator y 
link s an d incoherenc e relation s ar e represented  b y inhibitor y 
links .  Nod e activatio n represent s th e node' s degre e o f  co -
herenc e witl i  odie r  proposition s i n th e network .  Th e syste m 
update s itsel f  base d o n paralle l  constrain t  satisfaction .  Onc e 

th e syste m settle s down ,  di e bes t  explanatio n consist s o f  th e 
node s wit h highes t  activatio n values . 

Theoretically ,  Ech o satisfie s som e critica l  constraint s i n 
abduction .  Fo r  example ,  i t  simultaneousl y handle s severa l 
importan t  criteri a i n hypothesi s evaluation ,  includin g ex -
planator y breadt h (th e mode l  prefer s a  hypothesi s tha t  ex -
plain s more) ;  simplicit y (th e mode l  prefer s a  simple r  hy -
poUiesis) ;  bein g explaine d (Ui e mode l  prefer s a  hypothesi s 
whic h itsel f  i s  explained) ;  dat a reliability  (th e credibiht y o f 
an observatio n als o depend s o n it s coherenc e i n th e system) ; 

and analogy  (analogou s hypothese s ar e coherent) .  Empiri -
cally ,  Ech o ha s als o acquire d muc h experimenta l  suppor t 

(e.g. .  Thagard ,  1989.1992b) . 
Somethin g i s missing ,  however .  Give n th e abov e discus -

sion s abou t  abductio n an d uncertainty ,  i t  i s  clea r  tha t  Ech o 
doe s no t  hav e enoug h powe r  t o handl e variou s uncertaint y 
aspect s i n abduction .  First ,  Ech o doe s no t  handl e belie f 
acquisition .  Sinc e Ech o doe s no t  lear n fro m it s experience , 

i t  ha s n o backgroun d knowledg e necessar y t o determin e th e 
degre e o f  belie f  fo r  an y give n hypodiesi s an d di e strengd i 
fo r  an y give n connectio n betwee n hypothesi s an d evidence . 
As a  result ,  i t  assume s Uia t  al l  hypothese s ar e equall y prob -
abl e an d di e strengUi s o f  al l  connection s ar e fixed''  whe n 

'  Althoug h yo u ca n var y th e stiengt h o f  a  particula r  explanator y 
relatio n b y specifyin g a  numbe r  betwee n 0  an d 1 ,  th e strengt h i s 
fixe d thereafter . 
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the y ar e pre-entere d int o th e system .  Thi s i s no t  th e cas e i n 
human abductiv e reasoning .  Peopl e rarel y trea t  al l  propose d 
hypothese s equall y an d woul d ofte n assig n differen t  prio r 
belief s t o differen t  hypothese s an d connection s base d upo n 
previou s experiences .  Second ,  Ech o doe s no t  handl e dy -
nami c belie f  revision .  Ech o assume s tha t  :il l  evidenc e i s 
availabl e a t  th e ver y beginning ,  therefore ,  n o belie f  revision 

i s necessary .  Thi s i s no t  a  realisti c assumptio n eillier .  Evi -
denc e usuall y doe s no t  c o m e al l  a t  once .  Peopl e nee d t o 
revis e thei r  opinion s a s mor e an d mor e informatio n become s 
available .  Sinc e Ech o doe s no t  d o belie f  revision ,  i t  misse s 
thi s dynami c aspec t  o f  abduction . 

Modifying Echo to Handle Uncertainty 

I n thi s par t  o f  th e paper ,  w e propos e a  modifie d versio n o f 
Ech o (UEcho ,  fo r  Uncertaint y Echo) ,  designe d t o handl e tli e 
uncertaint y aspect s i n abduction .  I n particular ,  w e ad d a 
learnin g mechanis m t o handl e belie f  acquisition ,  an d a  dy -
nami c processin g mechanis m t o handl e belie f  revision .  T o 
evaluat e UEcho ,  w e report  a n empirica l  stud y i n whic h th e 
bas e rat e learnin g serve s a s a  testbe d fo r  belie f  acquisitio n 
and th e orde r  effec t  serve s a s a  testbe d fo r  belie f  revision. 

Befor e w e d o that ,  le t  u s first  briefl y revie w som e relevant 
findings  an d theorie s i n th e bas e rat e learnin g an d th e orde r 
effec t  literature . 

Base Rate Learning and Order Effects 

Base rat e informatio n describe s tli e statistica l  propertie s o f 
th e environmen t  i n general .  I t  clearl y play s a n importan t 
rol e i n huma n reasoning.  However ,  literatur e abou t  ba.s e 
rat e acquisitio n an d us e i s conu-oversial .  Althoug h fo r  som e 
researchers ,  "th e genuineness ,  th e robustness ,  an d th e gen -
eralit y o f  th e base-rat e fallacy "  (Bar-Hillel ,  1980 ,  p215 ) 
sugges t  Uia t  h u m a n beings  ar e programme d t o systemati -
call y an d stubbornl y ignor e bas e rat e infonnatio n whe n 
makin g judgment s unde r  uncertainty ,  olJier s disagre e 
(Kahnema n &  Tversky ,  1973 ;  fo r  a  genera l  discussio n o n 
human heuristic s an d biases ,  se e Kahneman ,  Slovic ,  & 
Tversky ,  1982) .  Systemati c investigation s hav e bee n car -
ried  ou t  t o determin e th e condition s unde r  whic h tli e bas e 
rat e fallac y appear s o r  disappears .  First ,  i t  ha s bee n show n 
that ,  i n som e circumstances ,  peopl e ca n automaticall y an d 
accuratel y acquir e an d us e bas e rat e an d frequenc y infonna -
tio n (Hashe r  &  Zacks ,  1979 ,  1984 ;  Medi n &  Edelson , 
1988) .  Second ,  i t  ha s als o bee n argue d tha t  peopl e d o no t 
ignor e th e bas e rate .  Rather ,  the y m a y simpl y misaggregat e 
th e relevant  informatio n (Edwards ,  1968) .  Third ,  tli e bas e 
rat e fallac y disappear s whe n informatio n i s  presente d t o 
subject s i n frequenc y forma t  instea d o f  single-even t  prob -
abilit y  forma t  (Gigerenze r  &  Hoffrage ,  1995 ;  Cosmide s & 
Tooby ,  1996) .  Finally ,  fro m a n ecologica l  poin t  o f  view , 
natura l  samplin g theor y (Kleiter ,  1993 )  claim s tha t  Uier e i s a 
conditio n i n whic h i t  i s  rationa l  t o neglec t  bas e rat e infor -
matio n sinc e tli e bas e rat e actuall y doe s no t  ente r  int o th e 
estimate d Bayesia n probability .  Thi s conditio n i s  calle d 
"natura l  sampling "  whic h refer s t o tli e situatio n wher e tli e 
structur e o f  th e environmen t  i s sequentiall y  learne d throug h 
experience .  Ecologicall y thi s  i s tli e mos t  natura l  wa y peopl e 
acquir e frequenc y information . 

Anothe r  closel y relate d phenomeno n i s  tJi e orde r  effect . 

Give n tha t  peopl e naturall y acquir e informatio n sequen -
tially ,  shoul d tli e orde r  o f  infonnatio n presentatio n resul t  i n 
a differenc e i n th e final  result?  I n othe r  words ,  wil l  i t  b e 
possibl e tha t  peopl e prefe r  hypothesi s H I  whe n give n evi -

denc e A  first  an d evidenc e B  second ,  an d prefe r  hypothesi s 
H2 whe n give n evidenc e B  first  an d evidenc e A  second ? 

Indeed ,  tlii s  kin d o f  orde r  effec t  i s a  fairl y robus t  findin g i n 
th e huma n rea.sonin g an d judgmen t  literatur e (se e Hogart h 
& Einhom ,  1992 ;  SchlotUnan n &  Anderson ,  1995 ,  fo r  re -
views) .  HogarU i  an d Einhor n (1992 )  analyze d th e variou s 
feature s o f  task s i n whic h orde r  effect s occu r  (o r  d o no t  oc -
cur )  an d propose d a  belief-adju.stmen t  mode l  o f  belie f  revi-
sion .  Th e mai n assumptio n o f  th e mode l  i s tha t  peopl e us e 
an anchorin g an d adjusunen t  heuristi c — peopl e adjus t  a 
curren t  belie f  (th e anchor )  o n tli e basi s o f  h o w strongl y n e w 
informatio n confinn s o r  disconfinn s thi s belief .  Therefore , 
accordin g t o tlii s  model ,  peopl e d o no t  conside r  al l  availabl e 
informatio n eac h tim e the y nee d t o revis e thei r  opinion ; 

instead ,  the y adjus t  tliei r  curren t  belie f  i n th e directio n o f  th e 
n e w information .  Th e orde r  effec t  result s fro m th e differ -
enda l  weightin g o f  th e n e w information .  Mo r e specifically , 
Ui e adjusdnen t  fo r  negativ e evidenc e i s  bigge r  whe n th e 
curren t  ancho r  i s  larg e tlia n whe n i t  i s  small ;  an d th e ad -
justmen t  fo r  th e positiv e evidenc e i s bigge r  whe n th e ancho r 
i s smal l  tha n whe n i t  i s  large .  Therefore ,  th e step-by-ste p 
evaluatio n o f  belief s fo r  mixe d positiv e an d negativ e evi -
denc e produce s a  recenc y effect :  th e final  evaluatio n o f  be -
lie f  i s  mainl y detennine d b y th e las t  evidenc e item .  H o w -
ever ,  tli e step-by-ste p evaluatio n o f  belief s fo r  consisten t 
evidenc e (al l  positiv e o r  al l  negative )  produce s a  primac y 
effec t 

Give n th e abov e overview ,  h o w ca n Ech o b e modifie d t o 
do belie f  acquisitio n an d belie f  revision ? I n particular ,  h o w 
ca n Ech o b e modifie d t o mode l  bas e rate  learnin g an d th e 
orde r  effect ? W e addres s tlies e issue s i n th e followin g tw o 
sections . 

Belief Acquisition 

Ideally ,  th e weight s o f  th e connection s betwee n evidenc e 
node s an d hypothesi s node s i n Ech o shoul d reflec t  th e 
summarize d probabilit y o f  co-occurrence .  However ,  i n 
Echo ,  th e weight s ar e fixed  accordin g t o tw o parameters , 
EXCITATORY_WEIGHT(EW)  an d INHIBITORY_WEIGH T 
(IW) .  T o lear n fro m experienc e th e weight s betwee n nod e 
pair s mus t  b e modifie d base d o n learnin g experience ,  s o tha t 
thei r  magnitud e ca n b e tune d t o th e statistica l  structur e o f 
th e enviroiunen t  an d reflec t  th e correspondin g probabilit y o f 
co-occurrence .  O n e centra l  issu e i s t o selec t  a n appropriat e 
weight-updatin g rule . 

Our  choic e fo r  weigh t  updatin g i s th e Rescorla-Wagne r 
( R - W )  rule .  Tlii s  choic e i s m a d e base d o n th e followin g 
considerations .  First ,  numerou s studie s hav e show n tha t  th e 
R - W rul e i s goo d a t  learnin g fro m experienc e an d ha s bee n 
successfull y applie d t o a  wid e rang e o f  domain s fro m be -
haviora l  specificatio n t o connectionis t  modelin g (se e Gluc k 
& Bower ,  1988 ;  als o se e Miller ,  Bamet ,  &  Graliame ,  199 5 
fo r  a  review).  Altlioug h i t  ha s bee n show n tha t  tli e R - W 
rul e ha s it s limitations ,  suc h a s it s incapacit y o f  handlin g 
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comp le x non-linea r  problem s (se e Barto ,  1990) ,  w c cluws e 
i t  becaus e 1 )  i t  demonstrate s tha t  a  learnin g mechan is m ca n 
b e adde d t o E c h o ;  an d 2 )  i t  i s  adequat e t o dea l  wit h tii e sim -
pl e learnin g tas k use d i n ilii s  research .  Second ,  o n th e sur -

fac e i t  s e e m s Uia t  E c h o an d tli e R - W rul e ar e no t  compatibl e 
i n tli e sens e tha t  E c h o emphasize s symmet r y an d tii e R - W 

rul e i s directional .  W e argu e Uia t  a  directiona l  learnin g rul e 
i s appropriat e sinc e 1 )  i t  i s  a  natura l  mapp in g t o th e causa l 
relation s w e ar e modeling ;  an d 2 )  E v e n i n E c h o symmet r y i s 
no t  absolute :  i t  i s th e hypothesi s node s "cause "  tli e evidenc e 
node s bu t  no t  vic e versa . 

T h e applicatio n o f  th e R - W rul e i n U E c h o i s illustrate d i n 
Figur e 1  (wher e F  an d H  ar e hypotheses ,  an d R  an d I D ar e 
evidenc e tha t  ca n b e eiUie r  positiv e o r  negative) . 

T h e syste m run s i n th e followin g manner .  Give n a n epi -
sode ,  afte r  i t  settle s d o w n ,  U E c h o evaluate s it s curren t  belie f 
( 0 t o 1 )  abou t  a  hypothesi s base d o n it s activatio n (- 1 t o 1 ) 
accordin g t o a  logisti c function .  Afte r  tJiat ,  U E c h o receive s 
th e actua l  truth-value s o f  th e hypothese s an d calculate s tli e 
desire d weigh t  change s base d o n tli e R - W rule .  Finally , 
U E c h o update s it s  connectio n weights .  T h e weight s ar e 
b o u n d e d b y [ IW ,  E W ] .  T h e relativ e positio n o f  tli e final 
connectio n weight s i n th e who l e possibl e rang e (fro m E W 
t o I W )  wil l  reflec t  th e probabilit y  o f  co-occurrence ^ 

R-  R  II > I D 

' { . 

IW 

= a  (  A  -  V  )  X  fli 

w,  - t  i w y (W,  -  IW }  OlhCTWI K 

Figur e 1 :  Belie f  Acquisitio n i n U E c h o 

Belief Revision 

E c h o i n it s  origina l  forma t  i s  operatin g i n a n End-of -
Sequenc e (EoS )  m o d e .  I n othe r  words ,  tli e syste m run s it -
sel f  afte r  al l  th e necessar y hypothese s an d evidenc e ar e 
given .  I n orde r  fo r  U E c h o t o m o d e l  orde r  effects ,  w e mod i -
fied  E c h o t o operat e i n a  Step-by-Ste p (SbS )  m o d e .  Tha t  is , 
w h e n s o m e n e w evidenc e i s  available ,  U E c h o need s t o in -
corporat e th e n e w evidenc e an d continu e updatin g itself . 
Furdiermore ,  i n orde r  t o accoun t  fo r  th e ful l  rang e o f  orde r 
effects ,  U E c h o s o m e h o w need s t o encod e tli e presentatio n 
orde r  o f  th e evidenc e an d distinguis h evidenc e ba.se d o n 
thei r  differen t  presentatio n positions . 

H o w doe s U E c h o distinguis h tw o evidenc e item s tha t  d o 
no t  c o m e int o pla y a t  th e s a m e time ? Sinc e i n E c h o ever y 
evidenc e ite m i s  associate d wit h a  Specia l  Evidenc e Uni t 
( S E U ,  wh ic h ha s a  fixed  activatio n valu e o f  1) ,  a  simpl e 
deca y m e c h a n i s m i s natura l  an d sufficien t  t o denot e tli e dif -
feren t  presentatio n time .  Tha t  is ,  whil e th e mos t  recen t  evi -

denc e i s  give n a  ful l  connectio n (designate d b y 
D A T A _ E X C I T A T I O N o r  D E )  t o th e S E U ,  earlie r  evidenc e i s 
give n a  connectio n t o S E U wit h a  decaye d weigh t  T h e rat e 
o f  deca y depend s upo n botl i  d ,  a  n e w parameter ,  an d th e 
tim e interva l  sinc e tJi e evidenc e w a s presented .  I n curren t 
implementation ,  D E decay s exponentially ,  tha t  is ,  give n th e 
tim e interva l  sinc e th e evidenc e w a s presente d i s  b ,  D E i s 
determine d by : 

D £,, ,  =  D  E .  X  d  ' 

W h en d  i s equa l  t o 1 ,  UEch o wil l  operat e similarl y a s i n th e 
origina l  Eo S manner .  W h e n d  i s equa l  t o 0 ,  liBch o wil l 
completel y ignor e previou s evidenc e an d ac t  i n a 
memoryles s manner . 

An Empirical Study 

Zhang ,  Johnson ,  an d W a n g (1996 )  hav e reporte d par t  o f  th e 
experimenta l  wor k discusse d here .  Thoug h ne w result s 
hav e bee n obtained ,  tli e experimenta l  paradig m i s th e same . 
For  completeness ,  w e briefl y introduc e th e experimenta l 
tas k (fo r  details ,  se e Zhang ,  Johnson ,  &  W a n g ,  1996) ,  the n 
repor t  tli e combine d results . 

Th e experimen t  wa s implemente d o n th e C I C (Comba t 
Infonnaiio n Center )  simulato r  develope d b y Town e (1995) . 
The tas k i s t o decid e whethe r  a  contact ,  whic h i s see n o n th e 
ship' s rada r  area ,  i s friendl y o r  hostile .  T o mak e th e deci -
sion ,  subject s nee d t o collec t  relevan t  evidence ,  suc h a s 
speed ,  altitude ,  route ,  an d verba l  (radio )  identification . 
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Base-Route-ID (10) 

Base-ID-Route (10) 

Figur e 2 :  T h e desig n an d procedur e use d i n Ui e experiment . 

The experimental design is illustrated in Figure 2. Two 
factor s ar e controlle d i n a  3 x 2 between-subject s design .  T h e 
first  facto r  i s  friendly-to-hostil e bas e rates ,  whic h ca n b e 
1:1 ,  2:1 ,  o r  1:2 .  T h e secon d facto r  i s  th e orde r  i n whic h 
evidenc e w a s presente d i n th e questionnaire ,  eithe r  R -  fol -
lowe d b y ID+ ,  o r  ID-i -  followe d b y R- .  I n th e tex t  an d dia -
grams ,  R + an d R -  correspon d t o o n o r  of f  a  commercia l  ai r 
route ,  an d ID-i -  an d ID -  correspon d t o th e respons e give n t o 
a radio  reques t  fo r  identificatio n (eithe r  respons e o r  n o re -
spons e claimin g t o b e a  commercia l  plane) . 

T h e experimen t  proceed s i n t w o stages .  First ,  subject s 
acquir e backgroun d belie f  informatio n b y natura l  sampling . 
M o r e specifically ,  subject s perfor m th e tas k i n m a n y trials . 
I n eac h u-ial ,  subject s se e a  differen t  contact .  T h e y collec t 
rout e (whic h i s eithe r  R + o r  R- )  an d identificatio n (whic h i s 
eithe r  I D + o r  ID- )  infonnatio n abou t  th e contac t  the n decid e 
whethe r  the y thin k th e contac t  i s  friendl y o r  hostile .  The y 
Uie n receiv e feedbac k abou t  tli e tru e identit y o f  th e contact , 
wh ic h end s th e tria l  an d immediatel y begin s th e nex t  trial . 
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Afte r  the y finis h al l  th e trainin g trials ,  they  ente r  th e secon d 
stage .  I n thi s stage ,  the y fill  ou t  a  questionnair e tha t  pres -
ent s som e evidenc e sequentiall y  abou t  a  conujc l  an d re -
quire s belie f  evaluatio n afte r  eac h n e w piec e o f  evidcia c i s 
revealed .  T h e sam e desig n an d procedur e wer e use d t o tes t 
th e U E c h o model . 

Results and Discussion 

The result s ar e reporte d separatel y fo r  belie f  acquisitio n 
(training )  an d belie f  revisio n (questionnaire) .  However , 
empirica l  result s ar e combine d togethe r  wit h th e U E c h o 
modelin g result s fo r  eas y comparison . 

Training Performance The binary decisions of all training 
trial s b y eac h subjec t  wer e transforme d int o conditiona l 
probabilities ,  whic h wer e the n average d across  th e 2 0 sub -
ject s i n eac h bas e rate  group .  T h e result s ar e show n i n Fig -
ur e 3 ,  togethe r  wit h th e correspondin g Bayesia n value s (cal -
culate d from  uainin g tria l  disuibutions )  an d U E c h o trainin g 
results . 

| H Bayesia n Experimen t  ^ n UEch o 

en 
it . 

a 
a 

Q 

"a. 

a 
a. 

Q 
+ 

Q Q 
+ 

Q 

U-
CL 

Figur e 3 :  Tniinin g perfonnanc e fo r  1:1 ,  2:1 ,  an d 1: 2 con -
dition s (top-down) . 

Statistics show that subjects can correctly acquire most of 
th e probabilities .  I n addition ,  U E c h o doe s reasonabl y wel l 
capturin g th e statistica l  structur e i n th e trainin g uials .  O n e 
obviou s deviatio n o f  U E c h o fro m bot h th e Bayesia n value s 
and th e empirica l  result s i s  UEcho' s relativel y extrem e 

view s unde r  th e R + I D + condition ,  wher e U E c h o suggest s 
p(F)=I ,  an d th e R-ID -  condition ,  wher e U E c h o suggest s 
p(F)=0 .  Lac k o f  nois e i n th e inpu t  m a y b e on e o f  th e rea -
son s fo r  this . 
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Figur e 4 :  Belie f  evaluatio n result s fo r  1:1 ,  2:1 ,  an d 1: 2 con -
dition s (left-riglii) .  T h e d;ishc d line s indicat e th e Bayesia n 

value s o f  th e bas e rate  an d final  belief . 

Belief Evaluation The results of belief evaluations after the 
trainin g phas e ar e s h o w n i n Figur e 4 .  First ,  bot h subject s 
an d U E c h o s h o w fairl y accurat e bas e rat e judgments ,  whic h 
suggest s tha t  the y ca n correctl y asses s an d repor t  th e bas e 
rat e informatio n a s lon g a s di e informatio n i s  presente d i n 
th e natura l  samplin g manner .  Second ,  despit e accurat e bas e 
rat e information ,  fish-tail  figures  sugges t  tha t  th e orde r  ef -
fec t  occur s unde r  al l  conditions .  M o r e specifically ,  bot h 
U E c h o an d di e experimen t  s h o w a  recenc y effec t  th e final 
decisio n i s m o r e determine d b y th e directio n o f  th e las t  evi -
denc e item . 

Conclusions and Future Plans 

Abductio n i s a  distinc t  typ e o f  hypothetica l  reasonin g whic h 
infer s someUiin g may-be .  Th e empirica l  wor k her e show s 
tlia t  huma n abductiv e reasonin g indee d involve s uncertaint y 
and tliu s require s belie f  operations .  Echo ,  a  propose d mode l 
of  abduction ,  account s fo r  man y aspect s o f  huma n abductiv e 
reasoning ,  bu t  doe s no t  incorporat e uncertaint y manage -
ment .  W e describe d a  modifie d versio n o f  Ech o (UEcho) , 
whic h ha s th e potentia l  t o handl e di e uncertaint y aspect s o f 
abduction .  I t  wa s show n Uia t  UEch o doe s a  fairl y goo d jo b 
modelin g belie f  acquisitio n an d dynami c belie f  revision , 
tw o critica l  component s i n huma n abductiv e reasoning . 

As fa r  a s managin g uncertaint y i n abductio n i s concerned , 
UEcho ha s advantage s an d disadvantages .  O n th e on e hand , 
di e learnin g an d dynami c mechanism s i n UEch o allo w i t  t o 
adap t  t o iL s environmen t  an d lear n fro m it s experience .  Thi s 
i s preferabl e compare d t o som e oUie r  uncertaint y manage -
ment  models ,  suc h a s Bayesia n belie f  network s an d graphi -
cal  belie f  networks ,  whic h usuall y d o no t  learn .  Th e adap -
tiv e an d paralle l  satisfactio n natur e o f  UEch o als o make s i t 
capabl e o f  modelin g huma n heuristic s an d biases ,  thu s i t  i s 
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mor e preferabl e tha n nonnativ e models .  O n tli e otlie r  hand , 
i t  ha s bee n mentione d tha t  Echo ,  an d als o IJEcho ,  ca n onl y 
perfor m hypothesi s evaluatio n an d selectio n bu t  no t  hy -
pothesi s formation ,  whic h make s i t  incomplet e a s a n abduc -
tio n model .  I t  woul d b e interestin g t o se e ho w a  comple x 
hypothesi s ca n b e forme d b y mergin g severa l  strongl y con -
necte d simpl e hypotheses .  Moreover ,  a t  present ,  IJIxii o 
doe s no t  handl e higher-orde r  uncertaint y no r  th e distinctio n 
betwee n belie f  an d plausibilit y  i n th e D- S tlieor y sense . 
Thes e disadvantage s sugges t  tha t  furtlie r  investigation s ar e 
needed . 
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Pattern s a t  th e E d g e :  Strategie s o f  Look in g a t  Nonrepresentationa l  A r t 

Dorothy K. Washburn (103201.2114@corapuserve.com) 
Libera l  Art s Division ,  Th e Marylan d Institute ,  Colleg e o f  Ar t  130 0 Moun t  Roya l  Ave . 

Baltimore .  Marylan d 2121 7 US A 

Abstrac t 

Practicing artists, art students, and non artists were asked 
t o respon d t o si x  differen t  two-dimensiona l  infinit e 
pattern s whic h the y viewe d vi a a  ne w methodolog y tha t 
present s th e stimul i  a s iteratin g dot s o n a  compute r 
screen .  A s evidence d i n th e drawing s the y made ,  mos t 
viewer s searche d fo r  shape s wit h clearl y defme d edge s i n 
th e "negative "  backgroun d space ,  rathe r  tha n fo r  shape s 
as define d b y cluster s o f  dots .  Th e proces s o f  shap e 
definitio n usin g th e figure/ground  distinctio n an d th e 
issu e tha t  pas t  experienc e influence s ou r  perception s ar e 
discussed . 

Introduction 

Researc h ha s show n tha t  th e proces s o f  perceivin g shap e 

at  th e preattentiv e leve l  focuse s o n suc h basi c feature s a s 
line ,  angle ,  curvature ,  an d brightnes s contrast .  A t  th e 
cognitiv e level ,  th e focu s i s o n objec t  identit y throug h 
compariso n o f  th e specifi c  arrangemen t  o f  thes e feature s 

t o knowledg e store d i n m e m o r y (Triesman ,  1986) . 

Conventiona l  w isdo m impute s tha t  th e cognitiv e 

translatio n from  wha t  i s see n t o wha t  on e think s on e ha s 

see n i s interlace d wit h influence s from  "cultural "  factor s 

(c f  Hochberg ,  1978) .  Nodine ,  Loche r  &  Krupinsk y 

(1993 )  have ,  fo r  example ,  show n tha t  knowledg e an d 

expertis e influenc e h o w individual s loo k a t  images .  Fro m 

examinatio n o f  ey e movemen t  scan s o f  viewer s lookin g a t 
representationa l  ar t  images ,  the y conclude d tha t  artist s 
examme compositiona l  feature s whil e nonartist s focu s o n 
specifi c  item s o f  content .  But ,  althoug h suc h ey e sca n 
studie s captur e wha t  individual s loo k at ,  w e nee d t o k n o w 
mor e abou t  th e process  o f  seeing . 

Thi s pape r  report s a  n e w metho d whic h explore s h o w 

viewer s wit h a  rang e o f  ar t  trainin g respon d t o pattern s 

presente d 1 )  in-the-process-o f  becoming-a-pattem ,  rathe r 

tha n a  frilly  forme d pattern ,  thereb y facilitatin g recover y o f 

th e amoun t  an d kin d o f  informatio n whic h viewer s us e t o 
determin e tha t  the y hav e see n a  pattern ,  an d 2 )  askin g th e 

viewer s t o mak e a  sketc h o f  th e patter n the y see . 
I t  i s  arguabl e whethe r  th e bes t  presentatio n o f  geometri c 

patter n shoul d b e a s continuou s lin e o r  i n a  dotte d forma t 
as use d i n thi s research .  Utta l  (1987 )  ha s note d that ,  whil e 

conclusion s abou t  for m detectio n o f  do t  stimul i  perhap s 
shoul d b e limite d t o form s i n tha t  format ,  th e us e o f  do t 
stimul i  i s  justifie d i f  th e researc h i s  concerne d wit h 

preattentiv e visua l  processin g becaus e i t  facilitate s focu s 

on whol e forms/shape s rathe r  tha n loca l  features . 

Th e hypothesi s wa s tha t  i f  experienc e an d particula r 
knowledg e affec t  recognition ,  the n viewer s wit h particula r 

visua l  training ,  suc h a s artist s w h o hav e ha d extensiv e 

trainin g i n th e perceptio n an d manipulatio n o f  for m an d 

color ,  would ,  i n compariso n t o thos e wit h n o ar t  trainin g 1 ) 

mor e ofte n correctl y identif y th e pattern s bein g generate d 

and 2) ,  us e a  distinctiv e recognitio n strateg y hone d b y year s 

of  practic e an d experienc e i n makin g an d viewin g art . 

Participants 

Fort y nin e participant s from  th e Marylan d Institute ,  Colleg e 

of  Art ,  Baltimore ,  Maryland :  1 2 facult y artist s ( lOM ,  2F ; 

age rang e 32-6 2 yrs.) ;  1 3 staf f  wit h n o ar t  trainin g ( 8 F , 

5 M;  ag e rang e 24-6 3 yrs.) ;  an d 2 4 junior ,  senior ,  an d 

graduat e ar t  student s (IIP ,  1 3 M ;  ag e rang e 18-39yrs.) . 

Stimuli 
Si x differen t  two-dimensiona l  infinit e pattern s (cm ,  pgg , 

p m g,  p3 ,  p4g ,  an d p 4 m )  (Figur e 1 )  (se e Washbur n & 

Crowe ,  198 8 fo r  descriptio n o f  plan e pattern s an d thei r 

crystallographi c nomenclatures )  wer e generate d o n a 

compute r  scree n usin g a  progra m writte n b y Fiel d an d 

Golubitsk y (1992) .  Th e pattern s develope d a s cluster s o f 

whit e dot s o n a  blac k scree n (althoug h fo r  clarity ,  th e 

image s wer e printe d fo r  thi s pape r  a s blac k dot s o n a  whit e 

background) . 

Procedure 
Individua l  respondents ,  seate d i n front  o f  a  compute r 
monitor ,  viewe d sequentiall y th e si x  pattern s a s the y 

iterate d from  a n arra y o f  rando m dot s t o a  full y forme d 

pattern .  Wit h eac h iteration ,  th e do t  densit y increased . 

Respondent s wer e instructe d t o hi t  th e paus e ke y durin g th e 
iteratin g sequenc e w h e n the y discerne d a  patter n (tha t  is ,  a 

regularl y repeatin g array )  an d the n t o sketc h wha t  the y saw . 

A scree n d u m p printou t  o f  eac h pause d imag e wa s m a d e fo r 
reference . 

Results 

Ther e wa s a  statisticall y significan t  differenc e i n correc t 

patter n identificatio n (x ^  =  51. 3 wit h 5  dO ;  patternp4 g w a s 

th e mos t  difficul t  t o discer n whil e p m g an d p 4 m wer e th e 

easies t  t o detect . 

Regardles s o f  experience ,  respondent s followe d tw o 

strategie s w h e n discernin g pattern s from  th e do t  arrays : 
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panems wer e define d i n th e negativ e spac e o r  the y wer e 

see n a s forme d b y do t  groupings .  Surprisingly ,  onl y 3 0 % 

of  th e response s indicate d tha t  th e viewer s sa w patter n i n 

th e positive ,  tha t  is ,  i n cluster s o f  regularl y repeate d dots . 

Rather ,  7 0 % o f  th e response s showe d tha t  th e viewer s 

focuse d o n th e negativ e spac e betwee n th e do t  clusters . 

Most  individual s thin k o f  thi s spac e a s spac e tha t  perform s 

a secondary ,  supportiv e role ,  and ,  indeed ,  us e linguisti c 

term s whic h impl y thi s function ,  suc h a s "negative "  an d 

"background. "  Nevertheless ,  viewer s use d th e shar p an d 

clea r  edge s betwee n th e dot s an d th e empt y backgroun d a s 

th e lin e boundar y fo r  a  shape .  Thi s viewin g strategy , 

whic h wil l  b e calle d th e negativ e strateg y i n thi s paper , 

was clearl y indicate d i n th e sketche s wher e viewer s dre w 

th e negativ e spac e a s th e patter n (Figur e 2) . 

Further ,  no t  onl y di d 7 0 % o f  th e response s utiliz e th e 

negativ e spac e strategy ,  bu t  o f  thes e responses ,  6 0 % o l 

the m discerne d th e correc t  pattern .  I n contrast ,  o f  th e 3 0 % 

of  th e response s whic h focuse d o n th e dot s a s shape ,  onl y 

1 6 % resulte d i n a  conec t  patter n identificatio n (Figur e 3) . 

That  is ,  i n 8 4 % o f  th e viewin g episode s i n whic h th e 

viewer s chos e t o loo k a t  th e "positive "  image—tha t  is ,  th e 

dot  clusters—thei r  identificatio n o f  th e patter n wa s 

incorrect .  Thi s suggest s that ,  unde r  condition s wher e 

stimul i  presente d i n th e positiv e ha s uncertai n edges ,  i t  i s 

mor e difficul t  t o recogniz e th e dotte d area s a s pattern .  I n 

th e do t  stimul i  presente d i n thi s study ,  especiall y i n th e 

earl y stage s o f  th e iteratio n sequence ,  th e do t  grouping s ar e 

thi n an d sprea d ou t  an d thu s ar e difficul t  fo r  mos t  viewer s 

t o discer n a s definabl e shapes . 

1- .  • •  • 

•  t>v . 

J M 

'  ••':.-{<>̂v- ' 

f ^  ^ - ^ ^ 

Figur e 2 :  Iterate d patter n an d sketc h o f  th e backgroun d 

area s a s Ih e p 4 m pattern . 
Figur e 3 :  Iterate d patter n an d incorrec t  sketc h o f  th e 

positiv e area s a s thep^ g pattern . 
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For  th e cm .  pmg .  pg g patterns ,  ther e vva s a  statisticall y 

significan t  ditTerenc e i n th e us e o f  th e negativ e recognitio n 

strateg> '  an d conec t  identificatio n o f  th e pattern s (x '  =4.8 , 

p<,05 ;  x"=7.6 ,  p<.01 ;  x "  =9.8 ,  p < .0 1 respectively) . 

Overall ,  trainin g o r  experienc e ha d n o significan t  effec t 

on th e selectio n o f  a  strateg y fo r  patter n recognition .  N o 

statisticall y significan t  differenc e i n th e us e o f  th e tw o 

strategie s b y th e faculty ,  students ,  o r  staf f  fo r  recognitio n 

of  th e si x pattern s wa s observed ,  excep t  fo r  patter n p4g , 

where ,  amon g th e thre e group s o f  viewer s wit h differen t 

training ,  viewin g strategie s leadin g t o a  correc t  patter n 

identificatio n wer e significantl y differen t  (p=.02) . 

The do t  densit y require d b y eac h expertis e grou p t o 

correctl y recogniz e eac h patter n v\'a s examined .  Do t 

densit y wa s measure d b y numbe r  o f  iterations ;  th e highe r 

th e numbe r  o f  iteranons ,  th e greate r  th e do t  density .  Fo r 

thi s analysis ,  th e skewe d distributio n o f  iteratio n value s 

require d nonnalizatio n o f  th e dat a b y a  squar e roo t 

transformation .  However ,  onl y fo r  th e patter n p m g wa s 

ther e a  significan t  effec t  o f  ar t  trainin g i n do t  densit y 

require d fo r  identificatio n (F=4.6 .  df=2 ,  p < .05) .  Ther e 

was,  tlirthennore .  onl y fo r  patter n p m g a  significan t 

interactio n betwee n ar t  trainin g an d ag e (F=5.9 ,  df^2 ,  p < 

.01) .  Specifically ,  facult y an d student s require d a  lowe r 

dot  densit y t o recogniz e tlii s  patter n tha n di d individual s 

wit h n o a n training . 

For  pattern s p 4 m .  p4g ,  an d p 3 ther e wa s a  significan t 

negativ e interactio n betwee n us e o f  th e negativ e stt-ateg y 

and ag e (x '  =  4.5 ,  4.3 ,  an d 4. 2 respectively ;  p<.05) . 

Specificalh .  ther e wa s a  decrease d us e o f  th e negativ e 

strateg y wit h increasin g age . 

A significan t  differenc e wa s no t  foun d betwee n mal e an d 

femal e us e o f  eithe r  th e negativ e o r  positiv e strategies ,  o r 

i n thei r  choic e o f  a  strateg y tha t  woul d lea d t o a  conec t 

drawing . 

Discussion 

The result s sugges t  tha t  o f  th e tw o strategie s employed , 

th e negativ e strateg y wa s th e mos t  successful .  Bu t  onl y fo r 

th e p m g pane m wa s ther e a n effec t  o f  a n trainin g o n spee d 

of  recognition ,  perhap s becaus e thi s patter n wa s th e easies t 

t o identify .  S o m e pattern s wer e identifie d correctl y faste r 

tha n others .  No t  surprisingly ,  patter n p m g ,  a  zigzag ,  wa s 

identified ,  usin g th e negativ e strategy ,  faste r  tha n th e othe r 

patterns . 

Fro m a  preattentiv e poin t  o f  view ,  individual s lookin g a t 

pattern s i n th e proces s o f  becomin g al l  searc h fo r  contour , 

regardles s o f  cultura l  experience ,  suc h a s a n training . 

Indeed ,  mor e tha n a  decad e ag o Pinke r  (1984 )  questione d 

th e exten t  t o whic h genera l  knowledg e play s a  rol e i n 

recognizin g shape .  H e argue d the n tha t  i t  wa s unclea r 

what  kin d o f  knowledg e i s use d fo r  shap e recognitio n an d 

h o w tha t  knowledg e i s use d i n th e searc h fo r  feature s an d 

wholes .  Thi s exercise ,  whic h requeste d viewer s t o 

produc e drawing s a t  th e poin t  whe n the y discerne d tha t  a 

patter n ha d fonned ,  suggest s tha t  th e necessar y informatio n 

i s relate d t o th e edg e an d boundar y o f  th e shape .  Th e 

concep t  o f  figure/ground  differenc e i s a n assessmen t  abou t 

a full y fonne d image .  I t  doe s no t  describ e th e proces s 

whic h viewer s us e t o discer n emergin g shape s tha t  hav e 

unclea r  edges ,  hideed ,  thes e result s suggest ,  wit h anothe r 

methodology ,  tha t  on e importan t  aspec t  o f  th e proces s ol " 

shap e definitio n occur s a t  th e edge . 

I n fixture  researc h th e relationshi p o f  th e specifi c  natur e o f 

a give n pattern ,  suc h a s it s complexity ,  shoul d b e studie d 

reladv e t o choic e o f  recognitio n stt-ategy .  Fo r  exajnple ,  th e 

zigza g patter n p m g wa s muc h simple r  thaj i  th e over/unde r 

weavin g p4 g pattern .  I n addition ,  patter n stimul i  shoul d b e 

chose n tha t  develo p wit h identica l  shape s i n th e negativ e 

and positive ,  a s wa s th e cas e fo r  th e p m g pattern . 

Thes e issue s shoul d not ,  however ,  detrac t  fro m th e 

advantage s o f  usin g thi s approac h fo r  stimul i  presentation . 

By presentin g stimul i  ij i  th e proces s o f  becomin g a n image . 

instea d o f  a s a  full y  forme d image ,  an d askin g th e viewer s 

t o sto p th e iteratio n sequenc e a t  th e poin t  whe n the y iiav e 

see n enoug h intbnuatio n t o sa y tha t  the y hav e see n a 

pattern ,  an d the n t o dra w wha t  tlie y see ,  enable s capttir e 

not  onl y o f  th e amoun t  an d kin d o f  iivtbnnatio n processed , 

but  als o o f  th e strateg y the y wer e usin g t o mak e th e patter n 

determination .  Th e us e o f  a  dynami c displa y fo r  patter n 

recognitio n shoul d enabl e researcher s t o furthe r  explor e th e 

proces s o f  patter n identification . 

Thes e exploration s o f  th e relationshi p betwee n th e 

proces s o f  patter n recognitio n an d cultura l  factor s whic h 

migh t  affec t  tha t  proces s reinforc e experimenta l  evidenc e 

whic h suggest s tha t  th e huma n visua l  system ,  regardles s o f 

th e subsequen t  kin d o f  "  cultural "  experience ,  searche s fo r 

boundarie s i n a n effor t  t o defin e shape .  W h e n stimul i  ar e 

presente d i n differen t  fonnats ,  a  lookin g strateg y i s use d 

whic h highlight s boundary ,  regardles s o f  whethe r  th e shap e 

i s bein g produce d wit h a  positiv e applicatio n o f  lin e o r  i n a 

residua l  negativ e format ,  an d regardles s o f  whethe r  th e 

viewe r  ha s ha d additiona l  experienc e an d trainin g lookin g 

at  lin e an d pattern . 

Thes e result s redirec t  u s t o expan d ou r  way s o f  explorin g 

th e proces s involve d i n for m recognitio n relativ e t o th e 

influence s o f  cultur e o n huma n perception .  Wha t  i s 

preattentivel y universa l  an d wdia t  i s culttirall y  learne d ar e 

thorn y issue s waitin g fo r  interdisciplinar y intervention . 
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Abstrac t 

The idea that GOMS can be used to model HCI tasks within 
th e organizationa l  environmen t  i n whic h the y occu r  i s 
discusse d an d reviewed .  A n exampl e i n term s o f  satellit e 
operation s i s provided . 

Mantovani (1996) has proposed that the study of human 
compute r  interactio n (HCI )  i s currentl y limite d becaus e we , 
"lac k a n integrate d mode l  o f  socia l  contex t  suitabl e fo r  H C I 
research, "  (Mantovani ,  1996) .  However ,  whil e i t  i s  tru e tha t 
socia l  contex t  ha s no t  ofte n bee n explicitl y  addresse d i n th e 
H CI  literature ,  thi s doe s no t  mea n tha t  th e modelin g system s 
currentl y i n us e canno t  accommodat e socia l  context .  Mor e 
specifically ,  w e propos e tha t  G O MS ca n b e use d t o mode l 
H CI  task s withi n th e relevan t  contextua l  aspect s o f 
organizations ,  suc h a s companie s an d institutions .  T o 
suppor t  thi s w e revie w th e relevan t  issue s an d presen t  th e 
initia l  result s o f  a  stud y incorporatin g thi s goal . 

G O MS (Card ,  Moran ,  &  Newell ,  1983 )  i s  a  modelin g 
syste m designe d t o captur e h o w expert s execut e wel l 
learned ,  routin e task s (e.g .  wor d processing ,  satellit e 
tracking) .  Essentially ,  i t  break s dow n a  tas k int o Goals , 
Operators ,  Methods ,  an d Selectio n rule s (se e Joh n &  Kieras , 
199 4 fo r  a  detaile d revie w an d discussio n o f  th e differen t 
variation s o f  G O M S ) .  Goal s describ e wha t  th e use r  want s t o 
achieve ;  method s ar e combination s o f  sub-goal s an d 
operator s use d t o achiev e goals ;  selectio n rule s ar e rule s fo r 
selectin g betwee n methods ;  an d operator s ar e actions ,  eithe r 
physica l  (e.g .  m o v e th e mouse) ,  perceptua l  (e.g .  searc h th e 
screen) ,  o r  cognitiv e (e.g .  ad d tw o numbers) . 

Althoug h G O MS wa s originall y develope d t o mode l 
individua l  human s interactin g wit h computers ,  th e uni t  o f 
analysi s i s flexible .  Thu s a  tas k performe d b y a  roo m ful l  o f 
humans an d computer s coul d b e describe d a t  th e leve l  o f 
th e interaction s betwee n th e individua l  human s an d 
computers ,  o r  a t  th e leve l  o f  th e room ,  i.e .  withou t  referenc e 
t o th e specifi c  agent s involved .  G O MS describe s th e 
knowledg e leve l  o f  th e task .  Th e granularit y o f  th e unit s 
involve d depend s o n th e goal s o f  th e researchers .  Thu s 
G O MS i s equall y suitabl e fo r  describin g th e knowledg e o f 
an individua l  o r  th e knowledg e o f  a  distribute d cognitiv e 
system ,  suc h a s describe d b y Hutchin s (1990) . 

As Olso n an d Olso n (1990 )  note ,  th e origina l  formulatio n 
of  G O MS ha d man y limitation s tha t  hav e sinc e bee n 

ameliorated .  Fo r  example ,  th e abilit y o f  G O MS t o accoun t 
fo r  learning ,  errors ,  th e limitation s o f  workin g memory ,  an d 
paralle l  processin g hav e al l  bee n considerabl y improve d 
(se e Olso n &  Olson ,  199 0 fo r  a  review) .  Wha t  w e ar e 
proposin g i s  tha t  organization s ca n b e analyze d a s 
disU-ibute d cognitiv e systems ,  an d tha t  G O MS ca n b e use d 
t o describ e th e knowledg e leve l  o f  suc h systems ,  includin g 
th e knowledg e structure s mediatin g tas k relate d socia l 
interaction s (note ,  i n thi s pape r  a  socia l  interactio n i s 
define d a s an y interactio n betwee n tw o o r  mor e people) . 

Organization s ten d t o involv e a  hig h amoun t  o f  routine , 
wel l  learne d activity .  I n addition ,  w e sugges t  tha t  th e socia l 
and cultura l  rule s mediatin g interpersona l  relationship s 
withi n organization s ar e likewis e routin e i n nature . 
Therefore ,  G O M S,  whic h ha s a  goo d trac k recor d fo r 
modelin g routin e behavior ,  seem s a n appropriat e modelin g 
choice .  However ,  note ,  w e ar e no t  suggestin g tha t  G O MS 
ca n b e use d fo r  al l  socia l  situations ,  e.g .  G O MS ma y no t  b e 
a goo d choic e fo r  modelin g clos e persona l  relationship s an d 
th e like . 

I n additio n ther e ar e severa l  importan t  advantage s t o usin g 
G O M S.  First ,  G O MS i s a  wel l  establishe d modelin g too l 
wit h a  hos t  o f  studie s demonstratin g ho w t o solv e variou s 
specifi c  problems .  Second ,  modelin g a t  th e organizationa l 
leve l  ca n entai l  a  hig h degre e o f  cros s disciplinar y work , 
involvin g divers e area s suc h a s cognitiv e science ,  socia l 
psychology ,  gam e theory ,  sociology ,  an d anthropology . 
Becaus e G O MS i s  relativel y eas y t o understan d a t  th e 
conceptua l  level ,  i t  i s a  goo d choic e t o serv e a s a  c o m m o n 
modelin g language .  Third ,  G O MS i s currentl y use d t o creat e 
model s o f  th e type s o f  system s commonl y foun d i n man y 
organizations .  I f  G O MS i s use d t o mode l  a n organization' s 
structur e the n th e mode l  wil l  b e compatibl e wit h existin g 
G O MS model s o f  specifi c  sub-task s withi n tha t 
organization .  Fourth ,  G O MS ca n b e use d t o addres s specifi c 
question s suc h a s tim e estimates ,  th e efficien t  us e o f 
resources ,  possibl e goa l  conflicts ,  th e degre e t o whic h goal s 
ca n b e fulfilled ,  an d whethe r  o r  no t  a n organizatio n woul d 
be robus t  i n th e fac e o f  changin g conditions . 

I n addition ,  thi s approac h coul d als o b e applie d t o 
psychologica l  an d sociologica l  questions ,  suc h a s 
determinin g th e natur e o f  th e employe e environmen t  (e.g . 
doe s i t  promot e undu e stress ? unde r  wha t  conditions? )  o r  th e 
emergen t  functiona l  propertie s o f  th e organizatio n (e.g .  doe s 
i t  perpetuat e racism?) .  Th e advantag e o f  a  G O MS mode l  fo r 
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thes e type s o f  question s i s tha t  i t  ca n provid e a  proces s 
model  o f  ho w suc h condition s arise ,  a s wel l  a s ho w the y 
fee d bac k int o th e system . 

Modeling Social Actions 

I n thi s sectio n w e conside r  th e issu e o f  modelin g socia l 
actions ,  tha t  is ,  th e interaction s betwee n tw o o r  mor e people . 
Fro m a n individual' s poin t  o f  view ,  ther e ar e tw o broa d 
type s o f  socia l  actions ,  1 )  action s relatin g t o othe r 
individuals ,  suc h a s makin g th e judgment ,  "d o I  trus t  thi s 
person? "  an d 2 )  action s relatin g t o groups ,  suc h a s makin g 
th e judgmen t  "wil l  th e marke t  g o up? " 

I n som e cases ,  G O MS method s ma y b e constructe d t o 
make thes e type s o f  judgments .  Suc h method s woul d reflec t 
th e knowledg e leve l  o f  th e task .  Fo r  example ,  t o answe r  th e 
questio n o f  whethe r  th e marke t  wil l  g o u p o r  down ,  a n 
exper t  migh t  execut e th e su b goal s o f  gatherin g economi c 
and politica l  information .  However ,  i t  ma y als o b e necessar y 
t o assum e socia l  operator s fo r  gu t  leve l  decisions .  Fo r 
example ,  t o answe r  th e question ,  "wha t  i s th e moo d o f  th e 
market? "  a n analys t  ma y g o wit h hi s o r  he r  feelin g abou t  it . 
Damasio' s (1994 )  Somatic-Marke r  Hypothesi s i s a  goo d 
candidat e fo r  understandin g thi s typ e o f  process .  Socia l 
operator s ca n als o b e modele d usin g th e mechanism s 
propose d i n socia l  psychology ,  combine d wit h specifi c 
organizational ,  socia l  an d cultura l  knowledge .  Fo r  example , 
Fishbei n an d Ajzen' s (1974 )  reasone d actio n theor y ca n b e 
combine d wit h rea l  worl d dat a t o predic t  attitude s toward s 
alternativ e actions .  Socia l  operator s coul d als o b e modele d 
usin g A I  models ,  suc h a s A C T - R (Anderson ,  1993 )  o r 
S O AR (Newell ,  1990) . 

However ,  i t  i s  no t  alway s necessar y t o provid e model s o f 
operators .  A s Joh n (1995 )  notes ,  "Operator s ca n b e define d 
at  man y differen t  level s o f  abstractio n bu t  mos t  G O MS 
model s defin e the m a t  a  concret e level ,  lik e butto n presse s 
and men u selections. "  Thi s i s certainl y usefu l  sinc e simpl e 
operation s ca n b e assume d t o b e performe d correctl y an d 
withi n a n approximat e tim e spa n mos t  o f  th e tim e (Car d e t 
al ,  1983) ,  bu t  operator s needn' t  b e limite d t o simpl e 
operations .  I n principle ,  an y proces s ca n b e mad e int o a n 
operator .  Fo r  example ,  a  mode l  coul d b e constructe d i n 
whic h a n architec t  call s a n operato r  t o judg e th e aestheti c 
qualit y o f  a  design .  Thu s b y assumin g a  comple x actio n 
exist s a s a n operato r  i t  become s possibl e t o fi-ame  wher e an d 
when i t  take s plac e withi n a  G O MS model ,  a s wel l  a s it s 
functiona l  significance .  Fo r  example ,  th e outpu t  o f  th e 
aestheti c operato r  abov e coul d b e use d a s th e basi s fo r  a 
selectio n rul e (e.g .  i f  aesthetic ,  continu e drawing ;  i f  no t 
aesthetic ,  thro w i t  away) .  Th e issu e i s on e o f  finding  th e 
most  usefu l  leve l  o f  operato r  abstractio n fo r  th e tas k bein g 
modele d (Car d e t  al ,  1983) . 

I t  i s als o interestin g t o not e tha t  G O MS itsel f  ca n b e use d 
as a  mode l  fo r  certai n type s o f  socia l  thought .  Specifically ,  i t 
can b e argue d tha t  whe n on e perso n want s t o predic t  wha t 
anothe r  perso n wil l  d o i n a  particula r  situation ,  tha t  the y 
construc t  somethin g ver y muc h lik e a  G O MS mode l  o f  th e 
perso n i n th e situatio n an d the n mentall y simulat e i t  (e.g .  se e 
Kahneman &  Tversky ,  1982) .  I n thi s sens e peopl e ma y b e 

ver y simila r  t o intelligen t  softwar e agent s tha t  us e G O MS 

model s t o predic t  th e behavio r  o f  th e use r  (e.g .  Ver a an d 
Rosenblatt ,  1995) .  I f  thi s i s th e case ,  the n i t  follow s tha t 
G O MS woul d b e particularl y appropriat e fo r  modelin g thi s 
typ e o f  behavior . 

The Importance of Goals 

As Mantovan i  (1996 )  notes ,  peopl e hav e sociall y an d 
culturall y base d goals .  Withou t  considerin g suc h highe r 
leve l  goals ,  mos t  G O MS model s implicitl y  assum e tha t  th e 
user' s highes t  goa l  i s  t o d o th e tas k a s wel l  a s possible .  T o 
get  a t  th e organizational ,  socia l  an d cultura l  goal s o f  a  use r  i t 
i s  necessar y t o as k wh y th e employe e want s t o complet e th e 
task .  I n man y case s th e answe r  wil l  b e tha t  th e employe e 
wil l  benefi t  from  doin g i t  (i.e .  the y wil l  b e paid ,  the y wil l 
avoi d bein g fired).  I n thi s cas e th e goa l  hierarch y nee d g o n o 
higher .  However ,  i n som e cases ,  th e highe r  leve l  goa l 
structur e ma y b e mor e complex .  I n particula r  whe n a n 
employe e i s free  t o choos e betwee n variou s task s i t  i s 
necessar y t o understan d hi s o r  he r  highe r  leve l  goal s i n orde r 
t o predic t  wha t  h e o r  sh e wil l  d o next .  I n addition ,  i n th e 
cas e o f  multipl e employees,  i t  ma y b e importan t  t o 
understan d ho w th e highe r  leve l  goa l  structur e o f  a n 
employe e interact s wit h th e highe r  leve l  goa l  structure s o f 
othe r  employees .  Thi s typ e o f  analysi s coul d b e approache d 
from  a  gam e theor y perspectiv e (i.e .  assum e payoff s fo r 
achievin g goal s an d tha t  employee s wil l  ac t  rationally )  o r  a 
socia l  cognitio n perspectiv e (i.e .  modelin g base d o n 
questionnaires ,  observation ,  etc.) . 

Anothe r  interestin g an d relate d issu e i s determinin g th e 
goal s o f  a n organization .  Organization s hav e goals ,  fo r 
example ,  a n environmenta l  consultin g firm  ma y stat e thei r 
goal  a s bein g t o creat e a  clea n environment .  However ,  i t  i s 
interestin g t o not e tha t  individual s ca n wor k withi n a n 
organizatio n withou t  adoptin g th e highe r  leve l  goal s o f  th e 
organization .  Fo r  example ,  a  perso n coul d wor k fo r  a n 
environmenta l  consultin g firm  simpl y fo r  th e money .  Th e 
questio n a s t o whethe r  th e structur e o f  a n organizatio n i s 
suc h tha t  th e goal s o f  th e individual s resul t  i n th e state d goa l 
of  th e organizatio n i s a n interestin g an d importan t  one , 
especiall y fo r  governmenta l  an d othe r  publi c servic e 
organizations . 

Also ,  a s note d i n th e introduction ,  firms  ma y hav e goal s 
implici t  i n thei r  structure .  Fo r  example ,  sociologist s ofte n 
refe r  t o institutionalize d racism .  Th e benefi t  o f  usin g a 
G O MS t o examin e thi s typ e o f  issu e i s tha t  i t  ca n provid e a 
highl y specifi c  proces s mode l  o f  wh y variou s goal s exis t 
withi n a  system .  Thi s i s becaus e goal s ar e triggere d b y a 
clea r  chai n o f  event s involvin g highe r  leve l  goal s an d 
selectio n rules . 

The Top Down Effects of Goals 

The manne r  i n whic h highe r  leve l  organizational ,  socia l  o r 
cultura l  goal s ca n effec t  th e behavio r  o f  lowe r  leve l  method s 
and operator s i s o f  critica l  importance .  G O MS i s modula r  i n 
natur e an d thu s base d o n th e traditiona l  cognitiv e scienc e 
assumptio n tha t  w e ca n abstrac t  simpl e proble m space s from 
a comple x worl d an d dea l  wit h the m i n relativ e isolatio n 
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(Ver a &  Simon .  1993) .  Mantovan i  (1996) ,  makin g th e cas e 
fo r  hi s interpretatio n o f  th e rol e o f  socia l  an d cultura l 

factors ,  argue s tha t  thi s i s neve r  th e case ,  eve n fo r  ver y 
simpl e action s suc h a s tyin g shoes . 

when we wear shoes, we usually have some project in our 
min d regardin g som e activit y whic h i s relevan t  wit h respec t 
t o ou r  curren t  interest s an d require s wearin g shoes .  Thu s 

tyin g lace s an d wearin g shoe s ar e simpl e activitie s whic h 
depen d o n actors '  cultura l  models ,  fo r  example ,  model s o f 
health y behavio r  generat e broade r  project s lik e keepin g fit 
by runnin g i n th e par k i n th e morning .  (Mantovani ,  1996) . 

However, the traditional cognitive science perspective 
argue s tha t  simpl e action s suc h a s sho e tyin g ca n b e treate d 
i n isolatio n an d tha t  i s i t  i s  unnecessar y t o understan d th e 
contex t  sho e tyin g beyon d th e goa l  o f  wantin g one' s shoe s 
t o b e tied .  A  perso n coul d ti e hi s o r  he r  shoe s a s par t  o f 
fulfillin g m a n y divergen t  goal s (e.g .  a  ru n i n th e park ,  a 
nigh t  a t  th e opera ,  o r  overthrowin g a  dictatorship )  an d th e 
proces s woul d remai n essentiall y  th e same .  Thi s i s tru e i n 
tw o senses .  First ,  i n term s o f  th e measurabl e outcom e th e 
lace s woul d b e tie d i n approximatel y th e sam e wa y eac h 
time .  Th e result s migh t  b e affecte d b y factor s suc h a s tim e 
pressur e an d m e m o r y loa d (e.g .  forgettin g t o ti e one s shoe s 
or  tyin g the m sloppily) ,  bu t  thes e ar e no t  direc t  effect s o f  th e 
socia l  context ,  rathe r  the y ar e mediate d b y basi c cognitiv e 
variable s (e.g .  m e m o r y an d processin g speed) .  Th e secon d 
sens e i n whic h thi s i s tru e i s i n term s o f  th e knowledg e an d 
moto r  skill s  deploye d t o achiev e th e result .  Again ,  allowin g 
fo r  mediatin g factor s suc h a s m e m o r y loa d an d time ,  w e 
woul d expec t  th e proces s o f  tyin g shoe s t o remai n constan t 
onc e i t  ha s bee n wel l  learned . 

L o w leve l  operator s (suc h a s clickin g a  mous e o n a n icon ) 
wil l  generall y b e unaffecte d b y highe r  leve l  social/cultura l 
goals .  However ,  i n case s i n whic h a  lo w leve l  operato r  i s 
affected ,  th e effec t  wil l  b e mediate d b y wel l  defined , 
variable s suc h a s m e m o r y load ,  demand s o n attention , 
speed/accurac y tradeoffs ,  an d s o on .  Thi s typ e o f  effect , 
when i t  occurs ,  m a y b e a n importan t  consideratio n i n 
modelin g th e system .  Specifically ,  i f  a  lo w leve l  operato r 
erro r  ca n caus e a  significan t  problem ,  the n th e factor s tha t 
mediat e th e likelihoo d o f  suc h a n erro r  shoul d b e modele d 
in .  A n exampl e o f  thi s approac h i s th e us e o f  G O MS t o 
predic t  th e effec t  o f  wor k loa d o n workin g memor y (Car d e t 
al. ,  1983) . 

I n th e cas e o f  socia l  operator s w e argu e tha t  th e sam e 
approac h ca n b e taken .  Tha t  is ,  fo r  th e mos t  par t  socia l 
operator s wil l  no t  b e affecte d b y highe r  leve l  goals ,  bu t 
when the y ar e i t  wil l  b e throug h th e mediatio n o f  a  limite d 
number  o f  variables .  I n fact ,  thi s i s th e approac h use d i n 
Socia l  Cognition .  Cognitiv e variables ,  suc h a s thos e 
mentione d above ,  ca n b e use d t o predic t  mediator s suc h a s 
stress ,  whic h i s a  majo r  determinan t  o f  socia l  functionin g 
(e.g .  a  socia l  operator ,  suc h as ,  "behav e politel y toward s th e 
customer, "  coul d b e severel y disrupte d b y stress) .  Othe r 
sociall y mediatin g factors ,  suc h a s threat s t o sel f  estee m m a y 
als o pla y a n importan t  role . 

Thu s operator s ar e define d i n term s o f  th e genera l  factor s 

tha t  coul d effec t  thei r  operation ,  a s wel l  a s i n term s o f  h o w 
the y effec t  th e genera l  factors .  T o kee p trac k o f  thi s i n a 
model ,  a n inde x ca n b e attache d t o eac h employe e (o r 
customer ,  o r  client )  t o recor d th e genera l  factor s impingin g 

on the m a t  eac h ste p i n th e process .  Fo r  example ,  a n inde x 
coul d b e use d t o kee p trac k o f  memor y loa d o r  stres s du e t o 
tim e pressure .  Thi s typ e o f  approac h coul d b e usefii l  i n 
term s o f  modelin g system s i n whic h huma n erro r  ca n caus e 
seriou s results . 

Spin-off Effects: An Example 

Althoug h w e argu e tha t  lowe r  leve l  method s an d operator s 
ca n b e treate d i n relativ e isolatio n fro m highe r  leve l  goals , 
thei r  appropriatenes s fo r  fulfillin g specifi c  highe r  leve l  goal s 
i s stil l  a  potentiall y  importan t  issue .  Specifically ,  evaluatin g 
method s solel y i n term s o f  h o w the y satisf y th e immediat e 
goal  m a y no t  lea d t o th e optima l  solution .  Thi s i s becaus e 
method s ca n hav e spin-of f  effect s whic h m a y b e importan t 
fo r  satisfyin g goal s elsewher e i n th e system . 

For  example ,  on e o f  th e author s ( R L W )  i s workin g o n th e 
H CI  fo r  a n electroni c Chinese-Englis h dictionar y designe d 
fo r  thos e w h o canno t  rea d Chinese .  Initiall y  th e highes t  leve l 
goal  i n th e mode l  fo r  thi s tas k wa s t o loo k u p a  Chines e 
characte r  an d find  it s meanin g i n English .  Thi s generate d a 
lo t  o f  hig h tec h suggestions ,  suc h a s scannin g th e characte r 
and usin g a  neura l  networ k t o identif y it .  However ,  b y 
identifyin g th e highe r  leve l  goa l  o f  th e intende d users ,  whic h 
i n thi s cas e wa s t o lear n t o rea d Chinese ,  i t  wa s realize d tha t 
some for m o f  th e traditiona l  syste m (th e radica l  searc h 
method) ,  woul d probabl y b e better .  Thi s i s becaus e th e 
traditiona l  syste m require s th e use r  t o pars e th e character s 
int o thei r  meaningful ,  pictographi c components ,  whic h 
studie s sho w pla y a n importan t  rol e i n characte r  recognition . 
Thu s a  proces s fo r  learnin g th e structur e o f  Chines e 
character s i s situate d i n th e proces s o f  lookin g the m u p i n 
th e dictionary . 

Of  course ,  ther e ar e alway s eve r  highe r  goal s bein g 
generate d b y eve r  highe r  syste m structures .  Obviousl y w e 
canno t  conside r  ever y possibilit y  i n a  model .  However ,  w e 
hav e a  bette r  chanc e o f  findin g spin-of f  effect s withi n a n 
organizatio n i f  w e posses s a  mode l  o f  th e organization .  Wit h 
a detaile d model ,  spi n of f  effect s ca n b e locate d throug h 
simulatin g differen t  version s o f  th e mode l  (e.g .  insertin g 
differen t  H C I  structure s fo r  specifi c  tasks) ,  o r  simpl y b y 
studyin g th e model . 

Reactivity to the Environment 

Traditionally ,  G O MS model s hav e assume d a  pristin e tas k 
environment ,  on e i n whic h interruption s unrelate d t o th e 
specifi c  tas k bein g modele d d o no t  occur .  However ,  i n a 
socia l  settin g (i.e .  withi n a n organization) ,  th e use r  ca n b e 
interrupte d an d informatio n injecte d tha t  ca n alte r  mino r  o r 
majo r  component s o f  th e task .  Thu s task s ar e situate d withi n 
a social/cultural/organizationa l  environment . 

Th e issu e i s on e o f  reactivit y t o th e environment ,  whic h 
involve s tw o aspect s o f  G O MS modeling .  Th e first  aspec t  i s 
th e goa l  stack .  A  shallo w goa l  stac k increase s reactivit y b y 
allowin g th e syste m t o mor e frequentl y ru n check s o n th e 
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environmen t  betwee n executin g goa l  stack s (e.g .  Joh n & 
Vera ,  1992) .  Th e secon d aspec t  i s th e leve l  o f  abstractio n 
involve d i n definin g th e operator s (Car d e t  al ,  1983) . 
Obviously ,  operator s define d a t  a  gros s leve l  o f  granularit y 
wil l  ten d t o overloo k opportunitie s i n whic h a  perso n coul d 
be interrupted . 

Anothe r  approac h t o dealin g wit h thi s proble m i s t o adop t 
a paralle l  processin g approach ,  suc h a s C P M - G O MS (Gray , 
Joh n 8 l  Atwood ,  1993) .  C P M - G O MS use s a  schedul e char t 
t o represen t  simultaneousl y occurrin g activity ,  whic h ca n b e 
analyze d usin g a  critica l  pat h analysis .  Usin g thi s approac h 
th e environmen t  ca n b e monitore d i n paralle l  whil e othe r 
task s ar e goin g on .  Fo r  example ,  a n enginee r  waitin g fo r 
some plan s migh t  wor k o n a  sid e tas k whil e monitorin g fo r 
news tha t  th e plan s hav e arrived . 

Modeling Satellite Maneuvers 

Currentl y w e ar e workin g o n a  G O MS mode l  o f  satellit e 
maneuvering ,  a  tas k tha t  i s ver y routin e i n natur e bu t  als o 
demands a  hig h leve l  o f  reactivit y t o th e environment .  Th e 
satellit e technician s (henc e fort h STs )  mus t  pa y attentio n t o 
th e compute r  interfac e syste m a s wel l  a s t o eac h other .  I n 
addition ,  th e maneuver s tak e plac e withi n th e large r  contex t 
of  th e satellit e managemen t  organization .  Her e w e repor t 
ho w w e hav e approache d modelin g thi s activit y wit h regar d 
t o performin g a n attitud e maneuver . 

Method 

Unobtrusiv e observation s o f  satellit e attitud e maneuver s 
wer e conducted .  Th e satellit e technician s wer e al l  full y 
traine d wit h a n averag e o f  6  month s jo b experience .  T w o 
observer s too k note s durin g th e task .  Othe r  source s o f  dat a 
include d th e tas k manual ,  checklist s an d othe r  handbooks . 
Separat e interview s wer e als o conducte d wit h individua l 
operator s afte r  th e mission s wer e completed . 

The Model 

The completio n o f  th e maneuve r  require d th e fulfillmen t  o f 
seve n tasks : 

1. Configure system: The satellite maneuver task is semi-
automated .  Th e ST s mus t  cal l  u p a  progra m a t  th e 
beginnin g o f  th e scenari o whic h consist s o f  batche s o f 
conmiand s an d instruction s tha t  guid e operator' s 
behaviors . 

2.  Prepar e fo r  phas e check :  Thi s include s selectin g dat a 
channel s fo r  informatio n collection ,  switchin g o n th e 
printe r  an d refillin g th e printe r  paper . 

3.  Execut e phas e check :  Th e purpos e o f  thi s i s t o ensur e 
synchronizatio n wit h th e satellite .  Th e ST s specif y th e 
necessar y parameter s the n start s th e printer .  A t  th e en d 
of  phas e check ,  a  time-grap h i s charte d an d 
measurement s ar e taken . 

4.  Prepar e maneuver :  Th e ST s specif y tim e o f  th e 
maneuve r  executio n an d prepare s fo r  i t  (e.g .  automate d 
notatio n contro l  an d antenn a pointin g ar e switche d off) . 

5.  Execut e maneuver :  Th e actua l  maneuve r  proces s i s 
completel y automated .  Howeve r  th e printe r  mus t  star t 

runnin g 1 0 second s befor e it s executio n i n orde r  fo r 
dat a collection . 

6.  Finis h maneuver :  W h e n th e executio n ends ,  th e ST s 
chec k th e dat a an d retur n th e spi n rat e an d temperatur e 
of  th e satellit e t o normal ,  an d th e automate d notatio n 
contro l  an d antenn a pointin g system s t o thei r  usua l 
status . 

7.  Atten d alarm :  Alarm s occur s anytim e throughou t  th e 
maneuve r  task .  Th e ST s hav e t o acknowledg e an d 
analyz e the m individuall y befor e continuin g th e norma l 
task . 

Although routine and largely automated, it was 
observe d tha t  th e ST s action s wer e intimatel y dependen t  o n 
cue s provide d b y th e compute r  interfac e (primaril y th e 
monito r  screen) .  Th e interfac e capture d man y aspect s o f  th e 
maneuver ,  breakin g the m d o w n int o muc h smalle r  sub-goals , 
and cuein g th e ST s whe n appropriate .  Hence ,  althoug h th e 
tas k structur e appeare d retrospectivel y a s a  larg e seria l  plan , 
th e ST s wer e actuall y highl y reactiv e t o thei r  environment . 
Thi s wa s corroborate d b y th e observation s that ,  1 )  ST s 
constantl y referre d t o thei r  monito r  screens ,  2 )  ST s waite d 
fo r  th e externa l  cu e befor e takin g action ,  an d 3 )  whe n alarm s 
unexpectedl y interrupte d th e scenario ,  th e S T typicall y 
complete d th e sub-goa l  h e wa s engage d in ,  deal t  wit h th e 
proble m specifie d b y th e alarm ,  an d resume d hi s norma l 
cours e o f  actio n b y lookin g fo r  cue s o n th e interface . 

T o mode l  th e STs '  reactivit y t o syste m cue s w e adopte d 
th e strateg y o f  usin g ver y shallo w goa l  stacks ,  prompte d b y 
th e syste m cues .  Fo r  example ,  whe n th e ST s perceiv e th e 
cu e " A P E t o manual "  th e sub-goa l  o f  turnin g of f  th e antenn a 
pointin g syste m i s pushe d ont o th e goa l  stack .  Not e th e uni t 
tas k i s ver y small ,  i n thi s cas e consistin g o f  onl y tw o 
operators ,  "ente r  c o m m a n d "  an d "verif y command, " 
allowin g th e ST s t o frequently  retur n t o monitorin g th e 
environment . 

Th e STs ,  modele d i n thi s way ,  d o no t  nee d t o understan d 
th e relationshi p betwee n th e sub-goal s t o successfull y 
accomplis h th e maneuver .  However ,  thi s approac h coul d no t 
full y  accoun t  fo r  th e ST s behavior .  First ,  som e o f  th e sub -
goal s wer e no t  cue d b y th e interface .  Thes e were ,  tur n o n 
printer ,  ru n printer ,  collec t  data ,  star t  counting ,  an d selec t 
dat a channels .  A s a  consequence ,  i n on e observatio n th e ST s 
forgo t  t o ru n th e printe r  durin g th e phas e check ,  an d th e 
procedur e ha d t o b e repeated .  Second ,  althoug h non e o f  th e 
cue d sub-goal s wer e missed ,  a s th e procedur e i s ver y routin e 
i n natur e w e woul d expec t  tha t  th e ST s woul d b e awar e o f  a 
misse d a  cu e afte r  receivin g th e subsequen t  cue ,  whic h 
woul d see m sequentiall y  inappropriate .  Finally ,  i f  th e syste m 
made a n error ,  suc h a s failin g t o giv e a  cue ,  w e woul d 
expec t  tha t  th e ST s woul d b e awar e o f  thi s fo r  th e sam e 
reason s h e woul d b e awar e o f  missin g a  cu e (i n fac t  on e o f 
th e function s o f  th e ST s i s t o detec t  problem s wit h th e 
system) . 

T o mode l  thi s w e assume d tha t  th e ST s hav e knowledg e 
of  th e sequenc e o f  sub-goal s fo r  th e attitud e maneuver . 
W h en a n externa l  interfac e representatio n cause s a  sub-goa l 
t o b e pushe d ont o th e stack ,  i t  i s  verifie d agains t  thi s 
knowledg e structure .  W h e n a  sub-goa l  cue d b y th e interfac e 
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i s  i n conflic t  wit h th e ST' s knowledg e o f  wha t  shoul d b e 

occurrin g i t  signal s tha t  a  proble m ha s occurred .  A t  thi s 

poin t  th e ST s woul d engag e i n proble m solvin g behavior s 
(simila r  t o Gray ,  Kirschenbau m an d Ehret ,  1997 ,  thi s 
proces s coul d b e modele d usin g a  proble m solvin g 

architecture ,  suc h a s A C T - R o r  S O A R ) .  Assumin g n o 

proble m i s detected ,  afte r  th e curren t  sub-goa l  i s  verifie d th e 
nex t  sub-goa l  ca n b e retrieve d whil e wor k o n th e curren t 
goa l  i s  goin g o n i n parallel . 

Levels of Analysis 

As note d i n th e introduction ,  th e uni t  o f  analysi s fo r  a 
G O MS mode l  ca n vary .  Fo r  example ,  th e seve n task s 
comprisin g a n attitud e maneuve r  coul d easil y b e describe d 
withou t  distinguishin g betwee n th e compute r  system s an d 
th e STs .  F ro m a  G O MS perspective ,  distribute d cognitiv e 
systems ,  suc h a s th e satellit e operation s room ,  ca n b e 
considere d t o posses s exper t  knowledg e i n th e sam e wa y 
tha t  individua l  human s do .  However ,  sinc e w e wer e 
intereste d i n th e H C I  characteristic s o f  th e task ,  w e 
differentiate d betwee n th e ST s an d th e compute r  systems , 
and foun d tha t  th e tas k knowledg e i s distribute d acros s th e 
STs an d th e compute r  systems ,  wit h som e leve l  o f 
redundancy . 

Anothe r  issu e i s th e leve l  o f  analysi s wit h regar d t o th e 
STs.  I n actualit y th e maneuve r  i s performe d i n a  roo m 
containin g a  superviso r  an d tw o operators ,  on e t o execut e 
c o m m a n ds an d th e othe r  t o verif y commands .  Th e 
supervisor ,  i n additio n t o supervising ,  als o function s t o 
communicat e wit h othe r  department s involve d wit h variou s 
decision s pertainin g t o th e maneuver .  I n term s o f  S T 
knowledge ,  ou r  observation s showe d that ,  i n additio n t o 
syste m cue s an d th e knowledg e store d i n eac h ST' s lon g 
ter m memory ,  knowledg e wa s als o draw n fro m interaction s 
wit h jo b manuals ,  checklists ,  an d th e othe r  STs . 

Essentially ,  ou r  mode l  treat s th e STs ,  includin g thei r  jo b 
manual s an d checklists ,  a s a  singl e unit .  Th e behavio r  o f 
individua l  ST s i s neve r  referre d to .  Treate d i n thi s way ,  th e 
STs functio n a s a  distribute d cognitiv e sub-syste m withi n th e 
greate r  distribute d syste m o f  th e operation s room .  W h a t  thi s 
leve l  o f  analysi s leave s ou t  i s h o w th e ST s organiz e 
themselve s an d h o w the y dra w knowledg e fro m source s 
othe r  tha n th e interfac e system .  Fo r  example ,  ou r  mode l 
assume s tha t  th e ST s ca n retriev e th e nex t  sub-goa l  whil e 
wor k o n th e curren t  sub-goa l  i s  goin g o n i n parallel .  Thi s 
coul d involv e a n individua l  S T retrievin g th e nex t  sub-goa l 
fro m memor y whil e workin g o n th e curren t  sub-goa l  i n 
parallel ,  o r  requestin g anothe r  S T t o loo k u p th e nex t  sub -
goa l  o n a  chec k lis t  whil e h e o r  sh e attend s t o th e curren t 
sub-goal .  O n e o f  th e nex t  goal s i n thi s projec t  i s  t o mode l 
th e flo w o f  informatio n betwee n th e individua l  STs ,  thei r 
manuals ,  checklists ,  an d th e compute r  interfac e system . 

Therefore ,  t o summarize ,  w e ca n conceptualiz e thi s tas k a t 
thre e differen t  level s o f  analysis : 

1) The room itself as a distributed cognitive system. This 
leve l  focuse s o n a  functiona l  descriptio n o f  th e task . 

2 )  Th e computer s a s on e distribute d syste m an d th e ST s 

(includin g thei r  non-computerize d referenc e material ) 

as anothe r  distribute d system .  Thi s leve l  emphasize s th e 
interactio n betwee n th e ST s an d th e computers . 

3)  Th e ST s a s individua l  system s interactin g wit h thei r 
manuals ,  checklists ,  an d th e compute r  interfac e system . 
Thi s leve l  highlight s th e flo w o f  informatio n aroun d th e 
room . 

Social Actions 

The socia l  interaction s wer e highl y constraine d b y th e 
demands o f  th e task ,  a s wel l  a s organizationa l  policie s a s t o 
h o w th e ST s shoul d interac t  durin g thi s task .  I n addition ,  th e 
STs frequentl y perfor m thi s maneuver ,  a s wel l  a s othe r 
maneuver s whic h ar e highl y simila r  i n term s o f  wha t  i s 
require d fro m th e STs .  Thu s th e individua l  behavior s o f  th e 
STs toward s eac h othe r  ar e ver y routin e i n nature ,  an d a s 
suc h ca n b e capture d usin g G O MS a t  fairl y  detaile d level . 

However ,  socia l  interaction s nee d no t  alway s b e modele d 
at  th e leve l  o f  individua l  behaviors .  Fo r  example ,  th e ST s 
ca n decid e w h o wil l  "execute "  an d w h o wil l  "verify "  eac h 
tim e th e tas k i s performed .  Currentl y w e ar e modelin g thi s 
decisio n proces s a s a n operato r  attache d t o th e distribute d 
cognitiv e syste m comprise d o f  al l  thre e STs .  Tha t  is ,  fo r  ou r 
purpose s w e ar e no t  intereste d i n th e interaction s involve d i n 
thi s decision ,  jus t  th e fac t  tha t  i t  i s  mad e b y th e STs . 

Socia l  interaction s betwee n group s ar e als o involve d i n 

thi s process .  Specifically ,  th e satellit e operation s departmen t 
must  interac t  wit h th e contro l  roo m (wher e instruction s a s t o 
what  typ e o f  maneuve r  t o perfor m com e from )  an d th e 
orbita l  engineer s (wh o calculat e th e parameter s o f  th e 
maneuver) .  Thes e othe r  department s ar e represente d a t  th e 
leve l  o f  th e departmen t  (i.e .  a s distribute d cognitiv e entitie s 
withou t  referenc e t o th e huma n an d compute r  agent s tha t 
make the m up) ,  an d ar e modele d onl y i n term s o f  thei r 
relevanc e t o th e satellit e room . 

Conclusions 

Th e thesi s o f  thi s pape r  i s tha t  G O MS ca n b e use d t o 
model  large ,  interactiv e system s suc h a s organization s o r 
institutions ,  b y treatin g the m a s distribute d cognitiv e 
systems .  Th e exampl e firo m ou r  ongoin g researc h o n satellit e 
operation s i s highl y specific ,  bu t  thi s i s th e poin t  o f  G O MS 
modelin g -  t o uncove r  a  knowledg e leve l  descriptio n o f  h o w 
a particula r  tas k i s performed .  I n contrast ,  wor k o n socia l 
interaction s an d th e behavio r  o f  organization s ha s tende d t o 
focu s o n finding  genera l  psychologica l  mechanism s (e.g . 
socia l  psychology) ,  o r  genera l  principle s o r  pattern s o f 
interaction s (e.g .  sociology ,  anthropology) .  G O M S, 
therefore ,  offer s a n alternativ e perspectiv e whic h w e believ e 
woul d complimen t  wor k i n thes e areas .  I n addition ,  b y 
considerin g th e organizationa l  contex t  i n whic h a n H C I  tas k 
occur s w e gai n a  broade r  pictur e o f  th e task .  Thi s i s 
particularl y relevan t  a s organization s ar e increasingl y 
employin g compute r  networks ,  instea d o f  isolate d PCs . 
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Abstrac t 

A constructivist neural network model is presented that learns 
th e pas t  tens e o f  Englis h verbs .  Th e mode l  build s it s architec -
tur e i n respons e t o th e learnin g tas k i n a  wa y consisten t  wit h 
neurobiologica l  an d psychologica l  evidence .  Th e mode l  out -
perform s existin g connectionis t  an d symboli c pas t  tens e mod -
el s i n term s o f  learnin g an d generaHzatio n behavior ,  an d i t  dis -
play s a  U-shape d learnin g curv e fo r  man y irregula r  verbs .  Th e 
traine d mode l  develop s a  modula r  architectur e wit h dissoci -
ation s betwee n regula r  an d irregula r  verbs ,  an d lesionin g th e 
differen t  pathway s lead s t o result s comparabl e wit h neurologi -
cal  disorders .  I t  i s  argue d tha t  th e successo f  th e mode l  i s  du e t o 
it s  constructivis t  nature ,  an d tha t  th e distinctio n betwee n fixed-
architectur e an d constructivis t  model s i s fundamental .  Give n 
thi s distinction ,  constructivis t  system s provid e mor e realisti c 
model s o f  cognitiv e development . 

I n t r o d u c t i o n 

Model s o f  learnin g th e Englis h pas t  tens e hav e i n th e pas t  te n 
year s becom e representativ e o f  differen t  theorie s o f  languag e 
acquisitio n an d cognitio n i n general .  Whil e connectionis t  ap -
proache s (e.g. ,  Rumelhar t  &  McClelland ,  1986 ;  M a c W h i n -
ney &  Leinbach ,  1991 ;  Plunket t  &  Marchman ,  1993 )  hav e 
maintaine d tha t  bot h regula r  an d irregula r  pas t  tens e form s 
ca n b e produce d i n a  homogeneou s architectur e b y a  singl e 
process ,  dual-rout e account s (Pinker ,  1991 )  argu e fo r  tw o dis -
tinc t  mechanism s i n differen t  pathways ,  wher e regula r  form s 
ar e produce d b y a  rul e an d irregula r  form s ar e store d i n a n as -
sociativ e memory .  M o r e recently ,  however ,  modula r  connec -
tionis t  (Westermann&Goebel ,  1995 )  an d homogeneou s sym -
boli c (Lin g &  Marinov ,  1993 )  model s hav e bee n proposed . 

Whil e n o workin g dual-rout e model s exis t  (se e Nakis a 
et  al. ,  1997 ,  fo r  a  theor y o f  w h y suc h model s d o no t  work) , 
most  o f  th e existin g homogeneou s model s rel y o n a  fixed,  pre -
define d architectur e whic h i s chose n specificall y fo r  th e tas k 
at  hand .  However ,  a s i s argue d below ,  suc h fixed-architecture 
system s ar e problemati c bot h o n neurobiologica l  an d learn -
in g theoreti c ground s an d migh t  b e limite d i n thei r  usefulnes s 
as model s o f  cognitiv e development .  I n thi s pape r  a  construc -
tivis t  neura l  networ k ( C N N )  mode l  i s presente d tha t  learn s th e 
Englis h pas t  tens e b y growin g it s architectur e i n respons e t o 
th e specifi c  learnin g proble m (se e als o Westermann ,  1997) . 
Th e performanc e o f  thi s networ k i s evaluate d agains t  thre e 
existin g model s o f  pas t  tens e learning :  th e origina l  networ k 
by Rumelhar t  &  McClellan d (1986 ,  R & M ) ,  th e improve d 
backpropagatio n mode l  b y M a c W h i n n e y &  Leinbac h (1991 , 
M & L ) ,  an d th e Symboli c Patter n Associato r  (SPA ,  Lin g & 
Marinov ,  1993) ,  a  symboli c decision-tre e model .  I t  i s  show n 

tha t  th e presen t  constructivis t  mode l  outperform s th e existin g 
symboli c an d subsymboli c inodel s bot h i n term s o f  psycho -
logicall y realisti c learnin g an d generalizatio n behavior .  Fur -
ther ,  i t  i s  show n tha t  th e constructivis t  growt h proces s lead s 
t o a  modula r  architectur e i n whic h regula r  an d irregula r  ver b 
form s ar e dissociate d an d ca n b e selectivel y impaire d b y le -
sionin g differen t  pathway s o f  th e network . 

I n th e nex t  section ,  th e neurobiologica l  an d learnin g theo -
reti c argument s fo r  constructivis t  model s o f  cognitiv e devel -
opment  ar e reviewed .  Then ,  th e networ k algorith m tha t  wa s 
use d i n th e simulation s i n thi s pape r  an d th e precis e experi -
menta l  setu p ar e described .  Th e Result s sectio n i s concerne d 
wit h th e performanc e o f  th e networ k i n term s o f  learning , 
generalization ,  U-shape d learning ,  an d emergen t  modularit y 
leadin g t o a  dissociatio n betwee n regula r  an d irregula r  verbs . 
Thes e result s ar e the n discusse d i n th e final  section . 

Constructivist Cognitive Development 

Cognitiv e developmen t  ha s recentl y bee n argue d t o closel y 
correlat e wit h th e structura l  developmen t  o f  th e cortex ,  wit h 
an increas e i n structura l  complexit y leadin g t o a n increas e i n 
cognitiv e capacitie s (Quart z &  Sejnowski ,  1997) .  Moreover , 
th e initia l  functiona l  restriction s o f  a  child' s cognitiv e capac -
itie s see m t o b e essentia l  fo r  reachin g adul t  competenc e (e.g. , 
Elman ,  1993) .  I n orde r  t o understan d th e principle s o f  cogni -
tiv e developmen t  i t  i s  therefor e importan t  t o tak e th e mecha -
nism s o f  brai n developmen t  int o account . 

Recen t  wor k i n thi s are a ha s provide d evidenc e tha t  th e de -
velopmen t  o f  corte x i s activit y dependen t  o n differen t  level s 
(se e e.g. .  Field s &  Nelson ,  1992) .  Activit y ca n determin e th e 
polarit y o f  neurons ,  th e rat e an d directio n o f  dendriti c an d 
axona l  growth ,  an d th e formatio n o f  synapse s (e.g. ,  Quart z 
& Sejnowski ,  1997) .  Stabilizatio n an d los s o f  thes e synapse s 
i s als o activit y dependen t  (Field s &  Nelson ,  1992) .  I t  ha s 
als o bee n show n tha t  th e corte x i s no t  innatel y prespecifie d 
but  readil y adapt s t o proces s afferen t  signal s fro m differen t 
domain s (O'Lcary ,  1989) .  Thes e result s indicat e tha t  neura l 
developmen t  proceed s i n a  constructivis t  way ,  wit h th e neura l 
organizatio n o f  th e brai n bein g modifie d throug h constructiv e 
and regressiv e event s b y comple x interaction s betwee n ge -
neti c predisposition s an d environmenta l  inputs . 

Cognitiv e developmen t  whic h i s base d o n cortica l  devel -
opment  wil l  thu s procee d i n th e sam e constructivis t  manner , 
wher e activit y dependen t  architectura l  modification s lea d t o 
increasingl y comple x cognitiv e representations . 

Most  significantly ,  researc h i n learnin g theor y (Quartz , 
1993 )  ha s show n tha t  incorporatin g activit y dependen t  struc -
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tura l  modificatio n int o a  learnin g syste m i s no t  jus t  a  wa y 
t o tun e performance ,  bu t  lead s t o entirel y differen t  learnin g 
propertie s o f  tha t  system ,  evadin g man y o f  th e problem s tha t 
ar e associate d wit h fixed-architecture  systems .  An y a  prior i 
choic e o f  architectur e severel y limit s th e clas s o f  problem s 
tha t  ca n b e learne d b y a  model ,  whic h i s ofte n manifeste d i n 
a trial-and-erro r  approac h t o choosin g th e numbe r  o f  hidde n 

unit s i n a  networ k fo r  a  specifi c  tas k an d whic h ha s le d t o 
th e rejectio n o f  th e concep t  o f  "learning "  i n favo r  o f  a  "fixa -
tio n o f  belief '  o n innat e representation s b y som e (e.g. ,  Fodor , 
1980) .  Constructivis t  systems ,  however ,  ca n overcom e thes e 
limitation s (Quartz ,  1993) . 

Give n th e fac t  tha t  th e corte x develop s i n a n activity -
dependen t  way ,  an d takin g int o accoun t  tha t  system s devel -
opin g i n thi s wa y ar e fundamentall y differen t  fro m fixed-
architectur e systems ,  plausibl e cognitiv e model s shoul d like -
wis e adap t  thei r  architectur e i n a  wa y whic h i s specifi c t o 
th e learnin g task .  Suc h model s ca n b e calle d constructivist , 
reflectin g thei r  proximit y t o th e constructivis t  developmen -
ta l  theorie s o f  Piage t  i n whic h structura l  modificatio n o f  th e 
learnin g syste m occur s i n respons e t o environmenta l  inpu t 
(se e als o Marescha l  &  Shultz ,  1996) . 

The C N N whic h i s presente d i n thi s pape r  model s th e ac -
quisitio n o f  th e Englis h pas t  tens e i n a  constructivis t  process . 
The C N N i s compare d wit h othe r  existin g models ,  allowin g 
fo r  th e empirica l  assessmen t  o f  th e suitabilit y  o f  constructivis t 
model s fo r  th e simulatio n o f  cognitiv e development . 

The Constructivist Neural Network Model 

For  th e cognitiv e simulation s describe d here ,  a  modifie d ver -
sio n o f  th e constructivis t  Supervise d Growin g Neura l  Ga s 
( S G N G)  algorith m (Fritzke ,  1994 )  wa s use d becaus e i t  in -
corporate s constructiv e an d regressiv e event s whic h depen d 
on th e learnin g task ,  an d becaus e i t  provide s mechanism s t o 
produc e output s base d o n bot h th e structur e an d o n th e iden -
tit y o f  inpu t  signals ,  conformin g t o bot h neurobiologica l  an d 
psychologica l  evidence . 

The S G N G algorith m constructivel y build s th e hidde n 
laye r  o f  a  radia l  basi s functio n ( R B F )  network .  R B F net -
work s ar e differen t  fro m backpropagatio n network s i n tha t 
th e hidde n unit s hav e a  Gaussia n ('bell-shaped' )  rathe r  tha n a 
sigmoi d activatio n function .  Thi s allow s eac h hidde n uni t  t o 
be activ e onl y fo r  input s withi n a  certai n rang e (a s oppose d 
t o bein g activ e fo r  al l  input s abov e a  certai n threshold) ,  thu s 
formin g a  receptiv e field  (rf )  fo r  a  regio n o f  th e inpu t  space . 
Al l  inpu t  vector s ar e positione d i n thi s spac e accordin g t o 
thei r  featur e values ,  an d th e hidde n unit s ar e place d a t  differ -
ent  position s t o cove r  th e whol e space .  Hidde n unit s wil l  b e 
activate d b y a n inpu t  i f  i t  fall s  withi n thei r  rf ,  an d th e close r 
th e inpu t  i s t o th e cente r  o f  th e r f  th e mor e th e uni t  wil l  b e 
activated . 

The proble m i n buildin g R B F network s i s t o decid e o n 
th e numbe r  an d position s o f  th e hidde n units .  Th e S G N G 
algorith m solve s thi s proble m b y constructin g th e hidde n 
laye r  durin g learning ,  addin g unit s whe n an d wher e the y ar e 
needed . 

The C N N start s wit h jus t  tw o unit s i n th e hidde n layer , 
eac h coverin g roughl y hal f  o f  th e inpu t  spac e (se e figure  1) . 
The networ k trie s t o lear n th e tas k wit h thi s architectur e 
(b y adjustin g th e weight s wit h e.g. ,  gradien t  descent ,  th e 

perceptron-rule ,  o r  quickprop) ,  an d w h e n learnin g n o longe r 
improve s performance ,  a  ne w uni t  i s  inserted .  Th e plac e 
wher e th e ne w uni t  i s inserte d i s determine d b y th e classifica -
tio n erro r  resultin g fro m treatin g input s withi n on e r f  a s sim -
ilar :  th e r f  tha t  previousl y cause d th e highes t  erro r  i s shrun k 
and th e ne w uni t  i s  inserte d nex t  t o it .  Th e ide a her e i s tha t 
a uni t  whic h produce s a  hig h outpu t  erro r  i s inadequate ,  an d 

therefor e mor e structura l  resource s ar e neede d i n tha t  area . 
Figur e 1  show s a  hypothetica l  star t  an d en d stat e i n a  two -

dimensiona l  inpu t  space .  Whil e initiall y  onl y tw o rf s cove r 
th e whol e o f  th e space ,  late r  hidde n unit s hav e bee n inserte d 
wit h differen t  densitie s acros s th e spac e t o accoun t  fo r  th e 
specifi c  learnin g task . 
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Figur e 1 :  Receptiv e fields  coverin g th e inpu t  spac e a t  th e be -

ginnin g (left )  an d th e en d (right )  o f  learning . 
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Figur e 2 ;  Th e initia l  architectur e o f  th e C N N . 

Figure 2 shows the CNN architecture. The input layer takes 
a phonologica l  representatio n o f  th e ver b stem ,  an d th e out -
put  laye r  ha s on e uni t  fo r  eac h possibl e outpu t  clas s (se e be -
low) .  Th e hidde n laye r  initiall y  consist s o f  onl y tw o unit s bu t 
i s constructe d durin g learning .  Ther e ar e direc t  connection s 
fro m th e inpu t  t o th e outpu t  layer ,  an d eac h hidde n uni t  i s 
full y connecte d t o bot h inpu t  an d outpu t  layers . 

The direc t  input-outpu t  connection s allo w th e pas t  tens e 
classe s t o b e produce d base d o n th e structur e o f  th e inpu t 
stem .  B y contrast ,  th e (growing )  hidde n laye r  act s a s a  m e m-
ory :  i t  produce s a n outpu t  base d o n th e identit y an d no t  th e 
structur e o f  th e input .  Initially ,  though ,  simila r  verb s wil l  fal l 
int o th e sam e r f  eve n whe n the y requir e differen t  output s (e.g. , 
h e a r  an d f e a r  requirin g h e a r d an d f e a r e d ,  respec -
tively) .  Durin g th e trainin g o f  th e networ k ne w rf s woul d b e 
inserte d i n th e are a o f  suc h verbs ,  an d eventuall y simila r  verb s 
wit h dissimila r  pas t  tens e form s wil l  b e discriminate d (se e 
fig.  1) .  Wher e simila r  verb s hav e th e sam e outpu t  class ,  how -
ever ,  (e.g. ,  l o o k an d c o o k wit h l o o k e d an d c o o k e d ) , 
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no ne w rf s wil l  b e inserte d an d a  singl e r f  wil l  cove r  sev -
era l  verb s withou t  producin g a n outpu t  error .  Thus ,  th e inter -

nal  structur e o f  th e networ k wil l  adap t  t o reflec t  th e learnin g 
task .  Whil e takin g advantag e o f  a  "starting-smali "  approach , 
thi s task-dependen t  adaptatio n i s i n contras t  t o othe r  develop -

in g system s tha t  incorporat e a  pre-programme d developmen t 
suc h a s a n extensio n o f  short-ter m memor y span ,  wher e th e 
fina l  architectur e i s independen t  fro m th e specifi c  proble m 
bein g learne d (se e e.g. ,  Elman ,  1993) . 

Experiments 

I n orde r  t o allo w fo r  comparison s betwee n differen t  models , 
th e presen t  simulation s employe d th e corpu s fro m MacWhin -
ney &  Leinbac h (1991) ,  whic h wa s als o use d b y Lin g &  Mari -
nov (1993 )  i n thei r  SP A model .  Thi s corpu s consist s o f  1,40 4 
stem/pas t  tens e pair s o f  Englis h verbs .  Th e verb s wer e tran -
scribe d usin g UNIBE T and ,  followin g MacWhinne y &  Lein -
bach (1991) ,  represente d i n a  templat e forma t  containin g slot s 
fo r  consonant s an d vowels .  Tabl e 1  show s example s o f  th e 
phonologica l  encodin g o f  som e verbs .  Eac h phonem e wa s 
represente d b y te n features ,  suc h a s voiced ,  labial ,  denta l 
fo r  consonants ,  an d front ,  center ,  hig h fo r  vowels .  A  tem -
plat e consiste d o f  1 8 slots ,  resultin g i n a  180-bi t  featur e vec -
to r  fo r  th e representatio n o f  eac h verb .  Fo r  th e outpu t  th e 
verb s wer e classifie d accordin g t o ho w the y for m thei r  pas t 
tens e (adapte d fro m Pinke r  &  Prince ,  1988) .  Fo r  example , 
th e clas s /.v /  —>•  /(' /  containe d th e verb s understand , 
withstand ,  overtake ,  stand ,  shake ,  an d take ,  an d 
th e clas s /j- /  —>•  /6 /  comprise d string ,  strike ,  swing , 
stick ,  fling ,  cling ,  spin ,  hang ,  an d dig .  Thi s clas -
sificatio n resulte d i n 2 3 outpu t  classes ,  on e fo r  regula r  an d 2 2 
fo r  irregula r  verbs .  Eac h outpu t  uni t  o f  th e networ k corre -
sponde d t o on e outpu t  class . 

Table I: Some examples for the template-encoding of verbs. 

brin g 
explai n 
recogniz e 
"remplate ~ 

br-I- N 
I-ksp--l--e-n- -

r — E - k — I - g n - 3 - z — 
C C C W C C C W C C C W C CC 

Fro m th e origina l  corpu s o f  24,80 2 tokens ,  8,00 0 token s 
wer e randoml y extracte d accordin g t o th e frequenc y o f  thei r 
pas t  tens e forms .  Th e structur e o f  th e resultin g corpu s i s sum -
marize d i n tabl e 2 . 

Table 2: The structure of the training corpus. 

regula r 

irregula r 

tota l 

Type s 

94 3 (88.4% ) 

123 (11.6% ) 

1,06 6 (100% ) 

Token s 

457 9 (57.2% )  | 

342 1 (42.8% ) 

8,00 0 (100% ) 

Trainin g wa s non-incremental :  th e whol e trainin g se t  o f 
8,(X) 0 stem/past-tense-clas s pair s wa s presente d t o th e net -
wor k i n rando m orde r  a t  eac h epoch .  Hidde n unit s wer e in -
serte d dependin g o n th e learnin g progres s (se e previou s sec -
tion) ,  an d th e networ k wa s teste d fo r  it s  performanc e o n th e 
trainin g se t  prio r  t o eac h insertion . 

Result s 

Thi s sectio n describe s th e result s o f  th e learnin g experiment . 

Learning 

The networ k wa s traine d fo r  4,05 5 epochs ,  a t  whic h poin t 
i t  correctl y classifie d 99.6% .  (93 9 ou t  o f  943 )  o f  th e regu -

la r  verb s an d 97.6 % (12 0 ou t  o f  123 )  o f  th e irregula r  verbs . 
Tabl e 3  compare s th e learnin g result s o f  th e C N N wit h th e 
R & M,  M & L ,  an d SP A models .  Whil e al l  model s performe d 
equall y wel l  fo r  th e regula r  verbs ,  th e C N N outperforme d th e 
othe r  model s o n th e irregula r  verbs ,  closel y followe d b y th e 
symboli c SPA .  Thi s succes s seem s t o b e a  direc t  consequenc e 

of  th e abilit y  o f  th e C N N t o allocat e structur e wher e needed , 
and thu s specificall y fo r  th e harder-to-lear n irregula r  verbs . 
The precis e structur e o f  th e traine d C N N i s analyze d below . 

Table 3: Performance on training of the four compared 

model s (extende d fro m Lin g &  Marinov ,  1993) . 

Ver b type s 

Percentag e correc t 
Tota l 
Regular s 
Irregular s 

R &M M & L SP A 
420 1,65 0 1,03 8 

97. 0 99. 3 99. 2 
98. 0 100. 0 99. 6 
95. 0 90, 7 96. 6 

CNN 
1.06 6 

99. 3 
99. 6 
97. 6 

General izat io n t o N o v e l  V e r b s 

T h e traine d C N N wa s teste d o n it s  generalizatio n t o nove l 
verbs .  A s Lin g &  Marino v (1993 )  hav e pointe d out ,  test -
in g th e generalizatio n abilit y o f  a  mode l  o n existin g verb s i s 
misleadin g becaus e irregula r  verb s ar e b y thei r  natur e unpre -
dictable .  Therefore ,  i n lin e wit h Lin g &  Marinov ,  th e C N N 
was teste d o n a  se t  o f  6 0 pseudo-verb s whic h ha d als o bee n 
teste d o n h u m a n subject s (Prasad a &  Pinker ,  1993) .  Thes e 
verb s consiste d o f  block s o f  te n whic h wer e prototypical ,  in -
termediat e an d distan t  wit h respec t  t o existin g regula r  an d ir -
regula r  verbs . 

human 
•  CNN I 

1' - • 

4 — 

U, 
ai .  -

' -

• 

1 

• 

1 
P I  D 

Pseudo-Irregular s 
P I  D 

Pseudo-Regular s 

Figur e 3 :  Generalizatio n o f  th e C N N t o differen t  classe s 

of  pseudo-verbs ,  i n compariso n wit h humans ,  th e SPA ,  an d 

R & M ' s networ k (extende d fro m Lin g &  Marino v 1993) .  P  = 

Prototypical ,  I  =  Intermediate ,  D  =  Distant . 

The results of the generalization experiments are shown 
i n figure  3 .  Th e C N N ha d a  stronge r  tendenc y t o regular -
iz e nove l  "irregular "  pseudo-verb s tha n huma n subject s an d 
performe d similarl y t o th e SPA .  Fo r  "regular "  pseudo-verb s 
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th e networ k performe d ver y simila r  t o huma n subject s an d 
bette r  tha n bot h th e S P A an d th e R & M models :  2 9 o f  th e 
30 pseudo-regular s wer e regularized ,  an d th e on e remain -
in g verb ,  p l e e m ,  wa s equall y stron g classifie d a s regula r 
( p l e e m e d )  an d belongin g t o th e s l e e p - s l e p t  class ,  thu s 
yieldin g p l e m t . 

Developing Network Architecture 

At  th e en d o f  trainin g th e C N N ha d constructe d a  hidde n laye r 
consistin g o f  39 7 r f  units ,  i.e. ,  o n averag e eac h r f  accounte d 
fo r  2.6 9 verbs .  However ,  a  close r  analysi s o f  th e distributio n 
of  thes e rf s ove r  th e inpu t  spac e showe d a  larg e differenc e 
betwee n regula r  an d irregula r  verbs :  th e 12 3 irregula r  ver b 
type s wer e distribute d ove r  10 7 rfs ,  i.e. ,  eac h irregula r  ver b 
claime d o n averag e 8 7 % o f  a n r f  (rangin g fro m on e t o thre e 
verb s pe r  field).  B y contrast ,  th e 94 3 regula r  ver b type s wer e 
distribute d ove r  jus t  34 7 rf s (som e o f  whic h covere d bot h reg -
ula r  an d irregula r  verbs) ,  i.e. ,  eac h regula r  ver b claime d o n 
averag e jus t  3 7 % o f  a n rf ,  wit h th e numbe r  o f  regula r  verb s i n 
a singl e r f  rangin g fro m on e t o twelve .  Thi s resul t  clearl y 
shows th e advantag e o f  constructivis t  a s oppose d t o fixed-
architectur e models :  a  constructivis t  mode l  ca n allocat e it s 
resource s wher e the y ar e needed ,  an d ther e i s n o nee d fo r  a n 
a prior i  choic e o f  th e numbe r  o f  hidde n units .  Eac h hidde n 
uni t  processe s onl y a  smal l  subse t  o f  th e verb s an d ca n there -
for e lear n th e correc t  outpu t  efficiently .  Th e final  networ k 
architectur e reflect s th e propertie s o f  th e learnin g problem ; 
i n thi s case ,  a  numbe r  o f  larg e rf s fo r  th e regula r  verb s an d 
small ,  fine-grained  rf s fo r  th e mor e difficul t  irregula r  verbs . 

U-shaped Learning Curve 

The mos t  strikin g featur e o f  pas t  tens e acquisitio n i n chil -
dre n i s th e U-shape d learnin g curve :  a n unlearnin g o f  previ -
ousl y correc t  irregula r  pas t  tens e form s an d thei r  subsequen t 
re-learnin g (e.g. ,  s a w — s e e d / s a w e d — s a w ) ,  an d a  plausi -
bl e mode l  shoul d follo w thi s well-documente d (Marcu s e t  al. , 
1992 )  course .  However ,  mos t  o f  th e existin g model s hav e 
been unabl e t o provid e a  realisti c accoun t  o f  th e emergenc e 
of  th e U-shape d learnin g curve :  wherea s R & M relie d o n th e 
assumptio n tha t  th e learnin g environmen t  o f  a  chil d change s 
fro m a  first  stag e o f  mainl y irregula r  verb s t o a  secon d stag e 
of  mainl y regula r  verbs ,  an d chos e thei r  trainin g dat a accord -
ingly ,  M & L ' s mode l  coul d no t  accoun t  fo r  an y unlearnin g o f 
irregula r  forms .  I n th e SPA ,  U-shape d learnin g wa s achieve d 
by th e explici t  manipulationo f  a  learnin g paramete r  tha t  con -
trolle d ho w man y time s a  ver b ha d t o b e see n i n orde r  t o b e 
memorize d a s a n exception—i f  i t  occurre d les s often ,  i t  wa s 
overreguiarized .  Beside s "hard-wiring "  th e theor y tha t  chil -
dre n posses s suc h a  variabl e parameter ,  an d usin g th e result -
in g U-shape d learnin g curve  a s evidenc e fo r  th e sam e theory , 
thi s procedur e als o establishe d a  perhap s unrealisticall y direc t 
relationshi p betwee n th e frequenc y o f  a  ver b an d it s overreg -
ularization .  Plunket t  &  Marchma n (1993 )  wer e abl e t o sho w 
U-shape d learnin g i n a n environmen t  wher e th e trainin g cor -
pus wa s slowl y expanded .  However ,  i t  migh t  b e mor e plau -
sibl e t o assum e tha t  whil e th e learnin g environmen t  o f  th e 
chil d i s static ,  th e chil d himsel f  i s  undergoin g change s tha t 
wil l  influenc e th e processin g o f  th e environmenta l  inpu t  (se e 
als o Elman ,  1993) .  Therefore ,  i t  wa s interestin g t o investi -
gat e th e behavio r  o f  th e C N N i n a  non-incrementa l  trainin g 
environment . 

I n fac t  th e C N N displaye d a  U-shape d learnin g curv e fo r 
many o f  th e irregula r  verb s i n th e trainin g corpus .  A  pe -
rio d o f  overregularizatio n (i.e. ,  a  classificatio n o f  th e ver b a s 
belongin g t o th e regula r  class )  wa s precede d b y a  phas e o f 
correc t  classification ;  thi s wa s th e cas e e.g. ,  fo r  s a w ,  s o l d , 
t o l d ,  s a i d ,  r a n g ,  etc .  A t  othe r  point s durin g training , 
many o f  thes e verb s wer e classifie d equall y strongl y a s regu -
la r  an d a s irregular ,  whic h correspond s t o a  regularizatio n o f 
th e pas t  tens e form ,  e.g. ,  s a w e d an d s a n g e d .  Th e overal l 
overregularizatio n rat e decrease d fro m 2 5 % ver y earl y o n i n 
trainin g t o 2 .4 % toward s th e end ,  althoug h ther e wer e larg e 
difference s betwee n individua l  verbs .  Whil e n o across-the -
boar d U-shape d learnin g affecte d al l  irregula r  verb s simulta -
neously ,  correspondin g t o psycholinguisti c evidenc e (Marcu s 
et  al. ,  1992 )  ther e wa s a  phas e o f  overregularization s a t  indi -
vidua l  time s fo r  differen t  verbs . 

As wit h children ,  frequen t  verb s i n th e C N N wer e overreg -
uiarize d m u c h les s ofte n tha n infrequen t  ones .  Th e te n mos t 
frequen t  irregular s wer e overreguiarize d o n averag e onl y i n 
0.16 % o f  al l  cases ,  wherea s th e te n leas t  frequen t  one s ha d a n 
averag e overregularizatio n rat e o f  37.7% . 

A furthe r  resul t  correspondin g t o chil d languag e dat a 
concerne d th e protectio n fro m overregularizatio n b y simi -
la r  soundin g irregulars :  th e thre e verb s h a n g ,  s l i d e ,  an d 
b e a r  wer e overreguiarize d o n averag e i n 7 .3 % o f  al l  cases , 
wherea s r i n g ,  s p r i n g ,  an d s i n g ,  despit e comparabl e to -
ke n frequencies ,  wer e overreguiarize d i n onl y 0.9 % o f  al l 
cases . 

Th e C N N mode l  wa s thu s successfu l  i n modelin g th e 
whol e o f  th e U-shape d learnin g curv e includin g a  conec t  pro -
ductio n o f  pas t  tens e form s befor e thei r  subsequen t  overregu -
larization ,  an d it s performanc e corresponde d t o th e detail s o f 
children' s pas t  tens e learning . 

H o w doe s th e U-shape d learnin g i n th e C N N occur ? Sinc e 
th e ver b se t  wa s hel d constan t  throughou t  training ,  th e chang e 
i n performanc e coul d onl y b e a  consequenc e o f  th e inter -
nal  reorganizatio n o f  th e networ k architecture .  Initially ,  th e 
networ k ha d onl y tw o hidde n units ,  eac h o f  whic h roughl y 
covere d abou t  hal f  o f  al l  verb s wit h thei r  varie d pas t  tens e 
classes ,  an d th e C N N therefor e ha d t o rel y o n th e direc t 
input-outpu t  connection s fo r  producin g th e correc t  pas t  tens e 
classes .  Give n thes e restriction s th e C N N initiall y  learne d 
th e pas t  tens e classe s o f  fewe r  irregular s bu t  o f  mos t  regula r 
verbs . 

Durin g th e trainin g process ,  however ,  th e C N N graduall y 
gre w it s hidde n layer ,  addin g mor e receptiv e fields  whic h lea d 
t o th e reorganizatio n o f  th e interna l  representation s (mainl y 
of  irregula r  verbs )  fro m a  structure-base d (i n th e direc t  input -
outpu t  connections )  toward s a n identity-base d (i n th e hidde n 
layer )  representation . 

Thi s constructio n proces s lea d t o a  phas e i n whic h produc -
tio n o f  th e irregula r  classe s wa s partl y take n ove r  b y th e hid -
den layer ,  bu t  th e fe w receptiv e fields  wer e larg e an d include d 
regula r  a s wel l  a s irregula r  verbs ,  thereb y causin g error s eve n 
fo r  irregula r  verb s tha t  ha d initiall y  bee n produce d correctl y 
throug h th e direc t  input-outpu t  connections .  Thi s phas e i n 
th e C N N ,  i n whic h representation s ar e relocate d t o insuffi -
cien t  resources ,  correspond s t o th e overregularizatio n stag e 
i n children .  I t  i s  eviden t  tha t  wit h thi s mechanism ,  differen t 
verb s woul d b e overreguiarize d a t  differen t  times ,  depend -
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Figur e 4 :  T h e learnin g curve s fo r  th e regula r  an d irregula r 
pas t  tens e classe s i n th e intac t  networ k an d wit h a  lesione d 

hidde n layer . 

ing on whether they had been allocated to an individual re-
ceptiv e field.  T h e proces s o f  interna l  reorganizatio n o f  th e 
network' s representation s become s eviden t  i n figure  4 ,  whic h 
show s th e learning  curve s fo r  th e regula r  an d irregula r  pas t 
tens e classe s bot h i n th e intac t  C N N an d afte r  lesionin g th e 
hidde n laye r  (b y deletin g th e connection s fro m th e hidde n t o 
th e outpu t  layer )  w h e n onl y th e direc t  input-outpu t  connec -
tion s wer e used . 

Initially ,  wit h onl y a  fe w hidde n units ,  lesionin g th e hidde n 
laye r  di d no t  hav e a  stron g effec t  o n networ k performance : 
wit h o r  withou t  th e hidde n layer ,  initiall y  abou t  6 0 % o f  th e 
irregula r  an d 8 0 % o f  th e regula r  pas t  tens e form s wer e clas -
sifie d correctly .  A s th e hidde n laye r  grew ,  however ,  lesionin g 
lea d t o a  marke d decreas e i n performanc e fo r  th e irregula r 
verb s only ,  resultin g i n onl y 1 6 % bein g classifie d correctl y a t 
th e en d o f  trainin g w h e n th e hidde n laye r  wa s lesioned .  Thi s 
resul t  indicate s tha t  th e representation s o f  eve n initiall y  cor -
rectl y classifie d irregula r  verb s wer e shifte d fro m th e direc t 
connection s int o th e growin g hidde n layer ,  leadin g i n m a n y 
case s t o th e temporaril y  incorrec t  productio n o f  initiall y  cor -
rec t  classes .  T h e interna l  reorganizatio n o f  th e C N N du e t o 
a constructivis t  adaptatio n o f  it s structur e coul d thu s accoun t 
fo r  th e unlearnin g o f  initiall y  correc t  output s an d therefor e 
th e U-shape d learnin g curv e i n th e acquisitio n o f  th e Englis h 
pas t  tense . 

Ther e w a s almos t  n o effec t  o f  lesionin g th e hidde n laye r  o n 
th e regula r  verbs ,  however ,  suggestin g a  develope d dissocia -
tio n betwee n regula r  an d irregula r  verbs .  Thi s dissociatio n i s 
discusse d i n th e nex t  section . 

Emergent Modularity 

Th e functiona l  dissociatio n betwee n regula r  an d irregula r 
verb s tha t  ca n b e observe d i n psycholinguisti c experiment s 
but  als o i n certai n neurologica l  disorder s suc h a s Specifi c 
Languag e Impairmen t  (SLI )  an d William s Syndrome ,  ha s le d 
t o th e postulatio n o f  differen t  pathway s an d subsystem s fo r 
th e productio n o f  thes e form s (e.g. .  Pinker ,  1991) .  Pinke r 
argue d tha t  irregula r  form s wer e produce d i n a n associativ e 
memory wherea s regula r  form s relie d o n th e applicatio n o f  a 
menta l  rule .  Thi s rul e wa s assume d t o b e independen t  fro m 
environmenta l  input ,  possibl y havin g a  geneti c basis . 

However ,  model s i n whic h thes e tw o functionall y distinc t 

pathway s hav e bee n hard-wire d hav e bee n show n t o wor k 
onl y wit h specific ,  unrealisti c assumption s abou t  th e structur e 
of  a  corpu s wit h regula r  an d irregula r  form s (Nakis a e t  al. , 
1997) . 

lOO-)! , 

4 0 % - -

2 0 % - -

regular s 

irrej-ulars 

Hidden-Outpu t  Input-Outpu t 
Connection s Lesione d 

F igu r e 5 :  T h e effec t  o f  lesionin g differen t  p a t h w a y s o n th e 

produc t io n o f  regula r  a n d irregula r  pas t  tens e classes . 

In the CNN, a dissociation between regular and irregular 
verb s e m e r g e d a s a  direc t  o u t c o m e o f  th e constructivis t  pro -
cess .  D u r i n g learning ,  th e t w o p a t h w a y s ,  th e direc t  input -
ou tpu t  connec t ion s a n d th e h idde n layer ,  d e v e l o p e d t o tak e 
o n specifi c  functions .  W h i l e th e regula r  pas t  tens e clas s w a s 
p r o d u c e d t h roug h th e direc t  connect ions ,  th e irregula r  classe s 
wer e produce d mainl y i n th e developin g hidde n layer .  Th e 
doubl e dissociatio n betwee n regula r  an d irregula r  verb s wa s 
demonstrate d b y lesionin g bot h pathway s selectivel y (fig -
ur e 5) :  lesionin g th e hidde n laye r  i n th e full y traine d networ k 
lef t  productio n o f  th e regula r  ver b clas s intac t  (97.45 % cor -
rect )  bu t  severel y impaire d th e productio n o f  irregula r  classe s 
(onl y 16.26 % correct) .  9 0 % o f  th e irregula r  error s i n thi s cas e 
wer e overregularizations ,  an d i n th e othe r  case s th e networ k 
faile d t o produc e an y outpu t  class .  B y contrast ,  lesionin g 
th e direc t  input-outpu t  connection s lef t  productio n o f  th e ir -
regula r  classe s onl y slightl y impaire d (83.74 % correct )  bu t 
had a  marke d effec t  o n th e regular s (onl y 32.13 % correct) . 
Thi s functiona l  modularit y wa s no t  pre-specified ,  bu t  devel -
ope d solel y throug h th e constructio n o f  th e hidde n laye r  i n 
respons e t o th e learnin g tas k an d th e resultin g shif t  o f  th e in -
terna l  representation s o f  th e irregula r  verb s int o thi s hidde n 
layer . 

Thes e result s migh t  accoun t  fo r  th e languag e deficit s ob -
serve d i n SL I  an d William s Syndrome :  SL I  patient s ofte n 
hav e problem s wit h convertin g presen t  tens e t o pas t  tens e 
forms ,  wit h mor e pronounce d difficultie s fo r  th e regula r 
forms .  Pinke r  (1991 )  cite d a  stud y i n whic h SL I  childre n 
supplie d 8 5 % o f  irregula r  pas t  tens e form s bu t  onl y 3 0 % o f 
regula r  form s correctly .  I n th e C N N a  ver y simila r  resul t  i s 
achieve d b y lesionin g th e input-outpu t  pathway .  SL I  coul d 
thu s consis t  i n a  failur e t o develo p o r  utiliz e thi s pathway . 

Similarly ,  childre n sufferin g fro m William s Syndrom e 
see m t o retriev e word s i n a  devian t  fashio n an d d o no t  sho w 
th e norma l  tendenc y t o favo r  high-frequenc y word s (Pinker , 
1991) .  Th e syndrom e ca n b e accompanie d b y hig h overregu -
larizatio n rates ,  a n effec t  whic h i n th e C N N ca n b e explaine d 
wit h a  partia l  o r  tota l  lesionin g o f  th e receptiv e field  hidde n 
layer ,  o r  a n insufficien t  developmen t  o f  thi s layer . 

Discussion 

The simulation s describe d i n thi s pape r  giv e empirica l  evi -
denc e tha t  constructivis t  neura l  network s ca n mode l  th e ac -

113 4 



quisitio n o f  th e Englis h pas t  tens e mor e closel y tha n othe r 
model s whic h rel y o n fixed  architectures .  Th e abilit y  o f  th e 
C NN t o develo p it s structur e i n respons e t o th e specific s o f 
th e learnin g tas k no t  onl y allowe d i t  t o allocat e mor e struc -
tur e t o th e difficult-to-lear n irregula r  verbs ,  bu t  als o le d t o a 
U-shape d learnin g curv e base d o n th e interna l  reorganizatio n 
of  representations ,  an d t o a n emergen t  functiona l  modularit y 
wit h dissociation s betwee n regula r  an d irregula r  verbs .  Th e 
model  thu s closel y followe d th e developmenta l  profil e ob -
serve d i n childre n an d reflecte d i n it s final  architectur e prop -
ertie s tha t  ca n b e foun d i n adult s throug h psycholinguisticex -
periment s an d i n neurologica l  disorders .  Togethe r  wit h th e 
theoretica l  argument s fo r  constructivis t  learnin g thes e result s 
offe r  compellin g evidenc e fo r  th e usefulnes s o f  constructivis t 
model s i n th e stud y o f  cognitiv e development . 

I t  i s  interestin g t o not e tha t  th e previou s mode l  whic h 
came closes t  i n it s performanc e t o th e C N N i s th e sym -
boli c SPA .  However ,  thi s mode l  i s als o constructivist :  i t 
dynamicall y build s a  decisio n tre e base d o n th e trainin g 
data .  Th e result s o f  th e presen t  simulation s sugges t  tha t  th e 
fac t  tha t  th e SP A outperforme d th e R & M an d M & L model s 
was no t  primaril y du e t o it s symboli c architecture ,  bu t  wa s 
base d o n it s constructivis t  nature .  Therefore ,  th e dichotom y 
fixed-architecture  vs .  constructivistmightbemor e fundamen -
ta l  tha n th e traditiona l  symboli c  vs .  subsymboli c distinctio n 
whic h previou s pas t  tens e model s hav e aime d t o emphasize . 
Direc t  comparison s betwee n symboli c an d subsymboli c mod -
el s ca n thu s onl y b e mad e eithe r  withi n o r  withou t  th e con -
structivis t  framework ,  wit h constructivis t  model s conformin g 
bette r  t o evidenc e fro m neura l  an d cognitiv e development . 

Althoug h th e SP A an d th e C N N performe d similarl y i n 
term s o f  learnin g an d generalizatio n behavior ,  th e C N N pro -
vide d bette r  explanation s o f  U-shape d learnin g an d showe d 
an emergen t  modularit y wit h dissociation s betwee n ver b 
types .  Thi s migh t  b e du e t o th e advantage s o f  subsymboli c 
learnin g wher e low-leve l  interaction s betwee n simpl e unit s 
lea d t o emergen t  comple x behavior . 

The result s fro m bot h th e presen t  an d previou s simula -
tion s contradic t  th e vie w tha t  connectionis t  model s entai l 
a homogeneou s architecture .  Th e C N N develop s a  modu -
la r  architectur e wit h dissociation s betwee n ver b type s solel y 
on th e basi s o f  a  singl e learnin g mechanism .  However , 
not  al l  constructivis t  model s wil l  necessaril y  develo p suc h a 
modula r  architecture .  Therefore ,  a  mode l  o f  cognitiv e de -
velopmen t  shoul d b e classifie d alon g th e thre e dimension s 
symbolic-subsymboUc ,  modular-homogeneous ,  an d fixed -
architecture-constructivist .  Give n thi s three-dimensiona l 
classificatio n matrix ,  th e presen t  pape r  suggest s tha t  subsym -
bolic ,  modula r  constructivis t  system s provid e th e mos t  realis -
ti c  model s o f  cognitiv e developmen t  i n th e child . 
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Abstrac t 

This paper explores the use of an artificial neural network to 
investigat e th e menta l  representatio n o f  abstrac t  nou n 
meanings .  Unlik e concret e nouns ,  abstrac t  noun s refe r  t o 
entitie s tha t  canno t  b e pointe d to .  Cue s t o thei r  meanin g mus t 
therefor e b e i n thei r  contex t  o f  use .  I t  ha s frequentl y bee n 
shown tha t  th e meanin g o f  a  wor d varie s wit h it s context s o f 
use .  I t  i s  mor e difficult ,  however ,  t o identif y whic h element s 
of  contex t  ar e relevan t  t o a  word' s meaning .  Th e presen t 
stud y demonstrate s tha t  a  connectionis t  networ k ca n b e use d 
t o examin e thi s problem .  A  feedforwar d networ k learne d t o 
distinguis h amon g seve n abstrac t  noun s base d o n 
characteristic s o f  thei r  verba l  context s i n a  corpu s o f 
randoml y selecte d sentences .  Th e result s sugges t  that ,  fo r  ou r 
sample ,  th e contextua l  representatio n o f  abstrac t  noun s i s i n 
principl e sufficien t  t o identif y an d distinguis h abstrac t  nouns . 
and thu s meet s th e functiona l  requirement s o f  concep t 
representation . 

Introduction 

I n th e recen t  tw o decades ,  concep t  theorie s hav e 

increasingl y adopte d th e vie w o f  flexible,  context-dependen t 

concep t  representation s (e.g. ,  Anderson .  1990 ;  Barsalou , 

1982 ;  Kintsch ,  1998) .  Thes e theorie s ca n bette r  accoun t  fo r 

th e empirica l  finding s whic h sugges t  tha t  concept s ar e 

sensitiv e t o differen t  context s o f  use . 

Th e necessit y o f  a  context-sensitiv e representatio n 

become s especiall y eviden t  whe n considerin g abstrac t  noun s 

suc h a s goal ,  an d idea .  Abstrac t  noun s refe r  t o entitie s tha t 

ar e no t  perceivabl e an d canno t  b e pointe d to ,  a s i n th e cas e 

of  concret e nouns ,  lik e cor .  Therefore ,  th e standar d 

approac h o f  decomposin g concept s int o feature s canno t  b e 

applie d t o abstrac t  concepts .  Instead ,  i n orde r  t o understan d 

abstrac t  nouns ,  th e context s i n whic h the y ar e use d ar e 

importan t  (Quine ,  1960) .  I n orde r  t o understan d wha t  ide a 

means,  fo r  example ,  i t  m a y b e usefu l  t o k n o w tha t  someon e 

successfull y solve s a  proble m afte r  havin g a n idea . 

I n thi s study ,  w e explor e verba l  context .  W e clai m tha t 

abstrac t  nou n meaning s ar e strongl y relate d t o thei r  verba l 

contexts .  Th e stron g for m o f  ou r  hypothesi s i s  tha t  th e 

meanin g o f  abstrac t  noun s m a y b e determined ,  no t  jus t 

influenced ,  b y th e contex t  o f  use .  I t  i s  motivate d b y th e 

effec t  o f  contex t  o n wor d meaning s o n th e on e hand ,  an d b y 

th e difficult y t o perceiv e th e reference s o f  abstrac t  noun s o n 

th e othe r  hand .  Abstrac t  noun s ar e acquire d relativel y lat e 

i n languag e acquisition ,  an d i t  i s  therefor e possibl e (bu t  doe s 

not  necessaril y  follow )  tha t  childre n us e a  variet y o f  verba l 

contex t  cue s t o infe r  th e meaning s o f  abstrac t  nouns .  Th e 

clai m tha t  contex t  i s  th e sourc e fo r  understandin g abstrac t 

noun s i s intuitivel y compelling .  Still ,  th e clai m need s t o b e 

investigate d t o examin e th e relatio n o f  contex t  an d wor d 

meaning .  I t  seem s necessar y t o examin e th e rol e o f  a  broa d 

set  o f  contex t  features . 

Th e fac t  tha t  contex t  play s a  majo r  rol e fo r  a  word' s 

meanin g ha s bee n widel y acknowledged .  Evidenc e tha t 

contex t  contain s informatio n relate d t o a  word' s meanin g i s 

apparen t  i n studie s usin g th e cloz e metho d (fo r  example , 

Hamberger ,  Friedma n &  Rosen ,  1996) .  Subject s ar e show n 

a sentenc e i n whic h a  wor d ha s bee n deleted .  I n it s place , 

ther e i s a  blank .  Th e subject s ar e aske d t o fil l  i n a  wor d tha t 

fit s  th e contex t  best .  Th e informatio n tha t  context s provid e 

abou t  a  missin g word' s meanin g varies .  S o m e context s 

provid e enoug h informatio n fo r  th e subjec t  t o identif y th e 

correc t  missin g word ,  wherea s i n othe r  case s a  wid e rang e o f 

word s fit s  th e context . 

Lexicographer s appreciat e th e importanc e o f  context .  I n 

thei r  attempt s t o defin e a  word' s definition ,  the y dra w 

informatio n fro m exampl e sentence s i n whic h th e define d 

wor d i s used .  Thi s woul d b e a n unproductiv e tas k i f  thes e 

context s di d no t  contai n informatio n tha t  constrain s th e 

rang e o f  possibl e meaning s o f  th e wor d t o b e defined . 

Ther e i s som e evidenc e tha t  human s ofte n deriv e a  word' s 

meanin g fro m it s context .  Sternber g an d Powel l  (1983 )  hav e 

demonstrate d tha t  th e meaning s o f  unfamilia r  word s ca n b e 

derive d fro m context .  M c K e o w n (1985 )  an d man y other s 

hav e argue d tha t  wor d meanin g ca n b e learne d fro m context . 

I t  i s  assume d that ,  afte r  exposur e t o differen t  contexts ,  th e 

languag e learne r  ideall y start s t o decontextualiz e th e wor d 

meaning . 

Our  stron g hypothesi s i s furthe r  supporte d b y researc h tha t 

point s ou t  th e relevanc e o f  contex t  specificall y i n th e 

processin g o f  abstrac t  words .  Schwanenfluge l  an d Shobe n 

(1983 )  demonstrate d tha t  abstrac t  noun s ar e processe d mor e 

easil y whe n presente d i n a  contex t  tha t  activate s informatio n 

relevan t  t o th e nou n i n memory .  The y demonstrat e tha t  th e 

m e m o ry advantag e o f  visualizabl e (tha t  is ,  concrete ) 

materia l  disappear s i f  bot h abstrac t  an d concret e word s ar e 

embedde d i n context .  The y explai n thi s wit h th e contex t 

availabilit y  model ,  accordin g t o whic h abstrac t  nou n 
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representation s ar e onl y weakl y connecte d t o associate d 

contex t  informatio n i n memory . 

Context Information 

Mille r  an d Charle s (1991 )  hav e argue d tha i  simila r  word s 

occu r  i n simila r  contexts .  The y propos e lou r  type s o t 

contex t  informatio n tha t  i s  store d wit h concept s i n th e 

menta l  lexicon :  collocation ,  semanti c context ,  syntacti c 

context ,  an d pragmati c context .  Th e subjects '  abilit y  t o fil l 

i n th e correc t  wor d i n studie s employin g th e cloz e procedur e 

may b e explaine d wit h collocatio n information ,  tha t  is , 

association s o f  word s tha t  frequentl y co-occu r  i n sentences . 

T wo recen t  model s o f  semanti c representatio n hav e 

emphasize d th e rol e o f  wor d co-occurrenc e i n context :  H A L 

(Hyperspac e Analogu e t o Language ,  Lun d &  Burgess ,  1996 ) 

and L S A (Laten t  Semanti c Analysis ,  Landaue r  &  Dumais , 

1997) .  I n thes e systems ,  contex t  i s  no t  represente d b y 

features ,  a s i n th e network ,  discusse d i n th e presen t  paper , 

but  b y th e co-occurrenc e o f  word s i n contexts .  Bot h H A L 

and L S A impressivel y demonstrat e tha t  wor d co-occurrenc e 

informatio n (o r  collocatio n information )  o f  a  particula r  wor d 

can g o a  fa r  wa y i n determinin g th e word' s locatio n i n 

semanti c space .  W e argu e i n thi s pape r  tha t  th e meanin g o f 

abstrac t  noun s i s no t  determine d b y co-occurrin g words ,  bu t 

instea d b y semanti c an d syntacti c contex t  information . 

Abstract Concepts in HAL 

Burges s an d Lun d (1997 )  hav e demonstrate d tha t  a  se t  o f 

abstrac t  concept s ca n b e classifie d i n semanti c spac e o n th e 

basi s o f  co-occurrences .  Accordin g t o thei r  model ,  abstrac t 

concept s ca n b e classifie d i n th e sam e wa y a s othe r  type s o f 
word s (concret e noun s an d others) .  Thi s findin g support s 

th e argumen t  tha t  context ,  i n thi s particula r  case ,  wor d co -

occurrence ,  i s a  powerfu l  semanti c informatio n source . 

However ,  th e resul t  an d th e mode l  d o no t  explai n wh y ther e 

ar e difference s i n th e cognitiv e processin g o f  abstrac t  an d 

concret e concepts ,  a s the y hav e bee n demonstrate d i n 

imager y an d comprehensio n tim e studies .  I n thi s respect , 

th e H A L mode l  doe s no t  presen t  a  convincin g mode l  o f 

abstrac t  concep t  representation . 

The concept s i n th e stud y b y Burges s an d Lun d wer e no t 

exclusivel y abstrac t  nouns .  Th e emotiona l  connotatio n 

word s wer e clearl y separate d fro m th e lega l  term s i n a 

multidimensiona l  scalin g analysis ,  bu t  i t  i s  no t  clea r  whethe r 

thi s i s du e t o thei r  emotiona l  connotatio n o r  du e t o th e 

ambiguit y o f  thei r  wor d class .  Burges s an d Lun d 

demonstrat e i n th e sam e stud y tha t  H A L ca n separat e 

syntacti c classe s o f  words .  W e thin k tha t  thi s coul d explai n 

thei r  result s fo r  abstrac t  concepts .  Fo r  example ,  happ y i s a n 

adjective ,  an d lov e an d hat e ar e ofte n use d a s verbs .  Franci s 
and Kucer a (1982 )  lis t  a  ver b frequenc y o f  14 5 an d a  nou n 

frequenc y o f  17 9 fo r  love .  Fo r  hate ,  th e ver b frequenc y i s 

66 an d th e nou n frequenc y i s 10 .  Thes e frequencie s matc h 
th e semanti c distance s a s presente d b y Burges s an d Lun d (p . 

62) :  Lov e i s close r  t o th e cluste r  o f  la w term s (mainl y 
consistin g o f  nouns) ,  an d hat e i s a t  th e distan t  corner .  O f 

course ,  a  bette r  estimat e o f  frequencie s woul d b e base d o n 

th e tex t  corpu s tha t  H A L use d fo r  th e study . 

Th e possibilit y  tha t  H A L ha s separate d wor d classe s 

instea d o f  categorie s o f  abstrac t  concept s i s furthe r 

supporte d b y th e fac t  tha t  /o v an d sorrow ,  whic h ar e clearl y 

emotiona l  terms ,  ar e withi n th e cluste r  o f  lega l  terms , 

wherea s th e ler m judge ,  whic h i n Franci s an d Kucer a ha s a 

ver b frequenc y o f  4 2 an d a  nou n frequenc y o f  81 .  i s  oriente d 

toward s th e lov e an d hat e cluster .  Murde r  i s i n th e 'nou n 

cluste r  ,  an d accordin g t o Franci s an d Kucera ,  th e ver b 

frequenc y fo r  murde r  i s rathe r  lo w (16) ,  wherea s th e nou n 

frequenc y i s 83 . 

I t  i s  difficul t  t o judge ,  base d o n thi s rathe r  smal l  sample , 

whethe r  th e result s ar e reall y confounde d b y wor d clas s 

frequencies .  Th e term s wit h emotiona l  connotatio n ar e 

clearl y locate d a t  on e sid e o f  th e M D S outcome . 

Semantic and Syntactic Context Information 

We believ e tha t  th e contextua l  representatio n relate d t o th e 

concep t  representatio n o f  abstrac t  noun s goe s beyon d wor d 

co-occurrence .  O f  course ,  co-occurrence  reflect s 

meaningfu l  relation s amon g words .  However ,  i t  i s  difficul t 

t o se e h o w meanin g ca n emerg e fro m merel y co-occurrence . 

Determinin g wor d meaning s b y word s i n th e contex t  ca n 

onl y wor k i f  th e determinin g word s hav e meanin g 

independen t  o f  othe r  words .  Otherwise ,  th e determinatio n 

woul d b e circular .  I n thi s study ,  w e analyz e th e co -

occurrin g word s wit h respec t  t o thei r  features . 

Semanti c an d syntacti c contex t  informatio n ca n b e 

formulate d a s abstrac t  features .  A n exampl e fo r  semanti c 
feature s i s provide d b y Plau t  an d Shallic e (1991) ,  w h o hav e 

represente d abstrac t  an d concret e noun s i n a  neura l  networ k 

by differen t  number s o f  features .  However ,  thei r  feature s 

di d no t  represen t  contex t  information . 

O ne advantag e o f  representin g contex t  wit h semanti c an d 

syntacti c feature s i s tha t  the y ca n describ e al l  verba l 

contexts .  Th e feature s ca n b e simila r  i n context s o f  a 

particula r  wor d i n whic h th e collocatio n informatio n differs . 

We thin k als o tha t  i t  i s  possibl e o n thi s mor e abstrac t 

representationa l  leve l  t o depic t  difference s betwee n th e 

representatio n o f  abstrac t  an d concret e nouns ,  becaus e th e 

latter ,  b y virtu e o f  thei r  references ,  d o no t  depen d o n 

contextua l  information . 

Thi s analysi s i s a n extensio n o f  a n earlie r  stud y b y 

Wiemer-Hasting s (i n press) .  A  neura l  networ k wa s traine d 

t o identif y si x abstrac t  nouns .  Th e inpu t  wa s a  vecto r  o f  5 3 

semanti c an d syntacti c feature s o f  th e context s tha t  th e 

abstrac t  noun s occu r  in .  Th e presen t  stud y replicate s thi s fo r 

seve n targe t  nouns .  However ,  th e estimate s fo r  th e relativ e 

relevanc e o f  th e contex t  feature s looke d dramaticall y 
differen t  fo r  th e presen t  networ k (fo r  a  descriptio n o f  th e 

feature s se e Wiemer-Hastings ,  i n press) .  Wherea s th e 

previou s network' s performanc e seeme d t o mostl y rel y o n 
ver b an d worl d domai n information ,  th e presen t  networ k 

provide d highe r  estimate s fo r  synta x tha n previously .  Ver b 

and knowledg e domai n go t  rathe r  lo w estimates .  Th e 
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presen t  networ k wa s als o teste d wit h a  large r  se t  o f 

synonyms . 

The Network Model 
I t  i s  assume d tha t  contex t  constitute s importan t  aspect s o f 

wor d meaning .  O n e implicatio n o f  thi s assumptio n i s tha t 

th e context s o f  a  give n wor d mus t  hav e feature s i n c o m m o n . 

I n particular ,  th e context s o f  simila r  word s (synonyms ) 

shoul d hav e feature s i n c o m m o n (Mille r  an d Charles ,  1991) , 

and th e context s o f  differen t  word s mus t  b e sufficientl y 

distinc t  fro m eac h other . 

Th e networ k mode l  tha t  w e presen t  wa s no t  designe d a s a 

model  o f  huma n wor d learning .  However ,  w e argu e tha t  ou r 

results ,  a s wel l  a s th e finding s o f  Burges s an d Lun d (1997) , 

sho w tha t  contex t  informatio n i s /'/ ? principl e sufficien t  t o 

distinguis h a  se t  o f  abstrac t  concepts .  Tha t  is ,  the y suppor t 

th e vie w tha t  v\or d meaning s ar e learne d fro m context . 

Context Representation 

I n th e network ,  contex t  wa s represente d b y a  vecto r  o f  5 3 

semanti c an d syntacti c contex t  features .  Th e feature s wer e 

manuall y extracte d fro m natura l  sentence s i n whic h th e 

targe t  noun s occur .  Th e feature s wer e assigne d binar y 

value s (1,0 )  dependin g o n th e context .  Contex t  informatio n 

covere d th e \er b an d adjectiv e tha t  ar e directl y relate d t o th e 

abstrac t  nouns ,  ontologica l  statu s informatio n abou t  th e 

targe t  a s fa r  a s e\iden t  fro m th e context ,  th e cas e role s o f  th e 

nouns ,  an d th e informatio n expresse d b y th e whol e sentenc e 

(includin g domain s o f  worl d knowledge) .  W e include d 

informatio n tha t  coul d b e derive d fro m th e contex t  only . 

Thus ,  ou r  knowledg e o f  th e meanin g o f  th e targe t  nou n di d 

not  ente r  int o th e contex t  analysis .  Feature s tha t  coul d no t 

be determine d fro m th e contex t  o f  a  give n sentenc e wer e se t 

t o zero .  Th e feature s ar e describe d i n mor e detai l  i n 

Wiemer-Hasting s (i n press) . 

Th e contex t  featur e vector s wer e th e networ k input .  Th e 

networ k wa s traine d t o identif y th e targe t  nou n tha t  fit s  th e 

sentenc e represente d b y a  particula r  inpu t  vector .  Th e 

performanc e o f  th e networ k wa s use d t o asses s 

(1 )  whethe r  th e informatio n i n th e context s i s sufficientl y 

distinctiv e t o classif y abstrac t  nouns ,  an d 

(2 )  whethe r  th e se t  o f  feature s cove r  th e relevan t 

information . 

Training and Test Corpus 

Seve n abstrac t  nou n target s wer e randoml y selecte d fro m a 

corpus :  Attention ,  concept ,  consultation ,  goal ,  idea , 

impression ,  an d wisdom .  Fo r  eac h o f  th e seve n targe t  nouns , 

125 isolate d sentence s wer e selecte d fro m th e NexisLexi s 

onlin e database .  W e discarde d semanticall y deplete d 

sentences ,  tha t  is ,  ver y genera l  sentence s tha t  d o no t  contai n 

any informatio n abou t  th e word' s meaning .  87 5 trainin g 

case s wit h 5 3 feature s wer e constructe d fro m thes e 

sentences . 

T h e N e t w o r k Architectur e 

Figur e 1  present s th e architectur e o f  th e network .  I t  ha s a  53 -

21- 7 full y connecte d feedforwar d architecture ,  wit h 5 3 inpu t 

units ,  2 1 hidde n units ,  an d 7  outpu t  units .  Th e network' s 

progra m force d th e networ k t o selec t  onl y on e outpu t  fo r 

eac h inpu t  vector .  Thus ,  multipl e classificatio n wa s no t 

possible . 

Figure 1: The network architecture. 
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Trainin g 

The networ k wa s traine d wit h backpropagation ,  usin g 

NevPro p 3  (Goodman ,  1996) ,  i n tw o phases .  I n th e firs t 

phase ,  onl y 77 5 sentence s o f  th e trainin g se t  wer e use d fo r 

training .  Th e othe r  10 0 case s wer e use d t o estimat e ho w 

wel l  th e networ k generalize s durin g training .  Afte r  thi s 

phase ,  th e progra m compute d th e averag e squar e erro r  fo r 

whic h th e generalizatio n wa s best .  Thi s erro r  wa s store d an d 

use d a s targe t  erro r  fo r  trainin g phas e 2  t o preven t 

overtraining .  I n phas e 2 ,  th e networ k wa s traine d wit h th e 

ful l  trainin g set .  Trainin g stoppe d automaticall y whe n th e 

targe t  erro r  wa s reached . 

Results 

The networ k achieve d th e targe t  eiTo r  o f  .08 5 afte r  12 0 

trainin g epochs .  Generalizatio n wa s teste d wit h th e featur e 

vector s o f  7 1 ne w sentenc e tha t  th e networ k ha d no t  bee n 

traine d with .  Thi s tes t  i s  comparabl e t o a  cloz e experiment , 

wher e a  sentenc e fram e i s presente d an d human s hav e t o 

identif y a  missin g word .  Furthermore ,  th e networ k wa s 

teste d wit h contex t  feature s fro m sentence s tha t  containe d 

synonym s o r  word s relate d t o th e targe t  nouns .  Thi s tes t  i s 

motivate d b y th e assumptio n tha t  simila r  word s occu r  i n 

simila r  context s (see ,  e.g. .  Mille r  &  Charles ,  1991) .  I t  shoul d 
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be possibl e fo r  th e network ,  give n th e contex t  feature s o f  a 

synonym' s contex t  a s input ,  t o identif y th e targe t  nou n tha t 

i s mos t  simila r  t o th e synonym .  Thi s tes t  i s  constraine d b y 

th e existenc e o f  word s tha t  ar e reall y simila r  i n meaning . 

The tes t  ca n sho w whethe r  th e contex t  feature s use d i n thi s 

stud y reall y cove r  th e aspect s o f  contex t  whic h ar e relevan t 

t o th e meaning s o f  th e targe t  nouns . 

Generalization to Sentences with Target Words 

The networ k coul d classif y mos t  o f  th e tes t  sentence s (70% ) 

correctly .  Performanc e a t  chanc e leve l  woul d b e a 

classificatio n rat e o f  1 4 % .  Th e Averag e Squar e Erro r  (ASE ) 

fo r  th e corpu s o f  tes t  sentence s wa s .107 .  Th e 

generalizatio n rat e i s ver y good .  Th e hig h correc t 

classificatio n rat e indicate s tha t  th e feature s representin g th e 

sentenc e context s are ,  i n mos t  cases ,  sufficien t  t o distinguis h 

among th e targe t  nouns .  Thi s suggest s tha t  wor d meaning s 

can indee d b e distinguishe d an d identifie d o n th e basi s o f 

thei r  contexts .  Tabl e 1  present s th e correc t  classificatio n 

rate s segregate d b y th e targe t  nouns . 

Table 1: Number of test sentences per target noun 

tha t  ar e classifie d correctl y b y th e network . 

Targe t  nou n 

Attentio n 

Concep t 

Consultatio n 

Goal 

Ide a 
Impressio n 

W i s d o m 

Classificatio n rat e 

absolut e an d i n % 

9/1 1 (81.8% ) 

7/10(70% ) 

8/10(80% ) 

7/10(70% ) 

4/10(40% ) 

8/10(80% ) 

7/10(70% ) 

For  non e o f  th e targe t  nouns ,  th e networ k coul d classif y al l 

sentence s correctly .  Thi s i s no t  to o surprising ,  considerin g 

th e fac t  tha t  th e amoun t  o f  relevan t  contex t  informatio n 

varie s acros s sentences . 
The networ k ha d difficultie s classifyin g th e sentenc e 

frame s fo r  idea .  Onl y 4 0 % o f  th e tes t  sentence s wer e 

classifie d correcdy .  Thi s phenomeno n deserve s som e 

attention .  I n th e nex t  sectio n w e presen t  result s tha t 

demonstrat e tha t  th e networ k ca n classif y a  goo d percentag e 

of  sentenc e frame s tha t  ar e th e context s o f  synonym s o f  th e 

targets .  Bu t  eve n som e o f  th e target s ar e closel y relate d i n 

meaning .  I n particular ,  Roget' s list s ide a a s th e synony m fo r 

bot h concep t  an d impression .  Th e networ k misclassifie s th e 

sentenc e frame s fo r  ide a a s concep t  once ,  an d twic e a s 

impression .  A s th e goa l  i s  fo r  th e networ k t o identif y 

abstrac t  nouns '  meanings ,  i t  shoul d mak e thes e error s fo r 

word s tha t  ar e synonymou s t o alternativ e targets . 

Tabl e 2  describe s th e specifi c  misclassification s o f  th e 

network .  Th e leftmos t  colum n present s th e correc t  targe t 

noun s fittin g th e tes t  sentenc e contexts ;  th e uppe r  ro w 

present s th e targe t  noun s tha t  th e networ k selects .  Fo r 

example ,  context s fo r  attentio n wer e misclassifie d a s 

wisdo m twice . 

Test with Synonyms of the Targets 

Th e networ k wa s teste d o n context s o f  synonym s o f  th e 

targe t  nouns .  Synonym s wer e selecte d fro m Roget' s 

Thesauru s an d WordNe t  (Miller ,  1990) .  Fo r  mos t  targe t 

noun s (e.g .  attention ,  concept ,  wisdom) ,  ther e ar e n o 

satisfyin g synonym s bu t  onl y relate d terms .  Furthermore , 

some targe t  noun s hav e synonym s i n Roget' s thesauru s i n 

c o m m o n.  W e hav e therefor e use d som e o f  th e synonym s a s 

tes t  word s fo r  mor e tha n on e targe t  noun . 

We selecte d thought ,  plan ,  an d visualizatio n fo r  concept , 

counselin g an d advic e fo r  consultation ;  intention ,  motive , 

pla n an d objectiv e fo r  goal ;  though t  an d pla n fo r  idea ;  belie f 

fo r  impression ;  an d knowledge ,  experience ,  maxi m an d 

understandin g fo r  wisdom .  Fo r  th e targe t  nou n attention ,  n o 

acceptabl e synony m wa s found ,  therefor e i t  wa s no t  teste d i n 

thi s analysis . 

Tabl e 3  give s a n overvie w o f  th e result s fo r  synonyms . 

For  eac h synonym .  Tabl e 3  list s al l  th e targe t  noun s tha t  th e 

networ k selecte d a s th e output ,  alon g wit h th e numbe r  o f 

time s th e targe t  wa s selecte d fo r  th e synonym .  Fo r  som e 

synonyms ,  fo r  example ,  objective ,  th e result s ar e rathe r 

promising . 

Tabl e 2 :  Erroneou s classification s mad e b y th e networ k o n th e tes t  sentenc e corpus . 

Targe t 

Attentio n 

Concep t 

Consultatio n 

Goal 

Ide a 

Impressio n 

Wisdo m 

Attentio n 

(9 ) 

1 

Concep t  Consultatio n Goal Ide a Impressio n W i s d o m 

(7) . 
1 

1 

I 

1 
(7 ) 

I 

2 

2 

(4 ) 
1 
2 

(8 ) 

2 
1 
J 

2 
1 

(7 ) 

For  othe r  synonyms ,  eithe r  a  larg e variet y o f  target s wa s 

selecte d o r  a  targe t  wa s consistentl y selecte d whic h wa s no t 
predicte d b y ou r  sources .  Eve n thoug h som e o f  th e output s 

of  th e networ k ar e no t  consisten t  wit h ou r  predictions ,  th e 
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result s ar e encouraging . 

Table 3: Synonyms for the target nouns and the target nouns 

the y wer e classifie d as ,  wit h informatio n abou t  ho w ofte n 

eac h synony m wa s classifie d a s a  particula r  target . 

Synony m Classifie d as.. . 

Counselin g 

Though t 

Knowledg e 

Experienc e 

Intentio n 

Pla n (14 ) 

Motive (14) 

Visualization (3) 

Objectiv e (5 ) 

M a x i m (7 ) 

Understanding (4) 

Belie f  (7 ) 

Advic e (7 ) 

Consultatio n 

W i s d o m 

Goal 

W i s d o m 

Concep t 

Concep t  4 ,  ide a 3 ,  consultatio n 2 , 

attentio n 2 .  goa l  2 ,  wisdo m 1 

Consultatio n 4 ,  attentio n 4 ,  goa l  2 , 

ide a 2 ,  wisdo m 1 

Attentio n 3 

Goal  4 ,  consultatio n 1 

Ide a 2 .  concep t  2 .  impressio n 1 , 

attentio n 1 ,  wisdo m 1 

Attentio n 2 ,  goa l  1 ,  impressio n 1 

Impressio n 4 ,  wisdo m 2 ,  ide a 1 

Attentio n 3 .  wisdo m 2 , 

consultatio n 1 .  goa l  1 

As state d above ,  ther e ar e hardl y an y "rea l  synonyms' . 

The networ k ofte n succeed s i n providin g a n outpu t  nou n tha t 

i s a t  leas t  simila r  t o th e wor d whos e contex t  wa s th e input . 

Automatic Relevance Determination 

The secon d purpos e o f  thi s stud y wa s t o obtai n estimate s o f 

th e relevanc e o f  th e contex t  featur e domains .  W e use d 

Automati c Relevanc e Determinatio n ( A R D ;  Neal ,  1996 )  fo r 

thi s analysis .  A R D estimate s th e relevanc e o f  th e inpu t 

feature s base d o n th e amoun t  o f  penalt y assigne d t o th e 

connection s weight s (se e Goodman ,  1996 ,  NevPro p 

Manual) .  Th e resultin g value s indicat e ho w muc h impac t 

eac h featur e ha s o n th e networ k outpu t  relativ e t o th e impac t 

of  th e othe r  features .  Th e value s ar e give n i n percen t  an d 

range d fro m . 7 3 % t o 6.36 % fo r  th e singl e features . 

I n th e previou s study ,  th e A R D result s suggeste d tha t  th e 

ver b an d world'knowledg e domai n wer e o f  majo r  relevanc e 

fo r  th e task .  Thi s resul t  wa s confirme d b y a  subsequen t 

sensitivit y analysi s a s wel l  a s b y a  discriminan t  analysi s o f 

th e trainin g data .  Interestingly ,  th e averag e A R D value s i n 

thi s stud y di d no t  diffe r  a  lo t  amon g modules ,  wit h th e 

exceptio n o f  th e modul e o f  ontologica l  status .  Th e ver b 

categorie s an d th e worl d knowledg e domai n ran k amon g th e 

leas t  relevan t  module s fo r  th e presen t  network .  I t  i s 

conceivabl e tha t  i n a  futur e mode l  wit h ye t  mor e targe t 

noun s thes e value s ma y chang e again . 

Th e A R D estimate s ar e liste d i n Tabl e 4 .  The y wer e 

average d withi n eac h modul e t o provid e a n impressio n o f 

th e relativ e relevanc e o f  th e modules .  A  somewha t 

surprisin g resul t  i s  th e hig h A R D estimat e fo r  th e synta x 

module .  I n th e previou s analysis ,  mos t  syntacti c feature s ha d 

A RD value s belo w 1% .  Thes e feature s ar e mor e 

discriminativ e fo r  th e presen t  se t  o f  targe t  nouns . 

Anothe r  domai n wit h a  hig h A R D valu e i s 'perso n / 

reference' ,  whic h indicate s whethe r  th e targe t  nou n ha s a n 

explici t  referenc e withi n a  sentence .  Example s ar e th e 

.sentence s "Th e ide a wa s t o (...)" ,  o r  "I t  i s  th e company' s 

goal  t o achiev e (...)" .  Th e othe r  featur e i n thi s categor y 

indicate s whethe r  th e targe t  i s somethin g tha t  a  perso n 

possesses ,  e.g. ,  " I  lik e you r  idea. " 

Table 4: ARD values for the modules, 

average d acros s th e features . 

Featur e modul e 

Worl d knowledg e 

Ontologica l  statu s 

Adjectiv e 

Ver b 

Dynamic s 

Case rol e 

Tim e referenc e 

Synta x 

Perso n /  referenc e 

Number  o f  feature s 

10 
4 
6 
14 
3 
6 
3 
5 
2 

ARD i n % 
1.5 3 

4.4 0 

1.4 1 

1.5 8 

1.9 8 

1.5 0 

1.9 9 

2.2 7 

2.1 6 

Discussio n 

We hav e presente d a  neura l  networ k tha t  ca n distinguis h 

seve n abstrac t  noun s o n th e basi s o f  thei r  verba l  context ,  a s 

represente d b y a  se t  o f  5 3 contex t  features .  I n th e majorit y 

of  tes t  cases ,  th e networ k coul d identif y th e correc t  target . 

Wit h respec t  t o ou r  stron g hypothesis ,  th e result s see m t o 

suppor t  th e vie w tha t  contex t  determine s abstrac t  nou n 

meanings .  Th e eviden t  difficultie s o f  th e networ k t o 

distinguis h simila r  targe t  noun s i s no t  inconsisten t  wit h suc h 

a view .  Th e network' s performanc e furthe r  demonstrate s 

tha t  th e semanti c an d syntacti c feature s o f  th e context s o f 

abstrac t  noun s contai n distinctiv e information .  Th e finding s 

suppor t  ou r  hypothesi s tha t  th e meanin g o f  abstrac t  noun s 

ca n b e derive d fro m an d ma y b e constructe d fro m contex t 

informatio n othe r  tha n merel y co-occurrenc e data . 

We hav e furthe r  teste d whethe r  th e feature s ar e relate d t o 

th e targe t  nouns '  meaning ,  rathe r  tha n t o particula r  words , 

by testin g th e network' s performanc e o n sentence s tha t 

containe d synonym s o f  th e targe t  nouns .  Fo r  a  fe w targe t 

nouns ,  highl y simila r  noun s coul d b e found .  Th e networ k 

coul d classif y man y context s o f  thes e simila r  noun s a s thei r 

synonymou s targe t  nouns . 

The result s provide d b y th e networ k provid e insigh t  int o 

whic h element s o f  context ,  o r  wha t  kind s o f  contex t 

information ,  provid e th e critica l  information .  Th e A R D 

value s sugges t  tha t  fo r  th e presen t  network ,  al l  module s ar e 

involve d i n th e computatio n o f  th e output .  Th e A R D value s 

hav e no t  bee n stabl e betwee n th e six-targe t  (Wiemer -

Hastings ,  i n press )  an d th e presen t  seven-targe t  nou n 

network .  Thes e value s migh t  furthe r  chang e a s w e ad d ne w 

targe t  noun s t o th e network .  I t  i s  possibl e tha t  th e value s 

wil l  stabiliz e a t  som e numbe r  o f  targe t  nouns . 
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I t  i s conceivabl e tha t  ther e i s a n uppe r  Mmi t  i n th e numbe r 

of  abstrac t  concept s tha t  a  network ,  suc h a s th e on e 

discusse d here ,  ca n distinguis h base d o n thi s se t  o f  features . 

I t  i s unclear ,  however ,  wher e suc h a  limi t  woul d be .  W c ar e 

currentl y workin g o n extendin g th e networ k t o mor e targe t 

nouns .  Th e performanc e o f  th e networ k o n highl y relate d 

target s lik e ide a an d concep t  suggest s tha t  th e identificatio n 

tas k i s increasingl y difficul t  a s mor e interrelate d targe t 

noun s ar e included .  O n th e othe r  hand ,  a  networ k wit h 

simila r  targe t  noun s onl y coul d provid e u s wit h valuabl e 

informatio n abou t  ho w simila r  noun s ca n b e distinguished . 

Possibly ,  mor e feature s an d finer  distinction s withi n th e 

module s woul d b e necessary . 

We ar e currentl y workin g o n developin g a  networ k tha t 

wil l  b e traine d t o distinguis h concret e noun s base d o n th e 

same se t  o f  features .  Ou r  hypothesi s i s tha t  th e contextua l 

representatio n o f  abstrac t  noun s an d concret e noun s migh t 

not  contai n th e sam e information ,  tha t  is ,  concret e an d 

abstrac t  noun s migh t  b e relate d t o differen t  aspect s o f  thei r 

contexts .  I t  i s  als o possibl e tha t  th e contextua l 

representatio n o f  concret e noun s doe s no t  hav e th e sam e 

functio n fo r  concret e concep t  representatio n a s i t  doe s fo r 

abstrac t  nouns .  W e assum e tha t  contex t  feature s a s th e one s 

discusse d her e d o no t  determin e th e meaning s o f  concret e 

nouns ,  a s the y hav e intrinsi c representations .  Tha t  is ,  i t  i s 

possibl e tha t  a  networ k canno t  lear n t o distinguis h betwee n 

concret e noun s base d o n context . 
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Abstrac t 

This paper describes a cross-disciplinary extension of previ-
ous wor k o n infeirin g th e meaning s o f  unknow n verb s fro m 
context .  I n earlie r  work ,  a  computationa l  mode l  wa s devel -
oped t o incrementall y infe r  meaning s whil e processin g text s i n 
an informatio n extractio n tas k setting .  I n orde r  t o explor e th e 
spac e o f  possibl e predictor s tha t  th e syste m coul d us e t o infe r 
ver b meanmgs ,  w e performe d a  statistica l  analysi s o f  th e cor -
pus tha t  ha d bee n use d t o tes t  th e computationa l  system .  Ther e 
wer e variou s syntacti c an d semanti c feature s o f  th e verb s tha t 
wer e significantl y diagnosti c  i n detemiinin g ver b meaning .  W e 
als o evaluate d huma n performanc e a t  inferrin g th e ver b i n th e 
same se t  o f  sentences .  Th e overal l  numbe r  o f  correc t  predic -
tion s fo r  human s wa s quit e simila r  t o tha t  o f  th e computationa l 
system ,  bu t  human s ha d highe r  precisio n scores .  Th e pape r 
conclude s wit h a  discussio n o f  th e implication s o f  thes e statis -
tica l  an d experimenta l  finding s fo r  futur e computationa l  work . 

In t roduc t io n 

Verb s pla y a  critica l  rol e i n huma n languages .  The y constrai n 

and interrelat e th e entitie s mentione d i n sentences .  I t  i s there -

for e importan t  t o understan d th e processe s b y whic h w e ac -

quir e ver b meanings .  Thi s pape r  examine s ver b acquisitio n 

fro m thre e directions :  (I )  a  computationa l  syste m whic h ac -

quire s ver b meanin g fro m th e linguisti c contex t  o f  real-worl d 

texts ,  (2 )  a  statistica l  analysi s o f  th e predictivenes s o f  variou s 

feature s o f  th e contex t  t o th e verb ,  an d (3 )  tw o experiment s 

on adult s t o determin e thei r  abilit y  t o infe r  missin g verb s fro m 

context . 

Grange r  (1977 )  conducte d som e o f  th e earlies t  compua -

tiona l  wor k o n ver b acquisitio n fro m context ,  an d Salvete r 

(1979 .  1980 )  followe d clos e thereafter .  However ,  neithe r  o f 

thes e system s wa s teste d o n real-worl d domains .  Zernik' s 

thesi s wor k (1987 )  concentrate d o n ver b learning ,  bu t  mainl y 

on verb-particl e combination s an d no t  o n real-worl d texts . 

Likewise ,  Siskind' s wor k (1994 .  1996 )  examine d ver b learn -

in g wit h syntheti c corpor a tha t  include d sentence s an d repre -

sentation s o f  thei r  meanings . 

Cardie' s MayTa g syste m (1993 )  use d a  case-base d ap -

proac h an d statistica l  method s fo r  determinin g relevanc e o f 

cases ,  bu t  di d no t  lear n ver b meanings .  Rilof f  (1993 )  ha s re -

centl y introduce d a  computationa l  mechanis m tha t  simulate s 

a coarse-graine d lexica l  acquisitio n fro m context .  Th e Au -

toslo g syste m operate s i n a n informatio n extractio n tas k b y 

comparin g complete d templat e form s wit h th e sentence s tha t 

th e tex t  wa s take n from .  Autoslo g select s jus t  th e ke y piece s 

of  text ,  perform s a  simpl e analysi s o n th e surroundin g struc -

ture ,  an d the n propose s template-lik e definition s whic h ar e 

late r  filtere d b y a  human ,  fo r  example : 

If a Subject is followed by a passive fonn of "kidnap", 

put  th e Sub jec t  int o th e Vict i m slo t  o f  a  K idnapp in g 

template . 

One of the important trends has been statistical analyses 

of  corpora .  Almos t  al l  o f  it ,  however ,  ha s focuse d o n word -

sens e discriminatio n o r  lexica l  categor y trainin g (Brill ,  1993 , 

fo r  example) .  Resni k (1993 )  explore d statistica l  method s o f 

definin g relationship s betwee n words ,  bu t  onl y briefl y men -

tione d it s implication s fo r  ver b acquisition . 

Developmenta l  psycholinguist s hav e know n fo r  a  lon g tim e 

tha t  ther e ar e substantia l  difference s betwee n th e learnin g o f 

verb s an d noun s (Centner ,  1978) .  Researcher s (Shatz ,  1987 ; 

Landa u &  Gleitman ,  1985 ;  Gleitman ,  1990 )  hav e examine d 

ho w children ,  a s the y develo p increasin g knowledg e o f  th e 

syntacti c structur e o f  a  language ,  us e tha t  informatio n t o con -

strai n thei r  idea s o f  wha t  unknow n verb s ca n mean .  Th e re -

cen t  wor k b y Gleitma n (Gleitma n &  Gillette ,  1994 ;  Gleitma n 

& Gleitman ,  1997 )  i s quit e simila r  t o th e huma n test s reporte d 

i n thi s study .  He r  empirica l  wor k examine s th e contributio n 

of  th e observationa l  contex t  i n additio n t o th e lexica l  contri -

butio n (a s reporte d here) . 

Camille: A Model of Verb Acquisition 

Camill e (th e Contextua l  Acquisitio n Mechanis m fo r  Incre -

menta l  Lexem e LEarning )  (Hastings ,  1994 ,  1995 ,  1996) ,  wa s 

develope d a s a n extensio n o f  Lytinen' s natura l  languag e un -

derstandin g syste m calle d Lin k (Lytine n &  Roberts ,  1989) . 

W h en th e parse r  come s acros s a  wor d tha t  i t  doe s no t  know , 

Camill e infer s whateve r  i t  ca n abou t  th e meanin g o f  th e un -

know n word .  Unknow n noun s ar e handle d quit e naturall y b y 

a unification-base d parse r  becaus e th e semanti c constraint s o n 

slot-filler s provide d b y th e verb s giv e relativel y usefu l  limita -

tion s o n wha t  thos e noun s coul d mean .  Fo r  example, '  i f  th e 

syste m processe d th e sentence ,  "Mar y hijacke d th e limou -

sine, "  an d i t  didn' t  kno w wha t  "limousine "  meant ,  i t  coul d 

'Al l  ou r  example s wil l  com e fro m th e domai n o f  ARPA' s M U C4 
evaluatio n (Sundheim .  1992 )  whic h consist s o f  newspape r  article s 
describin g terroris t  activity . 
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conclud e tha t  i t  i s  som e lyp e o l  vehicl e becaus e o f  th e con -

straint s o n wha t  ca n b e hijacked .  Bu t  precisel y becaus e th e 

constraint s ar e associate d wit h th e verbs ,  learnin g unknow n 

verb s i s m u c h mor e difficult .  Ver b acquisitio n ha s thu s bee n 

th e focu s o f  th e researc h o n Camille . 

W h en a  sentenc e containin g a n unknow n ver b i s encoun -

tered ,  Camill e put s a  defaul t  "definition "  fo r  th e ver b int o th e 

parse .  Durin g th e parsin g process ,  a s th e othe r  element s o f 

th e sentenc e ar e attache d a s slot-filler s o f  th e verb ,  Camill e 

compare s eac h fille r  wit h th e semanti c constraint s [fo r  ex -

ample .  (OB.IEC T =  VEHICLE )  fo r  "hijacking" !  o n th e variou s 

actio n concept s i n th e domai n s  concep t  representation. -  Fo r 

any example ,  ther e wil l  b e a  se t  o l  actio n concept s whic h ar e 

logicall y consisten t  wit h th e slo t  fillers.  Bu i  Camill e elimi -

nate s fro m consideratio n al l  bu t  th e mos t  specifi c  concepts , 

tha t  is ,  thos e tha t  mos t  closel y matc h th e actua l  slo t  fillers 

Thi s extrem e inductiv e approac h i s necessar y becaus e o f  th e 

no-negative-evidenc e problem :  Camill e doesn' t  ge t  example s 

of  h o w a  wor d i s no t  used ,  jus t  h o w i t  i s  u.sed .  Camill e there -

for e mus t  mak e th e extrem e hypothese s becaus e the y ar e th e 

most  falsifiable .  I t  relie s o n late r  (positive )  example s o f  th e 

wor d an d o n it s incrementa l  learnin g mechanis m t o correc t 

erroneou s hypotheses . 

Camill e wa s teste d o n severa l  real-worl d domain s withi n 

informatio n extractio n tasks .  W e u.se d ih e scorin g method s 

fro m M U C 4 (Chinchor ,  1992 )  whic h calculat e th e recal l  an d 

precisio n o f  th e system .  Camill e ofte n guesse d multipl e con -

cept s pe r  wor d becaus e th e semanti c constraint s ar e no t  suf -

ficient  t o distinguis h them .  Fo r  th e lexica l  acquisitio n task , 

recal l  i s  define d a s th e percentag e o f  correc t  hypotheses .  A 

hypothesi s wa s counte d a s correc t  i f  on e o f  th e concept s i n th e 

hypothesi s matche d th e targe t  concept .  Precisio n i s define d a s 

th e numbe r  o f  correc t  hypothese s divide d b y th e tota l  numbe r 

of  concept s generate d i n al l  th e hypotheses .  Thus ,  ther e tend s 

l o b e a  recall/precisio n tradeolf :  B y guessin g man y concept s 

per  hypothesis .  Camill e ca n increas e it s recal l  becaus e i t  ha s 

a bette r  chanc e o f  "hitting "  ih e righ t  concept .  However ,  a s 

th e tota l  numbe r  o l  concept s get s larger ,  precisio n i s reduced . 

Camill e ha s achieve d a  recal l  o f  4 2 % an d precisio n o f  1 9 % o n 

a se t  o f  5 0 randomly-selecte d sentence s containin g 1 7 differ -

ent  verbs .  Thi s wa s respectabl e performance ,  bu t  w e though t 

tha t  th e syste m shoul d b e abl e t o d o better . 

Statistical Corpus Analysis 

One defici t  o f  Camille' s lexica l  acquisitio n mechanis m i s it s 

failur e l o mak e muc h u.s e o f  th e syntacti c contex t  o f  exampl e 

sentences .  I t  i.loc s us e syntax ,  bu t  onl y indirectly .  Specifi -

cally ,  th e parse r  perform s a  syntacti c an d semanti c pars e o f 

Ih e .sentenc e constituent s an d the n passe s th e semanti c role -

liller s o n t o Camille .  Bu t  Camill e ha s n o informatio n abou t 

th e syntacti c structur e o f  th e sentence .  S o m e o f  th e verb s i n 

th e terroris m corpus ,  "accused "  fo r  example ,  occu r  withi n a 

ver y particula r  syntacti c frame ,  a s in ,  "Joh n accuse d Mar y o f 

bombin g th e building." '  Camill e shoul d b e abl e t o us e suc h 

informatio n i n it s learnin g process . 

We looke d u p th e verbs '  frame s i n Wordne t  (Miller ,  1990 ) 

i n orde r  t o evaluat e th e respectiv e contribution s o f  syntacti c 

and semanti c feature s o f  linguisti c context .  Th e frame s fo r 

th e ver b "deny '  ar e show n below : 

S o m e b o dy d e n i e s s o m e t h i n g 

S o m e b o dy d e n i e s t h a t  C L A U S E 

S o m e b o dy d e n i e s s o m e b o d y s o m e t h i n g 

S o m e b o dy d e n i e s s o m e t h i n g t o s o m e b o d y 

Next  w e delete d th e distinctio n betwee n "somebody "  an d 

"something "  i n orde r  t o distinguis h purel y syntacti c informa -

tio n fro m semanti c infomiation .  W e eliminate d thos e frame s 

tha t  didn' t  occu r  i n ou r  corpu s o f  25 9 exampl e sentences .  Fi -

nally ,  w e brok e dow n th e template s int o separat e syntacti c 

feature s t o allo w th e differen t  part s o f  th e template s t o b e 

evaluate d independently .  Th e resultin g 1 1 boolea n feature s 

(includin g som e surfac e feature s tha t  wer e no t  specifie d i n 

th e templates )  ar e show n below . 

• There is a syntactic subject (occurred in every case) 

•  Ther e i s a  syntacti c objec t 

•  Ther e i s a n indirec t  objec t 

•  Sentenc e i s passiv e 

•  Ther e i s a  clausa l  objec t  (.sententia l  complement ) 

•  Th e clausa l  objec t  precede s th e subjec t 

•  Ther e i s a  "to "  -i -  INFINIT IV E claus e 

•  Ther e i s a  gerun d objec t 

•  Ther e i s a  "with "  prepositiona l  phras e modifyin g th e ver b 

•  Ther e i s a n "of "  -i -  V E R B i n g prepositiona l  phras e modify -

in g th e ver b 

•  Ther e i s a  leHexiv e constructio n 

To evaluate the semantic features of the corpus, we ana-

lyze d th e .sentence s base d o n th e semanti c categorie s o f  th e 

slo t  fillers.  I n orde r  t o maintai n consistenc y wit h th e Camill e 

test ,  w e use d th e categorie s tha t  occu r  i n Link' s semanti c con -

straints .  Thes e categories ,  separate d b y semanti c role ,  ar e 

liste d i n Tabl e I .  M a n y o f  th e categorie s subsum e othe r  cate -

gories ,  bu t  w e lef t  i t  t o th e statistica l  analyse s t o sor t  thes e out . 

I n fact ,  som e interestin g result s ca n occu r  whe n a n ancesto r 

nod e i s a  .stron g diagnosti c facto r  i n favo r  o f  a  particula r  verb , 

but  on e o f  it s  descendant s i s diagnosti c agains t  a  particula r 

verb .  Thi s constitute s bot h a  leas t  uppe r  boun d an d a  greates t 

lowe r  boun d fo r  th e possibl e meanin g .space ,  whic h coul d no t 

be achieve d wit h th e simpl e Camill e algorith m becaus e o f  th e 

no-negativ e evidenc e problem . 

Th e verb s di d no t  occu r  equall y frequentl y i n ou r  corpu s o f 

25 9 randoml y selecte d sentences .  Tabl e 2  show s th e numbe r 

of  occurrence s o f  eac h targe t  ver b i n th e corpus . 

-Thes e constraint s ar e iher e i n orde r  t o limi t  th e complexit y o f 
th e parsin g process ,  no t  fo r  th e purpos e o f  ver b acquisition . 

'Th e lin e betwee n th e syntacti c feature s o f  a  ver b (e.g .  "accuse " 
occur s i n a  fram e lik e "Somebod y accuse s someon e o f  something" ) 
and th e meanin g o f  th e ver b become s a  bi t  haz y here .  W e recogniz e 
tha t  no t  al l  o f  thes e feature s ar c relate d t o meaning ,  bu t  som e are . 
and on e goa l  o f  thi s researc h projec t  i s  t o find  ou t  whic h feature s ar e 
relate d t o meaning . 
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Tabi c 1 :  Semanti c caiegorie s b y rol e 

acto r 

(ibjec l 

instrumen t 

locatio n 

of-objec t 

tim e 

none ,  human ,  human-or-official ,  human-or -

organization .  lenorist ,  physical-object ,  ex -

plosiv e 

none ,  action ,  human-oi-oriicial ,  death , 

liuman-or-organization ,  responsibility , 

clfecl-or-aciion ,  hunian-or-iiiacc ,  bomb . 

physical-target ,  vehicle ,  building ,  tangibl e 

none ,  explosive ,  gu n 

plac e 

actio n 

tim e 

Tabl e 2 :  Numbe r  o f  sentence s pe r  ver b i n corpu s 

accuse d 

attacke d 

claime d 

denie d 

destroye d 

die d 

dvnamite d 

explode d 

kidnappe d 

S 
24 
X 
8 

1 1 

4 
2 

13 
8 

kille d 

machinegunne d 

murdere d 

reporte d 

riddle d 

state d 

threatene d 

wounde d 

50 
4 

11 
61 

1 
14 
3 

30 

The result s o f  a  serie s o f  multipl e regressio n analyses ,  on e 

analysi s fo r  eac h specifi c  verb ,  ar e show n i n tabl e 3 .  Th e pres -

enc e (1 )  o r  ab.senc e (0 )  o f  a  particula r  ver b i n th e sentenc e wa s 

th e criterio n variabl e i n eac h regressio n analysis .  Th e predic -

to r  variable s wer e categoria l  variable s fo r  al l  o f  th e syntacti c 

and semanti c feature s o f  th e corpu s sentences .  Tabl e 3  show s 

th e bet a weight s fo r  thos e feature s tha t  wer e significan t  a t  th e 

.0 5 level .  Al l  o f  th e verb s wer e i n th e simpl e pas t  tens e form , 

althoug h som e o f  the m (fo r  example ,  mac-gu n =  'machine -

gunned" )  ar e abbreviate d here . 

Tabl e 3  show s tha t  diagnosti c syntacti c an d semanti c cue s 

ca n b e identifie d fo r  eac h verb .  Fo r  example ,  a  terroris t  acto r 

and huma n semanti c objec t  ar e bot h diagnosti c o f  th e wor d 

•"kidnapped "  Fo r  "claimed" ,  th e tw o diagnosti c feature s ar e 

a semanti c objec t  o f  Re.SPONSIBILITY ,  an d a  syntacti c  ""to " 

-I -  Infinitiv e clause . 

One interestin g cas e involve d th e ver b ""attack "  A 

Tang ib l e objec t  i s  diagnosti c lo r  tha t  particula r  verb , 

wherea s th e descendan t  Human-OR-Of f i c ia l ,  Physical -

T a r g e t ,  an d VEHICL E categorie s ar e diagnosti c agains t  it . 

Thi s i s rathe r  counterintuitive .  W e migh t  suspec t  tha t  ""at -

tack "  woul d b e use d wit h huma n objects ,  bu t  i n thi s terroris t 

activit y corpus ,  tha t  i s  apparentl y no t  so .  Thus ,  thi s typ e o f 

statistica l  analysis ,  o n a  domain-specifi c  basis ,  shoul d hel p 

lin e tun e lexica l  acquisition ,  knowledg e representation ,  an d 

parsin g mechanisms . 

We perfonne d a  manua l  cluste r  analysi s o n thes e data . 

groupin g th e verb s wit h thei r  relate d bet a weight s int o th e 

syntactic/semanti c group s o f  communicatio n verbs ,  intransi -

tiv e verbs ,  an d terroris t  actions .  S o m e interestin g cluster s 

of  diagnosticit y emerged .  Fo r  example ,  th e tw o intransitiv e 

verbs ,  ""died "  an d "'exploded" ,  sho w a  ver y simila r  pattern . 

Not  surprisingly ,  th e featur e indicatin g th e lac k o f  a  semanti c 

objec t  i s  diagnosti c fo r  bot h o f  thes e verbs .  A  semanti c ac -

lo r  o f  typ e EXPLO.SIV E i s strongl y indicativ e o f  ""exploded " 

and agains t  "died "  A  .semanti c acto r  o f  Phy.SICal-Objec t 

rs weakl y indicativ e ol '  ""exploded "  an d agains t  ""died" .  How -

ever ,  non e o f  th e syntacti c feature s ar e diagnosti c o f  thes e 

verbs . 

The syntacti c feature s hav e littl e diagnosticit y fo r  th e 

terrorist-ac t  verb s a s well .  The y pla y a  muc h mor e pro -

nounce d rol e fo r  th e communicatio n verbs ,  especiall y fo r  "ac -

cu.sed" ,  fo r  whic h a n ""o f  VERBing "  complemen t  i s highl y 

diagnostic .  Th e semanti c acto r  feature s hav e a  somewha t 

smalle r  bu t  stil l  significan t  diagnosticit y fo r  th e communi -

catio n verbs ,  an d les s fo r  th e terroris t  acts .  A  H U M A N - O R-

Officia l  semanti c objec t  i s  onl y diagnosti c fo r  th e terrorist -

act  verbs." *  Ther e i s als o a  cluste r  o f  diagnosticit y amon g 

th e semanti c objec t  feature s fo r  th e subse t  o f  terroris t  action s 

wit h physica l  targets .  Thes e statistia l  analyse s sugges t  tha t 

ther e i s bot h .syntacti c an d semanti c informatio n availabl e t o 

hel p languag e learner s discriminat e meanings .  W e explore d 

human abilit y  t o mak e us e o f  thi s informatio n i n th e studie s 

describe d below . 

Testing human performance 

I n orde r  t o tes t  ho w wel l  human s infe r  ver b meanings ,  w e 

performe d a n experimen t  usin g th e sam e sentence s tha t  wer e 

analyze d statistically .  W e use d th e Cloz e procedur e i n whic h 

th e targe t  wor d i s replace d b y a  blank ,  a s show n below : 

A mercenar y grou p 

worker . 

an interio r  ministr y 

We ar e interpretin g th e participants '  abilit y  t o identif y th e cor -

rec t  ver b i n thi s situatio n a s a n indicatoro f  th e exten t  t o whic h 

contextua l  informatio n constrain s th e possibl e verbs ,  an d w e 

use tha t  t o estimat e ho w thi s informatio n facilitate s ver b ac -

quisition.' ' 

The participant s (N=I4 )  wer e tol d tha t  th e sentence s wer e 

take n fro m a  se t  o f  newspape r  article s tha t  describ e terroris t 

activit y i n orde r  t o compensat e fo r  th e domain-specifi c  na -

tur e o f  Camille .  Camille' s concep t  representatio n spac e con -

tain s primaril y thos e concept s tha t  ar e require d i n tha t  domai n 

""A s previousl y stated ,  a  semanti c objec t  o f  typ e Human-OR -
Officia l  i s  diagnosti c agains t  ""attacked"" . 

""O f  course ,  th e participant. s als o kno w a  grea t  dea l  abou t  th e 
verb s tha t  coul d b e pu t  i n th e blanks ,  includin g bot h thei r  mean -
in g an d thei r  subcategorizatio n constraints .  Th e participant s migh t 
simpl y matc h th e syntacti c template s o f  a  se t  o f  verb s wit h th e syn -
tacti c structur e o f  th e sentence .  Becaus e man y o f  th e verb s i n th e 
corpu s hav e quit e simila r  syntacti c frames ,  however ,  w e suspec t  tha t 
thi s woul d no t  provid e sufficien t  discriminatin g evidenc e t o accoun t 
lo r  th e performanc e level s tha t  th e participant s achieve .  Thi s issu e 
wil l  b e addresse d b y th e planne d experimen t  describe d i n th e lina l 
sectio n o f  thi s pape r 
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accuse d 

attacke d 

claime d 

denie d 

destro y 

die d 

dynamit e 

1.0 0 

.1 1 

.2 3 
-.1 4 

-I.O I 

1.0 9 

-.3 1 

-.1 6 

-.1 2 

-.1 0 

.6 8 

.3 9 

.4 0 
-.6 1 

.5 2 
-.3 5 

.5 5 

.1 8 
-.1 2 

.1 1 

.7 6 
-.5 1 

.1 1 

.5 2 

.2 9 
-.2 4 

Tabl e 3 :  Significan t  bet a weight s i n multipl e regressio n ( p <  .05 ) 

syn •o f  VERBin g clau.s e 

sem acto r  i s Terrori.s t 

instrumen t  i s GUN 

no locatio n 

sem objec t  i s Hlman-OR-Officia l 

sem objec t  i s TANGIBL E 

sem objec t  i s Physical-Targe t 

sem objec t  i s Vehicl e 

syn for m i s passiv e 

syn ""o f  VERBin g claus e 

sem objec t  i s RESPONSIBILIT Y 

syn •lo "  Infinitiv e claus e 

syn indirec t  objec t 

sem objec t  i s  TANGIBL E 

.se m objec t  i s ACTIO N 

no se m objec t 

sem objec t  i s Physical-Targe t 

sem objec t  i s Vehicl e 

sem acto r  i s  TERRORIST 

no locatio n 

no se m objec t 

.se m acto r  i s  EXPLOSIV E 

.se m acto r  i s Human-or-Officia l 

.se m objec t  i s Physical-Targe t 

.se m objec i  i s Vehicl e 

.se m objec i  i s BUILDIN G 

explode d 

kidna p 

kille d 

mac-gu n 

murdere d 

rcpoite d 

riddle d 

state d 

threate n 

wounde d 

.7 2 

.2 7 

.1 1 

.1 0 
-.0 8 

.2 3 

.1 8 

.5 8 
-.1 5 

.1 2 

.3 7 

.2 5 
-.1 2 

.6 5 

.2 4 

.1 2 
-.0 9 

-.0 9 

.4 5 

.1 5 

.3 2 

.2 0 

.5 8 

.2 2 

.1 5 

.1 0 

.4 4 

-.1 2 

se m acto r  i s EXPLOSIV E 

no se m objec t 

se m acto r  i s  Phys ica l -Ob jec t 

se m objec t  i s  BUILDIN G 

no tim e 

se m objec t  i s  Human-o r -O f f i c i a l 

se m acto r  i s  Ter ror is t 

se m objec t  i s  Human-o r -O f f i c i a l 

"of "  Ac t i o n claus e 

sy n reflexiv e for m 

se m objec t  i s  Veh ic l e 

.se m objec t  i s  Human-o r -O f f i c i a l 

no tim e 

se m objec t  i s  Ef fect-OR-ACTIO N 

se m objec t  i s  ACTIO N 

sy n indirec t  objec t 

.se m acto r  i s  Phys ica l -Ob jec t 

sy n "to "  Infinitiv e claus e 

se m instrumen t  i s G U N 

se m objec t  i s  Phys i ca l -Ta rge t 

sy n objec t  i s  C L A U S E 

se m acto r  i s  Phys ica l -Ob jec t 

.sy n "with "  claus e 

no se m objec t 

se m acto r  i s  Exp los iv e 

no se m acto r 

se m objec t  i s  Human-o r -O f f i c i a l 

sy n "of "  VERBin g claus e 

t o expedit e parsing .  Thus ,  th e syste m tend s t o infe r  primar -

il y  meaning s fo r  th e verb s tha t  ar e relate d t o tha t  domain . 

The participant s wer e als o tol d tha t  the y coul d fil l  i n multi -

pl e guesse s i f  the y coul d no t  arriv e a t  a  singl e bes t  answer . 

[ n practice ,  however ,  the y rarel y entere d mor e tha n on e wor d 

per  blank . 

The subject s wer e eac h give n 1 7 .sentences ,  on e fo r  eac h 

ver b i n th e corpus ,  bu t  Ihe y wer e no t  tol d tha t  ther e wa s on e 

sentenc e pe r  verb .  Th e sentence s wer e randoml y chose n fro m 

th e corpu s b y ver b an d b y syntacti c frame ,  an d the y wer e pre -

sente d t o th e subject s i n rando m order . 

We score d th e answer s usin g th e sam e basi c metho d use d 

fo r  evaluatin g Camille ,  usin g th e lecal l  an d precisio n mea -

sures .  Becaus e th e subject s wer e guessin g word s an d no t  con -

cepts ,  al l  word s whic h woul d normall y b e define d a s mappin g 

l o th e targe t  concept s wer e accepted . 

The averag e recal l  scor e wa s quit e clos e t o Camille"s :  4 2 % 

(standar d deviatio n I  1%)  whic h compare s favorabl y l o 42'/ ! 

fo r  Camille .  However ,  th e huma n subject s ha d a  stron g ten -

denc y agains i  enterin g nuiltipi o wdid s pe r  sentence ,  wii h onl y 

thre e additiona l  guesse s fo r  th e entir e se t  o f  14*1 7 =  23 8 sen -

tences .  A s a  consequence ,  thei r  precisio n scor e wa s virtuall y 

identica l  t o thei r  recal l  a t  4 1 % ,  a s oppose d t o Camille' s 1 9 % 

precisio n score .  B y generatin g almos t  2  concept s pe r  hypoth -

esis ,  Camill e increase s it s chanc e o f  identifyin g th e correc t 

concept ,  bu t  end s u p wit h les s usabl e hypotheses . 

I n a  followu p experiment ,  w e attempte d t o determin e th e 

effec t  o f  th e amoun t  o f  contex t  o n ver b identification .  Th e 

participant s (N=27 )  wer e agai n give n a  .se t  o f  1 7 sentence s 

fro m th e sam e corpus .  Thi s time ,  ther e wer e tw o differen t 

sentenc e conditions .  I n on e condition ,  w e use d th e sentence s 

as the y appeare d i n th e origina l  corpus .  Thes e sentence s wer e 

lon g an d complex ,  wit h a n averag e lengt h o f  28. 6 words .  I n 

th e othe r  condition ,  th e sentence s wer e pare d dow n unti l  onl y 

one propositio n remained .  Thes e sentence s ha d a n averag e 

lengt h o f  8. 8 words .  Example s o f  th e origina l  an d shortene d 

versions' '  o f  a  sentenc e fro m th e corpus ,  wit h th e verb s re -

moved,  ar e show n below : 

Original: "National Army spokesmen said that one noncom-
missione d office r  an d si x  soldier s wer e ,  fou r 

wer e wounded ,  an d 1 5 other s wer e injure d durin g th e 

attack s agains t  militar y base s an d polic e installation s i n 

Segovi a b y th e 4t h Fron t  o f  th e FARC. " 

Shortened :  "Si x soldier s wer e i n Segovi a b y th e 

4t h Fron t  o f  th e FARC. " 

"I n som e case s th e origina l  sentenc e expresse d a  singl e proposi -
tion .  I n thi s cas e th e origina l  an d shortene d version s wer e th e same . 
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The participant s wer e give n 8  sentence s I'ro m on e condition , 

and 9  fro m th e other . 

We calculate d overal l  recal l  an d precisio n fo r  th e partici -

pants '  answers .  Thi s time ,  bot h score s wer e slightl y lowe r 

but  stil l  comparabl e t o thos e i n th e lirs t  experiment :  recal l 

= 3 7 % an d precisio n =  36'7r .  We als o calculate d th e score s 

separatel y fo r  th e origina l  an d shortene d .sentences ,  l o exam -

in e whethe r  th e ful l  contex t  facilitate s th e identificatio n o f  th e 

missin g verb .  I n fact ,  howexcr ,  th e score s wer e slightl y lowe r 

fo r  ih e longe r  versions .  357 f  (longer) ,  compare d wit h .^9 % 

ishoricr )  fo r  recall ,  an d ."̂-l'- !  an d ?>19 (  ivspeclivci y fo r  pre -

cision .  Thus ,  th e large r  amoun t  o f  contex t  di d no t  facilitat e 

ver b identification . 

Discussion and future work 

The goal of this research was to find out how a (computa-

tiona l  o r  human )  agen t  ca n lear n th e meaning s ol '  verb s fro m 

context .  A  symboli c incrementa l  learnin g syste m ca n perfor m 

fairl y wel l  o n thi s tas k b y comparin g inpu t  sentence s t o th e ,se -

lectiona l  constraint s o n actio n concept s i n it s  domai n knowl -

edge .  I n fact ,  w e rind  tha t  human s i n a  simila r  settin g perfor m 

at  relativel y simila r  recal l  levels .  However ,  th e huma n result s 

wer e signihcantl y differen t  i n thei r  precisio n level .  Humans 

almos t  withou t  exceptio n produce d a  singl e ver b fo r  a  sen -

tence ,  wherea s Camill e produce d a n averag e o f  jus t  ove r  two . 

Camill e coul d no t  distinguis h thes e concept s base d purel y o n 

semanti c constraints . 

Wo ar e lef t  wit h th e questio n o f  wha t  typ e o f  informa -

tio n human s us e i n orde r  t o distinguis h betwee n candidat e 

verbs .  On e possibilit y  i s  th e syntacti c conten t  o f  th e sen -

tence ,  whic h Camill e di d no t  use ,  bu t  whic h a  statistica l  cor -

pus analysi s showe d coul d contribut e significantl y t o ver b in -

ference .  Thi s possibilit y  woul d argu e agains t  th e claim s o f 

some researcher s i n corpus-hase d semanti c representation s 

lik e LS A (Landauer & Dumais .  1997 ;  Landauer ,  Laham ,  Re -

hder ,  &  Schreiner ,  1997 )  wh o sugges t  tha t  wor d orderin g 

play s a n insignifican t  rol e i n determinin g th e meanin g o f  a 

text .  I t  woul d als o rais e question s abou t  Siskind' s recen t  wor k 

(1996) .  i n whic h h e showe d tha t  i t  wa s theoreticall y possibl e 

fo r  a  learnin g syste m t o acquir e wor d meaning s i n particu -

la r  situation s withou t  an y knowledg e o f  syntax .  Thi s ma y b e 

true ,  bu t  w e als o kno w tha t  huma n languag e learners ,  eve n 

ver y youn g ones ,  d o kno w som e element s o f  synta x (Hirsh -

Pasek &  Golinkoff .  1993 :  Naigies .  1990) .  I t  remain s l o b e 

.see n exactl y ho w thes e syntacti c feature s ar e brough t  int o 

play . 

Anothe r  facto r  tha t  coul d hel p human s distinguis h betwee n 

ver b choice s i s wor d frequency .  A s previousl y stated ,  ther e i s 

a wid e rang e o f  variatio n i n th e frequencie s jus t  withi n th e 

terroris m domain .  Presumabl y thi s variatio n woul d b e eve n 

more pronounce d withi n th e experienc e o f  th e huma n partic -

ipants .  I f  human s d o tak e familiarit y o f  a  wor d int o account . 

the y ma y b e mor e likel y t o infe r  tha t  th e ver b i s on e wit h hig h 

familiarity ,  an d migh t  no t  eve n thin k o f  som e o f  th e mor e ob -

scur e word s ("machine-gunned" '  fo r  example) .  Furthemiore . 

th e sentence s i n thi s corpu s wer e al l  writte n b y journalists , 

and non e o f  th e participant s (a s fa r  a s w e know )  i s a  journal -

ist .  Perhap s som e o f  th e targe t  word s ar e unlikel y eve r  t o b e 

uttere d b y a  non-journalist . 

One implicatio n o f  thi s researc h fo r  natura l  languag e pro -

cessin g i s it s focu s o n domain-specifi c  inferenc e methods . 

Camill e require s a  fairl y  complet e domai n concep t  represen -

tation ,  bu t  beyon d that ,  it s  inferenc e method s ca n b e consid -

ere d "wea k methods" ,  i.e .  the y don' t  rel y o n an y domain -

specifi c  heuristic s — jus t  a  genera l  searc h procedure .  Th e 

statistica l  analyse s performe d her e ar e als o clearl y domai n 

specific .  We wouldn' t  wan t  t o exten d ou r  inference s abou t 

th e occurrence s o f  "killed "  an d "denied" ,  fo r  example ,  t o an -

othe r  domain .  Bu t  thi s ver y domai n specificit y ca n b e a n as -

set .  Genera l  purpos e parser s hav e bee n a n unachievabl e grai l 

fo r  NLP .  Perhap s b y performin g fairl y  simpl e statistica l  anal -

yse s o f  corpor a i n specifi c  domains ,  w e ca n augmen t  parser s 

t o mak e the m mor e effectiv e i n specifi c  areas ,  a s i n th e recen t 

M UC evaluations .  Furthermore ,  b y narrowin g th e process -

in g focu s t o a  sublanguage ,  perhap s w e ca n als o facilitat e th e 

acquisitio n o f  unknow n words . 

In futur e work ,  w e pla n t o examin e a  large r  corpu s t o en -

sur e th e reliabilit y  o f  ou r  statistica l  analyses .  We als o wan t 

t o tes t  ho w wel l  human s perfor m wit h multipl e example s o f 

a wor d becaus e Camill e relie s o n gettin g multipl e example s 

i n orde r  t o fix  erroneou s initia l  inferences .  We hav e recentl y 

begun a  stud y t o tr y t o teas e apar t  th e differen t  aspect s o f  th e 

semanti c an d syntacti c context .  Th e material s ar e simila r  t o 

thos e describe d i n th e huma n testin g sectio n here .  Bu t  w e wil l 

substitute ,  fo r  th e argument s o f  th e verb ,  phrase s whic h hav e 

les s information ,  fo r  example ,  "th e 4t h Fron t  o f  th e FARC" 

wil l  b e replace d wit h " a terroris t  organization, "  " a group. "  o r 

"a n entity" .  Thi s shoul d giv e u s a  bette r  ide a o f  th e contribu -

tio n o f  differen t  type s o f  contextua l  information . 

Finally ,  w e wil l  perfor m a  qualitativ e analysi s o f  th e hu -

man response s versu s Camille' s guesse s t o se e i f  an y pattern s 

can b e found .  I n th e end ,  w e hop e t o b e abl e t o implemen t  a 

computationa l  lexica l  acquisitio n mechanis m whic h incorpo -

rate s wha t  we'v e learne d abou t  th e aspect s o f  linguisti c con -

tex t  whic h ar e importan t  fo r  ver b acquisifion . 
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Heterogeneousl y Distribute d Cognitio n 

Stanto n Wortha m (swortham@bates.edu ) 
Departmen t  o f  Education ;  Bate s Colleg e 

Lewiston ,  M E 0424 0 US A 

Abstrac t 

Advocates of distributed cognition argue that cognitive ac-
complishment s rel y i n par t  o n structure s outsid e th e individ -
ual  min d -  structure s locate d i n othe r  mind s o r  i n artifact s 
tha t  w e thin k with .  Thi s pape r  argue s that ,  i n som e cases ,  in -
teractiona l  structur e ca n als o mak e essentia l  contribution s t o 

cognition .  Th e dat a ar e transcribe d classroo m discussions ,  i n 
whic h teacher s an d student s us e languag e t o establis h bot h 
referentia l  an d interactiona l  patterns .  Th e analyse s us e tech -
nique s fro m linguisti c pragmatics ,  t o uncove r  emergen t  inter -
actiona l  structur e i n th e conversation s an d t o sho w ho w thi s 
structur e migh t  mak e essentia l  contribution s t o th e cognitiv e 
valu e o f  thos e conversations . 

As G o o d m a n (1983 )  showe d wit h hi s "ne w riddl e o f  induc -
tion, "  instance s d o no t  unproblematicall y exemplif y on e 
categor y o r  another .  Peopl e mus t  dra w o n backgroun d 
knowledg e t o infe r  whic h o f  variou s possibl e categorie s a n 
instanc e exemplifies .  Understandin g ho w thi s inferentia l 
proces s work s wil l  remai n a  basi c proble m i n cognitiv e sci -
enc e a s lon g a s categorizatio n remain s fundamenta l  t o ou r 
theorie s o f  understandin g an d reasoning .  Wha t  type s o f 
structur e provid e th e relevan t  backgroun d tha t  allow s peo -
pl e t o understan d particula r  instance s a s unproblemati c 
members o f  recognizabl e categories ? 

Traditiona l  cognitiv e scienc e locate d thi s structur e withi n 
th e individua l  min d (e.g. ,  Johnson-Laird ,  1983) .  Recen t 
wor k i n "distributed "  o r  "situated "  cognitio n suggest s tha t 
par t  o f  th e backgroun d structur e whic h allow s categoriza -
tio n t o procee d unproblematicall y lie s outsid e th e individua l 
min d (e.g. ,  Hutchins ,  1995 ;  Kirshne r  &  Whitson ,  1997) . 
Theorie s o f  distribute d cognitio n argu e tha t  successfu l  cog -
nitio n depend s o n variou s interlockin g structures ,  acros s 
mor e tha n on e individua l  mind ,  whic h fi t  togethe r  i n a  sys -
tem .  Hutchin s (1995 )  an d Wertsc h (1997 )  sho w ho w th e 
structure s essentia l  t o categorizatio n an d reasonin g ca n in -
clud e differen t  piece s o f  backgroun d knowledg e hel d b y 
differen t  member s o f  a  group ,  a s wel l  a s aspect s o f  th e arti -
fact s o r  "tools "  tha t  peopl e us e whil e thinking . 

Thi s pape r  describe s h o w pattern s a t  anothe r  leve l  o f  or -
ganizatio n ca n contribut e structur e t o cognition .  I n par -
ticular ,  i t  describe s a  typ e o f  "emergen t  interactiona l  struc -
ture "  tha t  speaker s creat e i n conversation .  I n creatin g thi s 
emergen t  interactiona l  structure ,  speaker s adop t  role s an d 
enac t  socia l  event s o f  th e sor t  Goffma n (1967 )  describes . 
Thi s sor t  o f  verba l  socia l  actio n migh t  a t  firs t  see m unre -
late d t o th e cognitiv e accomplishment s tha t  ca n b e facili -

tate d b y conversation .  Bu t  1  argu e tha t  emergen t  interac -
tiona l  structur e ca n mak e essentia l  contribution s t o th e 
backgroun d tha t  cognitio n depend s on .  Thi s i s th e meanin g 

of  th e "heterogeneousl y distribute d cognition "  i n m y title .  I 
argu e tha t  structur e essentia l  t o cognitio n i s distribute d no t 
jus t  acros s peopl e an d artifacts ,  bu t  als o acros s heterogene -
ous level s o f  organizatio n lik e th e micro-interactiona l  level . 

The argumen t  center s aroun d a  particula r  typ e o f  speec h 
event ,  tha t  I  hav e calle d "participan t  examples "  (Wortham , 
1994) .  I  focu s o n example s becaus e successfu l  us e o f  an y 
exampl e require s tha t  peopl e recogniz e th e categor y tha t  di e 
instanc e exemplifies ,  an d thu s thi s typ e o f  speec h even t 
centrall y presuppose s th e proces s o f  categorization .  A 
"participan t  example "  includes ,  a s a n exampl e o f  som e 
category ,  peopl e participatin g i n th e ongoin g conversatio n 
itsel f  Participant s wit h role s i n th e exampl e hav e tw o roles : 
one a s hypothetica l  o r  actua l  character s i n th e exampl e an d 
one a s participant s i n th e conversation .  Discussio n o f  par -
ticipan t  example s ca n functio n bot h t o refe r  an d t o establis h 
interactiona l  organizatio n i n th e conversation .  Fo r  instance , 
givin g a n exampl e o f  one' s riva l  doin g (supposedl y hypo -
thetical )  foolis h things ,  i n th e presenc e o f  tha t  rival,  migh t 
be interprete d a s a n insul t  an d a n interactiona l  challenge .  A t 
th e sam e time ,  th e exampl e migh t  effectivel y establis h som e 
intellectua l  point .  W e generall y assum e tha t  th e cognitiv e 
structur e establishe d b y a n exampl e come s exclusivel y from 
it s referentia l  valu e (an d th e backgroun d knowledg e mad e 
relevan t  b y referentia l  value) .  Thi s pape r  argue s tha t  th e 
interactiona l  structur e establishe d b y participan t  example s 
ca n als o mak e essentia l  contribution s t o th e cognitiv e 
structur e tha t  suc h example s hel p constitute . 

Thus I  a m distinguishin g betwee n thre e type s o f  structure : 
(a )  cognitiv e structur e i n general ,  th e largel y implici t  or -
ganizatio n o f  knowledge ,  procedure s an d practice s tha t  al -
low s peopl e t o understan d experienc e a s meaningful ;  (b ) 
mor e loca l  structur e establishe d throug h th e referentia l 
functio n o f  language ,  tha t  serve s t o pic k ou t  an d character -
iz e object s an d relations ;  (c )  emergen t  structur e establishe d 
throug h th e interactiona l  function s o f  language ,  whic h wil l 
be illustrate d below .  I  a m arguin g tha t  i n som e case s cog -
nitiv e structur e depend s o n bot h referentia l  an d emergen t 
interactiona l  structures . 

The Study 

The dat a fo r  thi s stud y com e fro m observation s o f  nint h an d 
twelft h grad e Englis h an d histor y classe s i n a n urba n 
America n school ,  mad e ove r  thre e years .  Wortha m (1994 ) 
provide s ethnographi c backgroun d o n th e schoo l  an d th e 
particula r  classe s studied .  Th e primar y dat a ar e eigh t  hour s 
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of  transcribe d tap e recording s o f  classroo m discussions . 
Hal f  o f  th e clas s session s transcribe d wer e selecte d a t  ran -
do m fro m a  year' s wort h o f  recordings ,  an d th e othe r  hal f 
wer e selecte d becaus e the y containe d length y discussion s o f 
participan t  examples .  Wor tha m (1994 )  report s that ,  i n thi s 

sample ,  speaker s gav e on e exampl e fo r  ever y thre e t o five 
minute s o f  classroo m conversation .  O n e o f  ever y thre e ex -
ample s wa s a  participan t  example .  Hal f  o f  al l  example s 
appeare d i n onl y on e speakin g turn ,  bu t  on e i n fou r  wer e 
discusse d fo r  mor e tha n te n speakin g turns .  Participan t  ex -
ample s generate d significantl y mor e discussio n tha n non -
participan t  examples . 

The transcript s wit h participan t  example s wer e analyze d 
usin g a  techniqu e I  hav e calle d "deicti c mapping " 
(Wortham ,  1996) .  Thi s techniqu e take s advantag e o f  a  dis -
tinctiv e fac t  abou t  deictic s -  thos e linguisti c form s tha t  de -
pend fo r  thei r  referentia l  valu e o n aspect s o f  th e interac -
tiona l  contex t  i n whic h the y ar e uttered .  A s Jakobso n 
(1971 )  described ,  deictic s (o r  "shifters, "  a s h e calle d them ) 
simultaneousl y functio n t o refe r  an d t o establis h socia l  po -
sition s i n th e interactiona l  even t  o f  th e conversation .  We , 
fo r  instance ,  refer s t o som e grou p tha t  include s th e speaker . 
I n orde r  t o understan d wha t  grou p w e refer s t o i n a  give n 
instance ,  w e nee d t o kno w somethin g els e abou t  th e socia l 
organizatio n o f  th e conversatio n (an d perhap s th e large r 
society) .  A n y utteranc e o f  w e als o establishe s o r  reinforce s 
a particula r  interactiona l  patter n -  i.e. ,  tha t  th e speake r  an d 
certai n other s belon g t o som e recognize d group . 

The techniqu e o f  deicti c mappin g systematicall y trace s 
th e us e o f  deictic s throug h a  conversation ,  takin g particula r 
not e o f  transition s -  as ,  fo r  instance ,  whe n a  speake r  ha s 
been includin g a  particula r  participan t  a s a  referen t  o f  we , 
but  the n start s t o refe r  t o tha t  sam e participan t  a s a  par t  o f 
some grou p calle d they .  A  shif t  lik e thi s migh t  indicat e tha t 
someone i s bein g exclude d fro m a n importan t  socia l  group . 
Deicti c mappin g wa s designe d t o revea l  interactiona l  pat -
tern s i n conversation ,  b y uncoverin g th e group s tha t  speak -
er s alig n themselve s with .  B y applyin g thi s techniqu e t o 
participan t  examples ,  however ,  w e lear n abou t  bot h interac -
tiona l  an d referentia l  pattern s becaus e th e interactiona l  po -
sitio n o f  participant s i n participan t  example s contribute s 
bot h t o th e socia l  an d th e referentia l  organizatio n o f  th e 
discussion .  Fo r  thos e participant s wit h a  rol e i n th e exam -
ple ,  a n understandin g o f  thei r  interactiona l  positio n withi n 
th e exampl e wil l  hel p u s understan d th e cognitiv e impor t  o f 
tha t  example . 

Not e tha t  deictic s participat e simultaneousl y i n th e refer -
entia l  an d interactiona l  function s o f  speech ,  an d thei r  abilit y 
t o perfor m eac h o f  thes e function s depend s o n th e othe r  (cf . 
Silverstein ,  1976) .  Us e o f  a  deicti c lik e w e ca n bot h estab -
lis h an d refe r  t o th e sam e socia l  group .  I n suc h a  cas e th e 
interactiona l  organizatio n (o f  som e grou p o f  participant s i n 
th e conversatio n and/o r  th e socia l  world )  make s a n essentia l 
contributio n t o th e referentia l  meanin g o f  th e utterance . 
Thus deictic s illustrat e h o w interactiona l  pattern s migh t 
contribut e structur e tha t  help s establis h cognitiv e meaning . 
My analysi s o f  deicti c usag e i n participan t  example s ha s 
shown tha t  th e sam e thin g ca n happe n i n participan t  exam -
ples .  Participan t  example s ca n establis h interactiona l  or -
ganizatio n amon g participant s i n th e conversation ,  an d thi s 

interactiona l  organizatio n sometime s mirror s (an d contrib -

ute s to )  th e referentia l  patter n lai d ou t  b y th e example . 
I n othe r  words ,  I  a m claimin g that :  (a )  w e mus t  under -

stan d th e interactiona l  position s attribute d t o character s 
withi n a  participan t  example ,  i n orde r  t o understan d tha t 
example ;  (b )  th e interactiona l  position s o f  participants ' 
character s withi n a  participan t  exampl e ar e ofte n tie d t o th e 
interactiona l  position s o f  thos e sam e participant s i n th e 
classroo m interactio n itsel f  (i.e. ,  ther e i s sometime s a  ho -
molog y betwee n th e interactiona l  positionin g o f  character s 
withi n a  participan t  exampl e an d th e positionin g o f  thos e 
participant s i n th e surroundin g interaction) ;  (c )  thu s th e in -
teractiona l  position s o f  teacher s an d student s themselve s ca n 
contribut e t o th e cognitiv e conten t  o f  th e classroo m discus -
sion . 

An Example 

Wortha m (1994 )  describe s som e o f  th e socia l  implication s 
of  thi s homolog y betwee n th e referentia l  an d interactiona l 
structur e create d b y participan t  examples .  Her e I  wan t  t o 
conside r  som e o f  th e cognitiv e implications ,  wit h referenc e 
t o on e example .  Th e followin g exampl e wa s give n i n a 
nint h grad e discussio n o f  Plutarch' s "Lif e o f  Lycurgus. " 
Thi s tex t  describe s th e Sparta n politica l  system ,  i n whic h th e 
welfar e o f  th e whol e societ y wa s generall y place d abov e th e 
welfar e o f  th e individual .  Spart a wa s rule d b y a  committe e 
of  elders ,  calle d "Ephors, "  w h o mad e decision s o n behal f  o f 
th e community .  I n thi s classroo m conversation ,  th e student s 
objec t  strongl y t o on e particula r  Sparta n practice :  whe n a 
citize n ha d a  baby ,  sh e ha d t o brin g th e bab y t o th e Ephor s 
fo r  judgment ;  i f  the y fel t  th e chil d wa s sickly ,  suc h tha t  i t 
woul d likel y b e a  burde n o n th e society ,  th e mothe r  wa s 
force d t o leav e th e bab y outsid e t o di e o f  exposure .  A  stu -
den t  name d Jasmin e argue s agains t  thi s practice ,  b y pre -
sentin g hersel f  a s a n exampl e o f  a  hypothetica l  Sparta n 
mother . 

ST: if she had a baby and hers lived and I had 
a bab y an d min e didn't ,  we'r e no t  equal . 

T:  yea h you'r e right ,  yo u didn' t  produc e a 
health y baby . 

ST:  h o w d o yo u kno w that ,  the y jus t  sa y tha t 
one ain' t  healthy ,  an d the n lookit ,  min e 
probabl y gre w u p t o b e talle r  an d stronger . 

T:  becaus e they'r e th e Sparta n Ephor s w h o 
make a  decision ,  th e Ephor s k n o w wha t 
makes a  goo d Sparta n becaus e they'r e 
sixt y year s ol d an d they'v e see n a n awfu l 
lot . 

The student's example describes three roles: herself as a 
hypothetica l  Sparta n mothe r  force d t o kil l  he r  child ;  anothe r 
studen t  ("she" ,  a  studen t  name d Erika )  a s a  hypothetica l 
Sparta n mothe r  w h o get s t o kee p he r  baby ;  an d th e Ephor s 
w ho pas s judgment .  A s th e studen t  intended ,  th e relation s 
betwee n thes e thre e role s mirro r  thos e tha t  th e tex t  describe s 
fo r  ancien t  Sparta :  th e relationshi p betwee n th e tw o hypo -
thetica l  Sparta n mother s ( a relatio n betwee n th e unprivi -
lege d an d th e privileged) ;  an d th e relationshi p betwee n th e 
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mother s an d th e Ephor s ( a relationshi p betwee n th e subor -
dinat e an d th e powerful) . 

Over  th e cours e o f  th e classroo m discussion ,  a s i t  turn s 

out ,  thi s three-par t  structur e involvin g th e powerful , 
privilege d subordinate s an d unprivilege d subordinate s 

comes t o organiz e th e classroo m interactio n itself .  Tha t  is , 
teacher s an d student s ste p int o thes e thre e role s i n a n 
interactiona l  structur e tha t  emerge s durin g th e discussion . 
We ca n begi n t o se e thi s i n th e followin g segment .  Recal l 

that ,  becaus e o f  Jasmine' s dua l  rol e a s hypothetica l  Sparta n 
and actua l  student ,  comment s abou t  Jasmine' s characte r 
withi n th e exampl e hav e implication s fo r  Jasmin e th e 
studen t  herself . 

ST: if she had a baby and hers lived and mine died 
we no t  equal ,  an d i f  the y wan t  i t  t o be -  everybod y 
t o b e equa l  the n I  shoul d ge t  t o kee p min e too . 

T:  what -  wai t  a  second ,  you'r e baby' s goin g t o gro w 
up an d b e thi s unhealth y runt ,  he r  baby' s goin g 
t o gro w u p an d b e health y 

ST:  r m equa l  t o he r  the n 
T:  yea h you'r e equal ,  bu t  yo u k n o w tak e i t  twent y 

year s i n th e future ,  he r  baby' s goin g t o hav e t o 
d o wha t  fo r  you r  baby ,  you r  baby' s goin g t o d o 
what ,  la y around . 

STS:  hahahahah a drinkin g bee r 
T:  drinkin g beer ,  eatin g thei r  bea n soup . 

If we read this simply for its referential value, the students 
and teache r  her e ar e elaboratin g th e pro-Sparta n argument . 
The y articulat e th e Spartans '  reasoning ,  b y imaginin g h o w 
an unhealth y bab y woul d becom e a  burde n o n th e society . 
I f  w e examin e implication s fo r  th e interactio n amon g 
teacher s an d students ,  however ,  a  mor e disturbin g patter n 
start s t o emerge .  W h a t  sor t  o f  perso n woul d stereotypicall y 
say "you r  baby' s goin g t o d o what ? la y around....drinkin g 
beer" ? W e woul d nee d mor e evidenc e t o mak e firm 
conclusions ,  bu t  thi s accusatio n indexicall y presuppose s (c f 
Silverstein ,  1976 )  a  recognizabl e socia l  group—welfar e 
critics ,  w h o ofte n decr y th e allege d lazines s o f  welfar e 
recipient s w h o m taxpayer s mus t  support .  Thi s indexica l 
presuppositio n ha s th e potentia l  t o shap e th e classroo m 
interactio n a m o n g teacher s an d students ,  i f  w e remembe r 

tha t  th e student s c o m e fro m a  socia l  grou p ofte n stereotype d 
as laz y welfar e recipient s (lowe r  clas s blacks) . 

Wor tha m (1994 )  argue s tha t  a s th e clas s progresse s th e 
teacher s d o i n fac t  alig n themselve s wit h contemporar y U.S . 
welfar e critics .  Furthermore ,  th e passag e abov e represent s 
th e beginnin g o f  a  patter n i n whic h th e students '  o w n socia l 
positio n become s analogou s t o tha t  o f  unprivilege d 
Spartans .  Throug h thi s analog y students '  utterance s com e t o 
inde x underprivilege d welfar e recipients .  I n th e classroo m 
and i n contemporar y America ,  jus t  a s i n Sparta ,  w e hav e 
relation s betwee n th e privilege d an d unprivilege d an d 
betwee n th e powerfu l  an d th e subordinate .  Lik e Sparta n 
mother s w h o mus t  submi t  thei r  childre n t o b e judged , 
student s mus t  submi t  t o teachers '  judgments .  And ,  a s 
Sparta n societ y di d t o unhealth y babies ,  America n societ y 
ofte n turn s it s bac k o n th e students '  socia l  grou p (lowe r 
clas s blacks) .  Jasmine ,  i n bot h he r  hypothetica l  an d actua l 

role ,  i s  unprivilege d an d subordinate .  Thi s analog y begin s 
t o develo p i n th e passag e above ,  whe n th e teache r 

characterize s Jasmine' s bab y a s naturall y inferio r  (a n 
"unhealth y runt") ,  unproductiv e ("lyin g around") ,  an d 
intemperate .  Thi s narrow s d o w n th e socia l  identit y th e 
teache r  i s attributin g t o th e chil d an d it s mother .  Althoug h 

sh e i s overtl y talkin g abou t  Sparta ,  he r  characterizatio n o f 
Jasmine' s bab y a s a  laz y drunkar d begin s t o soun d lik e th e 
contemporar y America n stereotyp e fo r  som e lowe r  clas s 
blac k welfar e recipients . 

Wor tha m (1994 )  emphasize s tha t  a t  thi s poin t  th e teache r 
i s stil l  eithe r  teasin g th e student s o r  playin g devil' s  advocat e 
t o defen d th e Sparta n politica l  system .  Th e implication s o f 
thei r  discussio n fo r  thei r  o w n interactio n ar e stil l  onl y 
potential ,  an d almos t  surel y no t  conscious .  Bu t  thes e 
implication s ar e there ,  an d the y ar e i n fac t  develope d a s th e 
classroo m conversatio n proceeds .  Th e followin g segmen t 
occur s a  fe w minute s late r  i n th e classroo m conversation . 

T/B: yeah but see you're- but that's the hitch isn't it? 
you'v e go t  thi s bab y that' s no t  health y an d you'r e 
afraid' s goin g t o g o i n th e army ,  an d w h y shoul d 
th e res t  o f  u s suppor t  you r  baby . 

STS:  hahahah a 
ST:  i f  the y wante d the m t o b e equa l  the n eve n i f  m y 

Chil d wa s retarde d o r  whateve r  h e shoul d g o int o 
th e arm y to o 

If we continue to examine the discussion for its interactional 
implications ,  on e utteranc e i n thi s passag e stand s out :  th e 
teacher' s "wh y shoul d th e res t  o f  u s suppor t  you r  baby? " 
This ,  again ,  indexicall y presuppose s welfar e critics .  Not e 
th e teacher' s us e o f  u s i n thi s utterance .  Fo r  th e first  time , 
sh e include s hersel f  i n th e example ,  i n a  grou p oppose d t o 
Jasmine's .  Sh e attribute s a  definit e socia l  identit y t o 
Jasmine' s baby :  h e i s a n unproductiv e freeloader .  Mrs . 
Baile y an d he r  socia l  group—whoeve r  i s include d i n u s — 
ar e taxpayer s force d t o suppor t  suc h people .  Her e th e 
teache r  put s herself ,  an d presumabl y othe r  taxpayers ,  int o a 
rol e analogou s t o th e Ephors' .  I n bot h th e tex t  an d th e 
exampl e th e Ephor s refus e t o expen d resource s o n 
unhealth y babies .  Analogously ,  i n th e classroo m 
conversatio n an d i n contemporar y U.S .  society ,  th e teache r 
hersel f  seem s t o resen t  spendin g ta x mone y o n 
"unproductive "  children .  Thu s I  argu e tha t  discussio n o f  th e 
exampl e i s becomin g a n implici t  commentar y o n taxpayer s 
(lik e th e teacher )  an d welfar e recipient s (lik e man y o f  th e 
students) . 
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F igur e 1 .  Interactiona l  implication s o f  th e e x a m p l e . 

Figure 1 represents this situation. The two inner boxes 
represen t  referentia l  structur e se t  u p throug h discussio n o f 
th e tex t  a n d th e e x a m p l e .  Utterance s f r o m th e las t  t w o 
excerpts ,  w h i c h th e teache r  use s t o describ e Jasmine' s 
hypothetica l  b a b y ,  ar e inc lude d i n th e lef t  inne r  b o x .  T h e 
oute r  b o x represent s teacher s a n d student s i n th e c lassroo m 
interactio n itself .  A s discusse d a b o v e ,  th e utterance s use d t o 
describ e Jasmine ' s b a b y indexicall y p resuppos e g r o u p s tha t 
bot h teacher s a n d student s recogniz e from  thei r  o w n 
society :  we l far e critic s a n d stereotype d welfar e recipients . 
I n th e las t  p a s s a g e th e teache r  begin s t o alig n hersel f  wi t h 
th e welfar e critics ,  a s a n irat e taxpayer .  A n d th e fac t  tha t 
m o st  o f  thes e student s ar e l o w e r  clas s black s als o m a k e s i t 
possibl e tha t  the y themse lve s ar e be in g a l i g n e d — t h r o u g h 
th e t o o - c o m m o n U . S .  s t e r e o t y p e — w i t h Jasmine' s 
hypothetical ,  unp roduc t i v e b a b y .  T h u s w e begi n t o se e th e 
outlin e o f  a n e m e r g e n t  interactiona l  structur e organizin g 
relation s a m o n g th e teache r  a n d th e students .  N o t e tha t  thi s 
structur e w a s no t  establishe d solel y th roug h th e referentia l 
functio n o f  l anguage .  I t  als o d e p e n d s o n indexica l 
presuppositio n a n d socia l  g r o u p s familia r  f r o m th e large r 
society .  T e a c h e r s a n d student s d o no t  refe r  t o thes e groups . 
T h e y inde x a n d the n inhabi t  o r  enac t  t h e m . 

T h e clas s cont inue s t o discus s Jasmine ' s e x a m p l e fo r  hal f 
a n hour .  S e e W o r t h a m ( 1 9 9 4 )  fo r  th e transcrip t  a n d furthe r 
analyse s o f  th e interactiona l  organizatio n create d i n thi s 
discussion .  W e hav e spac e her e fo r  onl y on e mor e excerp t 
fro m th e en d o f  th e classroo m discussion .  I n th e followin g 
segment  th e topi c shift s from  th e exampl e t o contemporar y 
America .  Th e clas s i s discussin g ho w ou r  societ y migh t  b e 
stron g lik e Spart a ye t  stil l  human e t o underprivilege d 
members lik e Jasmine' s hypothetica l  baby . 

T: yeah prosperity is money riches wealth. OK. How 
d o w e becom e a  rich,  nation ,  a  powerfu l  nation . 

ST:  wor k hard ? wor k fo r  it . 
T:  you'v e go t  t o wor k fo r  it . 
ST:  yo u nee d a  goo d educatio n 
T:  you'v e go t  t o hav e a  goo d education ,  why . 

ST:  lik e som e um ,  lik e som e o f  the m Asia n w o m e n 

ar e takin g ove r  'caus e the y ar e smart . 

STS:  Asian s Asia n giri s  hn h 

T:  becaus e the y wor k hard ? 
ST:  the y wor k har d bu t  the y smar t  too . 

ST:  the y hav e t o b e smar t  t o lear n al l  the m signs . 
STS:  hahahahah a 

T:  i f  that' s th e cas e becaus e they'r e smar t  an d the y 
wor k hard ,  the n becaus e you'r e no t  smar t  yo u 
don' t  wor k har d mayb e w e shoul d thro w yo u i n 
th e gle n earl y t o giv e the m th e benefit ? 

Analyzed just in terms of referential content, this final 
passag e fleshe s ou t  th e concep t  o f  privileged ,  productiv e 
members o f  a  society .  I t  doe s s o b y establishin g anothe r 

realm ,  draw n fro m contemporar y U.S .  society ,  wit h socia l 
organizatio n analogou s t o tha t  foun d i n th e example . 
Asians ,  lik e Erika' s health y baby ,  wil l  wor k har d an d 

contribut e t o th e society .  Les s talente d an d diligen t 
students ,  lik e Jasmine' s unhealth y baby ,  wil l  no t  wor k a s 
har d an d wil l  no t  contribut e a s much . 

W h en w e als o conside r  th e implication s o f  thi s segmen t 
fo r  relationship s i n th e classroo m conversatio n itself ,  i t 
becomes clea r  tha t  mor e i s goin g o n here .  Th e passag e 
contain s severa l  clue s tha t  th e students '  an d teachers '  o w n 
socia l  position s -  an d mor e generally ,  issue s surroundin g 
rac e relation s i n contemporar y Americ a -  ar e als o a t  issu e 
here .  A t  th e en d o f  th e segmen t  th e teache r  clearl y connect s 
th e relationshi p betwee n thes e student s an d Asia n student s 
t o th e relationshi p betwee n Jasmine' s an d Erika' s 
hypothetica l  babies .  Sh e doe s this ,  fo r  example ,  b y talkin g 
abou t  throwin g thes e student s "i n th e glen. "  Plutarc h use s 
th e sam e phrase ,  sayin g tha t  unfi t  Sparta n babie s wer e lef t 
outsid e "i n a  glen. "  t o die .  Th e teache r  make s clea r  dia t 
student s lik e Jasmin e ar e les s wel l  endowed :  Asia n student s 
ar e smar t  an d the y wor k hard ;  othe r  student s ar e d u m b an d 
lazy .  Th e "other "  student s ar e apparentl y th e blac k students . 
The clas s contain s fiftee n blacks ,  thre e whites ,  an d on e 
Asia n student ,  an d al l  th e student s w h o spea k i n thi s 
discussio n ar e black .  Th e teache r  als o follow s Lycurgu s i n 
claimin g tha t  societ y shoul d tur n it s bac k o n under-endowe d 
children . 

I  argu e that ,  whe n w e examin e th e interactiona l  function s 
of  th e speec h use d i n thi s classroo m conversation ,  w e find 
tha t  teacher s an d student s themselve s adop t  role s a s 
powerfu l  decision-makers ,  privilege d an d unprivilege d 
subordinates .  Discussio n o f  thi s participan t  exampl e 
creates ,  i n th e classroo m relation s amon g teacher s an d 
students ,  th e sam e tw o type s o f  relationship s describe d i n 
th e exampl e an d th e text .  A n interactiona l  structur e 
emerges ,  i n th e relation s amon g teacher s an d student s 
themselves ,  tha t  mirror s th e three-par t  structur e referre d t o 
i n th e example .  Teachers ,  i t  become s clear ,  ar e lik e Ephors . 
The y hav e th e powe r  t o decid e whic h student s succee d 
academicall y an d whic h d o not .  O n e grou p o f  student s i s 
privileged ,  an d wil l  m o v e ahea d throug h educationa l 
success .  A s th e clas s discussio n proceeds ,  Asia n student s 
ar e assigne d thi s role .  Anothe r  grou p o f  student s i s 
unprivileged ,  an d wil l  no t  mov e ahea d throug h academi c 
success .  Blac k student s com e t o occup y thi s rol e i n th e 
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classroo m conversation .  W o r t h a m (1994 )  provide s 

evidenc e tha t  thes e interactiona l  pattern s emerg e a m o n g 
teacher s an d students ,  b y examinin g i n mor e detai l  th e 

pattern s o f  deicti c (an d othe r  indexical )  usag e i n th e 
classroo m conversation . 

classKHin i  inlcratlio n 

Q ieachers "^ . 

(̂ sia n siudeni s 

r  blac k sludenlsj " 

discussio n 

teacher s 

Asia n student s inl?) -
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exampl e 

- f  Ephor s J -

^Jasmine' s baby V 

(master s 

Erik a s  bab v 
pnvilege d 

subordinate s 

unpnvilege d 
subordinate s 

F i g u r e 2 :  S t r u c t u r e i n t h e text ,  e x a m p l e a n d in te rac t io n 

Figure 2 represents the homology between role relations 
i n th e referentia l  conten t  an d th e interactiona l  positioning . 
Th e thre e inne r  boxe s represen t  rol e relation s describe d 
(i.e. ,  establishe d throug h th e referentia l  functio n o f  lan -
guage )  i n th e text ,  th e exampl e an d th e discussio n o f  Asia n 

students .  Th e oute r  bo x represent s th e classroo m interac -
tion .  T h e thre e rol e position s i n thi s bo x represen t  thos e 
enacte d b y teacher s an d students ,  usin g the -  interactiona l 
function s o f  language ,  i n th e classroo m discussio n itself . 
Classroo m relationship s ar e thu s organize d b y th e emergen t 
interactiona l  structur e represente d i n Figur e 2 .  Not e tha t 
thi s interactiona l  structur e depend s on ,  bu t  canno t  b e re -
duce d to ,  referentia l  structures . 

C o n c l u s i o n s 

I n thei r  discussio n o f  Jasmine' s example ,  teache r  an d stu -
dent s ac t  ou t  th e sam e role s tha t  the y describ e i n th e exam -
ple .  (A s documente d i n W o r t h a m (1994 )  a  smal l  bu t  robus t 
fractio n o f  classroo m participan t  example s ge t  enacte d i n 
thi s elaborat e w a y ) .  W h a t  ar e w e t o m a k e o f  th e homolog y 
betwee n th e describe d an d th e enacte d role s i n thi s class -
roo m discussion ? I  clai m tha t  thi s sor t  o f  enacte d partici -
pan t  exampl e work s i n a  wa y simila r  t o deicti c forms .  T o 
understan d th e interactiona l  effec t  o f  we ,  w e mus t  k n o w 
somethin g abou t  it s referentia l  value .  Bu t  t o understan d th e 
referentia l  valu e o f  we ,  w e mus t  k n o w somethin g abou t  th e 
interactiona l  organizatio n o f  th e conversatio n i n whic h i t  i s 
uttered .  Th e referentia l  an d interactiona l  function s canno t 
be separated .  I n a n enacte d participan t  example ,  referential , 
interactiona l  an d cognitiv e structure s ar e intertwine d a s 
well .  W e coul d no t  appreciat e th e interactiona l  positionin g 
don e i n th e Sparta n babie s exampl e withou t  understandin g 
what  speaker s refe r  t o i n thei r  classroo m discussio n o f  it . 

But  th e ful l  cognitiv e valu e o f  th e discussio n itsel f  partl y 

depend s o n th e emergen t  interactiona l  structur e establishe d 

wit h th e interactiona l  function s o f  speech . 

Th e analog y betwee n deicti c form s an d enacte d partici -

pan t  example s ha s on e flaw .  Deictic s ar e wha t  Peirc e 

(1955 )  calle d "legisigns. "  The y presuppos e a  rul e tha t  con -

nect s aspect s o f  thei r  contex t  t o thei r  referentia l  value .  Th e 

connectio n betwee n interactional ,  referentia l  an d cognitiv e 

pattern s i n participan t  example s i s no t  normativ e i n thi s 
way.  Nonetheless ,  interpretatio n o f  wha t  th e Sparta n babie s 
exampl e means ,  cognitively ,  depend s i n par t  o n structur e se t 
up throug h th e interactiona l  function s o f  language .  I n th e 

Sparta n babie s clas s al l  student s hav e experienc e wit h th e 
invidious ,  stereotypica l  contras t  betwee n Asian s ( a "mode l 
minority" )  an d blacks .  Whil e discussin g th e exampl e the y 
enac t  thi s contrast ,  withou t  fleshin g i t  ou r  referentially .  N o 

on e eve r  refer s t o black s a s underprivilege d o r  unendowed . 
But  blac k student s lik e Jasmin e ge t  positione d thi s way , 

interactionally .  B y enactin g th e stereotypica l  conu-as t  be -
twee n Asian s an d blacks ,  student s brin g int o pla y a n inter -
actiona l  structur e tha t  help s fles h ou t  th e large r  cognitiv e 
structur e tha t  the y ar e wrestlin g wit h (i.e. ,  h o w bes t  t o un -
derstan d th e socia l  relatio n betwee n privilege d an d unprivi -
lege d i n Sparta) .  Withou t  eve r  bein g referre d to ,  th e emer -
gen t  interactiona l  structur e contribute s t o students '  under -
standin g o f  th e tex t  an d th e example .  I  d o no t  clai m tha t  th e 
cognitiv e contribution s o f  ever y participan t  exampl e rel y 
centrall y o n interactiona l  structur e i n thi s way .  Bu t  i n som e 
case s the y do ,  an d thi s establishe s tha t  a t  leas t  sometime s 
interactiona l  structur e contribute s t o cognitiv e understand -
ing . 

I  a m usin g "understanding "  broadl y here ,  t o includ e (i n 
part )  structur e tha t  i s  acte d ou t  bu t  no t  (consciousl y o r  un -
consciously )  represented .  M a n y o f  thes e student s probabl y 
do no t  mentall y represen t  th e nuance s o f  Asian-blac k rela -
tions ,  bu t  the y k n o w h o w t o ac t  thes e relation s out .  I n thi s 
case ,  b y actin g the m ou t  th e student s contribut e enacte d 
sUTictur e t o th e cognitiv e valu e o f  thei r  example .  O n e coul d 
of  cours e argu e tha t  th e interactiona l  patter n simpl y derive s 
fro m th e referentia l  -  tha t  hearer s us e referentia l  pattern s t o 
develo p menta l  representation s o f  th e tex t  an d example ,  an d 

the n ac t  thes e pattern s out .  Bu t  thi s woul d no t  b e a  parsi -
moniou s explanation .  Languag e function s (largel y throug h 
deictic s an d othe r  indexica l  signaling )  t o establis h interac -
tiona l  structure .  M a n y aspect s o f  thi s structur e ar e no t  re -
ferre d t o o r  represente d a t  all ,  bu t  simpl y enacted .  Peopl e 
enac t  interactiona l  pattern s the y d o no t  mentall y represen t 
jus t  a s the y wal k withou t  ment«dl y representin g al l  th e com -
ple x movement s required .  I n enacte d participan t  examples , 
wher e th e interactiona l  an d referentia l  pattern s mirro r  eac h 
other ,  aspect s o f  th e interactiona l  patter n fles h ou t  thing s th e 
speaker s refe r  t o an d thu s contribut e t o th e cognitiv e struc -
tur e tha t  make s thos e thing s meaningful . 

I  argu e tha t  thi s kin d o f  emergen t  interactiona l  structure , 
lik e th e artifact s o r  tool s describe d b y Hutchin s (1995 )  an d 
Wertsc h (1997) ,  partl y constitute s th e cognitiv e accom -
plishment s o f  th e classroo m conversation .  I n thi s cas e thes e 
cognitiv e accomplishment s involv e understandin g a n exam -
ple ,  an d thu s requir e tha t  th e student s determin e wha t  cate -
gor y th e exampl e represents .  Thi s exampl e illustrate s th e 
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relatio n betwee n Ephor s an d Spartans ,  an d th e mor e genera l 
relatio n betwee n th e powerfu l  an d th e subordinate .  Th e 
student s identif y an d flesh  ou t  thi s categor y i n par t  throug h 
th e structur e o f  thei r  interactions .  Thu s I  argu e tha t  w e can -
not  solv e Goodman' s riddle ,  i n som e cases ,  unles s w e in -
clud e emergen t  interactiona l  structur e a s on e componen t  o f 
distribute d cognition . 
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Abstrac t 

We investigated category-based inference tasics, contrasting 
th e prediction s o f  structura l  alignmen t  theor y a s applie d t o 
categorizatio n wit h thos e o f  feature-overla p model s o f 
similarity .  W e provid e evidenc e fo r  th e differentia l  leve l  o f 
importanc e o f  causa l  informatio n i n category-base d inferenc e 
tasks ,  a s predicte d b y th e systematicit y principl e (Centner , 
1983) .  Ou r  basi c paradig m consist s o f  a  tas k i n whic h 
participant s decid e betwee n inference s base d o n share d causa l 
antecedent s o r  share d attributes .  Experimen t  I  demonstrate d a 
preferenc e fo r  th e causa l  inferenc e whe n th e targe t  anima l 
share s on e attribut e wit h on e o f  th e bas e animal s an d on e 
causa l  anteceden t  wit h th e othe r  base .  I n Experimen t  2 ,  w e 
found  tha t  thi s preferenc e hold s eve n whe n th e targe t  anima l 
share s greate r  attribut e similarit y wit h th e noncausa l  bas e 
(i.e. ,  th e targe t  share s tw o attribute s wit h on e bas e an d on e 
causa l  anteceden t  wit h th e other) .  Experimen t  2  als o serve d t o 
demonstrat e tha t  thi s resul t  ca n indee d b e attribute d t o th e 
influenc e o f  causa l  structure ,  an d no t  t o surfac e stimulu s 
properties ,  suc h a s sentenc e length .  Overall ,  th e result s agree d 
wit h th e prediction s o f  structura l  alignmen t  theor y an d wer e 
inconsisten t  wit h a  feature-overla p account . 

Introduction 

O ne importan t  functio n o f  concept s i s t o suppor t  inference s 

-derivin g n e w informatio n from  previou s knowledge .  Fo r 

instance ,  give n tha t  yo u k n o w tha t  you r  do g ha s a n 

appendix ,  yo u migh t  infe r  thi s propert y fo r  you r  cat .  Bu t 

yo u woul d probabl y no t  infe r  i t  fo r  you r  vacuu m cleaner . 

Give n this ,  wha t  ar e th e constraint s o n th e category-base d 

inferenc e process ? 

T w o prominen t  theorie s o f  category-base d inductio n posi t 

tha t  featura l  similarit y i s importan t  fo r  argument s lik e D o g s 

hav e a n appendix ;  therefore ,  cat s hav e a n appendix .  T h e 

similarity-coverag e mode l  (Osherson ,  Smith ,  Wilkie ,  Lopez , 

& Shafir ,  1990 ;  Osherson ,  Stern ,  Wilkie ,  Stob .  &  Smith , 

1991 )  encode s categorie s a s exemplars ,  whic h ar e ultimatel y 

comprise d o f  feature s (e.g. ,  "ha s fur, "  "ha s fou r  legs") .  Th e 

strengt h o f  th e abov e argumen t  (i.e. ,  people' s confidenc e i n 

th e trut h o f  th e conclusio n give n th e trut h o f  th e premises ) 

woul d b e a  functio n o f  th e similarit y betwee n ca t  an d dog , 

whic h i s directl y relate d t o th e numbe r  o f  share d feature s o f 

thei r  exemplar s an d inversel y relate d t o th e numbe r  o f 

distinctiv e features .  Th e mode l  als o make s us e o f 

hierarchica l  relation s betwee n categories .  Exemplar s o f  th e 

lowest-leve l  categor y tha t  include s bot h dog s an d cats , 

m a m m a l,  ar e compare d t o exemplar s o f  th e premis e 

category ,  dog . 

I n contras t  t o th e similarity-coverag e model ,  th e feature -

coverag e mode l  (Sloman ,  1993 )  doe s no t  assum e 

hierarchica l  relations .  Rather ,  categorie s a t  al l  level s (i.e. , 

superordinate ,  basic ,  an d subordinate )  ar e represente d b y 

features .  Argumen t  strengt h i s directl y relate d t o th e featura l 

overla p betwee n premis e an d conclusio n categorie s an d 

inversel y relate d t o th e familiarit y an d complexit y o f  th e 

conclusio n category . 

Althoug h bot h o f  thes e model s accoun t  fo r  a n impressiv e 

arra y o f  phenomen a (se e Osherso n e t  al ,  199 0 an d Sloman , 

1993) ,  ther e i s roo m fo r  a n alternative .  Thes e model s shar e 

th e assumptio n tha t  exemplar s ar e represente d a s set s o f 

features ,  whic h for m th e basi s fo r  th e computatio n o f 

feature-overla p o r  similarity .  However ,  som e recen t 

evidenc e suggest s tha t  exempla r  compariso n i s 

accomplishe d b y alignmen t  o f  structura l  representation s 

(Clemen t  &  Centner ,  1991 ;  Lassaline ,  1996 ;  Hei t  & 

Rubinstein ,  1994) .  Thes e result s follo w fro m a n approac h t o 

similarit y base d o n representation s consistin g o f  feature s an d 

relation s betwee n the m (Centner ,  1989 ;  Medin ,  Goldstone , 

& Centner ,  1994) .  I n structura l  alignment ,  part s o f  tw o 

structure d representation s ar e pu t  int o correspondence . 

Inference s ar e possibl e whe n predicate s exis t  tha t  ar e absen t 

i n on e representatio n bu t  connecte d t o th e c o m m o n aligne d 

system .  Accordin g t o th e systematicit y principle ,  system s o f 

relation s ar e preferre d ove r  individua l  feature s an d higher -

orde r  relation s (i.e. ,  relation s betwee n relations) ,  especiall y 

causa l  relations ,  ar e preferre d ove r  lower-orde r  relation s 

(Centner ,  1983) .  Fo r  instance ,  th e fac t  tha t  bot h th e sola r 

syste m an d a  hydroge n ato m involv e attractio n an d 

revolutio n i s  mor e importan t  tha n th e fac t  tha t  bot h hav e 

spherica l  entities .  Assumin g th e systematicit y principl e i s a t 

wor k i n inferenc e tasks ,  inference s connecte d t o causa l 

structur e shoul d b e preferre d ove r  thos e unconnected . 

I n accor d wit h thi s prediction ,  Clemen t  an d Centne r 

(1991 )  foun d tha t  participant s w h o rea d analogou s storie s 

preferre d t o m a k e a n inferenc e fro m a  share d causa l 

antecedent ,  relativ e t o a n unconnecte d fact .  The y wer e als o 

mor e confiden t  i n thi s inference . 
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Lassalin e (1996 )  applie d structura l  alignmen t  directl y t o 

th e issu e o f  category-base d inference .  Sh e demonstrate d tha t 

addin g a  causa l  relatio n t o a n argumen t  abou t  animal s 

increase d it s rate d strength .  Fo r  example ,  addin g th e 

relatio n Fo r  Anima l  B ,  a  wea k immun e syste m cause s a n 

acut e sens e o f  smel l  increase d th e strengt h o f  th e argumen t 

Anima l  A  ha s a  wea k immun e system ,  ski n tha t  ha s n o 

pigment ,  an d dr y flak y skin ;  Anima l  B  ha s a  wea k immun e 

syste m an d a n acut e sens e o f  smell ;  therefore .  Anima l  A 

als o ha s a n acut e sens e o f  smell . 

I n addition ,  Lassalin e foun d tha t  addin g share d feature s 

(e.g. ,  "ha s muscula r  forearms" )  t o th e premise s als o 

increase d inductiv e strength .  However ,  sh e di d no t  addres s 

th e questio n o f  whic h factor-relationa l  o r  featural~i s mor e 

importan t  fo r  inferentia l  strength .  I f  th e systematicit y 

principl e hold s fo r  category-base d inferenc e tasks ,  causa l 

relation s shoul d b e mor e important ,  an d w e shoul d se e a 

preferenc e fo r  a n inferenc e connecte d t o higher-orde r 

(causal )  structure . 

Experiments 

Our  experiment s attempte d t o tes t  whethe r  category-base d 
inductio n task s ar e governe d b y th e proces s o f  structura l 

alignment .  I n particular ,  w e teste d th e systematicit y 

principle .  W e create d a  category-base d inductio n tas k 

simila r  t o Lassaline' s (1996) .  Fo r  bot h experiments ,  w e 

followe d Lassalin e i n usin g fictiona l  animal s (e.g. ,  Anima l 

A ) .  Stimulu s item s consiste d o f  description s o f  on e targe t 

anima l  an d tw o bas e animals ,  a s show n i n Tabl e 1 .  Th e 

"causal "  bas e consiste d o f  a n unfamilia r  bu t  plausibl e causa l 

relatio n an d th e "attribute "  bas e consiste d o f  a  lis t  o f 

features .  Th e targe t  share d th e causa l  anteceden t  o f  th e 

causa l  anima l  an d al l  bu t  on e attribut e o f  th e attribut e 

animal .  Participant s wer e tol d t o choos e th e stronge r  o f  tw o 

possibl e inference s tha t  coul d b e mad e abou t  th e targe t  usin g 

th e informatio n abou t  th e bases .  Ther e wer e tw o obviou s 

choices :  th e causa l  consequen t  fro m th e causa l  bas e o r  th e 

remainin g attribut e fro m th e attribut e base . 

Attribute s wer e groupe d suc h tha t  the y wer e independen t 

of  eac h other ,  th e causa l  antecedent ,  an d th e causa l 

consequent .  W e varie d whic h o f  th e attribut e animal' s 

feature s wer e share d versu s inferred .  Fo r  instance ,  "ha s 

protrudin g canines "  wa s a  share d featur e fo r  som e 

participant s an d a  potentia l  inferenc e fo r  others .  Th e orde r 
of  stimulu s item s i n th e packe t  wa s als o varie d betwee n 

subjects . 

E x p e r i m e n t  1 

Our  objectiv e i n thi s experimen t  wa s t o tes t  th e predictio n 

tha t  participant s woul d prefe r  th e systemati c (causal ) 

inference .  Thi s predictio n follow s fro m a  structura l  accoun t 

of  similarity .  I n thi s study ,  th e targe t  anima l  share d on e o f 

th e tw o liste d attribute s wit h th e attribut e animal .  Accordin g 

t o a  "flat "  o r  featura l  accoun t  o f  similarity ,  ther e shoul d b e 

no preferenc e fo r  eithe r  th e attribut e o r  causa l  inference , 

sinc e bot h bas e animal s ar e equall y simila r  t o th e target .  I n 

drawin g prediction s fro m th e fla t  similarit y account ,  w e 

assumed a  do t  produc t  similarit y computatio n wit h equa l 

weightin g o f  features ,  ove r  feature s explicitl y  presen t  i n th e 

thre e exemplar s only .  Th e causa l  anima l  descriptio n 

consiste d o f  a  statemen t  tha t  a  causa l  anteceden t  cause d a 

consequen t  ( A - > C ) .  Althoug h no t  explicitl y  stated ,  i t 

seemed likel y tha t  participant s woul d assum e tha t  th e causa l 

anima l  ha d th e causa l  anteceden t  (A )  an d th e consequen t 

(  C ) .  Ha d the y don e so ,  the n th e causa l  an d attribut e animal s 

woul d b e equall y simila r  t o th e target .  However ,  on e migh t 

argu e tha t  participants '  representatio n o f  th e causa l  anima l 

differe d fro m tha t  assumed .  Fo r  instance ,  the y m a y hav e 

assumed th e bas e containe d onl y th e causa l  relatio n ( A - > C ) 

and th e anteceden t  (A) ,  o r  tha t  i t  containe d onl y th e causa l 

relatio n an d neithe r  th e anteceden t  no r  th e consequent . 

However ,  i n non e o f  thes e case s doe s th e compute d 

similarit y o f  th e causa l  anima l  t o th e targe t  excee d tha t  o f 

th e attribut e anima l  t o th e target .  Thi s i s tru e assumin g eithe r 

a do t  produc t  o r  Tverskia n computatio n (Tversky ,  1977) . 

Sixtee n Northwester n Universit y undergraduate s 

participate d i n partia l  fulfillmen t  o f  a  cours e requirement . 

Material s consiste d o f  a  packe t  o f  1 6 o f  th e stimulu s item s 

previousl y described . 

Table 1: Sample Item fi-om Experiment 1 

The followin g fact s ar e tru e o f  Anima l  A  [th e Attribut e 

base] : 

Has larg e oi l  gland s 

Has protrudin g canine s 

The following facts are true of Animal B [the Causal base]: 
Adenoviruse s caus e a n increase d risk  fo r  tumor s 

The following facts are true of Animal C [the Target]: 

Has larg e oi l  gland s 

Has a n adenoviru s 

I n usin g th e ter m "category-base d induction, "  w e d o no t 
necessaril y  assum e tha t  participant s ar e basin g inference s o n 
knowledg e o f  taxonomi c relationship s o r  o n a  categorica l 
representatio n o f  "animal. "  Rather ,  th e proces s o f  structura l 
alignmen t  ma y operat e o n instances ,  specie s o r  perhap s a t  a n 
intermediat e abstractio n o f  a  grou p o f  specie s (e.g. ,  a t  a  leve l  aki n 
t o pragmati c reasonin g schemas ,  Chen g &  Holyoak ,  1985) . 

Pleas e infe r  onl y on e propert y fo r  Anima l  C  (circl e on e 

only) : 
Has protrudin g canine s 

Has a n increase d ris k fo r  tumor s 

Note: Information in brackets was not presented in 

experimenta l  materials . 
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T h e result s sho w a  stron g preferenc e lo r  causa l  inference . 

We assigne d participant s t o th e "predominantl y causal " 

grou p i f  the y chos e th e causa l  consequen t  o n a t  leas t  1 3 o f 

16 trials ,  a  significantl y greate r  numbe r  tha t  woul d b e 

expecte d b y chance ,  p  <.01 .  Figur e 1  show s th e result s o f 

th e sig n tes t  o n participants .  Thirtee n ou t  o f  1 6 participant s 

ha d predominantl y causa l  inferences ,  a  significantl y greate r 

number  o f  participant s tha n woul d b e expecte d b y chance , 

p <  .05 .  N o participan t  ha d predominantl y attribut e 

inference s (1 3 o r  mor e attribut e inferences) ,  an d th e 

remainin g thre e participant s demonstrate d a  patter n tha t  di d 

not  diffe r  fro m chance .  Th e sam e procedur e wa s don e o n 

items ,  wit h simila r  results . 

Causal  Attribut e Chanc e 

Respons e Clas s 

Figure 1: Number of participants in each response class. 

Experimen t  1 . 

Thes e result s bea r  ou t  th e predictio n o f  structura l 

alignmen t  theory :  ther e appear s t o b e a  preferenc e t o infe r 

fro m a  bas e connecte d t o causa l  structure ,  a s predicte d b y 

th e systematicit y principle .  Th e findin g o f  a  causa l 

preferenc e (Clemen t  &  Centner ,  1991 )  appear s t o appl y 

withi n a  category-base d inferenc e tas k (Lassaline ,  1996) , 

eve n whe n featura l  similarit y i s equalized .  However ,  befor e 

drawin g conclusions ,  w e wishe d t o addres s som e possibl e 

concern s o f  thi s study .  First ,  perhap s participant s wer e 

initiall y  attendin g t o onl y th e featura l  similarit y betwee n th e 

targe t  an d eac h base ,  bu t  sinc e th e base s di d no t  diffe r  i n thi s 

regard ,  the y fel t  compelle d t o us e anothe r  strategy .  Unde r 

thi s scenario ,  participant s inferre d fro m th e causa l  bas e 

becaus e i t  wa s mor e distinctive .  A  mor e definitiv e tes t  fo r 

th e preferenc e fo r  causa l  inferenc e woul d involv e 

constructin g stimul i  i n whic h th e attribut e bas e i s mor e 

featurall y simila r  t o th e targe t  tha n i s th e causa l  base . 

Anothe r  concer n i s wit h th e syntacti c difference s betwee n 

th e description s o f  th e causa l  an d attribut e animals .  Th e 

causa l  anima l  descriptio n consiste d o f  on e lon g statement , 

whil e th e attribut e anima l  descriptio n consiste d o f  fact s o n 

separat e lines .  Perhap s participant s chos e th e causa l 

consequen t  simpl y becaus e th e causa l  informatio n wa s 

presente d i n a  wa y tha t  mad e i t  see m mor e importan t  o r 

salient . 

A fina l  concer n i s wit h generalizability .  Th e sam e se t  o f 

16 causa l  consequent s wa s use d fo r  al l  participants .  Thi s 

leave s ope n th e possibilit y  o f  stimulu s effects .  Fo r  example , 

i f  th e causa l  choice s happene d t o yiel d mor e applicabl e o r 

endurin g inferenc e choices ,  the n th e preferenc e fo r  th e 

causa l  choic e coul d no t  b e take n t o impl y a  preferenc e fo r 

higher-orde r  structur e pe r  se .  Fo r  instance ,  peopl e m a y b e 

mor e willin g t o infe r  "bear s man y offspring "  tha n "live s i n 

Madagascar "  becaus e th e firs t  fac t  i s  tru e o f  mor e animal s 

tha n th e second .  Likewise ,  th e firs t  fac t  seem s lik e a  bette r 

inferenc e tha n "i s sleepy "  becaus e i t  i s  a  les s transien t 

property .  Althoug h th e difference s i n ou r  stimul i  wer e neve r 

thi s extreme ,  i t  m a y b e th e cas e tha t  th e fact s used  a s causa l 

consequent s wer e slightl y mor e applicabl e an d enduring , 

and wer e favore d b y participant s a s inference s becaus e o f  it . 

Experiment 2 

Thi s experimen t  wa s designe d t o determin e whethe r  a 

preferenc e fo r  inference s fro m a  bas e connecte d t o causa l 

structur e hold s whe n usin g a  stronge r  test .  W e contraste d th e 

causa l  anima l  wit h a n anima l  wit h hig h attribut e similarit y t o 

th e targe t  animal .  A s i n Experimen t  1 ,  th e targe t  anima l 

share d a  causa l  anteceden t  wit h th e causa l  animal . 

However ,  thi s time ,  th e targe t  share d tw o ou t  o f  thre e 

independen t  feature s wit h th e attribut e animal ,  rathe r  tha n 

on e o f  tw o independen t  features ,  a s i n Experimen t  1 .  I n thi s 

design ,  th e attribut e bas e exceed s th e causa l  bas e i n it s 

degre e o f  featur e overla p t o th e target .  Thus ,  a  fla t  similarit y 

vie w predict s a  preferenc e t o infe r  fro m th e attribut e base , 

wherea s a  structura l  similarit y accoun t  predict s a  preferenc e 

t o infe r  fro m th e causa l  base . 

A secon d objectiv e wa s t o rul e ou t  alternativ e 

interpretation s o f  th e dat a fro m th e firs t  experiment .  T o 

make th e causa l  an d attribut e bas e description s mor e simila r 

i n appearanc e t o eac h other ,  an d thu s eliminat e possibl e 

difference s i n salience ,  w e adde d th e informatio n tha t  th e 

causa l  bas e anima l  ha d th e causa l  anteceden t  an d consequen t 

propertie s t o th e causa l  bas e description .  W e als o wishe d t o 

ensur e tha t  th e causa l  consequen t  propert y wa s chose n a s a n 

inferenc e becaus e o f  th e causa l  relatio n connectin g i t  t o th e 

share d causa l  antecedent ,  an d no t  becaus e o f  an y othe r 

conceptua l  difference s betwee n i t  an d th e secon d featur e o f 

th e attribut e base .  T o thi s end ,  w e varie d whethe r  a  give n 

possibl e respons e wa s associate d wit h th e causa l  bas e o r  th e 

attribut e base .  Specifically ,  fo r  a  give n item ,  hal f  o f  th e 

subject s sa w on e o f  th e inferenc e choice s (e.g. ,  "hig h ris k fo r 

strokes" )  a s th e causa l  consequen t  an d th e othe r  choic e (e.g. , 

"underdevelope d visua l  system" )  a s th e secon d attribut e 

feature ,  whil e fo r  th e othe r  half ,  th e correspondence s wer e 

reversed . 
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Sixtee n pai d Northwester n Universit y undergraduate s 

participated .  Material s consiste d o f  a  packe t  o f  1 2 stimulu s 

item s lik e th e sampl e show n i n Tabl e 2 . 

Th e dat a agai n demonstrat e a  preferenc e fo r  th e causa l 

inference .  W e assigne d participant s t o th e "predominantl y 

causal "  grou p i f  the y chos e th e causa l  consequen t  o n a t  leas t 

I I  o f  th e 1 2 experimenta l  trials ,  a  significantl y greate r 

number  tha n woul d b e expecte d b y chance ,  p  <  .01 .  A s 

show n i n Figur e 2 ,  1 4 ou t  o f  1 6 participant s ha d 

predominantl y causa l  inferences ,  a  significantl y greate r 

number  o f  participant s tha n woul d b e expecte d b y chance ,  p 

< .01 .  O n e participan t  ha d predominantl y attribut e 

inferences ,  an d th e remainin g participan t  ha d a  patter n o f 

response s tha t  di d no t  diffe r  fro m chance .  Th e sam e analysi s 

was don e o n items ,  wit h simila r  results . 

Tabl e 2 :  Sampl e Ite m fro m Experimen t  2 

The followin g fact s ar e tru e o f  Anima l  A  [th e Attribut e 

base] : 

Has muscula r  forearm s 

Has sensitiv e g u m s 

Has hig h ris k fo r  stroke s 

The following facts are true of Animal B [the Causal base]: 

Has a n overactiv e thyroi d 
Has a n underdevelope d visua l  syste m 

A n overactiv e thyroi d cause s a n underdevelope d 

visua l  syste m 

The following facts are true of Animal C [the Target]: 

Has muscula r  forearm s 

Has sensitiv e g u m s 
Has a n overactiv e thyroi d 

Please infer only one property for Animal C (circle one 

only) : 

Has hig h ris k fo r  stroke s 

Has a n underdevelope d visua l  syste m 

Thes e result s rul e ou t  th e alternativ e interpretation s fo r 

our  earlie r  findings  an d suppor t  th e systematicit y principle . 

I f  w e coun t  al l  share d assertions ,  the n b y flat  similarit y 

models ,  participant s shoul d prefe r  th e inferenc e fro m th e 

attribut e animal ,  becaus e i t  share s tw o o f  thre e feature s wit h 
th e target ,  wherea s th e causa l  anima l  share s onl y on e o f 

thre e features .  Thus ,  i n a  situatio n wher e a  flat  similarit y 

accoun t  woul d predic t  a  clea r  preferenc e fo r  a  particula r 

attribut e inference ,  participant s overwhelmingl y choos e th e 
causa l  consequent .  Thes e result s ar e evidenc e fo r  th e rol e o f 

structura l  similarit y i n category-base d induction . 

Causal Attribut e 

Respons e Clas s 

Chanc e 

Figur e 2 :  Numbe r  o f  participant s i n eac h respons e class , 

Experimen t  2 . 

Discussion 

Thes e studie s attempte d t o she d ligh t  o n th e issu e o f  whethe r 

featura l  o r  structura l  similarit y i s mor e crucia l  i n evaluatio n 

of  category-base d inferences .  Th e tw o experiment s reporte d 

i n thi s pape r  sugges t  tha t  connectio n t o causa l  structur e 

drive s inference .  W h e n give n tw o inferenc e choices ,  peopl e 

prefe r  t o mak e th e inferenc e fro m th e bas e tha t  i s connecte d 

t o causa l  structur e i n th e target ,  ove r  th e bas e tha t  share s 

independen t  features .  Thi s generalizatio n i s tru e eve n whe n 

th e alternativ e inferenc e i s fro m a  targe t  wit h greate r 

attribut e similarit y wit h th e bas e (i.e. ,  wit h a  large r  se t  o f 

share d independen t  features) .  Take n together ,  thes e findings 

woul d appea r  t o contradic t  th e prediction s fro m feature -

overla p version s o f  a  similarity-base d accoun t  o f  category -

base d inductio n (i.e. ,  Sloman ,  1993 ;  Osherso n e t  al. ,  1991) . 

Our  findings  ad d t o th e bod y o f  literatur e demonstratin g 

th e influenc e o f  systematicit y an d structura l  similarit y o n 

inference .  Centner ,  Rattermann ,  an d Forbu s (1993 )  aske d 
participant s t o rat e th e inferentia l  soundness ,  o r  degre e t o 

whic h on e coul d m a k e accurat e inferences ,  o f  matche d 

stories .  Rate d soundnes s wa s positivel y relate d t o th e 

degre e o f  share d relationa l  structure .  Bowdl e an d Centne r 

(i n press )  foun d tha t  peopl e wer e mor e likel y t o m a k e a n 

inferenc e fro m a  mor e systemati c stor y t o a  les s systemati c 
stor y tha n th e othe r  wa y around .  Moreover ,  th e inference s 

tende d t o b e informatio n connecte d t o c o m m o n causa l 

structure . 

Othe r  evidenc e point s t o th e rol e o f  system s o f  interrelate d 
relation s i n category-base d induction .  Hei t  an d Rubinstei n 

(1994 )  foun d tha t  peopl e mak e stronge r  inference s i n a 

category-base d inferenc e tas k whe n th e kin d o f  propert y t o 

be inferre d (anatomica l  o r  behavioral )  matche s th e kin d o f 

similarit y betwee n th e anima l  i n th e premis e an d th e anima l 
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i n th e conclusio n (anatomica l  o r  behavioral) .  Fo r  instance , 

peopl e judg e th e likelihoo d tha t  whale s trave l  i n a  zig-za g 

trajector y highe r  whe n tol d tha t  tun a hav e tha t  property , 

relativ e t o whe n the y ar e tol d tha t  bear s hav e tha t  property . 

Thi s i s presumabl y becaus e whale s an d tun a matc h 

behaviorall y (the y bot h swim )  whil e whale s an d bear s d o no t 

(the y matc h anatomically--bot h ar e mammals) . 

Hei t  an d Rubinstein' s result s ca n b e see n a s evidenc e fo r 

th e importanc e o f  share d structur e linke d t o th e propert y t o 

be inferred .  Tun a an d whale s ca n b e represente d a s 

structure s containin g feature s an d relation s connectin g thes e 

features .  Moreover ,  on e migh t  argu e tha t  participant s 

assume tha t  som e (behavioral ,  an d perhaps ,  anatomical ) 

attribute s an d relation s o f  tun a ar e causall y relate d t o th e 

propert y o f  travelin g i n a  zig-za g trajectory .  I n orde r  t o 

evaluat e th e argument ,  participant s alig n thei r 

representation s o f  tun a an d whale .  The y the n searc h fo r 

suppor t  fo r  th e inferenc e tha t  whale s trave l  i n a  zig-za g 

trajectory .  The y examin e attribute s an d relation s tha t  ar e 

causall y connecte d t o th e propert y i n tuna .  I f  thes e ar e 

share d b y th e target ,  whale ,  the n the y contribut e t o th e 

suppor t  measure .  Th e mor e share d relevan t  attribute s an d 

relation s tha t  ar e meaningfull y connecte d t o th e candidat e 

inference ,  th e greate r  th e suppor t  fo r  th e candidat e 

inference . 

We hav e argue d tha t  similarit y i s indee d importan t  fo r 

inference ,  bu t  tha t  similarit y involve s mor e tha n simpl e 

featur e lists .  Rather ,  representation s encod e feature s an d 

backgroun d knowledge ,  theories ,  an d causa l  relations . 
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Abstrac t 

This study examined the acquisition of Japanese numeral 
classifier s i n Japanes e preschoo l  children ,  age s 3  t o 6 ,  wit h a 
primar y emphasi s o n developin g comprehensio n ability .  Numera l 
classifiers ,  whic h exis t  i n a  larg e numbe r  o f  Asia n languages ,  ar e a 
grou p o f  morpheme s tha t  usuall y occu r  adjacen t  t o quantit y 
expressions .  Th e selectio n o f  numera l  classifier s i s determine d b y 
th e inheren t  semanti c propertie s o f  th e nou n whos e quantit y i s 
bein g specified ,  suggestin g tha t  developin g pattern s o f 
comprehensio n shoul d b e linke d t o underlyin g pattern s o f  semanti c 
and conceptua l  development .  Previou s researc h claim s tha t 
childre n acquir e certai n distributiona l  pattern s ver y earl y bu t  tha t 
th e acquisitio n o f  th e semanti c syste m i s a  ver y slo w process .  W e 
argu e instea d that ,  differen t  technique s an d stimulu s contras t  set s 
revea l  a  muc h greate r  sensitivit y t o semanti c relation s i n youn g 
childre n tha n wa s previousl y considere d possible .  Reason s fo r  th e 
apparen t  slownes s i n classifie r  acquisitio n ar e als o discusse d a s ar e 
th e broade r  implication s fo r  relation s betwee n grammatica l  an d 
conceptua l  development . 

Introduction 

Many language s throughou t  th e worl d hav e grammatica l 
system s tha t  requir e a  linkag e betwee n abstract ,  generativ e 
conceptua l  categorie s an d grammatica l  forms .  Thes e 
abstrac t  categorie s ca n hav e a n indefinitel y larg e numbe r  o f 
subcategories ,  thu s th e categor y o f  fla t  two-dimensiona l 
object s include s no t  onl y familia r  su b categorie s lik e sheet s 
of  pape r  an d leaves ,  bu t  als o indefinitel y nove l  categorie s 
tha t  confor m t o th e abstrac t  structura l  description .  Relation s 
betwee n suc h categorie s an d grammatica l  form s ca n ofte n 
be elaborat e an d mult i  layere d i n th e numerica l  classifie r 
system s o f  som e languages .  I n thes e studies ,  w e as k h o w 
developin g pattern s o f  languag e comprehensio n an d 
productio n fo r  numerica l  classifler s i n Japanes e migh t  hel p 
us understan d link s t o pattern s o f  semanti c an d conceptua l 
developmen t  fo r  categorie s whos e level s o f  abstractio n 
migh t  see m t o b e fa r  beyon d th e cognitiv e capacitie s o f 
preschoo l  children .  Grammatica l  structur e m a y to p int o 
implici t  conceptua l  structure s o f  hig h degree s o f 
abstractnes s an d complexity ;  an d the y m a y d o s o i n way s 

that ,  earl y i n development ,  g o fo r  beyon d thos e see n i n 
explici t  reports .  A  centra l  questio n i n thi s researc h i s 
therefor e whethe r  a n emergin g competenc y i n gramma r 
accesse s an d perhap s act s a s a  scaffol d fo r  conceptua l 
distinction s tha t  ar e otherwis e unavailabl e t o th e youn g 
children . 

Th e numera l  classifier s ar e a  grammatica l  syste m tha t 
reflect s h o w languag e speaker s categoriz e object s durin g 
enumeration .  Syntacticall y the y occu r  a s a  grou p o f 
morphemes tha t  ar e usuall y adjacen t  t o quantit y expressions . 
The selectio n o f  numera l  classifier s i s  determine d b y th e 
inheren t  semanti c feature s o f  th e nou n whos e quantit y i s 
bein g characterized .  I n Japanese ,  th e followin g thre e 
structure s ar e typica l  numera l  classifie r  constructions ,  wit h 
th e classifie r  i n th e examples ,  -ma/ ,  referring  t o flat  an d two -
dimensiona l  object s suc h a s paper ,  cloth ,  leave s etc . 

kami o ni^mai kat-ta 
pape r  OBJ .  two-C L buy-PAS T 

'(I )  bough t  tw o sheet s o f  paper. ' 

kami ni^mai o kat-ta 
pape r  two-C L OBJ .  buy-PAS T 

ni-mai no kami o kat-ta 
two-C L G E N.  pape r  OBJ .  buy-PAS T 

(All three examfdes have basically the same meaning.) 

There are approximately 150 Japanese numeral classifiers of 
whic h roughl y 3 0 ar e i n frequen t  dail y us e (Downin g 1984) ; 
but  i n odie r  Asia n languages ,  numera l  classifier s hav e a n 
eve n mor e extensiv e distribution .  A d a m s an d Conkli n 
(1973 )  foun d 3 7 Asia n language s wit h numera l  classifier s 
and argue d tha t  animac y an d shap e an d functio n wer e 
critica l  semanti c feature s i n mos t  o f  them .  Othe r  languag e 
group s wit h classifie r  system s sho w simila r  pattern s (Croft , 
1994) .  Ther e has ,  however ,  bee n fa r  les s wor k 
systematicall y comparin g thos e aspect s o f  shape ,  animacy , 
and functio n tha t  ar e categorize d wit h classifiers .  Thus ,  w e 
do no t  ye t  kno w i f  ther e ar e imiversa l  constraint s o n th e 
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sort s o f  categorie s s o employed .  Studie s o n th e earl y origin s 
of  classifier s ar e therefor e o f  specia l  interes t  a s th e earlies t 
form s acros s language s migh t  converg e t o yiel d a  c o m m o n 
framework ;  an d th e developmenta l  pattern s migh t  brin g an y 
possibl e constraint s int o reUe f  muc h a s the y appea r  t o d o fo r 
aspect s o f  grammatica l  knowledge . 

ammate inanimat e 
[tsu ] 

human 

[-ri/nin ] 

A 

anima l 

[hiki ] concret e obj . 

[-ko] 

abstrac t  obj . 

[hiki ]  [too ]  [ w a ] 

shap e specifi c functiona l 

smal l  larg e 

animal s animal s 
insect s 

bird s 

[-hon ]  [-mai ]  [-ko ]  [dai ]  [soo ]  [-ki ] 

I D 2 D 3 D car s boat s airplane s 
machine s 

Figur e 1 .  Japanes e Numera l  Qassifie r  Syste m 

I n Japanese ,  classifier s ar e divide d int o tw o majo r 
categorie s o f  animat e an d inanimat e (se e Figur e 1) .  Animat e 
classifier s ar e furthe r  divide d int o tw o sub-categories : 
classifier s fo r  h u m a n being s an d classifier s fo r  animals . 
Inanimat e classifier s ar e als o divide d int o tw o categories , 
wit h classifier s fo r  concret e object s an d classifier s fo r 
abstrac t  objects .  Finally ,  concret e objec t  classifier s ar e 
divide d int o tw o categories :  shap e specifi c  classifier s an d 
functiona l  (non-shap e specific )  classifiers .  Shape-specifi c 
classifier s hav e a  broa d semanti c field ,  referrin g no t  onl y t o 
inanimat e concret e objects ,  bu t  als o plant s an d natura l 
substance s whe n the y hav e a  soli d shap e lik e a n icicle . 

Sinc e a  dassifier' s  us e depend s o n it s referents '  attributes , 
pattern s o f  acquisitio n o f  classifier s hav e ofte n bee n 
discusse d a s providin g a  potentiall y  importan t  sourc e o f 
informatio n abou t  underlyin g pattern s o f  semanti c an d 
conceptua l  developmen t  (Adam s an d Conkli n 1973 ,  Clar k 
1977 .  Kokurits u K o k u g o Kenkyush o 1983 ,  Crai g 1986 , 
Carpente r  1987 ,  Matsumot o 1987) .  Yet ,  despit e th e stron g 
interes t  i n numera l  classifie r  syste m an d it s  relatio n t o 
cognitiv e development ,  onl y fou r  language s hav e bee n 
investigate d i n term s o f  th e acquisitio n o f  numera l 
classifiers :  Japanes e (Sanches,1977 ;  Kokurits u Kokug o 
Kenkyusho ,  1983 ;  Matsumoto ,  198 5 a  b  an d 1987 ;  an d 
Uchida ,  1992) ,  Mandari n (Erbaugh ,  1986 ;  Fang ,  198 5 an d 
H u,  1993) ;  Tha i  (Gandou r  e t  al. ,  198 4 an d Carpenter , 
1991) ,  an d Korea n (Lee ,  1994) . 

Cros s linguisticall y childre n ca n acquir e th e syntacti c 
construction s o f  numera l  classifie r  phrase s ver y earl y o n (a s 
youn g a s 2  years) ;  bu t  th e acquisitio n o f  a  correspondin g 
semanti c syste m seeme d t o b e a  m u c h slowe r  process . 
Childre n firs t  acquir e a  genera l  classifie r  a s a  plac e holde r 
and overus e i t  fo r  an y referents ,  a  tendenc y tha t  persist s i n 
m u ch olde r  children .  Pin-pointin g th e precis e acquisitio n 
orde r  o f  specifi c  classifier s i s  difficult ,  bu t  i n general , 

animat e classifier s emerg e first .  I n additio n t o a  somewha t 
unclea r  developmen t  patter n o f  classifie r  acquisition ,  certai n 
discrepancie s see m t o occu r  betwee n recen t  researc h i n 
cognitiv e developmen t  an d wor k o n classifie r  acquisition .  I n 
othe r  area s o f  cognitiv e developmen t  youn g childre n ar e 
see n a s usin g comple x concept s i n a  flexibl e an d productiv e 

manner .  T w o an d a  half-year -
old s ca n overloo k perceptua l 
appearanc e i n favo r  o f  categor y 
membershi p whe n appropriat e 
(Gehna n an d Coley ,  1990) ;  an d 
induction s abou t  wor d meanin g 

ar e guide d b y knowledg e o (  tw o 
majo r  ontologica l  categorie s -
objec t  an d substanc e (Soja , 
Care y an d Spelk e 1991) .  Mor e 
recently ,  childre n w h o ar e jus t 
at  th e d a w n o f  languag e 
acquisition ,  1 8 months ,  see m t o 
understan d suc h globa l 
conceptua l  categorie s a s 
animal s an d vehicle s (Mandler , 
Mauer  an d M c D o n o u g h 1991). 
Ther e ar e als o impressiv e earl y 

conceptua l  competencie s i n th e acquisitio n o f  nou n classe s 
tha t  ca n fill  simila r  semanti c role s a s numera l  classifiers .  I n 
Sesotho ,  a  Bant u languag e i n Sout h Africa ,  childre n ca n 
mar k agreemen t  productivel y wit h demonstrative s an d 
possessive s a t  ag e 2  an d ca n mar k mos t  o f  th e noun s 
appropriatel y a t  ag e 3  (Demuth ,  1987) .  I n French ,  childre n 
first  us e noun s withou t  article s an d whe n the y star t  usin g 
article s childre n mak e enormou s gende r  agreemen t  errors , 
but  b y ag e 3  childre n ca n assig n prope r  article s t o noun s 
most  o f  th e tim e (Qark ,  1985) .  I n Spanish ,  childre n ca n 
maste r  gender-markin g an d gender-agreemen t  befor e the y 
ar e 4  year s ol d (Perez-Pereira ,  1991) .  I n German ,  3  yea r 
old s sho w virtuall y n o error s i n pronou n us e i n connectio n 
wit h th e natural-gende r  rul e (Mills ,  1986) . 

Th e literatur e o n th e acquisitio n o f  numera l  classifier s 
therefor e doe s no t  see m t o fi t  wel l  wit h othe r  wor k o n 
semanti c an d conceptua l  development .  W e se e n o reaso n fo r 
assumin g tha t  eithe r  th e conceptua l  complexit y o f  th e 
classifie r  categorie s o r  th e grammatical  complexitie s o f  thei r 
usag e shoul d caus e childre n t o b e unabl e t o lin k u p gramma r 
and conceptua l  structur e unti l  wel l  int o middl e childhood . 
Instead ,  th e apparen t  developmenta l  dela y m a y b e occurrin g 
fo r  a  ver y differen t  reaso n tha t  i n th e en d wil l  reveal ,  almos t 
paradoxicall y surprisingl y sophisticate d an d abstrac t 
linkage s betwee n grammatica l  an d conceptua l  structure s i n 
ver y yoim g children .  Th e dela y m a y b e cause d b y th e fault y 
assumptio n tha t  failure s wit h lowe r  leve l  categorie s entail s 
failure s wit h highe r  leve l  ones .  W e predic t  tha t  youn g 
childre n ca n easil y conceptualiz e categorie s i n numera l 
classifie r  system s an d lin k the m t o grammatica l  forms . 
Previou s researc h m a y hav e underestimate d children' s 
abilit y t o acquir e numera l  classifie r  syste m accuratel y 
becaus e th e conclusion s ar e al l  draw n fro m children' s 
productio n dat a I n thi s stud y w e focu s primaril y o n 
children' s comprehensio n o f  numera l  classifiers .  Thus ,  bot h 
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an excessiv e focu s o n productio n task s an d misleadin g 
assumption s abou t  eas e o f  categorizatio n a t  differen t  level s 
of  abstraction s m a y hav e create d a n illusio n o f  length y 
developmen t  fo r  classifiers . 

I n th e studie s tha t  follo w w e teste d 1 1 numera l  classifier s 
tha t  ar e i n frequen t  dail y us e an d tha t  hav e bee n teste d i n 
productio n research .  Thi s enable d a  direc t  compariso n 
betwee n productio n an d comprehensio n ability .  Th e 1 1 
classifier s ar e fro m fou r  differen t  categories ;  a  classifie r 
-rUni n fo r  a  huma n bein g {-r i  i s  use d t o coun t  u p t o 2  an d i f 
th e numbe r  i s mor e tha n two ,  -ni n i s used .  Ther e ar e othe r 
human classifier s bu t  -ri/ni n i s use d mos t  commonl y an d ca n 
be considere d a s a  defaul t  h u m a n classifier) ;  thre e anima l 
classifier s -hiki ,  -to o an d -w a {-w a i s use d fo r  birds ,  -to o i s 
use d fo r  animal s whic h ar e large r  tha n huma n beings ,  an d 
-hik i  i s  use d fo r  animal s whic h ar e no t  referre d t o wit h -w a 
and -to o an d i s als o use d t o coun t  animal s i n general) ;  thre e 
shape-specifi c  classifiers ,  -hon ,  -mai ,  an d -k o (-ho n i s use d 
fo r  on e dimensiona l  concret e objects ,  -ma i  i s use d fo r  tw o 
dimensiona l  object s an d -k o i s use d fo r  dire e dimensiona l 
objects ,  howeve r  -k o i s increasingl y use d a s a  defaul t 
concret e inanimat e classifier) ;  thre e functiona l  classifier s 
-dai ,  -soo ,  -k i  (-da i  i s  use d fo r  machine s includin g cars ,  T V s 
and such ,  -so o i s use d fo r  boats ,  an d -k i  i s  use d fo r 
airplanes) ;  an d a  defaul t  inanimat e classifie r  -ts u (-ts u i s use d 
fo r  almos t  al l  kin d o f  inanimat e entities ,  bot h concret e an d 
abstract ,  howeve r  specifi c  classifier s ten d t o b e use d a s lon g 
as object s bein g counte d mee t  th e criteri a o f  thos e specifi c 
classifiers) .  W e teste d th e comprehensio n o f  numera l 
classifier s unde r  tw o differen t  condition s usin g th e point-to -
a-pictur e task .  I n Experimen t  1 ,  classifier s fro m differen t 
domain s wer e compared ,  an d i n Experimen t  2 ,  classifier s 
fro m th e sam e domain s wer e compared . 

Experiment 1 

Metho d 

O ne hundre d fifty-seven  childre n (age s 3 ,  4  an d 5 )  fro m 
thre e Japanes e daycar e center s participate d i n th e 
experiment .  Experimen t  1  ccxisiste d o f  fou r  conditions .  Fo r 
eac h condition ,  1 2 cards ,  eac h containin g thre e picture s wer e 
prepared .  I n Experimen t  1 ,  numera l  classifier s fro m 
differen t  domain s wer e teste d agains t  eac h other .  Therefor e 
th e contrast s amon g classifier s wer e maximized ,  suc h a s 
anima l  classifier s vs .  shap e classifier s vs .  functiona l 
dassifiers . 

The experimente r  explaine d t o th e chil d tha t  the y wer e 
goin g t o pla y a  point-to-a-pictur e game .  Th e rul e wa s tha t 
th e experimente r  woul d coun t  th e item s i n on e o f  thre e 
picture s i n a  card ,  the n th e chil d ba d t o find  ou t  whic h 
pictur e th e experimente r  counte d an d poin t  t o it .  Afte r  th e 
explanation ,  th e experimente r  place d on e o f  th e card s 
containin g thre e differen t  picture s i n fron t  o f  th e chil d an d 
counte d th e item s i n on e o f  th e thre e pictures .  Th e verba l 
experiment .  Experimen t  1  consiste d o f  fou r  conditions .  Fo r 
eac h condition ,  1 2 cards ,  eac h containin g thre e picture s wer e 
prepared .  I n eac h pictur e ther e wer e tw o instance s o f  th e 
same item .  I n Experimen t  1 ,  numera l  classifier s fro m 
differen t  domain s wer e teste d agains t  eac h other .  Therefor e 

th e contrast s amon g classifier s wer e maximized ,  suc h a s 

anima l  classifier s vs .  shap e classifier s vs .  functiona l 
classifiers . 

Th e experimente r  explaine d t o th e chil d tha t  the y wer e 
goin g t o pla y a  point-to-a-pict w e  ̂ ame .  Th e rul e wa s tha t 
th e experimente r  woul d coun t  th e item s i n on e o f  thre e 
picture s i n a  card ,  the n th e chil d ha d t o find  ou t  whic h 
pictiu- e th e experimente r  counte d an d poin t  t o it .  Afte r  th e 
explanation ,  th e experimente r  place d on e o f  th e card s 
containin g thre e differen t  picture s i n fron t  o f  th e chil d an d 
counted  th e item s i n on e o f  th e thre e pictures .  T h e verba l 
was *one-CL ,  two-CL '  suc h a s "is-satsu ,  ni-satsu "  whic h i n 
Englis h mean s "one-(boun d object) ,  two-(boun d objects). " 
Sinc e th e stimulu s utteranc e di d no t  hav e a n actua l  referen t 
mentioned ,  th e chil d ha d t o identif y object s base d o n th e 
classifier . 
Four  t o seve n day s afte r  th e sens e classifie r  conditions ,  th e 
same childre n participate d i n th e nonsens e classifie r 
condition s t o measiu e an y pictur e biases .  Th e procedur e wa s 
identica l  t o th e sens e classifie r  trials ,  bu t  thre e classifier s i n 
eac h tes t  wer e replace d wit h thre e nonsens e words . 

Results 

The numbe r  o f  correc t  response s fo r  eac h classifie r  fro m th e 
fou r  trial s wer e aggregate d i n eac h sens e classifie r  condition . 
Th e bas e rat e wa s determine d base d o n th e nonsens e 
classifie r  results . 

At  ag e 6 ,  al l  th e teste d classifier s ar e interprete d correcd y 
(jx.0005 ,  on e taile d /  test) ,  excep t  fo r  a  classifie r  -k i  fo r 
airplane s (p<.05) .  A t  ag e 5 ,  th e classifier-Â i  i s  no t 
interprete d correctl y whil e th e res t  o f  th e classifier s ar e 
(ps<.000 5 fo r  9  classifier s eaidps<.00 5 fo r  a  bir d classifie r 
-wa.) .  A t  ag e 4 ,  excep t  {oi-ki ,  al l  th e classifier s ar e 
understoo d correctl y (ps<.000 5 fo r  8  classifier s and/?5<.00 5 
fo r  2  classifiers) .  A t  ag e 3 ,  onl y fou r  classifier s ar e 
understoo d cwrectly :  -to o fo r  larg e animal s (p<.0005) ;  -hik i 
fo r  smal l  animal s i n Conditio n 1  (p<.05) ,  -ho n fo r  on e 
dimensiona l  object s (p<.005) ,  an d -r i  fo r  h u m a n being s 
(p<.0005) . 

A n analysi s o f  frequenc y t o chos e correc t  pictur e wit h 
sens e classifie r  ove r  nonsens e classifie r  reveale d tha t  a t  ag e 
4 childre n star t  comprehendin g almos t  al l  th e teste d numera l 
classifiers ,  whic h includ e thre e genera l  classifier s an d eigh t 
specifi c classifier s .  A  classifier-f a fo r  airplane s seem s t o b e 
th e mos t  difficul t  classifie r  fo r  childre n t o comprehen d an d 
correc t  comprehensio n o f  thi s specifi c  classifie r  m a y no t 
occu r  unti l  ag e 6 . 

Eve n a t  ag e 3 ,  childre n star t  differentiatin g a  genera l 
classifie r  -r i  fo r  huma n being s fro m odie r  genera l  classifiers , 
-hik i  fo r  animal s an d -ts u fo r  inanimat e objects .  The y als o 
differentiate d a  classifie r  -to o fo r  larg e animal s an d -ho n fo r 
one dimensiona l  lon g object s fro m othe r  specifi c  classifier s 
teste d together .  W e teste d th e classifie r  -hik i  twice ,  first  a s a 
specifi c  classifie r  fo r  smal l  animal s an d insect s an d th e 
secon d a s a  genera l  classifie r  fo r  animals .  -Hik i  wa s 
differentiate d i n Conditio n 2  b y 3  yea r  old s w h e n i t  wa s 
teste d against-fe ? an d -dai ,  fro m a  concret e objec t  categor y 
and a  functiona l  categor y respectively ,  bu t  i t  wa s no t 
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Tabl e 1  Mea n Percentag e o f  Correc t  Response s 

3 year s ol d 4 year s ol d 5 year s ol d 6 year s ol d 

Conditio n 1 . (N=68 ) (N=88 ) (N=80 ) (N=72 ) 

Too (Laig e Animal ) 
Ki  (ai r  plane ) 

Mai  (2 D object ) 

Conditio n 2 . 

Hik i  1  (animal ) 
Ko (3 D object ) 
Dai  (machine ) 

Conditio n 3 . 

Hon (I D object ) 
Wa (bird ) 
Soo(boat ) 

.50** * 
.4 0 
.2 7 

(N=68 ) 

.44 * 
34 
.4 3 

(N=76 ) 
.45* * 

32 
34 

.44** * 
36 

.58** * 

(N=88 ) 
.7 7 ** * 
.4 7 ** * 

.6 3 ** * 

(N=88 ) 

.56** * 

.5 9 ** * 
.4 8 * 

.58** * 
.5 1 

.88** * 

(N=80 ) 
93 ** * 

.64** * 

.8 1 ** * 

(N=96 ) 
77 ** * 

.6 3 * * 
.6 5 ** * 

.7 2 ** * 
.56 * 

79 ** * 

(N=72 ) 

.90** * 

.86** * 

.88** * 

(N=60 ) 

.93** * 

.7 8 ** * 

.68** * 

Conditio n 4 . 

Hik i  2  (animal ) 
Tsu (inanimat e 

object ) 
Ri  (himia n being ) 

(N=76 ) 

.5 5 

.2 6 

.58** * 

(N=88 ) 

.7 7 ** * 
.34 * 

.6 7 ** * 

(N=%) 
.8 5 ** * 
.5 7 ** * 

.8 9 ** * 

(N=60 ) 

.83** * 

.7 5 ** * 

.8 0 ** * 

* p <  .05 .  ** p <  .005 .  *** p <  .000 5 

differentiate d whe n teste d agains t  tw o genera l  classifier s 
-ts u an d -r i  i n Conditic m 4 .  Th e mea n percentag e o f  correc t 
respons e fo r  -hik i  a t  ag e 5  an d 6  ar e highe r  i n Conditio n 2 
tha n i n Conditio n 4 .  Th e objectiv e i n experimen t  1  wa s t o 
maximiz e th e contras t  amon g thre e classifier s bu t  i t  i s  hkel y 
tha t  havin g tw o animat e categories ,  anima l  an d huma n being , 
i n Conditio n 4  mad e th e contras t  les s strong ,  an d diu s 
affecte d th e children' s performanc e wit h th e classifie r  -hiki . 

Ther e i s clearl y a  larg e ga p betwee n children' s 
comprehensio n an d productio n abilit y  an d a n interestin g 
pattCT n o f  differenc e (se e Figur e 2-5) .  Productio n dat a ha s 
shown tha t  children ,  age s 4  t o 7 ,  ar e capabl e o f  usin g genera l 
classifier s suc h a s -ts u (inanimat e genera l  classifier )  an d -r i 
(huma n genera l  classifier) ,  bu t  ar e incapabl e o f  usin g 
specifi c classifier s suc h a s -w a (birds) ,  -to o (larg e animals) , 
-ho n (I D objects) ,  -ma i  (2 D objects) ,  -da i  (vehicle s an d 
machines).-50 0 (boats )  an d -k i  (airplanes) .  I n 
comprehension ,  specifi c  classifier s suc h a s -too ,  -wa ,  -ho n 
and -ma i  wer e interprete d correctly ,  an d abou t  a s wel l  a s 
genera l  classifiers .  Althoug h a t  ag e 7 .  th e thre e functiona l 
classifiers ,  especiall y -k i  an d -so o wer e hardl y produce d 
correctly ,  6  year s old s coul d comprehen d -k i  an d a s earl y a s 
age 4 ,  the y coul d comprehen d -soo .  Comprehensio n ofte n 
precede s productio n b y severa l  year s i n th e acquisitio n o f 
Japanes e numera l  classifiers .  I n th e stron g contras t 
comprehensio n task ,  childre n showe d a  muc h mor e fine-
grai n categorica l  abilit y  whic h coul d no t  b e demonstrate d i n 
thei r  production .  On e exceptio n involve s comprehensio n o f 
th e 3 D classifie r  -k o an d th e genera l  defaul t  inanimat e 
classifie r  -ts u whic h lagge d behin d th e productio n data , 
indicatin g tha t  childre n especiall y a t  younge r  ages ,  classif y 

thos e tw o classifier s a s acros s th e boar d defaul t  classifiers . 
They appl y the m bot h t o animat e an d inanimat e entities , 
whic h resulte d i n correc t  productio n an d relativel y poo r 
comprehension .  Th e comprehensio n dat a therefor e show s 
ho w correc t  productio n di d no t  necessaril y  mea n tha t 
childre n ha d a n adul t  lik e understandin g of-̂ o and-/5u .  I n 
Experimen t  1 ,  1 1 classifier s wer e teste d unde r  condition s i n 
whic h th e contras t  amon g th e thre e classifier s wer e 
maximized ,  whic h mean t  tha t  classifier s fro m thre e differen t 
categorie s wer e teste d agains t  eac h other .  Th e aitica l  follo w 
up questio n ask s i f  childre n demonstrat e th e sam e leve l  o f 
comprehensio n i f  thre e classifier s withi n th e sam e categor y 
ar e teste d agains t  eac h other .  T o addres s thi s question ,  w e 
conducte d Experimen t  2 . 

Experiment 2 

Metho d 

Thirty-tw o childre n (age s 3 ,  4  an d 5 )  participate d i n th e 
experiment .  Experimen t  2  consiste d o f  thre e wea k contras t 
conditions .  I n eac h tes t  thre e classifier s fro m th e sam e 
categor y wer e teste d agains t  eac h other .  Th e procedure s 
wer e identica l  t o Experimen t  1 . 

Results 

At  bot h ag e 4  an d 5 ,  th e childre n di d no t  comprehen d al l 
thre e functiona l  classifier s i n wea k contras t  conditions .  A t 
age 4  th e shape-specifi c classifie r  -k o fo r  3 D object s an d th e 
classifie r  -to o fo r  larg e animal s wer e no t  interprete d 
correcdy ,  bu t  th e res t  o f  th e teste d classifier s wer e 
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Figur e 3 :  Genera l  classifier s  -  productio n dat a 
(Matsumoto ,  1985 ) 

(ps<.005). At age 5, both shape specific classifiers and 
anima l  classifier s wer e understoo d i n th e wea k contras t 
conditio n (ps<.0005) .  Agai n th e classifie r  -k i  fo r  ai r  plane s 
was th e mos t  difficul t  classifie r  fo r  childre n t o acquire .  Onl y 
at  ag e 6  i n th e stron g contras t  condition ,  di d childre n 
comprehen d thi s classifier .  Sinc e -k i  i s  th e leas t  frequentl y 
use d b y adult s amon g 1 1 numera l  classifiers ,  i t  make s sens e 
tha t  i t  i s  th e las t  classifie r  t o b e acquired .  Interestingly , 
when thes e thre e functiona l  classifier s wer e teste d i n th e 
weak contras t  conditions ,  4  an d 5  yea r  old s coul d no t 
differentiat e them ,  howeve r  i n th e stron g contras t  conditions , 
the y coul d differentiat e tw o classifier s -so o an d -da i  fro m 
classifier s i n othe r  categories . 

The result s fro m th e stron g contras t  an d wea k contras t 
condition s indicat e tha t  comprehensio n o f  th e teste d 
classifier s fro m thre e differen t  categorie s jaroceed s throug h a 
differentiatio n o f  broade r  categorie s (anima l  classifier s vs . 
sh^) e specifi c  classifier s vs .  functiona l  classifiers )  t o muc h 
finer  distinction s (smal l  anima l  classifie r  vs .  larg e anima l 
classifie r  vs .  bir d classifier) .  Althoug h childre n coul d no t 
differentiat e specifi c  classifier s fro m th e sam e categorie s 
(wea k contrast) ,  childre n coul d differentiat e the m whe n the y 
wer e teste d agains t  specifi c  classifier s fro m differen t 
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illlliîllii r 

8 0 -  '^'''^^^•'''''" 

i t 
L 
o 

u 
e 

u 
H 

7 

Age 
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Figur e 5 :  Functiona l  classifier s  -  productio n dat a 
(Matsumoto ,  1985 ) 

categories  (strong contrast). It is likely that children start 
conceptualizin g th e classifie r  syste m a t  aroim d ag e 3 .  bu t  i t 
i s  a t  a  broade r  an d highe r  leve l  i n a  hierarchica l  categorica l 
structure ,  the n graduall y maste r  mor e specifi c  subclasse s 
until ,  b y ag e 6 ,  the y for m a n adul t  lik e semanti c syste m fo r 
commonl y use d classifiers . 

Thi s vie w i s consisten t  wit h Mandler ,  Baue r  an d 
McDonough (1991) ,  w h o clai m tha t  basic-leve l  categorie s d o 
not  for m a n entr y leve l  i n th e developmen t  o f  hierarchica l 
categorica l  systems ,  wit h childre n appearin g t o begi n 
categorizin g a t  a  mor e globa l  level ,  the n graduall y th e globa l 
categorie s becom e differentiate d t o finer  distinctions . 

General Discussion 

The stron g contras t  comprehensio n test s reveale d a  m u c h 
greate r  sensitivit y t o th e semanti c relation s underlyin g 
numera l  classifier s i n youn g childre n tha n wa s previousl y 
considere d possible .  Productio n researc h ha d suggeste d a 
slo w acquisitio n proces s i n whic h firs t  inanimat e genera l 
classifier-;.$ u an d 3 D objec t  classifie r  -k o appeare d a s a 
generi c classifie r  befor e othe r  specifi c  classifier s wer e used . 
The n i n eac h categor y domain ,  acquisitio n proceede d fro m 
mor e genera l  t o specifi c  classifiers .  Howeve r  eve n a t  ag e 
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Tabl e 2 :  Mea n percentag e o f  correc t  response s fro m wea k Contras t  Tes t  an d Stron g Contras t  Tes t 

Conditio n 
Ki  (ai r  planes ) 
Soo (boats ) 
Dai  (machines ) 

Cmditio n 2 
Hon (I D objects ) 
Mai  (2 D objects ) 
Ko (3 D objects ) 

Ccmditio n 3 
Too (larg e 
animals ) 
Wa (birds ) 
Hik i  (animals ) 

Four  yea r  old s 

Weak contras t 

(N=64 ) 
38 
.4 2 
36 

(N=64 ) 
.53* * 
.5 2 ** * 
.4 2 

(N=64 ) 
34 

.50* * 

.63** * 

Stron g contras t 

(N=88 ) 
36 
.4 8 * 
.63** * 

(N=88 ) 
.56** * 

.4 7 ** * 

(N=88 ) 
.44** * 

.7 7 ** * 

Fiv e yea r  old s 

Weak contras t 

(N=76 ) 
38 
39 
33 

(N=76 ) 
.5 9 ** * 
77 ** * 

.58* * 

(N=76 ) 
.5 3 ** * 

.63** * 

.6 3 ** * 

Stron g contras t 

(N=80 ) 
.5 1 

.6 5 ** * 

.8 1 ** * 

(N=80 ) 
77 ** * 

.88** * 

.64** * 

(N=80 ) 
.5 8 ** * 

.6 3 ** * 

.9 3 ** * 

* p <  .05 .  ** p <  .005 .  *** p <  .000 5 

seven, the generic inanimate classifier-teM and 3D classifier 
-k o wer e stil l  ove r  use d wit h a  larg e numbe r  o f  nouns .  Ye t  i n 
thes e comprehensio n studie s childre n a s youn g a s 4  year s 
had a  goo d gras p o f  1 0 ou t  o f  1 1 teste d numera l  classifier s 
and eve n a t  ag e 3 ,  childre n comprehende d no t  onl y th e 
generi c classifier s -hik i  an d -r i  bu t  als o th e specifi c  classifie r 
-too .  B y ag e 6 .  childre n displaye d adul t  lik e understandin g 
wit h almos t  al l  th e 1 1 classijfiers .  Th e acquisitio n o f 
classifier s proceeds ,  no t  fro m genera l  t o specifi c  classifiers , 
but  throug h a  differentiatio n o f  broade r  categorie s t o muc h 
finer  distinction s whic h i s simila r  t o th e proces s o f  th e 
conceptua l  categorie s i n th e taxonom y examine d b y 
Mandler ,  Baue r  an d McDonoug h (1991) . 

Our  dat a showe d tha t  th e youn g childre n ar e capabl e o f 
conceptualizin g highl y abstract ,  comple x conceptua l 
categorie s tha t  ar e represente d i n th e nimiera l  classifie r 
system .  W e furthe r  clai m tha t  i t  i s  grammatica l  structur e an d 
emergin g competenc y i n gramma r  tha t  mak e thi s implici t 
conceptua l  structur e accessibl e t o childre n an d facilitat e 
conceptualization ,  otherwise ,  thes e conceptua l  distinction s 
woul d b e unavailabl e t o children . 
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Abstrac t 

The mental model theory postulates that reasoners build 
model s o f  th e situation s describe d i n premises ,  an d tha t 
thes e model s normall y mak e explici t  onl y wha t  i s true . 
A compute r  progra m reveale d a n unexpecte d consequenc e 
of  th e theory :  i t  predict s tha t  certai n inference s shoul d 
hav e compellin g bu t  erroneou s conclusions .  T w o 
experiment s corroborate d th e existenc e o f  suc h illusion s 
i n inference s abou t  wha t  i s  possibl e give n quantifie d 
assertions ,  suc h a s 'A t  leas t  som e o f  th e plasti c bead s ar e 
not  red. '  Experimen t  1  showe d that ,  a s predicted , 
participant s erroneousl y inferre d tha t  impossibl e 
assertion s wer e possible ,  an d tha t  possibl e situation s 
wer e impossible ,  bu t  the y performe d wel l  wit h contro l 
problems .  Experimen t  2  demonstrate d th e existenc e o f 
simila r  illusion s i n inference s fro m dyadi c assertions , 
e.g .  'Al l  th e boy s playe d wit h th e girls' . 

Introduction 

Conside r  th e followin g problem : 

Onl y on e o f  th e followin g statement s i s true : 

At  leas t  som e o f  th e plasti c bead s ar e no t  red ,  o r 

N o ne o f  th e plasti c bead s ar e red . 

I s i t  possibl e tha t  non e o f  th e re d bead s ar e plastic ? 

Most  peopl e respond ,  'yes' .  Th e inferenc e i s a  fallacy , 

becaus e th e conclusio n woul d rende r  bot h premise s true , 

contrar y t o th e rubri c tha t  onl y on e o f  the m i s  true . 

Suc h illusor y inference s ar e predicte d b y th e theor y o f 

menta l  model s (Johnson-Lair d an d Byrne ,  1991) ,  thoug h 

we hav e onl y recentl y discovere d th e prediction . 

Previou s studie s hav e corroborate d th e occurrenc e o f 

illusion s i n inference s base d o n sententia l  connectives , 

suc h a s "i f  an d "or "  (se e Johnson-Lair d an d Savary , 

1996) .  A  mor e powerfu l  sor t  o f  reasoning ,  however , 

hinge s o n quantifiers ,  suc h a s "some" ,  "all" ,  an d "none" , 

and s o w e examine d illusor y inference s base d o n 

quantifie d assertions .  I n thi s domain ,  th e sam e 

premise s ca n b e use d t o elici t  bot h illusor y inference s 

and contro l  inference s fo r  whic h th e theor y predict s tha t 

th e conclusion s shoul d b e correct .  I n thi s way ,  w e ca n 

eliminat e th e hypothesi s tha t  illusor y premise s ar e 

s o m e h o w to o difficul t  fo r  logicall y untraine d individual s 

t o understand .  Ou r  pla n i n wha t  follow s i s t o outlin e 

th e theor y o f  menta l  model s fo r  quantifie d assertions ,  an d 

the n t o repor t  tw o studie s o f  illusor y inference s i n thi s 

domain . 

Mental models of quantified assertions 

H o w ar e quantifie d assertion s represente d i n menta l 

models ? Th e mos t  recen t  compute r  implementatio n 

(Bucciarell i  an d Johnson-Laird ,  1998 )  postulate s tha t  a n 

assertio n o f  th e form : 

Al l  th e A  ar e B 

elicit s a  mode l  wit h a  smal l  arbittar y numbe r  o f  token s 

representin g th e relevan t  individuals ,  an d tha t  individual s 

m a ke a  menta l  footnot e t o indicat e tha t  th e se t  o f  A' s 

has bee n exhaustivel y represented ,  whic h w e her e 

represen t  b y a  squar e bracket : 

[a ]  b 

[a ]  b 

This model accordingly depicts two individuals who are 

A' s an d thu s B's ,  an d th e ellipsi s allow s fo r  th e 

possibilit y o f  othe r  sort s o f  individuals .  T h e mode l 

exhaust s th e case s o f  individual s w h o ar e A's ,  i.e . 

individual s correspondin g t o th e ellipsi s canno t  includ e 

individual s w h o ar e A's .  Tabl e 1  show s th e model s o f 

th e mai n sort s o f  singly-quantifie d assertion .  Suc h 

model s ar e isomorphi c t o on e w a y o f  usin g Eule r  circle s 

(c f  Stennin g an d Yule ,  1997) ,  bu t  the y generaliz e mor e 

readil y t o captur e inference s hingin g o n relations ,  whic h 

canno t  b e capture d withi n Eule r  circles ,  e.g. :  Al l  horse s 

ar e animals .  Therefore ,  Al l  horses '  head s ar e animals ' 

heads .  Likewise ,  h u m a n reasoner s ca n construc t 

alternativ e model s o f  th e premise s (Bucciarell i  an d 

Johnson-Laird ,  1998) . 

A fundamenta l  principl e o f  th e mode l  theory ,  th e so -

calle d "principl e o f  truth' ,  i s  tha t  reasoner s normall y 

represen t  onl y wha t  i s  tru e i n orde r  t o minimiz e th e loa d 

on workin g m e m o r y .  Thi s principl e i s subtl e becaus e 

i t  applie s a t  tw o levels :  reasoner s represen t  onl y tru e 

possibilities ,  an d withi n thos e tru e possibilitie s the y 

represen t  onl y thos e litera l  proposition s (affirmativ e o r 

negative )  i n th e premise s tha t  ar e true .  Likewise ,  th e 

principl e concern s falsity ,  whic h i s no t  th e sam e a s 
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Tabl e 1 :  Th e menta l  model s o f  th e fou r  mai n singly -

quantifie d assertions .  Th e squar e bracket s indicat e tha t  a 

set  o f  individual s ha s bee n exhaustivel y represented ,  i.e . 

no mor e individual s o f  thi s sor t  ca n b e adde d t o th e 

model .  T h e initia l  mode l  o f  S o m e A  ar c no t  B  support s 

th e convers e conclusion,  bu t  thi s conclusio n ca n b e 

refute d b y a n alternativ e mode l  o f  th e premise . 

Assertion s 

Al l  th e A  ar e B : 

S o me o f  th e A  ar e B : 

Menta l  model s 

[a ]  b 

la ]  b 

N o ne o f  th e A  i s a  B :  [a ] 

[a ] 

b 

b 

^ b 

- b 

[b ] 

[b ] 

illusions .  Th e footnote s mak e i t  possibl e t o fles h ou t 

th e model s explicitly .  An d onl y full y  explici t  model s 

of  wha t  i s possibl e give n th e disjunctio n represen t  bot h 

th e tru e an d th e fals e component s i n eac h model : 

-I  kin g - 1 ac e 

kin g ac e 

Accordin g t o th e theory ,  however ,  reasoner s d o no t 

normall y construc t  full y  explici t  models ,  an d retai n th e 

footnote s onl y fo r  premise s tha t  ten d t o b e simple r  tha n 

th e on e above . 

Illusory inferences with quantifiers 

Conside r  th e followin g proble m again : 

1.  Onl y on e o f  th e followin g statement s i s true : 

At  leas t  som e o f  th e plasti c bead s ar e no t  red ,  o r 

None o f  th e plasti c bead s ar e red . 

I s  i t  possibl e tha t  non e o f  th e re d bead s ar e plastic ? 

Accordin g t o th e mode l  theory ,  reasoner s shoul d 

conside r  th e mode l  o f  th e first  premise : 

P T 

P ^ r 
r 

S o me o f  th e A  ar e no t  B :  a 

a 

b 

b 

b 

b 

negation :  negatio n i s a  syntacti c notion ,  an d a  negativ e 

assertio n ca n b e tru e o r  false ,  wherea s falsit y i s a 

semanti c notion .  W e ca n bes t  illustrat e thi s principl e 

wit h a n exampl e o f  sententia l  reasoning .  Give n a n 

exclusiv e disjunctio n abou t  a  han d o f  cards ,  suc h as : 

There is not a king in the hand, or else there is an 

ac e i n th e han d 

reasoner s construc t  tw o alternativ e models ,  whic h w e 

sho w her e o n separat e lines : 

-> kin g 

ace 

wher e '-> '  denote s negation .  Eac h mode l  correspond s t o 

a tru e possibilit y  give n th e disjunctio n - -  eac h mode l 

correspond s t o a  tru e ro w i n a  trut h table ,  an d eac h mode l 

represent s onl y thos e litera l  proposition s i n th e 

disjunctio n tha t  ar e tru e withi n th e possibility .  Hence , 

th e first  mode l  doe s no t  represen t  explicitl y  tha t  i t  i s 

fals e tha t  ther e i s a n ace ,  an d th e secon d mode l  doe s no t 

represen t  explicitl y  tha t  i t  i s  fals e tha t  ther e i s no t  a 

king .  Reasoner s m a k e menta l  'footnotes '  t o kee p trac k 

of  thi s fals e information ,  bu t  thes e footnote s ar e soo n 

likel y t o b e forgotten ,  whic h i n tur n lead s t o th e 

wher e 'p '  denote s a  plasti c bea d an d 'r '  denote s red .  Th e 

model  support s th e possibilit y  tha t  N o n e o f  th e re d bead s 

ar e plastic ,  an d s o reasoner s shoul d respond ,  'Yes' .  The y 

wil l  mak e th e sam e respons e i f  the y examin e th e mode l 

of  th e secon d premise .  I n eithe r  case ,  however ,  th e 

respons e i s a n illusio n o f  possibility .  W h e n th e first 

premis e i s true ,  th e secon d premis e i s false ,  i.e .  som e o f 

th e plasti c bead s ar e red ,  an d s o th e correc t  mode l  is : 

P r 

P - T 

Conversely, when the second premise is true, the first 

premis e i s  false ,  i.e .  al l  o f  th e plasti c bead s ar e red , 

whic h conflict s wit h th e secon d premise ,  an d s o th e 

resul t  i s  th e empt y (o r  null )  model .  T h e remainin g 

model  refute s th e possibilit y  tha t  non e o f  th e re d bead s 

ar e plastic ;  an d s o th e correc t  answe r  t o th e questio n is , 

'No' .  I f  w e presen t  th e premise s o f  proble m 1  above , 

but  as k a  differen t  question : 

2.  I s  i t  possibl e tha t  a t  leas t  s o m e o f  th e re d bead s ar e 

plastic ? 

i t  shoul d elici t  th e answe r  'yes, '  becaus e th e mode l  base d 

o n th e first  premis e ca n easil y b e modifie d to : 

P 

P 

P 

-> r 
-> r 

r 

r 
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Indeed ,  evidenc e suggest s tha t  man y peopl e construc t 

thi s sor t  o f  mode l  a b initi o (Bucciarcll i  an d Johnson -

Laird ,  1998) .  Th e answe r  'yes *  t o thi s proble m i s 

correct ,  eve n thoug h th e procedur e stil l  fail s  t o tak e int o 

accoun t  wha t  i s false .  Thus ,  th e failur e t o conside r 

falsit y doe s no t  lea d t o error s wit h th e contro l  problems . 

Wit h th e premise s o f  proble m 1 ,  th e question : 

3.  I s i t  possibl e tha t  al l  o f  th e re d bead s ar e plastic ? 

shoul d elici t  a n illusio n o f  impossibility ,  i.e .  reasoner s 

shoul d wrongl y respon d 'no '  o n th e basi s o f  thei r  menta l 

models .  I n contrast ,  th e question : 

4.  I s i t  possibl e tha t  al l  o f  th e plasti c bead s ar e red ? 

shoul d elici t  th e correc t  response ,  'no' . 

I n Experimen t  1 ,  w e gav e 2 0 Princeto n student s 

inference s o f  eac h o f  fou r  sorts :  illusion s o f  possibilit y 

and thei r  controls ,  an d illusion s o f  impossibilit y  an d 

thei r  controls .  Th e inference s wer e base d o n fiv e pair s o f 

monadi c premise s tha t  eac h referre d t o th e sam e tw o 

terms .  Th e five  pair s o f  premise s wer e combine d o n 

separat e trial s wit h fou r  differen t  moda l  conclusions .  Te n 

of  th e problem s wer e illusions ,  an d te n o f  the m wer e 

controls .  Th e 2 0 problem s wer e presente d i n on e o f  si x 

differen t  rando m order s t o eac h participant ,  an d eac h 

proble m wa s base d o n a  differen t  se t  o f  contents .  Th e 

participant s rate d thei r  confidenc e i n eac h o f  thei r 

answer s o n a  five-point  scale . 

Table 2: The percentages of correct responses to the 

fou r  sort s o f  problem s i n Experimen t  1 .  Th e figures  i n 

parenthese s ar e th e participants '  mea n confidenc e i n thei r 

answer s (o n a  five-point  scale ,  wher e 1  signifie s 'N o 

confidence '  an d 5  signifie s 'Ful l  confidence') . 

Illusions Controls 

Inference s o f  possibilit y  2 3 (4.35 )  8 7 (4.43 ) 

Inference s o f  impossibilit y  67(4.36 )  94(4.71 ) 

Overal l 54(4.39 )  90(4.51 ) 

Tabl e 2  present s th e results .  Th e participant s wer e 

correc t  o n 9 0 % o f  th e contro l  inferences ,  bu t  wer e onl y 

slightl y bette r  tha n chance ,  5 4 % ,  wit h th e illusor y 

inferences .  Al l  2 0 o f  th e participant s wer e mor e accurat e 

wit h th e contro l  inference s tha n wit h th e illusor y one s ( p 

= .5̂ " ,  i.e .  les s tha n 1  i n a  million) .  Th e participant s 

wer e als o slightl y mor e confiden t  i n thei r  answer s t o th e 

contro l  problem s tha n t o th e illusor y problems ,  an d thi s 

differenc e -  a  mea n o f  .1 3 o n th e five-point  scal e 

(Wilcoxon' s test ,  N  =  12 ,  T + =  65 ,  p  <  .03) .  Ther e 

was a  reliabl e interaction :  th e differenc e i n accurac y 

betwee n th e contro l  problem s an d th e illusion s wa s 

greate r  fo r  th e inference s o f  possibilit y  tha n fo r  th e 

inference s o f  impossibilit y  (Wilcoxon' s test ,  z  =  2.77 ,  p 

< .01) . 

The result s corroborate d th e mode l  theory ,  bu t  th e 

illusion s o f  possibilit y  wer e mor e tellin g tha n thos e o f 

impossibility .  T o infe r  tha t  a  situatio n i s impossible , 

however ,  call s fo r  a  chec k o f  ever y model ,  wherea s t o 

infe r  tha t  a  situatio n i s possibl e doe s not ,  an d s o 

reasoner s ar e les s likel y t o mak e th e inferenc e o f 

impossibility .  Thi s differenc e occur s i n harde r  problem s 

tha t  ar e no t  illusor y (Bel l  an d Johnson-Laird ,  1998) . 

Experimen t  2  wa s a  replicatio n o f  th e previou s 

experiment ,  bu t  usin g a  ne w se t  o f  inference s i n whic h 

th e premise s concerne d dyadi c relations ,  e.g .  'Al l  th e 

boy s go t  re d beads' .  I n thes e problems ,  th e premise s 

containe d a  mai n ver b tha t  describe d a  relation ,  suc h a s 

'got' ,  tha t  hold s betwee n tw o set s o f  individuals . 

Twent y Princeto n student s carrie d ou t  fou r  sort s o f 

inferences :  illusion s o f  possibility ,  thei r  control s wit h 

th e correc t  answe r  yes' ,  illusion s o f  impossibility ,  an d 

thei r  control s wit h th e correc t  answe r  'no' .  Th e desig n 

and procedur e wer e th e sam e a s thos e o f  Experimen t  1 . 

Table 3: The percentages of correct responses to the 

fou r  sort s o f  problem s i n Experimen t  2 .  Th e figures  i n 

parenthese s ar e th e participants '  mea n confidenc e i n thei r 

answer s (o n a  five-point  scale) . 

Inference s o f  possibilit y 

Inference s o f  impossibilit y 

Illusion s Control s 

13 (4.37 )  9 4 (4.31 ) 

70(4.12 )  93(4.69 ) 

Overal l 5 0 (4.22 )  9 3 (4.54 ) 

Tabl e 3  present s th e results ,  whic h wer e ver y simila r 

t o thos e o f  th e previou s experiment .  Al l  2 0 o f  th e 

participant s wer e mor e accurat e wit h th e contro l 

inference s tha n wit h th e illusor y one s ( p =  .5^" ,  i.e .  les s 

tha n 1  i n a  million) .  The y wer e als o slightl y mor e 

confiden t  i n thei r  answer s t o th e contro l  problem s tha n 

t o th e illusor y problem s (Wilcoxon' s test ,  z  =  3.62 ,  p  < 

.001) .  And ,  onc e more ,  th e differenc e betwee n th e 

contro l  problem s an d th e illusion s wa s greate r  fo r  th e 

inference s o f  possibilit y  tha n fo r  th e inference s o f 

impossibilit y  (Wilcoxon' s test ,  z  =  3.22 ,  p  <  .001) . 

The correlatio n betwee n th e result s o f  th e tw o 

experiment s wa s ver y hig h (Kendall' s  ta u =  .94 ,  p  < 

.0001) .  Evidently ,  th e patter n o f  result s wit h thes e 

quantifie d inference s i s highl y robust . 

General Discussion 

The experiment s showe d tha t  individual s succum b t o 

illusion s i n inference s abou t  wha t  i s possible ,  an d wha t 

i s impossible ,  give n quantifie d assertion s abou t 

116 7 



individuals .  Th e phenomen a wer e predicte d b y th e mode l 

theory' s principl e o f  trut h accordin g t o whic h reasoner s 

tak e int o accoun t  wha t  i s  true ,  bu t  no t  wha t  i s  false .  I s 

ther e a n alternativ e explanation ? O n e hypothesi s i s 

tha t  th e instructions ,  materials ,  o r  task ,  wer e to o 

difficul t  fo r  th e participant s t o understand .  T w o 

phenomena ,  however ,  coun t  agains t  thi s idea .  First , 

th e participant s performe d ver y wel l  wit h th e contro l 

problem s (ove r  9 0 % correc t  i n eac h experiment) . 

Thes e contro l  problem s wer e base d o n logicall y identica l 

premise s t o thos e use d fo r  th e illusions ,  an d the y differe d 

onl y i n th e questio n pose d t o th e participants .  Thes e 

question s themselve s varie d fro m on e proble m t o 

another ,  s o that ,  fo r  example ,  a  questio n o f  th e form :  'I s 

i t  possibl e tha t  non e o f  th e A  ar e B? '  occurre d 

sometime s fo r  a n illusio n an d sometime s fo r  a  contro l 

problem .  Hence ,  ther e i s unlikel y t o b e anythin g abou t 

th e instructions ,  materials ,  o r  task ,  tha t  i s  intrinsicall y 

difficul t  t o understand .  Second ,  th e participant s wer e 

confiden t  i n thei r  responses ,  albei t  slightl y mor e 

confiden t  i n thei r  response s t o th e control s tha n t o th e 

illusions . 

Anothe r  hypothesi s i s tha t  th e participant s mad e thei r 

inference s base d o n whethe r  o r  no t  ther e wa s a n exac t 

matc h betwee n th e questione d conclusio n an d on e o f  th e 

premises .  Fo r  example ,  the y responde d 'yes '  whe n th e 

questione d conclusio n matche d a  premise .  But ,  i f  th e 

participant s ha d responde d 'yes '  wheneve r  ther e wa s a 

match ,  an d 'no '  otherwise ,  the n th e patter n o f  thei r 

response s woul d hav e bee n wholl y differen t  fro m thos e 

tha t  w e observed ,  e.g .  th e participant s woul d hav e 

responde d 'no '  uniforml y t o problem s 1  throug h 4 

above . 

I n tw o recen t  experiments ,  w e hav e furthe r 

corroborate d th e mode l  theory' s accoun t  o f  th e quantifie d 

illusions .  T h e experiment s use d th e sam e sort s o f 

inference s a s Experimen t  1 ,  bu t  afte r  hal f  th e problems , 

th e participant s receive d som e remedia l  instructions . 

W h en the y wer e tol d t o chec k tha t  thei r  putativ e 

conclusion s wer e consisten t  wit h th e trut h o f  th e first 

premis e an d th e falsit y o f  th e secon d premise ,  ther e wa s 

a significan t  improvemen t  i n thei r  performanc e wit h th e 

illusor y problems .  Likewise ,  whe n the y wer e tol d t o 

chec k tha t  thei r  putativ e conclusion s wer e consisten t 

wit h bot h relevan t  case s ~  1 )  wit h th e trut h o f  th e firs t 

premis e an d th e falsit y o f  th e secon d premise ,  an d 2 ) 

wit h th e trut h o f  th e secon d premis e an d th e falsit y o f 

th e firs t  premis e ~  th e ga p betwee n th e illusion s and  th e 

control s disappeared .  Ther e wa s bot h a  significan t 

improvemen t  wit h th e illusion s an d a  significan t  declin e 

wit h th e controls ,  an d performanc e converge d a t  7 1 % 

correct .  T h e declin e wit h th e contro l  problem s i s 

presumabl y attributabl e t o th e nee d t o wor k throug h a 

costl y procedur e tha t  i s unnecessar y wit h problem s tha t 

th e participant s ten d t o ge t  righ t  eve n whe n the y neglec t 

falsity . 

Th e illusion s ar e predicte d b y th e mode l  theor y bu t 

the y ar e no t  readil y explaine d b y theorie s base d o n 

forma l  rule s o f  inferenc e (se e e.g .  Braine ,  1998) .  Thes e 

theorie s appl y vali d rule s o f  inferenc e t o th e logica l 

form s o f  premises ,  an d s o the y canno t  predic t  th e 

systemati c occurrenc e o f  invali d conclusions .  I s i t 

possibl e t o sav e th e forma l  rul e theories ? O n e solutio n 

i s trivial .  Forma l  rules ,  i n th e broades t  sense ,  hav e 

universa l  Turin g machin e power ,  an d s o the y ar e 

equivalen t  t o a  programmin g languag e (Rips ,  1994) . 

Hence ,  the y ca n b e use d t o simulat e an y theor y 

whatsoever ,  includin g th e mode l  theory .  I t  i s  thi s 

principle ,  o f  course ,  whic h w e exploite d i n 

implementin g th e mode l  theor y i n a  compute r  program . 

I n thi s broa d sense ,  forma l  rule s ar e n o mor e refiitabl e 

tha n a  programmin g language .  I n th e narrowe r  sens e 

of  th e curren t  theories ,  thei r  rule s contai n n o wa y t o 

embody th e principl e o f  truth .  Perhap s a  mor e 

plausibl e ide a t o sav e th e curren t  theorie s i s tha t 

reasoner s s o m e h o w misappl y a  suppositiona l  strateg y 

(Luc a Bonatti ,  Davi d O'Brien ,  persona l 

communications) .  Recen t  empirica l  studie s o f  Braine' s 

theor y (Yang ,  Braine ,  an d O'Brien ,  1998 )  hav e 

investigate d onl y direc t  reasonin g wit h quantifie d 

assertions .  But ,  i n th e cas e o f  proble m 1  above ,  fo r 

example ,  a  suppositio n o f  th e first  premise .  A t  leas t 

some A  ar e no t  B .  fail s  t o yiel d th e conclusio n N o B  ar e 

A.  But ,  a  suppositio n o f  th e secon d premise .  N o A  ar e 

B,  yield s th e conclusio n N o B  ar e A .  Thi s inference ,  i n 

turn ,  lead s t o th e respons e 'yes '  t o th e question .  But , 

n o w conside r  proble m 2 ,  whic h ha s th e sam e premises , 

but  a  differen t  question :  'I s  i t  possibl e tha t  som e B  ar e 

A ? '  Th e putativ e conclusio n canno t  b e inferre d fro m a 

suppositio n o f  eithe r  premise ,  an d s o reasoner s shoul d 

respon d "no '  t o th e question .  I n fact ,  th e vas t  majorit y 

of  participant s i n bot h experiment s correctl y responded , 

'yes' ,  t o thi s contro l  problem .  I n othe r  words ,  a 

misapplicatio n o f  supposition s her e obliterate s th e 

distinctio n betwee n illusor y an d contro l  problems . 

Hence ,  a n appropriat e simpl e modificatio n t o curren t 

forma l  rul e theorie s m a y no t  exist . 

Th e result s o f  ou r  experiment s corroborat e th e menta l 

model  theory .  Othe r  studie s o f  illusion s i n sententia l 

and probabilisti c  reasonin g hav e th e sam e mora l 

(Johnson-Lair d an d Savary ,  1996 ;  Johnson-Lair d an d 

Goldvarg ,  1997) .  W h a t  th e illusion s hav e i n c o m m o n i s 

th e failur e t o conside r  falsit y a t  eithe r  o f  tw o levels :  a 

neglec t  o f  possibilitie s tha t  ar e false ,  an d a  neglec t 

withi n tru e possibilitie s o f  thos e litera l  proposition s 

(affirmativ e o r  negative )  i n th e premise s tha t  ar e false . 

Th e principl e o f  trut h i s therefor e highl y plausible : 
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logically-untraine d individual s ten d t o reaso n o n th e 

basi s o f  wha t  i s  true ,  no t  wha t  i s  false .  Wit h hindsight , 

othe r  well-know n phenomen a i n reasonin g appea r  t o b e 

furthe r  manifestation s o f  th e principl e o f  truth ,  e.g .  th e 

difficult y o f  Wason' s selectio n task ,  an d th e difficult y o f 

inference s i n th e for m know n a s modu s tollen s (I f  A 

the n B ,  not-B ,  .- .  not-A) . 

Formal  rule s an d menta l  model s d o no t  exhaus t  th e 

domai n o f  possibl e theorie s o f  reasoning .  Neithe r  sor t 

of  theor y tell s  th e whol e stor y abou t  reasoning ,  an d 

some ne w theor y ma y wel l  transcen d them .  Ou r  result s 

sugges t  tha t  thi s ne w theor y wil l  hav e t o accommodat e 

th e principl e o f  truth . 
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Abstrac t 

Thi s pape r  describe s a  semanticall y base d computationa l  the -
or y o f  natura l  languag e comprehension .  Th e theor y argue s fo r 
a semanticall y rich  lexico n whos e entrie s ca n b e describe d a s 
monosemic ,  generativ e an d image-like .  Th e comprehensio n 
proces s use s th e basi c definitio n o f  a  wor d t o decid e ho w ne w 
informatio n i s t o b e combine d wit h wha t  ha s bee n interprete d 
so far .  Next ,  an d mor e importantly ,  th e backgroun d informa -
tio n i s use d t o generat e th e meanin g o f  th e combine d words . 
Othe r  semanticall y base d approache s ar e als o reviewed ,  on e 
eac h fro m th e discipline s o f  AI ,  Cognitiv e Science ,  an d Lin -
guistics . 

Background 

H u m an languag e i s generativ e i n th e sens e tha t  speaker s ca n 
creat e an d easil y understan d ne w sentence s endlessly ,  despit e 
a finit e vocabulary .  Thi s generativ e propert y o f  languag e re -
sult s fro m applyin g regula r  principle s o f  combinin g vocabu -
lar y items .  Th e questio n is ,  wha t  i s  th e basi s o f  thes e 
combinator y principles ? A  traditiona l  answe r  i s tha t  the y ar e 
syntacticall y base d (Chomsky ,  1988) .  However ,  i n th e las t 
severa l  decade s th e alternative ,  tha t  combinatoria l  principle s 
ar e semanticall y based ,  ha s bee n explore d b y variou s re -
searcher s (Dowty ,  1979 ;  Lakoff ,  1987 ;  Langacker ,  1990) . 
Sinc e th e earl y 70's ,  A I  researcher s hav e als o emphasize d th e 
use o f  semantics ,  beginnin g wit h thei r  attemp t  t o buil d wholl y 
semanti c sentenc e analyzer s t o curren t  model s whic h exploi t 
bot h syntacti c an d semanti c construct s (Ritchie ,  1983) . 

Despit e thes e efforts ,  n o semanticall y base d computationa l 
model  ha s bee n develope d whic h ca n explai n adequatel y h o w 
languag e works .  Mos t  existin g (AI )  systems ,  althoug h encod -
ed wit h al l  kind s o f  knowledge ,  onl y us e thei r  knowledg e a s 
a las t  resort ,  i.e .  whe n othe r  mechanism s hav e failed .  Thi s 
strateg y i s contrar y t o th e on e whic h human s use ,  namel y on e 
whic h involve s rapi d an d apparentl y effortles s retrieva l  o f 
ver y larg e amount s o f  'encyclopedic '  knowledge .  Humans ' 
interpretatio n an d productio n o f  languag e i n rea l  time ,  an d 
first-languag e acquisitio n b y childre n sugges t  tha t  suc h ency -
clopedi c knowledg e i s immediatel y availabl e t o th e composi -
tiona l  proces s (Hoff-Ginsber g &  Shatz ,  1982 ;  Marslen -
Wilso n &  Tyler ,  1987) . 

Previou s attempt s t o mode l  th e compositiona l  proces s us -
in g wor d meaning s ar e to o concerne d wit h wha t  wor d mean -
in g is ,  an d wha t  kind s o f  informatio n mus t  b e encode d a s 
sens e properties .  Thes e ar e difficul t  question s t o answe r  an d 
perhap s shoul d b e lef t  alon e (Levi n &  Pinker ,  1991) .  1  hav e 
thu s take n a  differen t  approach ,  tha t  ther e i s n o principle d 
way t o differentiat e wor d meanin g from  othe r  knowledg e 
(suc h a s pragmati c an d commonsense) ,  an d instea d allo w al l 

kind s o f  knowledg e t o b e encode d a t  th e lexica l  level ,  a t  leas t 
initiall y  (lik e a  chil d learnin g a  ne w word) .  Therefore ,  I  as k 
not ,  wha t  doe s a  wor d mea n bu t  rathe r  wha t  i s neede d an d 
what  i s mad e explici t  a t  eac h ste p o f  th e process ,  fro m inpu t 
t o output .  I n particular ,  I  a m concerne d wit h h o w wor d mean -
ing s ar e combine d wit h precedin g contex t  t o creat e a  meanin g 
of  th e composit e phras e an d unde r  wha t  condition s th e com -
positiona l  proces s mus t  b e hel d i n abeyance . 

The theor y wil l  b e describe d nex t  befor e discussin g relate d 
work .  A s pointe d ou t  above ,  a  ke y featur e o f  th e theor y i s it s 
emphasi s o n ho w th e differen t  kind s o f  knowledg e abou t 
word s encode d a t  th e lexica l  leve l  i s use d i n comprehension . 
T o captur e suc h a  possibl y hug e amoun t  o f  knowledge ,  i t  i s 
importan t  t o distinguis h wha t  som e linguist s calle d th e basi c 
definitio n o f  a  wor d (Ruhl ,  1989 )  fro m othe r  relate d informa -
tion .  Hence ,  i t  i s propose d tha t  eac h lexica l  entr y consist s o f 
tw o parts ,  namely ,  (i )  a  basi c definitio n an d (ii )  som e back -
groun d information .  A s w e shal l  soo n see ,  th e forme r  pro -
vide s th e initia l  constraint s fo r  combinin g word s an d th e latte r 
provide s th e initia l  contex t  fo r  sens e generation .  Th e resul t  i s 
a rich  outpu t  whic h I  refe r  t o a s a  Menta l  Sketch . 

I n th e sectio n o n relate d work ,  th e wor k o f  Pustejovsk y an d 
Bogurae v (1993 )  o n generativ e lexicon ,  Frank s (1995 )  o n 
sens e generatio n an d Langacke r  (1990 )  o n cognitiv e gram -
mar  ar e criticall y reviewed .  W e shar e a  c o m m o n vie w tha t 
languag e i s generativ e bu t  w e diffe r  i n h o w th e proces s migh t 
be realized .  Th e conclusio n present s a  summar y o f  th e mai n 
point s o f  th e theory . 

A Computational Theory 

Word Images 

What  i s neede d a s par t  o f  a  wor d definitio n i n orde r  t o under -
stan d language ? Conside r  th e outpu t  produce d from  havin g 
parse d th e phrase ,  /  eat ,  b y filling  i n argumen t  structur e o f  th e 
verb : 

Eat  :wh o I  :wha t  ?  :ho w ?  etc . 

Although who is eating is now part of the representation, one 
must  kno w muc h mor e i n orde r  t o clai m understandin g o f  th e 
phrase .  I n particular ,  i t  i s  reasonabl e t o expec t  th e us e o f 
hand s t o transfe r  foo d t o th e mout h an d dependin g o n th e 
food ,  cutler y suc h a s chopstick s o r  a  spoo n wil l  b e used . 
S o me kind s o f  foo d ar e cooke d an d prepare d i n certai n way s 
and eatin g i s performe d wit h manners .  Th e phrase ,  th e lio n 
eats ,  woul d conjur e u p a  ver y differen t  interpretation . 

The lac k o f  suc h contextua l  knowledg e i s a  majo r  proble m 
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wit h approache s whic h advocat e th e us e o f  a n independen t 
syntacti c modul e prio r  t o semanti c processing .  A  typica l 

solutio n i n th e pas t  ha s alway s bee n t o m a k e availabl e th e 
contex t  a s soo n a s possible ,  thu s producin g system s whic h 

:teli c  non e 

I  -  :is a perso n 

perso n -  :haspart s - i — mout h -  :teli c  - i — ea t  -  perso n use s nniout h t o che w an d swallo w ? R 

\  •  us e spoo n t o ge t  ? R i f  eatin g soup ,  ice-cream ,  etc . 

^  •  us e hand s t o hol d ? R i f  eatin g fruit ,  sweets ,  etc . 

•  chec k ? R i s no t  to o ho t 

— eye s •  che w ? R properl y befor e swallo w 

•  was h hand s befor e eatin g 

—talk.. . 

drink... . 

nos e 

an -  ? R :quantit y on e 

•chec k i f  ? R i s countabl e 

apple -  thasparts ; 

eat  -  ? L use s mout h t o che w an d swallo w ? R 

•  i f  ? R i s bigge r  tha n mouth ,  che w a  bi t  a t  a  tim e 

•  usuall y ? L i s hungr y •  chec k tha t  ? R i s edibl e 

•  tes t  i f  ? L i s animat e and/o r  ha s a  mouth ,  i f  no t  repor t 

•  ? R wen t  int o th e stomac h 

•  fir m rounde d par t 

\  ^  stal k 

Xjgli g .. ^  eatin g -  ?food=appl e 

^  cookin g -  ?ingredient=appl e 

•  man y varietie s suc h a s braebum ,  delicious ,  etc . 

•  on e o f  th e mai n expor t  crop s o f  NewZealan d 

Figure 1. Examples of how some words are defined in the lexicon (see text). 

proces s syntacti c an d semanti c parsin g i n tandem .  Bu t  wha t 
i s  context ? F ro m a n implementatio n standpoin t  th e rea l  con -
cer n i s h o w m u c h context ? I f  to o m u c h i s allowed ,  th e sys -
te m wil l  b e slo w an d m a y no t  b e abl e t o proces s languag e i n 
real-time .  I f  to o little ,  th e informatio n availabl e m a y no t  be , 
usefu l  enough .  I  woul d lik e t o argu e her e tha t  th e questio n 
shoul d no t  b e h o w m u c h informatio n i s mad e availabl e a s 
contex t  bu t  h o w th e contextua l  informatio n i s t o b e used . 
Thi s i s becaus e th e amoun t  o f  informatio n depend s o n th e 
situation ,  no t  o n th e syste m bein g give n a  predetermine d 
contex t  fo r  eac h word .  Similarly ,  suc h information ,  lik e th e 
differen t  sense s o f  a  word ,  shoul d b e generative . 

The lexico n thu s propose d her e wil l  allo w a s m u c h o r  a s 
littl e contex t  t o b e encode d a s par t  o f  a  wor d definition .  Nat -
urally ,  som e word s hav e mor e an d other s hav e les s bu t  i t  i s 
assumed tha t  i t  i s  alway s possibl e t o expan d th e contex t  i f 
necessary .  Naturall y too ,  on e woul d expec t  tha t  fo r  mos t 
words ,  th e amoun t  o f  contextua l  informatio n encode d i s 
quit e significance .  T o avoi d th e proble m o f  havin g t o proces s 
thi s possibl y hug e amoun t  o f  information ,  a  distinctio n i s 
made betwee n one' s experienc e wit h th e us e o f  a  particula r 
wor d (i. e th e context )  an d it s basi c definition .  Thus ,  eac h lex -
ica l  entr y wil l  consis t  o f  tw o parts :  on e par t  fo r  describin g it s 
basi c definitio n an d th e othe r  fo r  an y relate d information . 
The latte r  i s  als o referre d t o a s backgroun d information . 

Figur e 1  show s som e example s o f  h o w word s ar e 
describe d i n th e lexico n usin g th e abov e scheme .  Th e basi c 
definitio n i s i n bol d an d th e backgroun d informatio n i s a  lis t 
of  statement s and/o r  questions .  Not e tha t  th e wor d /  i s  sim -
plifie d t o hav e th e sam e meanin g a s th e wor d person .  Sinc e 
we ar e no t  intereste d i n implementatio n detail s here ,  eac h 
entr y show s onl y wha t  informatio n i s m a d e explici t  (an d 
late r  I  wil l  argu e w h y )  bu t  no t  th e exac t  mechanis m b y whic h 

i t  shoul d b e implemented . 
Th e :haspart s fo r  eac h nou n wor d i s intende d t o captur e it s 

basi c information .  I f  th e wor d describe s a  physica l  object , 
the n visua l  image s o f  th e objec t  woul d b e it s bes t  descrip -
tion .  Fo r  ou r  discussio n here ,  a  lis t  o f  th e differen t  part s i s 
use d instead .  O n e als o learn s th e functio n o f  eac h nou n an d 
thi s extr a informatio n i s als o include d a s par t  o f  it s  basi c def -
inition .  Followin g Pustejovsk y an d Bogurae v (1993 )  thi s par t 
i s  referre d t o a s it s teli c  role .  A n y subpar t  o f  a  nou n i s itsel f  a 
nou n an d therefore ,  i f  necessary ,  wil l  hav e it s o w n haspart s 
and teli c rol e definition ,  thu s producin g a  recursiv e structure . 

Th e basi c definitio n fo r  eac h ver b i s a  proces s description . 
I n i t  ther e ar e variabl e fields  whic h nee d t o b e assigne d cor -
rectl y t o obtai n th e ver b meaning .  Word s lik e articles , 
adverb s an d adjective s enhanc e th e meanin g o f  a n adjacen t 
word .  Therefor e thei r  basi c definitio n consist s o f  a  variabl e 
field  togethe r  wit h som e extr a information .  Th e variabl e field 
wil l  b e assigne d wit h th e definition s o f  th e appropriat e adja -
cen t  wor d an d th e extr a informatio n wil l  the n b e use d t o 
enhanc e tha t  definition .  A s w e shal l  soo n see ,  th e extr a infor -
matio n itsel f  m a y contai n variabl e fields  whic h wil l  nee d t o 
be assigne d a s well . 

Not e tha t  th e syntacti c categor y o f  word s i s no t  m a d e 
explici t  i n th e lexico n althoug h th e differen t  representation s 
mean tha t  suc h informatio n i s implicitl y  available .  Therefore , 
when on e perceive s a  wor d an d retrieve s it s definition ,  i t  i s 
not  it s  syntacti c clas s o r  propertie s tha t  on e i s attendin g t o 
but  a  comple x descriptio n o f  it s  meaning .  Thi s cortespond s 
t o th e powerfu l  imager y o f  word s tha t  human s s o ofte n pro -
duc e o n hearin g a  word .  I n thi s sense ,  eac h lexica l  entr y i s 
referre d t o a s a  wor d imag e an d thei r  compositio n woul d pro -
duc e a  comple x imag e whic h i s referre d t o a s a  Menta l 
Sketch .  Not e tha t  th e tw o m a y b e use d interchangeabl y sinc e 
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a Menta l  Sketc h i s bu t  a  large r  image . 

W h en combinin g tw o wor d images ,  thei r  backgroun d 

infomiatio n i s merged .  I t  i s  durin g thi s proces s tha t  muc h o f 
th e reasonin g goe s o n t o generat e th e meanin g o f  th e ne w 
image .  Th e resul t  i s  tha t  som e o f  th e backgroun d informatio n 
wil l  b e highlighte d (o r  selected )  t o describ e th e meanin g o f 
th e phras e an d th e res t  wil l  remai n a s backgroun d informa -
tio n i n th e individua l  image .  Figur e 2  show s h o w th e inter -
pretatio n o f  th e tw o phrase s /  ea t  an d Lio n eat s produce s 
differen t  results .  Th e importan t  ide a i s tha t  differen t  back -
groun d informatio n i s highlighte d an d thi s the n provide s a 
contex t  fo r  late r  interpretation .  Thi s contras t  significantl y 
wit h thos e approache s whic h identifie d onl y a  subject-ver b 
agreemen t  bu t  nothin g else . 

[I* uses mouth to chew and swallow ?food] 
•  i f  ?foo d i s bigge r  tha n mouth ,  che w a  bi t  a t  a  tim e 
•  usuall y [I* ]  i s  hungr y •  chec k tha t  ?foo d i s edibl e 
•  ?foo d wen t  int o th e stomac h 
•  us e spoo n fo r  ?food=soup ,  ice-cream . 
•  us e hand s fo r  ?food=fruit ,  sweets ,  etc . 
•  chec k ?foo d i s no t  to o ho t 
•  che w ?foo d properl y befor e swallowin g 
•  was h hand s befor e eatn g 

[lion* uses mouth to chew and swallow ?food] 
•  [lion* ]  i s  hungr y •  ?foo d i s usuall y a  smal l  anima l 
•  ge t  ?foo d b y chasin g an d killin g usin g claw s an d mout h 

•  ?foo d i s tor n t o piece s an d eate n ra w •  bone s lef t  behin d 

Figure 2. Interpreting the phrases, / eat and Lion eats, will 
produc e differen t  backgroun d informatio n fo r  th e sam e 
ver b eat . 

It is important to stress that the background information is 
m a de expUci t  t o indicat e h o w th e individua l  understand s th e 
phras e an d not ,  a s i n th e earl y wor k o n predictiv e parsers ,  fo r 
predictin g wha t  i s  next .  T o successfull y  predict ,  on e need s t o 
k n o w wit h hig h probabilit y  wha t  i s nex t  an d thi s i s no t  possi -
bl e i n languag e (a s ha s bee n demonstrate d i n th e earl y  work) . 
I f  th e backgroun d informatio n i s no t  use d t o predic t  wha t  i s 
next ,  h o w doe s on e m a k e us e o f  i t  i n th e compositiona l  pro -
cess ? Th e tric k i s t o us e th e basi c definitio n o f  th e incomin g 
wor d a s th e initia l  basi s fo r  combinin g words .  Thi s i s 
describe d i n th e nex t  section . 

Computing Mental Sketches 

Sinc e i t  i s  th e definitio n o f  th e nex t  wor d perceive d whic h wil l 
be use d t o enhanc e th e descriptio n o f  th e Menta l  Sketch ,  i t  i s 
argue d tha t  it s  definitio n shoul d provid e th e (initial )  basi s fo r 
decidin g wha t  t o d o next .  However ,  give n tha t  th e back -
groun d informatio n contain s mainl y relate d information ,  i t  i s 
argue d tha t  i t  i s  th e basi c definitio n whic h i s mos t  useful . 

Observ e tha t  mos t  word s hav e image s wit h variable s a s 
par t  o f  thei r  basi c definitio n (se e Figur e 1) .  Thi s suggest s tha t 
th e mai n tas k i n combinin g word s i s t o reaso n h o w on e 
imag e coul d b e use d t o replac e a  variabl e i n anothe r  image . 
Thus ,  whe n a  wor d i s perceived ,  it s imag e i s retrieve d an d 
checke d fo r  variabl e words .  I f  found ,  a n attemp t  i s mad e t o 
us e th e image s i n th e Menta l  Sketc h t o replac e thos e vari -

ables .  I f  not ,  i t  wil l  attemp t  t o us e th e imag e itsel f  t o replac e 

one o f  th e variable s i n th e Sketc h (especiall y a  ? R variable , 
see below) .  I t  i s  no t  alway s possibl e o r  necessar y t o ad d th e 
curren t  imag e t o th e Sketc h an d i f  thi s i s th e case ,  th e Sketc h 
wil l  hol d independen t  image s (whic h wil l  hav e t o b e com -
bine d a t  a  late r  stag e fo r  a  meaningfu l  interpretation) . 

Observ e als o tha t  i n mos t  languages ,  certai n word s hav e a 
preferenc e wher e t o loo k fo r  image s t o replac e it s variables . 
The choic e i s eithe r  a  preferenc e fo r  th e imag e o n it s lef t  o r 
on it s right .  T o indicat e thi s i n th e representation ,  specia l 
variable s ar e use d (e.g .  ? L fo r  lef t  preferenc e an d ? R fo r 
right) .  However ,  a  ? R variabl e ca n stil l  b e combine d wit h 
somethin g o n it s lef t  bu t  eve n i f  i t  does ,  i t  i s  importan t  t o se t 
up anothe r  possibl e pars e whic h wil l  chec k ou t  wha t  i s o n it s 
right .  I f  th e nex t  imag e turn s ou t  t o b e a  suitabl e imag e t o 
replac e th e ? R variable ,  the n tha t  imag e i s preferred .  I n thi s 
way,  on e thu s set s u p a  preferenc e mechanis m fo r  combinin g 
words .  S o m e exampl e phrase s indicatin g th e nee d fo r  suc h a 
mechanis m ar e show n below : 

(1) He runs fast. 
(2 )  H e run s fas t  foo d restaurants . 
(3 )  Th e wor d 'a '  i s  a n exampl e o f  a n articl e i n English . 
(4 )  *Th e wor d a  spide r  induce s terro r  i n som e people . 

Sentences (1) and (2) show the preference for adjectives 
ove r  adverbia l  us e o f  th e word/a.sf .  Sentenc e (3 )  show s ho w 
a ? R variabl e ca n stil l  b e replace d b y a n imag e o n it s lef t  an d 
sentenc e (4 )  sho w h o w eve n fo r  a  sentenc e whic h i s no t 
grammaticall y correct ,  suc h preferentia l  bindin g i s stil l 
clearl y perceived . 

Th e abov e algorith m show s h o w on e coul d quickl y com -
bin e word s withou t  explicitl y  identifyin g syntacti c categorie s 
of  word s an d withou t  explicitl y  specifyin g th e graimna r 
rules .  However ,  thi s i s onl y th e first  par t  o f  th e process .  Th e 
nex t  importan t  ste p i s t o reaso n whethe r  th e combinatio n 
makes sens e an d i f  not ,  on e eithe r  signal s wha t  i s wron g o r 
trie s t o accommodat e th e difference s i n a  variet y o f  way s 
(se e below) .  T o illustrat e thi s reasonin g process ,  conside r  th e 
parsin g o f  a  simpl e phras e /  ea t  a n apple .  O n perceivin g th e 
first  word ,  on e simpl y retrieve s it s  image ,  denote d b y I* .  an d 
place d i n th e Menta l  Sketch ,  denote d b y []' . 

I -» [I*] 

The next word perceived, eat, has both a ?L and a ?R vari-
able .  Thi s prompt s i t  t o loo k int o th e sketc h fo r  a n imag e t o 
replac e it s ? L variable .  Ther e i s onl y on e imag e i n th e sketc h 
and combinin g th e tw o produce s th e outpu t  a s show n i n Fig -
ur e 2 .  Thei r  backgroun d informatio n i s merged . 

Th e thir d wor d perceived ,  an ,  ha s a  ? R variabl e an d thi s 
require s creatin g a n independen t  imag e i n th e Menta l  Sketc h 
as follow s (independen t  image s ar e capture d a s a  stack) : 

[?R :quantity one] 
[I *  use s mou t h t o che w an d swallo w ? R ] 

Since the Mental Sketch is not empty, its images in it is 
checke d t o se e whethe r  th e imag e o f  a n ca n b e use d t o replac e 
any o f  th e ? R variabl e i n th e Menta l  Sketc h itself .  Not e tha t 
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suc h a  replacemen t  whic h i s no t  i n th e preferre d sequenc e 
woul d requir e tha t  th e compositio n b e meaningful .  Tha t  is , 
one wil l  hav e t o infe r  tha t  th e compositio n make s sens e give n 
th e curren t  context .  Fo r  example ,  i n th e phras e run s fas t  th e 
v/or d fas t  i s use d t o describ e a n actio n an d run s i s a n action . 
Thi s strongl y suggest s tha t  i t  i s possibl e t o combin e th e two , 
wit h th e definitio n o f  fas t  modifyin g th e definitio n o f  runs . 
However ,  i n th e abov e example ,  i t  i s no t  possibl e t o combin e 
eat  wit h an .  Th e fourt h wor d perceived ,  apple ,  ha s n o variabl e 
i n it s  definitio n an d on e thu s use s i t  t o replac e a  variabl e i n th e 
Menta l  Sketch .  Thi s i s don e successfull y an d th e resul t  is : 

[apple* : quantity one] 
[I *  use s mout h t o che w an d swallo w ?R ] 

The process repeats itself until there is only one image on 
th e stac k o r  tha t  th e proces s canno t  procee d further .  Th e im -
age,  [apple *  :quantit y one ]  i s no w a  complete d imag e an d 
onc e agai n i t  i s  use d t o replac e a  variabl e i n th e Menta l 
Sketch .  Thi s wa s don e successfull y agai n an d th e resul t  is : 

[I* uses mouth to chew and swallow [apple* : 
quantit y one] ] 

•  che w a  bi t  a t  a  tim e 

•  usuall y  [I* ]  i s hungr y 
•  on e [apple* ]  wen t  int o th e stomac h 
•  us e hand s t o hol d [apple* ] 
•  che w [apple* ]  properl y befor e swallowin g 
•  was h hand s befor e eatin g 

The presence of adjectives and prepositions in the sentence 
requir e mor e sophisticate d reasonin g whe n buildin g th e 
Menta l  Sketch .  Fo r  example ,  i n additio n t o addin g extr a 
informatio n t o anothe r  image ,  a n adjectiv e mus t  firs t  wor k 
out  whic h aspec t  o f  tha t  imag e tha t  i t  i s modifying > Thus ,  t o 
understan d th e phras e a  fas t  book ,  on e ha s t o find  ou t  wha t  i s 
"fast "  abou t  th e book .  Thi s tas k i s reflecte d i n th e basi c defi -
nitio n o f  eac h adjectiv e word .  Fo r  example ,  th e wor d fas t  i s 
define d a s follows :  fas t  -  [? R :?actio n don e quickly] .  Th e 
?actio n mean s tha t  th e proces s mus t  find  ou t  wha t  i s "fast " 
abou t  ? R tha t  on e i s describing . 

For  prepositiona l  phrase s on e woul d utiliz e th e basi c defi -
nitio n o f  th e phras e muc h mor e i n orde r  t o selec t  wher e i t 
shoul d b e attache d t o i n th e Menta l  Sketch .  Fo r  example ,  t o 
pars e th e sentenc e /  sa w th e gir l  i n th e par k wit h a  telescope , 
th e phras e wit h a  telescop e wil l  b e attache d t o th e ver b sa w 
base d o n th e teli c  rol e o f  th e wor d telescope .  Henc e whe n th e 
phras e wit h a  telescop e i s parsed ,  i t  wil l  immediatel y searc h 
th e Menta l  Sketc h fo r  a  'seeing '  actio n an d i f  found ,  attac h 
th e phras e t o it .  I f  thi s fail s  the n th e Menta l  Sketc h wil l  b e 
searche d fo r  anothe r  possibl e attachment .  Thi s exampl e als o 
highlight s th e fac t  tha t  althoug h th e earlie r  example s ma y 
sugges t  tha t  interpretatio n take s plac e preferentiall y  ove r 
ver y shor t  ranges ,  thi s  i s onl y becaus e th e example s ar e sim -
pl e ones .  Th e issu e i s no t  shor t  versu s lon g rang e dependen -
cie s i n languag e bu t  ho w contextua l  informatio n i s brough t 
t o bea r  o n th e parsin g process . 

I n summary ,  wha t  i s propose d i s a  natura l  languag e under -
standin g proces s whic h emphasize s o n it s reasonin g powe r  t o 
interpre t  a  sentence .  Th e lexica l  entr y require d m a y bes t  b e 

viewe d a s monosemi c (Ruhl ,  1989) ,  generativ e (Franks , 
1995 ;  Pustejovsk y an d Boguraev ,  1993 )  an d eve n image-lik e 
(Langacker ,  1990) .  Yet ,  anothe r  importan t  aspec t  o f  th e lexi -
co n i s tha t  th e informatio n serve s a s onl y a  guid e a s t o ho w 
eac h wor d ma y b e interpreted .  I n particular ,  it s definitio n ca n 
be generalize d o r  simplifie d whe n interpretin g a  particula r 
phrase .  A s a  las t  example ,  conside r  parsin g th e sentenc e M y 
ca r  drink s petrol .  O n combinin g th e image s o f  m y ca r  an d 
drinks ,  th e proces s mus t  tr y t o mak e sens e o f  it .  O n e possibl e 
outcom e is : 

[[car* :owner me] swallows ?R] 
•  [car* ]  no t  animat e - » can' t  drink ,  how ? 
•  [car* ]  doe s no t  hav e mouth ,  use s what ? 
•  chec k ? R i s liqui d 
-  ? R flow s int o th e stomach ? 
•  [car*] ? i s possibl y thirst y 

The image of the next word, petrol, when added to the 
Menta l  Sketc h satisfie s th e requiremen t  o f  ? R an d a  relatio n 
betwee n petro l  an d ca r  ha s t o b e established .  Petro l  flows 
int o th e petro l  tan k o f  th e car ,  thu s givin g th e followin g inter -
pretatio n (= > indicate s generalization) : 

[[car* : owner me] swallows petrol*] 
•  how ? - ^  [petrol* ]  pumpe d int o th e [car* ] 
•  [car* ]  use s (mout h = > openin g t o petro l  tank ) 
•  [petrol* ]  flow s int o th e (stomac h = > petro l  tank ) 
•  [car*] ? i s (possibl y thirst y = > take s a  lo t  o f  petrol ) 

There are many variations in language use and how well 
th e theor y ca n adequatel y explai n thes e variation s remai n t o 
be seen .  A  compute r  progra m i s currentl y bein g imple -
mente d t o tes t  th e theor y an d preliminar y result s see m 
encouraging . 

Related Work 

Generative Lexicon 

Pustejovsk y an d Bogurae v (1993 )  (henceforth ,  P & B )  argu e 
strongl y fo r  th e nee d t o hav e a  rich  an d expressiv e vocabular y 
fo r  lexica l  informatio n s o tha t  i t  coul d account ,  amon g othe r 
things ,  fo r  th e creativ e us e o f  language .  O f  significanc e i s th e 
ide a o f  a  quali a structur e fo r  eac h lexica l  entr y an d th e us e o f 
some generativ e device s operatin g upo n the m t o produc e th e 
require d interpretations .  Th e quali a structur e propose d i s a 
syste m o f  fou r  relations :  a  constitutiv e rol e whic h describe s 
th e relatio n betwee n a n objec t  an d it s constituen t  parts ,  a  for -
mal  rol e whic h describe s it s rol e withi n a  large r  domain ,  a  tel -
i c  rol e whic h describe s it s purpos e an d function ,  an d a n 
agentiv e rol e whic h describe s th e factor s involve d i n it s  ori -
gin .  Fo r  example ,  followin g P & B ,  th e quali a structur e fo r  th e 
wor d ca r  woul d be : 

car(x) 
C O N ST =  {body,engine,... }  F O R M AL =  physobj(x ) 
TEL I C =  drive(P,y,x )  A G E N T I V E =  artifact(x ) 

An important generative device is that of type coercion 
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whic h combine s word s b y selectin g th e appropriat e typ e o f 
informatio n fro m on e wor d s o tha t  i t  coul d b e use d a s a n ar -
gument  fo r  th e other .  Usin g th e exampl e o f  interpretin g th e 
phrase ,  a  fas t  car ,  P & B argue d that/a^ r  i s viewe d a s alway s 
predicatin g th e Teli c rol e o f  a  nomina l  an d thu s on e woul d se -
lec t  th e relatio n driv e t o generat e th e meanin g " a ca r  whic h 

ca n g o fast" .  Similarly ,  othe r  meaning s fo r  phrases ,  suc h a s a 
fas t  typist ,  a  fas t  book ,  an d t o decid e fast ,  coul d als o b e gen -
erated .  Thi s metho d thu s avoid s th e nee d t o enumerat e th e dif -
feren t  definition s m a d e explici t  i n th e lexicon . 

Anic k an d Bergle r  (1992 )  outline d h o w th e quali a struc -
tur e i s use d t o resolv e metonym y an d othe r  violation s o f 
selectiona l  restriction s whe n parsin g complet e sentence s 
whil e Copestak e an d Brisco e (1992 )  argue d th e nee d t o us e 
lexica l  rule s i n conjunctio n wit h th e coercio n process . 
Althoug h thi s wor k furthe r  support s th e nee d t o hav e seman -
ticall y ric h lexica l  information ,  the y fai l  t o questio n whethe r 
th e quali a structur e itsel f  i s  adequat e o r  not .  I f  a  riche r 
descriptio n o f  a  wor d i s needed ,  w h y impos e suc h a n arbi -
trar y structure ? 

Perhap s th e nee d t o impos e suc h a  structur e ha s t o d o wit h 
th e nee d fo r  stron g typin g information .  Fo r  example ,  whe n 
discussin g sentence s (5 )  -  (8) ,  Anic k an d Bergle r  (1992 )  ar e 
onl y concerne d wit h h o w t o describ e th e selectiona l  restric -
tio n impose d b y th e ver b ea t  o n it s direc t  objec t  an d ho w t o 
accommodat e bage l  a s th e objec t  o f  a  prepositio n selectin g 
fo r  a n event : 

(5 )  Joh n at e th e bagel . 
(7 )  Joh n lef t  afte r  th e meal . 

(6 )  Joh n at e th e meal . 
(8 )  Joh n lef t  afte r  th e bagel . 

The abov e show s a  seriou s lac k o f  emphasi s o n th e us e o f 
th e "rich "  semanti c informatio n mad e availabl e i n th e quali a 
structure .  Fo r  instance ,  n o reasonin g i s afforde d a s t o th e 
appropriatenes s o f  attachin g eatin g th e bage l  t o th e earlie r 
par t  o f  th e sentence ,  Joh n lef t  afte r  Wha t  i f  th e sentenc e i s 
Joh n at e afte r  th e bagel l  I n thi s case ,  on e need s t o searc h fo r 
a mor e appropriat e action ,  no t  jus t  a n even t  type .  O n e migh t 
argu e tha t  suc h reasonin g i s don e a t  a  late r  stage ,  bu t  i f  tha t  i s 
th e cas e the n on e i s no t  usin g m u c h o f  wha t  i s availabl e i n 
th e enriche d lexicon . 

Ther e i s n o reaso n w h y a  lo t  mor e o f  th e informatio n avail -
abl e i n th e lexico n shoul d no t  b e use d t o provid e a  contex t 
fo r  reasonin g abou t  th e sentence .  A s such ,  i t  i s  no t  necessar y 
t o restric t  th e lexico n b y imposin g th e us e o f  a  quali a struc -
ture .  Not e tha t  th e significanc e o f  P&B ' s exampl e i n derivin g 
a generativ e meanin g fo r  th e wor d fas t  lie s i n th e wa y i n 
whic h th e wor d fas t  i s  define d an d use d an d no t  th e fac t  tha t 
th e wor d ca r  i s  bein g define d usin g a  quali a structure .  I  hav e 
provide d a n alternativ e lexico n an d th e accompanyin g pro -
ces s whic h show s h o w i t  migh t  b e done . 

Sense Generation 

Frank s (1995 )  als o presente d a  generativ e approac h t o under -
standin g concep t  combinatio n an d i n particula r  h e showe d 
h o w differen t  view s o f  privativ e combination s (suc h a s fak e 
gun ,  ston e lion )  coul d b e compute d vi a a  two-ste p process . 
Th e first  ste p combine s th e tw o word s t o generat e it s basi c 
meanin g an d th e secon d ste p i s t o generat e a n appropriat e in -
terpretatio n dependin g o n th e viewpoint s needed . 

Althoug h h e suggeste d th e us e o f  a  representatio n whic h i s 
mor e psychologicall y motivate d tha n P&B' s approac h (se e 

Figur e 3) ,  hi s metho d o f  generatin g wor d meaning s i s quit e 
similar .  Fo r  example ,  t o understan d th e phrase ,  ston e lion ,  h e 
coerce d th e tw o description s b y negatin g th e centra l 

attribute s o f  lio n usin g wha t  h e calle d a n M T C r  operator . 
Th e resul t  o f  th e coerce d representatio n i s show n i n Figur e 4 . 

Lion : 
Central :  Diagnostic : 

legs :  4 organic :  + 
animate :  + 
genus :  lio n 
biologica l 
essence :  lio n 

tail :  + 
texture :  sof t 
colour :  tawn y 

Stone : 
Central :  Diagnostic : 

Hard :  + 
texture :  roug h 
weight :  heav y 
colour :  gre y 

organic :  -
animate :  -
solid :  + 

Figur e 3 .  Eac h concep t  i s represente d a s havin g bot h 
centra l  an d diagnosti c features ,  a n ide a borrowe d fro m 
psychologica l  studie s o f  human s concep t  formatio n 
(Medi n &  Shoben .  1988) . 

I have also used a two-level description in my word defini-
tion s (whic h ar e loosel y equivalen t  t o Frank' s concep t  repre -
sentations) .  However ,  I  find  th e distinction ,  betwee n centra l 
versu s diagnosti c propertie s unnecessar y a t  th e lexica l  level . 
Lik e P & B ,  Frank s als o di d no t  utiliz e m u c h o f  th e availabl e 
contex t  i n generatin g th e appropriat e sens e o f  th e combine d 
phrase .  Usin g th e approac h outline d here ,  th e meanin g o f  th e 
phras e ston e lio n i s obtaine d b y first  observin g tha t  bot h 
word s d o no t  hav e variable s i n thei r  basi c definition .  O n e ha s 
t o searc h th e contex t  fo r  mor e information .  I f  i t  i s  possibl e t o 
realiz e tha t  "ston e i s som e kin d o f  materia l  fo r  makin g 
?things" ,  the n th e imag e o f  lio n woul d b e use d t o replac e th e 
variabl e ?things .  Thi s generate s th e meanin g o f  a  lio n mad e 
of  stone . 

Ston e lio n 

_ Central :  _ 

Organic : 

Animate : 

Solid :  + 

—(Genus:  lio n 

"(Biologica l 

essence :  lio n 

Diagnostic : 

Hard :  + 

Texture :  roug h 

Weight :  heav y 

Color :  gra y 

Legs :  4 

Tail :  + 

Figur e 4 .  Interpretin g th e phras e ston e lio n usin g 
Franks '  approach . 

Cognitive Grammar 

Langacker' s (1990 )  cognitiv e gramma r  argue s strongl y tha t 
eac h linguisti c expressio n i s understoo d b y evokin g th e com -
ple x conceptua l  description s o f  eac h wor d an d combinin g 
the m usin g a  gramma r  whic h i s inherentl y 'symbolic' .  Th e 
forme r  implie s tha t  wor d meaning s ar e no t  describe d i n isola -
tio n bu t  withi n on e o r  mor e wide r  domains .  Eac h descriptio n 
i s th e produc t  o f  a  proces s o f  imagery ,  whic h shape s th e con -
ten t  o f  a  domai n i n a  variet y o f  way s s o a s t o captur e th e ap -
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propriat e relationshi p betwee n it s salien t  an d relate d features . 
Thus ,  fo r  example ,  certai n feature s o f  a  domai n ma y b e high -
lighte d an d describe d a t  variou s level s o f  precisio n o r  a t  a  dif -
feren t  scal e an d scope .  Figur e 5  show s a n example . 

G O NE 

Figur e 5 .  Differen t  sense s o f  g o define d usin g imagery . 
The lef t  show s tha t  th e wordg o i s define d b y showin g 
tha t  a  trajector y (tr )  i s  movin g furthe r  an d furthe r  awa y 
fro m a  stationar y landmar k (Im) .  Usin g th e sam e 
domain ,  th e righ t  show s ho w gon e i s defined .  Repro -
duce d fro m figure  4  o f  Langacke r  (1990) . 

The latter, claiming that grammar is symbolic, implies that 
grammar  rule s ar e als o represente d i n th e for m o f  conceptua l 
description s posite d fo r  representin g lexica l  items .  I n gen -
eral ,  suc h a  descriptio n o f  gramma r  act s onl y a s a  schemati c 
template s representin g establishe d pattern s fo r  th e assembl y 
of  comple x symboli c structure s (se e Figur e 6) .  Wha t  i s 
important ,  therefore ,  i s  tha t  th e cognitiv e gramma r  doe s no t 
posi t  abstrac t  dee p structure s fro m whic h differen t  sentence s 
ar e generated .  Rather ,  th e use r  ha s a n inventor y o f  symboli c 
resource s o f  whic h th e gramma r  i s a  part .  Th e use r  mus t 
activel y construc t  th e outpu t  usin g thes e resources . 

A B O V E - T A B LE P-NP 

/ 

ABOV 

c ^ t T H 

Figur e 6 .  Representin g gramma r  rule s (right )  a s sym -
boli c structure .  Reproduce d fro m figure  1 2 o f  Lan -
gacke r  (1990) . 

Langacker's idea of combining word meanings from eval-
uatin g th e semantic s o f  eac h wor d wit h th e gramma r  onl y a s 
a guid e i n th e proces s i s als o centra l  t o th e mode l  propose d 
here .  Althoug h Langacke r  emphasize d th e comple x descrip -
tio n o f  eac h lexica l  item ,  h e ha s no t  show n ho w th e extr a in -
formatio n i s use d i n formin g th e composit e structure .  H e di d 
stres s th e importanc e o f  establishin g th e profil e o f  th e com -

posit e imag e bu t  a s show n here ,  i t  i s als o importan t  t o estab -
lis h th e necessar y backgroun d informatio n whe n generatin g 
th e composit e meaning .  A s fo r  th e 'imagic '  characteristi c o f 
th e grammar ,  I  hav e show n tha t  thi s i s no t  necessar y here . 

Conclusion 

Althoug h th e meaning s o f  word s i n a n expressio n pla y a  cru -
cia l  rol e i n understandin g tha t  expression ,  i t  i s als o tru e tha t 
th e gramma r  o f  th e languag e give s u s th e orde r  o f  interpreta -
tion .  Thus ,  i n th e sentenc e Joh n sa w Jane ,  ther e i s nothin g i n 
th e semantic s tha t  wil l  tel l  u s w h o i s doin g th e seein g an d wh o 
i s bein g seen .  A  semanticall y base d approac h t o combinin g 
word s therefor e doe s no t  impl y tha t  gramma r  i s no t  needed . 
However ,  i t  doe s impl y tha t  muc h o f  th e effor t  i n th e proces s 
shoul d b e expende d o n th e reasonin g proces s base d o n wor d 
meaning s an d tha t  muc h o f  th e informatio n shoul d b e avail -
abl e a s par t  o f  wor d definition s i n th e lexicon . 

I  hav e show n her e ho w thi s i s possibl e an d suggeste d a 
two-ste p proces s o f  languag e comprehension .  Th e first  ste p 
utilize s th e basi c definitio n o f  a  wor d (whic h incorporate s 
some grammatica l  information )  an d th e second ,  it s back -
groun d informatio n (whic h encod e whateve r  th e individua l 
feel s a s important) .  Th e first  ste p i s don e quickl y s o tha t 
much effor t  ca n b e spen t  o n th e secon d ste p fo r  reasonin g 
abou t  th e composit e meaning s o f  th e combine d words .  Th e 
theor y i s currentl y bein g teste d wit h a  compute r  program . 
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Abstrac t 

The field of Judgement and Decision Making has for some 
tim e bee n dominate d b y normativ e theorie s whic h attemp t  t o 
explai n behaviou r  i n mathematica l  terms .  We argu e tha t  suc h 
approache s provid e httl e insigh t  int o th e cognitiv e processe s 
whic h gover n huma n decisio n making .  Th e dominanc e o f  nor -
mativ e theorie s canno t  b e accounte d fo r  b y th e intractabilit y 
of  processin g models .  I n suppor t  o f  thi s view ,  w e presen t  a 
processin g accoun t  o f  performanc e o n a  simulate d medica l  di -
agnosi s task .  Th e performanc e o f  th e model ,  whic h include s 
learning ,  i s  compare d wit h tha t  o f  a  normativ e (Bayesian ) 
model ,  an d wit h subjec t  performanc e o n th e task .  Althoug h 
ther e ar e som e caveats ,  th e processin g mode l  i s  foun d t o pro -
vid e a  mor e adequat e accoun t  o f  subjec t  performanc e tha n th e 
Bayesia n model . 

Introduct io n 

A tensio n arise s i n man y area s o f  cognitiv e psycholog y be -

twee n mathematica l  account s an d processin g account s o f  be -

haviour .  Mathematica l  account s attemp t  t o develo p equation s 

wit h whic h behaviou r  ca n b e describe d o r  predicted .  Thi s 

typicall y result s i n normativ e theories .  Interes t  the n focusse s 

on systemati c departure s fro m normativ e behaviour .  Process -

in g account s ar e les s concerne d wit h numerica l  relationship s 

betwee n stimul i  an d responses .  Instead ,  thes e account s fo -

cus o n th e underlyin g sequenc e o f  informationa l  state s tha t  a 

cognitiv e agen t  progresse s throug h i n th e processin g o f  stim -

ul i  leadin g u p t o th e generatio n o f  a  response .  Th e tensio n 

i s exemplifie d b y th e field  o f  Judgemen t  an d Decisio n Mak -

in g (JDM) ,  wher e th e dominan t  approac h has ,  fo r  severa l 

decades ,  bee n a  normativ e (i.e .  mathematical )  one . 

Accordin g t o th e normativ e view ,  huma n decisio n mak -

in g unde r  uncertaint y ca n b e describe d i n probabilisti c  terms . 

Give n a  se t  o f  options ,  eac h wit h severa l  possibl e outcomes , 

th e optio n chose n i s tha t  whic h maximise s expecte d utility , 

wher e th e expecte d utilit y  o f  a n optio n i s th e su m o f  th e sub -

jectiv e valu e o f  eac h possibl e outcom e multiplie d b y th e sub -

jectiv e probabilit y o f  eac h outcom e give n tha t  th e optio n i s 

chosen .  Th e cos t  o f  eac h optio n ma y als o b e include d i n 

thi s calculation .  (See ,  fo r  example ,  Lindley ,  1985. )  Atten -

tio n withi n th e normativ e J D M communit y ha s focusse d o n 

th e investigatio n o f  heuristic s whic h influenc e th e relationshi p 

betwee n objectiv e an d subjectiv e probabilit y  an d betwee n ob -

jectiv e an d subjectiv e value .  (See ,  fo r  example ,  Tversk y & 

Kahneman,  1974. ) 

Despit e th e arguabl e successe s o f  th e normativ e approac h 

t o J D M ,  suc h approache s sa y littl e abou t  th e cognitiv e pro -

cesse s underlyin g decisio n making .  Ther e i s now ,  however , 

a growin g bod y o f  researc h whic h addresse s thes e processes . 

Fox (1980) ,  fo r  example ,  studie d a  simplifie d medica l  diag -

nosi s task ,  i n whic h eac h subjec t  playe d th e rol e o f  a  doc -

to r  attemptin g t o diagnos e a  serie s o f  patients .  Withi n th e 

tas k (describe d i n mor e detai l  below )  symptom s wer e prob -

abilisticall y associate d wit h diseases ,  suc h that ,  fo r  example , 

headach e occure d i n 7 5 % o f  case s o f  meningitis .  Subject s 

wer e give n severa l  block s o f  trial s i n whic h t o lear n th e task . 

On a  final  bloc k o f  trial s thre e dependen t  measure s — diag -

nosti c accuracy ,  numbe r  o f  symptom s queried ,  an d th e orde r 

i n whic h symptom s wer e querie d — wer e collected . 

The relevan t  normativ e mode l  i n th e cas e o f  diagnosi s task s 

i s base d o n th e applicatio n o f  Bayes '  theorem .  I n Fox' s tas k 

thi s allows ,  fo r  eac h disease ,  th e probabilit y  tha t  a  patien t 

has tha t  diseas e give n th e patient' s symptom s an d th e prob -

abilit y  o f  eac h sympto m give n eac h disease ,  t o b e calculated . 

Fox (1980 )  develope d mathematica l  (i.e .  Bayesian )  an d pro -

cessin g account s o f  subjects '  performanc e i n th e task .  Th e 

Bayesia n mode l  yielde d a  reasonabl e fit  t o al l  thre e measure s 

of  subjec t  performance ,  bu t  thi s fit  wa s a t  leas t  matche d b y 

th e symboli c model .  Fo x &  Coope r  (1997 )  replicate d thes e 

result s wit h a  first-order,  domai n independent ,  versio n o f  th e 

symboli c model . 

I n furthe r  work .  Coope r  &  Fo x (1997 )  reporte d learnin g 

dat a fo r  th e task .  Thi s dat a i s derive d from  subjects '  perfor -

mance ove r  a  serie s o f  block s o f  trials .  Subject s begi n th e 

tas k i n a  naiv e state ,  performin g a t  chanc e level s (which ,  wit h 

five  possibl e diseases ,  correspond s t o a  diagnosti c accurac y o f 

2 0 % ) .  Afte r  thre e block s man y subject s achiev e a  diagnosti c 

accurac y o f  ove r  8 0 % .  T w o conditions ,  differin g i n th e aver -

age numbe r  o f  symptom s associate d wit h eac h disease ,  wer e 

explore d i n th e learnin g task .  Coope r  &  Fo x (1997 )  als o ex -

tende d th e first  orde r  symboli c mode l  o f  Fo x &  Coope r  (1997 ) 

t o provid e a n accoun t  o f  learning .  Onl y tw o dependen t  mea -
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Tabl e 1 :  Conditiona l  probabilitie s o f  symptom s give n disease s i n eac h matri x condition . 

Matri x 

Dense 

Spars e 

Diarrhoe a 

Feve r 

Headach e 

Paralysi s 

Vomitin g 

Diarrhoe a 

Feve r 

Headach e 

Paralysi s 

Vomitin g 

Mesiopath y 

1.0 0 

{).()( ) 

0.7 5 

0.7 5 

1.0 0 

0.0 0 

1.0 0 

0.2 5 

0.2 5 

0.0 0 

Ritengiti s 

0.5 0 

1.0 0 

0.0 0 

0.0 0 

0.5 0 

0.5 0 

0.0 0 

1.0 0 

1.0 0 

0.5 0 

Katalgi a 

1.0 0 

1.0 0 

1.0 0 

0.7 5 

0.0 0 

0.0 0 

0.0 0 

0.0 0 

0.2 5 

1.0 0 

Bonanoma 

0.0 0 

1.0 0 

0.7 5 

1.0 0 

1.0 0 

1.0 0 

0.0 0 

0.2 5 

0.0 0 

0.0 0 

sure s wer e collecte d i n th e learnin g tas k (diagnosti c accurac y 

and numbe r  o f  symptom s queried) ,  bu t  th e extende d mode l 

exhibite d th e observe d qualitativ e difference s i n thes e mea -

sures ,  bot h withi n an d betwee n th e conditions . 

Thi s pape r  continue s th e researc h programm e b y 1 )  re -

portin g ne w dat a replicatin g an d extendin g tha t  reporte d b y 

Cooper  &  Fo x (1997) ;  an d 2 )  extendin g th e Bayesia n mode l 

of  th e tas k t o includ e learnin g an d questio n orderin g strate -

gies .  Th e replicatio n reporte d her e include s th e thir d depen -

dent  measure ,  th e orde r  i n whic h symptom s wer e queried , 

not  previousl y recorde d fo r  th e learnin g versio n o f  th e task . 

Thes e data ,  fo r  th e final  bloc k o f  trials ,  ar e use d i n a  one -

pl y analysis ,  wher e w e compar e subjects '  initia l  behaviou r 

give n a  presentin g sympto m — whethe r  the y questio n an y o f 

th e remainin g symptom s o r  offe r  a  diagnosi s — wit h predic -

tion s derive d fro m bot h models '  initia l  behaviour .  Ou r  result s 

agai n suppor t  th e vie w tha t  th e symboli c mode l  capture s hu -

m an performanc e a t  leas t  a s wel l  a s th e Bayesian  model . 

The res t  o f  th e pape r  begin s b y introducin g th e tas k i n som e 

detail .  W e the n describ e th e relevan t  feature s o f  eac h o f  th e 

computationa l  models ,  befor e reportin g empirica l  findings. 

We conclud e b y evaluatin g eac h o f  th e model s i n th e ligh t 

of  ou r  empirica l  findings. 

The Task 

Withi n th e simulate d medica l  diagnosi s tas k subject s ar e re -

quire d t o diagnos e a  numbe r  o f  "patients" .  Ther e i s a  fixed 

set  o f  symptom s an d disease s fro m whic h eac h patien t  migh t 

be suffering .  Fiv e symptom s an d fou r  disease s ar e use d i n th e 

experiment s reporte d here .  Eac h patien t  i s  sufferin g fro m on e 

and onl y on e disease .  Thi s diseas e manifest s itsel f  i n th e pa -

tient' s symptoms .  Eac h patien t  ha s a t  leas t  on e symptom ,  th e 

presentin g symptom .  I n additio n patient s m a y hav e an y o r  al l 

of  th e fou r  remainin g symptoms . 

Each tria l  begin s wit h th e subjec t  bein g tol d th e curren t  pa -

tient' s presentin g symptom .  Th e subjec t  m a y the n quer y th e 

presenc e o r  absenc e o f  an y o f  th e remainin g symptoms ,  an d 

ca n offe r  a  diagnosi s a t  an y point .  W h e n a  diagnosi s i s given , 

th e subjec t  i s  informe d o f  it s  correctness ,  and ,  i f  incorrect ,  o f 

th e diseas e th e patien t  wa s actuall y sufferin g from .  I t  i s  thi s 

feedbac k tha t  allow s subject s t o lear n th e task . 

The tas k wa s designe d t o b e relativel y naturalistic ,  whils t 

maintainin g a  hig h leve l  o f  experimenta l  control .  O f  partic -

ula r  importanc e ar e th e numbe r  an d variet y o f  measure s o f 

performanc e whic h th e tas k make s available .  A t  a  purel y nu -

meri c level ,  eac h bloc k o f  trial s provide s measure s o f  diag -

nosti c accurac y an d mea n numbe r  o f  question s aske d befor e 

diagnosis .  Importantly ,  th e tas k als o provide s informatio n 

concernin g sequentia l  processin g b y subject s i n th e for m o f 

questio n orderin g preferences . 

The tas k i s als o ope n t o a  variet y o f  manipulations .  A s 

note d above ,  Coope r  &  Fo x (1997 )  reporte d dat a fro m tw o 

condition s differin g i n th e averag e numbe r  o f  symptom s as -

sociate d wit h eac h disease .  Thes e ar e furthe r  explore d here . 

I n th e "sparse "  condition ,  eac h diseas e i s characterise d b y rel -

ativel y fe w symptoms .  I n th e "dense "  conditio n eac h diseas e 

has th e revers e sympto m patter n t o tha t  o f  th e spars e condi -

tion ,  s o eac h diseas e ha s relativel y man y symptoms . 

The presenc e o f  symptom s i s probabilistic ,  wit h sympto m 

pattern s bein g generate d fro m table s o f  conditiona l  probabil -

itie s o f  symptom s give n diseases ,  an d presentin g symptom s 

ar e selecte d accordin g t o a  functio n weighte d b y th e symp -

toms '  conditiona l  probabilitie s give n diseases .  Tabl e 1  show s 

th e conditiona l  probabilitie s o f  symptom s give n eac h diseas e 

i n eac h condition .  I n on e sense ,  th e dens e an d spars e condi -

tion s ar e informationall y identical :  give n tha t  symptom s ar e 

eithe r  presen t  o r  absent ,  presenc e o f  a  sympto m i n on e con -

ditio n i s informationall y equivalen t  t o absenc e i n th e othe r 

conditio n an d vic e versa .  I n anothe r  sens e th e condition s 

diffe r  significantly :  patient s alway s presen t  wit h a  sympto m 

(rathe r  tha n withou t  a  symptom) .  I n th e dens e conditio n mor e 

disease s ar e associated ,  o n average ,  wit h eac h positiv e symp -

to m tha n i n th e spars e condition .  Hence ,  th e initia l  presentin g 

sympto m carrie s les s informatio n i n th e dens e conditio n tha n 

i n th e spars e condition . 

Computational Models 

Two model s o f  performanc e o f  th e tas k — on e Bayesia n 

and on e Symboli c — hav e bee n develope d withi n th e CO-

GENT modellin g environmen t  (Coope r  &  Fox ,  i n press) .  Co -
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G E NT provide s a  numbe r  o f  facilitie s whic h simplif y th e de -

velopmen t  an d specificatio n o f  cognitiv e models ,  includin g a 

graphica l  interfac e t o a  rul e base d modellin g language ,  an d 

tool s fo r  Mont e Carl o simulatio n o f  multipl e subjects . 

The Basic Model 

Figur e 1  show s th e functiona l  module s (a s the y appea r  i n th e 

C o g e n t  specification )  o f  bot h th e Bayesia n an d Symboli c 

diagnosi s model s wit h learning . 

Tusk 
Emironmen l 

Input/Outpu t  y 

A* 
W'tirkmi ; 
Memory 

< Learnin g 
Mt' L hanis m 

DciisiD n 
Proceiliir e 

KlUiwU'diii ' 
Bast '  ' 

C Z)  =  buffe r 

<IZ> = process 

Legend 
A »•  B  =  A  sends/write s t o B 

A—^ B = A reads from B 

Figur e 1 :  Box/Arro w diagra m o f  th e mode l  wit h learning , 

fro m Fo x &  Coope r  (1997) . 

The functio n o f  eac h o f  th e boxe s i s a s follows .  Tas k En -

vironmen t  (whic h i s no t  show n i n detail )  generate s subjec t 

data ,  present s  i t  t o th e res t  o f  th e model ,  answer s querie s con -

cernin g th e presence/absenc e o f  symptoms ,  an d record s al l 

protocols .  I t  i s  no t  par t  o f  th e cognitiv e mode l  bu t  i s imple -

mente d withi n C o g e n t  s o a s t o automat e th e dat a presenta -

tio n an d analysis .  Input/Outpu t  model s th e subject' s percep -

tual/articulator y processes .  Message s fro m Tas k Environmen t 

trigge r  addition s t o Workin g Memor y (e.g. ,  addin g informa -

tio n abou t  th e presenc e o f  a  symptom) ,  an d th e existenc e o f 

appropriat e element s i n Workin g Memor y trigge r  generatio n 

of  articulator y outpu t  (e.g. ,  a  quer y abou t  a  symptom) .  Work -

in g Memor y i s a  passiv e dat a stor e i n whic h informatio n abou t 

th e curren t  cas e i s store d an d manipulated .  Ther e i s n o limi t 

on ,  o r  deca y of ,  th e informatio n store d here ,  an d i n bot h mod -

el s informatio n i s retrieve d i n th e sam e orde r  a s i t  i s  added , 

tha t  is ,  acces s i s First-In/First-Out . 

Decisio n Procedur e i s a  se t  o f  inferenc e rule s whic h mod -

if y Workin g Memory ,  implementin g th e basi c diagnosti c strat -

egy ,  whic h differ s fo r  th e Bayesia n an d Symboli c models . 

The detail s o f  th e Symboli c mode l  hav e alread y bee n pub -

lishe d i n Coope r  &  Fo x (1997) ,  bu t  t o summaris e briefly ,  re -

ceip t  o f  a  t o l d ( S y m p t o m ,  V a l u e )  messag e i n Workin g 

Memory trigger s a  rul e i n Decisio n Procedur e whic h aug -

ment s Workin g Memor y wit h th e se t  o f  disease s whic h ar e 

suggeste d b y th e presentin g symptom .  Th e presenc e o f  sus -

pecte d disease s i n Workin g Memor y the n prompt s recal l  o f 

thei r  associate d symptom s (throug h a  secon d Decisio n Pro -

cedur e rule) .  On e o f  thes e symptom s i s the n selecte d a s a 

query ,  an d sen t  t o Input/Output .  Diagnosi s depend s o n a  De -

cisio n Procedur e rul e whic h matche s th e sympto m patter n 

wit h characteristi c sympto m pattern s store d i n Knowledg e 

Base ;  symptom s ar e querie d sequentiall y  unti l  th e diagnosi s 

rul e succeed s i n matching  a  store d pattern . 

I n th e Bayesia n model ,  b y contrast ,  receip t  o f  a 

t o l d (Symp tom ,  V a l u e )  messag e i n Workin g Memor y 

trigger s a  rul e i n Decisio n Procedur e whic h calculate s th e 

conditiona l  probabilitie s o f  al l  th e possibl e disease s give n th e 

sympto m informatio n currentl y available ,  an d add s thes e t o 

Workin g Memory .  Th e presenc e o f  thes e conditiona l  prob -

abilitie s i s use d i n th e nex t  processin g cycl e t o eithe r  mak e 

a diagnosis ,  i n th e cas e tha t  on e o f  th e disease s alread y ha s 

a conditiona l  probabilit y  greate r  tha n th e threshol d value ,  o r 

otherwise ,  t o selec t  anothe r  sympto m t o query .  Thi s i s ac -

complishe d b y a  rul e i n Decisio n Procedur e whic h calcu -

late s th e overal l  informativenes s o f  eac h remainin g symp -

to m query ,  addin g thes e t o Workin g Memory .  Th e sympto m 

wit h th e greates t  informativenes s valu e i s the n selecte d a s th e 

nex t  sympto m query ,  an d a n appropriat e messag e i s sen t  t o 

Input/Output .  Th e Bayesia n mode l  therefor e use s expecte d 

utilit y  theor y (wher e utilit y  correspond s t o informativeness ) 

supplemente d wit h Bayes '  theore m t o selec t  eac h question . 

I n bot h models ,  th e rule s i n Decisio n Procedur e us e tas k 

knowledg e store d i n Knowledg e Base .  Bot h model s lear n thi s 

knowledg e a s th e tas k progresses . 

Learning 

As detaile d i n Coope r  &  Fo x (1997) ,  th e Symboli c mode l 

learn s b y storin g a  variet y o f  type s o f  informatio n i n Knowl -

edge Base ;  th e thre e type s o f  informatio n store d are : 

1. clauses detailing which diseases are suggested by which 

symptoms ; 

2.  clause s specifyin g whethe r  symptom s an d disease s ar e pos -

itivel y o r  negativel y associated ;  an d 

3.  clause s specifyin g typica l  pattern s o f  symptom s fo r  eac h 

disease . 

The Bayesian learning model is even simpler: its learning 

procedur e jus t  count s frequencies ,  bot h o f  symptom s an d o f 

symptom s give n diseases .  Thes e ar e use d b y th e diagnosi s 

procedur e t o estimat e conditiona l  probabilities . 

I n bot h models ,  th e Knowledg e Bas e ha s Last-In/First-Ou t 

access ,  resultin g i n a n overal l  recenc y effect .  Thi s doe s no t 

affec t  th e operatio n o f  th e Bayesia n model ,  bu t  doe s affec t  th e 

Symboli c model' s questionin g strategy . 
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Tabl e 2 :  M e a n % diagnosti c accurac y (Symboli c  model) . 

Matri x 

dens e 

spars e 

M e an 

Blk l 

57.5 0 

63.0 0 

60.2 5 

B lk 2 

89.0 0 

79.0 0 

84.0 0 

Blk 3 

94.5 0 

78.0 0 

86.2 5 

El k 4 

99.5 0 

75.0 0 

87.2 5 

Mean 

85.1 3 

73.7 5 

79.4 4 

Tabl e 4 :  M e a n % diagnosti c accurac y (Bayesia n model) . 

Matri x 

dens e 

spars e 

Mean 

Blk l 

60.5 0 

71.5 0 

66.0 0 

B lk 2 

77.5 0 

83.5 0 

80.5 0 

B lk 3 

82.0 0 

85.5 0 

83.7 5 

B l k 4 

82.0 0 

90.5 0 

86.2 5 

M e an 

75.5 0 

82.7 5 

79.1 3 

Tabl e 3 :  M e a n symptom s querie d (Symboli c  model) . 

Matri x 

dens e 

spars e 

Mean 

Blk l 

3.9 6 

2.4 7 

3.2 2 

B lk 2 

3.8 8 

0.5 6 

2.2 2 

B lk 3 

3.8 3 

0.4 2 

2.1 3 

B lk 4 

3.8 7 

0.5 3 

2.2 0 

Mean 

3.8 9 

1.0 0 

2.4 4 

Tabl e 5 :  M e a n symptom s querie d (Bayesia n model) . 

Matri x 

dens e 

spars e 

Mean 

Blk l 

1.7 1 

1.2 1 

1.4 6 

B l k 2 

1.3 3 

0.9 0 

1.1 2 

B lk 3 

1.4 6 

0.9 9 

1.2 3 

B l k 4 

1.3 9 

1.1 5 

1.2 7 

M e an 

1.4 7 

1.0 6 

1.2 7 

Modellin g Exper iment s 

Each learnin g mode l  wa s ru n 1 0 time s i n eac h matri x con -

ditio n fo r  4  block s o f  2 0 trial s each ,  an d percentag e accu -

rac y an d mea n numbe r  o f  symptom s querie d i n eac h bloc k 

wer e recorded .  Also ,  th e firs t  questio n aske d i n eac h tria l  o f 

th e fina l  bloc k (o r  diagnosi s i f  n o question s wer e asked )  wa s 

recorded .  Paramete r  setting s fo r  al l  run s wer e identical ,  s o th e 

onl y sourc e o f  variatio n i n thei r  behaviou r  wa s th e particula r 

stimulu s se t  use d o n eac h run . 

For  th e Bayesia n model ,  a  diagnosi s threshol d valu e o f 

0.6 0 wa s chosen .  Thi s give s broadl y simila r  diagnosti c ac -

curac y i n bot h models . 

Symbolic model Table 2 shows the mean percentage diag-

nosti c accurac y score s i n eac h bloc k an d matri x conditio n fo r 

th e Symboli c model .  Ther e i s a  highl y significan t  effec t  o f 

bloc k (F(3,54 )  =  38.31 ,  p  <  0.001) ,  suc h tha t  overal l  di -

agnosti c accurac y increase s acros s th e blocks ,  an d ther e i s a 

significan t  effec t  o f  matri x (F(l,18 )  =  42.61 ,  p  <  0.001) , 

suc h tha t  performanc e i s highe r  i n th e dens e tha n i n th e spars e 

condition .  Also ,  the y interac t  (F(3,54 )  =  9.36 ,  p  <  0.001) ; 

wherea s th e dens e learnin g curv e continue s t o ris e acros s th e 

blocks ,  th e spars e on e flattens  of f  a t  a  lowe r  level . 

Tabl e 3  show s mea n number s o f  symptom s querie d b y 

th e Symboli c model ,  i n eac h bloc k an d matri x condition . 

Ther e ar e highl y significan t  effect s o f  bot h bloc k (F(3,54 )  = 

94.85 ,  p  <  0.001 )  an d matri x (F(l,18 )  =  1161.34 ,  p  < 

0.001) ,  an d a n interactio n betwee n the m (F(3,54 )  — 

76.03 ,  p  <  0.001) .  I n th e dens e condition ,  th e numbe r  o f 

sympto m querie s remain s clos e t o fou r  i n eac h block ,  wherea s 

i n th e spars e conditio n th e numbe r  o f  querie s drop s t o a n av -

erag e o f  les s tha n on e fro m th e secon d bloc k onwards . 

Bayesian model Table 4 shows the mean percentage diag-

nosti c accurac y score s i n eac h bloc k an d matri x conditio n fo r 

th e Bayesia n model .  Ther e i s a  highl y significan t  effec t  o f 

bloc k (F(3,54 )  =  29.14 ,  p  <  0.001) ,  wit h accurac y in -

creasin g fro m bloc k 1  t o 4 ,  an d a  significan t  effec t  o f  matri x 

(F(l ,  18 )  =  8.55 ,  p  <  0.01) ,  suc h tha t  diagnosti c accurac y 

i s highe r  i n th e spars e condition ,  unlik e th e Symboli c model . 

Thi s tim e ther e i s n o interactio n (F(3,54 )  =  0.92) . 

Tabl e 5  show s mea n number s o f  symptom s querie d b y th e 

Bayesia n model ,  i n eac h bloc k an d matri x condition .  Ther e i s 

a significan t  effec t  o f  Bloc k (F(3,54 )  =  18.00 ,  p  <  0.001) , 

suc h tha t  th e numbe r  o f  symptom s drop s fro m bloc k 1  t o 2 , 

but  the n gentl y rise s again .  Ther e i s als o a  significan t  effec t 

of  matri x (F(l,18 )  =  40.13 ,  p  <  0.001) ,  suc h tha t  mor e 

symptom s ar e querie d i n th e dens e condition ,  an d a  barel y 

significan t  interactio n (F(3,54 )  =  2.94 ,  p  <  0.05) . 

One-ply Predictions 

The one-pl y prediction s o f  eac h mode l  wer e generate d b y 

aggregatin g initia l  selectio n behaviour ,  o n eac h tria l  i n th e 

fourt h block ,  acros s al l  simulate d subject s i n eac h matri x con -

dition .  Thi s resulte d i n a  se t  o f  table s o f  percentage s o f  oc -

casion s whe n eac h symptom ,  o r  a  diagnosis ,  wa s selected , 

fo r  eac h presentin g symptom .  Fo r  eac h model ,  th e tw o cell s 

wit h th e highes t  value s i n eac h ro w wer e the n selecte d a s 

th e predictions .  W h e n ther e wa s a  second-plac e tie ,  al l  thre e 

cell s wer e include d a s predictions ;  thi s occurre d onc e fo r  eac h 

model .  Thes e prediction s ar e annotate d o n Tabl e 8  below . 

Experiment 

M e t h o d 

Subject s 3 8 secon d yea r  psycholog y student s fro m Birkbec k 
Colleg e too k part ,  1 8 i n th e dens e conditio n an d 2 0 i n th e spars e 
condition . 

Design Each S was assigned to either the Dense or Sparse ma-
tri x condition ,  an d performe d fou r  block s o f  2 0 trials ,  eac h o f  whic h 
comprise d 5  trial s wit h eac h disease ,  i n rando m sequence .  Al l  diag -
nose s an d sympto m querie s wer e recorded . 

Software The task was computer-based, mouse driven and ad-
ministere d b y a  client-serve r  syste m o n th e departmenta l  intranet , 
usin g a  networ k o f  48 6 PCs .  Th e clien t  portion ,  writte n i n JavaScrip t 
fo r  Netscap e Navigato r  4 ,  randomise d trial s withi n blocks ,  presente d 
stimul i  an d collecte d responses .  Th e serve r  assigne d subject s t o 
dens e an d spars e matri x conditions ,  an d collate d data . 
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Figur e 2 :  Graph s o f  diagnosti c accurac y (left )  an d numbe r  o f  sympto m querie s (right )  fo r  h u m a n subject s an d bot h models . 

Tabl e 6 :  M e a n % diagnosti c accurac y ( H u m a n data) . Tabl e 7 :  M e a n symptom s querie d ( H u m a n data) . 

Matri x 

dens e 

spars e 

M e an 

N 

18 
20 
38 

Blk l 

34.7 0 

53.0 0 

44.3 4 

B l k 2 

46.9 5 

62.2 5 

55.0 0 

B l k 3 

46.9 5 

67.0 0 

57.5 0 

El k 4 

46.1 0 

75.2 5 

61.4 4 

M e an 

43.6 8 

64.3 8 

54.5 7 

Matri x 

dens e 

spars e 

M e an 

N 

18 
20 
38 

Blk l 

3.2 9 

2.8 3 

3.0 5 

B l k 2 

3.3 5 

2.5 3 

2.9 2 

B l k 3 

3.5 2 

2.3 6 

2.9 1 

B l k 4 

3.4 1 

2.3 6 

2.8 6 

M e an 

3.3 9 

2.5 2 

2.9 3 

The clien t  system *  wa s launche d b y clickin g o n a  butto n a t  th e 
foo t  o f  a  we b pag e o f  instructions ,  whic h opene d a  ne w window . 
On eac h tria l  th e progra m displaye d a  serie s o f  boxe s labelle d wit h 
sympto m names ,  runnin g acros s th e to p hal f  o f  th e window ,  an d a  se -
ries  o f  boxe s labelle d wit h diseas e name s runnin g acros s th e bottom . 
The orde r  i n whic h bot h sympto m an d diseas e boxe s wer e presente d 
onscree n wa s randomise d o n eac h trial . 

The sympto m boxe s coul d b e clicke d b y th e subject ,  whe n the y 
woul d chang e t o revea l  whethe r  th e sympto m wa s presen t  o r  absen t 
i n th e imaginar y patient .  A t  th e beginnin g o f  eac h trial ,  on e o f  th e 
sympto m boxe s wa s alread y i n thi s change d state ,  givin g th e sub -
jec t  informatio n abou t  th e patient' s presentin g symptom .  Whe n th e 
diseas e boxe s wer e clicked ,  a  ne w bo x appeare d i n th e centr e o f  th e 
scree n statin g whethe r  th e diagnosi s wa s correc t  o r  not .  I f  th e di -
agnosi s wa s incorrect ,  thi s bo x als o gav e feedbac k abou t  th e correc t 
disease ,  allowin g th e subjec t  t o learn .  Clickin g o n thi s bo x starte d 
th e nex t  trial . 

At  th e en d o f  eac h block ,  th e progra m presente d a  scor e givin g th e 
number  o f  correc t  diagnose s ou t  o f  20 ,  save d th e accumulate d dat a 
t o th e server ,  an d gav e th e subjec t  th e opportunit y t o res t  briefly . 
Instructions The launch page of the experimental client system 
describe d th e scree n layou t  an d th e bloc k structur e o f  th e experi -
ment .  Subject s wer e als o verball y instructe d t o attemp t  t o diagnos e 
efficiently ,  tha t  is ,  t o minimis e th e numbe r  o f  sympto m querie s the y 
made,  provide d thi s di d no t  compromis e thei r  diagnosti c accuracy . 
Results 

Learning results Table 6 and Figure 2 (left) show mean 

percentag e diagnosti c accurac y fo r  h u m a n subjects .  H u m a n 

diagnosti c accurac y i s substantiall y  lowe r  throughou t  tha n 

tha t  achieve d b y eithe r  model .  However ,  ther e ar e highl y 

significan t  effect s o f  bot h bloc k (F(3,108 )  =  16.27 ,  p  < 

0.0001 )  an d matri x (F(l ,36 )  =  12.42 ,  p  <  0.0012) ,  suc h 

'Fo r  a  demonstratio n o f  th e clien t  system ,  se e 
http://www.psyc.bbk.ac.uk/staff/pgy/experiments/jdm2a/demo / 

tha t  subject s i n th e spars e conditio n performe d substantiall y 

bette r  tha n thos e i n th e dens e condition ,  lik e th e Bayesia n bu t 

unlik e th e Symboli c model .  Also ,  ther e i s a  barel y signifi -

can t  interactio n (F(3,108 )  =  2.77 ,  p  <  0.0452) ,  du e t o th e 

flattening  o f  th e learnin g curv e i n th e dens e condition . 

Tabl e 7  an d Figur e 2  (right )  sho w m e a n number s o f  symp -

tom s querie d b y h u m a n subject s i n eac h bloc k an d matri x 

condition .  H u m a n subject s quer y substantiall y  mor e symp -

tom s tha n d o eithe r  o f  th e models .  Ther e i s a  modestl y sig -

nifican t  effec t  o f  matri x (F(l,36 )  =  4.83 ,  p  <  0.0345) , 

suc h tha t  mor e symptom s ar e querie d i n dens e tha n i n sparse , 

but  n o overal l  effec t  o f  bloc k (F(3,108 )  =  1.17) .  H o w -

ever ,  ther e i s a  highl y significan t  interactio n (F(3,108 )  = 

5.23 ,  Greenhouse-Geisse r  p  <  0.0045) ,  du e t o th e reduc -

tio n i n sympto m querie s acros s block s i n th e spars e bu t  no t 

i n th e dens e condition ;  instea d th e numbe r  o f  querie s i n th e 

dens e conditio n rise s fro m bloc k 1  t o bloc k 3 .  Asid e fro m 

thi s increase ,  thi s patter n o f  result s i s mor e simila r  t o th e 

Symboli c mode l  tha n th e Bayesia n model ,  a s th e numbe r  o f 

querie s i n th e dens e conditio n remain s effectivel y a t  ceilin g 

wherea s tha t  i n th e spars e conditio n drop s acros s th e blocks . 

One-ply analysis Table 8 shows the human one-ply results, 

th e percentage s o f  eac h possibl e initia l  selectio n behaviou r 

give n eac h presentin g symptom ,  aggregate d acros s subjects , 

fo r  bot h dens e an d spars e matri x conditions .  T h e prediction s 

of  Symboli c an d Bayesia n model s ar e indicate d b y super -

scrip t  B  an d S  respectively . 

We evaluat e th e relativ e performanc e o f  th e model s b y 

scorin g h o w ofte n eac h mode l  predict s th e to p tw o value s i n 
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Tabl e 8 :  One-pl y analysi s fo r  Bloc k 4  (Huma n data) .  Superscrip t  B  an d S  indicat e th e respectiv e mode l  predictions . 

Matri x 

dens e 

spars e 

Presentin g 

sympto m 

diarrhoe a 

feve r 

headach e 

paralysi s 

vomitin g 

diarrhoe a 

feve r 

headach e 

paralysi s 

vomitin g 

N 

54 

123 

64 

48 

71 

107 

90 

46 

58 

99 

Firs t  quer y 

diagnosi s 

1.5 % 

6.4 % 

4.2 % 

14.0 % 

3.1 % 

34.7%SB 

39.3%^ ^ 

14.3%^ ^ 

30.4 % 

25.9%^ 

diarrhoe a 

16.7% ^ 

47 .9% ^ 

26 .3% ^ 

2 6 . 6 % ^ 

5.6 % 

30 .4% ^ 

19.6 % 

14.8 % 

feve r 

2 0 . 0 % ^ ^ 

18 .8% " 

12 .3% " 

2 0 . 3 % ^ " 

14 .9% ^ 

2 5 . 0 % " 

4 .4% " 

19 .4% " 

headach e 

2 6 . 2 % ^ " 

2 0 . 6 % " 

-

12.3 % 

3 5 . 9 % ^ " 

19.8% ^ 

28 .1 % 

-

1 5 . 2 % ^ " 

2 0 . 4 % " 

paralysi s 

23 .1 % 

2 6 . 2 % ^ 

12.5 % 

14.1 % 

15.8 % 

14.6 % 

8.9 % 

19.4% ^ 

vomitin g 

2 9 . 2 % 

3 0 . 2 % ^ " 

1 6 . 7 % ^ " 

3 5 . 1 % ^ " 

-

14.9 % 

12.4 % 

21 .4 % 

3 0 . 4 % ^ 

eac h row ;  eac h mode l  get s on e poin t  fo r  eac h predicte d cel l 

containin g on e o f  th e tw o highes t  value s i n th e row .  Accord -

in g t o thi s criterion ,  th e Bayesia n mode l  score s 6  point s i n th e 

dens e conditio n an d 4  point s i n th e spars e condition ,  totallin g 

10/20 ,  wherea s th e Symboli c mode l  score s 7  i n th e dens e con -

ditio n an d 6  i n th e spars e condition ,  a  tota l  o f  13/20 .  S o th e 

Symboli c mode l  perform s bette r  o n thi s measur e tha n doe s 

th e Bayesia n model . 

Discussion 

We have presented subject data and two computational mod-

el s o f  performanc e (includin g learning )  o n a  simulate d med -

ica l  diagnosi s task .  Eac h mode l  capture s som e aspect s o f 

th e subjec t  data ,  bu t  althoug h th e Bayesia n mode l  predict s 

th e greate r  diagnosti c accurac y observe d i n th e spars e con -

dition ,  th e symboli c mode l  arguabl y give s a  bette r  fit  wit h 

th e numbe r  o f  sympto m queries ,  an d clearl y outperform s th e 

Bayesia n mode l  i n fitting  th e one-pl y data ,  s o w e conside r  i t 

a bette r  fit  overall . 

Althoug h th e increas e i n diagnosti c accurac y acros s th e 

block s b y subject s wa s simila r  t o tha t  predicte d b y bot h mod -

els ,  overal l  diagnosti c accurac y performanc e wa s poore r  tha n 

tha t  reporte d b y Fo x (1980 )  an d Coope r  &  Fo x (1997) ,  an d 

tha t  predicte d b y bot h models ,  despit e th e fac t  tha t  th e tas k 

was easie r  tha n tha t  use d b y Coope r  &  Fox .  Thi s ma y b e at -

tributabl e t o difference s betwee n th e population s tested :  th e 

experiment s wer e separate d b y almos t  twent y years ,  wit h 

medica l  student s i n th e first  cas e an d psycholog y student s i n 

th e presen t  case . 

Subject s achieve d highe r  level s o f  diagnosti c accurac y i n 

th e spars e condition ,  unlik e th e Symboli c model .  Thi s coul d 

be du e t o th e greate r  memor y loa d i n th e dens e condition , 

by whic h th e models ,  bein g withou t  capacit y limitation s o r 

decay ,  ar e unaffected .  W e pla n t o investigat e th e effect s o f 

imposing  memor y limitation s o n th e model s i n future . 

The fac t  tha t  th e Symboli c model ,  wit h a  FIF O Knowl -

edg e bas e an d L IF O Workin g Memory ,  accounte d reasonabl y 

wel l  fo r  th e one-pl y data ,  corroborate s th e vie w tha t  recenc y 

i n th e accessibilit y o f  sympto m informatio n i s a  majo r  deter -

minan t  o f  subjects '  questionin g behaviou r  (Fox ,  1980 ;  Fo x 

& Cooper ,  1997) .  Th e presen t  finding  extend s Fox' s earlie r 

result s t o th e cas e o f  a  learnin g model ,  an d t o a  ne w materi -

al s se t  includin g th e dense/spars e manipulation .  I n thi s mode l 

th e recenc y effec t  operate s i n th e lon g term ,  tha t  i s  fo r  period s 

longe r  tha n a  singl e trial ,  an d s o recentl y learne d informatio n 

i n th e Knowledg e Bas e i s th e first  t o b e retrieved ,  an d t o ap -

pear  i n sympto m queries ,  provide d i t  i s  relevant .  Other ,  un -

reporte d attempt s t o fit  th e presen t  dat a wit h differen t  buffe r 

acces s setting s wer e les s successful ,  a s expected .  W e ai m t o 

explor e thi s issu e further ,  an d t o develo p othe r  variant s o f  th e 

Symboli c learnin g mode l  wit h alternativ e questionin g strate -

gies ,  i n th e hop e o f  accountin g mor e full y fo r  th e subjec t  data . 

References 

Cooper ,  R. ,  &  Fox ,  J .  (1997) .  Learning  t o mak e decision s un -

der  uncertainty :  Th e contributio n o f  qualitativ e reasoning . 

I n Shafto ,  M.G. ,  &  Langley ,  P. ,  (eds. )  Proceeding s o f  th e 

19*' ^  Annua l  Conferenc e o f  th e Cognitiv e Scienc e Society . 

pp 125-130 .  Lawrenc e Erlbau m Associates .  Hillsdale ,  NJ . 
Cooper ,  R. ,  &  Fox ,  J .  (i n press) .  C O G E N T:  A  visua l  desig n 

environmen t  fo r  cognitiv e modeling .  T o appea r  i n Behav -

io r  Researc h Methods ,  Instruments ,  an d Computers . 
Fox ,  J .  (1980) .  Makin g decision s unde r  th e influenc e o f  m e m-

ory .  Psychologica l  Review ,  87 ,  190-211 . 
Fox ,  J. ,  &  Cooper ,  R .  (1997) .  Cognitiv e processin g an d 

knowledg e representatio n i n decisio n makin g unde r  uncer -

tainty .  I n Scholz ,  R .  W. ,  &  Zimmer ,  A .  C ,  (eds.) .  Qual -

itativ e Theorie s o f  Decisio n Making ,  pp .  83-106 .  Pabst , 

Lengerich ,  Germany . 
Lindley ,  D .  V .  (1985) .  Makin g Decisions .  2n d edition .  Joh n 

Wiley ,  Chichester ,  England . 
Tversky ,  A. ,  &  Kahneman ,  D .  (1974) .  Judgemen t  unde r  un -

certainty :  Heuristic s an d biases .  Science ,  185 ,  1124-1131 . 

118 1 



H o w Impasse s Enab l e Subject s t o Discove r  th e Relevan t  Propertie s o f  th e P r o b l e m : 

P r o b l e m Spac e a s a  Spac e o f  Propertie s 

Mojdeh Zamani (zamani@univ-paris8.fr) 
Laborator y o f  Cognitiv e Psychology .  CNRS UPRES- A 702 1 

Universit e Pari s  8 ,  2  Ru e d e l a liberte .  Sain t  Denis ,  9352 6 Cede x 02 ,  F R A N C E 

Jean Francois Richard (richard@univ-paris8.fr) 

Laborator y o f  Cognitiv e Psychology .  C N R S U P R E S - A 702 1 
Universit e Pari s  8 ,  2  Ru e d e l a liberty .  Sain t  Denis ,  9352 6 Cede x 02 ,  F R A N C E 

Abstrac t 

Two main ideas are proposed in this article. Richard and Tijus 
(i n press )  show n tha t  proble m solvin g ca n b e explaine d b y 
objec t  propertie s tha t  subject s tak e int o accoun t  durin g th e 
solvin g process .  Stabl e propertie s ar e thos e whic h ca n no t  b e 
modifie d b y a n actio n (fo r  instance ,  a n object' s  size ,  shape ,  etc. ) 
and unstabl e propertie s ar e thos e whic h ca n b e modifie d b y a n 
actio n (fo r  instance ,  a n object' s  location) .  Ou r  purpos e i s tha t 
th e proble m spac e (Newel l  &  Simon ,  1972 )  ca n b e describe d b y 
stat e propertie s an d tha t  thi s descriptio n permit s explainin g th e 
subjectiv e distanc e (i n th e subject' s mind )  betwee n tw o states . 
We sugges t  tha t  similarit y betwee n stat e propertie s guide s a 
subject' s searc h throug h th e proble m spac e an d ca n lea d 
subject s throug h irrelevan t  paths .  W e thin k tha t  i n thi s 
condition ,  th e wel l  know n beneficia l  effec t  o f  impass e 
situation s consist s i n th e fac t  tha t  the y permi t  subject s t o 
discove r  th e relevan t  propertie s o f  objects ,  proble m constraints . 
and goa l  properties .  T w o experiment s ar e propose d here . 
Result s obtaine d i n th e firs t  experimen t  sho w tha t  workin g o n 
impass e situation s befor e solvin g th e proble m improve s 
performance .  Result s o f  th e secon d experimen t  sho w tha t 
workin g o n impass e situation s allo w subject s t o discove r  th e 
relevan t  propertie s o f  a  proble m space ,  an d tha t  th e benefi t  ca n 
be extende d t o al l  problem s sharin g th e sam e proble m spac e 
(whic h naturall y contai n th e sam e impasses) ,  eve n i f  thei r 
initia l  an d fina l  state s ar e different .  Thes e result s she d som e 
ligh t  o n th e beneficia l  effect s o f  impasse s i n proble m solving . 

Introduction 

Skil l  acquisitio n ca n naturall y b e see n a s th e successiv e 
eliminatio n o f  errors .  H o w ar e error s unlearne d an d wha t  ar e 
th e cognitiv e mechanism s tha t  enabl e peopl e t o detec t  an d 
correc t  errors ? Impass e situation s hav e bee n studie d i n 
differen t  domain s o f  psychology .  Grea t  attentio n ha s bee n 
accorde d t o thes e situation s i n psycholog y o f  learnin g 
(Anderson ,  1981 ,  1983 ;  Ohlsson ,  1983 ;  Thomdike ,  1913) ,  i n 
proble m solvin g domai n (Richard ,  1981 ,  199 4 ;  Vanlehn , 
1991) .  i n piagetia n literatur e (Cellerie r  &  Inhendler ,  1990) , 
an d i n A I  (Langley ,  1985 ;  Ohlsson ,  1983) .  I n summary ,  w e 
k n o w th e importanc e o f  impasse s i n learning ,  discovering , 
thinkin g an d reasoning ,  bu t  wha t  exactl y i s  th e beneficia l 
effec t  o f  thes e situation s ? 

I n proble m solving ,  impasse s hav e almos t  alway s bee n 
considere d a s favorabl e situation s i n whic h positiv e a s wel l 
as negativ e subgoal s ar e generate d (Newel l  &  Simon .  1972 ; 
Richard .  1981) .  Impasse s ar e als o considere d a s favorabl e 
situation s i n whic h relevan t  feature s o f  problem s ar e 

discovere d ( H a m m o n d ,  Converse ,  Marks ,  &  Seifert ,  1993 ; 
Ohlsson ,  1996) . 

Our  purpos e i s t o conside r  (i )  impasse s a s situation s i n 
whic h relevan t  propertie s o f  th e object s involve d i n action s 
ca n b e discovered ,  an d (ii )  a s situation s whic h enabl e 
subject s t o enric h thei r  initia l  representatio n o f  th e proble m 
and o f  th e goa l  state . 

As Richar d an d Tiju s (i n press )  explain ,  eac h objec t  ha s 
tw o kind s o f  propertie s :  stabl e propertie s whic h defin e th e 
objec t  itsel f  (size ,  shape ,  etc.) ,  an d unstabl e propertie s whic h 
ar e locatio n properties .  A n actio n modifie s thes e properties . 
I n th e cas e o f  classica l  transformatio n problems ,  a n actio n 
almos t  alway s modifie s locatio n properties ,  exceptin g fo r 
some T O H isomorp h (changing-siz e problems ,  Kotovsky , 
Hayes ,  &  Simon ,  1985) . 

Proble m Space ,  a s define d b y Newel l  an d Simo n (1972 )  i s 
th e objectiv e spac e i n whic h n e w state s ar e generate d afte r 
eac h lega l  move .  I n th e cas e o f  transformatio n problem s (i.e . 
th e Towe r  o f  Hanoi ,  Missionnarie s an d Cannibals ,  etc.) ,  a 
stat e i s define d bot h b y th e object s an d thei r  location .  Thus , 
state s ar e differentiate d b y a  chang e i n locatio n o f  th e objects . 
We sugges t  tha t  th e propertie s o f  th e object s ca n defin e a 
stat e an d th e proble m space .  Thus ,  a  Proble m Spac e ca n b e 
considere d a s a  spac e o f  properties ,  whos e modificatio n 
generate s ne w states .  Th e initia l  an d final  states ,  a s wel l  a s 
impass e situations ,  ca n als o b e define d b y a  se t  o f  properties . 
For  instance ,  i n th e classica l  Towe r  o f  Hano i  proble m (wit h 3 
disks) ,  th e initia l  stat e ca n b e define d b y a  se t  o f  stabl e an d 
unstabl e propertie s :  th e big ,  th e med iu m an d th e littl e (stabl e 
property )  disks ,  ar e i n positio n A  (unstabl e property) .  Th e 
final  stat e i s differentiate d fro m th e initia l  stat e b y a  chang e 
i n th e unstabl e propertie s :  th e big ,  th e med iu m an d th e littl e 
(stabl e properties )  o n th e positio n C  (unstabl e property) . 

Thi s descriptio n permit s characterizin g eac h stat e b y it s 
properties ,  an d thu s explainin g th e subjectiv e distanc e (i n th e 
subject' s mind )  betwee n tw o states .  Becaus e the y shar e som e 
properties ,  tw o state s m a y b e though t  clos e t o eac h othe r 
eve n thoug h the y ar e actuall y ver y fa r  apar t  i n th e objectiv e 
proble m space .  Wit h thi s view ,  a s soo n a s on e o r  severa l 
propertie s ar e considered ,  th e proble m spac e -  usuall y 
considere d a s a  homogeneou s spac e -  become s a  se t  o f 
distinc t  area s o f  states .  Eac h are a ca n b e considere d a s a 
categor y o f  state s sharin g propertie s (Zamani ,  Bernard ,  & 
Richard ,  1998) . 

Our  clai m i s tha t  propertie s share d b y differen t  state s guid e 
a subject' s behaviou r  an d ca n lea d hi m throug h irrelevan t 
paths .  Fo r  instance ,  i n som e states ,  subject s m a y believ e tha t 
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the y ar e quit e nea r  th e goa l  stat e onl y becaus e th e curren t 
stat e share s s o m e propertie s wit h th e goa l  state .  However ,  i n 
th e objectiv e space ,  thes e tw o state s ca n b e ver y fa r  fro m th e 
anothe r  an d m a n y m o v e s migh t  b e neede d i n orde r  t o chang e 
th e curren t  stat e int o th e goa l  state .  W e believ e tha t  thes e 
propertie s ca n guid e subject s throug h th e objectiv e proble m 
space .  Fo r  instance ,  subject s m a y attemp t  t o reac h state s 
wher e s o m e propertie s o f  th e goa l  stat e ar e present .  However , 
th e pat h m a y prov e irrelevan t  (unabl e t o provid e rea l  progres s 
throug h th e proble m spac e toward s th e goal) .  Thus ,  th e 
subjectiv e distanc e betwee n tw o state s ca n b e describe d b y 
difference s betwee n thei r  properties .  W e thin k tha t  thi s i s 
w hy impass e situation s ar e beneficial :  the y allo w subject s t o 
discove r  al l  th e othe r  propertie s o f  th e goa l  tha t  subject s 
believe d t o b e abl e t o realiz e an d th e observatio n tha t  i t  i s i n 
fac t  impossible .  Thi s lead s subject s t o notic e overlooke d goa l 
properties . 

We sugges t  tha t  a  subject' s goa l  m a y b e differen t  fro m th e 
rea l  goal .  I n proble m solvin g literature ,  author s hav e almos t 
alway s considere d that ,  durin g th e solvin g process ,  subject s 
hav e a  goo d representatio n o f  th e goa l  state .  Result s w e 
obtaine d i n ou r  laborator y sho w tha t  a t  th e beginnin g o f  th e 
solvin g process ,  indee d sometime s unti l  th e end ,  a  subject' s 
goa l  ca n b e ver y differen t  from  th e objectiv e goa l  state .  Tha t 
is ,  a m o n g al l  th e propertie s whic h defin e th e goa l  state , 
subject s m a y tak e onl y a  limite d se t  int o accoun t  an d thus ,  a 
subject' s (representatio n o f  the )  goa l  m a y b e mor e restricte d 
tha n th e rea l  final  goal .  T h e representatio n o f  th e goa l  tha t 
has guide d a  subject' s solvin g proces s ca n b e inferre d fro m 
protocol s an d verbalizations .  Inappropriat e goal s ar e ofte n 
responsibl e fo r  impasses .  I n orde r  t o clarif y thi s point ,  w e 
wil l  first  briefl y presen t  problem s w e hav e studied .  The y ar e 
take n an d adapte d from  th e Passalon g tes t  (Alexander ,  1935) , 
whic h i s a  tes t  o f  practica l  intelligence . 

Th e apparatu s i s a  kin d o f  ricksha w g a m e (figur e 1 )  an d 
consist s o f  9  problem s compose d o f  blu e figures  (locate d a t 
th e to p o f  th e playin g board )  an d re d figures  (locate d a t  th e 
botto m o f  th e board) .  Althoug h unknow n i n proble m solvin g 
literature ,  Passalon g problem s ar e classica l  transformatio n 
problems ,  i.e .  simila r  i n ever y w a y t o T O H ,  Missionarie s an d 
Cannibals ,  etc . 

Th e proble m spac e i s  exactl y th e sam e fo r  problem s 7 ,  8 
an d 9  (Bernard ,  persona l  communicat ion) .  H o w e v e r , 
problem s 8  an d 9  ar e th e mos t  difficul t  one s i n th e test' . 
Figur e 2  show s s o m e impasse s belongin g t o problem s 7 ,  8 
and 9 . 

Verbalization s collecte d durin g impass e situations ,  w h e n 
subject s trie d t o solv e proble m 8 ,  sho w tha t  th e subjects '  goa l 
almos t  alway s consiste d i n mov in g th e re d rectangl e (th e 
horizonta l  one )  t o th e to p o f  th e board ,  an d o f  movin g "al l  th e 
othe r  pieces "  o r  th e "th e blu e ones "  t o th e bottom . 

'  A s w e hav e show n (Zaman i  &  Richard ,  submitted )  thi s difficult y 
i s du e t o th e fac t  tha t  analog y i s  recognize d betwee n proble m 6 
(ver y eas y t o solve )  an d proble m 7 ,  wherea s th e analog y i s no t 
recognize d betwee n proble m 7  an d problem s 8  an d 9 .  I n fact , 
solvin g problem s 8  an d 9  b y th e exper t  pat h require s joiningth e 
rectangle s fro m th e beginnin g o f  th e solvin g proces s an d placin g 
the m jus t  a s the y ar e i n proble m 7 .  Onc e th e rectangle s hav e bee n 
joined ,  th e proble m ca n b e solve d eithe r  b y turnin g clockwis e o r 
counterclockwis e unti l  th e horizonta l  rectangl e i s move d t o th e to p 
of  th e board .  Thi s procedur e i s generall y use d i n problem s 6  an d 7 , 
but  a s th e analog y betwee n thes e problem s an d problem s 8  an d 9 
goes unrecognized ,  problem s 8  an d 9  ar e ver y difficul t  t o solve . 

Initia l  State s 

i ^ i ^ C S t ^ 

-

m 

-

1 
proble m 6 

• 

• 

^ — 1 

Proble m 7  Proble m 8  Proble m 9 

Final States 

Figur e 1 :  Initia l  an d Fina l  State s o f  Problem s 6,7, 8 an d 9  o f 
th e Passalon g Test . 

This representation of the goal state is very limited as 
compare d t o th e final  goa l  tha t  subject s hav e t o attai n (se e 
figure  1) ,  give n tha t  expression s "al l  th e othe r  pieces "  o r  "th e 
blu e ones" ,  leve l  th e necessar y distinctio n t o b e m a d e 
betwee n th e "blue "  object s accordin g t o thei r  specifi c 
properties .  Thes e propertie s ar e discovere d i n impass e 
situations .  Fo r  instance ,  w h e n subject s arrive d a t  impass e n° l 
(figur e 2) ,  the y almos t  alway s explaine d tha t  the y go t  stuc k 
becaus e the y wante d t o m o v e th e horizonta l  rectangl e bu t  tha t 
th e empt y spac e availabl e w a s no t  sufficien t  fo r  doin g so . 
Thi s impossibilit y le d subject s t o realiz e tha t  m o v i n g th e 
horizonta l  rectangl e require s creatin g a  horizonta l  e m p t y 
plac e (tw o adjacen t  places) ,  somethin g wh ic h canno t  b e 
obtaine d a s lon g a s th e vertica l  rectangl e remain s above .  O n 
th e othe r  hand ,  th e tw o littl e square s (figur e 2 ,  impass e n° l 
an d it s correspondin g favorabl e state) ,  place d sid e b y sid e i n 
a horizonta l  position ,  d o allo w m o v i n g th e horizonta l 
rectangle .  Thi s contras t  show s th e kin d o f  distinctio n tha t 
need s t o b e m a d e betwee n object s accordin g t o thei r 
properties :  rectangle s ar e differen t  fro m squares .  Further , 
subject s i n impass e situation s di d lear n tha t  satisfyin g a  goa l 
depend s o n th e specifi c  propertie s o f  th e object s an d tha t  th e 
object s canno t  b e treate d i n th e sam e way .  Thus ,  movin g th e 
horizonta l  rectangl e require s creatin g a  horizonta l  empt y 
plac e wit h tw o littl e squares .  Thi s i s a  relevan t  propert y 
whic h i s valuabl e fo r  al l  state s i n th e proble m spac e whic h 
lea d t o th e goa l  stat e and ,  onc e thi s propert y ha s bee n 
learned ,  subject s wer e abl e t o infe r  th e appropriat e goa l 
structur e whic h consist s i n avoidin g state s i n whic h a  vertica l 
rectangl e figures  abov e th e horizonta l  rectangle .  Likewise ,  i n 
impass e n° 2 (figur e 2) ,  subject s hav e th e opportunit y t o lear n 
tha t  movin g th e horizonta l  rectangl e create s a  horizonta l 
spac e whic h ca n onl y b e filled  wit h tw o squares ,  no t  wit h on e 
vertica l  rectangle .  Thus ,  i n orde r  t o avoi d impasses ,  tw o 
square s shoul d alway s figur e immediatel y belo w th e 
horizonta l  rectangle . 

Thes e impass e situation s als o le d subject s t o chang e thei r 
representatio n o f  th e goal .  A s lon g a s a  subject' s goa l  jus t 
consiste d o f  "movin g th e horizonta l  rectangle "  t o th e to p o f 
th e board ,  th e proble m wa s impossibl e t o solve .  Impasse s 
permitte d subject s t o realiz e tha t  i n orde r  t o m o v e th e 
horizonta l  rectangle ,  i t  wa s necessar y t o pu t  th e righ t  object s 
t o th e righ t  places .  A m o n g "al l  th e blu e pieces" ,  ther e wer e 
rectangle s an d squares ,  wit h thei r  specifi c  properties ,  som e o f 
whic h allo w reachin g s o m e subgoa l  bu t  no t  others . 
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Moreover ,  subject s notice d tha t  the y ha d t o arrang e al l  o f 
thes e object s i n som e orde r  t o reac h th e goa l  state .  Thi s doe s 
not  mea n tha t  the y ha d no t  previousl y notice d th e object s o r 

tha t  the y ha d neve r  analyze d th e goa l  state .  Bu t  rathe r  tha t 
specifi c  propertie s o f  th e object s an d thei r  relatio n t o 
subgoal s wer e no t  take n int o accoun t  unti l  impasse s wer e 
bee n encountered .  Impass e situation s permitte d subject s t o 
discove r  th e relevan t  propertie s o f  th e object s i n orde r  t o 
generat e ne w an d mor e relevan t  subgoals . 

Th e experiment s presente d her e aime d a t  showin g tha t 
learnin g relevan t  propertie s fro m impasse s i s possible ,  eve n 
withou t  an y action .  I n th e first  experiment ,  w e aime d a t 
showin g tha t  studyin g impass e situation s befor e solvin g a 
proble m increase s performanc e a s compare d t o case s whe n 
subject s solv e problem s directly .  Thi s she d som e ligh t  o n th e 
beneficia l  effect s o f  impasse s i n proble m solving .  I f  studyin g 
impasse s allo w subject s t o discove r  th e relevan t  propertie s o f 
a proble m space ,  th e benefi t  shoul d exten d t o al l  problem s 
sharin g thi s sam e proble m spac e (whic h naturall y contai n th e 
same impasses) ,  eve n i f  thei r  initia l  an d final  state s ar e 
different .  Th e secon d experimen t  aime d a t  studyin g thi s 
point :  subject s learne d impasse s belongin g t o proble m 8 
withou t  solvin g it ,  an d the y the n solve d proble m 9 . 

M e t h o d 
E x p e r i m e n t  1 

Participant s 4 0 volunteer s participants ,  i n differen t  fields  a t 
th e Universit y o f  Pari s 8 ,  participate d i n th e experiment . 

Material On a computer screen, we presented problems 6,7, 
8 an d 9  o f  th e Passalon g Tes t  (se e figure  1) .  A  compute r 
progra m checke d th e legalit y o f  th e intende d move s an d 
place d th e figures  i n th e desire d position s wheneve r  th e mov e 
was legal .  W h e n i t  wa s not ,  nothin g happene d an d th e subjec t 
had t o attemp t  a  ne w move .  Ever y mov e a s wel l  a s latenc y 
betwee n move s wa s recorde d b y th e computer .  Th e final  stat e 
of  eac h proble m wa s visibl e 
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Figur e 2 :  Fou r  o f  th e mos t  frequen t  impasse s i n problem s 8 
an d 9  o f  th e Passalon g tes t  (th e firs t  line )  an d thei r 
correspondin g favorabl e situation s i n whic h th e horizonta l 
rectangl e ca n b e move d t o th e to p o f  th e boar d (secon d line) . 
I n th e first  impasse ,  th e tw o las t  action s consiste d i n movin g 
th e littl e square s t o th e right .  I n impass e 2 ,  th e las t  actio n 
consiste d o n movin g th e horizonta l  rectangl e up .  I n impass e 
3,  th e las t  actio n consiste d i n movin g th e littl e squar e place d 
abov e th e horizonta l  rectangl e t o th e left ,  an d i n impass e 4 , 
th e las t  actio n consiste d i n movin g th e horizonta l  rectangl e 
up. 

on th e scree n th e entir e tim e subject s wer e solvin g th e 
problem . 

Procedure Participants were tested individually in an 
isolate d room .  Ther e wer e 2  experimenta l  group s (2 0 
subject s pe r  group) .  On e grou p (hereafte r  calle d G l )  solve d 

problem s 6  an d 7  first.  The n initia l  an d final  state s o f 
proble m 8  wer e show n bu t  subject s wer e no t  aske d t o solv e 
th e problem .  Instead ,  fou r  illustration s o f  th e mos t  frequen t 
impasse s fo r  proble m 8  (show n i n figure  2 )  wer e presente d t o 
th e subjects .  Eac h illustratio n containe d th e impass e situatio n 
and th e tw o las t  move s whic h le d t o th e impasse .  Subject s 
wer e invite d t o explai n wh y th e situatio n wa s a n impasse , 
whic h object s wer e th e mos t  blockin g ones ,  an d wher e thes e 
object s ha d t o b e i n orde r  t o mak e th e goa l  purse d attainable . 
Subject s worke d fo r  a n averag e o f  8 4 second s o n eac h 
impasse .  A t  th e en d o f  th e presentatio n phase ,  the y wer e 
invite d t o solv e proble m 8 . 

The secon d grou p (hereafte r  calle d G 2 )  solve d problem s 6 , 
7,  an d 8 .  Group s wer e compare d a s t o thei r  performanc e o n 
solvin g proble m 8 . 

Analysis Method Although we were interested in the 
propertie s discovere d i n eac h impass e situation ,  analysi s her e 
wil l  onl y concer n th e behavio r  (performance )  i n solvin g 
proble m 8 .  Dependan t  variable s were :  1 )  numbe r  o f 
impasses ,  2 )  succes s o r  failur e (failur e wa s define d a s havin g 
solve d proble m 8  i n 8 0 o r  mor e moves ,  tha t  i s 4  time s th e 
number  o f  move s require d b y th e exper t  path) ,  3 )  numbe r  o f 
subject s w h o reache d favorabl e state s i n orde r  t o attai n th e 
fina l  stat e (ther e ar e tw o importan t  state s whic h permi t 
movin g th e horizonta l  rectangl e t o th e to p o f  th e boar d an d 
attainin g th e final  state .  I f  thes e situation s ar e reached ,  the n 
th e pat h throug h th e final  stat e i s no t  complicated .  However , 
reachin g thes e state s seem s t o b e ver y difficult .  Th e mos t 
favorabl e situatio n i s reache d b y joinin g th e tw o rectangle s 
(se e footnot e i n th e Introductio n part )  an d i t  require s onl y 5 
moves .  Thus ,  i n ou r  analysis ,  th e numbe r  o f  move s require d 
t o reac h a  favorabl e stat e varie s fro m 5  t o 8 0 moves .  Abov e 
80 moves ,  w e considere d tha t  subject s ha d faile d t o attai n a 
favorabl e state .  Thi s variabl e i s  calle d hereafte r  th e 
"Favourabl e situatio n rate") ,  an d 4 )  numbe r  o f  move s mad e 
by subject s t o reac h th e favourabl e situations . 

Results 

Al l  subject s i n th e first  grou p wer e abl e t o discove r  relevan t 
propertie s i n impass e situations .  Result s o f  th e analysi s o f 
verbalizatio n ar e no t  presente d here .  Result s o f  th e behavio r 
analysi s fo r  proble m 8  ar e presente d i n tabl e 1 .  I t  shoul d b e 
notice d tha t  group s di d no t  diffe r  a s t o performanc e o n 
problem s 6  an d 7 . 

As i t  ca n b e see n i n tabl e 1 ,  th e percentag e o f  succes s 
increase d whe n subject s worke d o n impass e situation s befor e 
solvin g proble m 8 .  Thi s differenc e wa s significant ,  Fisher' s 
Exac t  Probability ,  / ;  <  .001 .  I n th e sam e way ,  a  greate r 
number  o f  subject s i n G 1 wer e abl e t o attai n th e favorabl e 
situation s whic h lea d t o th e final  goal .  Thi s differenc e wa s 
agai n significant ,  Fisher' s Exac t  Probability ,  p  =  .02 .  Th e 
number  o f  move s require d t o reac h th e favorabl e situation s 
als o differe d betwee n th e groups .  A s explaine d above ,  t o 
attai n th e mos t  favorabl e situatio n fo r  reachin g th e final  goal , 
th e tw o rectangle s mus t  b e joined ,  somethin g whic h require s 
onl y 5  move s (se e Analysi s method) .  A s result s show ,  3 5 % 
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of  subject s i n 0 1 wer e abl e t o joi n th e rectangle s withi n 5  t o 
16 move s an d 7 0 % o f  subject s wer e abl e t o d o s o withi n 4 0 
moves,  whil e onl y 3 0 % o f  subject s i n 0 2 di d a s well .  Thi s 

differenc e wa s significan t  b y a  one-taile d Kolmogorov -
Smimov test ,  D  =  S ,p < .025 . 

Oive n th e insufficien t  numbe r  o f  subject s i n 0 2 ,  w e wer e 
not  abl e t o mak e a  statistica l  tes t  fo r  th e numbe r  o f  impasse s 
encountere d b y subject s w h o succeede d i n solvin g th e 
proble m i n eac h grou p (onl y 4  subject s i n 0 2 solve d th e 
problem) .  However ,  i t  ca n b e notice d tha t  th e numbe r  o f 
impasse s encountere d b y subject s w h o solve d th e proble m i n 
eac h grou p wa s no t  ver y high . 

Discussion 

We hypothezise d tha t  workin g o n impass e situation s 
improve s performanc e i n solvin g th e problem .  Result s 
obtaine d ar e i n accordanc e wit h thi s hypothesis .  I n fact , 
subject s w h o worke d o n impass e situation s wer e abl e t o 
discove r  propertie s o f  situation s whic h ar e unfavorabl e fo r 
solvin g th e proble m (fo r  instance ,  havin g on e vertica l 
rectangl e abov e th e horizonta l  rectangl e i s no t  a  goo d 
situation) .  Thes e propertie s permitte d subject s t o avoi d 
unfavourabl e situations .  W e emphazis e tha t  th e beneficia l 
effec t  o f  studyin g impass e situation s consist s i n th e fac t  tha t 
subject s wer e abl e t o creat e relevan t  negativ e an d positiv e 
subgoals . 

As i t  ha s bee n shown ,  a  greate r  numbe r  o f  subject s i n 0 1 
attaine d favorabl e situation s an d the y di d i t  mor e quickl y 
durin g th e solvin g proces s tha n di d subject s i n 0 2 .  Analysi s 
of  protocol s als o showe d tha t  th e averag e numbe r  o f  move s 
made t o solv e th e proble m wa s abou t  4 7 i n 0 1 (i.e .  nearl y 
tw o time s th e exper t  path) .  Indeed ,  subject s di d mak e som e 
useles s moves ,  bu t  wer e no t  fa r  fro m th e exper t  path .  Thi s 
was als o observe d fo r  subject s i n 0 2 ,  thoug h th e tota l 
number  o f  subject s wh o solve d th e proble m i n thi s grou p wa s 
lo w a s compare d t o 0 1 . 

Analysi s o f  a  posterior i  interview s wit h subject s w h o 
solve d proble m 8  (02 )  sho w tha t  th e majorit y o f  thes e 
subject s ha d a  singl e mai n goa l  unti l  th e ver y en d o f  th e 
solvin g process .  Thi s goa l  wa s simpl y t o mov e th e horizonta l 
rectangl e t o th e to p o f  th e board . 

The y di d no t  chang e thei r  goa l  eve n afte r  encounterin g 
impasses .  Subject s explaine d tha t  th e proble m wa s difficul t 
becaus e non e o f  th e action s the y mad e permitte d movin g th e 
horizonta l  rectangle .  N o subjec t  wa s abl e t o tel l  u s condition s 
necessar y fo r  movin g th e horizonta l  rectangl e (fo r  instance , 
havin g tw o square s abov e it) .  N o subgoa l  wa s reporte d b y 
thes e subjects .  Th e poo r  performanc e o f  thes e subject s a s 
compare d t o thos e o f  0 1 clarifie s th e beneficia l  effec t  o f 
studyin g impasse s befor e solvin g th e problem . 

Table 1: Performance on solving problem 8, subjects in 02 
solve d i t  directly ,  subject s i n 0 1 examine d fou r  impasse s 
befor e solvin g it . 

Group s 

Measure s 

Succes s rat e 
Favourabl e situatio n rat e 
Number  o f  impasse s 

M 
SD 

01 G 2 
.7 5 .2 0 
.7 5 .3 5 

2.1 3 2. 5 
.5 3 2. 6 

Thes e result s als o sugges t  tha t  studyin g impasse s withou t 
makin g move s ha s a  mor e beneficia l  effec t  tha n encounterin g 
impasse s durin g th e solvin g process . 

The nex t  experimen t  aime d a t  examinin g whethe r  studyin g 
th e impasse s wa s als o beneficia l  fo r  solvin g a  mor e distan t 
problem .  Tha t  is ,  a  proble m sharin g th e sam e proble m space , 
but  wit h differen t  initia l  an d fina l  states . 

E x p e r i m e n t  2 

M e t h o d 

Participant s 4 0 volunteer s participants ,  i n differen t  field s a t 
th e Universit y o f  Pari s  8 ,  participate d i n th e experiment . 

Material The material was the same as in experiment 1. 

Procedure There were 2 experimental groups (20 subjects 
per  group) .  On e grou p (hereafte r  calle d 0 1 )  solve d problem s 
6 an d 7  first.  The n initia l  an d final  state s o f  proble m 8  wer e 
show n bu t  subject s di d no t  solv e th e problem .  Instead ,  fou r 
illustration s o f  th e mos t  frequentl y encountere d impasse s i n 
proble m 8  (show n i n figur e 2 )  wer e presente d t o subjects . 
The sam e procedur e a s i n experimen t  1  wa s use d t o ge t 
subject s t o wor k o n impass e situations .  A t  th e en d o f  th e 
presentatio n phase ,  subject s wer e invite d t o solv e proble m 9 . 
The secon d grou p (hereafte r  calle d 0 2 )  solve d problem s 6 ,  7 , 
8 an d 9 .  Group s wer e compare d a s t o thei r  performanc e i n 
solvin g proble m 9 . 

Analysis Metliod The method of analysis was the same as in 
experimen t  1 ,  excep t  fo r  th e fac t  tha t  th e threshold s fo r 
analysi s wer e fixed  a t  1 4 (th e m in imu m numbe r  o f  move s 
necessar y t o reac h a  favorabl e state )  t o 14 0 move s ( 4 time s 
th e exper t  path) . 

Results 

Again ,  al l  subject s i n th e first  grou p wer e abl e t o discove r  th e 
relevan t  propertie s i n impass e situations .  Result s o f  th e 
analysi s o f  verbalization s ar e no t  presente d here .  Th e result s 
of  th e behavio r  analysi s fo r  proble m 9  ar e presente d i n tabl e 
2.  Not e tha t  th e groups  di d no t  diffe r  a s t o performanc e o n 
problem s 6  an d 7 . 
As ca n b e see n i n tabl e 2 ,  a  greate r  numbe r  o f  subject s i n 0 1 
solve d proble m 9  tha n subject s i n 0 2 ,  Fisher' s Exac t 
Probability ,  p  =  .03 .  Likewise ,  numbe r  o f  subject s w h o 
reache d a  situatio n favorabl e fo r  attainin g wa s als o highe r  i n 
0 1 tha n i n 0 2 ,  Fisher' s Exac t  Probability ,  p  =  .01 .  Th e lo w 
number  o f  subject s w h o solve d th e proble m i n 0 2 (onl y 5 
subjects) ,  eliminate d th e possibilit y  o f  makin g a  statisti c tes t 
of  th e numbe r  o f  impasses .  However ,  th e group s showe d 
nearl y th e sam e performance . 

Th e numbe r  o f  move s require d t o reac h th e favorabl e 
situation s als o differe d betwee n th e tw o groups .  Attainin g th e 
most  favorabl e situatio n (joine d rectangles )  require s onl y 1 4 

moves.  A s result s show ,  5 0 % o f  subject s i n 0 1 wer e abl e 
t o joi n th e rectangle s withi n 7 4 t o 8 1 moves ,  whil e onl y 5  % 
of  subject s i n 0 2 di d a s well . 

Thi s differenc e wa s significan t  b y a  one-taile d 
Kolmogorov-Smirno v test ,  D  =  9 ,  p  <  .025 .  Althoug h 7 4 
moves woul d see m t o indicat e poo r  performance ,  i t  i s  bette r 
tha n no t  bein g abl e t o reac h an y favorabl e situatio n a t  all , 
whic h wa s th e cas e fo r  th e vas t  majorit y o f  subject s i n 0 2 .  I n 
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Tabl e 2 :  Performanc e o n proble m 9 ,  afte r  havin g solve d 
proble m 8  (02 ) ,  o r  afte r  examinin g th e impasse s o f 
proble m 8 ,  withou t  solvin g i t  (Gl) . 

Group s 

Measure s 

Succes s rat e 
Favourabl e situatio n rat e 
N u m b er  o f  impasse s 

M 
SD 

Gl  G 2 
.5 5 .2 5 
.6 0 .2 5 

10 12. 4 
2. 5 2.1 9 

addition ,  proble m 9  i s a  ver y difficul t  proble m an d subject s 
rarel y succee d i n solvin g i t  b y th e exper t  path . 

Discussion 

I n thi s experimen t  w e aime d a t  studyin g whethe r  havin g 
participant s analys e impasse s o f  a  give n proble m woul d 
improv e performanc e i n solvin g anothe r  proble m belongin g 
t o th e sam e proble m space . 

Result s sho w tha t  w h e n subject s studie d impass e fo r 
proble m 8  withou t  solvin g it ,  thei r  performanc e o n proble m 9 
was bette r  tha n performanc e o f  subject s w h o solve d i t  afte r 
havin g solve d proble m 8 .  Th e succes s rat e an d th e numbe r  o f 
subject s w h o reache d th e favourabl e state s i n orde r  t o attai n 
th e goal ,  differe d significantl y betwee n groups . 

Subject s w h o worke d o n impasse s befor e solvin g proble m 
9 wer e als o abl e t o reac h favorabl e state s mor e quickl y tha n 
subject s w h o solve d problem s 8  an d 9 .  A s explaine d above , 
proble m 9  i s a  ver y difficul t  problem .  Durin g th e 
experiment ,  w e notice d tha t  eve n whe n subject s wer e abl e t o 
discove r  th e relevan t  propertie s whic h allo w solvin g th e 
problem ,  the y ha d difficult y i n establishin g priorities .  Fo r 
instance ,  th e propert y whic h lead s t o tak e th e exper t  pat h 
occur s whe n th e tw o rectangle s ar e joine d (a s i n proble m 7) . 
Anothe r  favorabl e propert y occur s whe n tw o square s ar e 
belo w an d tw o square s ar e abov e th e horizonta l  rectangles . 
But  whic h propert y i s mos t  important ? I n fact ,  th e firs t 
propert y lead s t o th e secon d (i.e .  whe n th e rectangle s ar e 
joine d fro m th e beginnin g o f  th e solvin g process ,  th e square s 
ar e necessaril y  belo w an d abov e th e horizonta l  rectangle) . 
But  i t  i s  ver y difficul t  t o infe r  thi s relatio n an d subject s wer e 
not  abl e t o d o s o durin g th e analysi s o f  th e impasses .  Thus , 
durin g th e solvin g process ,  the y ha d difficult y i n prioritizin g 
thes e propertie s relate d t o subgoals .  Impasse s occurre d i n 
thes e cases .  Subject s i n G l  mad e man y irrelevan t  move s an d 
encountere d m a n y impasses .  Howeve r  thes e impasse s wer e 
loca l  impasses ,  tha t  is ,  the y di d no t  lea d subject s awa y fro m 
th e exper t  path .  Thi s als o explain s th e grea t  numbe r  o f  move s 
require d t o reac h favorabl e situations .  Analysi s o f  protocol s 
sho w tha t  thes e impasse s almos t  alway s concerne d subgoal s 
situations .  Thoug h subject s ha d difficult y i n simultaneousl y 
organinzin g th e differen t  subgoals ,  th e pat h the y pursue d wa s 
th e relevan t  one .  O n th e othe r  hand ,  subject s i n G 2 di d no t 
sho w th e sam e patter n o f  performance . 

Result s agai n sugges t  tha t  studyin g impasse s withou t 
makin g move s ha s a  mor e beneficia l  effec t  tha n encounterin g 
impasse s durin g th e solvin g process . 

G e n e r a l  D iscuss io n 

T wo mai n idea s wer e propose d i n thi s article .  Accordin g t o 
Richar d an d Tiju s (i n press) ,  object s hav e tw o kin d o f 
propertie s :  stabl e an d unstabl e properties .  Stabl e propertie s 

ar e thos e whic h defin e th e object s i n a  proble m an d whic h 
ca n no t  b e modifie d b y a n action .  Unstabl e propertie s ar e 
thos e whic h ca n b e modifie d b y a n action .  Fo r  instance ,  i n 
th e cas e o f  classica l  transformatio n problems ,  unstabl e 
propertie s ar e almos t  alway s locatio n properties ,  wherea s 
stabl e propertie s ar e usuall y a n object' s  size ,  shape ,  etc . 

Th e firs t  ide a propose d her e consiste d i n describin g th e 
proble m spac e a s a  se t  o f  stabl e an d unstabl e properties .  I n 
thi s way ,  al l  th e state s o f  th e proble m stat e ca n b e describe d 
by object' s properties .  Thi s descriptio n permit s characterizin g 
eac h stat e b y it s properties ,  an d thu s explainin g th e subjectiv e 
distanc e (i n th e subject' s mind )  betwee n tw o states .  Becaus e 
the y shar e som e properties ,  tw o state s ma y b e though t  clos e 
t o eac h othe r  eve n thoug h the y ar e actuall y ver y fa r  apar t  i n 
th e objectiv e proble m space .  W e sugges t  tha t  wit h thi s view , 
as soo n a s on e o r  severa l  propertie s ar e considered ,  th e 
proble m spac e -  usuall y considere d a s a  homogeneou s spac e -
becomes a  se t  o f  distinc t  area s o f  states .  Ou r  clai m i s tha t 
propertie s share d b y differen t  state s guid e a  subject' s 
behaviou r  an d ca n lea d hi m throug h irrelevan t  paths .  Thi s i s 
th e cas e whe n th e propertie s subject s focu s o n a t  th e 
beginnin g o f  th e solvin g proces s ar e irrelevant .  Fo r  instance , 
i f  subject s tak e onl y a  limite d se t  o f  goa l  propertie s int o 
account ,  the y m a y tr y t o reac h th e state s wher e thes e 
propertie s ar e present .  However ,  th e pat h the y thu s tak e m a y 
be a n irrelevan t  on e fo r  solvin g th e problem .  Thus ,  impasse s 
occur . 

T h e secon d ide a concerne d impass e situation s mor e 
directly .  I n th e experiment s reporte d i n thi s articl e w e 
showe d tha t  workin g o n impass e situation s befor e solvin g a 
give n proble m increase s performance .  Moreover ,  thi s 
beneficia l  effec t  wa s als o observe d fo r  mor e distan t  problem , 
tha t  i s  a  proble m belongin g t o th e sam e proble m space .  Thes e 
result s sugges t  tha t  i t  i s  possibl e t o lear n th e relevan t 
propertie s o f  a  proble m spac e throug h studyin g it s impasse s 
and tha t  thi s learnin g i s transferabl e t o al l  problem s insid e 
thi s space . 

We sugges t  tha t  th e wel l  k n o w n beneficia l  effec t  o l 
impass e situation s i s du e t o th e fac t  tha t  the y allo w subject s 
t o discove r  th e relevan t  propertie s o f  th e object s involve d i n 
action s an d t o enric h thei r  representation s o f  th e proble m an d 
th e goal .  Impass e situation s ar e favorabl e situation s becaus e 
the y permi t  subject s t o discove r  tha t  i n orde r  t o attai n a  goal , 
th e object s t o wor k wit h mus t  b e selecte d becaus e thei r 
propertie s ar e wha t  wil l  allo w satisfyin g th e condition s whic h 
ar e necessar y fo r  attainin g th e goal .  Th e specifi c  propertie s o f 
object s ar e relate d t o subgoals .  Thus ,  discover y o f  propertie s 
has  a n effec t  o n subgoa l  structur e modification . 

We thin k tha t  subject s construc t  subgoal s accordin g t o 
propertie s the y hav e alread y take n int o account .  W h e n 
subgoal s ar e base d o n irrelevan t  properties ,  the y lea d t o 
impasses .  I f  subject s analyz e impasse s the y ca n discove r  al l 
th e othe r  propertie s o f  th e goa l  (o r  th e subgoal )  tha t  the y 
faile d t o tak e int o account .  I n othe r  words ,  impasse s ar e 
beneficia l  becaus e the y allo w subject s t o discove r  th e 
relevan t  prerequisite s an d t o mak e necessar y detour s i n orde r 
t o reac h th e goal . 

I n term s o f  stat e properties ,  impasse s enabl e subject s t o 
notic e tha t  th e propertie s the y hav e take n int o accoun t  wer e 
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irrelevant .  Thi s lea d subject s t o discove r  othe r  objec t 
properties .  Generally ,  thes e propertie s ar e th e functiona l 
propertie s relevan t  t o solv e th e problem .  I n thi s case ,  w e 
conside r  tha t  propertie s take n int o accoun t  ca n be  modified , 
i.e .  a  property' s weigh t  (th e cognitiv e importanc e o f  a 
property )  ma y chang e durin g th e learnin g process . 

Moreover ,  w e thin k tha t  th e benefit s o f  th e impass e 
situation s ma y depen d o n th e subject' s subgoa l  structure . 
Result s w e obtaine d i n ou r  laborator y sho w tha t  subject s wit h 
elaborat e subgoa l  structur e (eve n i f  irrelevant )  benefi t  mor e 
ofte n from  impasse s tha n subject s withou t  subgoals . 

Impasse s permi t  subject s t o realiz e tha t  propertie s the y 
hav e take n int o accoun t  ar e irrelevant .  Bu t  impasse s rarel y 
indicat e whic h propertie s ar e relevant .  Thi s ma y be  on e 
reaso n wh y i t  i s  s o difficul t  t o conceptualiz e a  proble m 
durin g th e solvin g process .  I n orde r  t o benefi t  from  impasses , 
subject s hav e t o thin k abou t  th e propertie s whic h ar e 
necessar y i n orde r  t o attai n a  goal ,  i.e .  i n term s o f  favorabl e 
states .  Thi s lead s subject s t o pa y attentio n t o propertie s the y 
hav e neglected .  I n th e experiment s reporte d here ,  whe n 
subject s worke d o n impass e situation s befor e solvin g th e 
problem ,  the y wer e invite d t o explai n whic h object s wer e th e 
most  problemati c an d wher e thes e object s ha d t o b e place d i n 
orde r  t o mak e th e goa l  pursue d attainable .  Thi s le d subject s 
t o thin k i n term s o f  favorabl e state s an d favorabl e properties . 
Such analysi s rarel y occur s whe n subject s ar e actin g an d w e 
thin k tha t  thi s i s wh y th e analysi s o f  impasse s withou t  actin g 
was beneficia l  i n ou r  experiment . 

Thes e result s ar e interestin g i n tha t  the y allo w explainin g 
th e pathway s subject s tak e throug h th e objectiv e proble m 
space ,  fro m th e poin t  o f  vie w o f  th e propertie s a  subjec t  take s 
int o accoun t  a t  eac h moment  o f  th e solvin g process . 
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A b s t r a c t 

Thi s stud y examine s th e effect s o f  representationa l 
form s o n th e acquisitio n an d transfe r  o f  proble m 
solvin g strategies .  Thre e isomorphi c representation s 
of  th e Tic-Tac-To e ar e use d a s th e experimenta l  tasks . 
The experimen t  show s tha t  differen t  representation s o f 
a commo n structur e lea d t o th e discover y o f  differen t 
form s o f  a  commo n strateg y wit h varyin g degree s o f 
generality .  Wit h a  bette r  representation ,  subject s no t 
onl y lear n faste r  bu t  als o acquir e mor e genera l  form s 
of  th e strategy .  Th e transfe r  acros s differen t 
representation s ca n b e eithe r  positiv e o r  negative ,  an d 
i t  i s  base d o n strategies ,  no t  o n proble m structures . 

Introduction 

Differen t  isomorphi c representation s o f  a  c o m m o n 

abstrac t  structur e ca n generat e dramaticall y differen t 

representationa l  efficiencies ,  tas k complexities ,  an d 

behaviora l  outcomes .  Thi s phenomeno n i s  ofte n 

calle d representationa l  effec t  (e.g. ,  Zhan g « & Norman , 

1994) .  O n e obviou s exampl e i s th e differen t 

difficult y level s o f  multi-digi t  multiplicatio n usin g 

Arabi c an d R o m a n numeral s (se e Zhan g &  Norman , 

1995 ,  fo r  a  detaile d study) .  Th e stud y o f  th e 

representationa l  effec t  ha s bee n focuse d o n 

performanc e an d transfer ,  no t  o n acquisitio n an d th e 

relatio n betwee n acquisitio n an d transfe r  (e.g. ,  Chen g 

& Holyoak ,  1985 ;  Evans ,  1983 ;  Gic k &  Holyoak , 

1980 ,  1983 ;  Greeno ,  1974 ;  Grigg s &  Hewstead , 

1982 ;  Jeffries ,  Poison ,  &  Razran ,  1977 ;  Kotovsky , 

Hayes ,  &  Simon ,  1985 ;  Kotovsk y &  Simon ,  1990 ; 

Larki n &  Simon ,  1987 ;  Novick ,  1990 ;  Waso n & 

Johnson-Laird ,  1972 ;  Zhan g &  Norman ,  1994) . 

The purpos e o f  th e presen t  stud y i s t o examin e 

h o w representationa l  form s affec t  th e acquisitio n o f 

proble m solvin g strategie s an d h o w th e acquire d 

strategie s affec t  transfer .  Th e mai n hypothese s ar e (1 ) 

differen t  representation s o f  a  c o m m o n structur e lea d t o 

th e discover y o f  differen t  form s o f  a  c o m m o n strategy , 

wit h a  bette r  representatio n leadin g t o faste r  learnin g an d 

t o th e discove r  o f  mor e genera l  form s o f  th e strategy ;  an d 

(2 )  th e acquire d strateg y ca n caus e bot h positiv e an d 

negativ e transfer ,  dependin g o n th e tw o isomorph s 

involved . 

Tic-Tac-Toe 

The Tic-Tac-To e (henceforth ,  T T T )  an d it s isomorph s ar e 

use d fo r  th e presen t  study .  Th e T T T i s a  well-know n two -

playe r  game .  A  mino r  variatio n o f  th e origina l  gam e i s 

show n i n Figur e 1 A a s th e Lin e version .  Th e tas k fo r  th e 

tw o player s i s t o selec t  th e circle s i n tur n b y colorin g th e 

circle s wit h differen t  colors ,  on e a t  a  time .  Th e on e w h o 

first  get s thre e circle s o n a  straigh t  lin e (horizontal , 

vertical ,  o r  diagonal )  win s th e game .  Th e T T T i s a  dra w 

game,  i.e. ,  whe n bot h player s us e optimim i  strategies , 

neithe r  ca n win .  Figure s I B an d I C ar e tw o mor e 

isomorph s o f  th e T T T .  I n th e Numbe r  versio n (Figur e 

IB) ,  th e tas k i s t o selec t  th e number s i n tur n b y colorin g 

th e numbers ,  on e a t  a  time .  Th e on e w h o firs t  get s thre e 

number s tha t  exactl y ad d t o 1 5 win s th e game .  I n th e 

Colo r  versio n (Figur e IC) ,  th e tas k i s t o selec t  th e bi g 

circle s i n tur n b y drawin g differen t  backgroun d textures . 

The on e w h o first  get s thre e bi g circle s tha t  contai n th e 

same colore d smal l  circl e win s th e game .  Figur e 2  show s 

th e equivalenc e o f  th e isomorphs :  th e center ,  comers ,  an d 

side s i n Lin e (Figur e 2 A )  correspon d t o th e numbe r  five, 

eve n numbers ,  an d od d number s i n Numbe r  (Figiu- e 2 B ) 

and th e 4-object ,  3-object ,  an d 2-objec t  bi g circle s i n 

Colo r  (Figur e 2C) ,  respectively . 

Th e representationa l  propertie s o f  th e T T T wer e 

analyze d b y Zhan g (1997 )  i n term s o f  fou r  forma l 

propertie s an d thei r  representations .  Th e fou r  forma l 

propertie s are :  (1 )  nin e elements ;  (2 )  eigh t  winnin g 

*  Thi s researc h wa s i n par t  supporte d b y Grant s NOOO14-96-1-047 2 an d NOOO14-95-1-024 1 from  th e Offic e o f  Nava l  Research , 
Cognitiv e an d Neura l  Science s &  Technolog y Division ,  an d b y a  See d Gran t  from  th e Offic e o f  Researc h a t  Th e Ohi o Stat e 
University . 
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triplets ,  eac h o f  whic h i s a  grou p o f  thre e element s 

tha t  constitut e a  win ;  (3 )  thre e symmetr y categorie s 

tha t  grou p th e nin e elements ,  wit h th e element s i n a 

symmetr y categor y bein g identica l  t o eac h other ;  (4 ) 

winnin g invariant s o f  symmetr y categories ,  eac h o f 

whic h i s th e numbe r  o f  winnin g triplet s t o whic h a n 

elemen t  belongs .  Fo r  example ,  fo r  Lin e i n Figur e lA , 

th e nin e element s ar e th e nin e circles .  Th e eigh t  win -

nin g triplet s ar e th e 3-circl e group s tha t  li e o n th e 3 

horizontal ,  3  vertical ,  an d 2  diagona l  lines .  Th e thre e 

symmetr y categorie s ar e th e center ,  4  comers ,  an d 4  sides . 

Th e winnin g invariant s o f  th e center ,  comers ,  an d side s 

ar e 4,3 ,  an d 2 ,  respectively .  Fo r  example ,  th e cente r  i s a n 

elemen t  o f  4  winnin g triplets :  1  horizontal ,  1  vertical ,  an d 

2 diagona l  lines . 

© 0 ® 

(A )  Lin e (B )  Numbe r (C )  Colo r 

Figur e 1 .  Thre e T T T isomorphs .  (A )  Line .  Gettin g thre e circle s o n a  straigh t  lin e i s a  win .  (B )  Number .  Gettin g thre e 
number s tha t  exactl y ad d t o 1 S i s a  win .  (C )  Color .  Gettin g thre e bi g circle s tha t  contai n th e sam e colore d smal l  circl e i s a 
win .  Th e letter s insid e th e circle s indicat e th e color s use d i n th e experiment :  B  =  Blue ,  G  =  Green ,  L  =  Ligh t  Blue ,  O  = 
Orange ,  P  =  Pink ,  R  =  Red ,  Y  =  Yellow ,  W =  Brown . 
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(C)  Colo r 

Figur e 2 .  Th e mapping s o f  th e T T T isomorphs .  Th e center ,  comers ,  an d side s i n Lin e correspon d t o five,  eve n numbers , 
and od d number s i n Number ,  an d 4-object ,  3-object ,  an d 2-objec t  bi g circle s i n Color ,  respectively . 

The forma l  propertie s o f  th e T T T ar e represente d 

differentl y i n th e thre e T T T isomorphs .  Th e nin e 

element s ar e represente d b y nin e circle s i n Line ,  b y 

nin e number s i n Number ,  an d b y nin e bi g circle s wit h 

2,  3 ,  an d 4  smal l  circle s i n Color .  Th e eigh t  winnin g 

triplet s ar e represente d b y th e 3  horizontal ,  3  vertical , 

and 2  diagona l  straigh t  line s i n Line ,  b y th e eigh t 

number  triplet s wit h th e su m o f  th e thre e number s i n 

eac h triple t  equa l  t o 1 5 i n Number ,  an d b y th e eigh t 

differen t  color s o f  th e smal l  circle s i n Color .  Th e 

thre e symmetr y categorie s ar e represente d b y spatia l 

symmetr y i n Lin e (th e center ,  4  comers ,  an d 4  sides) . 

by parit y i n N u m b e r  (th e numbe r  five,  4  eve n numbers , 

and 4  od d numbers) ,  an d b y th e quantit y o f  object s i n a 

bi g circl e i n Colo r  (4-object ,  3-object ,  an d 2-objec t  bi g 

circles) .  Th e winnin g invarian t  o f  a  symmetr y categor y 

i s represente d b y th e numbe r  o f  straigh t  line s connectin g 

a circl e i n Lin e (4 ,  3 ,  an d 2  fo r  th e center ,  th e comers ,  an d 

th e sides ,  respectively )  an d b y th e quantit y o f  object s i n a 

bi g circl e i n Colo r  (4 ,  3 ,  an d 2) .  I n Number ,  however ,  th e 

winnin g invariant s ( 4 fo r  th e numbe r  five,  3  fo r  eve n 

numbers ,  an d 2  fo r  od d numbers )  ar e no t  directl y 

represented .  T o ge t  th e wirmin g invarian t  o f  a  number ,  i t 

must  b e groupe d wit h al l  possibl e pair s o f  othe r  number s 
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t o for m numbe r  triplet s an d th e sum s o f  th e thre e 

number s i n al l  numbe r  triplet s hav e t o b e mentall y 

compute d t o se e whethe r  eac h su m i s 15 .  Eve n wit h 

extensiv e menta l  computations ,  thi s tas k i s ver y 

difficu h i f  no t  impossible . 

Becaus e al l  T T T isomorph s hav e th e sam e 

forma l  structures ,  fo r  convenience ,  w e us e th e thre e 

symmetr y categorie s o f  Number ,  i.e. ,  five,  eve n 

numbers ,  an d od d numbers ,  t o refe r  t o th e thre e 

symmetr y categorie s o f  al l  T T T isomorph s fo r  th e 

res t  o f  thi s article .  Fo r  example ,  whe n w e tal k abou t 

eve n number s i n Color ,  w e actuall y refe r  t o th e 3 -

objec t  bi g circle s (se e Figur e 2) . 

I n th e curren t  study ,  th e tas k fo r  th e subject s i s t o 

discove r  th e Even-Eve n strategy ,  whic h require s the m 

t o selec t  an y eve n number s fo r  th e first  an d secon d 

moves t o ge t  draw s (fo r  th e detaile d algorithm ,  se e 

th e appendi x o f  Zhang ,  1997) .  Th e Even-Eve n 

strateg y i s necessar y an d sufficien t  fo r  subject s t o ge t 

draws .  Th e first  an d th e secon d move s ar e crucial :  i f 

eithe r  o r  bot h ar e mad e incorrectly ,  the n subject s 

alway s lose ,  regardles s o f  h o w othe r  move s ar e made . 

Under  thi s strategy ,  subject s onl y hav e t o mak e 

decision s fo r  th e first  an d secon d move s becaus e fo r 

al l  othe r  situations ,  th e subject s onl y hav e on e 

choice—blockin g th e piec e tha t  ca n lea d t o a n 

immediat e wi n fo r  th e computer .  I n addition , 

subjects '  first  an d secon d move s onl y depen d o n th e 

symmetr y categorie s (i.e. ,  five,  eve n numbers ,  an d 

od d numbers) ,  no t  o n specifi c  elements . 

Zhan g (1997 )  foun d tha t  fo r  th e Even-Eve n 

strategy ,  th e difficult y orde r  was ,  fi-om  hardes t  t o 

easiest :  Numbe r  >  Colo r  >  Line .  T w o factor s 

contribute d t o thi s difficult y order .  Th e first  facto r  i s 

th e perceptio n o f  th e symmetr y categories .  Subject s 

had bette r  perceptio n o f  th e symmetr y categorie s fo r 

Lin e tha n fo r  Color ,  an d ha d n o perceptio n o f  th e 

symmetr y categorie s fo r  Number .  Th e secon d facto r 

i s biases .  Fo r  Lin e an d Color ,  subject s ha d a 

perceptua l  bia s calle d more-is-bette r  bias ,  whic h i s 

th e tendenc y t o pic k a n elemen t  tha t  ha s highe r 

wimiin g invarian t  (e.g. ,  th e cente r  fo r  Liri e an d th e 4 -

objec t  bi g circl e fo r  Color) .  Thi s perceptua l  bia s wa s 

consisten t  wit h th e Even-Eve n strategy ,  thu s i t  helpe d 

make Lin e an d Colo r  easier .  Fo r  Number ,  instea d o f 

th e more-is-bette r  bias ,  subject s ha d a  cognitiv e bia s 

calle d larger-is-bette r  bias ,  whic h i s th e tendenc y t o 

pic k u p a  large r  numbe r  (e.g. ,  9  o r  8) .  Thi s cognitiv e 

bia s i s irrelevan t  t o th e Even-Eve n strategy ,  thu s i t 

di d no t  hel p m a k e Numbe r  easier .  Base d o n thi s 

fmdin g o f  th e difficult y orde r  o f  th e thre e isomorphs . 

Lin e ca n b e calle d th e mos t  effectiv e representatio n 

and Numbe r  th e leas t  effectiv e representatio n fo r  th e 

Even-Eve n strategy . 

The experimen t  describe d belo w wil l  examin e 

whethe r  th e differen t  representation s o f  th e thre e T T T 

isomorph s lea d t o th e discover y o f  differen t  form s o f  th e 

Even-Eve n strateg y an d whethe r  th e acquire d strategie s 

affec t  transfe r  acros s isomorphs .  Th e mai n hypothese s ar e 

(1 )  th e thre e isomorph s lea d t o th e discover y o f  differen t 

form s o f  th e Even-Eve n strategy ,  wit h th e mos t  effectiv e 

representatio n {Line )  leadin g t o th e fastes t  leamin g an d t o 

th e discove r  o f  th e mos t  genera l  for m o f  th e Even-Eve n 

strategy ;  an d (2 )  th e differen t  form s o f  th e acquire d 

strateg y ca n caus e bot h positiv e an d negativ e transfer , 

dependin g o n th e tw o isomorph s involved . 

Experiment 

Method 

Subjects .  9 0 undergraduat e student s enrolle d i n 

introductor y psycholog y course s a t  Th e Ohi o Stat e 

Universit y participate d i n th e experimen t  t o ear n cours e 

credit . 

Stimul L T h e thre e T T T isomorph s i n Figur e 1  wer e 

th e experimenta l  tasks .  The y wer e p rogramme d i n 

SuperCar d o n Macintos h computers .  T h e thre e T T T 

isomorph s wer e controlle d b y th e sam e progra m becaus e 

the y hav e th e sam e forma l  structure .  T h e compute r 

alway s m a d e th e firs t  m o v e i n al l  games .  It s strateg y wa s 

designe d suc h tha t  th e subject s ha d t o discove r  th e Even -

Eve n strateg y t o ge t  draws .  Subject s m a d e m o v e s b y 

clickin g th e piece s wit h a  mouse .  Th e piece s selecte d b y 

th e compute r  an d subject s wer e i n differen t  color s o r 

backgroun d pattern s suc h tha t  the y coul d b e distin -

guished . 

Desig n &  Procedure .  T h e desig n i s  show n i n Figur e 

3.  Eac h subjec t  playe d tw o o f  th e thre e T T T isomorphs . 

Subject s wer e tol d tha t  th e bes t  the y coul d ge t  wa s a  dra w 

an d wer e instructe d t o pla y th e game s agains t  th e 

compute r  unti l  the y go t  1 0 draw s i n a  row .  The y wer e no t 

tol d abou t  an y relation s betwee n th e first  an d secon d 

games.  Complet e m o v e sequence s an d tim e stamp s fo r  al l 

games wer e recorde d b y th e computer .  Afte r  eac h game , 

subject s wer e aske d t o writ e d o w n th e strategie s the y 

discovered . 

Firt I  Gan c Secoad Gan c 

90 subject s • 

30 subjec U (Lin* ) 

30 subjec U (Color ) 

< l S n i b j 

IStub j 

<:: 

S nibject s (Color ) 

subjects (Number) 

15 subjects (Line) 

subjects (Number) 

IS subjects (Line) 
30 subject s (Number )  < ^ 

^ ^  1 5 subject s (Color ) 

F i g u r e 3 .  T h e desig n o f  th e experiment . 
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Result s 

Pre-Transfe r  Performance .  Th e result s fo r  first 

games ar e show n i n Figur e 4 ,  wit h 3 0 subject s fo r 

eac h isomorph .  I n term s o f  th e numbe r  o f  game s 

neede d t o ge t  1 0 draw s i n a  ro w (Figur e 4A) ,  Lin e 

was marginall y easie r  tha n Colo r  (Tuke y H S D ,  p  = 

0.08) ,  whic h i n tur n wa s significantl y easie r  tha n 

Number  (Tuke y H S D ,  p  <  0.01) .  I n term s o f  th e 

number  o f  game s neede d t o ge t  th e first  dra w (Figur e 

4B) ,  Lin e an d Color ,  whic h di d no t  diffe r  fro m eac h 

othe r  significantl y (Tuke y H S D ,  p  =  0.38) ,  wer e bot h 

significantl y easie r  tha n Numbe r  (Tuke y H S D ,  p  < 

0.001 ,  fo r  bot h cases) . 

Figur e 4 C show s th e percentag e o f  th e subject s 

w ho go t  draw s fo r  eac h gam e positio n fo r  th e thre e 

isomorphs .  Consisten t  wit h th e result s o n 1 0 draw s 

and first  draw ,  i t  i s  clea r  tha t  subject s acquire d th e 

Even-Eve n strateg y fastes t  fo r  Lin e an d slowes t  fo r 

Number. 

One critica l  finding  o f  thi s experimen t  i s show n 

i n Figur e 4D .  W e sa y a  subjec t  discovere d o r 

acquire d th e Even-Eve n strateg y i f  th e subjec t  coul d 

get  1 0 draw s i n a  row .  However ,  th e Even-Eve n 

strateg y acquire d b y subject s ca n b e i n differen t 

forms .  Remember  tha t  th e Even-Eve n strateg y 

require s tha t  th e firs t  an d secon d move s b e an y eve n 

numbers .  I f  a  subjec t  coul d no t  perceiv e th e 

symmetr y categories ,  the y migh t  us e a  fixed  mov e 

sequenc e fo r  al l  te n draw s i n a  row .  Thi s i s th e Fixe d 

for m o f  th e Even-Eve n strategy .  Fo r  example ,  a 

subjec t  migh t  alway s selec t  2  a s th e first  mov e an d 

alway s selec t  4  a s th e secon d mov e fo r  al l  dra w 

games,  eve n i f  an y eve n number s woul d b e equall y 

correct .  I f  th e te n continuou s dra w game s o f  a  subjec t 

al l  ha d th e sam e mov e sequenc e an d th e subjec t  di d 

not  indicat e an y knowledg e o f  th e symmetr y i n th e 

writte n report ,  the n th e Even-Eve n strateg y acquire d 

by thi s subjec t  i s  classifie d a s Fixed .  Al l  othe r  form s 

ar e considere d a s Non-Fixed .  Figur e 4 D show s tha t 

mor e subject s acquire d th e Fixe d for m o f  th e Even -

Even strateg y i n Numbe r  tha n i n Colo r  an d i n Lin e 

(X ^  =  25.5 .  p  <  0.001 ;  x '  =  15.6 ,  p  <  0.001) ,  whic h 

di d no t  diffe r  from  eac h othe r  significantl y (x ^  =  1.8 , 

p =  0.12) . 

Transfe r  Effec t  Th e transfe r  dat a wer e 

analyze d fo r  th e si x 15-subjec t  group s correspondin g 

t o th e sb c combination s o f  first  an d secon d games .  I n 

term s o f  th e numbe r  o f  game s neede d t o ge t  1 0 draw s 

i n a  ro w (Figur e 5A) ,  ther e wer e a  significan t  positiv e 

transfe r  from  Numbe r  t o Colo r  (t(28 )  =  -2.34 ,  p  < 

0.05 )  an d a  significan t  negativ e transfe r  from  Colo r 

t o Lin e (t(28 )  =  -3.02 ,  p  <  0.005) .  Othe r  transfer s 

wer e no t  significan t  (larges t  |t(28) |  =  1.7 7 wit h 

smalles t  p  =  0.09) .  I n term s o f  th e numbe r  o f  game s t o 

first  dra w (Figur e SB) ,  non e o f  th e transfer s wer e 

significan t  (larges t  |t(28) |  =  1.1 7 wit h smalles t  p  =  0.25) . 

I t  appeare d tha t  th e positiv e transfe r  from  Numbe r  t o 

Colo r  an d th e negativ e transfe r  from  Colo r  t o Lin e wer e 

due t o th e transfe r  o f  th e differen t  form s o f  th e Even -

Eve n strategy .  Figur e 5 C show s tha t  th e percentag e o f 

subject s w h o acquire d th e Fixe d for m o f  th e Even-Eve n 

strateg y fo r  th e thre e isomorph s whe n the y wer e playe d a s 

th e first  gam e an d whe n the y wer e playe d a s th e secon d 

game.  Althoug h no t  significan t  (x ^  =  1.20 ,  p  =  0.20) , 

slightl y mor e subject s use d th e Fixe d for m o f  th e Even -

Even strateg y whe n Colo r  wa s playe d afte r  Numbe r  tha n 

when Colo r  wa s playe d befor e Numbe r  ( 6 0 % vs .  4 0 % ) . 

Afte r  acquirin g th e Fixe d for m o f  th e Even-Eve n strategy , 

i t  seem s tha t  subject s tende d t o us e a  fixed  mov e 

sequenc e t o ge t  1 0 draw s i n a  ro w whe n the y playe d 

Colo r  becaus e the y simpl y wante d t o ge t  1 0 draw s i n a 

ro w a s soo n a s possibl e t o satisf y th e goa l  o f  th e task . 

Therefore ,  subject s neede d fewe r  game s t o ge t  1 0 draw s 

i n a  ro w whe n Colo r  wa s playe d afte r  Numbe r  tha n whe n 

Colo r  wa s playe d befor e Number . 

The negativ e transfe r  from  Colo r  t o Lin e ca n b e 

explaine d i n a  simila r  manner .  Afte r  solvin g Color ,  th e 

Even-Eve n strateg y wa s acquire d a s a  Non-Fixe d for m b y 

5 3 % o f  th e subjects .  W h e n Lin e wa s playe d afte r  Color , 

th e Non-Fixe d for m acquire d from  Colo r  tende d t o mak e 

subject s us e Non-Fixe d for m i n Line ,  causin g the m t o 

pla y mor e game s befor e gettin g 1 0 draw s i n a  row . 

Therefore ,  slightl y mor e subject s use d th e Fixe d for m o f 

th e Even-Eve n strateg y whe n Lin e wa s playe d befor e 

Colo r  tha n whe n Lin e wa s playe d afte r  Colo r  ( 4 0 % vs . 

2 0 %,  x' = 1.42 ,  p  =  0.16) . 

The Patter n o f  Subjects '  Moves .  Figure s 6A-6 C 

sho w th e average d frequencies  o f  eve n an d od d nimiber s 

selecte d b y th e subject s a s th e first  move s i n th e initia l  1 0 

games fo r  th e si x transfe r  pairs .  Th e rightmos t  colum n i n 

eac h grap h show s th e expecte d frequencies  fo r  rando m 

moves wit h replacement .  N o transfe r  effec t  wa s observe d 

fo r  th e selectio n o f  th e first  move s (larges t  t(28 )  =  1.4 3 

wit h smalles t  p  =  0.16) . 

Figure s 6D-6 F sho w th e distribution s o f  subject s 

selectin g eve n an d od d number s a s thei r  secon d move s fo r 

th e first  gam e i n whic h a n eve n numbe r  wa s selecte d a s 

th e firs t  move .  Chi-Squar e test s showe d tha t  ther e wa s n o 

significan t  chang e o f  th e selectio n o f  eve n number s fo r 

any o f  th e transfe r  pair s (larges t  y }  =2.4 0 wit h smalles t  p 

= 0.12) . 

Therefore ,  th e positiv e transfe r  from  Numbe r  t o 

Colo r  an d th e negativ e transfe r  from  Colo r  t o Lin e wer e 

not  du e t o th e transfe r  o f  proble m structure s tha t  ar e 

reflecte d b y th e selectio n o f  moves . 
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F igur e 4 .  Pre-transfe r  results .  ( A )  T h e n u m b e r  o f  g a m e s neede d t o ge t  1 0 draw s i n a  r o w (excludin g th e 1 0 draws) .  (B ) 
T h e n u m b e r  o f  g a m e s neede d t o ge t  th e firs t  d ra w (includin g th e firs t  d raw) .  (C )  Percentag e o f  subject s w h o go t  draw s fo r 
eac h g a m e position .  ( D )  Percentag e o f  subject s w h o use d th e Fixe d for m o f  th e Even -Eve n strategy . 

c^  "- n „• •  = 1 1 = =- .  ̂ ^  " i  l "  "cJ '  •. ,  J .  I. „  L  C,  , c C  „ C 
(A)fgaiTiesto10drMi s (Bjfgameslolstilni w (C)  % Fbn d StnMg y Sijb|Kl > 

F igur e S .  Transfe r  results .  ( A )  T h e n u m b e r  o f  g a m e s neede d t o ge t  1 0 draw s i n a  r o w (excludin g th e 1 0 draws) .  (B )  T h e 
n u m b er  o f  g a m e s neede d t o ge t  th e firs t  d r a w (includin g th e firs t  d raw) .  (C )  Percentag e o f  subject s w h o use d th e Fixe d for m 
o f  th e E v e n - E v e n strategy .  C  =  Color ,  L  =  Line ,  N  =  N u m b e r .  T h e subscript s indicat e th e precedin g o r  succeedin g games . 
Fo r  example ,  L q i s fo r  Lin e tha t  w a s playe d befor e Colo r  an d c L i s fo r  Lin e wha t  w a s playe d afte r  Color . 

Random c"  n  n 
(B )  Firs t  Move :  Numbe r  v« .  Colo r (C)  Firs t  Move :  Lin e vs .  Numbe r (A )  Firs t  IMove :  Un e vs .  Colo r 

Random 
(D)  Secon d Move :  Un e vs .  Colo r 

M c  c  Rando m 
(E) Second Move: Number vs. Color (F )  Secon d Move :  Lin e vs .  Numbe r 

Figur e 6 .  M o v e patterns .  (A)-(C )  T h e averag e frequencie s o f  eve n an d od d number s selecte d b y eac h subjec t  a s first  m o v e s 
fo r  th e initia l  1 0 g a m e s fo r  th e Line-Color ,  Number -Co lo r ,  an d L ine-Numbe r  transfe r  pairs .  (D)-(F )  Frequenc y distribution s 
o f  subject s w h o selecte d eve n an d o d d n u m b e r s a s thei r  secon d m o v e s i n th e first  g a m e i n wh ic h five  w a s selecte d a s th e 
first  m o v e fo r  th e Lin e an d Color ,  N u m b e r  an d Color ,  an d Lin e an d N u m b e r  pairs . 
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Conclusio n 

The presen t  stud y examine d ho w th e form s o f 

representation s affec t  wha t  strategie s wer e acquire d 

and ho w th e acquire d strategie s wer e transferred .  Th e 

experimen t  showe d th e followin g results . 

First ,  differen t  representation s o f  a  common 

structur e le d t o th e discover y o f  differen t  form s o f  a 

common strateg y wit h varyin g degree s o f  generality . 

Wit h a  bette r  representation ,  subject s no t  onl y 

learne d faste r  bu t  als o acquire d mor e genera l  form s 

of  th e strategy . 

Second ,  th e transfe r  acros s differen t  isomorphi c 

representation s coul d b e eithe r  positiv e o r  negative . 

Althoug h a  les s effectiv e representatio n (Number )  le d 

t o th e acquisitio n o f  a  les s genera l  for m o f  th e Even -

Even strategy ,  thi s les s genera l  for m o f  th e strateg y 

le d t o a  positiv e transfe r  t o a  mor e effectiv e 

representatio n (Color) .  I n contrast ,  th e mor e effectiv e 

representatio n (Color )  le d t o th e acquisitio n o f  a 

more genera l  for m o f  th e Even-Eve n strategy . 

However ,  thi s mor e genera l  for m o f  th e strateg y le d 

t o a  negativ e transfe r  t o th e mos t  effectiv e 

representatio n (Line) . 

Third ,  th e positiv e an d negativ e transfer s 

mentione d abov e wer e no t  du e t o th e transfe r  o f  th e 

structure s o f  th e task .  I n fact ,  th e structure s o f  th e 

task ,  reflecte d b y th e pattern s o f  subjects '  moves , 

wer e no t  transferre d from  on e isomorp h t o another . 

Thi s resul t  i s  consisten t  wit h th e genera l  finding  o f 

minima l  spontaneou s transfe r  acros s problem s wit h 

differen t  surfac e representation s i n th e studie s o f 

analogica l  proble m solvin g (e.g. ,  Gic k an d Holyoak , 

1980,  1983 ;  Holyoa k &  Koh ,  1987 ;  Ross ,  1984) . 

I n conclusion ,  th e presen t  stud y i s anothe r 

demonstratio n o f  th e ubiquitou s representationa l 

effect .  Th e majo r  contributio n i s th e demonstratio n 

tha t  differen t  representation s o f  a  common 

underlyin g structur e ca n lea d t o th e discover y o f 

differen t  propertie s o f  th e underlyin g structur e i n 

term s o f  differen t  form s o f  strategies ,  whic h ca n no t 

onl y determin e proble m difficultie s bu t  als o affec t 

th e patter n o f  knowledg e transfer . 
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What  come s nex t  i n thi s pattern ? T o answe r  thi s 
question ,  on e mus t  encode ,  o r  mentall y represent , 
feature s o f  th e pattern ,  an d appl y a  strateg y t o determin e 
th e nex t  item .  Klah r  (1970 )  ha s show n tha t  childre n 
use systemati c strategie s t o solv e suc h problems . 

The presen t  stud y investigate d whethe r  childre n an d 
adult s us e differen t  strategie s t o solv e suc h problems , 
and whethe r  the y encod e differen t  feature s o f  th e 
patterns .  A s Siegle r  (1976 ;  1989 )  ha s argued , 
understandin g proble m encodin g ma y b e on e ke y t o 
understandin g th e proces s o f  strateg y change . 

Method 

Fiftee n adult s an d eigh t  five-year-old s participate d i n 
tw o experimenta l  tasks .  I n th e completio n task , 
participant s viewe d a  patter n an d wer e aske d "Wha t 
comes next? "  an d "Why? "  I n th e reconstructio n task , 
participant s viewe d a  patter n fo r  si x seconds ,  an d the n 
reconstructe d th e patter n usin g fel t  shapes . 

For  eac h task ,  participant s complete d si x trial s fix-
each o f  thre e patter n types .  Eac h patter n consiste d o f 
si x items ,  whic h wer e eithe r  circle s (C )  o r  square s (S) , 
and wer e eithe r  bi g (B )  o r  littl e (L) .  I n Same-Same 
patterns ,  shap e an d siz e repeate d i n th e sam e perio d an d 
same patter n (e.g. ,  BS-BS-LC-BS-BS-LC) .  I n Same-
Differen t  patterns ,  shap e an d siz e repeate d i n th e sam e 
perio d bu t  differen t  pattern s (e.g. ,  BC-BS-LS-BC-BS -
LS) .  I n Different -  Differen t  patterns ,  shap e an d siz e 
repeate d i n differen t  period s an d differen t  pattern s (e.g. , 
BC-LC-BS-LC-BC-LS) . 

To asses s strateg y use ,  w e transcribe d participants ' 
explanation s i n th e completio n task ,  an d categorize d 
the m i n term s o f  strategies .  T o asses s encoding ,  w e 
compare d participants '  reconstruction s t o th e origina l 
patterns .  Fou r  type s o f  error s wer e identified :  (a )  Shape -
onl y error s (e.g. ,  B C fo r  BS) ,  (b )  Size-onl y error s (e.g. , 
BC fo r  LC) ,  (c )  Both-shape-and-siz e error s (e.g. ,  B C fo r 
LS) ,  an d (d )  Omissions . 

Results and Discussion 

Adult s an d childre n showe d littl e overla p i n th e 
specifi c  strategie s used .  Amon g children ,  th e mos t 
common strategie s wer e Deciphe r  Shap e (identif y th e 
patter n fo r  shap e only )  an d Las t  Matc h (fm d a  previou s 
instanc e o f  th e final  item ,  an d cop y th e followin g item) . 
Among adults ,  th e mos t  common strateg y b y fa r  wa s 
Deciphe r  Togethe r  (identif y th e patter n treatin g siz e an d 
shap e a s integrated) .  Adult s als o use d Deciphe r 

Separat e (identif y th e pattern s fo r  siz e an d shap e 
separately )  an d Inver t  (inver t  par t  o f  th e pattern) . 

We assesse d eac h participant' s mos t  frequent  stt-ateg y 
fo r  eac h patter n type .  Mos t  adult s  (87% )  use d th e sam e 
primar y strateg y fo r  Same-Same (SS )  an d Same-
Differen t  (SD )  patterns ,  bu t  use d a  differen t  strateg y fo r 
Different-Differen t  (DD )  patterns .  I n contrast ,  mos t 
childre n (88% )  use d th e sam e primar y strateg y acros s 
al l  patter n types .  Consequently ,  childre n use d fewe r 
strategie s overal l  tha n adults .  Thus ,  adult s adapte d 
thei r  strateg y us e t o th e specific s o f  th e patterns ,  bu t 
childre n di d not . 

Children' s reconstruction s wer e les s accurat e tha n 
adults' ,  F(1,2I)=56.I3 ,  p<.OI ,  an d childre n an d adult s 
had differen t  pattern s o f  reconstructio n performanc e 
acros s patter n types ,  F(2,42)=4.54 ,  p<.02 .  Adult s 
encode d S S an d S D pattern s nearl y perfectly ,  an d D D 
pattern s slightl y les s well .  Childre n encode d S S 
pattern s best ,  an d S D an d D D pattern s equall y poorly . 

The distributio n o f  encodin g erro r  type s als o differe d 
fo r  childre n an d adults ,  F(3,63)=13.89 ,  p<.01 .  Sinc e 
children' s problem-solvin g strategie s ofte n focuse d 
exclusivel y o n shap e (e.g. .  Deciphe r  Shape) ,  bu t  adults ' 
strategie s typicall y focuse d o n bot h shap e an d siz e (e.g. , 
Deciphe r  Together) ,  w e hypothesize d tha t  childre n 
woul d mak e fewe r  shape-onl y error s tha n adults .  A s 
predicted ,  amon g single-dimensio n errors ,  childre n 
made proportionatel y fewe r  shape-onl y error s tha n 
adult s (4 2 vs .  80% ,  t(19)=3.04 ,  p<.01) . 

These result s sugges t  tha t  proble m encodin g an d 
strateg y us e ar e closel y linked .  However ,  difference s i n 
encodin g di d no t  inevitabl y lea d t o difference s i n 
strateg y use—children' s encodin g performanc e differe d 
acros s proble m types ,  bu t  thei r  proble m solvin g 
strategie s di d not .  Thes e findings  sugges t  that ,  fo r  th e 
patter n completio n task ,  improvement s i n encodin g 
may preced e change s i n strateg y use .  Indeed ,  ne w 
encoding s ma y b e on e sourc e o f  ne w problem-solvin g 
strategies . 
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Abstrac t 

Do Remote Associates Test (RAT) problems measure the 
proces s o f  remot e association ? I n th e presen t  stud y a  ne w se t  o f 
R AT problem s wa s generated ,  an d associatio n norm s wer e 
determine d fo r  eac h tes t  word ,  providin g a n inde x o f  th e 
remotenes s o f  di e associatio n neede d t o solv e eac h problem . 
The observe d remotenes s o f  eac h proble m correlate d wit h th e 
difQcult y o f  th e problems . 

Introduction 

A remote associate is an unusual associate of a word. Remote 
associatio n ha s bee n hypothesize d t o b e th e basi s o f  al l  cre -
ativ e thinkin g (e.g. .  Mednick ,  1962) ,  includin g divergen t 
thinking ,  o r  th e discover y o f  alternativ e idea s (e.g. .  Guilford , 
1 % 7 ) ,  becaus e imusua l  idea s ar e ofte n neede d t o solv e un -
usua l  problems .  Althoug h thi s assessmen t  ma y overstat e th e 
rol e o f  remot e associatic m i n creativ e cognition ,  i t  mmetheles s 
highlî t s  it s  imp(Mtanc e f< x accessin g uncommo n ideas . 

A laboratray instrument used to assess remote association is 
th e Remot e Associate s Tes t  (Mednick ,  1  % 2 ) .  T o solv e Re -
mot e Associate s Tes t  problems ,  subject s sqiposedl y mus t  ac -
ces s mKxxnnK m associate s o f  th e tes t  words .  Eac h proble m 
caisist s o f  a  tria d o f  word s (e.g. ,  A P P L E ,  H O U SE an d F A M -
ILY) ,  an d th e solutio n i s a  singl e w w d associate d wit h eac h o f 
th e thre e tes t  w w d s {tree :  APPLE-tree ,  tree-HOUSE .  an d 
FAMILY-tree) .  Accessin g th e solutic m wor d from  th e thre e 
tes t  w(»d s i s sai d t o requir e ideationa l  fluency  (Guilford , 
1 % 7 ) ,  th e abilit y  t o rejec t  ( x avoi d commo n associate s an d 
retriev e man y respcxises ,  includin g raat e xsaaoaaaoia ,  remot e 
associates .  Althoug h thi s notio n ha s bee n vei y popularl y en -
dorsed ,  ther e ha s bee n a  remarkabl e absenc e o f  researc h c m 
th e proces s o f  remot e associatic m an d th e questio n o f  whethe r 
or  no t  tha t  proces s i s involve d whe n peopl e solv e Remot e As -
sociate s Tes t  problems . 

Does solving Remote Associates Test problems involve re-
mot e association ? Specifically ,  doe s a  ctxnputationa l  mode l 
tha t  use s associatio n hierarchie s mor e accuratel y simulat e hu -
man perfcvmanc e o n a  Remot e Associate s Tes t  tas k tha n c» e 
tha t  merel y searche s associate s randomly ? 

Metho d 

Remote Associate Test items were pretested for their suitabil-
ity .  Th e triad s chose n wer e one s i n ̂ \1uc h 1 )  Th e solutio n 
wor d fcHin s a  conqmun d wor d o r  tw o wcv d phras e wit h eac h 
tes t  word ,  an d 2 )  Th e solutio n w w d need s t o b e recognize d b y 
a hig h proportio n o f  subject s a s a  legitimat e soluticn . 

A group of participants generated associates to each of the 36 
tes t  word s (thre e w w d s fa t  eac h o f  1 2 R A T problems) .  Asso -
ciati(x i  norm s fcM *  tes t  wn-d s wer e created . 

A secon d groiq )  o f  participant s wa s give n th e R A T problem s 
t o solve ,  wit h 20-se c aUowe d pe r  problon . 

Results & Conclusions 

The Remoteness of a RAT problem was computed as the 
number  o f  subject s givin g di e solutio n w w d a s a n associat e i n 
respons e t o tes t  wor d 1 .  plu s th e numbe r  fo r  tes t  wor d 2 ,  plu s 
th e numbe r  fc x tes t  wor d 3 .  Th e Difficult y o f  a  proble m wa s 
th e propcvtio n o f  subject s vih o solve d th e problon .  Th e cor -
relatic m betwee n Remotenes s an d Difficult y wa s r  =  .93 ;  mor e 
remot e problem s wer e solve d les s often .  Tli e R A T problem s 
we generate d appeare d t o measur e th e proces s o f  remot e asso -
ciation ,  showin g tha t  proble m difficult y increase d uiie n th e 
solutio n wor d wa s mor e likel y t o b e a  remot e associat e o f  th e 
tes t  w w d s ,  rathe r  tha n a  clos e associate . 
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Speec h act s suc h a s requests ,  verba l  commitments ,  warnings , 

and threat s ar e a  ubiquitou s aspec t  o f  everyda y languag e use . 

They provid e a  mean s t o shar e menta l  model s o f  ou r 

knowledg e i n socia l  interactions .  Wit h the m w e ca n direc t 

th e assignmen t  o f  futur e action s fo r  ourselve s an d other s b y 

simpl y utterin g certai n word s arrange d i n a  particula r  way . 

The purpos e o f  th e presen t  stud y wa s t o determin e whethe r  a 

theor y o f  speec h ac t  comprehensio n concernin g th e sharin g 

of  speakers '  intention s i n request-to-commi t  dialog s ca n b e 

use d t o isolat e motivationa l  factor s i n a  therap y contex t  i n 

whic h th e therapist' s  goa l  i s t o obtai n a  verba l  commitmen t 

from  th e clien t  t o chang e hi s o r  he r  dru g habi t  (se e Mille r  & 

Rollnick ,  1991) .  Accordin g t o speec h ac t  theorist s (e.g. , 

Searle .  1969 ,  1977) ,  fo r  eac h speec h ac t  type ,  differen t 

intention s (e.g. ,  desire .  abiUty ,  need )  ar e assigne d t o th e 

speake r  o f  a n utteranc e an d th e Ustene r  w h o receive s it . 

W h en thes e intention s ar e no t  actuall y presen t  i n a  discours e 

situation ,  ye t  a  speec h ac t  ha s bee n uttered ,  it s performanc e i s 

unsuccessfu l  t o varyin g extents .  Th e intention s o f  desir e an d 

abiht y hav e receive d th e mos t  attentio n i n th e empirica l 

hteratur e (e.g. ,  Amrhein ,  1992 ;  Gibbs ,  1986 ;  Holtgraves , 

1994 ;  Franci k &  Clark ,  1985) .  Fo r  example ,  i n th e cas e o f  a 

successfu l  request ,  th e speake r  want s a  specifie d ac t  t o b e 

earne d ou t  b y th e Ustener ,  an d th e speake r  believe s tha t  th e 

Ustene r  want s an d i s abl e t o carr y ou t  tha t  act .  Wit h thes e 

intention s i n place ,  i t  i s  likel y tha t  th e ac t  wil l  mdee d b e 

carrie d out .  No t  s o coincidentally ,  verba l  commitment s ca n 

als o b e characterize d m term s o f  thes e intentions .  Tha t  is ,  fo r 

a successfu l  commitment ,  th e speake r  beUeve s tha t  di e 

Ustene r  want s a  specifie d ac t  t o b e carrie d ou t  b y th e speaker , 

and th e speake r  bot h want s an d i s abl e t o carr y ou t  tha t  act . 

Dat a wil l  b e presente d fro m experiment s whic h illustî t e th e 

basi c patter n o f  th e contributio n o f  speake r  intention s t o th e 

strengt h o f  verba l  commitment s a s we U a s fro m tiierapist 

(qu a requester)-cUen t  (qu a committer )  protocol s whic h 

repUcat e thi s pattern .  CoUectively ,  thes e dat a wil l 

demonsti^t e ho w speake r  intention s influenc e th e frequency, 

for m an d strengt h o f  speec h act s i n discourse . 
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B a c k g r o u n d 

A numbe r  o f  recen t  studie s hav e demonstrate d wha t  hav e 
come t o b e know n a s "learne d categorica l  perception "  effect s 
i n human s (e.g. ,  Goldstone ,  1994) .  Th e mos t  common 
for m o f  thes e effect s i s calle d "compression" :  Peopl e hav e 
greate r  difficult y discriminatin g o r  judg e t o b e mor e simila r 
pattern s tha t  the y hav e learne d t o classif y together ,  compare d 
t o peopl e wh o hav e no t  learne d t o classif y  th e patterns . 

Harnad ,  Hanson ,  &  Lubi n (1995 )  traine d simple ,  three -
laye r  net s t o categoriz e input s code d t o correspon d t o line s o f 
differen t  lengths .  Th e net s wer e firs t  require d t o produc e a s 
outpu t  line s identica l  i n lengt h t o th e inputs ,  an d the n 
traine d t o sor t  th e input s int o th e categorie s "short, " 
"medium, "  "long "  whil e maintainin g auto-associatio n 
performance .  Additiona l  outpu t  unit s marke d categor y 
membership .  Ther e wer e stron g compression/expansio n 
effect s i n hidden-uni t  activatio n space ,  a s measure d b y 
comparin g th e interstimulu s distance s fo r  auto-associatio n 
alon e wit h thos e fo r  auto-associatio n wit h categorization . 

The purpos e o f  th e presen t  stud y i s t o determin e whethe r 
categorica l  perception-lik e compression/expansio n effect s 
woul d occu r  i n three-laye r  network s traine d usin g bac k 
propagatio n t o categoriz e a  different ,  mor e comple x se t  o f 
input s whic h d o generat e compressio n effect s i n huma n 
categor y learner s (se e Livingsto n &  Andrews ,  1997) . 

Experiments and Results 

Input s t o th e net s wer e generate d fro m stimul i  use d i n 
Livingsto n an d Andrew s (1997) :  drawing s o f  th e genitali a 
of  si x mal e an d si x femal e day-ol d chick s fo r  trainin g an d 
tw o additiona l  drawing s fo r  transfe r  testin g (se e th e lef t  sid e 
of  Figur e 1 ;  th e leftmos t  picutr e i s o f  a  male ,  th e on e t o it s 
immediat e righ t  a  female) .  Eac h drawin g wa s mappe d t o a 
25 b y 2 0 gri d ( 4 pixel s pe r  region )  an d th e mea n intensit y o f 
each regio n wa s determined .  Thes e value s wer e presente d t o 
th e 50 0 inpu t  unit s  o f  eac h net . 

A ne t  wit h 50 0 outpu t  unit s wa s first  traine d t o auto -
associat e th e twelv e stimuli .  T o preven t  i t  fro m 
memorizin g individua l  inpu t  pattern s whil e stil l  achievin g 
satisfactor y learning ,  si x hidde n unit s wer e used .  Twent y 
outpu t  unit s wer e the n added ,  wit h te n correspondin g t o eac h 
of  th e categorie s "Male "  an d "Female. "  Th e ne t  wa s traine d 
t o classif y th e twelv e inpu t  patterns .  Thi s proces s wa s 
repeate d fo r  te n differen t  randoml y seede d nets . 

The nets '  categor y trainin g an d transfe r  performanc e wa s 
comparabl e t o tha t  reporte d i n Livingsto n an d Andrews ' 
(1997) .  T o tes t  whethe r  th e net s displaye d categorica l 

perceptio n effects ,  th e hidde n uni t  activatio n level s o f  eac h 
inpu t  patter n wer e determine d fo r  eac h auto-associatio n ne t 
and it s expande d categor y learnin g version .  Interprete d a s 
point s i n a  multidimensiona l  space ,  distance s wer e calculate d 
betwee n ever y possibl e pai r  o f  item s an d mea n distanc e wa s 
determine d fo r  male-mal e pairs ,  female-femal e pairs ,  an d 
mixe d pair s fo r  eac h net .  Surprisingly ,  n o compressio n wa s 
observe d i n th e categorizin g net s relativ e t o thei r 
autoassociatio n onl y versions ,  i.e. ,  withi n categor y ite m 
pair s di d no t  mov e close r  togethe r  followin g learning . 

To analyz e th e natur e o f  th e hidde n uni t  representation s w e 
converte d th e fina l  weight s fro m th e inpu t  unit s t o eac h 
hidde n uni t  o f  th e categorizin g net s int o greyscal e images . 
Thi s wa s don e fo r  a  ne t  usin g onl y tw o outpu t  unit s (on e fo r 
each category )  an d tw o hidde n unit s (HUs )  tha t  di d no t 
underg o autoassociatio n i n a n effor t  t o maximiz e th e 
category-relevan t  informatio n extracte d b y th e hidde n units . 
These image s ar e show n o n th e right  sid e o f  Figur e 1 ;  th e 
one show n furthes t  t o th e right  performe d wel l  b y itsel f  o n 
female s bu t  no t  males ,  an d th e othe r  on e wa s th e reverse . 

Figur e 1 :  Sampl e stimul i  (left )  an d H U image s (right) . 
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Outsid e o f  experimenta l  settings ,  peopl e rarel y m a k e a n 
assessmen t  o f  similarit y betwee n tw o item s fo r  it s  o w n 
sake .  Computatio n o f  similarit y tend s t o b e i n th e servic e o f 
furthe r  cognitiv e processe s suc h a s categorisation ,  th e 
projectio n o f  propertie s ont o n e w categor y members ,  o r 
proble m solving .  T h e proces s o f  makin g similarit y 
judgment s i n a n experimenta l  settin g i s  see n the n a s a n 
active ,  constructiv e one .  Participant s ar e no t  passivel y 
observin g an d evaluatin g similaritie s bu t  ar e engage d i n a n 
activ e searc h fo r  similarity .  Th e presen t  stud y sough t  t o 
investigat e th e influenc e o f  th e typ e o f  categor y (a d ho c o r 
c o m m o n ) ,  th e presenc e o r  absenc e o f  categor y labe l  (whic h 
we cal l  th e context )  an d th e typicalit y o f  th e item s unde r 
compariso n upo n rating s o f  similarity .  Barsalo u (1982 ) 
foun d tha t  m e m b e r s o f  a d ho c pair s wer e rate d a s mor e 
simila r  wit h contex t  (th e presenc e o f  th e categor y label ) 
tha n withou t  contex t  (th e absenc e o f  th e categor y label ) 
whil e th e manipulatio n ha d n o effec t  o n th e ratin g o f 
taxonomi c pair s (i f  anything ,  rating s seeme d t o b e slightl y 
depresse d b y th e additio n o f  context) .  I n orde r  t o she d som e 
ligh t  o n th e natur e o f  th e judgment s m a d e b y subject s unde r 
thes e experimenta l  conditions ,  subject s i n thi s stud y wer e 
requeste d t o describ e th e thought s underlyin g thei r  rating s i n 
writte n sel f  reports .  Thi s manipulatio n m a y i n itsel f 
encourag e subject s t o reflec t  upo n thei r  rating s mor e 
carefully ;  i t  als o necessaril y  extende d th e perio d o f  tim e ove r 
whic h th e rating s wer e m a d e whic h agai n coul d encourag e 
deepe r  deliberation . 

T h e desig n o f  th e presen t  stud y include d thre e o f  th e 
factor s believe d t o exer t  a n influenc e upo n similarit y raUngs ; 
(i )  th e presenc e o r  absenc e o f  a n explici t  context ,  (ii )  th e 
typ e o f  categor y fro m whic h th e entitie s unde r  compariso n 
ar e draw n ( c o m m o n vs .  a d hoc )  an d (iii )  th e relativ e 
typicalit y o f  th e item s bein g rated .  Self-report s wer e 
collecte d fro m a  subse t  o f  subjects ,  constitutin g a  fourt h 
factor . 

Overall ,  mai n effect s o f  typicalit y an d categor y typ e wer e 
reliabl e bu t  no t  thos e o f  self-repor t  an d context .  Overal l  th e 
interactio n betwee n categor y typ e an d context ,  a s firs t 
reporte d b y Barsalo u (1982 )  wa s replicate d (se e lef t  pane l  o f 
Figur e 1) ,  bu t  th e natur e o f  th e interactio n change d a s a 
functio n o f  th e self-repor t  condition .  Th e middl e an d right 
panel s o f  Figur e 1  sho w tha t  th e m e a n rating s fo r  item s 
wit h a n explici t  contex t  (th e blac k bars )  remai n fairl y  stabl e 
acros s th e S R (Self-Repot )  an d N S R (N o Sel f  Report ) 
conditions .  Th e phenomen a o f  greate r  interes t  ar e th e rating s 
i n th e absenc e o f  explici t  contex t  (th e whit e bars) .  I n th e 
cas e o f  c o m m o n categor y members ,  th e m e a n rating s 

withou t  contex t  ar e highe r  i n th e S R conditio n tha n the y 
wer e i n th e N S R condition .  Fo r  a d ho c items ,  th e Barsalo u 
(1982 )  effec t  i s  los t  a t  leas t  partl y becaus e th e mea n rating s 
made i n th e absenc e o f  explici t  contex t  ar e highe r  tha n the y 
wer e i n th e N S R condition .  I t  appear s the n tha t  a n 
explanatio n o f  th e result s hinge s largel y o n wha t  i s 
happenin g whe n subject s ar e aske d t o rat e item s i n th e 
absenc e o f  explici t  context .  Ou r  proposa l  i s tha t  unde r  thes e 
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Figur e 1 .  Mea n similarit y rating s fo r  taxonomi c an d a d ho c 
pair s ove r  al l  thre e pai r  type s i n th e presenc e (blac k bars ) 
and absenc e (whit e bars )  o f  contex t  ove r  al l  condition s 
(lef t  panel) ,  i n th e N o Self-Repor t  conditio n (middl e panel ) 
and average d fro m th e tw o Self-Repor t  Condition s (righ t 
panel) .  Note :  A H =  A d hoc ,  NS R =  N o Sel f  Report ,  S R = 
Sel f  Repor t 

circumstances ,  th e activ e construa l  o f  similarit y lead s 
subject s t o instantiat e thei r  o w n context ,  suggeste d b y th e 
co-presentatio n o f  th e items .  Item s whic h ar e mor e typica l 
of  a  categor y ar e mor e likel y t o evok e a  contex t  tha n item s 
whic h ar e les s typical .  Th e effec t  o f  Contex t  o n th e rating s 
of  a d ho c item s foun d i n th e N S R condition s wa s mos t 
marke d fo r  pairing s o f  typical/typica l  items .  I t  i s  ou r 
contentio n tha t  al l  judgment s ar e i n effec t  mad e "i n context" , 
whethe r  i t  b e th e explici t  contex t  provide d b y th e 
experimente r  o r  th e contex t  instantiate d b y subject s i n thei r 
searc h fo r  similarity .  I t  i s  anticipate d tha t  analysi s o f  th e 
protocol s wil l  provid e suppor t  fo r  thi s interpretation . 

I t  i s  unclea r  fro m thi s stud y whethe r  i t  i s th e extende d 
tim e cours e o f  th e judgment s o r  th e requiremen t  t o repor t  o n 
th e thought s underlyin g th e ratin g o r  whe n subject s wer e 
aske d t o giv e protocol s tha t  explain s th e differen t  effect s o f 
context .  However ,  th e result s suppor t  th e notio n tha t 
differen t  "kinds "  o f  similarit y judgment s ar e m a d e abou t  th e 
same entitie s dependin g upo n th e tim e an d effor t  afforde d t o 
th e tas k (Goldstone ,  1995) . 

Barsalou, L. W. (1982). Context-independent and context-
dependen t  informatio n i n concepts .  M e m o r y a n d 
Cognition ,  10 ,  82-93 . 

Goldstone ,  R .  L .  (1995) .  Mainstrea m an d avant-gard e 
similarity .  Indian a Universit y Cognitiv e scienc e Technica l 
Repor t  13 2 
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Introductio n 

Prio r  wor k ha s claime d tha t  analog y ca n b e a  detrimen t  t o 
proble m solving .  (VanLeh n &  Jones ,  1993 )  VanLeh n & 
Jone s claime d tha t  pooro -  proble m solver s use d analog y 
more frequentl y an d wit h les s effectiveness .  However , 
analog y ca n b e use d i n proble m solvin g i n a  variet y o f  ways , 
and w e clai m tha t  som e method s ca n hav e significan t  bene -
fits .  W e ar e explorin g th e possibl e way s tha t  analog y ca n b e 
use d i n proble m solving .  I n particular ,  w e inten d t o explai n 
some aspect s o f  th e performanc e o f  individual s i n term s o f 
th e difference s i n thei r  us e o f  analogy . 

Theory 

Analog y ca n b e use d i n man y way s i n proble m solving .  Fo r 
example ,  analog y ca n b e use d t o la y ou t  a n initia l  overal l 
pla n whe n first  attemptin g a  problem .  Thi s indexica l  us e o f 
analog y ca n quickl y retriev e relevan t  knowledge .  I t  ca n als o 
enabl e a  proble m solve r  t o ge t  t o a  solutio n faste r  b y usin g 
more optima l  contro l  knowledge .  Alternatively ,  thi s ca n b e 
bad fo r  a  proble m solve r  i f  th e contro l  knowledg e i n th e ex -
ampl e i s les s optimal . 

Thi s ma y als o occu r  whe n analog y i s use d a s a  "recipe" , 
wher e a  surfac e leve l  matc h whic h lack s deepe r  relationa l 
correspondence s i s chosen .  I n thi s case ,  w e woul d expec t  t o 
see error s i n th e proble m solver' s performance ,  becaus e 
wher e th e pas t  exampl e m a y hav e use d a  particula r  tech -
nique ,  th e proble m solve r  woul d blindl y us e tha t  techniqu e 
withou t  considerin g th e condition s o f  applicability . 

Analog y ca n als o b e use d t o resolv e impasses .  Thi s tech -
niqu e allow s a  proble m solve r  t o solv e problem s tha t  i t 
woul d no t  hav e otherwis e bee n abl e t o solve .  Thi s wa y a 
proble m solve r  ca n als o achiev e a  mean s o f  gracefu l  degra -
dation .  Instea d o f  failing ,  a  proble m solve r  ca n procee d wit h 
a probabl e solutio n path . 

Analog y ca n als o provid e a  mean s t o introduc e learnin g 
int o proble m solving .  Sinc e analog y involve s a  comparison , 
an analog y ca n b e use d t o discove r  difference s betwee n a 
bas e an d a  target .  Thes e difference s ca n b e use d t o lear n 
othe r  rules .  Fo r  example ,  i f  i n on e cas e a  techniqu e wa s 
used ,  an d i n anothe r  cas e a  differen t  techniqu e wa s used , 
the n perhap s th e analog y wil l  highligh t  th e differenc e be -
twee n th e tw o situation s tha t  cause d tha t  decisio n t o b e 
made.  Likewise ,  analog y ca n b e use d t o discove r  com -
monalitie s betwee n a  bas e an d a  target .  Thes e area s o f 
overla p coul d provid e th e basi s fo r  constructin g a  schema . 

Architectura l  P l a n s 

We ar e studyin g physic s proble m solvin g becaus e ther e 
hav e alread y bee n studie s o f  huma n proble m solvin g i n tha t 
domain .  Unfortunately ,  previou s simulatio n effort s hav e 
been limite d t o smal l  numbe r  o f  examples ,  whic h preclude s 
simulatio n o f  substantia l  learning . 

We ar e constructin g a  spannin g architecture ,  whic h w e 
defin e a s a  mode l  tha t  i s  abl e t o cove r  th e spac e o f  individua l 
performances .  Thi s architectur e wil l  cove r  th e way s tha t 
peopl e ca n us e analog y i n proble m solving .  Und^lyin g thi s 
architectur e i s th e M A C / F A C system ,  whic h i s a  two-stag e 
model  o f  analogica l  retrieval .  (Forbus ,  Gentner ,  &  Law , 
1995 )  Thi s mode l  include s S M E ,  whic h wil l  b e use d t o gen -
erat e analogica l  inferences .  (Falkenhainer ,  Forbus ,  &  Gent -
ner ,  1989 ) 

The architectur e wil l  b e implemente d a s a  suggestio n 
modul e i n TPS .  (Pisan ,  1997 )  T P S i s a  suggestion-base d 
architectur e tha t  solve s a  wid e variet y an d larg e numbe r  o f 
problem s i n thermodynamics . 

Our  architectur e retrieve s relevan t  pas t  example s usin g 
M A C / F A C.  Sinc e eac h exampl e ma y b e mappe d t o th e cur -
ren t  proble m i n differen t  ways ,  ther e m a y b e multipl e map -
ping s pe r  example .  Al l  example s ar e considere d independ -
ently .  Som e o f  thes e mapping s ar e selected .  I f  T P S choose s 
t o us e on e o f  th e remainin g mappings ,  the n ou r  architectur e 
choose s inference s fro m th e analogica l  inference s tha t  map -
pin g support s an d make s the m int o th e T P S database ,  wher e 
the y contribut e t o th e proble m solvin g process . 
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Introductio n 

Durin g acquisitio n o f  th e Englis h pas t  tense ,  childre n ar e 
observe d t o 'overregularize '  man y irregula r  verbs—fo r 
example ,  sayin g faile d instea d o f  fell .  Thes e speec h error s 
ar e commonl y assume d t o b e th e produc t  o f  a n underlyin g 
mechanis m whic h map s th e ste m o f  a  ver b t o it s pas t  tens e 
form .  Th e meaning s o f  thes e verbs ,  i t  i s assumed ,  pla y n o 
rol e i n thi s process .  However ,  som e researc h suggest s tha t 
past  tens e acquisitio n i s no t  independen t  o f  conceptua l 
development—th e meaning s encode d b y th e pas t  tens e 
chang e alon g wit h th e child' s conceptio n o f  temporality . 
Bloom ,  Lifter ,  an d Hafit z (1980 )  foun d tha t  th e initia l 
distributio n o f  pas t  tens e morpholog y i n children' s speec h 
was sensitiv e t o th e lexica l  aspec t  o f  verbs .  Childre n wer e 
more likel y t o us e th e pas t  tens e wit h teli c  verbs—tha t  is , 
verb s denotin g bounde d events ,  suc h a s brea k o r  fall—tha n 
wit h activit y verbs ,  whic h denot e unbounded ,  imperfectiv e 
event s suc h a s dra w o r  play .  The y demonstrate d tha t  pas t 
tens e morpholog y initiall y  refer s t o th e resul t  o f  change-of -
stat e event s (suc h a s brea k o r  fall )  rathe r  tha n t o pastnes s pe r 
se.  I n thi s study ,  w e exten d thes e idea s b y investigatin g 
whethe r  lexica l  aspec t  account s fo r  difference s i n th e 
overregularizatio n rat e amon g verbs . 

As Bloo m an d other s suggest ,  th e tempora l  displacemen t 
whic h underlie s th e appropriat e us e o f  th e pas t  tens e i s les s 
readil y availabl e t o childre n tha n aspectua l  distinctions ,  suc h 
as whethe r  o r  no t  a n even t  leave s a  clea r  result .  Children' s 
focu s o f  attentio n graduall y shift s fro m even t  outcome s t o 
tempora l  displacement .  W e reaso n tha t  pas t  tens e marker s 
whic h ar e mor e commo n wil l  com e t o b e associate d wit h 
tru e pastnes s mor e rapidl y tha n les s frequen t  markers .  Thus , 
th e regula r  morphem e -e d shoul d tak e o n th e meanin g "past " 
more quickl y tha n th e irregula r  pas t  for m o f  an y give n verb , 
give n it s greate r  frequenc y i n th e linguisti c input .  I n othe r 
words ,  faile d an d fel l  mea n differen t  things . 

Furthermore ,  becaus e teli c  verb s ca n b e use d i n resultativ e 
construction s wherea s activit y verb s cannot ,  w e reasone d 
tha t  th e us e o f  activit y verb s i n th e pas t  tens e b y necessit y 
denote s "tru e past" .  This ,  i n conjunctio n wit h th e 
expectatio n tha t  -e d woul d b e mor e strongl y associate d wit h 
"tru e past" ,  le d u s t o predic t  a  highe r  rat e o f 
overregularizatio n fo r  activit y verb s tha n teli c  verbs . 

Method and Results 

The speec h transcript s o f  fou r  childre n fro m th e CHILDE S 
databas e (MacWhinney ,  1990 )  wer e analyzed .  Thes e childre n 
wer e Ab e (Kuczaj ,  1977) ,  Adam ,  Eve ,  an d Sara h (Brown , 
1973) .  Overregularizatio n rate s fo r  eac h ver b fo r  eac h chil d 
wer e take n fro m Marcus ,  e t  al .  (1992) .  Eac h ver b typ e wa s 

code d a s t o whethe r  i t  referre d t o a  teli c  o r  activit y event . 
Verb s whic h wer e no t  clearl y teli c  o r  activit y wer e excluded . 

The predictio n wa s tha t  activit y verb s shoul d sho w a n 
overal l  greate r  rat e o f  overregularizatio n tha n teli c  verbs .  I n 
orde r  t o tes t  thi s prediction ,  th e overregularizatio n rate s fo r 
teli c  an d activit y verb s wer e compared .  T o avoi d scalin g 
effects ,  onl y thos e verb s whic h ha d bee n overregularize d a t 
leas t  onc e b y a  chil d wer e include d i n th e analysis .  Th e dat a 
bear  ou t  th e prediction :  th e mea n overregularizatio n rat e wa s 
0.6 7 fo r  activit y verbs ,  0.3 9 fo r  teli c  verbs .  Thi s differenc e 
was significant ,  f(78 )  =  4.06 ,  p  <  0.001 . 

I n a  regressio n analysis ,  lexica l  aspec t  wa s foun d t o b e a 
significan t  predicto r  o f  overregularizatio n rate ,  explainin g 
4 3 % o f  th e varianc e i n rat e amon g differen t  verbs . 
Controllin g fo r  th e contribution s o f  th e frequenc y o f  a  ver b 
i n th e child' s speec h an d th e ag e a t  whic h i t  wa s acquired , 
lexica l  aspec t  accounte d uniquel y fo r  6.17 % o f  th e varianc e 
(r 2 =  0.0617 ,  F(3 ,  76 )  =  8.4661 ,  p  <  0.01) .  T o giv e a 
sens e o f  th e relativ e significanc e o f  thi s figure ,  i t  shoul d b e 
compare d t o figure s cite d b y Marcus ,  e t  al .  (1992 )  wh o 
foun d tha t  a  13.69 % contributio n o f  frequenc y i n parenta l 
inpu t  an d a  2 % contributio n o f  phonologica l  neighborhood . 

The highe r  rat e o f  overregularizatio n fo r  activit y verb s i s 
not  predicte d b y an y extan t  model s o f  pas t  tens e learning . 
Thes e result s len d suppor t  t o th e ide a tha t  morphologica l 
developmen t  i s tie d t o conceptua l  developmen t  an d it s 
concomitan t  shift s i n meaning ,  no t  jus t  t o change s i n 
mapping s betwee n th e ste m an d past . 
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I n t r o d u c t i o n 

Over  th e pas t  twent y years ,  a  larg e amoun t  o f  researc h ha s 
been conducte d o n subjects '  abilit y  t o us e analog y i n a  wid e 
variet y o f  contexts .  A n issu e tha t  ha s receive d particula r 
attentio n i s th e relativ e us e o f  structura l  an d superficia l  simi -
larit y i n analogica l  reasoning .  Researc h ha s show n tha t 
structura l  similarit y detenmne s h o w peopl e establis h map -
ping s betwee n sourc e an d targe t  acK i  ho w the y evaluat e 
analogica l  matches .  However ,  empirica l  wor k ha s als o 
shown tha t  th e retrieva l  o f  analogica l  source s i s mostl y con -
straine d b y superficia l  similarit y betwee n th e sourc e an d 
target .  Generally ,  peopl e retriev e source s i f  the y hav e hig h 
superficia l  similarit y wit h th e target . 

An importan t  featur e o f  previou s laborator y studie s i s tha t 
subject s wer e provide d wit h one ,  o r  a  se t  o f  source s t o re -
triev e fro m rathe r  tha n goieratin g thei r  o w n sources .  Real -
wori d studie s o f  analogica l  reasoning ,  wher e peopl e goietat e 
thei r  o w n sources ,  hav e show n tha t  i n thos e situations , 
analogie s ar e mainl y base d o n structura l  similarit y 
(Blanchett e an d Dunbar ,  1997 ;  Dunba r  1996) .  I n bot h th e 
laborator y an d th e real-wori d studies ,  peopl e nee d t o retriev e 
a source .  I n laborator y studies ,  subject s retriev e fro m a  pre -
determine d an d externall y generate d set ,  wherea s i n th e th e 
real-wCTld  studies ,  the y retriev e th e analo g fro m thei r  o w n 
knowledg e bas e i n lon g ter m memory .  Th e disoepanc y be -
twee n real-wcM-l d dat a an d labcxator y dat a wa s th e focu s o f  th e 
presen t  experiment .  W e hypothesize d tha t  whe n subject s ar e 
aske d t o generat e thei r  o w n analogies ,  the y woul d goioat e 
analogie s base d o n structural ,  an d no t  superficia l  similarity . 
We use d a  targe t  proble m o f  politica l  natur e (th e zeio-defid t 
issue )  t o se e whethe r  the y woul d produc e analogie s base d o n 
surfac e o r  structura l  similarity ,  o r  both . 

Method 

Subjects were put in a hypothetical situation where they bad 
t o imagin e the y wer e consultant s hire d t o generat e analogie s 
t o b e use d i n a  campaig n eithe r  t o argu e fo r  o r  agains t  ob -
tainin g a  zero-deficit .  Participant s wer e allowe d 2 0 minute s 
t o generat e analogies .  Subject s ccxnî ete d th e tas k eithe r  i n 
group s o r  individually .  Participant s wer e als o aske d t o selec t 
thei r  bes t  tw o analogies . 

Analogie s wer e code d fo r  structura l  an d superficia l  similar -
ity .  Fo r  eac h analogy ,  th e underlyin g structur e wa s idoiti -

fied.  Analogie s wit h simila r  structure s wer e groupe d int o 
categories .  Th e numbe r  o f  element s explicitl y  state d i n bot h 
th e sourc e an d th e targe t  wa s als o recorded. 

Superficia l  similarit y wa s code d a s eithe r  hig h o r  low . 
Source s wer e code d a s havin g hig h superficia l  similarit y i f 
the y mentione d money ,  budgets ,  perscaia l  finances,  o r  i f 
the y wer e take n fro m di e wid a domai n o f  politic s o r  eco -
nomics . 

Results and discussion 

The analogies produced by the subjects showed complex 
and varie d imderlyin g structures .  A  tota l  o f  26 2 analogie s 
wer e pioduoe d an d mos t  exhibite d a  systemati c underiyin g 
structur e c o m m o n t o th e sourc e an d target .  Thes e structure s 
fel l  int o on e o f  te n idoitifie d categories .  I n th e majorit y o f 
thes e analogie s (n=191 .  7 3 % ) ,  ther e wa s hig h strucbira l 
similarity ,  bu t  lo w superficia l  similarity .  I n thes e analogies , 
th e sourc e domain s wer e v o y differm t  fro m th e targe t  defici t 
proble m bu t  th e structur e imdo-lyin g th e sourc e an d targe t 
was th e same .  Onl y 7 1 (27% )  o f  al l  analogie s ha d hig h su -
perficia l  similarit y betwee n th e sourc e an d th e target .  Thes e 
analogie s use d source s suc h a s famil y budgets ,  debts ,  an d 
mortgages .  Thes e result s indicat e tha t  th e retrieva l  o f  source s 
was no t  highl y constraine d b y superficia l  similarity .  Thi s i s 
contrar y t o wha t  ha s bee n observe d i n laborator y studie s 
askin g subject s t o retriev e source s fro m a  predetermine d set . 

I n additio n t o influoicin g th e goieratio n o f  analogies , 
structura l  feature s als o influmce d th e evaluatio n o f  analo -
gies .  Analogie s chose n a s bes t  one s contained ,  o n average ,  a 
greate r  numbe r  o f  element s i n th e source .  Becaus e th e analo -
gie s wer e base d o n comple x relationa l  structures ,  a  greate r 
number  o f  element s i s indicativ e o f  greate r  explici t  structura l 
similarity . 

Conclusions 

The result s o f  th e presen t  stud y indicat e tha t  whe n subject s 
ar e pu t  i n a  contex t  wher e the y generate ,  rathe r  tha n ban g 
give n sources ,  the y wil l  propos e analogie s tha t  ar e no t  su -
perficiall y  simila r  t o th e target .  Thi s i s  consisten t  wit h th e 
hypothesi s tha t  typ e o f  tas k give n t o th e subject s wil l  de -
termin e whethe r  o r  no t  memor y searc h i s base d o n supafi -
cia l  features .  Overall ,  thes e smdie s an d ou r  investigatio n o f 
real-wori d reasonin g indicat e tha t  peopl e ar e indee d capsiA e 
of  generatin g an d usin g analogie s base d o n structure . 
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We ar e workin g o n a  framewor k f w a  comjM^hensiv e an d 
coordinate d represention  o f  authenti c collaborativ e visua l 
desig n activity .  Takin g a  multidisciplinar y an d ethnometho -
dologica l  cognitiv e approach ,  w e investigat e ho w designer s 
use graphica l  an d natura l  languag e i n a  coheren t  discours e 
tha t  support s thei r  collaborativ e negotiatio n an d desig n ac -
tivities .  W e focu s o n ho w knowledg e ca n b e represented , 
shared ,  an d transfcvme d throughou t  thes e activities ,  an d con -
side r  ho w w e ma y represen t  designe r  knowledge .  Th e rqxe -
sentatio n framewor k emerge s fro m ou r  on-goin g implie d 
researc h i n collabcxativ e W e b desig n an d i s  realize d i n a n 
interactiv e multimedi a researc h environmen t  (Blatter ,  1998) . 
We iKesen t  a  brie f  overvie w o f  th e representatio n framewor k 
as a n analyti c resource . 

Collaborativ e visua l  desig n an d it s product s ar e ubiquitou s 
feature s o f  wor k i n industr y an d education .  However ,  th e 
knowledg e constructe d b y designer s i n desig n practic e i s no t 
wel l  understood ,  an d curren t  cognitiv e scienc e paradigm s ar e 
challenge d b y representin g an d researchin g designe r  knowl -
edge . 

Our  framewor k i s multidisciplinary ,  callin g o n cognitiv e 
researc h i n display-base d an d diagrammati c reasonin g 
(Larkin ,  1989 ;  Goel ,  1995) ,  situate d cognitio n (Greeno , 
1989) ,  activit y theor y (Col e &  Engestrom ,  1991) ,  a s wel l  a s 
theorie s i n visua l  desig n practice s includin g softwar e design , 
architectur e an d gr^hi c desig n (Winograd ,  1996 ;  Amheim , 
1993 ,  Tufte ,  1983) .  Ou r  approac h i s informe d b y discours e 
analysi s (va n Dij k an d Kintsch ,  1983 )  an d it s applicatio n i n 
cognitiv e scienc e (Bracewel l  &  Breuleux ,  1994) ,  sociolin -
guistic s (Hymes ,  1974) ,  an d visua l  semiotic s (Goodman , 
1976) . 

Our  framewor k support s a  vie w o f  desig n a s bein g medi -
ated ,  situated ,  an d sociall y constructe d i n dynami c an d com -
ple x situation s i n whic h agent s co-develo p externa l  represen -
tation s i n natura l  an d graphica l  language s tha t  suppor t  mul -
tipl e objective s an d processes .  W e represent  th e multipl e 
type s o f  representatio n -product s an d processes -  a s consistin g 
of  visualizations ,  conversation ,  an d semanti c links .  Visuali -
zation s includ e th e fma l  desig n a s wel l  a s intermediar y 
graphica l  {H-oducts .  Conversatio n i s  segmente d int o turn -
takin g unit s incorporatin g verba l  a s wel l  a s visua l  acts .  Th e 
semanti c link s ac t  a s a  controlle r  fo r  th e knowledg e neede d 
t o coordinat e multipl e type s o f  representation s a s cohaen t 
discourse . 

Thi s rejH-esentatio n framewor k support s ou r  wor k throug h 
a researc h too l  whic h retrieves  multimedia ,  text ,  concep t 
maps,  desig n versions ,  analyti c layer s an d views .  W e cod e 

semanticall y linke d turn-takin g an d visua l  act s a s negotiate d 
desig n action s whic h ma y b e furthe r  analyze d an d presente d 
i n variou s views . 

Our  too l  an d approac h ha s significanc e fo r  cognitiv e re -
searcher s an d educators .  Fo r  researchers ,  i t  allow s a  riche r 
representation  o f  desig n a s a  comple x activit y b y offerin g 
multipl e representation s an d views ,  preservin g th e cohesio n 
betwee n visua l  an d verba l  language s an d consistenc y i n se -
quentia l  interaction .  Fo r  educators ,  ou r  framewor k ca n gukl e 
multimedi a desig n projects ,  facilitat e rich ^  und^^tandin g c f 
th e wor k o f  collaborativ e designers/learners ,  an d foste r  th e 
developmen t  o f  ne w form s o f  qualitativ e assessmen t  tha t 
bette r  reflect  th e complexit y an d qualit y o f  collaborativ e 
design . 
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Strategie s o f  C o n c e p t u a l  C o m b i n a t i o n 

I n cognitiv e psychology ,  on e recen t  thrus t  o f  researc h ha s 
investigate d h o w peopl e interpre t  nove l  noun-nou n combi -
nation s (Murphy ,  1988 ;  Wisniewski ,  1996 ,  1997) .  On e us e 
of  suc h combination s i s t o allo w peopl e t o represen t  nove l 
concept s an d t o subcategoriz e item s withou t  havin g t o us e 
more complicate d construction s suc h a s relativ e clauses , 
post-nomina l  modifiers ,  o r  prepositiona l  phrases . 

One o f  th e primar y question s surroundin g noun-nou n 
compound s i s h o w thes e compound s ar e interpreted .  Th e 
strategie s used ,  an d th e type s o f  informatio n ove r  whic h 
thes e strategie s operate ,  remai n a  matte r  o f  debate .  T w o 
genera l  strategie s o f  conceptua l  combinatio n hav e bee n 
postulate d i n recen t  literature :  propert y mappin g an d rela -
tio n linkin g (Wisniewski ,  1996 ,  1997) .  I n th e former ,  on e o r 
more propertie s o r  attribute s o f  th e modifie r  concep t  ar e 
mapped t o th e hea d concept ,  s o a  leopar d sparro w migh t  b e 
interprete d a s a  sparro w wit h spots .  I n th e latter ,  som e the -
mati c relatio n i s postulate d betwee n th e tw o concepts ,  lead -
in g perhap s t o a  sparro w whic h ride s o n a  leopard' s back . 

Current Investigations 

The curren t  experimen t  attempte d t o investigat e furthe r 
th e exten t  t o whic h thes e tw o strategie s com e i n t o pla y i n 
th e interpretatio n o f  noun-nou n combinations .  Furthermore , 
withi n th e strateg y o f  propert y mappin g i t  wa s assume d tha t 
i f  ther e i s a  highl y salien t  featur e o n th e modifie r  concep t 
(i.e .  spot s fo r  leopard )  the n thi s featur e i s likel y t o driv e th e 
interpretatio n o f  th e combination .  I f  ther e ar e n o highl y 
salien t  feature s the n reader s migh t  b e mor e likel y t o begi n 
th e searc h fo r  plausibl e relation s betwee n th e tw o constitu -
ents , 

30 0 word s wer e norme d fo r  salience .  Fro m these ,  2 0 hig h 
salienc e an d 2 0 lo w salienc e word s wer e selecte d fro m th e 
tw o ontologica l  categorie s o f  natura l  kind s an d artifacts . 
Thes e 8 0 word s wer e the n paire d t o construc t  8  group s o f 
combinations :  hig h an d lo w salienc e modifier s an d head s 
withi n artifact s an d natura l  kind s (HH ,  H L ,  L H ,  LL ) .  A 
tota l  o f  16 0 combination s wer e interprete d b y 2 0 subjects . 

I t  wa s hypothesize d base d o n previou s researc h 
(Wisniewski ,  1996 ,  1997 )  an d o n lexicalize d anima l  names , 
tha t  mor e propert y mappin g interpretation s woul d b e ob -
serve d fo r  natura l  kind s tha n fo r  artifact s an d vic e vers a fo r 
relatio n linking .  Furthermore ,  fo r  combination s wit h highl y 

salien t  feature s o n th e modifiers ,  propert y mappin g wa s ex -
pecte d t o b e drive n b y th e salien t  feature .  Fo r  combination s 
wit h a  hig h salienc e hea d an d a  lo w salienc e modifier ,  som e 
interferenc e wa s expecte d fro m th e salien t  featur e o n th e 
head .  Fo r  combination s wit h n o highl y salien t  feature s mor e 
relatio n linkin g interpretation s wer e expected . 

Natural Kinds 
The mos t  propert y mappin g wa s foun d i n th e tw o condi -

tion s whic h ha d hig h salienc e modifier s (HH ,  H L ) .  Fur -
thermore ,  propert y mappin g wa s drive n b y th e salien t  prop -
ert y o f  th e modifier .  Fo r  combination s wit h lo w salienc e 
modifier s (LH ,  L L )  ther e wa s les s propert y mapping ,  tha t 
propert y mappin g wa s no t  drive n b y salience ,  an d ther e wer e 
a greate r  numbe r  o f  relatio n linkin g interpretation s relativ e 
t o propert y mappin g whe n compare d wit h th e (HH ,  H L ) 
combinations .  Finally ,  fo r  th e L H condition ,  ther e wa s som e 
interferenc e fro m th e salien t  featur e o n th e hea d i n tha t  mor e 
switchin g error s wer e produce d i n thi s condition . 
Artifact s 

For  artifacts ,  muc h th e sam e patter n holds .  A s expected , 
mor e relatio n linkin g wa s observe d fo r  artifact s overall . 
Ther e wa s mor e propert y mappin g fo r  H H an d H L combi -
nations ,  an d thi s strateg y wa s agai n drive n b y th e salien t 
features .  Relatio n linkin g wa s mor e c o m m o n tha n propert y 
mappin g fo r  thes e tw o condition s wit h lo w salienc e modifi -
er s (LH ,  LL ) .  Again ,  ther e wer e mor e switchin g error s i n 
th e L H condition . 

Conclusions 
Overall ,  i t  appear s tha t  salienc e i s  havin g a n effec t  o n 

conceptua l  combinatio n interpretations ,  implyin g tha t  salien t 
feature s ma y wel l  provid e a t  leas t  on e fairl y informativ e cu e 
on whic h t o bas e interpretation s o f  thes e combination s i n th e 
rea l  world . 
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I n t r o d u c t i o n 

Th e feature s o f  a  concep t  tha t  com e t o min d depen d o n th e 
contex t  i n whic h tha t  concep t  occurs .  Tversk y (1977 )  ar -
gue d tha t  contex t  affect s th e outcom e o f  a  compariso n b y 
changin g th e salienc e o f  particula r  feature s i n th e meaning s 
of  al l  item s i n th e compariso n set .  W e investigat e furthe r 
th e dynamic s o f  th e interactio n betwee n contex t  an d com -
parison .  W e hypothesize d tha t  a  contex t  give n jus t  befor e a 
targe t  concep t  wil l  hav e fa r  greate r  influenc e o n th e salienc e 
distributio n o f  feature s o f  tha t  target ,  tha n i f  th e contex t  i s 
give n jus t  afte r  th e target . 

Experiment 

I n thi s experimen t  subject s wer e aske d t o generat e difference s 
betwee n a  targe t  concep t  an d a  contras t  set ,  an d t o phras e 
thes e difference s i n term s o f  som e propert y o f  th e target . 
We varie d th e orde r  o f  presentatio n o f  th e targe t  an d th e con -
tras t  set .  W e expecte d tha t  differen t  contras t  set s woul d 
caus e peopl e t o generat e differen t  propertie s fo r  th e target . 
However ,  w e expecte d t o find  thi s contex t  effec t  wa s onl y 

when th e contras t  se t  wa s presente d first. 

Materials & Design 

Eac h tria l  wa s compose d o f  a  targe t  concep t  (e.g. ,  'sugar') , 
and a  contras t  pai r  o f  concept s (e.g. ,  'pickles ,  olives') . 
Ten differen t  targe t  item s wer e used .  Thre e differen t  contras t 
pair s wer e constructe d fo r  eac h targe t  item .  Fo r  example , 
th e contras t  pair s fo r  "sugar '  wer e 1 .  pickles ,  olives ;  2 . 
soot ,  pepper ;  3 .  water ,  whiskey .  Eac h subjec t  onl y sa w 
on e o f  th e thre e possibl e contrast-targe t  combinations .  Fo r 
hal f  o f  th e subjects ,  th e targe t  wa s presente d first,  an d fo r  th e 
othe r  half ,  th e contras t  pai r  wa s presente d first .  Th e first 
item(s )  a{̂ 3eare d o n th e compute r  scree n an d participant s 
wer e give n 5  sec .  t o 'thin k abou t  wha t  th e concept(s )  mean. ' 
Afte r  5  sec ,  th e secon d ite m appeared .  Th e targe t  wor d 
alway s appeare d a t  th e botto m o f  th e screen .  Subject s wer e 
instructe d t o nam e a  differenc e betwee n th e targe t  an d th e 
contras t  pai r  a s quickl y a s the y could ,  phrase d i n term s o f 
some propert y o f  th e targe t  concept .  4 0 Stanfor d Universit y 
undergraduate s participate d i n thi s experiment .  Anothe r 
grou p o f  7 0 subject s wer e simpl y aske d t o nam e th e first 
propert y tha t  cam e t o min d fo r  eac h targe t  item ,  thu s provid -
in g "n o context "  norm s (1s t  lin e o f  Tabl e 1) . 

Results 

A typica l  exampl e o f  th e result s appear s i n Tabl e 1 .  W h e n 
subject s wer e simpl y aske d t o nam e a  propert y o f  sugar , 
7 3 % responde d tha t  suga r  i s 'sweet' .  Thu s w e determine d 

tha t  'sweet '  i s  th e mos t  salien t  propert y o f  sugar .  W e pre -
dicte d tha t  i n th e target-firs t  condition ,  subject s woul d gener -
at e thi s mos t  salien t  propert y regardles s o f  th e contrast -
type .  Jus t  a s predicted ,  a n overwhelmin g majorit y o f  sub -
ject s chos e "sweet '  a s th e distinguishin g propert y betwee n 
suga r  an d eac h o f  th e thre e contras t  pairs .  Ther e wa s n o 
effec t  o f  contex t  whe n th e targe t  ite m wa s presente d first. 
The patter n wa s strikingl y differen t  fo r  th e contrast-firs t  con -
dition .  W e predicte d tha t  i n th e contrast-firs t  condition ,  sub -
ject s woul d nam e propertie s o f  suga r  tha t  wer e mos t  salien t 
t o th e particula r  contras t  pair ,  an d thi s i s  indee d wha t  w e 
observed .  Fo r  tw o compariso n types ,  subject s overiooke d 
th e mos t  salien t  propert y o f  suga r  ('sweet') ,  an d instea d pro -
duce d context-specifi c  properties .  Fo r  example ,  whe n th e 
contras t  pai r  wa s 'soot ,  pepper' ,  7 5 % o f  th e subject s sai d 
tha t  suga r  i s "white' .  W h e n th e contras t  pai r  wa s 'water , 
whiskey' ,  8 6 % o f  th e subject s sai d tha t  suga r  i s  "solid' . 
Contex t  ha d a  stron g effec t  o n th e outcom e o f  a  compariso n 
when th e contex t  precede d th e target .  However ,  contex t  ha d 
no effec t  whe n th e contex t  wa s presente d afte r  th e target . 

Table 1: Sample results for "sugar'. 

context-fre e 

prop ,  namin g 

Qpntext-firs t 
pickles ,  olive s 
soot ,  peppe r 
water ,  whiske y 

target-firs t 
pickles ,  olive s 
soot ,  peppe r 
water ,  whiske y 

sweet 

73 % 

71 % 
25 % 
— 

100% 
100% 
60 % 

soli d 

5% 

— 
— 
86 % 

— 
— 
20 % 

whit e 

3% 

14% 
75 % 
— 

— 
— 
— 

othe r 

19% 

14% 
— 
14 % 

— 
— 
20 % 

Conc lus ion s 

The effec t  o f  contex t  o n compariso n i s order-sensitive .  We 
foun d tha t  contex t  di d no t  retroactivel y affec t  comparison . 
A prope r  mode l  o f  contex t  effect s o n compariso n mus t  tak e 
accoun t  o f  th e orde r  i n whic h th e concep t  propertie s ar e acti -
vated . 
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Introductio n 

Boc k (1986 )  showe d tha t  usin g a  particula r  syntacti c patter n 
i n one' s speec h prime s tha t  us e o f  tha t  patter n i n subsequen t 
speech .  Boc k e t  al .  (1996 )  suggeste d tha t  implici t  learnin g 
may accoun t  fo r  thes e primin g effects .  T o suppor t  thi s 
claim ,  the y showe d tha t  primin g exert s it s effec t  o n tes t 
trial s tha t  ar e separate d fro m th e mos t  recen t  primin g tria l  b y 
as man y a s te n neutra l  trials .  However ,  th e amoun t  o f  tim e 
spanne d b y te n trial s i s  onl y o n th e orde r  o f  on e minute , 
much shorte r  tha n th e typica l  tim e spa n covere d i n implici t 
learnin g experiment s (Seger ,  1994) . 

Thi s abstrac t  describe s th e firs t  evidenc e i n norma l 
subject s tha t  syntacti c primin g last s longe r  tha n a  fe w 
minute s an d thu s proceed s o n th e sam e tim e scal e a s 
implici t  learning .  I n th e experimen t  describe d here ,  w e 
foun d evidenc e fo r  syntacti c primin g occurrin g a t  a  dela y o f 
at  leas t  2 0 minutes ,  whic h i s a n orde r  o f  magnitud e longe r 
tha n ha s previousl y bee n demonstrate d i n normals ,  an d o n 
th e sam e orde r  o f  magnitud e a s i s exemplifie d i n typica l 
implici t  learnin g experiments . 

Method 

I n thi s experiment ,  participant s generat e sentence s befor e an d 
afte r  a  primin g tas k an d a  distracto r  task .  I n orde r  tha t 
subject s no t  b e self-consciou s abou t  th e sentenc e structure s 
the y wer e producin g an d listenin g to ,  participant s wer e 
require d t o perfor m a  cove r  task ,  suc h tha t  th e apparen t 
purpos e o f  th e experimen t  wa s t o tes t  recognitio n memor y 
fo r  scene s i n pictur e versu s sentenc e modality . 

Stimul i  consiste d o f  a  se t  o f  picture s depictin g eithe r 
transitiv e o r  dativ e scenes ,  an d a  se t  o f  dativ e an d transitiv e 
sentences .  Fille r  picture s an d fille r  sentence s wer e als o 
include d (whic h wer e neithe r  transitiv e no r  dative) ,  i n orde r 
t o accommodat e th e cove r  task . 

The experimen t  proceede d i n fou r  phases .  First ,  th e 
participan t  wa s show n a  subse t  o f  th e pictures ,  describin g 
eac h o f  thes e picture s i n sequence .  Th e participant' s 
performanc e i n thi s phas e provide s a  baseline . 

Second ,  th e participan t  repeate d th e primin g sentences , 
one afte r  th e other .  Eac h participan t  receive d eithe r  activ e o r 
passiv e transitiv e sentence s (bu t  no t  both) ,  an d eithe r 
prepositiona l  o r  double-objec t  dativ e sentences .  Fille r 
sentence s (whic h wer e neithe r  transitiv e no r  dative )  wer e 
include d i n orde r  t o provid e variet y an d t o preven t  subject s 
fro m bein g suspiciou s abou t  th e larg e numbe r  o f  sentence s 
employin g th e particula r  structure s tha t  wer e bein g primed . 

Third ,  afte r  th e primin g phase ,  th e participant s worke d o n a 
serie s o f  geometri c puzzle s fo r  2 0 minutes .  Finally ,  th e 
participant s wer e agai n show n picture s t o describe ;  i n 
addition ,  the y performe d th e cove r  task ,  o f  designatin g 
whethe r  th e scen e depicte d ha d bee n encountere d befor e i n 
eithe r  pictur e o r  sentenc e form .  Onl y filler  picture s ha d bee n 
describe d befor e i n th e primin g phase .  Participants ' 
description s o f  bot h ne w picture s an d repeate d picture s wer e 
recorded ,  transcribed ,  an d coded . 

Results and Discussion 

Ther e wa s a n overal l  effec t  o f  priming ,  2 0 minute s later , 
providin g evidenc e tha t  syntacti c primin g operate s o n th e 
same tim e scal e a s implici t  learning .  I n contras t  t o earlie r 
finding s wit h immediat e trial-to-tria l  priming ,  howeve r 
(Boylan d &  Anderson ,  1997) ,  transitiv e structure s wer e 
prime d mor e strongl y tha n dativ e structures .  I t  i s 
hypothesize d tha t  difference s betwee n strategie s fo r 
producin g transitiv e sentence s an d dativ e sentence s m a y 
accoun t  fo r  thi s difference . 
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Syntacti c primin g i s th e proposa l  tha t  'processin g o f  a 
particula r  syntacti c structur e withi n a  sentenc e affect s 
processin g o f  th e sam e (o r  related )  syntacti c structur e 
withi n a  subsequentl y presente d sentence. '  (Branigan , 
Pickering ,  Liversedge ,  Stewar t  &  Urbach ,  1995) .  I n a 
languag e productio n tas k Boc k (Bock ,  1986 ,  1989 )  aske d 
subject s t o ftrst  rea d a  sentenc e ou t  lou d an d the n describ e 
a picture .  Sh e foun d tha t  th e wa y i n whic h subject s 
describe d th e picture s wa s influence d b y th e syntacti c 
structur e o f  th e sentenc e the y ha d jus t  produced .  Afte r 
readin g sentence s containin g a  prepositiona l  phras e suc h a s 
(la) ,  subject s wer e mor e likel y t o describ e a  pictur e usin g 
a prepositiona l  phras e sentence ,  e.g .  'Th e gir l  hande d a 
paintbrus h t o th e man. ' 

(la) The rock star sold some cocaine to an undercover 
agent . 

(lb) The rock star sold an undercover agent some 
cocaine . 

Similarly, sentences of a double object form (Example 
(lb) )  wer e mor e likel y t o elici t  a  pictur e descriptio n 
containin g a  doubl e objec t  construction ,  e.g .  'Th e gir l 
hande d th e m a n a  paintbrush' .  Boc k too k thi s syntacti c 
persistenc e a s evidenc e tha t  th e residua l  activatio n 
associate d wit h th e syntacti c structur e o f  th e first  (prime ) 
sentenc e result s i n tha t  structur e bein g reuse d t o describ e 
th e picture .  Braniga n e t  a l  furthe r  demonstrat e evidenc e fo r 
syntacti c primin g i n languag e comprehension .  Fo r  certai n 
sentenc e structures ,  readin g tim e associate d wit h a  sentenc e 
i s facilitate d i f  tha t  sentenc e ha s bee n immediatel y precede d 
by on e o f  equivalen t  syntacti c structure .  Braniga n e t  a l 
tak e thi s a s evidenc e tha t  syntacti c persistenc e als o occur s 
i n languag e comprehension . 

Becaus e previou s wor k ha s no t  employe d a n unrelate d 
baselin e condition ,  i t  i s  unclea r  whether ,  i n eac h case , 
primin g effect s ar e associate d wit h bot h alternativ e 
structures .  Henc e i t  i s  possibl e tha t  primin g i s  centre d 
upo n on e structur e only .  Fo r  example ,  i t  migh t  b e th e 
cas e tha t  onl y th e marke d structur e i n eac h structur e pai r  i s 
affecte d b y th e primin g manipulation .  I n (1 )  above , 
doubl e objec t  prime s migh t  bot h facilitat e subsequen t 
doubl e objec t  structure s an d inhibi t  subsequen t 
prepositiona l  objec t  structures ,  whils t  prepositiona l 
objec t  prime s migh t  hav e n o effec t  o n th e structur e o f 
subsequen t  sentences .  I f  primin g wer e t o b e centre d upo n 
one structur e only ,  thi s migh t  cas t  doub t  o n som e o f  th e 
conclusion s tha t  hav e bee n draw n fro m previou s wor k 
(e.g .  Boc k 1989) . 

I n thi s poste r  w e repor t  a  languag e productio n 
experimen t  whic h contain s a  baselin e condition ,  allowin g 
us t o examin e whethe r  primin g effect s ar e associate d wit h 
bot h structure s i n a  pai r  o f  alternative s o r  wit h onl y one . 
Our  experimen t  employe d a  writte n sentenc e completio n 
tas k (se e Pickerin g &  Branigan ,  i n press ,  fo r  mor e details) . 
Subject s complete d sentenc e fragment s whic h encourage d a 
prepositiona l  object ,  doubl e objec t  o r  intransitiv e 
continuatio n an d the n complete d a  targe t  firagmen t  whic h 
coul d b e complete d eithe r  usin g a  doubl e objec t  o r 
prepositiona l  objec t  phrase .  Th e intransitiv e fragment 
prime s constitute d ou r  baselin e condition . 

Our  result s sho w tha t  primin g effect s ca n b e foun d fo r 
bot h prepositiona l  objec t  an d doubl e objec t  structures : 
mor e doubl e object s wer e produce d followin g a  doubl e 
objec t  prim e (relativ e botf i  t o th e baselin e an d a 
prepositiona l  objec t  prime )  an d mor e prepositiona l  object s 
wer e jaxxluce d followin g a  prepositiona l  objec t  prim e 
(agai n relativ e bot h t o th e baselin e an d a  doubl e objec t 
prime) .  W e ca n conclud e tha t  syntacti c primin g occur s fo r 
bot h structure s i n a  structur e pair ,  an d i s no t  restricted 
simpl y t o th e mor e marke d alternative . 

References 

Bock ,  J.K .  (1986 )  Syntacti c persistenc e i n languag e 
production .  Cognitiv e Psychology ,  18 ,  355-387 . 

Bock ,  J.K .  (1989 )  Close d clas s immanenc e i n sentenc e 
production .  Cognition ,  31 ,  163-186 . 

Branigan ,  H.P. ,  Pickering ,  M.J. ,  Liversedge ,  S.P. , 
Stewart ,  A.J .  &  Urbach ,  T.P .  (1995) .  Syntacti c 
priming :  investigatin g th e menta l  representatio n o f 
language .  Journa l  o f  Psycholinguisti c Research ,  24 , 
489-506 . 

Pickering ,  M.J .  &  Branigan ,  H.P .  (i n press )  Th e 
representatio n o f  verbs :  evidenc e from  syntacti c primin g 
i n writte n languag e production .  Journa l  o f  Memor y ai d 
Language . 

120 6 

mailto:holIy@psy.gIa.ac.uk
mailto:andrew@psy.gla.ac.uk
mailto:martin@psy.gla.ac.uk


N e t w o r k Analysi s usin g Visualizatio n a n d Singula r  V a l u e D e c o m p o s i t i o n 

Mik e Carbonar o (Mike.Carbonaro@UAIberta.ca ) 
Departmen t  o f  Educationa l  Psychology ;  Universit y o f  Albert a 

Edmonton ,  Albert a T6G-2G 5 C A N A DA 

I n t r o d u c t i o n 

The interna l  respons e structur e fo r  tw o Paralle l  Distribute d 
Processin g (PDP )  networks ,  use d t o mode l  a  concep t  at -
tainmen t  task ,  wer e compared .  Thes e networks '  hidde n cellu -
la r  response s wer e examine d usin g graphica l  technique s an d 
singula r  valu e decomposition .  Thi s examinatio n wa s carrie d 
out  o n bot h th e dynami c an d final  stat e o f  th e networ k pro -
duce d afte r  networ k training .  On e versio n o f  th e networ k 
containe d extr a outpu t  unit s tha t  constraine d th e network' s 
learnin g spac e an d hel p th e networ k t o lear n faste r  an d 
achiev e bette r  networ k generalizatio n (Gallm o &  Carlstrom , 
1995) .  I t  wa s conclude d fro m th e interna l  analysi s o f  th e 
networks '  respons e structur e tha t  th e constraine d networ k 
learne d a  se t  o f  rule s whic h produce d greate r  discriminatio n 
among exemplar s withou t  an y los s t o correc t  categorization . 

Internal Network Analysis 

McClellan d an d Jenkin s (1991 )  use d diagram s t o plo t  th e 
dynami c learnin g performanc e o f  th e networ k a t  variou s de -
velopmenta l  stage s durin g th e learnin g o f  thei r  network' s 
representation .  A  ke y par t  o f  thei r  visua l  analysi s i s  th e 
plottin g o f  graph s tha t  sho w th e epoc h b y epoc h perform -
ance .  Hinto n (1986 )  suggeste d on e coul d infe r  certai n fact s 
abou t  weigh t  dat a b y visualizin g th e dat a i n a  diagrammati c 
fashion ,  ofte n referre d t o a s "Hinto n Diagrams. "  Anothe r 
analytica l  techniqu e whic h appear s t o b e effectiv e i n undCT -
standin g th e solutio n structur e o f  th e networ k i s a  statistica l 
analysi s o f  th e activatio n pattern s fo r  hidde n respons e cell s 
(Hanso n &  Burr ,  1990) . 

An importan t  facto r  tha t  ca n contribut e t o ou r  interpreta -
tio n o f  a  networ k i s t o creat e a  visua l  depictio n o f  th e inter -
nal  networ k representatio n (Hunk a &  Carbonaro ,  1997) .  I n 
th e cas e o f  th e wor k discusse d her e th e interpretatio n o f  dy -
nami c learnin g focuse d o n th e change s o f  th e cellula r  re -
sponse s a t  bot h hidde n an d outpu t  layer .  I n thi s contex t  dy -
nami c learnin g refer s t o th e change s i n cellula r  respons e 
value s tha t  occurre d durin g th e epoc h b y epoc h performanc e 
of  th e networ k wit h respec t  t o th e inpu t  exemplars .  Fo r  ex -
ample ,  give n th e final  stat e o f  response s i n th e network . 
Figur e 1  show s th e resul t  o f  plottin g th e larges t  thre e prin -
cipa l  component s o f  W (i.e. ,  F'^W )  base d o n th e larges t 
thre e eigenvalue s (1.74 ,  1.32 ,  an d 0.42 )  an d indicate s th e 
dimension s b y whic h th e hidde n laye r  discriminate s amon g 
th e inpu t  exemplars . 

The thre e axe s ar e labele d fo r  eac h o f  th e principa l  compo -
nent s an d indicat e th e rang e o f  componen t  values .  Mos t  no -
tably ,  inpu t  exemplar s 2 ,  3 ,  an d 4  ar e clustere d t o th e lef t 
and defin e negativ e concep t  instances ,  whil e exemplar s 1  an d 

5 ar e clustere d t o th e right  an d defin e positiv e concep t  in -
stances .  Inpu t  exemplar s 2  an d 4  cluste r  i n th e botto m righ t 
hand comer ,  bot h o f  thes e contai n specifi c  concep t  attrib -
utes .  Inpu t  exempla r  3  i s i n th e uppe r  lef t  quadran t  i s als o 
separate d ou t  base d o n a  uniquel y define d se t  o f  attribute s 
wit h respec t  t o th e othe r  inpu t  exemplars . 

-0.2 5 

^  cl.5h.l o 
0 0.2 5 0. 5 0.7 5 

0. 4 

0. 2 
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1 0. 8 
Figur e 1 :  Firs t  thre e PC s o f  hidde n response s 
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Introduct io n 

Successfu l  performanc e i n comple x dynami c 

environment s relie s o n accurat e an d timel y acquisitio n an d 

interpretatio n o f  information ,  typicall y from  multipl e 

sources ,  t o guid e decisio n makin g an d action .  Withi n a 

ship' s Comba t  Informatio n Cente r  (CIC) .  tactica l  decisio n 

makin g team s continuousl y interpre t  ongoin g events ,  base d 

on informatio n from a  variet y o f  sources ,  i n orde r  t o detec t 

and identif y contacts ,  evaluat e potentia l  threat s an d tak e 

appropriat e actions ,  i n direc t  respons e t o thos e events .  Par t 

of  ou r  wor k o n th e Shipboar d Instructo r  Trainin g Suppor t 

(SITS )  program ,  ha s include d identifyin g method s t o 

suppor t  assessmen t  an d diagnosi s i n scenario-base d 

training .  Thi s presentatio n discusse s ou r  effort s t o asses s 

performanc e o f  th e trac k identificatio n proces s b y 

diagnosin g th e rol e o f  vanou s informatio n source s i n trac k 

identificatio n decisions . 

Trac k identificatio n require s a  tea m o f  operator s t o 

initiall y  detec t  th e presenc e o f  a  contact ,  usuall y throug h 

observatio n o n a  display .  Th e tea m ma y hav e receive d 

notificatio n from  on e o r  mor e source s o f  a  potentia l  contac t 

tha t  ma y soo n becom e apparen t  o n th e display ,  thu s 

primin g th e tea m t o b e observan t  fo r  it .  Onc e a  contac t 

appear s o n th e display ,  i t  i s  officiall y  a  track ,  an d th e 

syste m assign s a  numbe r  t o it .  A t  thi s point ,  th e tea m mus t 

attemp t  t o identif y th e trac k i n term s o f  it s threa t  potentia l 

t o th e shi p an d othe r  friendl y o r  neutra l  contacts .  Onc e a 

trac k i s identified ,  th e tea m monitor s i t  t o determin e 

whethe r  o r  no t  th e trac k shoul d b e reassesse d wit h regar d t o 

It s threa t  potential ,  and ,  thus ,  requirin g a  chang e i n 

identificatio n and ,  possibly ,  an y actio n take n towar d i t 

To mak e a  correc t  trac k identification ,  th e tea m use s 

informatio n from  source s suc h a s intelligenc e data , 

electroni c sensors ,  IFF ,  poin t  o f  origin ,  an d characteristi c 

maneuverin g pattern s tha t  correlat e highl y wit h differen t 

type s o f  tracks .  Th e identificatio n proces s involve s activ e 

informatio n seeking ,  communicatio n amon g tea m member s 

and wit h externa l  sources ,  an d consol e interaction . 

Approach 

One objectiv e i s t o us e operato r  keystrok e pattern s t o asses s 

performanc e o n th e trac k identificatio n tas k an d t o 

diagnos e whic h o f  th e availabl e informatio n source s 

participate d i n th e identificatio n process .  Ther e ar e a 

number  o f  source s o f  uncertaint y i n assessin g th e 

identificatio n process .  First ,  ther e i s uncertaint y inheren t 

i n th e task ,  th e confidenc e leve l  associate d wit h eac h sourc e 

of  informatio n differs ,  s o i t  i s importan t  fo r  th e tea m t o us e 

hig h reliabilit y  informatio n source s an d t o us e multipl e 

sources .  Second ,  a n accurat e identificatio n ca n b e base d o n 

variou s combination s o f  information ,  availabl e t o th e tea m 

at  differen t  times .  Finally ,  th e keystrok e observable s 

provid e onl y on e windo w int o th e process ,  communication s 

betwee n tea m member s an d wit h externa l  source s provid e 

anothe r  windo w o n th e identificatio n process .  S o assessin g 

th e identificatio n proces s i n term s o f  th e informatio n 

source s tha t  contribute d t o a  decisio n i s a  tas k wel l  suite d t o 

probability-base d inferenc e technique s (e.g. ,  Marti n & 

VanLehn ,  1995 ;  Mislevy ,  1995) . 

The Bayesia n networ k fo r  th e trac k identificatio n proces s 

i s mad e u p o f  variable s representin g th e observabl e 

keystrok e actions ,  th e observabl e value s o f  th e relevan t 

informatio n sources ,  an d th e inferre d rol e o f  eac h 

informatio n sourc e i n th e identificatio n decision .  Th e inpu t 

t o th e networ k i s a  se t  o f  value s representing :  th e 

identificatio n assigne d b y th e operator ,  keystrok e action s 

relate d t o accessin g a  particula r  informatio n source ,  th e 

correc t  identificatio n o f  th e track ,  an d th e conten t  provide d 

by eac h informatio n sourc e a t  th e tim e o f  th e operator' s 

identification .  Th e outpu t  from  th e networ k i s a  se t  o f 

value s representin g th e probabilit y  tha t  eac h informatio n 

sourc e wa s accuratel y used ,  inaccuratel y used ,  o r  no t  use d 

at  al l  i n th e decisio n process . 
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"What  i s th e natur e o f  th e knowledg e tha t  define s th e execu -
tiv e proces s an d h o w ca n thi s knowledg e b e learned? "  I n 
Chong &  Lair d (1997) ,  w e too k th e first  step s t o addres s 
thes e question s fo r  th e Wickens '  Tas k (th e concurren t  perfor -
mance o f  a  trackin g tas k an d a  C R T task )  usin g th e EPIC -
Soar  hybri d architecture .  W e identifie d fou r  classe s o f  execu -
tiv e knowledg e an d posite d possibl e source s fo r  th e knowl -
edge fo r  thre e o f  th e four .  Th e fourt h class ,  calle d strategic , 
consiste d o f  tw o instances :  anticipator y moto r  programmin g 
and pipelining .  A t  th e time ,  w e ha d n o satisfactor y hypothe -
si s fo r  th e origi n o f  th e strategi c knowledg e class . 

A ke y observatio n o f  thes e tw o instance s i s tha t  the y pro -
duc e exper t  performanc e becaus e the y allo w whol e com -
mands (o r  part s o f  c o m m a n d processing )  t o b e moved ,  o r 
promoted ,  t o chronologicall y earlie r  perceptua l  events .  Thi s 
observatio n o f  moto r  promotion s i s th e inspiratio n fo r  a  task -
independen t  promotion-base d learnin g procedur e briefl y 
presente d here . 

The learnin g procedur e itsel f  consist s o f  thre e style s o f 
promotions :  prepar e promotion s (whic h creat e anticipator y 
moto r  programmin g rules) ,  an d perceptual-even t  promotion s 
and motor-statu s promotion s (whic h combin e t o produc e 
pipelinin g rules) .  T o suppor t  th e learnin g procedure ,  a  chro -
nologica l  tas k strateg y dat a structur e wa s invente d t o repre -
sent  a  subject' s initia l  knowledg e abou t  th e chronologica l 
orderin g o f  perceptua l  tas k event s an d th e associate d moto r 
commands (pe r  th e tas k instructions) .  Thi s chronologica l 
tas k strateg y dat a structur e i s  essentia l  t o th e procedur e 
becaus e i t  keep s trac k o f  th e chronolog y o f  event s a s promo -
tion s ar e mad e an d i t  als o identifie s whic h promotio n style s 
can b e performed .  Th e learnin g procedur e run s concurrentl y 

"•  Scquenlia ]  (iwivia: ) 
'  Sequentia l  +  Pnimolma s 
•"  Prominioa s +  CiinLUrrcn t  (expert ) 
•*  Coin-urren l  (novice ) 
'  OmvTjrrcn l  +  Pntmi)luins(cxr'cn ) 
•  Ohscrve d 0, 0 3. 2 6. 4 9. 6 12. 8 16. 0 19. 2 2 2 4  25. 6 28. 8 32. 0 35. 2 

Vertica l  .'.eparatio n belwee n trackin g an d C R T task s (degrees ) 

Figure 1: The evolution of tracking performance 

wit h tas k performance ,  s o performanc e i s  improve d whil e 
th e tas k i s bein g performed . 

The first  thre e trace s i n th e legen d o f  Figur e 1  sho w th e 
performanc e evolutio n o f  a n initially-sequentia l  (IS )  novic e 
model  tha t  bega n wit h a  sequentia l  dual-tas k strateg y (track -
in g halt s whe n th e C R T stimulu s appear s an d resume s afte r 
th e respons e i s sent) .  Th e promotio n learnin g procedur e pro-
duce d a  larg e reductio n i n trackin g error .  The n wit h a  mino r 
chang e t o on e o f  th e Soa r  rule s t o abando n th e initia l  sequen -
tia l  strateg y fo r  a  concurren t  dual-tas k strateg y (trackin g i s 
uninterrupte d b y C R T stimulu s appearance) ,  th e final  perfor -
mance wa s a  goo d matc h t o th e observe d data . 

I n a  secon d trainin g run ,  w e use d a n initially-concurren t 
(IC )  novic e mode l  tha t  bega n wit h th e concurren t  dual-tas k 
strategy .  ("Concurren t  (novice) "  trac e i n Figur e 1. )  W e 
expecte d tha t  th e promotio n learnin g procedur e woul d pro -
duc e th e sam e (o r  a t  leas t  a n equall y good )  final  performanc e 
fit  regardles s o f  th e dual-tas k strateg y initiall y  use d b y th e 
novic e model .  However ,  a s see n b y th e "Concurren t 
(expert) "  trac e i n Figur e 1 ,  th e mode l  predicte d tha t  final  per -
formanc e i s no t  th e sam e unde r  thi s condition . 

Thi s unexpecte d resul t  howeve r  ma y b e consisten t  wit h th e 
genera l  findings  o f  a  stud y b y Gophe r  (1993 )  tha t  examine d 
th e effect s o n final  performanc e o f  varie d tas k emphasi s dur -
in g dual-tas k training .  Post-trainin g performanc e wa s foun d 
t o b e superio r  fo r  subject s w h o wer e mad e t o var y tas k prior -
itie s durin g trainin g (VP )  compare d t o subject s w h o wer e 
eithe r  i n th e equal-priorit y (EP )  o r  no-priorit y (NP )  groups . 

Gopher' s V P trainin g grou p ca n b e viewe d a s analogou s t o 
th e I S mode l  sinc e i t  initiall y  emphasize d th e C R T tas k an d 
the n wa s late r  change d t o equa l  emphasis .  Similarly ,  th e E P 
trainin g grou p ca n b e viewe d a s analogou s t o th e I C mode l 
sinc e i t  use d equa l  emphasi s throughout .  Th e R M S erro r  o f 
th e final  performanc e o f  th e I S an d I C model s relativ e t o th e 
observe d dat a wa s 1.8 8 an d 2.3 6 wit h a  correlatio n o f  0.8 9 
and 0.7 4 respectively .  I n th e sam e wa y tha t  V P wa s bette r 
tha n EP ,  s o I S wa s bette r  tha n IC .  Therefore ,  w e tentativel y 
tak e th e predictio n o f  th e mode l  t o b e correct . 
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Abstrac t 

Distributed representation is a 
representationa l  syste m tha t  i s compose d o f  a n 
integratio n an d exchang e o f  externa l  an d interna l 
representationa l  informatio n i n a  seamles s an d 
interweavin g manner .  Th e performanc e o f  an y 
everyda y tas k utilize s perceptua l  informatio n 
obtaine d fro m tli e externa l  environmen t  an d 
interna l  informatio n retrieve d fro m one' s 
memory.  Externa l  representation s constructe d 
fro m informatio n extracte d fro m externa l  object s 
(suc h a s writte n symbols )  an d interna l 
representation s (suc h a s schemas )  dynamicall y 
integrat e an d interweav e t o resul t  i n a  ric h patter n 
of  cognitiv e behavior .  Th e principl e o f 
distribute d representation s i s tha t  a  distribute d 
cognitiv e tas k involve s a  syste m o f  distribute d 
representation s tha t  consist s o f  interna l  an d 
externa l  representation s (Zhan g &  Norman ,  1994 , 
1995) .  Th e tas k i s neithe r  exclusivel y dependen t 
on internall y no r  exclusivel y dependen t  o n 
externall y processe d information ,  bu t  rathe r  o n th e 
interactio n o f  th e tw o informatio n space s forme d 
by th e interna l  an d externa l  representations . 

Even thoug h differen t  isomorphi c 
representation s ma y hav e a  common underlyin g 
forma l  structure ,  th e representatio n an d 
distributio n o f  th e sam e informatio n acros s th e 
interna l  an d externa l  space s ca n b e different .  Th e 
varian t  distribution s o f  representationa l 
informatio n resul t  i n producin g alternat e an d 
occasionall y contrastin g behaviors .  I t  woul d tlie n 
be possibl e t o observ e th e differin g efficiencie s o f 
th e representationa l  systems .  Thi s 
representationa l  effec t  i s  observe d an d studie d 
ove r  a  serie s o f  experiment s involvin g variou s 
navigationa l  instrument s fro m tJi e aviatio n 
industr y i n a  navigationa l  task . 

Cockpi t  informatio n display s ar e example s 
of  distribute d representatio n systems . 
Navigationa l  informatio n i n a  cockpi t  infonnatio n 
syste m ca n an d i s represente d throug h a  variet y o f 
isomorphi c navigatio n instruments .  Witlii n th e 
aviatio n industry ,  ther e exist s a  variet y o f 
navigationa l  system s base d o n a  se t  o f  ke y 
instruments .  Althoug h tJi e navigationa l 
infonnatio n displaye d i s similar ,  the y var y i n thei r 
relativ e degre e o f  directnes s an d efficienc y i n 
thei r  representatio n o f  scal e informatio n (Stevens , 
1946 ;  Narens ,  1981) .  Th e scal e informatio n o f 

tli e orientatio n an d distanc e dimension s i n a 
cockpi t  informatio n displa y i s represente d acros s 
interna l  an d externa l  representation s an d ca n 
dramaticall y affec t  tii e representationa l  efficienc y 
of  Ui e displa y an d tii e pilot' s  behavior . 

The experimenta l  stud y compare s th e 
differin g effect s o f  a  navigationa l  tas k usin g thre e 
of  tli e mor e prevalen t  navigatio n system s i n use . 
A decompositio n o f  Ui e cognitiv e tas k int o it s cor e 
component  level s identifie s tli e representationa l 
propertie s responsibl e fo r  th e observe d 
representationa l  effect .  Th e resultin g varianc e i n 
behavio r  i n completin g tli e tas k indicate s whic h 
representatio n system s ar e mor e efficient ,  an d 
tliu s whic h instrument s ar e mor e 'direct *  i n 
producin g suc h a  representatio n system .  Varianc e 
i n behavio r  i s measure d tliroug h time s fo r  tas k 
completio n an d erro r  rate . 

A learnin g effec t  wa s observe d fo r  al l  thre e 
experimenta l  condition s fro m repeate d measure s 
data .  Thi s dramati c an d robus t  powe r  curv e o f 
learnin g correspond s wit h tli e standar d powe r  la w 
of  practice .  Th e dat a supporte d th e hypothesi s o f 
a representationa l  effect ;  performanc e differe d i n 
initia l  tas k completio n time s an d th e rat e o f 
observe d learnin g betwee n th e thre e conditions . 
Task performanc e varie d onl y minimall y a t  th e 
end o f  tli e experimenta l  procedure .  Th e 
performanc e convergenc e ma y b e explaine d 
throug h practic e fro m th e learnin g perio d o f  th e 
experiment . 

The experimenta l  result s wer e consisten t 
wit h th e prediction s o f  tli e distribute d cognitiv e 
theory .  Th e predictio n wa s fo r  representation s t o 
hav e a  distribute d spac e extendin g acros s th e 
interna l  representationa l  spac e an d th e externa l 
representationa l  space ,  whic h wa s supporte d b y 
th e observe d representationa l  effect . 
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Introduct io n 

Severa l  theorist s hav e suggeste d tha t  a  smgle ,  globa l  spee d o f 
processin g explam s individua l  an d developmenta l  difference s 
i n workin g memor y (e.g. .  Fr y & .  Hale ,  1996 ;  Kai l  &  Park , 
1994 ;  Kai l  &  Salthouse ,  1994 ;  Salthouse ,  1996) .  1  propos e 
tha t  a  mor e comple x vie w mus t  b e taken .  Ther e ar e severa l 
differen t  processin g speed s tha t  ar e unrelate d t o on e another , 
bot h o f  whic h ar e nevertheles s relate d t o workin g memor y 
ability .  Moreover ,  on e o f  thes e processin g speed s i s affecte d 
by memor y load .  Thes e tw o separat e type s o f  speed s canno t 
be reduce d t o a  single ,  globa l  spee d o f  processing . 

Discussion of Evidence 

New evidence comes from the duration of responses in 
memory spa n task s administere d t o childre n rangin g fro m 4 
t o 1 2 year s old ,  an d youn g adults .  Usin g a  soun d wavefor m 
editor ,  a  fine-grained  analysi s ha s bee n obtained . 
Specifically ,  th e duratio n o f  word s an d silen t  pause s betwee n 
word s i n th e spoke n response s withi n spa n task s hav e bee n 
measure d (Cowan ,  1992 ;  Cowan ,  Kelle r  etal. ,  1994 ;  Cowan , 
Wood e t  al. ,  i n press) .  Thes e measurement s hav e bee n mad e 
onl y fo r  stimulu s list s tha t  wer e repeate d b y th e subjec t 
withou t  error . 

The duration s o f  word s i n th e memor y spa n tas k respons e 
ar e affecte d ver y littl e b y lis t  length ,  th e subject' s  age ,  o r  th e 
subject' s memor y spa n ability .  Onl y th e duration s o f  stimulu s 
word s affec t  the m However ,  th e duration s o f  inter-wor d 
pause s i n th e respons e ar e affecte d b y differen t  factors .  The y 
ar e unaffecte d b y stimulu s wor d lengt h bu t  ar e longe r  withi n 
response s t o longe r  lists ,  suggestin g tha t  subject s mus t  searc h 
throug h th e lis t  repeatedl y t o retriev e eac h wor d t o recal l 
next .  Fo r  list s o f  a  fixed  length ,  th e pause s ar e longe r  fo r 
younge r  an d les s capabl e subjects .  Thes e result s sugges t  tha t 
a memor y retrieva l  proces s (whic h i s no t  cover t  rehearsal . 
give n th e absenc e o f  wor d duratio n effect s i n pauses )  occur s 
betwee n word s i n th e response ,  i s  set-size-dependent ,  an d 
occur s mor e quickl y fo r  mor e capabl e subjects . 

For  convergin g evidence ,  w e als o hav e collecte d memor y 
searc h prob e reactio n time s i n adult s (Cowan ,  W o o d e t  al. ,  i n 
press )  usin g a  modificatio n o f  th e metho d o f  Sternber g (1966 ) 
tha t  ca n b e use d wit h adult s i n groups .  The y ar e give n a  fixed 
perio d t o searc h throug h a n arra y t o find  item s tha t  com e 
fro m th e memor y se t  an d circl e thos e items . 

We als o hav e examine d ho w quickl y subject s ca n repea t 
shor t  set s o f  word s a s a n estimat e o f  rehearsa l  rate s (se e 
Baddeley ,  1986 )  an d hav e develope d anothe r  tas k i n whic h 
rehearsa l  remain s cover t  an d subject s mak e a  mar k o n pape r 
t o reflec t  eac h rehearsa l  cycl e (Cowan ,  W o o d e t  al. ,  i n press) . 

Bot h retrieva l  rate s (indicate d b y inter-wor d pause s i n 
spa n tas k response s an d b y memor y searc h reactio n times ) 
and rehearsa l  rate s (indicate d b y rapi d speakin g an d cover t 
rehearsa l  rates )  ar e correlate d wit h span ,  generall y a t  abou t 

r  =  .4 .  Nevertheless ,  retrieva l  an d rehearsa l  rate s ar e 
completel y uncorrelate d wit h on e another ,  accountin g fo r 
non-overlappin g portion s o f  th e varianc e i n memor y span . 
For  example .  Cowan ,  W o o d e t  al .  (i n press )  foun d that ,  i n a 
sampl e o f  childre n rangin g fro m first  grad e throug h fifth 
grade ,  inter-wor d pause s an d rapi d speakin g rate s togethe r 
accounte d fo r  6 0 % o f  th e varianc e i n spa n an d 8 7 % o f  th e 
age-relate d varianc e i n span . 

Conclusion 

Thes e result s sugges t  tha t  ther e i s no t  jus t  a  single ,  globa l 
spee d o f  processing .  Retrieva l  rate s ar e highl y load-sensitiv e 
and ma y reflec t  th e capacit y o f  th e focu s o f  attention ,  wherea s 
rehearsa l  rate s ma y reflec t  th e spee d o f  automati c processin g 
i n a  phonologica l  loo p mechanism .  Th e tw o type s o f 
processin g rate s ar e no t  relate d t o on e anothe r  an d therefor e 
must  b e accounte d fo r  throug h separat e mechanisms . 

References 

Baddeley, A.D. (1986). Working memory Oxford: 
Clarendo n Press . 

Cowan,  N .  (1992) .  Verba l  memor y spa n an d th e timin g o f 
spoke n recall .  Journa l  o f  M e m o r y &  Language .  31. ,  668 -
684 . 

Cowan,  N. ,  Keller ,  T. ,  Hulme ,  C ,  Roodenrys ,  S. ,  McDougall , 
S. ,  &  Rack ,  J .  (1994) .  Verba l  memor y spa n i n children : 
Speec h timin g clue s t o th e mechanism s underlyin g ag e 
and wor d lengt h effects .  Journa l  o f  Memor y &  Language , 
33,  234-250 . 

Cowan,  N. ,  Wood ,  N.L. ,  Wood ,  P.K. ,  Keller ,  T.A. ,  Nugent , 
L.D. ,  &  Keller ,  C.V .  (i n press )  T w o separat e verba l 
processin g rate s contributin g t o short-ter m memor y span . 
Journa l  o f  Experimenta l  Psychology :  General . 

Fry ,  A.F. ,  &  Hale ,  S .  (1996) .  Processin g speed ,  workin g 
memory,  an d fluid  intelligence :  Evidenc e fo r  a 
developmenta l  cascade .  Psychologica l  Science ,  2 ,  237 -
241 . 

Kail ,  R. ,  &  Park ,  Y.-S .  (1994) .  Processin g time ,  articulatio n 
time ,  an d memor y span .  Journa l  o f  Experimenta l  Chil d 
Psychology ,  57 ,  281-291 . 

Kail ,  R. ,  &  Salthouse ,  T .  A .  (1994) .  Processin g spee d a s a 
menta l  capacity .  Act a Psychologica ,  86 ,  199-255 . 

Salthouse ,  T .  A .  (1996) .  Th e processing-spee d theor y o f  adul t 
age difference s i n cognition .  Psychologica l  Review ,  103 , 
403-428 . 

Sternberg ,  S .  (1966) .  High-spee d scaimin g i n huma n 
memory Science ,  153 .  652-654 . 

121 1 



R e p r e s e n t a t i o n Revis i ted :  L e s s o n s L e a r n e d f r o m Artificia l  Li f e 

Monic a R .  Cowar t  (mrcowart@facstaff.wisc.edu ) 
Departmen t  o f  Philosophy ;  60 0 Nort h Par k Stree t 

Madison ,  WI  5370 6 US A 

Cognitiv e scientist s hav e lon g assume d th e existenc e o f 
representation s t o mak e sens e o f  th e comple x behavior s o f 
organisms .  Thi s widel y hel d presupposition ,  characterize d 
as th e traditiona l  representationalis t  view ,  state s tha t  th e 
externa l  worl d ha s pre-existin g characteristic s tha t  a n or -

ganism' s cognitiv e syste m accuratel y recover s throug h th e 
means o f  a  representation .  I n respons e t o thi s receive d view , 
Rodney Brook s advance s th e radica l  thesi s tha t  representa -
tion s ar e no t  necessar y fo r  cognitio n (1991) .  H e base s thi s 
clai m o n th e recen t  successes ,  attribute d t o th e Artificia l 
Lif e researc h progra m (hereafte r  AL) ,  whic h demonstrat e 
tha t  complexl y behavin g system s ca n b e constructe d from 
simpl e processe s tha t  interac t  locall y withou t  eithe r  a  centra l 
processo r  o r  representations .  Thes e system s deviat e from 
th e standar d computationa l  mode l  o f  cognitio n i n tw o ke y 
respects :  1 )  th e occurrenc e o f  th e desire d behavio r  result s 
from  th e developmen t  o f  emergen t  properties ,  instea d o f 
dependenc e o n a  centra l  processo r  issuin g directive s an d 2 ) 
th e system' s interactio n wit h it s surrounding s i s a  resul t  o f 
unmediate d detectio n o f  environmenta l  cues ,  rathe r  tha n th e 
creatio n o f  a  mode l  o f  th e environment .  Thes e principle s 
enabl e th e creatio n o f  organism s whic h utiliz e loca l  cue s t o 
generat e comple x behavio r  unaide d b y representation . 

Yet ,  som e cognitiv e scientist s argu e tha t  th e preliminar y 
successe s i n A L d o no t  warran t  a  reconceptio n o f  min d a s 
non-representational .  Mos t  notably ,  Ki m Stereln y criticize s 
AL successe s fo r  dependin g to o heavil y o n agen t  neutra l  o r 
agent  friendly  environment s wher e representatio n requirin g 
feature s ar e absen t  (1997) .  Sterelne y contend s tha t  evolutio n 
mandate s th e existenc e o f  representation s i f  organism s ar e 
t o surviv e i n hostil e environment s wher e reactio n tim e an d 
perceptua l  constanc y capacitie s ar e key . 

I  argu e tha t  Sterelney' s criticis m o f  A L assume s par t  o f 
th e traditiona l  representationalis t  mode l  o f  cognitio n wher e 
an organis m utilize s a n informatio n processin g mode l  t o 
perceiv e X  i n th e worl d (th e input) ,  generat e a  representa -
tio n o f  X ,  an d determin e a  behavio r  t o execut e i n respons e 
t o X  (th e output )  (Varela ,  Thompson ,  &  Rosch ,  1991) .  Suc h 
an accoun t  presuppose s tha t  th e organis m mus t  creat e a 
model  o r  ma p o f  it s surrounding s which ,  onc e processed , 
enable s i t  t o reac t  appropriatel y i n it s environment .  Conse -
quently ,  ever y interactio n withi n th e environment ,  rangin g 
from  finding  foo d t o avoidin g prey ,  i s merel y a  ne w "prob -
lem "  tha t  th e organis m solve s b y appealin g t o a  representa -
tion .  Th e representatio n the n enable s th e proble m spac e t o 
be adequatel y define d s o tha t  th e appropriat e outpu t  behav -
io r  ca n b e calculated .  Sterelne y grant s tha t  A L successes , 
utilizin g a  subsumptio n architecture ,  hav e produce d com -
ple x behavio r  unaide d b y representation .  However ,  h e 

claim s tha t  th e succes s o f  thes e project s i s th e fiinction  o f 
th e fac t  tha t  th e induce d behavior s occurre d i n eithe r  agen t 
neutra l  o r  cooperativ e environment .  Sterelne y the n denie s 
tha t  subsumptio n architecture s ar e capabl e o f  enablin g a n 
organis m t o successfull y navigat e i n hostil e environments . 
Hi s ide a her e i s tha t  mer e detectio n i s no t  enoug h t o "d o th e 
job "  o f  provokin g successfu l  behavior s i n hostil e environ -
ments .  Thus ,  representatio n i s a n ineliminabl e par t  o f  an y 
cognitiv e mode l  capabl e o f  explainin g ho w a n organis m ca n 
surviv e unfriendl y circumstances . 

I  argu e tha t  Sterelne y return s t o hi s representationalis t 
root s befor e adequatel y examinin g th e possibilitie s o f  th e 
AL program .  I n particular ,  th e enactive/embodie d mode l  o f 
cognitio n advance d b y Varel a et .  al .  demonstrate s tha t  it' s a 

mistak e t o characteriz e A L behavior s a s involvin g mer e 
detectio n (1991) .  Accordin g t o thi s model ,  organism s don' t 
reac t  t o a  perceiver-independen t  world .  Rather ,  th e organ -
is m an d it s loca l  environment ,  friendly  o r  unfriendly ,  co -
evolv e s o tha t  mutua l  specificatio n occurs .  Thi s pictur e re -
place s adaptatio n wit h th e comple x notio n o f  structura l  cou -
plin g betwee n loca l  habita t  an d organism .  Thus ,  th e curren t 
statu s o f  th e environmen t  an d th e organis m resul t  from  thei r 
influenc e o n on e another .  I n effect ,  th e histor y o f  th e or -
ganism' s sensorimoto r  capacitie s determin e ho w i t 
views/interact s i n th e worl d an d th e structur e o f  th e worl d 
jointl y determine s th e wa y thes e sensorimoto r  capacitie s ac t 
upon it .  Thi s typ e o f  mutua l  specificatio n doe s no t  dra w it s 
explanator y powe r  from  representation .  Representatio n i s 
not  needed ,  eve n i n hostil e environments ,  sinc e th e organ -
is m ha s co-evolve d t o detec t  th e loca l  cue s o f  th e othe r  or -
ganism s existin g withi n it s environment .  Suc h detectio n 
result s i n variou s "copin g strategies "  an d th e one s tha t  wor k 
wil l  appea r  i n subsequen t  generations .  Thes e "strategies " 
develo p a s a  resul t  o f  th e clos e couplin g o f  organis m wit h 
it s environment .  Moreover ,  thes e strategie s ar e s o finely 
tune d t o th e specific s o f  th e organis m an d it s histor y withi n 
it s loca l  habita t  tha t  th e sam e predictiv e succes s ca n no t  b e 
assumed i f  th e organis m wer e place d i n a  differen t  envi -
ronment .  Thus ,  th e enactiv e mode l  explain s ho w organism s 
can exis t  i n hostil e environment s unaide d b y representation . 
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Interes t  i n teachers '  cognitiv e processe s emerge d a s 
information-processin g an d cognitiv e science s researc h 
critique d behavioristi c method s o f  researc h o n teachin g 
(Shulman ,  1986) .  I n a  revie w o f  th e teache r  thinkin g 
literature ,  Clar k an d Peterso n (1986) ,  describ e i t  a s a n 
eclecti c genr e o f  researc h wit h it s  root s i n teacher -
effectivenes s research ,  primaril y focusin g o n som e aspec t  o f 
teache r  thinkin g lik e lesso n planning ,  decisio n making , 
judgment ,  implici t  theorie s an d beliefs ,  expectations ,  an d 
attributions .  Accordin g t o Clark  an d Peterson ,  "[t]h e 
ultimat e goa l  o f  researc h o n teachers '  though t  processe s i s t o 
construc t  a  portraya l  o f  th e cognitiv e psycholog y o f  teachin g 
fo r  us e b y educationa l  theorists ,  researchers ,  policymakers , 
curriculu m designers ,  teache r  educators ,  schoo l 
administrators ,  an d b y teacher s themselves. " 

Researc h o n teachers '  beliefs ,  fo r  example ,  indicat e th e 
relationshi p betwee n belie f  an d practic e i s no t  clea r  an d tha t 
th e correspondenc e betwee n teachers '  espouse d belief s an d 
instructiona l  practic e i s no t  alway s hig h (Hashweh ,  1996 ; 
Thompson ,  1992) .  Pre-servic e trainin g an d in-servic e 
interventio n studie s produc e a n increas e i n teachers '  conten t 
and pedagogica l  knowledge ,  bu t  hav e les s effec t  o n teachers ' 
classroo m teachin g (e.g. ,  Knap p &  Peterson ,  1995 ;  Wilson , 
1994) .  Suc h studie s poin t  t o bot h th e complexitie s o f 
teachin g an d th e difficultie s o f  improvin g teachers ' 
instructiona l  practices . 

What  i s missin g fro m th e literatur e i s knowledg e abou t 
ho w teacher s lear n t o improv e thei r  instructio n i n schoo l 
context s Thi s stud y employ s a  mode l  calle d "lesso n 
study "  tha t  start s wit h teachers '  mos t  immediat e curriculu m 
and instructiona l  concern s an d embed s teache r  learnin g i n 
everyda y activitie s (Thar p &  Gallimore ,  1988) . 
Mathematic s lesson s ar e th e object s o f  intellectua l  inquiry . 
"Lesso n study, "  fashione d afte r  th e Japanes e approac h t o 
professiona l  learning ,  require s tha t  teacher s mee t  weekl y fo r 
1 1/ 2 hou r  sessions .  I n thes e sessions ,  teacher s 
collaborativel y develo p mathematic s lessons ,  teac h thes e 
lesson s t o thei r  students ,  an d asses s th e product s fro m thes e 
lessons .  A  distinguishin g featur e o f  "lesso n study "  i s it s 
recursiveness .  Teacher s refin e lesson s accordin g t o studen t 
achievemen t  results .  Mor e broadly ,  th e researc h effor t  seek s 
t o documen t  h o w engagemen t  aroun d mathematic s lesson s 
enhance s teachers '  knowledg e abou t  wha t  constitute s (1 )  th e 
"good "  mat h lesson ,  (2 )  students '  c o n c e p t u a l 
understanding ,  an d (3 )  "good "  instructiona l  practice .  Mor e 
specifically ,  thi s stud y seek s t o documen t  i f  suc h 
engagemen t  induce s a  chang e i n teachers '  relativel y 
undifferentiate d notion s o f  students '  thinkin g an d conceptua l 
understandin g t o mor e differentiate d representation s o f 
students '  thinkin g an d understanding . 

The stud y bega n i n mid-Januar y 199 8 Ther e ar e fou r 
participants :  on e fourth-grade ,  on e fourth/fifth-grade ,  an d 
tw o fifth-grad e teachers .  Dat a collectio n method s ar e a s 
follows :  Weekl y session s ar e audiotaped .  Eac h teache r  wil l 
participat e i n 2  o r  3  interviews .  Classroo m observation s 
wil l  b e conducted .  Eac h teacher' s collaboratively-develope d 
lesson s wil l  b e videotaped .  Students '  wor k product s fro m 
thes e lesson s wil l  b e collecte d an d assessed .  Protocol s wil l 
be use d t o sor t  an d analyz e data . 

At  th e tim e o f  thi s writing ,  preliminar y analysi s o f  audio -
tape d session s indicat e tha t  teacher s hav e limite d 
understandin g o f  wha t  mat h reformist s mea n b y conceptua l 
understanding .  Whil e the y describ e "concepts "  a s th e 
meanin g behin d "facts "  an d "skills, "  th e example s the y 
provid e t o illustrat e conceptua l  understandin g ar e littl e mor e 
tha n definition s o f  mathematica l  terms . 
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Abstrac t 

This article addresses the effectiveness of search 
reformulatio n usin g quer y refinemen t  mechanism s o n th e 
Internet .  Cognitiv e loa d wa s measure d usin g a  secondar y 
digit-monitorin g task .  Th e loa d wa s foun d t o b e lowe r  whe n 
usin g th e refinemen t  mechanism s tha n whe n perusin g 
document  sunmiarie s -  suggestin g tha t  th e developmen t  o f 
refinemen t  mechanism s ca n mak e Interne t  searchin g easier . 
T wo refinemen t  mechanisms ,  on e base d o n statistica l  ter m co -
occurrenc e an d th e othe r  o n a  shallo w natura l  languag e 
parsin g techniqu e wer e tested .  N o differenc e i n loa d wa s 
found ,  possibl y becaus e o f  th e limite d tim e tha t  subject s spen t 
i n th e refinemen t  process . 

Introduction 

Short  querie s o n th e W W W resul t  i n large ,  imprecis e resul t 
sets .  I f  longe r  querie s coul d h e elicite d from  th e user ,  the n 

th e precisio n i n th e retrieva l  coul d b e improved .  Fo r  thi s 
reaso n a  numbe r  o f  quer y formulatio n aid s hav e appeare d i n 

conjunctio n wit h web-base d searc h engines .  Fo r  example , 
th e Excit e searc h engin e produce s list s o f  keyword s tha t  th e 

use r  ca n us e t o mak e th e initia l  quer y mor e specific . 
Similarly ,  th e Hype r  Inde x Browser '  (HIB )  provide s th e 

use r  wit h a  lis t  o f  phrase s tha t  includ e th e initia l  quer y term s 
and tha t  ca n b e use d i n subsequen t  call s t o th e retrieva l 
engine . 

Th e challeng e fo r  quer y refinemen t  mechanism s i s 
t o provid e a n interfac e t o th e searc h spac e tha t  make s 

searchin g eas y an d productiv e fo r  th e use r  throug h th e 
carefu l  selectio n o f  informatio n t o present .  I n thi s abstract , 

we addres s tw o ke y issues . 

Firstly ,  wha t  ar e th e merit s o f  remainin g i n th e refinemen t 
processe s rathe r  tha n perusin g documen t  summaries ? Th e 

commitmen t  t o quer y refinemen t  mechanism s hinge s o n th e 

assumptio n tha t  i t  i s  easie r  an d mor e productiv e fo r  user s t o 
proces s th e refinement s tha n t o perus e a  lis t  o f  documen t 

summaries .  Perhaps ,  however ,  ther e i s n o substantiv e 
differenc e betwee n refinemen t  an d summar y processin g an d 

http://www.dstc.edu.au/cgi-bin/RDU/hib/hi b 

th e quer y refinemen t  mechanism s ar e unlikel y t o lea d t o 

mor e effectiv e search . 
Secondly ,  h o w shoul d a  refinemen t  mechanis m choos e 

candidat e refinement s fo r  th e user s perusal ? Excit e produce s 

candidat e keyword s fo r  quer y refinemen t  usin g ter m co -

occurrenc e statistics .  Th e refinement s selecte d ar e word s 

tha t  ten d t o occu r  wit h th e targe t  terms .  B y contrast ,  th e 
Hype r  Inde x Browse r  (HIB )  select s phrase s tha t  contai n th e 

initia l  query .  Fo r  example ,  i f  th e quer y i s "Internet" , 
refinement s lik e "Interne t  security" ,  o r  "guid e fo r  Internet " 

ar e presented .  Th e secon d questio n w e addres s i s whethe r 

th e statistica l  o r  linguisti c approac h t o refinemen t  generatio n 
lead s t o mor e effectiv e search . 

T o tes t  thes e hypothese s cognitiv e loa d wa s measure d 

usin g a  secondar y digit-monitorin g tas k whil e subject s wer e 
engage d i n a  searc h task .  Th e dependen t  variable s wer e th e 

tim e take n t o respon d t o repeate d digit s an d th e numbe r  o f 

misses . 

Results and Discussion 

No differenc e wa s foun d betwee n th e H I B (M=186 7 
milliseconds )  an d Excit e (M=180 0 milliseconds )  refinemen t 

reactio n lime s F(l ,  39) = 0.029 ,  p=0.865 .  No r  wa s ther e a 
differenc e betwee n th e reactio n time s a s a  functio n o f 
refinemen t  (M=182 3 milliseconds )  versu s summar y stat e 

(M=188 5 milliseconds )  F(l,186) = 0.059 ,  p=0.808 .  Th e mis s 
rat e wa s calculate d a s th e numbe r  o f  misse s divide d b y th e 
tota l  numbe r  o f  doubl e digit s playe d (th e numbe r  o f  hit s 

plu s th e numbe r  o f  misses) .  Usin g th e Wilcoxo n matched -
pair s signe d rank s tes t  ther e wa s a  significan t  differenc e 
betwee n th e mis s rat e durin g th e refinemen t  stat e an d th e 

summary stat e (T=3 ,  p  <  0.05) . 

Thi s abstrac t  make s tw o mai n contributions .  Firstly ,  th e 

curren t  result s sugges t  refinemen t  mechanism s d o reduc e 

th e cognitiv e loa d experience d b y th e user . 
Secondly ,  w e hav e demonstrate d th e us e o f  dua l  tas k 

methodolog y i n th e assessmen t  o f  refinemen t  mechanisms . 
The digit-monitorin g tas k ha s bee n show n t o b e appropriat e 

as a  secondar y tas k an d bot h reactio n tim e an d mis s rat e ar e 

sensitiv e t o loa d variation s whil e conductin g interne t  searc h 
tasks . 
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Introduct io n 

Syntacti c bootstrappin g an d semanti c bootstrappin g ar e ofte n 
seen a s riva l  hypothese s fo r  learnin g th e meanin g o f  verbs . 
Whil e bot h theorie s hav e differen t  startin g points ,  bot h credi t 
th e chil d wit h sensitivit y t o syntacti c informatio n i n th e input . 
Hirsh-Pase k an d Golinkof f  (1997 )  conducte d experiment s t o 
examin e whethe r  youn g childre n ar e capabl e o f  exploitin g th e 
syntacti c frames  i n whic h th e verb s ar e embedded ,  b y testin g 
whethe r  the y ca n distinguis h betwee n transitiv e an d intransi -
tiv e sentenc e frames. 

Here ,  1  presen t  a  preliminar y connectionis t  mode l  whic h 
uses a  Simpl e Recurren t  Networ k (SRN )  (Elman ,  1990 )  t o 
lear n t o classif y simila r  frames. 

A brief ,  simplifie d descriptio n o f  th e experiment s follows . 

The Experiments 

Hirsh-Pase k an d Golinkof f  (1997 )  use d a n experimenta l  setu p 
wher e tw o televisio n screens ,  se t  severa l  fee t  apart ,  displaye d 
tw o differen t  visua l  stimuli .  Th e chil d sa t  i n th e mother' s lap , 
i n front  o f  th e tw o screens .  Recorde d linguisti c stimulu s wa s 
playe d concurrentl y wit h th e visua l  stimul i  from  a  speake r 
i n th e middl e o f  th e tw o screens .  T w o characters .  Bi g Bir d 
(BB )  an d Cooki e Monste r  ( C M ) ,  wer e use d throughou t  th e 
trials .  Hal f  o f  th e subject s hear d transitiv e sentence s o f  th e 
for m "Look ,  B B i s turnin g CM!" ,  whil e th e othe r  hal f  hear d 
intransitiv e sentence s suc h a s "See ,  B B an d C M ar e turning!" . 
Causal  an d non-causa l  event s correspondin g t o th e ver b wer e 
shown o n th e tw o screen s t o bot h th e groups .  Familia r  verbs , 
suc h a s "turn "  an d "bend, "  a s wel l  a s unfamilia r  one s suc h 
as "glorp "  an d "blick "  wer e use d i n differen t  sentences .  Th e 
mean visua l  fixation  time s wer e measure d fo r  eac h grou p b y 
a hidde n vide o camer a whic h recorde d th e child' s responses . 
I f  th e childre n comprehen d th e sentence ,  the y ar e expecte d 
t o loo k a t  th e matchin g scree n fo r  a  longe r  perio d o f  tim e o n 
average . 

Twenty-four-month-ol d subject s looke d a t  th e matchin g 
scree n fo r  a  significantl y mor e tim e tha n th e non-matchin g 
screen ,  implyin g tha t  the y wer e abl e t o us e th e syntacti c cue s 
i n th e linguisti c inpu t  t o distinguis h betwee n transitiv e an d 
intransitiv e frames . 

The Network 

A SR N wa s constructe d t o distinguis h betwee n th e tw o syn -
tacti c frames,  "Joh n i s tur n in g David. "  an d "Joh n an d Davi d 
ar e tur n ing. "  Fiv e noun s (whic h I  cal l  John ,  Mike ,  David , 
Linda ,  Shelly )  an d five  verb s (turn ,  bend ,  tickle ,  flex,  twist ) 
wer e use d fo r  generatin g th e trainin g dataset .  Usin g thes e 

i n th e thre e underline d position s i n th e frame ,  a  tota l  o f  12 5 
sentence s o f  eac h typ e wer e generated .  The n en d o f  eac h 
sentenc e wa s marke d wit h a  separat e word ,  STOP.  Eac h wor d 
was encode d a s a n 18-bi t  vector ,  wit h on e bi t  turne d on . 

I f  th e tas k o f  th e networ k i s jus t  t o distinguis h betwee n 
thes e tw o sentences ,  i t  ca n b e don e i n a  trivia l  way ,  e.g. ,  b y 
checkin g fo r  th e presenc e o f  a  particula r  word ,  o r  b y consider -
in g th e lengt h o f  th e sentence .  T o forc e th e networ k t o atten d 
t o th e structur e o f  th e sentence ,  i t  wa s als o require d t o iden -
tif y th e tw o noun s an d th e ver b i n th e sentence .  I n addition , 
tw o othe r  sentence s o f  th e for m "Wher e ar e Joh n Mik e an d 
David. "  an d "I s Joh n togethe r  wit h David. "  wer e adde d t o th e 
trainin g set ,  t o b e classifie d a s "other. "  Th e choic e o f  thes e 
sentence s i s largel y arbitrary ,  an d the y ar e simpl y suppose d 
t o provid e som e representatio n t o al l  th e othe r  sentence s tha t 
th e childre n hea r  wit h word s suc h a s "is "  an d "are. " 

The S R N ha d 1 8 inpu t  nodes ,  5+5+5+2=1 7 outpu t  node s 
(fiv e node s fo r  identificatio n o f  eac h o f  th e tw o noun s an d 
th e verb ,  an d tw o fo r  classification) ,  2 0 hidde n nodes ,  an d 
2 0 contex t  nodes .  A  learnin g rat e o f  0.0 5 an d n o m o m e n t u m 
wer e used .  Th e contex t  unit s wer e rese t  afte r  eac h sentence . 

Results and Discussion 

The networ k wa s abl e t o achiev e a  near-perfec t  classifica -
tio n an d identificatio n accurac y o n th e trainin g se t  afte r  50 0 
epochs ,  i n eac h o f  th e severa l  run s wit h differen t  initia l 
weights .  Th e know n verb s wer e replace d wit h unknow n verb s 
(generate d b y turnin g o n multipl e bit s i n th e inpu t  vector) .  I n 
al l  cases ,  th e networ k correctl y identifie d th e sentenc e typ e 
and th e nouns .  Thus ,  th e networ k wa s abl e t o us e syntac -
ti c informatio n i n th e frame s t o distinguis h betwee n transitiv e 
and intransitiv e sentences . 

The experiment s lik e thos e describe d abov e sho w tha t  chil -
dre n ar e sensitiv e t o syntacti c cues ,  an d the y ca n us e thi s in -
formatio n t o infe r  th e meanin g o f  unknow n verbs .  Th e ques -
tio n remain s whethe r  the y actuall y  do .  Th e networ k describe d 
her e i s abl e t o produc e th e correc t  response s i n spit e o f  ignor -
in g semantic s completely .  Childre n coul d als o b e relyin g o n 
syntacti c cue s t o distinguis h betwee n sentences ,  withou t  ac -
tuall y derivin g an y meanin g fo r  th e unknow n verb . 

References 

Elman ,  J .  L .  (1990) .  Findin g structur e i n time .  Cognitiv e 
Science ,  14 ,  119-211 . 

Hirsh-Pasek ,  K .  an d Golinkoff ,  R .  M .  (1997) .  Th e origin s o f 
grammar :  Evidenc e fro m earl y languag e comprehension . 
Cambridge ,  Mass. :  M I T Press . 

121 5 

mailto:RUDESAI@Indiana.Edu


A c o n t i n u u m o f  l a n g u a g e c o m p r e h e n s i o n :  colleg e students ,  a g r a m m a t i c s , 
a n d eve ryon e i n b e t w e e n 

Frederi c K .  Dic k (fdick@cogsci.ucsd.edu ) 
Cente r  fo r  Researc h i n Language ,  U C S D,  950 0 Gilma n Dr ,  Mai l  Cod e 052 6 

La Jolla ,  C A 92093-052 6 

Elizabeth A. Bates (bates@crl.ucsd.edu) 

Cente r  fo r  Researc h i n Language ,  U C S D,  950 0 Gilma n Dr ,  Mai l  Cod e 052 6 
La Jolla ,  C A 92093-052 6 

A fundamenta l  questio n drivin g researc h o n aphasi a i s th e 
following :  doe s th e patter n o f  languag e deficit s i n aphasi a 
reflec t  a  qualitativ e differenc e betwee n th e mechanism s 
subservin g languag e processin g i n aphasic s an d norma l 
populations ,  o r  doe s th e sam e patter n o f  deficit s graduall y 
emerg e upo n a  continuu m o f  increasin g demand s o n th e 
processin g system ? 

I n th e 1970 s an d 80s ,  linguisticall y inspire d researc h o n 
Broca' s an d Wernicke' s aphasi a tende d t o portra y thes e 
syndrome s a s th e resul t  o f  destructio n o f  tissu e responsibl e 
fo r  syntacti c an d semanti c information ,  respectively ;  mor e 
recen t  proposal s conten d tha t  Broca' s aphasi a i n particula r 
result s fro m th e deletio n o f  generativ e rules ,  o r  from  lac k o f 
acces s t o closed-clas s lexica l  items .  (Grodzinsky ,  1995 ) 
However ,  studie s o f  aphasi c patient s acros s language s 
sugges t  tha t  deficit s resultin g from  neurologica l  insul t  ma y 
be bette r  characterize d a s a  globa l  reductio n i n genera l 
processing ,  i n tha t  patient s retai n th e processin g strategie s 
uniqu e t o thei r  languag e bu t  manifes t  the m i n a  degrade d 
form .  Indeed ,  comprehensio n an d productio n deficit s 
qualitativel y simila r  t o thos e observe d i n aphasi a hav e bee n 
reporte d fo r  orthopedi c patient s an d elderl y controls , 
suggestin g tha t  th e receptiv e agrammatis m profil e ma y 
reflec t  mor e genera l  effect s o f  stres s o n wea k o r  vulnerabl e 

element s i n th e processin g chain .  (Bates ,  Friederici ,  & 
Wulfeck ,  1987 ) 

I n fact ,  a  numbe r  o f  recen t  studie s hav e replicate d th e 
characteristi c Broc a o r  "agrammatic "  profil e o f  deficit s b y 
subjectin g norma l  comprender s t o a  variet y o f  perceptua l  o r 
attentiona l  stressors .  (Kilbom ,  1991 )  I n addition , 
connectionis t  simulation s o f  neurologica l  damag e t o a 
genera l  learnin g mechanis m len d suppor t  t o th e clai m tha t 
seemingl y discret e an d selectiv e processin g deficit s ca n aris e 
i n a  distribute d an d domain-genera l  processin g system . 
(Marchman ,  1992 ) 

The presen t  stud y addresse s thi s issu e b y comparin g th e 
performanc e o f  impaire d population s an d norma l 
undergraduate s i n a  tas k tha t  assesse s comprehensio n o f 
comple x syntacti c structure .  Participant s i n th e stud y 
include d Broca' s aphasics ,  Wernicke' s aphasics ,  anomics , 
elderi y controls ,  an d colleg e students .  Al l  participant s 
performe d th e sam e basi c task ,  whic h wa s t o identif y th e 
agen t  i n a  serie s o f  auditoril y  presente d active ,  passive , 
subjec t  cleft ,  an d objec t  clef t  sentences .  Al l  sentence s wer e 
generate d b y randoml y selectin g tw o semanticall y neutra l 
noun s (anima l  names )  an d a  transitiv e ver b fo r  insertio n int o 

th e sentenc e frame.  On e tria l  consiste d o f  th e following : 
picture s o f  tw o animal s wer e displaye d o n a  vide o scree n an d 
wer e name d auditorily .  A  sentenc e containin g bot h noun s 
was the n presented .  Th e participan t  wa s aske d t o pus h th e 
butto n unde r  th e anima l  doin g th e "ba d action" . 

Colleg e student s (bu t  no t  impaire d o r  elderi y participants ) 
wer e randoml y assigne d t o on e o f  si x  stres s conditions : 
norma l  listening ,  5 0 % speec h rat e compression ,  5 0 % partia l 
nois e mask ,  digi t  load ,  digi t  loa d an d speec h compression , 
and digi t  loa d an d nois e mask . 

Analyse s o f  correc t  respons e an d reactio n tim e measure s 
indicat e tha t  1 )  al l  aphasi c group s shar e a  simila r  profil e o f 
deficit s acros s sentenc e types ,  2 )  thi s profil e i s share d (t o a 
lesse r  degree )  no t  onl y b y age-matche d controls ,  bu t  als o b y 
colleg e student s unde r  nois e o r  compression ,  an d 3 ) 
surprisingly ,  digi t  loa d ha d n o effec t  o n syntacti c 
comprehension ,  i n contras t  t o findings  i n previou s studie s 
tha t  showe d a  deleteriou s effec t  o f  digi t  loa d o n 
comprehensio n o f  inflectiona l  morphology .  Thes e dat a 
provid e additiona l  suppor t  fo r  th e vie w tha t  languag e deficit s 
cause d b y neurologica l  insul t  ma y b e bette r  characterize d a s 
th e resul t  o f  sever e strai n o n a  distribute d processin g syste m 
rathe r  tha n th e resul t  o f  damag e t o a  discret e are a o f  a 
domain-specifi c  processor .  I n addition ,  the y sugges t  tha t 
processin g o f  morphologica l  an d syntacti c structure s ma y 
be differentiall y  vulnerabl e t o stress . 

References 

Bates, E., Friederici, A., & Wulfeck, B. (1987) 
Grammatica l  morpholog y i n aphasia :  Evidenc e from  thre e 
languages .  Cortex ,  23 ,  545-574 . 

Grodzinsky ,  Y .  (1995) .  Trac e deletion ,  theta-roles ,  an d 
cognitiv e strategies .  Brai n an d Language ,  51(3) ,  469 -
497 . 

Kilbom ,  K .  (1991) .  Selectiv e impairmen t  o f  grammatica l 
morpholog y du e t o induce d stres s i n norma l  listeners . 
Brai n an d Language ,  41 ,  275-288 . 

Marchman ,  V .  (1993) .  Constraint s o n plasticit y i n a 
connectionis t  mode l  o f  th e Englis h pas t  tense .  Journa l  o f 
Cognitiv e Neuroscience ,  5(2) ,  215-234 . 

121 6 

mailto:fdick@cogsci.ucsd.edu
mailto:bates@crl.ucsd.edu


Effect s o f  Tonality ,  Contour ,  Pitc h Intervals ,  a n d H e m i s p h e r e o n 
Representatio n o f  Melodi c Informatio n 

th e 

Eri c G .  Freedma n (freedman(a)umich.edu) ,  Christophe r  Abear e (cabeare@uinich.edu) , 
Rober t  G .  Kende r  (fatinan@umich.edu) ,  Raymon d Vernagu s (rvernagu@umich.edu) ,  & 

Thomas A .  Wrobe l  (twrobel@umich.edu ) 
Departmen t  o f  Psychology ;  Universit y o f  Michigan-Flin t 

Flint ,  M I  4850 1 U S A 

Abstrac t 

Tonality ,  contour ,  interval ,  an d hemispher e ar e importan t 
predictor s o f  melod y recognition .  Usin g forced-choic e 
comparisons ,  listener s attempte d t o recogniz e th e contou r  an d 
interva l  informatio n fo r  diatoni c an d nondiatoni c melodie s 
presente d t o th e lef t  o r  righ t  ear .  Fo r  diatoni c melodies ,  scal e 
was mor e salien t  tha n contou r  wherea s listener s relie d o n 
contou r  i n nondiatoni c melodies . 

Introduction 

Considerabl e researc h (Bartlet t  &  Dowling ,  1980 ;  Dowling , 
1978 ;  Freedman ,  1989 )  ha s show n that ,  fo r  brie f  delays , 
scal e an d contou r  informatio n i s important ,  whereas ,  a s th e 
dela y increases ,  interva l  informatio n become s relativel y 
more importan t  tha n contou r  information .  Freedma n (1989 ) 
foun d tha t  diatonicis m mediate s th e integratio n o f  interva l 
information .  I n cognitiv e neuroscience ,  Peret z an d Babai e 
(1992 )  foun d tha t  th e lef t  hemispher e represent s interva l 
informatio n wherea s th e righ t  hemispher e represent s 
contour . 

Becaus e i t  i s no t  clea r  whethe r  scal e informatio n mediate s 
hemispheri c difference s i n th e menta l  representatio n o f 
contou r  an d interva l  information ,  th e presen t  stud y 
investigate s thes e variable s simultaneously . 

Method 

Subject s 
Subject s wer e 2 4 mal e an d femal e right-hande d colleg e 
student s rangin g i n ag e from  1 6 t o 42 ,  M =  21.8 ,  S D =  7.5 . 

Stimulus 
Computer-generate d seven-ton e standar d melodie s wer e 
constructe d i n th e ke y o f  C -  o r  G -  majo r  an d melodie s wer e 
eithe r  diatoni c o r  nondiatonic .  Eac h ton e wa s 15 0 m s wit h 
50 m s betwee n tones . 

Procedure 
At  th e beginnin g o f  eac h trial ,  a n arro w indicate d th e ea r  i n 
whic h th e targe t  melodie s woul d b e presented .  O n eac h trial , 
listener s compare d a  standar d melod y t o tw o comparisons . 
Whil e th e standar d wa s presented ,  a  distracte r  melod y wa s 
playe d simultaneousl y i n th e opposit e ear .  Followin g th e 
standard ,  listener s hear d on e o f  thes e type s o f  comparisons : 
(a )  melodie s identica l  t o th e standar d vs .  different-contou r 
(DC)  lures ;  (b )  contour-preservin g melodie s vs .  D C lures ; 
and (c )  contour-preservin g melodie s vs .  th e standards . 
Contour-preservin g melodie s include d Preserve-Contour -
Onl y (PCO )  melodie s tha t  change d th e interval s an d pitche s 

but  maintaine d th e contour s an d transpose d (KT )  melodie s 
tha t  change d th e ke y o f  th e standar d t o preserv e th e contou r 
and interva l  information .  Listener s ha d five  second s t o 
decid e whic h compariso n melod y wa s mos t  lik e th e 
standard . 

Results and Discussion 

Usin g th e percentag e correct ,  a 2 X 2 X 2 X 2 (Ea r  X 
Tonalit y X  Contou r  X  Comparison )  A N O V A wa s 
calculated .  A  Compariso n X  Contou r  interaction ,  F(l,23 )  = 
75.360 ,  2  <  .001 ,  indicate d that ,  i n P C O comparisons , 
accurac y wa s highe r  i n th e P C O vs .  D C compariso n tha n i n 
th e P C O vs .  standar d compariso n ( M =  .76 5 vs .  .633) .  I n 
K T comparisons ,  accurac y wa s wors e i n th e K T vs .  D C 
compariso n tha n i n th e K T vs .  standar d compariso n ( M = 
.58 9 vs .  .794) .  Thus ,  althoug h listener s detecte d th e contou r 
fo r  P C O comparisons ,  listener s relie d o n scal e informatio n 
when K T melodie s wer e used . 

Nondiatoni c melodie s wer e recognize d mor e accuratel y 
tha n th e diatoni c melodies ,  F(l,23)=4.722 ,  e  <  05 .  A 
Tonalit y X  Contou r  interactio n indicate d that ,  fo r  diatoni c 
melodies ,  recognitio n wa s superio r  fo r  P C O melodie s tha n 
fo r  K T melodie s ( M = .71 7 vs .  646) ,  but ,  fo r  nondiatoni c 
melodies ,  K T melodie s wer e recognize d bette r  tha n P C O 
melodie s ( M = .73 6 vs .  .680) ,  F(l,23)=25.862 ,  p  <  .001 . 
Thus ,  i n diatoni c melodies ,  scal e informatio n predominate s 
ove r  contou r  information ,  but ,  fo r  nondiatoni c melodies , 
listener s relie d o n th e contou r  mformation .  Contrar y t o th e 
previou s research ,  n o hemispheri c difference s wer e found . 
The relativel y lon g interva l  betwee n th e standard s an d 
comparison s ma y allo w inter-hemispheri c communication . 
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I n hi s  psychiatri c analysi s o f  th e moder n America n 

character ,  Kar l  Menninge r  (1973 )  dre w a  contras t  betwee n 
sin s an d crimes ,  wit h sin s bein g th e subjectiv e menta l  trait s 
tha t  preced e th e objectiv e socia l  action s o f  committe d 
crimes .  A s illustration s o f  thes e subjectiv e characte r  traits , 

he utilize d a n analysi s o f  th e Seve n Deadl y Sins ,  first 
enumerate d i n 58 7 A D .  Thes e hav e bee n collectivel y 
define d as :  "deadl y sin :  on e o f  seve n sin s o f  pride , 
covetousness ,  lust ,  anger ,  gluttony ,  envy ,  an d slot h hel d t o 
be fata l  t o spiritua l  progress "  (Merriam-Webster ,  1997) ,  bu t 
thi s definitio n merel y beg s th e questio n o f  th e meanin g o f 
spiritua l  progres s o n ou r  plane t  today .  Continuin g hi s 
analysis ,  Menninge r  suggeste d tha t  thes e limitin g characte r 
trait s coul d b e overcome ,  an d eve n transcended ,  citin g th e 
final  matur e conclusio n o f  world-historia n Arnol d J . 
Toynbe e (1971) :  " I  a m convinced ,  myself ,  tha t  man' s 
fundamenta l  proble m i s hi s huma n egocentricity. " 

Table 1: Character Traits for Spiritual Progress 

Persona l 
(selfish ) 

Prid e 
Covetousnes s 
Lus t 
Ange r 
Glutton y 
Env y 
Slot h 

Familia l 
(empathic ) 

Prais e 
Sharin g 
Tendernes s 
Criticis m 
Dinin g 
Respec t 
Helpin g 

Planetar y 
(dedicated ) 

Offerin g 
Givin g 
C o m m u n i on 
Analysi s 
Feastin g 
Sacrificin g 
Volunteerin g 

O ne o f  th e technique s o f  matri x cognitio n (Frenster , 
1989 )  i s t o arra y categorie s o f  relate d subject s withi n a  two -
dimensiona l  matrix ,  eac h axi s o f  th e matri x representin g a n 
importan t  dimensio n o f  th e topi c unde r  discussion .  I f  w e 
appl y thi s techniqu e t o th e proble m o f  egocentri c characte r 
traits ,  w e migh t  decide ,  fo r  example ,  tha t  egocentri c 
persona l  interest s coul d b e balance d b y broade r  familia l  an d 
planetar y interests .  Ou r  ol d seve n deadl y sin s certainl y coul d 
fill  th e colum n unde r  persona l  interests ,  bu t  wha t  woul d w e 
find  unde r  th e column s o f  familia l  interest s an d planetar y 
interests ? I n th e followin g Tabl e 1  i s foun d a  filled-in  matri x 
of  suc h characte r  trait s tha t  woul d satisf y ou r  nee d t o enjo y 
our  familia l  an d planetar y interest s a s wel l  a s ou r  inheren t 
persona l  interests .  Obviously ,  ou r  matri x need s t o b e 
explored ,  teste d an d modified .  Bu t  th e emphasi s ca n b e o n 
jo y an d awarenes s a s th e hallmar k o f  ou r  progres s an d 
evolution ,  wit h ou r  focu s o n freedo m o f  choic e a s th e 
metho d o f  ou r  progress .  Th e characte r  trait s i n th e Persona l 

colum n ar e largel y egocentri c state s wit h selfis h 

satisfactions .  Th e characte r  trait s i n th e Familia l  colum n 
the n sho w a  broadenin g interes t  an d empath y fo r  thos e wh o 
ar e nea r  an d dear .  Finally ,  th e characte r  trait s i n th e 
Planetar y colum n ar e dedicate d t o th e suprem e importanc e 
of  ou r  entir e planet' s safet y an d integrit y fo r  a  continue d 
existenc e o f  humankind .  Suc h growt h o f  focu s fro m 
ourselves ,  t o ou r  family ,  an d the n t o al l  th e planet ,  coul d b e 
th e mean s o f  enlargin g ou r  spiri t  an d ou r  life ,  an d ca n cal l 
fort h ou r  bes t  i n thought s an d deeds . 
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What  ca n difference s tel l  u s abou t  th e proces s o f 

comparison ? Th e structura l  alignmen t  mode l  posit s tha t 

psychologicall y salien t  difference s aris e ou t  o f 

commonalitie s (Markma n &  Centner ,  1993) .  Thi s lead s t o 

th e counterintuitiv e predictio n tha t  hig h similarit y pair s 

(e.g. ,  bicycle/tricycle )  shoul d elici t  mor e difference s tha n 

lo w similarit y pair s (e.g. ,  broom/ambulance) ,  sinc e hig h 

similarit y pair s hav e mor e commonalitie s fro m whic h t o 

deriv e differences . 

Centne r  an d Markma n (1994 )  teste d thi s predictio n usin g 

a speede d differenc e task .  Participant s wer e aske d t o lis t 

one differenc e fo r  a s man y wor d pair s (o f  hig h an d lo w 

similarity )  a s possibl e i n 5  minutes .  A s predicted , 

participant s liste d a  differenc e fo r  mor e hig h similarit y pair s 

tha n lo w similarit y pairs .  Th e author s conclude d tha t  th e 

hig h similarit y pair s hav e a  differenc e advantag e becaus e 

the y hav e a  large r  commo n syste m fro m whic h t o deriv e 

differences .  However ,  anothe r  possibl e explanatio n i s tha t 

many hig h similarit y pair s (e.g. ,  hotel/motel )  hav e bee n 
compare d i n th e past ,  resultin g i n a  stoc k o f  pre-store d 

differences .  Experimen t  1  addresse s thi s alternativ e b y 

directl y testin g whethe r  producin g commonalitie s facilitate s 

listin g differences . 

Forty-eigh t  participant s firs t  liste d a  commonalit y fo r  hig h 

and lo w similarit y pairs .  The y wer e the n give n a  speede d 

differenc e task ,  a s describe d above .  Hal f  o f  th e pair s wer e 

"old "  (i.e. ,  use d i n th e commonalit y  task) ,  an d hal f  wer e 

"new. "  Difference s wer e produce d fo r  mor e ol d pair s 

(M=5.9 )  tha n ne w pair s (M=5.4 ,  p<.04) ,  a s predicted .  Thi s 

effec t  wa s obtaine d despit e th e presenc e o f  wor d pair s tha t 

wer e unlikel y t o hav e pre-store d difference s (lo w similarity) . 

However ,  w e stil l  neede d t o rul e ou t  othe r  explanations — 

e.g. ,  tha t  th e differenc e facilitatio n wa s a  genera l  resul t  o f 

recen t  co-activatio n o f  th e tw o terms . 

I n Experimen t  2 ,  hal f  o f  th e 4 8 participant s performe d a 

commonalit y tas k an d th e othe r  hal f  performe d a  themati c 

connectio n tas k o n th e sam e wor d pair s (whic h wher e 

chose n t o facilitat e eithe r  task) .  Fo r  example ,  th e pai r 
"tree/child "  coul d elici t  th e commonalit y "bot h grow "  o r  th e 

themati c connectio n " a chil d climb s a  tree. "  Afte r  thi s 

settin g task ,  al l  participant s wer e give n th e speede d 
differenc e task .  Sampl e response s ar e presente d i n Tabl e 1 . 

The result s showe d th e predicte d interactio n (p=.004) :  fo r 
th e Commonalit y group ,  difference s wer e easie r  t o lis t 

fo r  ol d pair s (M=8.5 )  tha n fo r  ne w pair s (M=7.1) ;  bu t  thi s 

was no t  th e cas e fo r  th e Themati c grou p ( M (old)=6.1 ; 

M (new)=7.2) .  I f  anything ,  thei r  prio r  exposur e t o th e wor d 

pair s appear s t o hav e hampere d thei r  effort s t o late r  generat e 

difference s betwee n th e sam e pairs . 

The curren t  experiment s demonstrat e tha t  recen t  structura l 

alignmen t  o f  tw o item s increase s th e eas e o f  finding  thei r 

differences .  Thi s effec t  canno t  solel y b e accounte d fo r  b y 

alternat e cause s suc h a s mer e exposur e o r  interactio n wit h 

th e pairs .  Thus ,  a n advantag e fo r  listin g difference s result s 

specificall y fro m structura l  alignment . 

Table 1: Sample responses from Experiment 2. 

(Wor d pair :  Locket/Saf e deposi t  box ) 

Commonalit y Subiect s 

Consensus Commonalities: both close, lock for privacy; 

kee p thing s o f  valu e saf e 

Consensus Difference: one holds things of emotional 

value ;  othe r  hold s thing s o f  financial  valu e 

Themati c Subiect s 

Consensus Thematic Connections: locket may be 

place d i n a  saf e deposi t  bo x 

Consensus Difference: [varied, no consensus] 

one larger ;  on e mor e expensive ;  yo u ca n wea r  on e 
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Th e us e o f  word-shap e a s a  sourc e o f  informatio n i n visua l 

wor d recognitio n i s a  controversia l  issu e wher e holist s an d 

analytic s tak e differen t  view s (Paa p et .  al. ,  1984) .  Th e 

majorit y o f  experiment s o n cas e influence ,  ha s resorte d t o 

th e alternatin g cas e paradig m a s a  metho d o f  investigation . 

Althoug h thi s i s  a  successfu l  paradigm ,  th e extrem e 

disruptio n i t  cause s t o th e string' s appearanc e produce s a 

stimulu s no t  normall y foun d i n th e environment . 

Consequently ,  th e strategie s use d t o dea l  wit h thes e string s 

m ay no t  b e th e sam e a s thos e use d i n norma l  processing . 

A same-differen t  machin g tas k wa s designe d i n whic h 

pair s o f  string s ha d thei r  lette r  case s manipulate d i n 1 2 

differen t  conditions .  Subject s wer e aske d t o matc h eac h 

pai r  o f  string s accordin g t o thei r  spellin g an d ignor e an y 

othe r  differenc e the y migh t  encounter .  Fo r  eac h targe t  pair , 

ther e wa s a  fille r  pai r  i n whic h th e tw, o string s spelle d 

differentl y an d respons e time s (RTs )  wer e measured .  Tabl e 

I  show s th e twelv e conditions . 

Table I - Experimental conditions for the nonword "hean". 

cod e 

A 
CI 
Dl 
El 
Kl 
LI 

typ e 

hean hea n 

H E AN -  hea n 

Hean -  hea n 

H E AN -  Hea n 

heaN -  hea n 

H E AN -  hea N 

code 

B 
C2 
D2 
E2 
K2 
L2 

typ e 

HEAN HEA N 
hean HEA N 
hea n -  Hea n 

Hean -  H E A N 

hea n -  hea N 

H E AN hea N 

A one-wa y repeated-measure s A N O V A wa s use d t o 

verif y an y statisticall y significan t  difference s betwee n th e 

twelv e conditions .  Th e resul t  obtaine d wa s F=12.2 8 (II , 

286) ,  p  <  .001 .  A  furthe r  test ,  a  Pairwis e Multipl e 

Compariso n Procedur e (Student-Newman-Keuls )  wa s 

performe d t o isolat e th e group s tha t  diffe r  fro m eac h other . 

Thi s wil l  b e presente d i n th e poster .  Pictur e I  show s th e 

averag e reactio n time s obtaine d fo r  eac h conditions . 

Subject' s RT s varie d accordin g t o th e familiarit y o f  th e 

pattern s bein g matched .  Th e mor e familia r  a  physica l 

U CI  C 2 Kl  K 2 L I  I J 
CONDITIOSS 

Pictur e I  -  Averag e Reactio n time s fo r  eac h o f  th e experimenta l 
condition s 

pattern was the faster subjects matched them. Consistent-

cas e wer e matche d faste r  tha n mixed-case ,  wit h conditio n 

A bein g th e fastest .  Fo r  mixed-cas e string s th e D l 

conditio n wa s th e onl y on e foun d t o b e significantl y faste r 

tha n th e others .  Ther e wa s n o significan t  differenc e amon g 

al l  th e othe r  mixed-cas e pairs . 

An explanatio n fo r  th e result s i s  give n term s o f  ou r 

transformatio n hypothesis .  I t  predict s tha t  ther e i s a 

hierarchica l  structur e concernin g th e easines s wit h whic h 

string s ar e recognise d b y th e cognitiv e system .  Th e 

easines s wit h whic h a  strin g i s recognise d depend s o n th e 

leve l  o f  disturbanc e o f  it s  physica l  appearanc e an d h o w fa r 

i t  departe d fro m it s mor e familia r  shape .  Consisten t  cas e 

pair s woul d the n b e th e easies t  typ e o f  string s t o b e 

processe d an d string s tha t  exhibite d unfamilia r  pattern s 

woul d tak e longe r  t o process .  Thi s i s precisel y th e patter n 

foun d i n th e experiment .  Th e transformatio n hypothesi s 

explain s th e intricat e patter n o f  result s abov e an d als o 

thos e foun d i n alternate d cas e experiments .  Thi s wil l  b e 

furthe r  developed  i n th e poster . 
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An ite m i n a  verificatio n experimen t  consist s i n th e 

presentatio n o f  a  categor y nam e followe d b y a n object . 

For  instance ,  th e nam e do g coul d b e displayed ,  followe d 

by th e pictur e o f  a  cat .  I f  th e objec t  i s no t  a  member  o f  th e 
category-a s i n th e previou s example-i t  i s  a  fals e item ; 

otherwise ,  i t  i s a  tru e item .  Participant s decide ,  a s fas t  a s 

possible ,  whethe r  o r  no t  th e nam e an d th e objec t  match ; 
RTs ar e recorded .  T o respon d t o tru e an d fals e items ,  on e 
must  possess-i n on e for m o r  another-representation s o f 
categorie s an d o f  thei r  complementar y (e.g. ,  not-dog) . 

Tabl e 1 :  Mea n RT s (ms )  an d SLIP' S prediction s fo r 
Murph y an d Smith' s (1982) ,  Murphy' s (1991) ,  Tanak a an d 

Taylor' s  (1992) ,  an d Gosseli n an d Schyns '  (1998 ) 
experiments . 

Leve l 
Sourc e 

Murph y S l  Smith . 
Exp.  1 

Murph y &  Smith . 
Exp.  3 .  Siz e 

Murphy .  Exp .  3 

Murphy .  Exp .  4 . 
Simpl e 

Murphy .  Exp .  4 . 
Enhance d 

Murphy .  Ex p 5 

Tanak a &  Taylor . 
Novic e 

Tanak a &  Taylor . 
Exper t 

Gosseli n &  Schyns . 
Overal l 

Ite m 
Tru e 

Fals e 

Tru e 

Fals e 

Tru e 

Fals e 

Tru e 

Fals e 

Tiu e 

Fals e 

Tru e 

Fals e 

Tru e 

Fals e 

Tru e 

Fals e 

Tru e 

Fals e 

• 
Obs. 

SLI P 
Obs. 
SLI P 
Obs. 

SLI P 
Obs. 
SLI P 
Obs. 
SLI P 
Obs. 
SLI P 
Obs. 
SLI P 
Obs. 
SLI P 
Obs. 

SUP 
Obs. 
SLI P 
Obs. 
SLI P 
Obs. 
SLI P 
Obs. 

SLI P 
Obs. 
SLI P 
Obs. 

SLI P 
Obs. 
SLI P 
Obs. 

SUP 
Obs. 
SLI P 

Low-
723 
1.52 2 
691 

3.26 9 
574 
1.12 0 
6(XI 
1.86 1 
776 
1.52 2 
735 

3.26 9 
862 
1.52 2 
949 

3.26 9 
I.I3 2 

1.55 6 
l.(X)( ) 
3.53 6 
1.07 2 
1.56 6 
961 

3.62 4 
778 
1.48 3 
855 

3.01 6 
622 
1.32 5 
73( 1 

2.63 9 
1.18 4 

4.00 0 
1.10 5 
3.58 3 

Mid -
678 
1.12 0 
714 
1.86 1 
882 
1.52 2 
824 

3.26 9 
688 
1.12 0 
728 
1.86 1 
311 
1.12 0 
792 
1.86 1 
854 

1.10 2 
806 
1.54 0 
881 
1.31 9 
827 

2.57 6 
678 
1.29 1 
734 

2.33 9 
623 
1.32 5 
783 

2.63 9 
1.01 2 

2.66 7 
1.01 1 
3.22 6 

Hieh -
879 
1.52 2 
882 

3.26 9 
666 
1.52 2 
741 

3.26 9 
779 
1.52 2 
854 

3.26 9 
980 
1.52 2 
983 

3.26 9 
955 
1.55 6 
875 

3.53 6 
854 
1.26 6 
914 

2.16 1 
746 
1.34 5 
802 

2.86 8 
729 
1.34 8 
772 

2.91 0 
819 
1.33 3 
824 

2.7: 7 

Tru e items '  RT s hav e bee n used ,  almos t  exclusively ,  t o 
tes t  model s o f  basic-levelnes s (se e Gosseli n &  Schyns , 

1997 ,  fo r  a  review) ;  fals e items '  RT s hav e receive d n o 
theoretica l  attention ,  althoug h a  quic k inspectio n o f  th e 
result s o f  classica l  basic-leve l  experiment s (se e Tabl e 1 ) 
reveal s a  hig h correlatio n betwee n tru e an d fals e items ' 
RTs (r=.91."/7<.0001) .  Thi s make s o f  fals e items '  RT s a s 

good a  predicto r  o f  basic-levelnes s a s an y other . 
We attemp t  her e t o explai n thi s correlatio n withi n 

SLIP' S (Strategie s Lengt h &  Interna l  Prolixity )  framework 
(Gosseli n &  Schyns ,  1997) .  I n SLIP ,  a  classifie r  wit h a 
slipper y attentio n work s it s wa y throug h th e shortes t 
strateg y require d fo r  a  give n verificatio n tria l  b y trial .  I f  h e 
fail s t o complet e a  verificatio n afte r  t  trial s (f>strateg y 

length) ,  eithe r  th e ite m i s  false ,  o r  th e categorizer' s 

attentio n ha s s o fa r  slippe d o n irrelevan t  feature s fo r  th e 
tas k a t  hand .  I n SLIP ,  w e ca n comput e th e likelihoo d o f 
th e lates t  possibilit y  becaus e w e kno w th e densit y 
functio n o f  th e numbe r  o f  trial s necessar y t o complet e an y 
strategy .  Workin g backwards ,  a  classifie r  coul d conclud e 
tha t  a n ite m i s fals e havin g reache d t_sto p trials ,  th e poin t 

beyon d whic h th e probabilit y  tha t  th e ite m i s  tru e i s 
smalle r  tha n som e costan t  A, .  (Thi s account s fo r  tru e 
items '  erro r  rate s e n passant. )  Fo r  lengt h 1  strategies , 

tjsto p i s especiall y simpl e t o calculate : 

log> . 

\og{P-PQ ) 

wher e P  i s th e probabilit y o f  a  slip ;  an d wher e Q  i s th e 

probabilit y  tha t  on e diagnosti c tes t  i s performe d b y chanc e 
alone . 

Tabl e 1  show s SLIP' S prediction s (wit h P=. 5 an d 

X,=.05) .  Th e correlatio n betwee n thes e prediction s 
(linearl y adjuste d withi n eac h experiment )  an d th e dat a i s 
.8 4 (p<.0001) .  Fo r  lengt h 1  strategie s (al l  experiment s 

excep t  Gosseli n &  Schyns '  wher e strateg y lengt h become s 
a facto r  o f  th e design) ,  SLI P predict s th e observe d 
correlatio n betwee n th e RT s o f  tru e an d fals e items ; 
Furthermore ,  i t  predict s tha t  fals e item s shoul d b e verifie d 
slowe r  tha n tru e items .  Fo r  Gosseli n &  Schyns '  (1998 ) 
mid -  an d low -  level s categorie s (whic h hav e strateg y 
length s o f  2  an d 3 ,  respectively) ,  SLI P correctl y predict s 
tha t  fals e items '  RT s decreas e relativ e t o tru e iem s a s th e 
lengt h o f  th e strateg y increases ,  an d tha t  fals e item s ar c 
verifie d faste r  tha n tru e item s a t  th e lowe r  categorizatio n 
level .  (Thi s occur s becaus e lengt h n  strategie s requir e n 

diagnosti c tests ,  eac h on e o f  whic h ca n revea l  a  fals e 
item. ) 

We believ e SLI P i s a  powerfu l  forma l  platefor m t o 
stud y th e hierarchica l  level s o f  objec t  categorization . 
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Th e basic-leve l  i s  believe d t o b e th e mos t  inclusiv e leve l 
of  categorisatio n a t  whic h object s loo k alik e i n term s o f 
thei r  shap e (Rosch ,  1978) .  O n e determinan t  o f  shap e i s par t 
structure ;  Tversk y an d H e m e n w a y (1984 )  foun d a  shar p 
increas e o f  liste d part s fro m th e superordinat e t o th e basi c 
level ,  bu t  littl e rise  fro m th e basi c t o th e subordinat e level . 
Thi s wa s interprete d b y Biederma n (1987 )  a s a  stron g 

Hardwire d Bia s fo r  part s i n objec t  recognition .  Thi s 

observe d correlation ,  however ,  coul d resul t  fro m a 
Contingen t  Diagnosticit y o f  part s fo r  th e task . 

som 

Figur e 1 .  Taxonom y use d i n ou r  experiment . 

M u r p h y (1991 )  teste d thes e tw o riva l  hypothesi s wit h 
artificia l  categor y hierarchies .  H e foun d tha t  basic-levelnes s 
was functio n o f  th e structur e o f  informatio n i n thes e 
taxonomie s rathe r  tha n thei r  content-corroboratin g 
Contingen t  Diagnosticit y an d falsifyin g Hardwire d Bias .  H e 
has bee n criticise d fo r  havin g use d unnatura l  object s 
(Tversk y &  H e m e n w a y ,  1991) .  Th e primar y ai m o f  thi s 
researc h wa s t o replicat e Murphy' s result s wit h object s 
typica l  o f  thos e o f  Biederman' s objec t  recognitio n studies . 

Thirt y pai d participant s learne d th e categor y structur e o f 
Figur e 1 . 

Figur e 2 .  Stimul i  use d i n ou r  experiment . 

Eigh t  stimul i  filled  th e whol e spac e define d b y thre e 
binar y dimension s (Figur e 2) :  colou r  (C )  ( X axis) ,  geo n (G ) 

( K axis) ,  an d textur e (T )  ( Z axis) .  O n e dimensio n wa s 

inserte d a t  ever y leve l  o f  th e hierarch y o f  Figur e 1 .  Object s 
wer e designe d wit h 3 D objec t  modellin g softwar e (For m Z) . 

Participant s wer e equall y distribute d betwee n thre e 
conditions :  C T G ,  G C T ,  an d T G C ,  wher e orde r  o f  letter s 
reflect s orde r  o f  categorisatio n fro m hig h t o low . 

We use d th e time d verificatio n tas k t o measur e basic -
levelness .  Th e procedur e o f  thi s experimen t  followe d closel y 
tha t  o f  Murph y (1991) .  A n ite m bega n wit h th e presentatio n 

of  a  categor y name .  Participant s ha d t o recal l  th e definin g 
feature(s )  o f  th e name d category .  A n objec t  wa s the n 
presente d an d thei r  tas k wa s t o decid e whethe r  th e nam e an d 
objec t  matched .  R T s wer e recorded . 

Means R T s o f  correc t  tru e item s (sayin g "yes "  whe n nam e 
and objec t  match )  ar e show n i n Tabl e 1 . 

Tabl e 1 :  M e a n R T s b y categorisatio n level s an d conditions . 
GROUP 

CTG 
GCT 
TGC 

lowe r 
1395.9 5 
1123.4 6 
1034.0 0 
1184.4 7 

LEVEL 
middl e 
1169.4 9 
918.6 7 
948.1 6 
1012.1 1 

hiche r 
860.9 3 

•778.3 4 
818.2 0 
819.1 6 

A two-wa y A N O V A ( G R O U P x  L E V E L )  o n th e RT s 
reveale d a  significan t  mai n effec t  o f  L E V E L .  F(2,54)=12.93 , 

no effec t  o f  G R O U P,  f(2.27)=1.07 ,  p<.0001 ,  an d n o 

interaction ,  F(4,54)=0.89 .  Planne d comparison s reveale d tha t 

difference s betwee n mea n RT s o f  low -  an d mid -  levels ,  an d 
mid -  an d high -  level s wer e significan t  [r'D(2,54)=2.33 ,  sign . 

diff. > 167.48 ,  /7<.05] .  Th e highe r  leve l  alway s yielde d th e 

fastes t  categorisatio n decisions ,  an d th e lowe r  leve l  th e 
slowest ,  irrespectiv e o f  pa n structur e (i.e. ,  pr o Contingen t 
Diagnosticity ,  co n Hardwire d Bias) .  Th e erro r  rat e wa s lo w 
overal l  (5.7% )  an d wa s positivel y correlate d wit h R T s 
(r=.28) ,  rulin g ou t  a  speed-accurac y trade-off .  SLI P 

(Strategie s Lengt h &  Interna l  Prolixity )  i s  th e onl y mode l 
predictin g thes e result s (Gosseli n &  Schyns ,  1997) . 

Thi s experimen t  illustrate s tha t  th e contingen t 
diagnosticit y  o f  objec t  cues ,  rathe r  tha n hardwire d biase s fo r 
thes e cue s migh t  provid e a  bette r  accoun t  o f  basic-leve l 
performanc e i n objec t  recognitio n an d categorisation . 
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Knowledg e abou t  th e mechanism s underlyin g contingenc y 
judgement s ma y furthe r  ou r  understandin g o f  huma n cogni -
tion .  A  recentl y establishe d findin g i s th e retrospectiv e re -
valuatio n o f  causalit y judgement s i n th e ligh t  o f  ne w experi -
ence .  Durin g a  typica l  retrospectiv e revaluatio n experiment , 
compound s A B an d C D ar e presente d wit h reinforcement . 
Next ,  A  i s presente d wit h reinforcement ,  wherea s C  i s pre -
sente d alone .  O n test ,  B  i s typicall y foun d t o b e les s causall y 
effectiv e tha n D .  I t  therefor e seem s tha t  som e chang e i n th e 
representation s o f  B  an d D  occur s durin g thei r  absenc e t o 
accoun t  fo r  thei r  differen t  ratings . 

Prio r  t o thi s work ,  i t  wa s unclea r  whethe r  retrospectiv e 
revaluatio n woul d occu r  wit h cue s tha t  ar e absen t  an d pre -
dicte d no t  t o occur .  Th e experiment s reporte d her e examine d 
th e consequenc e o f  inhibitor y associations ,  forme d throug h 
negativ e correlation s o f  cue s durin g pre-exposure ,  o n late r 
learnin g episodes . 

Experiments 
Subject s playe d th e rol e o f  a  medi c an d wer e aske d t o diag -
nose a  serie s o f  hypothetica l  patients .  The y wer e divide d 
int o 3  group s (A+ ,  A -  an d X + )  a s show n i n Tabl e 1 . 

Table 1: Letters=symptoms, "+"=illness, "-"=no illness. 

Gp Stage 1 Stage 2 Stage 3 Test 

A+ 

A-

consequence ,  a n inhibitor y associatio n form s fro m B  t o A . 
Thus symptom s A  an d B  develo p mutuall y inhibitor y asso -
ciations . 

AX 
BX 

AX 
BX 

AX 
BX 

A+ 
C-

A 
C 

X+ 
c-

Q+ 
D-

Q+ 
D-

Q+ 
D-

A,  B ,  C ,  D 
Q,  X ,  B Q 

A,  B ,  C ,  D 
Q,  X ,  B Q 

A,  B .  C ,  D 
Q,  X ,  B Q 

x + 

I n stag e 1 ,  subject s familiarize d themselve s wit h th e pat -
tern s o f  symptom s tha t  occurre d b y typin g i n th e initia l  let -
ter s o f  eac h symptom .  Durin g stage s 2  an d 3 ,  subject s diag -
nosed ,  wit h feedback ,  a  serie s o f  patient s wit h eithe r  "Coul -
land s disorder "  o r  "N o illness" .  Th e 3  group s differe d onl y 
durin g stag e 2  when :  symptom s A  an d C  appeare d wit h 
feedbac k (A-i-) ;  o r  symptom s A  an d C  appeare d withou t 
feedbac k an d subject s entere d th e initial s o f  eac h sympto m 
(A-) ;  o r  symptom s X  an d C  appeare d wit h feedbac k (X+) . 
Causalit y judgement s wer e the n collecte d afte r  stag e 3 . 

My analysi s i s tha t  durin g stag e 1 ,  A  an d X  becom e posi -
tivel y associate d o n A X trials ,  an d similarl y fo r  B  an d X  o n 
BX trials .  Afte r  som e training ,  th e presenc e o f  X ,  o n A X 
trials ,  evoke s a  representatio n o f  B .  However ,  A  an d B  ar e 
negativel y correlated ,  an d a n inhibitor y associatio n wil l  for m 
fro m A  t o B .  Similarly ,  o n B X trials ,  X  evoke s A ,  an d a s a 

Figur e 1 :  Subjects '  belief s abou t  symptom-illnes s contingenc y 

The results (Figure I) show that following conditioning of 
A t o illnes s (A+) ,  B  become s les s associate d wit h illness . 
The result s ar e problemati c fo r  standar d erro r  correctio n 
model s bu t  ar e entirel y consisten t  wit h m y modifie d learnin g 
algorith m predictions . 

Modeling 
I  propos e tha t  within-compoun d association s forme d durin g 
pre-exposur e mediat e th e retrospectiv e revaluatio n o f 
judgement s durin g subsequen t  learning .  Thu s i f  cue s wer e 
more highl y correlated ,  therefor e havin g greate r  withi n 
compoun d associations ,  presentin g on e cu e alon e woul d 
induc e mor e interna l  activatio n fo r  th e associate d bu t  absen t 
cue ,  an d henc e produc e greate r  retrospectiv e revaluation .  I 
wil l  discus s a  modifie d L M S networ k tha t  ca n accoun t  fo r 
thes e results .  Th e algorith m use s a  learnin g rat e paramete r 
tha t  depend s o n th e erro r  ter m observe d minu s expecte d 
interna l  inpu t  (c.f .  McLaren ,  Kaye ,  &  Mackintosh ,  1989) . 
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In t roduct io n 

Graphic s ar e use d i n m a n y situation s w h a e a  larg e se t  o f 
dat a i s t o b e presente d i n a n effectiv e m a n n a .  Havin g a  se t 
of  standard s fo r  th e constructicx i  o f  graphic s i s critica l  fo r 
infcxmatio i  graphics .  Th e curren t  wor k i s th e first  ste p i n a 
projec t  motivate d t o establis h connection s betwee n applica -
ti«i-criente d wor k (e.g. ,  Tufle ,  1983 )  an d th e theoretica l 
wor k (e.g. ,  Qevelan d &  McGill ,  1984 ;  Pinka ,  1990) .  Ou r 
model  i s  a n integratio n o f  Pinker' s (1990 )  an d Qevelan d 
an d McGill' s  (1984 )  theories .  Ou r  mode l  o f  graphic s com -
prehensio n state s tha t  comprehensio n o f  informatio n repre -
sente d i n grafiuc s i s affecte d b y th e organizationa l  tenden -
cie s an d th e UmitaticHi s o f  th e paceptua l  system ,  capacit y 
ccMistraint s o f  th e wcM-kin g memory ,  an d knowledg e store d 
i n th e m e m o r y system . 

AccOTdin g t o ou r  model ,  ther e ar e a  numbe r  o f  reason s 
w hy a  graprf i  reade r  m a y hav e difficulty .  First ,  th e grap h 
m ay requir e th e us e o f  inferentia l  an d tqj-dow n processes . 
Seccmd,  th e schem a f w a  typ e o f  grap h m a y no t  contai n a n 
indicatic m fcf f  neede d infcMrnation .  Third ,  jus t  a s i n an y othe r 
cognitiv e task ,  th e capacit y o f  processin g resource s m a y 
limi t  th e amoun t  o f  infcrmatio n tha t  ca n b e manipulate d a t 
once .  Finally ,  th e graprf i  schem a m a y mislea d th e informa -
ticx i  searc h becaus e th e searc h relie s primaril y o n defeul t 
patterns . 

We ccmsidere d ei^ t  guideline s whic h wer e derive d fi-om 
th e model s an d researc h i n psychophysic s an d cognitiv e 
psychology .  W e selecte d som e o f  ou r  guideline s fi-om  thos e 
suggeste d b y Tajdo r  an d Anderso n (1986 )  o a th e basi s o f 
canpatibilit y  wit h th e curren t  researc h an d theor y i n cogni -
tiv e psychology .  Thes e eigh t  guideline s wer e use d t o selec t 
graiiiic s whic h ar e difficul t  fo r  extractio n o f  informatio n 
an d alternativ e graphic s c(»itainin g identica l  informatio n 
wer e CMistnicte d i n orde r  t o compar e th e difficult y o f  com -
prehensicHi . 

Method 

Participants 

T h e participant s o f  th e stud y wer e 3 8 student s i n th e M B A 
progra m o f  K0 9 University . 

Material s 

We selecte d graphic s fi-om  th e annua l  repOTt s o f  companie s 
whose stock s ar e trade d i n Istanbu l  Stoc k Exchange .  W e 
use d th e guideline s t o creat e correc t  version s o f  them .  Ther e 
wer e 2 8 slide s whic h include d th e questicm s a s wel l  a s th e 
graphs . 

Procedure 

Th e graph s wer e presente d t o th e participant s i n group s 
usin g th e Microsof t  Powerpoin t  presentatio n software . 
Withi n th e give n amoun t  o f  time ,  th e participant s neede d t o 
respon d t o th e question s presente d o n tiie  slide . 

Results and Discussion 

Ther e wer e 2 8 slide s wtic h wer e th e correc t  an d incorrec t 
version s o f  1 4 graphs .  Respondent s answae d correctl y t o 
79.9 % (range d betwee n 60.5%-100% )  o f  correcte d graphic s 
and 30.6 % (range d betwee n 0%-68.4% )  o f  th e origina l 
graphics .  Th e proportio n o f  correc t  answer s t o question s fo r 
eac h pai r  o f  graph s wer e compare d usin g th e tes t  fo r  th e 
differenc e betwee n tw o proportims .  Th e difference s be -
twee n th e tw o type s o f  graphic s wer e significan t  i n 1 1 o f  th e 
14 slides .  Al l  th e significan t  difference s wer e i n favo r  o f 
th e correc t  vasion s o f  th e graphs . 

We obsCTve d th e predicte d difference s i n th e participants ' 
performanc e i n mos t  cases .  Th e result s w e obtaine d i n thi s 
stud y ar e motivatin g fo r  continue d researc h i n applyin g 
cognitiv e theor y t o graphic s construction . 
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The majo r  categor y extensio n model s ten d t o hav e tw o 
underlyin g assumption s i n common .  First ,  th e meanin g o f 
th e metapho r  i s  derive d fro m th e mappin g o f  subordinat e 
feature s o f  th e vehicl e o f  th e metapho r  ont o th e topi c o f  th e 
metaphor .  I n an y metaphor,  suc h a s "Susa n i s a  ligh t  i n a 
dar k room, "  th e objec t  o f  comparison ,  "Susan, "  i s th e topic , 
and th e vehicl e i s th e objec t  t o whic h Susa n i s  bein g com -
pared .  Glucksberg ,  McGlone ,  an d Manfred i  (1997 )  differen -
tiat e betwee n th e contribution s o f  th e topi c an d th e vehicl e 
as consU-ain t  an d ambiguity ,  respectively .  Ambiguit y refer s 
t o th e rang e o f  meaning s supporte d b y (h e vehicle ,  s o tha t  a 
highl y ambiguou s vehicl e lik e "ligh t  i n a  dar k room "  woul d 
suppor t  anythin g fro m description s o f  Susan' s intelligenc e 
t o he r  beauty .  Constrain t  describe s ho w th e topi c limit s th e 
relevan t  characteristic s t o b e mappe d fro m th e vehicl e ont o 
th e topic .  Ou r  conceptua l  knowledg e o f  "Susan "  a s a  perso n 
preclude s ou r  belie f  tha t  sh e migh t  b e electri c o r  hav e a n on -
of f  switch ;  thu s tha t  knowledg e o f  "Susan "  limit s th e rang e 
of  possibl e applicabl e meaning s o f  "light. "  Whil e th e ambi -
guit y o f  th e vehicl e an d th e constrain t  o f  th e topi c d o hav e 
an effec t  o n th e interpretatio n o f  th e metaphor ,  th e revers e i s 
not  true ,  s o tha t  topi c ambiguit y an d vehicl e constrain t  d o 
not  affec t  metapho r  meanin g (Glucksberg ,  e t  al. ,  1997) . 

T wo majo r  variant s o f  th e categor y extensio n approac h t o 
metapho r  processin g exist .  Th e propert y attributio n mode l 
take s th e positio n tha t  th e categor y extensio n describe d 
abov e happen s immediatel y upo n exposur e t o th e metapho r 
(Glucksberg ,  e t  al. ,  1997) .  Th e topi c i s treate d a s a  proto -
typica l  member  o f  th e categor y designate d b y th e vehicl e 
lon g enoug h fo r  th e metapho r  t o b e understood .  Thi s mode l 
account s fo r  th e processin g o f  metaphor s whic h ar e explici t 
class-inclusio n statements ,  suc h a s "Susa n i s a  ligh t  i n a 
dar k room. "  Th e othe r  majo r  approach ,  th e conceptua l 
metapho r  model ,  i s  a  mor e drasti c departur e fro m th e com -
pariso n mode l  (Lakof f  &  Johnson ,  1980) .  Th e conceptua l 
metapho r  mode l  argue s tha t  ou r  representation s o f  concept s 
i n long-ter m memor y ar e alread y partiall y  metaphorical ,  s o 
tha t  th e concep t  " P E R S O N"  ma y b e partiall y  represente d b y 
a lin k t o "LIGHT. "  Understandin g lingusti c metaphor s de -
pend s o n accessin g thes e pre-existin g conceptua l  metaphori -
cal  links .  Conceptua l  metapho r  theor y appear s t o bette r  ac -
coun t  fo r  th e wa y metaphor s ca n structur e a  tex t  (Allbritton , 
McKoon,  &  Gerrig ,  1995) . 

My previou s wor k ha s supporte d Glucksber g an d Keysar' s 
(1990 )  positio n tha t  conceptua l  metaphor s nee d no t  b e 
automaticall y accesse d t o understan d metaphor s i n ever y 
situation .  However ,  th e propert y attributio n mode l  stil l 
does no t  preclud e th e existenc e o f  conceptua l  metaphors . 
The goa l  o f  thi s researc h i s t o continu e th e systemati c ex -

ploratio n o f  th e assumption s o f  th e tw o models ,  t o deter -
min e whic h mode l  offer s a  bette r  explanatio n o f  metapho r 
processing ,  an d whethe r  a  comprehensiv e theor y o f  metapho r 
may requir e multipl e model s o f  processing ,  dependin g o n th e 
natur e o f  th e task .  Thi s wor k seek s t o accomplis h thi s goa l 
by directl y comparin g th e tw o models '  disparat e prediction s 
fo r  th e comprehensio n o f  metaphor s tha t  ar e mor e implici t 
categor y statements ,  suc h a s "Susa n li t  u p th e room. "  Proc -
essin g thi s metapho r  coul d depen d o n treatin g th e expresse d 
featur e a s designatin g a  categor y (propert y attribution) .  Al -
ternative ,  a  metaphor' s meanin g coul d b e entaile d b y a  par -
tia l  metaphorica l  mappin g o f  P E R S ON a s L IGHT .  Thi s 
wor k wil l  tes t  thi s hypothesi s vi a us e o f  a  primin g paradig m 
ad^te d fro m Glucksber g e t  al .  (1997) .  Subject s wil l  b e 
expose d t o a  primin g sentenc e includin g eithe r  th e topi c an d 
vehicl e expresse d i n th e sentence ,  o r  th e conceptua l  meta -
phorica l  linkag e tha t  migh t  underli e tha t  structure ,  t o se e 
ho w eac h migh t  facilitat e th e comprehensio n o f  a  metaphor . 
I n th e abov e example ,  th e prime s woul d emplo y sentence s 
featurin g "Susan, "  "li t  up, "  an d "light, "  an d measur e re -
spons e latencie s fo r  comprehensio n o f  "Susa n li t  u p th e 
room. "  Th e experimen t  wil l  als o tes t  fo r  constrain t  an d 
ambiguit y effects .  Thi s wor k expect s t o replicat e th e find -
ing s o f  a n interactio n betwee n topi c an d vehicle ,  a s wel l  a s 
implicatin g a  conceptua l  metapho r  lin k i n th e understandin g 
of  implici t  categor y statements ,  an d b y extension ,  finding 
evidenc e fo r  a  multipl e mode l  approac h t o th e processin g o f 
metaphor . 
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In t roduc t io n 

Most system designers of complex artificial systems ex-
plicitly/implicitl y  us e a  desig n principle ,  i n whic h higher -
leve l  function s ar e compose d o f  encapsulate d lower-leve l 
modules .  Modularit y i s see n a s a  necessar y featur e o f 
large-scal e softwer e design .  However ,  i n huma n cognitiv e 
development ,  i t  i s  unlikel y tha t  ther e exist s a n executiv e 
function ,  analogou s t o a  system s analyst ,  a t  wor k i n th e 
modularizatio n o f  cognitiv e function . 

I n thi s research ,  w e addres s th e question :  / /  higher -
leve l  cognitiv e function s ar e organize d base d o n encapsu -
late d lower-leve l  modules ,  ho w ar e thes e module s create d 
i n th e cours e o f  development ? Elma n (1993 )  suggeste d 
tha t  a  developmenta l  increas e i n workin g memor y capac -
it y promote s encapsulation ,  an d improve s learning . 

We clai m tha t  maturationa l  biase s suc h a s bod y 
growt h als o promote s encapsulation .  T o elaborat e upo n 
thi s hypothesis ,  w e hav e bee n usin g autonomou s robot s 
as th e subjec t  o f  cognitiv e development ,  an d construct -
in g compute r  program s b y whic h robot s ca n behav e anal -
ogousl y t o infant s (Hiraki,Sashim a an d Phillip s 1997 ;  Hi -
rakijSashim a an d Phillip s i n press) .  Th e followin g sum -
marize s th e resul t  o f  a  simulatio n focusin g o n th e re -
lationshi p betwee n spatia l  developmen t  an d change s o f 
degree s o f  freedo m (DOF )  wit h bod y growth . 

Simulation with Developmental Robot 

A Computational Model of Spatial 
Developmen t 

Psychological experiments on children's development of 
spatia l  knowledg e sugges t  experienc e a t  self-locomotio n 
wit h visua l  trackin g a s importan t  factors .  Yet ,  th e mech -
anis m underlyin g developmen t  i s  unknown .  W e hav e 
propose d a  robo t  tha t  learn s t o mentall y trac k a  tar -
get  objec t  (i.e. ,  maintainin g a  representatio n o f  a n ob -
ject' s positio n whe n outsid e th e field-of-view)  a s a  mode l 
fo r  spatia l  development .  Menta l  trackin g i s considere d 
as predictio n o f  a n object' s positio n give n th e previou s 
environmenta l  stat e an d moto r  commands ,  an d th e cur -
ren t  environmen t  stat e resultin g fro m movement .  Fol -
lowin g Jorda n an d Rumelhart' s  (1992 )  forwar d model -
in g architecture ,  th e syste m consist s o f  tw o components : 
an invers e mode l  o f  sensor y inpu t  t o desire d moto r  com -
mands;  an d a  forwar d mode l  o f  moto r  command s t o de -
sire d sensor y inpu t  (goals) . 

Stepwis e a n d Non-stepwis e g row t h 

I n orde r  t o ge t  a  understandin g o f  th e relationshi p be -
twee n bod y growt h an d spatia l  development ,  w e com -
pare d th e robo t  unde r  stepwis e an d non-stepwis e condi -

tions .  I n th e stepwis e developmen t  condition ,  w e sim -
ulate d thre e stage s o f  a  child' s developmen t  o f  moto r 
skill s  wit h th e robo t  b y varyin g it s permitte d action s 
(DOF) .  I n stag e 1 ,  th e robo t  i s  onl y permitte d hea d ro -
tation .  I n stag e 2 ,  th e robo t  ca n rotat e bot h hea d an d 
body .  Finally ,  i n stag e 3 ,  th e robo t  i s  als o permitte d 
self-locomotion ,  wherea s i n stage s 1  an d 2 ,  locomotio n 
was performe d b y a n externa l  agent .  I n th e non-stepwis e 
condition ,  th e robo t  commense s trainin g a t  stag e 3  (i.e. , 
al l  action s permitted) . 

Result 

I n eac h condition ,  th e robot s wer e teste d o n th e "thre e 
cups "  paradig m (wher e childre n ar e require d t o selec t  th e 
cup containin g th e hidde n objec t  unde r  vairiou s move -
ment  conditions) .  Th e resul t  showe d tha t  ther e wa s a 
faste r  decreas e i n erro r  unde r  th e stepwis e conditio n tha n 
unde r  th e non-stepwis e conditio n i n stag e 3  fo r  bot h for -
war d an d invers e models .  Th e simulatio n result s sug -
geste d tha t  gradua l  growt h o f  bod y migh t  hel p spatia l 
developmen t  b y limitin g degree s o f  freedo m tha t  infant s 
must  control . 
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Informatio n filters  fo r  th e worl d wid e we b ( W W W)  re -

quir e tha t  user s formulat e a  mor e o r  les s stabl e informa -

tio n need .  Often ,  however ,  a n 'anomalou s stat e o f  knowl -

edge '  (Belki n &  Kwasnik ,  1986 )  occurs :  th e use r  need s 

informatio n bu t  i s no t  awar e o f  this .  Wit h th e rapi d 

growt h o f  informatio n availabl e o n line ,  i t  i s  likel y tha t 

thi s nee d coul d b e filled,  i f  onl y ther e wer e a  mechanis m 

t o detec t  thi s nee d o n th e user' s behalf .  W e implemente d 

suc h a  mechanis m i n a n agen t  architecture ,  a s par t  o f  th e 

proactiv e informatio n filter  Profil e (Hoenkamp ,  1997) . 

The mechanis m subsume s thre e modules : 

Modul e 1 :  a  microtheor y o f  th e user .  Mos t  filters 

and searc h engine s expres s th e user' s informatio n nee d 

at  th e linguisti c leve l  (a s keywords) .  Profile ,  however , 

uses a  deepe r  semanti c representation .  W e us e th e Stan -

for d Ontolog y Serve r  t o encod e th e user' s knowledg e i n 

a taxonom y an d axioms .  Onl y th e knowledg e tha t  per -

tain s t o a  recurrin g informatio n nee d i s encoded ,  henc e 

we refe r  t o i t  a s a  'microtheory '  (cf .  Cyc) . 

Modul e 2 :  WordNe t .  W o r d N e t  i s a n on-lin e 

lexica l  referenc e syste m t o us e unde r  progra m contro l 

(Miller ,  1995) .  Englis h word s ar e organize d int o syn -

ony m sets ,  eac h representin g on e underlyin g lexica l  con -

cept ,  o r  'wor d sense' .  Concept s i n th e microtheor y o f  th e 

user  ma y poin t  t o wor d senses ,  providin g word s (noun s 

i n Profile' s case )  t o expres s th e concept . 

Modu l e 3 :  Spectru m analysis .  Traditionally ,  in -

formatio n retrieva l  relate s document s vi a th e word s the y 

contain .  However ,  severa l  researcher s hav e propose d 

technique s t o captur e th e conten t  document s hav e i n 

common.  Example s includ e facto r  analysis ,  cluster -

o o  o  e  C__ 0 

*.! 
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Figur e 1 :  Detectin g a n anomalou s knowledg e stat e ste p 

one .  (1 )  expres s concept s i n th e microtheor y a s word s vi a 

W o r d N e t ,  (2 )  quer y W W W,  an d (3 )  appl y spectru m 

analysi s (e.g .  LSI ,  clustering) . 

ing ,  an d th e recen t  'laten t  semanti c indexing '  o r  LS I 

(Landaue r  k ,  Dumais ,  1997) .  A s the y al l  rel y o n th e 

computatio n o f  th e se t  o f  eigenvalue s o r  spectru m o f  a 

matrix ,  I  us e th e ter m spectru m analysi s a s a  generi c fo r 

suc h techniques .  Thus ,  th e commo n groun d o f  a  collec -

tio n o f  document s i s characterize d b y it s spectrum . 

Figure s 1  an d 2  explai n ho w th e module s cooperate . 
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Figur e 2 :  Detectin g a n anomalou s knowledg e stat e ste p 

two :  (1 )  fee d bac k representativ e word s fro m th e spec -

trum ,  (2 )  loo k u p th e correspondin g wor d senses ,  (3 ) 

wor d sense s originall y absent ,  sugges t  lacuna e i n th e mi -

crotheory . 
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T h e E n v i r o n m e n t a l  Invariant s Hypothes i s 
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Departmen t  o f  Psychology ;  TC U Bo x 29892 0 

Texa s Christia n University ;  For t  Worth ,  T X 7612 9 

The remembere d positio n o f  a  targe t  i s  usuall y displace d 
from  th e actua l  positio n o f  tha t  target ,  an d th e patter n o f 
displacemen t  i s  usuall y consisten t  wit h th e operatio n o f 
invarian t  physica l  principle s (fo r  review ,  se e Hubbard ,  1995 , 
1998) .  Fo r  example ,  memor y fo r  th e final  positio n o f  a 
movin g targe t  i s ofte n displace d forwar d an d downward ,  an d 
thes e pattern s hav e bee n referre d t o a s representationa l 
m o m e n t u m an d representationa l  gravity ,  respectively .  Th e 
magnitud e o f  thi s displacemen t  i s diminishe d wit h increase s 
i n implie d friction ,  a  patter n referre d t o a s representationa l 
friction .  Also ,  memor y fo r  a  targe t  movin g alon g a  circula r 
orbi t  i s  displace d towar d th e focu s o f  th e orbit ,  a  patter n 
referre d t o a s representationa l  centripeta l  force . 

Environmental Invariants Hypothesis 

The environmenta l  invariant s hypothesi s propose s tha t 
effect s o f  invarian t  physica l  principle s ar e incorporate d int o 
menta l  representation ;  i n othe r  words ,  pwrcepdo n an d 
memory system s respon d a s i f  th e representatio n o f  a n 
objec t  wer e subjec t  t o th e sam e physica l  principle s tha t 
influence d th e origina l  object. '  Thi s incorporatio n take s th e 
for m o f  a n automati c extrapolatio n i n whic h memor y i s 
displace d i n way s consisten t  wit h thos e principles . 

A New Second-Order Isomorphism 

The "a s i f  natur e o f  displacemen t  suggest s a  ne w second -
(xd a isomorphis m betwee n menta l  representatio n an d th e 
physica l  world .  M u c h a s imager y reflect s a  second-orde r 
isomorphis m betwee n propertie s o f  physica l  object s an d 
propertie s o f  image s o f  thos e objects ,  s o migh t 
displacemen t  reflec t  a  second-orde r  isomorphis m betwee n 
propertie s o f  physica l  principle s an d propertie s o f  menta l 
representation .  Accordingly ,  propertie s o f  invarian t  physica l 
principle s m a y hav e bee n incorporate d int o th e functiona l 
architectur e o f  menta l  representation . 

Implications and Consequences 

The environmenta l  invariant s hypothesi s ha s implication s 
and consequence s fo r  severa l  area s o f  investigation . 

Naive Physics Findings from "spiral tube" experiments 
sugges t  observer s d o no t  hav e veridica l  knowledg e o f 

'Th e clai m tha t  menta l  representation s respon d "a s i f 
influence d b y physica l  force s doe s no t  endors e dualism .  Th e 
poin t  i s  mor e subtle :  factor s influencin g a  give n objec t  nee d 
not  similarl y influenc e o r  b e presen t  withi n a  representatio n o f 
tha t  objec t  (e.g. ,  a  videotap e representatio n o f  a  movin g targe t 
woul d no t  experienc e th e sam e momentu m a s th e actua l  target) . 

physica l  principles ;  however ,  Hubbar d (1996 )  suggeste d 
h o w suc h findings  migh t  instea d reflec t  operatio n o f 

accuratel y incorporate d physica l  principles . 

Boundary Extension Representational momentum and 
boundar y extensio n ma y reflec t  a  mor e genera l  mechanis m 
tha t  biase s memor y i n way s consisten t  wit h experience . 

Art Paintings are perceived as unbalanced when larger 
object s ar e highe r  i n th e pictur e plane ,  an d stationar y target s 
highe r  i n th e pictur e plan e exhibi t  greate r  representationa l 
gravity .  Thes e pattern s ma y resul t  from  a n interactio n o f 
size-distanc e constanc y scalin g an d representationa l  gravity . 

Implicit Processing Dissociations of representational 
m o m e n t u m an d explici t  knowledg e sugges t  displacemen t 
may reflec t  implici t  knowledg e o f  physica l  principles . 

Evolutionary Psychology Any organism that could 
automaticall y extrapolat e th e effect s o f  physica l  principle s 
on a  pre y o r  predato r  coul d hav e a  selectiv e advantage ,  an d 
so displacemen t  shoul d als o b e foun d i n nonhuma n animals . 

Consciousness One function of consciousness may be 
t o monito r  performanc e an d compensat e fo r  error s produce d 
by displacemen t  processe s whe n a  stimulu s doe s no t  behav e 
as expecte d (e.g. ,  pre y changin g directio n o f  flight). 

A Representational Reflex Arc The notion of 
displacemen t  suggest s tha t  menta l  representatio n doe s no t 
portra y th e world-as-it-is ,  bu t  rathe r  portray s th e world-as-it -
soon-will-be .  Displacemen t  ma y hel p bridg e th e ga p 
betwee n a n organism' s initia l  perceptio n o f  a  stimulu s an d 
tha t  organism' s subsequen t  respons e t o th e stimulus . 
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Introductio n 

Evidence for change of representation has been collected in 
field s a s divers e a s proble m solvin g (Baue r  &  Reiser ,  1990) , 
visua l  reasonin g (Tabachneck-Schijf ,  Leonard o &  Simon , 
1998) ,  scientifi c  discover y (Kuhn ,  1962) ,  metapho r  compre -
hensio n (Indurkhya ,  1992 )  an d developmenta l  psycholog y 
(Carey ,  1991) .  Despit e al l  difference s i n thes e field s ther e 
i s a  clea r  cormno n denominato r  o f  wor k relate d t o chang e o f 
representation :  cognitiv e structure s determin e wha t  ca n prin -
cipall y b e conceive d i n huma n cognition .  Thus ,  developmen t 
and selectio n o f  a n appropriat e cognitiv e structur e i s a n indis -
pensabl e requiremen t  fo r  addressin g a  proble m successfully . 
Tak e th e exampl e o f  replacin g a  particula r  componen t  o f  a 
comple x technica l  syste m b y a  mor e efficien t  one .  A  cogni -
tiv e structur e tha t  give s a n accoun t  o f  th e domai n i n term s o f 
functiona l  equivalenc e betwee n component s surel y provide s a 
goo d knowledg e bas e t o tackl e th e problem .  Le t  u s chang e th e 
example :  i f  i n th e sam e syste m a  short-circui t  i s t o b e identi -
fied ,  th e cognitiv e structur e mentione d abov e i s  no t  helpful .  I n 
thi s case ,  i t  seem s t o b e mor e promisin g t o organiz e proble m 
solvin g i n term s o f  conductin g elements .  Th e shif t  betwee n 
bot h structures ,  e.g. ,  i n differen t  phase s o f  proble m solving , 
i s a n instanc e o f  chang e o f  representation . 

The goal of this contribution is to provide pointers to 
knowledg e tracking ,  viz. ,  a  knowledge-base d an d psycho-
metri c metho d se t  u p t o investigat e change s o f  representa -
tion .  Knowledg e trackin g analyze s th e dominan t  structur e 
concerne d wit h proble m solving .  Th e basi s o f  K T i s th e pre -
dictio n o f  empirica l  dat a b y usin g concep t  structures ,  viz. ,  net -
work s o f  concept s an d relations .  I n knowledg e tracking ,  con -
cep t  structure s ar e use d a s a  unifor m representatio n schem a 
tha t  replace s representatio n schema s lik e scripts ,  frames ,  o r 
semanti c networks .  Succes s o r  failur e o f  predictio n o f  em -
pirica l  sequentia l  dat a b y competin g concep t  structure s give s 
indicatio n o f  thei r  validity .  Th e concep t  structur e tha t  bes t 
predict s empiricall y observe d behavio r  ma y b e identifie d an d 
i s interprete d a s a n approximatio n o f  th e cognitiv e represen -
tatio n primaril y used .  K T combine s result s from  cognitiv e 
scienc e wit h mathematica l  method s (i.e. ,  Marko v processes) . 

•  expressin g th e concep t  structure s b y transitio n probabili -
ties ,  thi s i s  essentiall y th e transformatio n o f  knowledge -
base d model s int o stochasti c models ; 

•  predictin g empirica l  dat a b y usin g concep t  structure s an d 
calculatio n o f  goodnes s o f  fit  scores ; 

•  selectin g th e structur e tha t  produce s th e bes t  goodnes s o f 
fit  score . 

Empirical evaluation studies support the claim that the 
structur e tha t  give s th e bes t  accoun t  o f  th e dat a m a y b e take n 
t o b e th e structur e tha t  dominate s cognition .  A n on-lin e tuto -
rial  alon g wit h th e possibilit y  o f  applyin g K T vi a th e W W W 
i s provide d b y Janetzk o (1998). '  Sinc e knowledg e trackin g 
i s suitabl e fo r  automati c on-lin e analysi s o f  hug e amount s o f 
data ,  i t  ca n b e ver y wel l  applie d t o th e analysi s o f  human -
compute r  interaction . 
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K n o w l e d g e TY-ackin g -  A  5-Ste p S c h e m e 

Analyzing changes of representation via KT involves five 
steps : 

• eliciting concepts and relations in the domain under study 
and settin g u p concep t  structures ; 

•  recordin g empirica l  dat a (sequence s o f  concepts) ,  thi s kin d 
of  empirica l  dat a m a y b e obtaine d i n thinkin g alou d studie s 
or  studie s o f  HCI ; 

'O n th e th e client-side ,  th e use r  ma y inpu t  sequentia l  symboli c 
data ,  i.e. ,  traces ,  an d als o concep t  structures ,  o n th e server-sid e a 
LIS P progra m analyze s th e dat a an d return s a  goodnes s o f  fit  scor e 
t o th e user . 
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Loca t i n g th e Processin g Bott lenec k i n D u a l - T a s k Interferenc e 
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Departmen t  o f  Psychology ;  William s Colleg e 

Williamstown ,  M A 0126 7 US A 

Introductio n 

A modifie d versio n o f  th e Stroo p color-namin g tas k wa s 
use d t o tes t  theorie s o f  dual-tas k interferenc e tha t  propos e a 
centra l  bottlenec k i n processin g eithe r  a t  th e response -
selectio n stag e (e.g. ,  Pashler ,  1994 )  o r  a t  th e response -
productio n stag e (e.g. ,  Keele ,  1973 ;  Norma n &  Shallice , 
1986) .  I n considerin g th e Stroo p tas k fro m a  dual-tas k 
perspective ,  th e processin g o f  th e wor d wa s define d a s th e 
primar y tas k (becaus e o f  it s  obligator y an d automati c nature ) 
and colo r  identificatio n wa s define d a s th e secondar y task . 
Followin g th e locus-of-slac k logi c a s i t  ha s bee n develope d 
i n th e psychologica l  refractor y perio d (PR? )  paradig m 
(Pashler ,  1994 ;  Schweickert ,  1980) ,  th e difficult y i n 
selectin g a  respons e t o th e colo r  wa s manipulated ,  alon g 
wit h th e stimulu s onse t  asynchron y ( S O A )  betwee n th e 
wor d an d th e color . 

Base d o n Pashler' s (1994 )  principle s o f  testin g botdenec k 
models ,  differen t  prediction s follo w fro m th e tw o type s o f 
theories .  Response-productio n bottlenec k theorie s predic t  a n 
interactio n betwee n response-selectio n difficult y an d S O A , 
suc h tha t  th e manipulatio n o f  response-selectio n difficult y 
shoul d hav e a  greate r  effec t  o n color-identificatio n time s a t 
longe r  S O A s tha n a t  shorte r  S O A s .  O n th e othe r  hand , 
response-selectio n bottlenec k theorie s predic t  tha t  th e effec t 
of  response-selectio n difficult y shoul d b e th e sam e regardles s 
of  S O A ,  s o tha t  ther e shoul d b e n o interactio n betwee n th e 
tw o variables . 

Method 

On eac h trial ,  a  singl e wor d appeare d o n a  compute r  screen . 
I t  eithe r  appeare d i n colo r  (red ,  blue ,  green ,  o r  yellow )  fro m 
th e beginnin g o f  th e tria l  ( S O A =  0 )  o r  initiall y  appeare d i n 
gra y an d turne d int o on e o f  th e color s afte r  a n S O A o f  50 , 
100 ,  150 ,  200 ,  o r  30 0 ms .  Non e o f  th e word s use d i n th e 
experimen t  wer e colo r  word s o r  word s relate d t o colors . 
Rathe r  tha n namin g th e colo r  i n whic h eac h wor d wa s 
printed ,  th e 3 3 participant s responde d b y sayin g a  numbe r 
alou d tha t  corresponde d t o th e colo r  (re d =  1 ,  blu e =  2 ,  gree n 
= 3 ,  yello w =  4) .  Th e reactio n time s t o identif y th e colo r  b y 
sayin g th e appropriat e numbe r  wer e recorde d fro m th e onse t 
of  th e color . 

Results 

Th e 30 0 experimenta l  trial s wer e spli t  int o thre e equa l 
blocks .  Th e manipulatio n o f  response-selectio n difficult y 
was the n define d b y th e amoun t  o f  practic e participant s ha d 
i n mappin g th e color s ont o th e correc t  numbe r  responses , 
base d o n th e reasonin g tha t  th e respons e selectio n woul d 

become easie r  fo r  th e participant s wit h eac h bloc k o f  trials . 
A two-factor ,  within-subject s A N O V A wa s conducte d t o tes t 
th e effect s o f  response-selectio n difficult y (Bloc k 1 ,  Bloc k 2 , 
Bloc k 3 )  an d S O A o n th e color-identificatio n times .  A s ca n 
be see n i n Figur e 1 ,  ther e wa s a  significan t  effec t  o f 
response-selectio n difficulty ,  F  (2 ,  64 )  =  7.22 ,  p  <  .01 ,  wit h 
mean color-identificatio n time s significantl y faste r  i n Bloc k 
2 ( M =  78 1 ms )  an d i n Bloc k 3  (A /  =  78 3 ms )  tha n i n Bloc k 
1 ( M =  81 7 ms) .  Ther e wa s als o a  significan t  effec t  o f 
S O A,  F  (5 ,  160 )  =  30.10 ,  p  <  .0001 ,  wit h reactio n time s 
generall y decreasin g acros s S O A s fro m 0  t o 15 0 m s an d 
remainin g fairl y constan t  wit h furthe r  increase s i n S O A . 
The critica l  resul t  wa s tha t  ther e wa s n o interactio n betwee n 
response-selectio n difficult y an d S O A ,  F  (10 ,  320 )  =  1.09 , 
p >  .36 ,  whic h support s th e ide a o f  a  bottlenec k i n respons e 
selectio n rathe r  tha n i n respons e production . 
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Figur e 1 :  M e a n color-identificatio n time s i n eac h o f  th e 
thre e block s o f  trial s a s a  functio n o f  th e S O A betwee n th e 
wor d an d th e color . 
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Olmste d (1994 )  ha s suggeste d tha t  th e pervasiv e us e o f 
diminutive s i n Russia n child-directe d speec h reflect s no t  jus t 
an accomodatio n t o th e smalle r  worl d o f  childre n bu t  rathe r 
constitute s a n importan t  preconditio n fo r  th e acquisitio n o f 
Russia n nou n morphology ,  particularl y th e gende r  system . 
Althoug h mos t  Russia n noun s hav e regula r  morphophon -
ologica l  gende r  markin g (transparen t  nouns) ,  a  subse t  o f  end -
palatalize d noun s i s ambiguou s wit h respec t  t o markin g a s 
eithe r  feminin e o r  masculin e (non-transparen t  nouns) . 
Russia n diminutiv e derivation s eliminat e gende r  ambiguit y 
by addin g morpheme s tha t  preserv e th e mai n morpho -
phonologica l  feature s o f  feminin e an d masculin e nouns . 

I n th e presen t  study ,  w e investigat e whethe r  th e presenc e 
of  diminutive s aid s secon d languag e learner s i n acquirin g 
Russia n gender .  I f  facilitatio n o f  gende r  learnin g throug h th e 
useo f  diminutive s ca n b e shown ,  thi s wil l  suppor t  th e ide a 
tha t  child-directe d speec h register s ma y simplif y aspect s o f 
grammar  whic h woul d otherwis e pos e learnabilit y  problems . 
I t  als o woul d poin t  t o th e importanc e o f  inpu t  shapin g i n 
secon d languag e learnin g an d hel p i n clarifyin g mechanism s 
underlyin g gende r  transfe r  t o nove l  nouns. 

Method 
Participants .  Fort y adul t  nativ e speaker s o f  Englis h wit h 
no prio r  knowledg e o f  Russia n wer e recruite d an d teste d a t 
th e Colleg e o f  State n Island ,  C U N Y.  Hal f  o f  th e 
participant s wer e assigne d t o th e diminutiv e an d th e othe r 
hal f  t o th e non-diminutiv e condition . 

Materials. Twenty masculine and 20 feminine Russian 
noun s wer e selecte d fro m th e Snodgras s an d Vanderwar t 
(1980 )  pictur e set .  Fiftee n masculin e an d 1 5 feminin e noun s 
had transparen t  gende r  marking .  Th e remainin g 5  feminin e 
and 5  masculin e noun s wer e non-transparent .  Fiv e 
transparen t  masculin e an d 5  transparen t  feminin e noun s wer e 
reserve d fo r  late r  testing .  I n th e diminutiv e condition ,  al l 
noun s wer e presente d i n thei r  diminutiv e form .  I n th e non -
diminutiv e condition ,  al l  noun s wer e presente d i n thei r  bas e 
form .  Durin g training ,  th e picture s wer e presente d eithe r  a s 
yello w o r  a s re d lin e drawing s o n blac k background .  Colo r 
was counterbalance d acros s gende r  an d typ e o f  gende r 
markednes s (transparen t  vs .  non-transparent) . 

The testin g set ,  whic h wa s identica l  i n bot h conditions , 
consiste d o f  th e 3 0 trainin g noun s an d 1 0 ne w nouns . 
Durin g testing ,  1 0 familia r  transparen t  noun s wer e presente d 
i n diminutiv e for m an d 1 0 wer e presente d i n bas e form . 
Durin g testing ,  eac h lin e drawin g wa s presente d i n th e colo r 
opposit e fro m th e colo r  use d durin g training .  Thi s chang e i n 
colo r  ensure d productiv e us e o f  th e adjectiv e suffixes . 

Procedure .  Participant s wer e traine d durin g thre e session s 
conducte d o n a  Macintos h compute r  wit h PsyScop e softwar e 
(Cohe n e t  al. ,  1993) .  I n th e firs t  bloc k o f  eac h sessio n 
(liste n an d repeat) ,  the y wer e presente d wit h a  serie s o f 
colore d lin e drawing s an d th e correspondin g Russia n colo r 
adjectiv e an d nominativ e nou n whic h the y ha d t o repeat .  I n 
th e secon d bloc k (colo r  comprehension) ,  the y hear d th e 
Russia n colo r  adjective-nou n combination s an d ha d t o chos e 

th e correc t  color .  Durin g th e final  bloc k (colo r  production) , 
the y hear d th e nou n an d wer e aske d t o produc e th e inflecte d 
colo r  adjectiv e correspondin g t o th e colo r  o f  th e picture . 
Afte r  thre e session s o f  training ,  familia r  an d nove l  noun s 
wer e presente d i n a  generalizatio n tes t  i n whic h th e 
participant s ha d t o produc e th e correctl y gende r  inflecte d 
for m o f  th e colo r  adjectives .  Gende r  agreemen t  error s an d 
respons e latencie s wer e measured . 

Results 

Participant s i n th e diminutiv e conditio n showe d faste r 
learnin g o f  nou n gende r  a s indicate d lowe r  gende r  agreemen t 
erro r  rate s o n trainin g item s i n Sessio n 2  an d 3 .  Thi s grou p 
als o showe d lowe r  erro r  rate s an d faste r  reactio n time s i n 
generalizin g gende r  inflectio n t o nove l  colo r  adjective-nou n 
combinations .  Finally ,  th e diminutiv e grou p wa s faste r  an d 
more accurat e i n determinin g th e gende r  o f  nove l  transparen t 
nouns .  A  close r  inspectio n o f  th e diminutiv e group' s erro r 
rate s suggest s a  morpho-phonologica l  basi s fo r  gende r 
transfer .  W e designe d a  recurren t  cascade d backpropagatio n 
networ k t o simulat e th e empirica l  results .  Th e network' s 
performanc e matche s th e mai n finding s o f  th e experimen t 
thereb y illustratin g ho w a n associativ e learnin g mechanis m 
and characteristic s o f  languag e inpu t  affec t  th e acquisitio n o f 
gender . 
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Recen t  researc h i n huma n learnin g highlight s th e impor -
tanc e o f  selectiv e attention ,  a s ha s pas t  researc h i n anima l 
learning .  Mackintos h (1975 )  presente d a  highl y influentia l 
model  o f  anima l  conditionin g whic h incorporate d learne d se -
lectiv e attention .  I n th e presen t  work ,  I  deriv e tw o variant s o f 
Mackintosh' s approac h fro m connectionis t  architecture s pre -
viousl y applie d a s model s o f  attentiona l  learnin g i n humans . 

Thes e connectionis t  architecture s includ e th e mixtur e o f  ex -
pert s (Erickso n &  Kruschke ,  1998 ;  Jacobs ,  1997 )  an d a n ex -
tensio n o f  A D I T (Kruschke ,  1996) . 

Thi s connectionis t  analysi s yield s severa l  benefits :  Mack -
intosh' s (1975 )  mode l  i s  show n t o b e (virtually )  a  specia l 
cas e o f  independentl y motivate d huma n learnin g models .  Un -
lik e th e somewha t  arbitrar y formula s propose d b y Mackintos h 
(1975) ,  th e connectionis t  formula s fo r  change s i n associativ e 
strengt h an d i n attentio n ar e derive d consistentl y fro m a  com -
m on objective :  erro r  reduction .  Th e connectionis t  framewor k 
als o provide s a  natura l  generalizatio n o f  Mackintosh' s (1975 ) 
ideas ,  from  th e presenc e o r  absenc e o f  a  singl e unconditione d 
stimulu s t o multipl e categorica l  outcomes . 

The connectionis t  model s ar e fit  t o dat a from  huma n learn -
in g experiments ,  includin g dat a showin g th e invers e base -
rat e effect ,  blockin g o f  associativ e learning ,  laten t  inhibition , 
overshadowing ,  perseveratio n o f  attentio n throug h shift s o f 
relevance ,  etc .  N e w experiment s sho w tha t  lac k o f  learning , 
^  l a Kami n (1969 )  an d Rescorl a an d Wagne r  (1972) ,  canno t 
adequatel y accoun t  fo r  blockin g i n humans .  Instead ,  learne d 
inattentio n bette r  account s fo r  th e data . 

Laten t  inhibitioni s treate d a s a  specia l  cas e o f  blocking ,  un -
lik e an y previou s explanatio n o f  whic h I  a m presentl y aware . 
Laten t  inhibitio n i s thereb y als o treate d withi n a  unifie d frame -
work ,  instea d o f  b y alternativ e heuristic s (e.g. ,  Fre y &  Sears , 
1978 ;  Lubow ,  1989 ;  Pearc e &  Hall ,  1980) . 

Th e analysi s an d modelin g demonstrat e tha t  thes e statis -
ticall y non-normativ e behaviora l  phenomen a ar e "rational" , 
tha t  variou s anima l  an d huma n model s ca n b e formall y uni -
fied,  tha t  attentiona l  learnin g i n animal s an d human s migh t 
be simultaneousl y addresse d withi n a  c o m m o n model ,  an d 
tha t  attentiona l  learnin g i s a  crucia l  componen t  o f  associativ e 
learnin g i n humans . 
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N ew experiment s examine d tw o form s o f  retrospectiv e 
revaluatio n i n huma n associativ e learning .  Retrospectiv e 
revaluatio n occur s whe n a  cu e i s initiall y  associate d wit h som e 
outcome ,  bu t  subsequen t  learnin g abou t  othe r  cue s cause s th e 
prio r  associatio n t o b e changed .  Retrospectiv e revaluatio n i s 
an especiall y challengin g phenomeno n fo r  man y contempo -
rar y model s o f  associativ e learnin g becaus e th e associativ e 
strengt h o f  th e cu e i s change d whe n th e cu e i s no t  itsel f  presen t 
i n th e stimulus .  M a n y models ,  t o th e contrary ,  predic t  n o 
chang e i n strengt h fo r  absen t  cues .  I t  i s  important ,  therefore , 
t o establis h th e exten t  o f  th e phenomeno n itsel f  whe n tryin g 
t o explai n it .  (Example s o f  recen t  wor k includ e Dickinso n & 
Burke ,  1996 ;  Va n Hanmi e &  Wasserman ,  1994 ) 

Our  experiment s use d simulate d medica l  diagnosis , 
wherei n peopl e learne d t o classif y list s o f  symptom s a s par -
ticula r  fictitious  diseases .  Thi s paradigm ,  whic h ha s multipl e 
possibl e outcome s (diseases) ,  allow s within-subjec t  design s 
and greate r  flexibility  o f  associativ e relation s tha n man y 
experiment s previousl y reporte d i n th e literature ,  whic h use d 
rating s o f  a  singl e outcome ,  suc h a s presenc e o r  absenc e o f 
allergi c reactio n 

Our  first  experimen t  investigate d forwar d an d backwar d 
blockin g (i.e. ,  preventin g o r  diminishing )  o f  associativ e learn -
ing ,  i n a  within-subject s design .  Peopl e learne d i n on e phas e 
of  th e experimen t  tha t  th e pai r  o f  symptom s A + B indicate d 
diseas e 1 ,  whic h w e denot e AB-1 .  I f  the y learne d i n a  prio r 
phas e tha t  sympto m A  alon e indicate d diseas e 1  (A-1) ,  the n 
learnin g abou t  sympto m B  wa s blocke d i n th e subsequen t  A B -
1 phase .  Thi s i s calle d forwar d blocking .  I f  peopl e learne d A -
1 afte r  the y learne d AB-1 ,  the n th e significanc e o f  B  coul d b e 
(an d was )  retrospectivel y diminished .  Thi s i s calle d backwar d 
blocking .  Unlik e previou s studies ,  w e foun d tha t  th e magni -
tud e o f  backwar d blockin g wa s a s robus t  a s forwar d blocking . 
Thus ,  th e challeng e fo r  model s o f  huma n associativ e learnin g 
i s indee d a  stron g one . 

Our  secon d experimen t  investigate d wha t  w e cal l  for -
war d an d backwar d conditione d inhibition ,  agai n i n a  within -
subject s design .  A s i n th e first  experiment ,  peopl e learne d 
AB- 1 i n on e phas e o f  th e experiment .  I n th e othe r  phas e o f 
learning ,  however ,  th e singl e sympto m A  wa s associate d wit h 
a different ,  secon d diseas e 2  (A-2) .  I f  th e A- 2 trainin g i s pro -
vide d befor e AB- 1 training ,  man y model s o f  associativ e learn -
in g predic t  tha t  sympto m B  shoul d b e learne d a s a n especiall y 
stron g indicato r  o f  diseas e 1 ,  perhap s eve n inhibitin g selectio n 
of  diseas e 2 .  Thi s w e cal l  forwar d conditione d inhibition .  I f 
th e A- 2 trainin g instea d come s afte r  AB- 1 training ,  the n thi s 
resul t  woul d b e calle d backwar d conditione d inhibition .  A s 

wit h backwar d blocking ,  man y model s predic t  forwar d con -
ditione d inhibitio n bu t  d o no t  predic t  backwar d conditione d 
inhibition .  Ou r  result s showe d neithe r  forwar d no r  backwar d 
conditione d inhibition ,  contrar y t o th e models . 

Our  thir d experimen t  explore d th e caus e o f  th e lac k o f  con -
ditione d inhibitio n foun d i n th e previou s experiment .  W e dis -
covere d tha t  th e apparen t  lac k wa s a  consequenc e o f  th e typ e 
of  contro l  conditio n use d a s a  compariso n fo r  assessin g con -
ditione d inhibition .  Ou r  contro l  conditio n wa s directl y anal -
ogou s t o control s use d previousl y b y othe r  researchers .  Th e 
contro l  conditio n simpl y ha s anothe r  pai r  o f  symptom s asso -
ciate d wit h anothe r  disease ,  denote d CD-3 ,  learne d concur -
rentl y wit h AB-1 .  Th e tes t  fo r  conditione d inhibitio n consist s 
of  measurin g response s t o th e pai r  o f  conflictin g symptoms , 
B D.  Becaus e sympto m B  shoul d b e a n especiall y stron g pre -
dicto r  o f  diseas e 1 ,  an d D  i s onl y par t  o f  th e tw o symptom s 
tha t  predic t  diseas e 3 ,  response s t o B D shoul d favo r  diseas e 
1.  But ,  a s state d above ,  peopl e showe d n o preferenc e fo r  dis -
eas e 1  i n thi s case .  I n ou r  thir d experiment ,  w e expande d th e 
desig n s o tha t  peopl e woul d b e force d t o lear n CD- 3 a s a  con -
junctiv e pair ,  i.e. ,  C  A N D D  indicate s 3 ,  rathe r  tha n a s a  dis -
junctiv e pair ,  i.e. ,  C  O R D  indicat e 3 .  Wit h thi s ne w contro l 
condition ,  w e foun d bot h forwar d an d backwar d conditione d 
inhibition . 

Thes e ne w result s presen t  a  comple x situatio n fo r  model s 
of  associativ e learnin g t o address .  No t  onl y shoul d th e model s 
produc e retrospectiv e revaluatio n i n blockin g an d conditione d 
inhibition ,  th e model s shoul d als o b e sensitiv e t o th e differ -
enc e betwee n conjunctiv e an d disjunctiv e encodin g o f  cues . 
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I n man y domains ,  cue s ar e onl y partiall y  valid ,  probabilis -
ti c  predictor s o f  outcomes .  I n medica l  diagnosis ,  fo r  exam -
ple ,  symptom s ar e usuall y onl y probabilisticall y vali d indica -
tor s o f  variou s diseases .  Differen t  cue s ca n hav e differen t  va -
liditie s fo r  differen t  outcomes ,  e.g. ,  feve r  i s a  relativel y goo d 
indicato r  o f  flu,  wherea s sor e elbo w i s a  relativel y poo r  in -
dicato r  o f  flu.  Previou s researc h b y man y experimenter s ha s 
show n tha t  peopl e ca n lear n abou t  th e relativ e validit y o f  var -
iou s cues ,  an d peopl e ca n utiliz e th e cue s t o a n exten t  corre -
spondin g wit h th e relativ e validity .  Th e correspondenc e i s or -
dinal ,  however ,  no t  linea r  o r  optimal .  I n particular ,  people' s 
utilizatio n o f  a  partiall y  vali d cu e i s inversel y relate d t o th e 
validit y o f  othe r  availabl e cues .  Thi s "overshadowing "  o f  a 
les s vali d cu e b y a  mor e vali d cue ,  als o know n a s "cu e com -
petition, "  ha s bee n documente d i n a  numbe r  o f  specie s an d 
i n a  numbe r  o f  differen t  experimenta l  paradigm s i n humans . 
Previou s researc h ha s als o show n tha t  mor e salien t  cue s ca n 
overshado w les s salien t  cue s o f  equa l  validity .  I t  ha s als o bee n 
show n tha t  peopl e ca n utiliz e probabilisti c  informatio n fro m 
non-linea r  combination s o r  configuration s o f  cues ,  bu t  utiliza -
tio n o f  suc h configura l  informatio n i s les s tha n utilizatio n o f 
equall y vali d componen t  cue s (e.g. ,  Edgell ,  Castellan ,  Roe , 
Barnes ,  Ng .  Bright ,  &  Ford ,  1996) . 

A numbe r  o f  theorist s hav e trie d t o addres s thes e findings , 
but  non e ha s provide d a  detaile d mode l  tha t  ha s als o closel y 
fi t  experimenta l  data .  Severa l  connectionis t  model s o f  asso -
ciativ e learning ,  i n particular ,  hav e faile d t o fit  thes e phenom -
ena (Edgel l  e t  al. ,  1996) .  I n fact ,  i t  ha s bee n prove n tha t  a  cer -
tai n clas s o f  connectionis t  model s canno t  exhibi t  overshadow -
in g o r  cue-competitio n afte r  asymptoti c trainin g (Busemeyer , 
Myung ,  &  McDaniel ,  1993) . 

We conducte d ne w experiments ,  wit h huma n participants , 
replicatin g an d extendin g previou s researc h o n overshadow -
ing .  Ou r  first  se t  o f  experiment s examine d th e effec t  o f  other -
cu e validit y o n cu e utilization .  W e measure d utilizatio n o f  a 
binary-value d cu e tha t  ha d a  fixed  validity ,  unde r  a  numbe r  o f 
conditions .  Ou r  experiment s use d carefull y counter-balance d 
cues ,  consisten t  acros s conditions ,  unlik e som e previou s re -
search .  I n on e conditio n th e cu e occurre d b y itself ,  withou t 
competin g cues .  I n anothe r  condition ,  a  secon d cu e occurre d 
but  ha d zer o validity .  I n a  thir d condition ,  th e secon d cu e ha d 
equa l  validity ,  an d i n a  fourt h conditio n th e secon d cu e ha d 
greate r  validity .  Ou r  dat a showe d th e classi c overshadowin g 
effec t  o f  th e secon d dimension ,  tha t  is ,  utilizatio n o f  th e fixed-
validit y dimensio n decline d a s th e validit y  o f  th e othe r  dimen -
sio n increased . 

I n othe r  experiments ,  w e investigate d th e effec t  o f  differ -

entia l  salienc e o n utilization ,  whe n a  secon d cu e eithe r  i s o r  i s 
not  present .  W e foun d tha t  whe n a  cu e i s presente d b y itself , 
ther e i s a  smal l  effec t  o f  salienc e o n it s utilization ,  bu t  whe n 
th e sam e cu e i s presente d wit h a  secon d cu e o f  zer o validity , 
th e salienc e ha s a  larg e effec t  o n utilization .  Thes e ne w result s 
put  additiona l  constraint s o n an y mode l  o f  utilization . 

We successfull y  fit  th e dat a wit h a n extende d versio n o f  th e 
exemplar-base d connectionis t  model ,  A L C O V E (Kruschke , 
1992) .  Thre e aspect s o f  th e mode l  ar e importan t  fo r  fitting 
th e data :  First ,  th e mode l  rapidl y shift s limited-capacit y at -
tentio n acros s cues ,  i n respons e t o error .  Thi s reallocatio n 
of  attentio n cause s mor e vali d o r  mor e salien t  dimension s t o 
pul l  attentio n awa y fro m les s vali d dimensions .  Second ,  th e 
model  use s a n exemplar-base d interna l  representation ,  whic h 
permit s th e mode l  t o lear n abou t  configura l  information ,  bu t 
les s effectivel y tha n componen t  cu e information .  Third ,  th e 
model  anneal s (i.e. ,  decreases )  it s associativ e learnin g rate s 
and attentio n shif t  rates ,  whic h i s computationall y appropri -
at e fo r  probabilisti c  environments .  Al l  thre e propertie s o f  th e 
model  ar e direc t  formalization s o f  thre e correspondin g psy -
chologica l  principles :  Learner s rapidl y shif t  limited-capacit y 
attentio n i n respons e t o error ,  learner s ca n encod e exemplar s 
or  combination s o f  cues ,  an d learner s sto p o r  decelerat e leam -
in g whe n the y ar e i n probabilisti c  environment s wit h firequent, 
uncontrollabl e errors . 
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Asymmetr y i n analogica l  reasonin g ha s generall y bee n 
assumed t o occu r  a t  th e post-mappin g inferenc e stage ,  wit h 
th e mapping s themselve s bein g inherentl y symmetric . 
However ,  unlik e previou s theoretica l  explanation s an d 
computationa l  models ,  th e L IS A (Learnin g an d Inferenc e 
wit h Schema s an d Analogies )  mode l  o f  analogica l  reasonin g 
(Hummel  &  Holyoak ,  1997 )  make s th e uniqu e predictio n o f 
asymmetr y a t  th e mappin g stage .  Thi s predictio n i s a  direc t 
resul t  o f  LISA' S mappin g algorithm .  L IS A perform s 
mappin g base d o n a  proces s o f  limited-capacit y guide d 
patter n recognition ,  wher e a  drive r  analo g create s a  patter n o f 
activatio n throug h sequentia l  firin g o f  it s  proposition s 
whic h i s receive d i n paralle l  b y a  recipien t  analog .  Thi s 
mappin g algorith m predict s a n asymmetr y i n mappin g 
betwee n tw o analog s wit h differin g level s o f  causa l  semanti c 
content ,  dependin g o n whic h analo g i s th e drive r  an d whic h 
i s th e recipient . 

I n previou s wor k (Kubose ,  Holyoak ,  &  Hummel ,  1997) , 
we teste d thi s predictio n b y measurin g mappin g performanc e 
betwee n tw o structurall y isomorphi c analog s wit h differin g 
level s o f  causa l  conten t  (usin g a  tas k simila r  t o tha t  o f 
Keane ,  1997) .  Bot h simulatio n result s an d huma n 
performanc e reveale d asymmetry ,  wit h mappin g bein g mor e 
accurat e whe n th e drive r  analo g containe d causa l  semanti c 
conten t  an d th e recipien t  analo g containe d noncausa l 
semanti c conten t  an d les s accurat e whe n th e drive r  analo g 
containe d noncausa l  semanti c conten t  an d th e recipien t 
containe d causa l  semanti c content .  Tha t  is ,  ther e wa s a n 
asymmetr y i n mappin g accurac y betwee n tw o analog s wit h 
differen t  level s o f  causa l  content . 

To replicat e an d exten d thes e findings,  w e constructe d a 
simila r  mappin g tas k usin g mor e meaningfu l  materials , 
Duncker' s (1945 )  Tumo r  problem ,  an d th e analogou s 
Fortres s stor y (Gic k &  Holyoak ,  1980) .  Whil e analogous , 
thes e material s als o contai n differen t  amount s o f  causa l 
information .  Th e Fortres s story ,  becaus e i t  include s a 
solutio n t o th e problem ,  i s mor e structurall y an d causall y 
coheren t  tha n th e Tumo r  story ,  whic h lack s a  solution .  W e 
predicte d tha t  thi s differenc e i n structura l  an d causa l 
coherenc e woul d generat e a n asymmetr y i n mappin g 
accurac y whe n th e role s o f  drive r  an d recipien t  analo g ar e 
varie d betwee m th e tw o stories .  Th e greate r  causa l 
coherenc e i n th e Fortres s stor y lead s t o mor e optima l 
processin g whe n i t  i s  th e drive r  analog ,  whic h shoul d 
generat e mor e accurat e mappings .  I n contrast ,  whe n th e 

Tumor  proble m i s i n th e rol e o f  drive r  analog ,  it s  lowe r 
coherenc e shoul d resul t  i n suboptima l  processing ,  an d henc e 
les s accurat e mappings .  W e als o predicte d that ,  du e t o th e 
asymmetr y i n mappin g accuracy ,  th e solutio n rat e o f  th e 
Tumor  proble m woul d als o diffe r  a s a  functio n o f  th e 
mappin g direction ,  wit h a  highe r  frequenc y o f  correc t 
solution s whe n th e Fortres s i s th e drive r  analo g tha n whe n 
th e Tumo r  i s th e drive r  analog . 

We teste d thes e predictions ,  an d foun d tha t  mappin g 
performanc e fo r  bot h L IS A an d colleg e student s wa s 
significantl y mor e accurat e whe n th e Fortres s stor y wa s th e 
drive r  analo g an d th e Tumo r  proble m wa s th e recipien t 
analo g (88% )  tha n whe n th e Tumo r  proble m wa s th e drive r 
and th e Fortres s stor y th e recipien t  (76%) .  I n addition ,  th e 
solutio n rat e fo r  th e Tumo r  proble m wa s greate r  whe n th e 
Fortres s wa s th e drive r  an d th e Tumo r  th e recipien t  (45% ) 
tha n vic e vers a (31%) . 

I n additio n t o providin g additiona l  evidenc e o f 
asymmetrie s i n mapping ,  fo r  bot h huma n reasoner s an d 
LISA ,  ou r  result s hav e educationa l  implication s regardin g 
th e optima l  focu s o f  attentio n durin g analogica l  proble m 
solving . 
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Abstrac t 

Tests of the influence of categorization and comparison on 
th e representation s o f  relationa l  categorie s show :  1 )  a  cate -
gory-base d similarit y effect ,  an d 2 )  a n indirec t  rol e o f  com -
pariso n vi a facilitate d learnin g wit h pairwis e presentation . 

The paths of explanatory power between similarity and 
categorizatio n ar e difficul t  t o trace .  W e sugges t  a n evolu -
tio n o f  th e representation s ove r  whic h similarit y operate s 
followin g fro m category-leve l  constraints .  Ther e i s n o w 
evidenc e tha t  learnin g t o co-categoriz e item s ca n increas e 
thei r  similarit y (Kurtz ,  1996 )  an d eve n alte r  thei r  perceptio n 
(Schyn s e t  al. ,  1997 ;  Livingsto n e t  al. ,  1997) .  Th e presen t 
researc h furthe r  addresse s thes e phenomen a an d ask s 
whethe r  thes e change s com e abou t  throug h learnin g sophis -
ticate d featur e space s (Kurtz ,  1997 )  o r  throug h compariso n 
processe s tha t  abstract ,  exten d o r  alte r  structure d represen -
tation s (Gentne r  &  Medina ,  i n press) . 

Method Ss were shown pictures of rock arrangements (see 
Figur e 1 )  an d aske d t o classif y the m a s t o whic h o f  3  cul -
ture s wer e th e builders .  Eac h categor y o f  5  example s ha d a 
relationa l  basis :  2  rock s o n to p o f  eac h othe r  wit h sam e 
colo r  an d shape ,  a  roc k supporte d b y 2  rocks ,  an d a  down -
war d slop e fro m lef t  t o right . 

J f e ) 

fcfi ( ^  & 5 . 

Figur e 1 .  Sampl e Roc k Stimul i 

In one condition (Catl), single item presentation was 
used .  I n a  secon d conditio n (Cat2) ,  eac h tria l  consiste d o f 
tw o example s show n togethe r  t o invit e comparison ;  S s wer e 
aske d t o classif y th e pai r  (draw n fro m th e sam e category) . 
Bot h group s receive d correctiv e feedbac k afte r  eac h tria l 
and continue d unti l  reachin g a  criterio n o f  9 0 % accurac y 
ove r  a n epoc h o f  3 0 presentations .  I n Catl ,  a n epoc h wa s 
tw o passe s throug h th e 1 5 trainin g examples .  I n Cat2 ,  a n 
epoc h wa s on e pas s throug h eac h possibl e pairing . 

Afte r  a  transfe r  test ,  S s rate d th e similarit y (o n 1- 7 scale ) 
of  pair s draw n fro m on e o f  tw o set s tha t  include d 3 0 train -
in g pair s (old-old )  an d 1 2 transfe r  pair s (old-new) .  Hal f 

wer e same-categor y an d hal f  wer e different-categor y pairs . 
A Contro l  grou p gav e similarit y rating s i n th e sam e manne r 
withou t  receivin g prio r  exposur e t o th e stimulu s materials . 

Results and Discussion We focus on two main findings. 
First ,  th e dat a exten d earlie r  finding s o f  Kurt z (1996 )  t o 
well-define d relationa l  categories .  W e foun d increase d 
similarit y rating s o f  same-categor y pair s withou t  decrease d 
rating s o f  different-categor y pair s b y S s wit h categor y 
trainin g compare d t o control s (se e Tabl e 1) .  Second ,  com -
pariso n serve d t o facilitat e categor y learnin g an d possibl y t o 
promot e re-representation .  S s i n Cat 2 too k 2. 7 epoch s t o 
reac h criterio n compare d t o 5. 7 epoch s i n Catl .  TTi e simi -
larit y dat a sugges t  tha t  th e influenc e o f  categorizatio n o n re -
representatio n ma y b e greate r  wit h pairwis e presentation . 

Table 1: Similarity Ratings. 

Conditio n 

Contro l  (n=15 ) 
Cat l  (n=23 ) 
Cat 2 (n=23 ) 

Trainin g 
Same 
3.7 5 
5.0 2 
5.1 4 

Dif f 
2.6 3 
2.8 2 
2.6 2 

Transfe r 
S a me 
3.6 4 

4.5 8 
4.8 7 

Dif f 
2.7 4 
3.1 2 
3.0 4 

I n sum ,  w e hav e show n a  category-base d similarit y effec t 
and facilitatio n o f  learnin g wit h pairwis e presentation . 
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Introduct io n 

Curren t  neura l  networ k model s o f  wor d recognitio n clai m 
tha t  al l  letter s i n a  wor d ar e use d i n paralle l  t o buil d u p acti -
vation .  Thi s disagree s wit h th e dictionar y mode l  o f  wor d 
recognition ,  whic h claim s tha t  peopl e us e letter s seriall y 
from  lef t  t o right . 

Thi s stud y use s a  lette r  deletio n techniqu e t o examin e th e 
importanc e o f  eac h seria l  positio n i n a  word .  Neura l  net -
wor k model s woul d predic t  tha t  eac h lette r  deletio n wil l 
impac t  th e namin g tim e similarly ,  whil e th e dictionar y 
model  predict s tha t  th e letter s ar e ordere d i n importance , 
wit h a  monotoni c decreas e ove r  seria l  positions . 

Methods & Results 

Eigh t  exper t  reader s ( 7 graduat e student s an d a  professor ) 

wer e place d i n front  o f  a  C R T an d show n 12 0 differen t 

seven-lette r  words .  Eac h o f  th e 12 0 word s appear s eigh t 

times ;  onc e intac t  an d wit h eac h o f  th e letter s seriall y re -

moved an d replace d wit h a n underscore .  Th e 96 0 word s 

wer e printe d i n capital s i n a  width-constan t  fon t  (courier) , 

and wer e presente d i n rando m order .  A n exampl e i s show n 

i n Figur e 1 . 

_ N T R O PY 

E _ T R O PY 

E N _ R O PY 

E NT O P Y 

E N T R _ PY 

E N T R O _Y 

E N T R O P_ 

E N T R O PY 

Figur e 1 :  Th e eigh t  condition s o f  a  stimulu s 

Subject s wer e tol d tha t  man y o f  th e word s woul d hav e a 
missin g lette r  an d tha t  thei r  tas k wa s t o nam e th e wor d i n it s 
complete d form .  Th e subject' s namin g latenc y wa s re -
corde d wit h th e time r  beginnin g a t  th e onse t  o f  th e stimulu s 
presentatio n an d ende d a t  onse t  o f  vocalization .  Th e 
stimulu s staye d o n scree n unti l  th e wor d wa s named .  Al l 
word s wer e hermit s an d coul d onl y b e complete d on e way . 

For  eac h subjec t  w e foun d a  media n namin g latenc y fo r 

eac h o f  th e deletio n conditions .  Figur e 1  show s th e averag e 

reactio n tim e fo r  al l  subject s a t  eac h segmen t  deletio n con -

ditio n an d th e intac t  condition .  W h e n th e initia l  lette r  i s 

deleted ,  subject s ar e slowes t  t o nam e th e words ,  bu t  whe n 

othe r  position s ar e delete d ther e ar e onl y th e slightes t  o f 

differences . 

Subject s tak e longe r  t o nam e a  wor d whe n a  lette r  i s de -
lete d (Mea n =  590ms )  tha n whe n a  wor d i s intac t  (Mea n = 
542ms) .  Thi s differenc e i s statisticall y reliable ,  t(7 )  =  6.34 , 
p< .001 .  Fisher' s post-ho c tes t  comparin g al l  pair s showe d 

a reliabl e difference ,  p  <  .05 ,  betwee n th e firs t  positio n de -
letio n an d eac h o f  th e secon d throug h sevent h positions . 
Ther e wer e n o reliabl e difference s foun d betwee n an y o f  th e 
secon d throug h sevent h positions . 

o 
I B 
i ) 

660 
640 . 
S20 
600 . 
580 
560 
540 

^  Firs t 
\ 

\ 

^ c o n d ^ ^ •  * ~ 

Sevent h 

A 
\  Non e 

520 

Positio n Delete d 

Figur e 2 :  Namin g latencie s o f  word s wit h a  lette r  delete d 

Discussion 

The experimen t  reveale d a  large ,  consisten t  differenc e 

betwee n th e firs t  an d secon d position ,  an d almos t  n o differ -

enc e betwee n th e secon d throug h sevent h positions .  Word s 

ar e abou t  1 0 % slowe r  t o recogniz e i f  thei r  firs t  lette r  i s 

missin g tha n i f  an y othe r  lette r  i s  missing .  Thi s finding  i s 

not  predicte d b y eithe r  neura l  networ k model s o r  b y th e 

dictionar y model .  I t  suggest s tha t  word s ar e indexe d b y th e 

first  lette r  i n th e menta l  lexicon . 

Spoonerism s ar e frirther  evidenc e o f  first  lette r  indexing . 

The mos t  c o m m o n for m o f  Spooneris m i s swappin g th e first 

lette r  o f  tw o words .  N o othe r  singl e lette r  i s  eve r  move d i n 

a Spoonerism ,  suggestin g somethin g uniqu e abou t  th e first 

letter . 

Whil e neura l  networ k model s d o no t  predic t  first  lette r 

indexing ,  a  mode l  wit h th e correc t  inpu t  representatio n 

shoul d b e abl e t o simulat e thi s data .  I f  th e representatio n o f 

th e first  lette r  i n th e inpu t  laye r  o f  a  neura l  networ k contain s 

greate r  statistica l  regularit y tha n an y othe r  lette r  position , 

tha n th e first  lette r  woul d tak e o n a n indexin g function . 

Futur e inpu t  representation s shoul d b e designe d wit h thi s 

dat a i n mind . 
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In t roduct io n 

Recent research on metaphor interpretation stands out 
fro m th e dominan t  model s base d i n th e seria l  processin g o f 
metaphor .  Thes e latte r  hav e propose d tha t  th e litera l 
meanin g o f  th e metapho r  i s  processe d first ,  an d b y th e 
figurativ e meanin g i n a  secon d step .  Th e mor e recen t 
researc h generall y show s th e effec t  o f  conceptua l  structure s 
i n th e processin g o f  metaphorica l  statements .  I t  i s  th e reaso n 
w hy a  person' s leve l  o f  conceptua l  developmen t  ca n 
influenc e metaphorica l  comprehension :  th e patter n o f 
metaphorica l  understandin g amon g childre n appear s t o 
paralle l  thei r  semanti c development .  Accordin g t o 
Glucksber g e t  al .  (1997) ,  tw o type s o f  contextua l 
informatio n ar e activate d i n makin g sen s a  metaphor : 
informatio n o n th e topi c an d informatio n o n th e vehicle . 
Informatio n abou t  th e topi c allow s th e subject s t o selec t 
thos e feature s whic h ar e consisten t  wit h th e particula r 
contex t  o f  th e statement .  Informatio n abou t  th e vehicl e 
allow s th e subjec t  t o selec t  attributiona l  categorie s 
represente d i n thi s context .  Metaphor s consistin g o f 
ambiguou s vehicle s ca n b e easil y understoo d whe n th e topi c 
contain s dimension s o f  relevan t  attribution s an d i s 
reasonabl y limite d i n scope . 
We conducte d a n experimen t  t o stud y th e effec t  o f 
knowledg e abou t  topi c o n interpretatio n o f  anima l  metaphor s 
of  th e for m " P ( a person )  i s a n A  (a n animal)" .  W e expect , 
therefore ,  tha t  context-phrase s presente d befor e metaphorica l 
statement s wil l  hav e a n effec t  o n thei r  interpretatio n whe n w e 
subsequentl y as k research-participant s whethe r  the y agre e o r 
disagre e wit h a n interpretatio n o f  th e metapho r  provide d i n a 
target-phras e presente d afte r  th e metaphorica l  statement . 
Mor e specifically ,  w e predic t  that : 

(i )  a  neutra l  contex t  (N )  wil l  no t  encourag e th e activatio n 
of  eithe r  o f  th e tw o interpretation s propose d t o th e 
participants ; 

(ii )  a  contex t  relate d t o on e o f  th e tw o interpretation s ( X o r 
Y )  o f  th e metapho r  wil l  contribut e t o decreas e i n ambiguit y 
and wil l  encourag e th e interpretatio n ( X o r  Y )  provide d i n th e 
target-phrase ; 

(iii )  i n th e sam e way ,  dependin g upo n th e context ,  ther e 
wil l  b e a  clea r  differenc e i n th e tim e require d b y participant s 
t o interpre t  th e metapho r  provide d wit h th e target-phrase . 

Research-participant s wer e aske d t o indicat e whethe r  the y 
agree d o r  disagree d wit h th e conten t  o f  a  Target-sentenc e 
providin g a n interpretatio n o f  th e metaphor .  A  Context -
sentenc e o f  th e kin d "Everyon e know s tha t  'P '  possesse s th e 

propert y p  1 "  i s  presente d befor e th e metapho r  itself ,  followe d 

by th e Target-sentenc e o f  th e for m "Doe s tha t  mea n tha t  ' P 
has th e propert y p 2 ?" .  Possessin g propert y p i  ca n b e eithe r 
neutral ,  congruen t  o r  incongruen t  wit h propert y p2 ,  whic h i s 
one o f  tw o propertie s know n abou t  anima l  A . 

Results 

We found a powerful Context-effect in our results. When 
th e context-phras e wa s compatibl e wit h th e target-phrase , 
participant s agree d th e interpretatio n o f  th e metapho r  give n i n 

th e target-phrase .  I n th e condition s wher e th e targe t  wa s 
neutra l  i n a  contex t  compatibl e wit h on e o f  th e tw o metapho r 
interpretations ,  th e leve l  o f  agreemen t  wit h th e neutra l  target -
phras e i s ver y low .  Reaction-tim e t o th e " Y E S "  wa s shorte r 
when th e ambiguit y o f  th e metapho r  wa s eliminate d b y th e 
context-phrase . 

Conclusion 

These results are interpreted in the light of models 
develope d b y Glucksber g &  Keysa r  (1990 )  an d Wolf f  « & 
Centne r  (1992) ,  accordin g t o whic h th e interpretatio n o f  th e 
metapho r  i s  see n a s inheren t  i n th e vehicle-category .  Th e 
attributio n o f  a  propert y t o th e topi c involve s choosing , 
among categorie s superordinat e t o th e vehicle ,  a  propert y 
compatibl e wit h wha t  on e alread y know s abou t  th e topic .  Th e 
tw o mechanism s o f  categoria l  attributio n an d matchin g o f 
propertie s ar e thos e o f  th e Dynami c Allocatio n Mode l  o f 
Meanin g whic h w e hav e alread y use d fo r  modelin g th e 
understandin g o f  joke s (Tiju s &  Moulin ,  1997) . 
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Abstrac t 
A hippocampa l  phenomeno n Icnow n a s th e shaq > wav e i s corre -
late d wit h a  cel l  firing  patter n tha t  recapitulate s a n earlie r  cel l 
firing  pattern .  Th e earlie r  cel l  firing  patter n i s drive n b y externa l 
stimul i  whil e th e recapitulativ e cel l  firing  arise s spontaneousl y 
fro m withi n th e hippocampus .  W e postulat e tha t  th e shar p 
wave associate d cel l  firing  dui t  occur s i n th e awak e stat e pro -
vide s th e basi s fo r  severa l  well-know n phenomen a tha t  involv e 
sel f  remindings .  Th e hypothesi s ex|dain s th e resolutio n o f  cog -
nitiv e impasse s b y hypothesizin g a n explicit ,  kxalized ,  interna l 
mechanis m tiiat  remind s on e o f  a n initiall y  unsuccessfu l  m e m-
or y retrieval .  Combinin g thi s hypothesi s wit h idea s expresse d 
by other s provide s a  two-fol d vie w o f  shar p wav e associate d cel l 
firing :  Recapitulativ e cel l  firing  (1 )  mediate s th e consolidatio n o f 
intermediat e hippocampa l  m e m c x y int o kxig-ter m neocortica l 
memory durin g d o w w a v e sleep ,  an d (2 )  drive s implici t  (uncon -
scious )  neocortica l  reprocessin g o f  unresolve d issues . 

Introduction 

M a ny cognitiv e phenomer u involv e unfinishe d business ,  tha t  is ,  task s 
tha t  ar e unresolve d an d tha t  on e m a y retur n t o eve n i n th e absenc e o f 
externa l  reminders .  Thes e includ e th e Zeigami k phenomenon ,  tip-of -
the-tongu c ( T O T )  states ,  incubatio n effects ,  self-initiate d retrieva l  i n 
prospectiv e remembering ,  an d reminiscenc e effects .  Thes e phenom -
ena shar e on e notabl e characteristic :  self-initiate d reminding s appea r 
t o restar t  previousl y discontinue d task s i n suc h a  w a y tha t  th e chance s 
of  successfu l  tas k resolutio n m a y b e enhanced .  Th e mechanis m re -
sponsibl e fo r  reminding  on e t o resum e a n unresolve d tas k couk l  b e 
cuin g fro m encounter s wit h stimul i  associate d wit h th e uiuesolve d 
task ,  a  mechanis m roote d i n cue-dependen t  m e m o r y theory . 

Based on neurophysiological observations in rats, we propose an al-
ternativ e mechanism .  Th e microscopi c electrophysiologica l  even t 
named th e shar p wav e arise s spontaneousl y withi n th e hippocampu s 
durin g slo w wav e slee p an d w h e n animal s perfor m repetitiv e moto r 
task s o f  grea t  familiarit y (e.g. ,  feeding ,  grooming) .  Analysi s o f  singl e 
cel l  firin g durin g brie f  shar p wav e event s o f  slo w wav e slee p reveals 
a fas t  playbac k o f  cel l  firin g pattern s experience d earlie r  i n th e day . 
Thi s earlie r  cel l  fuin g w a s drive n b y a  nove l  repetitiv e tas k tha t  en -
gage d th e hippocampus .  T h e rapi d refirings  durin g sk) w wav e slee p 
ar e postulate d t o b e th e re-teachin g o f  neocorte x tha t  lead s t o kmg -
ter m memory .  Th e patterned ,  hig h spee d retiring  occur s becaus e o f 
eariie r  associativ e modificatio n o f  excitator y synapse s i n th e hippo -
campal  region  C A 3 an d decrease d inhibitio n i n th e hippocampu s jus t 

precedin g th e shar p wave . 

Because sharp wave events are correlated with condensed recapitula-
tion s o f  prio r  hippocampa l  activities ,  suc h event s couk l  serv e t o re -
min d th e neocorte x o f  unresolve d issues .  O u r  hypothesi s state s tha t 
engagemen t  i n repetitiv e moto r  activit y wil l  lea d t o hippocampall y 
produce d recapitulation s o f  uiuesolve d questions .  Thes e reminding s 
includ e recapitulation s o f  unresolve d T O T states ,  unsolve d problems , 
an d prospectiv e m e m o r y reminders .  Ther e i s a  shar p contras t  be -
twee n cuin g theorie s an d th e hypothesi s here .  Cuin g theorie s depen d 
upo n th e introductio n o f  externa l  stimul i  t o lemin d th e subjec t  o f  a n 
unresolve d impasse ;  th e shar p w a v e base d hypothesi s require s n o 
suc h externa l  cue s t o remin d th e subjec t  o f  th e impasse .  I n fact ,  shar p 
wav e event s appea r  mor e likel y t o occu r  durin g informatioiudl y im -
poverishe d situation s (e.g. ,  groomin g an d eating) . 

If sharp wave "remindings" occur under stimulus conditions (and 
neocortica l  states )  differen t  fro m thos e i n whic h impasse s occurred , 
the n th e recapitulate d question s wil l  b e processe d differently .  A s a 
resul t  o f  thi s differenc e ther e i s a  bette r  chanc e t o resolv e th e im -
passe s tha n i f  remindings  recu r  i n th e sam e contex t  previousl y asso -
ciate d wit h th e impasses . 

The internal reminding theory does not rely on related stimuli to re-
initiat e progres s o n unresolve d questions ,  an d i t  give s a  plausibl e 
physiologica l  mechanis m fo r  unprompte d remindings .  I t  als o lead s t o 
experimenta l  prediction s Jo r  example ,  i t  explicitl y  predict s a n electro -
physiok>gica l  correlat e o f  T O T .  resolution ,  an d suggest s tha t  di e 
probabilit y  o f  suc h resolutions  coul d b e enhance d b y biasin g behavio r 
fo r  situation s tha t  bia s fo r  shar p wave s i n th e awak e state .  Thi s late r 
predictio n contrast s wit h th e predictio n o f  cuin g theorie s tha t  rely  o n 
reminding s externall y cue d b y a n information-ric h environmen t 
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A b s t r a c t 

Recent research on sentence priming suggests 

tha t  IVcquen t  o r  recen t  processin g o f  a  syntacti c 

structur e influence s subsequen t  linguisti c 

behavio r  (Bock ,  1986 ;  Boc k &  Loebell ,  1990 ; 

Bock .  Loebel l  &  Morey .  1992) .  Th e studie s t o 

be presente d investigat e whethe r  sentenc e 

primin g i s du e t o a n implici t  memor y o f 

ssntacti c structur e a s distinc t  fro m lexica l  an d 

ihcmati c priming . 

Experimen t  I  use s a n indirec t  measur e o f 

conceptua l  fluency  ( a standar d measur e o f  th e 

•"Mer c Exposure "  effec t  an d als o o f  implici t 

memory)  whic h employ s self-reported ,  intuition -

base d affectiv e judgment s (Bornstein ,  1989 ; 

Gordo n &  Holyoak ,  1983 ;  Seger ,  1994) .  A n 

affectiv e measur e o f  grammatica l  acceptabilit y i s 

use d a s th e dependen t  measur e o f  conceptua l 

fluency,  wit h th e predictio n tha t  grammaticall y 

acceptabl e .sentence s whic h ha d bee n rea d fo r 

conten t  durin g a n earlie r  par t  o f  th e experimen t 

wil l  b e judge d a s mor e grammaticall y acceptabl e 

durin g th e subsequen t  tes t  phase .  Thi s predictio n 

i s supporte d b y th e result s o f  Experimen t  1 , 

whic h (bun d increase d grammatica l  acceptabilit y 

rating s lo r  recentl y rea d sentences .  Thi s finding 

demonstrate s a n implici t  memor y o r  "Mer e 

Exposure "  effec t  fo r  identicall y repeate d natura l 

languag e stimuli . 

Experimen t  2  examine s whethe r  th e primin g 

effec t  foun d i n Experimen t  I  generalize s acros s 

primin g an d tes t  sentence s whic h ar e 

syntacticall y simila r  (a s define d b y a  phras e 

structura l  description )  bu t  whic h d o no t  hav e th e 

same conten t  words .  Th e primin g effec t  i s  foun d 

fo r  relate d syntacti c structure s containin g nove l 

conten t  words ,  showin g tha t  th e primin g effec t 

observe d i n Experimen t  1  canno t  b e du e t o 

simpl e lexica l  repetition . 

I n furthe r  experiment s w e investigat e potentia l 

lexica l  an d themati c influence s o n indirec t 

measure s o f  sentenc e priming .  I n on e experimen t 

th e similarit y o f  syntacti c structur e betwee n 

primin g an d tes t  sentence s i s  maintaine d whil e 

th e themati c rol e relation s ar e altered .  Anothe r 

experimen t  maintain s themati c rol e relation s o f 

th e primin g an d tes t  sentence s whil e alterin g 

thei r  comparativ e syntacti c structures .  A 

cognitiv e mode l  incorporatin g a n implici t 

representatio n o f  syntacti c structur e woul d predic t 

tha t  primin g wil l  occu r  fo r  sentence s whic h ar e 

syntacticall y similar ,  regardles s o f  themati c rol e 

relations ,  bu t  tha t  primin g wil l  no t  occu r  o n th e 

basi s o f  themati c rol e relation s alone . 

The studie s sho w tha t  indirec t  measure s 

employe d i n implici t  learnin g researc h ma y b e 

fsefu l  tool s wit h whic h t o investigat e sentenc e 

primin g phenomena .  Result s o f  thes e 

experiment s hav e implication s fo r  theorie s o f 

implici t  memory ,  metacognition ,  an d cognitiv e 

model s o f  syntacti c processing . 
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Proble m Solvin g ma y b e classifie d int o ordinar y proble m 
solvin g (OPS )  an d creativ e proble m solvin g (CPS) .  Withi n 
our  model ,  calle d INSPIRER ,  CP S i s o n a  continuu m wit h 
OPS,  althoug h w e poin t  ou t  som e difference s i n th e proper -
tie s o f  th e solution s an d i n th e proces s o f  producin g solu -
tion s i n thos e tw o kind s o f  Proble m Solving . 

The goa l  o f  CP S i s t o produc e a n appropriat e an d origina l 
solutio n (Boden ,  1995) .  B y appropriat e w e mea n bein g use -
fu l  and ,  internall y an d externall y coherent .  B y origina l  w e 
mean bein g someho w unexpecte d o r  non-obviousl y novel . 
A non-obviousl y nove l  an d appropriat e solutio n cause s sur -
prise .  O n th e othe r  hand ,  w e se e OP S a s th e productio n o f  a 
solutio n tha t  i s  jus t  appropriat e bu t  no t  original ,  an d there -
for e no t  surprising . 

I n ou r  opinio n th e proces s o f  producin g solution s i n CP S 
and i n OP S comprise s a  sequenc e o f  th e followin g step s 
(Wallas ,  1926) :  Preparatio n (proble m acquisitio n an d back -
groun d knowledg e assimilation) ,  Incubatio n (attemp t  t o 
construc t  a  solutio n t o th e proble m usin g backgroun d 
knowledge) .  Illuminatio n (prepositio n o f  th e solution )  an d 
Verificatio n (validatio n an d evaluatio n o f  th e propertie s o f 
th e solution) .  I n ou r  approach ,  backgroun d knowledg e (bot h 
episodi c an d theoretic )  i s  represente d b y graphs .  Eac h 
knowledg e grap h comprise s a  se t  o f  spatially ,  temporally , 
causall y o r  hierarchicall y interconnecte d knowledg e node s 
(knowledg e fragments) .  A  proble m i s jus t  a  se t  o f  possibl y 
interconnecte d knowledg e node s representin g a n incomplet e 
solution .  Th e syste m jus t  ha s t o complet e it .  Knowledg e 
nodes iterativel y retrieve d fro m memor y ar e adapte d t o fill 
th e missin g node s o f  tha t  incomplet e solution .  Thi s retrieva l 
i s  context-guided ,  i.e. ,  candidat e knowledg e node s ar e se -
lecte d fro m prio r  knowledg e structure s takin g int o accoun t 
th e similaritie s betwee n thei r  neighborhoo d (se t  o f  knowl -
edge node s an d relation s tha t  surroun d a  knowledg e node ) 
and th e neighborhoo d o f  th e missin g knowledg e node . 

I n OP S th e selecte d knowledg e node s ar e th e one s wit h 
highe r  contex t  similarities ,  an d th e adaptatio n strategie s ar e 
th e mor e obviou s ones .  However ,  considerin g th e combina -
tion-theor y o f  creativity ,  whic h say s tha t  creativit y consist s 
on relatin g previousl y unrelate d things ,  then ,  withi n ou r 
approach ,  CP S i s achieve d relatin g previousl y unrelate d 
knowledg e nodes .  Thi s i s performe d usin g a  retrieva l  proc -
ess tha t  doe s no t  selec t  th e highes t  contex t  simila r  knowl -
edge node s fro m prio r  knowledg e structures ,  and/o r  usin g 
an adaptatio n proces s tha t  doe s no t  mak e th e mor e obviou s 

adaptations .  Th e resul t  i s tha t  a  knowledg e nod e i s pu t  i n a 
differen t  context ,  an d thu s ne w an d probabl y non-obviou s 
relation s ma y b e establishe d betwee n i t  an d th e knowledg e 
nodes tha t  belon g t o it s ne w context .  Withi n thi s proces s 
some cognitiv e risk s ar e taken ,  whic h ma y lea d t o bizarr e 
solution s (solution s withou t  appropriateness) .  Thi s way , 
CPS result s o f  mechanism s lik e retrieva l  an d adaptation , 
whic h ar e o n a  continuu m wit h thos e use d i n OPS,  a s de -
fende d b y Ra m e t  al .  (1995) . 

Guilfor d (1968 )  "ha s claime d tha t  th e exploratio n o f  crea -
tiv e solution s i s mainl y du e t o th e min d abilit y  tha t  h e calle d 
divergen t  production .  Thi s abilit y  involve s th e generatio n o f 
a variet y o f  solution s t o a  sam e problem ,  an d differ s fro m 
convergen t  production ,  whic h i s use d whe n reasonin g logi -
call y t o produc e th e sol e appropriat e solutio n fo r  a  problem . 
Withi n ou r  approac h divergen t  productio n o f  solution s i s 
achieve d b y repeatin g th e constructio n o f  a n entir e solutio n 
fo r  a  sam e proble m severa l  times ,  eac h tim e changin g th e 
threshol d o f  contex t  similarit y use d i n th e retrieva l  (diver -
gent  retrieval) ,  and/o r  changin g th e adaptation s applie d t o 
th e retrieve d knowledg e nod e (divergen t  adaptation) .  Ex -
plorin g th e possibl e combination s o f  th e differen t  threshold s 
and differen t  adaptatio n strategie s fo r  th e severa l  missin g 
knowledg e node s o f  a  solutio n ma y lea d t o th e constructio n 
of  a n extremel y grea t  numbe r  o f  differen t  solution s t o a 
same problem .  Th e use r  ma y contro l  thi s process :  fo r  exam -
ple ,  he/sh e ma y choos e th e threshol d t o b e use d i n a  specifi c 
selectio n o f  a  knowledg e node ,  an d thus ,  he/sh e ma y contro l 
somehow th e originalit y o f  th e solution .  Othe r  wa y ma y b e 
computin g automaticall y th e possibl e combinations .  A t  th e 
end,  th e use r  ma y choos e th e bes t  solutions . 

Convergen t  productio n i s use d t o construc t  ordinar y solu -
tions :  a  convergen t  retrieva l  an d convergen t  adaptatio n in -
volve s n o cognitiv e risks . 
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Ther e ha s bee n a  lo t  o f  interes t  i n a  phenomeno n 

dubbe d "th e implici t  causalit y i n verbs. "  I t  ha s bee n 
demonstrate d tha t  a  subse t  o f  verb s whic h describ e a n 
interactio n betwee n tw o individual s carrie s informatio n 
about  whic h entit y i s th e caus e o f  th e event .  Sentence s 
of  th e for m NP l  Verbe d NP 2 induc e peopl e t o ascrib e 
th e caus e o f  th e even t  t o eithe r  th e first  N P o r  th e secon d 
NP.  Th e forme r  se t  o f  verb s ar e NP l  biasing ,  th e latte r 
NP2 biasing .  Hence ,  i n Joh n hi t  Mary ,  Joh n i s perceive d 
as th e caus e o f  hit ,  makin g hi t  a  NP l  biasin g verb ; 
wherea s i n Joh n praise d Man, ;  Mar y i s see n a s th e caus e 
of  praise ,  makin g prais e a  NP 2 biasin g verb .  Thi s effec t 
has bee n demonstrate d usin g a  variet y o f  techniques , 
includin g force d respons e task s (Brow n &  Fish ,  1983) , 
completio n studie s (Au ,  1986) ,  an d has ,  also ,  bee n show n 
t o influenc e comprehensio n (Caramazza ,  Grober ,  Garve y 
& Yates ,  1977) . 

Some researcher s accoun t  fo r  thi s ver b bia s i n term s o f 
themati c role s (Rudolp h &  Forsterling ,  1997) .  Verb s 
hav e bee n divide d int o actio n verb s o r  stat e verbs .  O f 
th e actio n verb s ther e ar e a  furthe r  tw o categories , 
Agent-Patien t  (AP )  verb s (e.g. ,  hit .  kick ,  telephone )  ar e 
NPl  biasing ,  wherea s Agent-Evocato r  (AE )  verbs ,  wher e 
an Evocato r  i s th e causa l  impetu s o f  a  followin g action , 
(e.g. ,  praise ,  blame ,  congratulate )  ar e NP 2 biasing . 
Stat e verb s o n th e othe r  han d ca n b e classifie d a s eithe r 
Stimulus-Experience r  (SE )  o r  Experiencer-Stimulu s (ES ) 
verbs .  Example s o f  S E verb s ar e fascinate ,  bore , 
disappoint ,  whic h al l  giv e ris e t o a  NP l  bias .  O n th e 
othe r  hand ,  E S verb s (e.g. ,  adore ,  despise ,  honour )  ar e 
NP2 biasing . 

Kelle y (1967 )  argue s tha t  th e caus e o f  a n even t  i s tha t 
thin g wit h whic h i t  covaries .  T w o possibl e source s o f 
covariatio n are :  firstly,  th e Person ,  th e thin g producin g 
th e response ,  o r  havin g th e experienc e (i.e. ,  th e Agen t  o r 
Experiencer) .  I f  man y (few )  peopl e reac t  i n thi s wa y t o 
th e stimulus ,  the n ther e i s hig h (low )  Consensus .  Th e 
secon d sourc e o f  covariatio n i s th e Entity ,  toward s who m 
th e respons e i s directed ,  o r  alternatively ,  th e on e wh o 
give s ris e t o a n experienc e (i.e. ,  th e Patient ,  Evocator ,  o r 
Stimulus) .  I f  th e perso n respond s thi s wa y t o man y (few ) 
entitie s the n ther e i s lo w (high )  Distinctiveness . 

I n thi s experimen t  w e aime d t o discove r  ho w explici t 
causa l  information ,  namely ,  covariationa l  information , 
influence d th e implici t  causalit y i n verbs .  I n a 
completio n task ,  3 2 subject s wer e presente d wit h a  singl e 
sentenc e o f  covariationa l  information ,  followe d b y a 
sentenc e o f  th e for m Prope r  Name-Verbed-Prope r  Name 

because.. .  Fo r  example ,  fo r  th e ver b praised ,  subject s 
wer e presente d wit h on e o f  th e followin g sentences : 

(1 a) Many people praised Mary. (High Consensus) 
(lb )  Fe w peopl e praise d Mary .  (Lo w Consensus ) 
(Ic )  Joh n praise d fe w people .  (Hig h Distinctiveness ) 
(Id )  Joh n praise d man y people .  (Lo w Distinctiveness ) 

Each of these sentences was followed by (2) 

(2) John praised Mary because... 

The subjects' task was to complete sentence (2) given 
th e precedin g context .  I t  wa s foun d tha t  (a )  explici t 
covariationa l  informatio n di d no t  overrid e th e bia s 

presen t  i n interpersona l  verbs ;  (b )  Lo w Consensu s 
informatio n le d t o mor e Perso n attributions ,  wherea s 
Hig h Consensu s le d t o mor e Entit y attributions ;  an d (c ) 
Distinctivenes s informatio n di d no t  influenc e th e 
continuation s produced .  Thes e findings  ar e explaine d b y 
assumin g tha t  informatio n abou t  th e Perso n i s mor e i n 
focus ,  makin g th e Consensu s dimensio n mor e accessible . 
On th e othe r  hand .  Distinctivenes s informatio n doe s no t 
exer t  a s stron g a n influenc e o n continuation s becaus e 
informatio n associate d wit h th e Entit y i s no t  a s 
informative . 
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Introductio n 

Thi s pape r  examine s th e effec t  o f  perceptua l  cue s an d ex -
trinsi c motivatio n o n th e establishmen t  an d breakin g o f  psy -
chologica l  "set "  (Einstellung )  i n Luchins '  (1942 )  wate r  ja r 
tas k (WJT) .  Einstellun g (E-effect )  occur s whe n participant s 
become habituate d t o a  particula r  solutio n strateg y an d per -
sis t  i n usin g i t  eve n whe n proble m structur e change s an d a 
simple r  an d mor e economica l  solutio n i s available .  Man y 
studie s hav e show n tha t  th e blindin g E-effec t  i s  quickl y 
established ,  har d t o break ,  an d exacerbate d b y extrinsi c con -
straint s suc h a s tim e pressure .  Luchin s an d Luchin s (1950 ) 
have furthe r  suggeste d tha t  addin g a  perceptua l  elemen t  t o 
th e basi c abstrac t  tas k an d limitin g th e resource s availabl e t o 
participant s migh t  reduc e th e E-effect .  W e conducte d a 
2x2x 2 factoria l  experimen t  t o stud y th e separat e an d com -
bine d effect s o f  thes e variable s o n proble m solvin g per -
formanc e i n th e WJT . 

Method 

Participants 

Participant s wer e 10 4 undergraduat e student s i n a n intro -
ductor y marketin g cours e a t  th e Universit y o f  Wisconsin -
Madiso n wh o receive d extr a cours e credi t  fo r  participating . 

Design 

The experimen t  wa s a  2x2x 2 between-subject s factoria l 
design .  Th e manipulate d variable s wer e perceptua l  cue s 
(present/absent) ,  tim e pressur e (high/low) ,  an d limite d re -
source s (unlimited/limite d liqui d t o solv e problems) . 

Procedure 

Participant s wer e randoml y assigne d t o on e o f  th e eigh t 
experimenta l  conditions .  Al l  wer e tol d tha t  the y wer e work -
er s a t  a  campu s healt h clini c an d ha d t o us e set s o f  thre e 
steril e vial s (wit h n o graduate d markings )  t o measur e 
needed amount s o f  flu  vaccin e fo r  distributio n t o othe r 
clinics .  Perceptua l  cue s consiste d o f  scale d visua l  represen -
tation s o f  th e thre e container s an d targe t  amoun t  t o b e ob -
taine d fo r  eac h proble m an d wer e presente d togethe r  wit h 
th e standar d numerica l  representatio n o f  th e problems .  I n 
th e hig h tim e pressur e conditio n participant s wer e give n on e 
minut e t o solv e eac h proble m whil e i n th e lo w tim e pressur e 
conditio n the y wer e give n th e standar d 2. 5 minute s t o solv e 
each problem .  I n th e limite d resource s conditio n partici -
pant s wer e tol d tha t  the y ha d a  tota l  o f  54 3 c c o f  vaccin e 
and tha t  thi s woul d b e exactl y enoug h t o fil l  al l  o f  th e order s 

i f  the y use d th e mos t  economica l  solutions .  Al l  participant s 
wer e give n booklet s containin g Luchins '  (1942 )  1 0 basi c 
wate r  ja r  problem s ( 5 habituatio n problem s an d 5  critica l 
problems )  an d a n 11" "  "extrem e obvious "  solutio n proble m 
(i n whic h th e firs t  containe r  wa s equa l  t o th e targe t  amount) . 

Results and Discussion 

The experimenta l  manipulation s resulte d i n significan t  dif -
ference s amon g group s i n th e siz e o f  th e Einstellun g effec t 
(E-effect )  o n th e se t  o f  si x critica l  tes t  problems .  Tim e pres -
sur e wa s foun d t o b e a  "creativit y killer "  (Amabil e 1987) , 
resultin g i n a n E-effec t  o f  54% .  Addin g perceptua l  cue s t o 
th e tim e pressur e conditio n strengthene d th e tendenc y to -
war d mechanizatio n an d rigidity ,  producin g a n overal l  E -
effec t  o f  62% .  I n contrast ,  th e E-effec t  wa s reduce d t o 3 2 % 
i n th e limite d resource s conditio n an d furthe r  reduce d t o 
1 7 % whe n perceptua l  cue s wer e added .  Intermediate-siz e E -
effects ,  rangin g from  2 8 % t o 42% ,  resulte d whe n tim e pres -
sur e an d limite d resource s wer e eithe r  bot h presen t  o r  bot h 
absent . 

Thus ,  w e find  tha t  typica l  real-worl d decisio n makin g 
condition s suc h a s tim e pressur e an d limite d resource s ma y 
have a  significan t  impac t  o n creativ e proble m solvin g i n 
dynami c contexts .  Whe n proble m structur e changes ,  tim e 
pressur e ma y preven t  proble m solver s from  seein g mor e 
direc t  an d economica l  solutions .  However ,  E-effect s ma y b e 
offse t  b y proble m solvers '  attentio n t o resourc e limitations . 
The presenc e o f  perceptua l  cue s ma y furthe r  hel p perform -
ance i n th e latte r  cas e an d hinde r  performanc e i n th e former . 
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I n t r o d u c t i o n 

Onl y unde r  rathe r  contrive d experimenta l  condition s hav e 
reader s bee n show n t o buil d spatia l  situatio n models . 
Readin g norma l  texts ,  an d give n norma l  readin g 
instructions ,  reader s d o no t  for m spatia l  menta l  model s o f 
th e describe d scen e (Zwaa n &  va n Oostendorp ,  1993 ; 
Zwaan &  va n Oostendorp ,  1994 ;  Zwaan ,  Radvansky , 

Milliard ,  &  Curiel ,  i n press) . 
Zwaan an d va n Oostendor p (1993 ,  1994 )  hav e suggeste d 

tha t  whe n spatia l  informatio n i s relate d t o on e o f  th e othe r 
dimension s o f  th e situatio n describe d i n th e text ,  suc h a s 
th e causa l  o r  motivationa l  dimensions ,  the n i t  i s  mor e 
likel y t o b e encode d i n th e situatio n model .  Thi s appear s 
t o b e th e case :  Zwaan ,  va n de n Broek ,  Truitt ,  an d 
Sundermeie r  (1996 )  looke d a t  ho w th e causa l  relatednes s 
of  spatia l  informatio n affecte d th e spatia l  situatio n model . 
They foun d tha t  reader s ar e mor e likel y t o encod e spatia l 
informatio n i n thei r  situatio n model s i f  thi s informatio n 
i s potentiall y  causall y relevant .  A  furthe r  reaso n tha t 
detaile d spatia l  informatio n migh t  b e encode d i n a  spatia l 
situatio n mode l  i s tha t  i t  i s  relate d t o a n actio n i n th e text . 
Thi s i s slightl y differen t  tha n bein g relate d t o on e o f  th e 
othe r  dimension s o f  a  situation ,  becaus e th e actio n i n th e 
tex t  tha t  th e spatia l  informatio n i s  relate d t o migh t  no t 
hav e an y causal ,  motivational ,  o r  protagonis t  relevance , 
howeve r  i t  ca n stil l  influenc e th e likelihoo d tha t  th e 
informatio n i s encode d int o a  spatia l  situatio n model .  Fo r 
example ,  a  piec e o f  spatia l  informatio n i n a  stor y suc h a s 
th e fac t  tha t  th e recycl e bi n wa s locate d nex t  t o th e doo r 
migh t  hav e n o causa l  o r  motivationa l  relevance . 
However ,  i f  i t  i s  mentione d i n th e stor y tha t  a  characte r 
thre w a  bal l  o f  pape r  acros s th e roo m bu t  i t  misse d th e 
recycl e bi n an d lande d o n th e othe r  sid e o f  th e door ,  the n 
thi s spatia l  informatio n suddenl y become s functionall y 
meaningful ,  becaus e o f  th e action .  Th e pape r  woul d no t 
lan d o n th e othe r  sid e o f  th e doo r  i f  th e bi n wa s no t 
somewhat  clos e t o th e door .  Th e questio n addresse d i n 
thi s researc h was :  h o w d o action s i n th e tex t  influenc e 
memory fo r  spatia l  information ? 

Method 

The experimen t  examine d memor y fo r  spatia l  informatio n 
relate d t o action s i n th e text .  Participant s rea d tw o shor t 
( 5 page )  narrativ e texts .  I n thes e stories ,  spatia l 
environment s wer e briefl y describe d a s th e scen e i n whic h 

a serie s o f  action s too k place .  Som e version s o f  th e 

storie s containe d onl y descriptive ,  scene-settin g spatia l 
information .  Othe r  version s o f  th e storie s containe d 
spatia l  informatio n specifie d withi n statement s o f  action s 
and event s takin g place .  Spatia l  informatio n give n a s par t 
of  action s describe d i n th e stor y wa s eithe r  state d 
explicitl y  o r  ha d t o b e inferred .  Severa l  differen t  kind s o f 

action s wer e described ,  an d wer e carrie d ou t  b y differen t 
character s i n th e texts .  Afte r  readin g bot h stories , 
participant s wer e aske d comprehensio n questions , 
includin g question s regardin g specifi c  actions .  Afte r 
answerin g th e comprehensio n questions ,  participant s dre w 
top-dow n view s o f  th e environment s describe d i n th e 
stories . 

Results and Discussion 

Result s indicat e tha t  spatia l  informatio n associate d wit h 
action s i n th e tex t  i s  generall y bette r  remembered . 
However ,  thi s i s  influence d b y th e typ e o f  actio n an d als o 
i n par t  b y whic h characte r  (protagonis t  vs .  other )  carrie s 
out  th e action . 
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When aske d t o relat e informatio n tha t  previousl y ha s onl y 
been considere d separately ,  wha t  d o peopl e do ? D o w e 
integrat e th e information ,  suddenl y removin g barrier s an d 
creatin g ne w connections ? O r  d o w e continue ,  a s Be m 
(1970 )  suggests ,  t o vie w th e idea s a s separate ,  internall y 
consisten t  "belie f  bubbles "  tha t  hav e n o nee d t o b e related ? 
Koslowsk i  (1996 )  ha s suggeste d tha t  peopl e m a y respon d 
differentl y t o apparen t  psychologica l  (a s oppose d t o logical ) 
inconsistencie s i n thei r  o w n belie f  system s tha n t o new , 
factua l  informatio n tha t  disconfirm s a  belie f 

To explor e thes e questions ,  w e examine d people' s belief s 
abou t  th e comple x issu e o f  affirmativ e action .  Fift y under -
graduat e student s wer e interviewe d twic e abou t  thei r  opin -
ion s abou t  man y aspect s o f  affirmativ e action .  The y wer e 
aske d a  basi c questio n t o asses s thei r  opinio n o f  affirmativ e 
actio n i n general ,  followe d b y m a n y specifi c  question s 
abou t  relate d issue s suc h th e rol e o f  government ,  th e valu e 
of  racia l  diversity ,  an d th e consequence s o f  suc h polices .  A t 
th e en d o f  th e fu-s t  interview ,  som e o f  th e participant s wer e 
challenge d o n belief s tha t  the y mentioned .  Tha t  is ,  the y 
wer e aske d t o respon d t o a  statemen t  suggestin g tha t  tw o 
response s the y ha d give n coul d b e see n a s conflicting .  The y 
wer e no t  provide d wit h an y additiona l  factua l  information , 
but  wer e simpl y aske d t o reflec t  o n th e opinion s the y ha d 
stated .  Fo r  example ,  som e participant s wer e told ,  " Y o u 
mentione d tha t  yo u generall y suppor t  affirmativ e actio n 
policies .  I n anothe r  section ,  yo u note d tha t  yo u believ e tha t 
peopl e shoul d no t  b e evaluate d base d o n thei r  race .  S o m e 
peopl e hav e argue d tha t  thes e tw o point s ar e incompatibl e 
becaus e affirmativ e actio n policie s requir e makin g som e 
decision s base d o n race .  Coul d yo u giv e som e though t  t o 
that? " 

T wo week s later ,  participant s wer e interviewe d again , 
aske d th e sam e serie s o f  question s a s i n th e initia l  interview . 
For  eac h question ,  participant s gav e bot h open-ende d re -
sponses ,  an d rating s o f  opinion s o n a  7-poin t  scale .  Here , 
we explor e th e ratings .  W e measure d th e chang e i n rating s 
on eac h question . 

Ther e wa s n o differenc e i n magnitud e o f  chang e o n th e 
basi c opinio n questio n abou t  affirmativ e actio n ("Wha t  ar e 
you r  view s an d belief s abou t  affirmativ e action?" )  betwee n 
thos e confronte d wit h inconsistencie s an d thos e w h o wer e 
not  challenge d (p=.86) . 

However ,  o n th e individua l  questions ,  thos e w h o receive d 
a challeng e aime d a t  a  particula r  belie f  wer e ofte n mor e 
likel y t o chang e thei r  belief s mor e tha n thos e w h o di d no t 

receiv e th e challenge .  Whil e m a n y o f  thes e difference s di d 
not  reac h significance ,  i n mos t  case s thos e w h o wer e chal -
lenge d change d thei r  rating s mor e tha n thos e w h o wer e no t 
challenged .  W e use d a  binomia l  probabilit y t o tes t  h o w 
likel y i t  wa s fo r  1 9 o f  2 3 response s woul d b e i n thi s direc -
tion ,  an d foun d thi s t o b e a  significan t  differenc e (p<.01) . 
I n addition ,  w e looke d a t  whethe r  th e directio n o f  change s 
indicate d tha t  peopl e wer e becomin g mor e consisten t  i n 
thei r  thinking .  Again ,  examinin g a  binomia l  distributio n w e 
foun d tha t  thos e w h o wer e aske d t o conside r  inconsistencie s 
became mor e consisten t  (p<.01) . 

Thes e result s sugges t  tha t  reflectin g o n apparen t  incon -
sistencie s i n one' s o w n thinkin g ca n lea d t o chang e i n re -
sponse s t o particula r  questions ,  eve n whe n i t  doe s no t  affec t 
a response s t o a  broader ,  relate d question .  Thes e finding s 
furthe r  provid e evidenc e tha t  informatio n i s  organize d i n 
separat e "belie f  bubbles "  tha t  ar e no t  usuall y considere d 
together .  W h e n considerin g issues ,  peopl e ca n compart -
mentalize ;  the y hav e separat e "bubbles "  o f  internall y con -
sisten t  information ,  tha t  m a y b e inconsisten t  wit h othe r  in -
ternall y consisten t  bubbles .  W h e n aske d t o reflec t  o n idea s 
previousl y considere d unrelated ,  peopl e m a y chang e on e 
belie f  whil e retainin g relate d genera l  beliefs . 
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Introductio n 

ACT- R i s a  genera l  theor y o f  cognitio n (Anderson .  1993 ) 
whic h i s capabl e o f  learnin g th e relativ e usefulnes s o f 
alternativ e rules .  I n previou s wor k (Matess a an d Anderson . 
1997) .  a  mode l  utilizin g thi s implici t  procedura l  learnin g 
mechanis m explaine d result s fro m a  concep t  formatio n tas k 
create d b y McDonal d an d MacWhinne y (1991) .  Th e sam e 
model  explain s result s fro m a  rol e assignmen t  tas k fo r 
artificia l  language s create d b y Blackwel l  (1995) .  B y focusin g 
learnin g o n on e cu e a t  a  time ,  th e mode l  predicte d a  blockin g 
phenomenon wher e certai n cue s cam e t o dominat e an d bloc k 
learnin g o f  othe r  cues .  Thi s predictio n wa s supporte d b y th e 
dat a fro m bot h o f  th e experiments .  Thi s abstrac t  describe s 
result s fi-om a  rol e assignmen t  experimen t  designe d t o 
furthe r  tes t  th e blockin g predictio n o f  th e model . 

What  i s rol e assignment ? Whe n tryin g t o understandin g a 
sentence ,  peopl e assig n noun s t o linguisti c role s suc h a s 
actor ,  patient ,  an d recipient .  I n orde r  t o d o thi s assignment . 
cues o f  th e languag e suc h a s wor d order ,  nou n animacy ,  an d 
cas e inflectio n ar e used .  Thes e cue s ma y o r  ma y no t  b e 
presen t  i n ever y sentence ,  an d on e cu e ma y conflic t  wit h 
anothe r  cu e a s t o th e correc t  rol e assignment .  Thes e conflict s 
ar e resolve d b y th e cu e dominanc e hierarch y o f  th e language , 
and cue s highe r  i n th e hierarch y ar e mor e reliabl e tha n thos e 
lowe r  i n th e hierarchy . 

Method 

The rol e assignmen t  tas k use d thre e linguisti c cue s 
(animacy ,  cas e maricing .  ver b agreement )  wit h varyin g 
degree s o f  reliabilit y  (cu e A  bein g th e mos t  reliable , 
followe d b y cu e B ,  the n cu e C) .  Fo r  eac h subject ,  th e 
reliabilitie s o f  th e linguisti c cue s wer e randoml y assigned .  I n 
th e first  trainin g phas e o f  th e experiment ,  onl y cue s A  an d C 
wer e present .  Fo r  example ,  i n a  sentenc e wit h a  ver b an d 
tw o nouns ,  onl y on e nou n coul d hav e th e sam e 
morphologica l  suiffi x  a s th e ver b (ver b agreemen t  cu e 
present )  an d onl y on e nou n coul d hav e a  nominativ e marke r 
(cas e markin g cu e present) ,  bu t  th e noun s woul d b e eithe r 
bot h animat e o r  bot h inanimat e object s (animac y cu e no t 
present) .  I n th e nex t  trainin g phase ,  al l  cue s wer e available , 
and i n th e testin g phase ,  onl y cue s B  an d C  wer e available . 
The mode l  predict s tha t  th e earl y us e o f  th e A  an d C  cue s 
coul d bloc k experienc e wit h th e B  cue ,  wit h th e consequenc e 
tha t  i n th e testin g phase ,  cu e C  ma y see m t o b e mor e 

reliabl e tha n cu e B .  I n abou t  hal f  o f  th e simulatio n run s 
wit h th e sam e stimul i  an d amoun t  o f  exposur e a s th e 
experiment ,  cu e B  i s see n a s mor e reliable .  I n th e othe r  half , 
cue C  i s see n a s mor e reliabl e an d it s us e block s th e learnin g 
of  th e du e reliabilit y  o f  cu e B . 

The experimen t  als o ha d fou r  instructio n conditions .  I n 
th e first ,  a n explici t  descriptio n o f  th e thre e cue s wa s give n 
alon g wit h practic e usin g th e cues ,  an d subject s wer e tol d 
ther e wa s n o tim e limi t  fo r  thei r  decision s (practice/not -
speeded) .  Th e secon d conditio n wa s th e sam e a s th e first, 
but  subject s wer e tol d tha t  the y shoul d wor k a s quickl y an d 
accuratel y a s possibl e (practice/speeded) .  Th e thir d conditio n 
di d no t  mentio n th e thre e cue s an d subject s wer e tol d ther e 
was n o tim e limi t  (no-practice/not-speeded) .  Th e fourt h 
conditio n di d no t  mentio n th e thre e cue s an d subject s wer e 
aske d t o wor k a s quickl y an d accuratel y a s possibl e (no -
practice/speeded) . 

Results and Discussion 

Onl y hal f  o f  th e subject s i n th e thre e speede d o r  no-practic e 
condition s preferre d cu e B  ove r  cu e C  i n th e testin g phase . 
However ,  nearl y al l  o f  th e subject s i n th e on e practice/not -
speede d conditio n preferre d cu e B  ove r  cu e C .  Thes e result s 
suppor t  th e predictio n o f  th e mode l  tha t  subject s usin g 
implici t  learnin g (i n th e speede d o r  no-experienc e conditions ) 
migh t  no t  lear n tha t  cu e B  i s mor e reliabl e tha n cu e C .  Thi s 
i s no t  du e t o subject s bein g insensitiv e t o th e reliabilit y  o f 
th e cues ,  sinc e i n al l  condition s subject s preferre d th e mor e 
reliabl e cu e A  ove r  cu e B  an d cu e C  ove r  8 9 % o f  th e time . 
The abilit y  o f  on e mode l  t o explai n result s fro m thre e 
differen t  experiment s suggest s it s learnin g mechanis m i s a 
usefu l  explanatio n o f  learnin g i n rol e assignmen t  tasks . 
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Introductio n 

Numerous studie s hav e demonstrate d th e benefit s o f  self -
explainin g whil e readin g tex t  (e.g. ,  Chi ,  d e Leeuw ,  Chiu ,  & 
LaVancher ,  1994) .  Ch i  an d he r  colleague s hav e foun d tha t 
reader s wh o explai n th e tex t  eithe r  spontaneousl y o r  whe n 
prompte d t o d o s o understan d mor e fro m th e tex t  an d 
construc t  bette r  menta l  model s o f  th e content .  Thes e studie s 
and other s provid e promisin g evidenc e fo r  th e benefit s o f 
havin g student s self-explai n whil e readin g text .  Th e presen t 
stud y examine d th e benefit s o f  providin g self-explanatio n 
trainin g t o middle-schoo l  childre n t o improv e learnin g fro m 
sdenc e texts . 

Prio r  domai n knowledg e ha s als o bee n foun d t o enhanc e 
tex t  comprehension .  However ,  littl e effec t  o f  jwio r 
knowledg e o n th e effectivenes s o f  self-explanatio n ha s bee n 
found .  On e purpos e o f  thi s stud y wa s t o furthe r  examin e 
whethe r  th e effectivenes s o f  self-explanatio n trainin g 
depende d o n th e prio r  knowledg e o f  th e reader .  I f  th e 
inference s encourage d durin g self-explanatio n ar e 
unsuccessfu l  du e t o th e lac k o f  sufficien t  knowledge ,  self -
explanatio n shoul d b e les s beneficia l  fo r  low-knowledg e 
reader s (e.g. ,  McNamar a &  Kintsch ,  1996) . 

The secon d purpos e wa s t o determin e whethe r  th e benefit s 
of  trainin g depende d o n prio r  readin g skill .  I f  skille d reader s 
alread y engag e i n th e activ e jwocessin g encourage d durin g th e 
self-explanatio n process ,  the n thes e reader s shoul d benefi t 
les s fro m self-explanation .  Onl y less-skille d reader s wh o d o 
not  naturall y engag e i n thes e processe s shoul d benefi t  fro m 
training . 

Method 

The subject s wer e 2 9 middle-schoo l  children ,  includin g 1 3 
contro l  subject s an d 1 6 self-explanatio n trainin g subjects . 
Subject s prio r  domai n knowledge ,  readin g skill ,  an d workin g 
memcxy capacit y wer e measure d befor e trainin g began . 

Durin g training ,  subject s rea d fou r  scienc e texts .  Th e 
trainin g grou p firs t  receive d a  brie f  instructio n i n sel f 
explanatio n an d comprehensio n monitorin g strategies .  Th e 
instiiictio n focuse d o n th e benefit s o f  paraphrasing ,  usin g 
logic ,  predictin g wha t  th e tex t  woul d say ,  makin g tsidgin g 
inferences ,  an d monitorin g comprehension .  Th e trainin g 
subject s the n rea d an d self-explaine d alou d fou r  scienc e texts . 
Afte r  answerin g question s abou t  th e text ,  the y watche d a 
vide o o f  anothe r  studen t  self-explainin g th e text .  Th e subjec t 
identifie d whic h strategie s th e studen t  i n th e vide o wa s 
using .  Th e conti-o l  subject s rea d th e sam e fou r  text s alou d 
and answere d question s abou t  th e text ,  bu t  di d no t  self -
explai n th e text s an d di d no t  watc h th e video . 

Afte r  training ,  al l  o f  th e subject s self-explaine d a  tex t 
about  hear t  disease .  Th e contro l  subject s wer e tol d ho w t o 

sel f  explai n bu t  wer e no t  provide d wit h strateg y instruction . 
The subject s wer e tol d t o self-explai n whil e readin g th e text , 
but  wer e no t  prompte d t o d o so .  Th e entir e experimen t 
require d fiv e sessions . 

Results 

Training results allow the comparison of self-explanation 
(i.e. ,  training )  an d readin g alou d (i.e. ,  control) .  T h e effec t  o f 
self-explanatio n wa s no t  reliable .  Thi s lac k o f  a n effec t  i s 
du e t o th e contiibutin g effect s o f  bot h prio r  knowledg e an d 
readin g skill .  A s s h o w n below ,  high-knowledg e reader s 
understoo d mor e fro m th e text s tha n low-knowledg e reado s 
regardles s o f  condition .  M o r e o v e r ,  skille d reader s 
comprehende d th e tex t  wel l  regardles s o f  condition ,  wherea s 
less-skille d reader s benefite d fro m self-explainin g whil e 
readin g th e texts .  Thi s indicate s tha t  th e skille d reader s 
activel y processe d th e text s regardles s o f  condition . 

Qsci r  Explai n 
EOrmiI  Alou d 

$5^  i i 
SclfEzpUiulio n Rea d Alou d 

Coadttio n 
LcssSklUe d Mor e 

Readen 
Skflle d 

Fig .  1 :  C o m p r e h e n s i o n per fo rmanc e durin g training . 

All subjects self-explained a fifth text after training to 
determin e th e benefit s o f  self-explanatio n training .  T h e r e 
w e r e n o benefits .  T h e r e w e r e als o n o effect s o f  readin g skill , 
nor  o f  workin g memor y capacity .  Th e onl y contributin g 
facto r  t o comprehensio n wa s th e reader' s prio r  knowledge . 
Hig h prio r  Imowledg e reader s performe d bette r  o n th e 
comprehensio n question s (M=0.46 )  tha n lo w knowledg e 
reader s (M=0.26) .  Thi s advantag e als o di d no t  depen d o n th e 
qualit y  o r  quantit y  o f  th e self-explanation s whil e readin g th e 
text .  I n contras t  t o previou s findings ,  thi s stud y clearl y 
demonstrate s tha t  prio r  knowledg e play s a  critica l  rol e i n 
detenninin g th e effectivenes s o f  self-explanation . 

Chi, M. T. H., de Leeuw, N., Chiu, M., & LaVancher, C. 
(1994) .  Elicitin g self-explanation s improve s 
understanding .  Cognitiv e Science ,  18 ,  439-477 . 

McNamara,  D .  S. ,  &  Kintsch ,  W .  (1996) .  Learnin g fro m 
texts :  Effect s o f  prio r  knowledg e an d tex t  coherence . 
Discours e Processes ,  22 ,  247-288 . 
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Althoug h m a n y researcher s argu e tha t  tim e i s a  fundamenta l 
sd^ctur e o f  narrativ e fe w hav e develope d th e mean s t o mode l 
it s us e i n th e contex t  o f  a  story .  Th e followin g figur e 
depict s a  mode l  o f  th e tempora l  structur e (Bruner ,  1994 )  o f  a 
singl e life-stor y ( M c A d a m s ,  1988) .  Thi s mode l  ma y b e use d 

t o represen t  an d examnin e similaritie s an d difference s i n th e 
tempora l  structurin g o f  man y comple x form s o f  narrative . 

ri^3 A 

M 

® 

FF2B 

1 3  5  7  9  1 1 1 3 1 5 1 7 
Figur e 1 .  Prototypica l  Tim e Ma p o f  a  Life-Stor y 

The horizontal axis of the time map represents the total 
number  o f  year s covere d b y th e episode s i n th e stor y (i n thi s 
cas e a  life-story) ,  fro m birt h (i.e. ,  yea r  0 )  t o th e presen t  (i.e. , 
th e m o m e n t  o f  narration) .  S o m e event s projec t  int o th e 
future ,  represente d b y a n arro w pointin g t o a  capita l  lette r  F 
at  th e fa r  righ t  margin .  Th e progressio n o f  tim e o n thi s 
dimensio n i s  thu s fro m th e lef t  t o th e right .  Th e vertica l 
axi s represent s th e numbe r  o f  episode s (majo r  part s o f  th e 
story )  an d event s (division s withi n episodes )  i n th e stor y 
(i.e. ,  fro m on e t o th e tota l  numbe r  i n story) .  Th e 
progressio n o f  event s o n thi s dimensio n i s from  th e botto m 
t o th e to p o f  th e graph .  Thus ,  tim e map s ar e rea d fro m 
botto m t o to p an d fro m lef t  t o right .  Not e tha t  tim e map s 
captur e th e tim e tha t  episode s i n a  narrativ e cove r  (i.e. ,  i n 
term s o f  year s o r  month s covered) ,  no t  th e pac e o f  th e stor y 
(i.e. ,  line s o f  protoco l  devoted  t o eac h event) . 

Th e dar k horizonta l  line s labele d wit h R o m a n numeral s 
sho w th e tim e perio d covere d b y eac h majo r  episod e i n thi s 
life-stor y (i.e. ,  fro m I  t o II ,  etc.) .  Th e lighter-colore d line s 
and th e Arabi c numeral s wit h capita l  letter s t o thei r  righ t 

(i.e. ,  l A t o IB ,  etc. )  depic t  th e ordina l  positio n (botto m t o 

top )  an d elapse d tim e (lef t  t o right )  o f  event s withi n th e 
episode .  Thus ,  th e exampl e stor y begin s a t  episod e I 
(denote d b y th e dar k lin e a t  th e botto m o f  th e m a p wit h th e 
R o m an numera l  I  t o it s  left) ,  whic h last s fro m birt h t o ag e 
six .  Th e even t  structur e o f  thi s episod e i s depicte d b y th e 
finer  lin e immediatel y abov e th e episod e lin e Th e symbo l 
l A t o th e righ t  o f  thi s lin e indicate s tha t  thi s i s  th e first 
even t  o f  th e first  episod e i n th e life-story . 

The squar e symbo l  appearin g i n episod e tw o indicate s tha t 
th e episod e concern s th e presen t  moment  (i.e. ,  th e tim e a t 
whic h th e narrato r  i s tellin g hi s life-story) .  Th e circle s tha t 
appear s i n thi s episod e represent s th e narrator s us e o f  th e 
"eterna l  present, "  signifie d b y term s lik e "always "  o r 
"never" .  Th e counterclockwis e arro w i n Episod e II I 
represent s th e recapitulatio n o f  event s i n th e story .  Thus ,  i n 
even t  3 A th e narrato r  briefl y reviewe d event s fro m episod e 
II . 

Th e tim e m a p als o display s mor e comple x deviation s 
fro m tempora l  linearit y suc h a s flashbacks  an d flash 
forwards .  T o b e considere d a  flash  bac k o r  a  flash  forwar d a n 
even t  ha d t o jum p outsid e th e tempora l  boundarie s o f  th e 
episod e tha t  containe d i t  an d shif t  th e narrativ e t o a  tim e 
perio d bounde d b y a  differen t  episod e i n th e story . 
Even t  2 B i s a n exampl e o f  a  flash  forward .  I n additio n t o th e 
arrow s pointin g t o th e right ,  even t  2 B i s  denote d b y th e 
capita l  letter s F F (i.e. ,  a  flash  forward )  t o th e righ t  o f  th e 
arrow s an d t o th e lef t  o f  th e even t  number .  Even t  2 E i s a n 
exampl e o f  a  flashback.  Thi s i s denote d b y th e arrowlin e tha t 
point s t o th e lef t  o f  th e even t  lin e an d th e symbo l  FB , 
whic h stand s fo r  flashback.  Th e R o m a n numera l  I  t o th e lef t 
of  th e letter s F B indicate s tha t  thi s even t  i s a  flashback  t o 
th e tim e perio d covere d b y episod e I . 

Althoug h thi s too l  fo r  mappin g tempora l  structur e wa s 
develope d i n th e contex t  o f  a  life-stor y researc h project ,  i t 
ca n b e use d t o stud y th e use s o f  tim e i n a  variet y o f  form s o f 
discourse . 
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An examinatio n o f  Jerom e Bruner' s intelectua l  ontogenesi s 
elucidate s h o w cognitiv e psychologist s ca n generat e bot h 
goo d theor y an d practic e durin g thei r  careers .  Brune r 
challenge s psychologist s t o expan d wha t  the y se e a s th e 
focu s o f  thei r  disciplin e an d t o activel y wor k fo r  socia l 
change .  I n hi s earl y wor k Brune r  challenge d th e behaviorists . 
Toda y h e challenge s th e cognitiv e psychologists .  Hi s 
challenge s ar e no t  jus t  abou t  theoretica l  concern s bu t  abou t 
th e basi c natur e o f  scienc e itself .  H e call s fo r  a 
compassionat e vie w o f  science . 

I n th e 1950 s h e use d evidenc e from  hi s researc h t o sho w 
tha t  peopl e see m t o hav e strategie s i n thei r  head s tha t  the y 
use t o hel p the m categoriz e informatio n i n th e world .  Thu s 
he alon g wit h suc h thinker s a s Chomsk y an d Miller ) 
challenge d behaviorism .  Scientist s ha d t o acknowledg e th e 
existenc e o f  menta l  structure s whic h thei r  the n curren t 
theorie s o f  s- r  chain s coul d no t  explain .  Thi s allowe d Brune r 
t o argu e tha t  th e stud y o f  structure s o f  th e min d i s a  vali d 
scientifi c  enterprise .  Hence ,  rationa l  thinkin g coul d afte r 
almos t  5 0 year s b e re-introduce d a s a  concep t  t o b e studie d 
by experimenta l  psychology .  Subsequently ,  Brune r  coul d 
us e th e stud y o f  'rationa l  thought '  a s th e basi s fo r 
'compassionate '  pedagogica l  an d curricula r  reform . 

I n th e 1980 s an d 1990 s Brune r  ha s agai n focuse d o n ne w 
ways o f  studying/conceptualizin g cognitiv e processes ,  tha t 
allow s hi m t o challeng e a  curren t  an d reductionisti c vie w o f 
human consciousness .  Interestingly ,  b y doin g thi s h e 
challenge s th e ver y cognitiv e vie w h e helpe d create .  B y 
focusin g o n storie s a s cognitiv e structures ,  whos e 
complexit y a s multidimensiona l  schema s ca n no t  easil y b e 
reproduce d o r  reduce d t o compute r  models ,  h e force s 
cognidv e psychologists ,  especiall y thos e o f  th e 'har d core ' 
AI  variety ,  t o acknowledg e limitation s t o thei r  field.  I n s o 
doin g Brune r  re-introduce s cultur e an d meanin g int o 
psycholog y an d h e make s psycholog y mor e compassionat e 
by refocusin g i t  o n persona l  experience . 

Philosophically ,  Bruner' s though t  ha s transforme d from  a 
rationalis m tinge d wit h empiricis m t o a  hermeticis m lace d 
wit h empiricism .  On e ca n se e tha t  thi s involved ;  a )  Bruner' s 
attempting,throug h empirica l  methods ,  t o ge t  th e 
reductionis t  behaviorist s o f  th e 1950 s t o acknowledg e th e 
legitimac y o f  rationalis t  claim s tha t  menta l  phenomen a 
existe d i n th e head ,  an d b )  attemptin g t o ge t  contemporar y 
1990 s reductionis t  cognitiv e psychologists ,  agai n throug h 
empirica l  methods ,  t o acknowledg e th e legitimac y o f  th e 
hermeti c approach . 

Thi s i s no t  t o sugges t  Brune r  ha s evolve d int o som e for m 
of '  Pur e Platonist' .  H e doesn' t  believ e min d ca n b e divorce d 
from  th e world .  Mind ,  i n theory ,  ma y b e abl e t o generat e a n 
infinit e diversit y o f  worlds .  But ,  i n practic e i t  i s  limite d b y 
th e practica l  necessit y o f  th e environmen t  withi n whic h i t 
finds  itself .  Hence ,  Bruner' s constructivis m i s infuse d wit h 

th e functiona l  perspective .  Moreover ,  thi s evolutio n fro m 
functiona l  rationalis m t o functiona l  hermeticis m (i.e . 
constructivism )  ha s gone ,  han d i n hand ,  wit h Bruner' s us e o f 
a constantl y expandin g multidisciplinar y perspective . 

Throug h biographica l  analysi s w e ca n appreciat e h o w 
Brune r  challenge s th e limit s o f  wha t  psycholog y define s a s 
it s method s an d a s it s 'fiel d o f  application' .  Also ,  w e ca n se e 
ho w Brune r  transform s himsel f  int o a  ne w for m o f  scientist . 
Brune r  recognize s th e cultura l  an d socia l  boundednes s o f  hi s 
o wn disciplin e and ,  h e consciousl y synthesize s bot h theor y 
and practic e i n a n effor t  t o mak e psycholog y a  mor e human e 
science .  Hi s intellectua l  caree r  serve s a s a n exempla r  fo r  1 
youn g scientist s jus t  enterin g th e field. 
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years.Specia l  Topic :  Jerom e Bruner :  Constructio n o f  a 
scientist .  H u m a n Development ,  33 ,  327-333 . 

Olson ,  D.R .  (1990) .  Possibl e minds :  Reflection s o n 
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Our  researc h i s  organize d aroun d thre e questions ,  stric t 

analogue s o f  th e fundamenta l  question s i n Chomsky' s 

(1986 )  framework 

(1) What constitutes moral knowledge? 

(2 )  H o w i s mora l  knowledg e acquired ? 

(3 )  H o w i s mora l  knowledg e pu t  t o use ? 

Focusing first on (1), we propose that one component of 

mora l  knowledge ,  deonti c knowledge ,  i s a  menta l  structur e 

consistin g o f  a  syste m o f  rule s an d principle s tha t  generate s 

an d relate s menta l  representation s o f  variou s types .  Thi s 

s>ste m i s  wha t  enable s individual s t o distinguis h action s 

tha t  ar e morall y permissibl e from  thos e tha t  ar e not . 

Lik e grammaticalit y judgments ,  permissibilit y  judgment s 

do no t  depen d o n th e superficia l  propertie s o f  a n action -

descriptio n bu t  o n th e wa y a n actio n i s  mentall y 

represented .  Drawin g primaril y o n Goldman' s (1970 ) 

notio n o f  level-generation ,  w e argu e tha t  th e latte r  ca n b e 

describe d i n term s o f  a  hierarchica l  sequenc e o f  act-toke n 

representation s -  a n ac t  tre e -  whic h encode s whicheve r 

informatio n i s  relevan t  t o determinin g a n action' s deonti c 

stams .  Employin g thi s technique ,  w e formulat e a  "fragmen t 

of  mora l  grammar "  capabl e o f  accounting ,  i n a n explici t 

an d rigorous  fashion ,  fo r  a  serie s o f  otherwis e puzzlin g 

commonsens e mora l  intuitions ,  includin g thos e occasione d 

by th e "trolle y problem "  example s invente d b y Foo t  (1967 ) 

an d Thomso n (1986) . 

Unlik e Kohlber g (1981) ,  w e distinguis h sharpl y betwee n 

a person' s operativ e mora l  principle s (thos e principle s 

actuall y operativ e i n th e exercis e o f  mora l  judgment )  an d 

her  expres s principle s (thos e principle s verbalize d b y a 

subjec t  i n a n effor t  t o justif y o r  explai n he r  judgments) .  W e 

make n o assumptio n tha t  th e norma l  individua l  i s  awar e o f 

th e operativ e principle s whic h constitut e he r  mora l 

knowledge ,  o r  tha t  sh e ca n becom e awar e o f  the m throug h 

introspection ,  o r  tha t  he r  statement s abou t  the m ar e 

necessaril y  accurate .  O n th e contrary ,  w e hypothesiz e tha t 

jus t  a s norma l  person s ar e typicall y unawar e o f  th e 

principle s guidin g thei r  linguisti c intuitions ,  s o to o ar e the y 

ofte n unawar e o f  th e principle s guidin g thei r  mora l 

intuitions .  Th e universa l  an d invarian t  aspect s o f  mora l 

knowledge ,  therefore ,  ar e ofte n obscur e t o thos e w h o 

engag e i n ethica l  debates . 

Turnin g t o (2) ,  th e fac t  tha t  a t  leas t  som e operativ e 

mora l  principle s ar e inaccessibl e t o consciousnes s suggest s 

that ,  a s i s th e cas e wit h language ,  thes e principle s ar e no t 

taugh t  t o successiv e generation s explicitly .  W e therefor e 

propos e tha t  the y ar e th e developmenta l  consequence s o f  a n 

innate ,  cognitiv e faculty . 

I n ou r  poster ,  w e repor t  th e result s o f  thre e experiment s 

conducte d o n a  tota l  o f  12 5 subjects ,  m e n an d w o m e n age s 

18-60 .  I n eac h experiment ,  w e elicite d permissibilit y 

judgment s fo r  a  variet y o f  action-sequences .  I n accor d wit h 

our  expectations ,  subjects '  deonti c judgment s abou t  thes e 

action s wer e widel y shared ,  irrespectiv e o f  gender .  The y 

wer e consisten t  wit h th e prediction s o f  ou r  ac t  trees .  Th e 

subjects '  expresse d principles ,  o n th e othe r  hand ,  wer e 

widel y divergent .  Finally ,  th e subject s wer e consistentl y 

incapabl e o f  articulatin g th e operativ e principle s o n whic h 

thei r  judgment s wer e based .  The y ofte n appeare d puzzle d 

by th e natiu- e an d strengt h o f  thei r  intuition s an d b y th e wa y 

thos e inmition s shifte d whe n w e introduce d smal l  change s 

i n th e wordin g o f  th e action-sequence s i n orde r  t o evok e 

distinc t  act-toke n representations . 

Our  findings  sugges t  tha t  long-standin g question s m 

mora l  epistemolog y ca n b e fhiitfull y  investigate d from  a 

perspectiv e simila r  t o tha t  adopte d b y linguists .  Thes e 

findings  prepar e th e wa y fo r  futur e studie s o n th e nature , 

acquisition ,  an d us e o f  mora l  knowledge . 
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Childre n g o throug h a  realtiona l  shif t  tha t  mark s a  shif t 
from  makin g similarit y comparison s o n th e basi s o f  objec t 
feature s alon e ( a roun d re d bal l  i s  lik e a  roun d re d apple )  t o 
similarit y comparison s m a d e o n th e basi s o f  share d relation s 
( a dollhous e i s lik e a  flowerpo t  i f  bot h ar e th e larges t  item s 
i n tw o sets) .  Centner ,  Rattermann ,  M a r k m a n &  Kotovsk y 
(1995 )  utiliz e Structure-Mappin g Theor y ( S M T ) ,  an d th e 
Structure-Mappb g Engin e ( S M E )  computationa l  model ,  t o 
explai n th e relationa l  shif t  a s a  resul t  o f  change s i n th e 
child' s knowledg e o f  th e world .  W e presen t  five  critica l 
observation s o f  thei r  computationa l  account : 

(1 )  Gap s i n th e S M E simulation :  S M E i s a  mode l  o f 
representatio n structura l  alignmen t  an d mappin g onl y — 
S ME doe s no t  explai n h o w structure d repesentatio n 
originate s o r  changes ,  an d therefor e wha t  mechanism s 
produce d th e representatio n chang e (knowledg e change )  t o 
resul t  i n behavio r  indicatin g tha t  th e shif t  ha s take n place . 

(2 )  Th e SME-base d approac h t o representatio n an d it s 
entailments :  O n e o f  Centne r  e t  al.' s  reporte d experiment s 
demonstrate d tha t  childre n w h o receive d simpl e (same -
dimensional )  relationa l  comparison s befor e an y difficul t 
(cross-dimensional )  relationa l  comparison s (th e blocke d 
condition )  performe d significantl y bette r  tha n thos e w h o 
receive d rando m orde r  o f  compariso n difficulty .  Centne r  e t 
al .  propos e tha t  th e mechanis m fo r  representatio n chang e 
her e i s re-representation :  ove r  th e cours e o f  simpl e same -
dimensio n compariso n trials ,  th e chil d come s t o re-represen t 
th e compare d relation s i n dimension-genera l  terms ,  givin g 
th e chil d th e capacit y t o mak e dimension-genera l  relationa l 
comparisons .  T w o possibl e account s o f  re-representation :  (a ) 
Pre-existin g re-representatio n capacity :  chil d ca n 
antecedentl y buil d dimension-genera l  relations ,  bu t  doesn' t 
recogniz e th e nee d t o d o s o unti l  (an d onl y until )  repeate d 
presentatio n o f  th e easie r  same-dimensio n relationa l 
comparisons ;  o r  (b )  Emergen t  re-representatio n capacity : 
chil d canno t  antecedentl y buil d dimension-genera l  relations , 
and ove r  th e cours e o f  repeate d same-dimensio n 
comparisons ,  th e abilit y t o buil d a  dimensions-genera l 
representatio n o f  th e relation s emerges .  However ,  othe r 
model s whic h provid e representation s fo r  S M E o r  ca n re -
represen t  SME-base d representation s requir e th e existenc e o f 
predefine d rule s fo r  representatio n constructio n an d re -
representation .  Thus ,  th e SME-base d model s sugges t  a 
partia l  explanatio n o f  "pre-existin g re-representatio n 
capacity. "  Stil l  lackin g i s a n accoun t  o f  w h y th e childre n 
di d no t  represen t  dimension-generall y unti l  afte r  th e 
repreate d an d consisten t  presentatio n o f  th e easie r  trials . 
Accountin g fo r  "emergen t  re-representatio n capacity, " 
however ,  i s  clearl y beyon d th e scop e o f  curren t  SME-base d 
models .  W e nee d a n accoun t  o f  h o w th e predicat e categorie s 

fo r  th e relations ,  an d th e rule s fo r  replacemen t  o 
instantiatio n o f  alread y existin g relations ,  ge t  ther e i n t h 
firs t  place .  Whil e i t  i s entirel y possibl e tha t  re-representati o 
i n th e blocked-experimen t  cas e coul d involv e eithe r  (a )  pr e 
existin g o r  (b )  emergen t  re-representaito n accounts ,  w e f m 
i t  highl y unlikel y tha t  onl y th e pre-existin g conditi o 
occurs :  (i )  I t  i s  implausibl e tha t  al l  o f  ou r  case s o f  r e 
representatio n alway s antecedentl y requir e th e requisi t 
knowledg e o f  h o w t o re-represent ;  (ii )  Th e abilit y t o r e 
represen t  ha s t o b e acquire d a t  som e poin t  — i t  see m 
strang e t o requir e tha t  i t  no t  occu r  w h e n i t  i s  neede d mos t 
whil e tryin g t o solv e th e ver y problem s tha t  requir e suc h r e 
representation ;  (iii )  I t  i s  intuitivel y appealin g tha t  emerge n 
re-representatio n ca n occu r  durin g compariso n becaus e i 
directl y implicate s analogy-makin g i n th e deepes t  for m o 
learnin g an d creativity :  wher e fundamentall y n e w way s o 
representin g th e worl d ar e acquired . 

(3 )  SME ' s modularity :  S M E ' s modula r  decompositi o 
approac h t o th e stud y o f  analog y i s no t  th e sourc e o f  t h 
curren t  incompletenes s o f  S M T ' s accoun t  o f  th e origin s o 
structure d representation .  S M E m a y closel y interac t  wi t 
representation-buildin g (categor y building )  module s 
allowin g alignmen t  an d mappin g processe s t o influen c 
representatio n construction .  However ,  th e block e 
experimen t  cas e highlight s tha t  accountin g fo r  representati o 
developmen t  directl y implicate s mappin g i n catego r 
creation ,  an d therefor e th e accoun t  wil l  nee d t o includ e bot h 
mappin g an d constructin g modules ,  wit h a  focus s o n t h 
interactio n betwee n th e two . 

(4 )  Th e rol e o f  language :  Cente r  e t  al .  emphasiz e t h 
importanc e o f  languag e learnin g i n analogy-makin g 
However ,  the y onl y conside r  th e referentia l  fiinction  o 
langiiage :  linguisti c label s invok e an d refe r  t o releva n 
knowledg e structwe s tha t  akead y exis t  i n children .  No t  y e 
integrate d int o th e computationa l  accoun t  i s b o w childre n 
lear n relationa l  term s o r  acquir e higher-orde r  relation a 
concept s throug h languag e acquisitio n an d use . 

(5 )  Th e distinctio n betwee n knowledg e structure s a n 
cognitiv e process :  A  clea n distinctio n i s  mad e betwe e 
knowledg e representatio n a s structures ,  an d th e cogniti v 
proces s o f  alignmen t  an d mappin g fo r  comparin g structure s 
Whil e thi s distinctio n ha s prove d usefu l  fo r  demonstrati n 
th e rol e o f  knowledg e chang e i n th e developmen t  o f  analog y 
making ,  i t  i s  implausibl e tha t  i t  ca n b e maintaine d acro s 
al l  kind s o f  cognitio n an d ove r  developmenta l  tim e 
Developmenta l  theorist s lik e Vygotsk y hav e mad e a  stro n 
cas e tha t  childre n no t  onl y us e languag e t o catalogu e t h 
ontolog y o f  thei r  world ,  bu t  als o fo r  representin g wha t  c a 
be don e wit h i t  — includin g h o w t o thin k abou t  i t  — t h 
w ay ihe y proces s n e w informatio n an d mak e inferences . 
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Abstractin g th e proces s o f  communicatio n a s a  serie s o f 
exchange s i n a  gam e whereb y on e o r  bot h partie s m a y profi t 
has le d t o a  numbe r  o f  informativ e model s o f  emergen t 
communication .  Move s transacte d i n thi s gam e ar e th e 
selectio n o f  a  topi c an d a  signa l  t o represen t  i t  b y th e 
speaker ,  an d th e interpretatio n o f  thi s signa l  a s a  topi c b y 
th e listener ;  rewar d t o eac h i s  base d o n th e agreemen t 
betwee n topics .  Thi s framewor k ha s bee n adapte d fo r  us e 
i n a  forma l  analysi s o f  evolve d communicatio n (Oliphant , 
1997) ,  i n modelin g emergen t  communicatio n i n a  simulate d 
populatio n wher e th e "topic "  i s  a  comple x o f  loca l  an d 
globa l  state s (MacLenna n &  Burghardt ,  1994) ,  an d a s a 
protoco l  b y whic h situate d autonomou s agent s lear n t o 
communicat e (Steel s &  Mclntyre ,  1997) .  I n al l  thes e 
varietie s o f  models ,  successfull y sustaine d communicatio n 
arise s unde r  th e condition s o f  symmetri c reward :  speake r 
and listene r  benefi t  equall y whe n the y agre e o n th e topi c o f 
a signal . 

I n man y natura l  situations ,  however ,  th e benefi t  t o bot h 
communicatin g partie s i s no t  s o evidentl y symmetric ; 
typica l  example s ar e alar m call s an d foo d announcements , 
whic h ar e apparentl y altruistic .  I n general ,  an y signalin g 
favor s th e receive r  becaus e th e sende r  contribute s som e 
informatio n withou t  requirin g a  subsequen t  reward .  Thi s 
pape r  describe s tw o implementation s o f  simulate d evolutio n 
wit h jus t  suc h one-sided ,  receiver-onl y benefit .  I n th e first , 
stabl e communicatio n evolves ,  bu t  wit h fa r  belo w optima l 
quality ,  o r  wit h unnatura l  characteristics .  Th e populatio n 
m ay b e partitione d int o disjoin t  subset s whic h understan d 
members o f  th e opposin g set ,  bu t  no t  thei r  own ,  o r 
exploitativ e receiver s aris e whic h profi t  b y listening ,  bu t 
sen d n o signal s o f  thei r  own .  A n improve d mode l  i s sough t 
whic h stil l  retain s th e natura l  rewar d bia s fo r  receivers . 

Underlyin g th e abstractio n o f  th e signa l  exchang e gam e i s 
th e assumptio n tha t  signa l  productio n an d recognitio n ar e 
independen t  processes ,  separatel y represented ,  an d 
incapabl e o f  influencin g th e othe r  excep t  indirectl y throug h 
thei r  mutua l  contributio n towar d evolutionar y fitness .  A n 
alternativ e assumptio n i s  tha t  signa l  for m an d conten t  ar e 
not  independent ,  bu t  linke d i n a  bidirectiona l  (Saussurian ) 
relationshi p whic h permit s eac h proces s t o mor e directl y 
determin e th e other .  Hurfor d (1989 )  showe d tha t  usin g thi s 
relatio n alon e a s a  learnin g strateg y (wit h n o rewar d 
required )  i s  stron g enoug h t o giv e ris e t o good ,  i f  no t 
optimal ,  communication .  O n e mechanis m tha t  m a y realiz e 
thi s bidirectiona l  relatio n i n natur e i s  observationa l 
imitation :  th e pre-communicativ e youn g observ e adul t 
signal-respons e pair s an d repea t  the m i n late r  life . 

A weaker ,  "unidirectional "  for m o f  thi s Saussuria n 

assumptio n i s  propose d here ,  an d examine d i n a  secon d 

implementation .  A  signal' s conten t  i s permitte d t o conditio n 
th e validit y o f  it s  form ,  bu t  onl y whe n th e signa l  i s received . 
Thi s i s  don e b y modifyin g th e initia l  mode l  s o tha t  th e 
sende r  select s a  signa l  a s usua l  fo r  a  topic ,  an d agreemen t  i s 
the n measure d b y h o w wel l  i t  matche s wha t  th e receive r 
woul d hav e sen t  i n th e presenc e o f  th e sam e topic .  I n efFect , 
th e receive r  take s th e perspectiv e o f  th e sende r  i n orde r  t o 
selec t  it s response .  Rewar d i n th e for m o f  increase d fitnes s 
accrue s t o th e receive r  i n proportio n t o agreement ;  th e 
sende r  i s  alway s unaffected .  Th e amoun t  o f  thi s content -
for m dependenc e evolve s alon g wit h th e othe r  aspect s o f  th e 
system ,  rangin g fro m non e a t  al l  (th e sam e conditio n a s th e 
origina l  model )  t o complet e (th e relatio n i s  alway s 
enforced) . 

Thi s revise d implementatio n alway s evolve s towar d 
maxima l  content-for m dependenc e o n th e par t  o f  th e 
receiver ,  whic h result s i n quantitativ e an d qualitativ e 
improvement s t o th e communicatio n whic h emerges . 
Optima l  communication ,  los t  whe n symmetri c rewar d wa s 
removed ,  i s  n o w consistentl y achieved ,  an d anomalou s 
pattern s o f  communicatio n n o longe r  appear :  a  mor e typica l 
syste m o f  communicatio n emerge s from  mor e typica l 
condition s o f  reward .  Th e pronounce d improvemen t  i s 
likel y du e t o th e fac t  tha t  th e receive r  i s  no t  onl y th e 
principa l  beneficiar y i n communication ,  bu t  i s  als o 
responsibl e fo r  helpin g secur e consistenc y betwee n signa l 
and content .  I n a  natura l  syste m thi s imidirectiona l  relatio n 
m ay b e realize d b y perspective-takin g imitatio n (White n & 
H a m,  1992 )  rathe r  tha n observationa l  imitation .  Th e 
evolutio n o f  thi s typ e o f  imitation ,  then ,  m a y enabl e th e 
developmen t  o f  effectiv e communicatio n withou t  relianc e 
on symmetri c rewards . 
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Overvie w 
Backwar d maskin g wit h huma n subject s i s use d t o tes t 

a fundamenta l  processin g commitmen t  o f  th e Interactiv e 
Activatio n mode l  o f  wor d recognitio n (McClellan d & 
Rummelhart ,  1981) ,  direc t  competitio n betwee n lexica l 
representations .  Th e model' s performanc e i n a  simulatio n o f 
backwar d maskin g i s no t  compatibl e wit h tha t  o f  huma n 
subjects . 

In t roduct io n 

I n severa l  studies ,  Ohnesorg e &  Theio s (1996 )  hav e 
shown tha t  th e phenomeno n o f  backwar d maskin g i s 
influence d b y th e processin g deman d o f  th e maskin g 
stimulus ,  an d i s no t  simpl y th e resu h o f  lo w leve l 
interaction s betwee n th e feature s o f  th e targe t  an d maskin g 
stimulus .  I n thos e studies ,  subject s wer e aske d t o identif y 
word s tha t  ha d bee n maske d b y othe r  words .  I n a  typica l 
experimen t  th e maskin g set s wer e word s tha t  wer e eithe r 
hig h o r  lo w i n printe d frequency .  Th e featura l  similarit y 
betwee n th e set s o f  hig h an d lo w frequency  mask s wa s 
closel y controlled ,  a s wa s th e degre e o f  similarit y o f  eac h se t 
t o th e se t  o f  targe t  stimuli .  Th e result s o f  thes e studie s 
revea l  tha t  hig h frequency  maskin g word s ar e muc h les s 
effectivetha n lo w frequency  maskin g words ,  £  =  .64 .  W e 

conclud e tha t  thi s resul t  i s  consisten t  wit h a  mode l  i n whic h 
lexica l  element s shar e capacity ,  bu t  d o no t  directl y compet e 
wit h eac h other . 

I n th e curren t  investigatio n w e aske d whethe r  th e 
Interactiv e Activatio n mode l  o f  wor d recognitio n 
(McClellan d &  Rummelhar t  1981 )  produce s th e sam e 
patter n o f  result s a s huma n subjects .  Thi s i s  a n importan t 
questio n becaus e direc t  competitio n betwee n lexica l  item s 
I S a  fundamenta l  assumptio n o f  thi s model .  W e presen t  th e 
result s from  tw o studies ,  on e wit h human s an d on e wit h th e 
simulation ,  i n whic h w e concurrentl y manipulat e th e printe d 
wor d frequency  an d orthographi c neighborhoo d siz e o f  th e 
maskin g words . 

Results and Conclusion 

The I A mode l  produce s a  patter n o f  result s opposit e tha t  o f 
human observers ,  I n th e simulatio n Hig h frequency  mask s 
drov e targe t  activatio n dow n mor e quickl y tha n di d L o w 
frequency  masks ,  consisten t  wit h direc t  competitio n bu t  no t 
capacit y sharing . 

L.OW 

Nelgh t 

Figur e 1 :  Targe t  recognitio n H u m a n Observer s 

HUsh 

N e i g h b o r h o o d Siz e 

Figure 2: Processing Cycle during which the activation of 
th e targe t  wa s drive n belo w zero .  l A mode l 
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Thi s wor k i s th e modellin g complemen t  t o empirica l 
studie s whic h hav e bee n carrie d ou t  a t  th e Universit y c f 
Hertfordshir e int o th e theor y o f  Representationa l 
Redescriptio n (RR ;  Karmiloflf-Smith ,  1992) .  Thi s 
importan t  theor y i s  currentl y centra l  t o psychologica l 
theorie s o f  developmen t  an d ha s bee n describe d usin g a 
balanc e bea m tas k (Karmiloff-Smith ,  1992) .  Thi s tas k i s 
representativ e o f  a  whol e clas s o f  earl y learnin g skil l 
problem s bu t  ha s no t  bee n modelle d before .  I n a  ne w 
approac h t o modellin g cognitiv e developmen t  a  metho d 
propose d fo r  solvin g reinforcemen t  learnin g tasks ,  reward -
drive n learnin g (Gullapalli ,  1995) ,  i s  applied . 

A developmenta l  sequenc e i n th e balanc e bea m tas k ha s 
bee n identifie d whereb y th e chil d ca n balanc e beam s o f  al l 
types ,  regresse s t o balancin g onl y symmetrica l  beam s an d 
tiien  become s successfii l  a t  balancin g al l  beam s again . 
Recent  studie s (Messe r  e t  al. ,  1996 ;  Pin e &  Messer , 

1995 ;  Peters ,  submitted )  hav e provide d a  hig h degre e c f 
correspondenc e wit h Karmiloff-Smith' s (1992 ) 
description s o f  th e R R Mode l  i n relatio n t o thi s tas k bu t 
hav e als o indicate d a  mor e comple x sequenc e c f 
development .  Modellin g th e balanc e bea m tas k withi n a 
connectionis t  framework  therefor e present s a n interestin g 
and challengin g problem . 
I n th e first  phas e o f  thi s project ,  a  mode l  o f  th e initiall y 
successfu l  balancin g behaviou r  i s bein g developed .  Beam s 
ar e balance d throug h tria l  an d erro r  withou t  an y explici t 
informatio n abou t  gravitationa l  centre s bein g availabl e t o 
th e child .  Th e standar d supervise d leamin g method , 
wher e a  'correct '  teachin g signa l  i s  supplied ,  i s  therefor e 
inappropriat e an d instea d a  psychologicall y plausibl e 
approach ,  base d o n Munro' s dua l  back-propagatio n 
scheme (1987 )  i s  applied .  Th e mode l  consist s o f  a 
supervisor y networ k an d a n activit y network .  Usin g th e 
generalize d delt a rul e (Rumelhar t  e t  al. ,  1986) ,  th e 
supervisor y networ k i s  traine d o n a  variet y o f  bea m 
configuration s an d positions .  Th e supervisor y networ k 
the n train s th e activit y networ k t o produce ,  fo r  eac h bea m 
presented ,  a  ftilcrum  placemen t  tha t  wil l  caus e th e bea m t o 
balance .  W h e n traine d a s a  perceptua l  model ,  th e networ k 
showe d a t  earl y stage s o f  training ,  a n initia l  preferenc e fa -
beams t o b e place d aroun d th e middl e befor e goin g o n t o 
develo p generalise d response s t o nove l  beams .  Thi s raise s 

interestin g issue s abou t  th e empirica l  dat a gathere d o n 
ver y youn g childre n whic h suggest s tha t  initia l  bea m 
placement s ten d t o b e aroun d th e center .  W h e n traine d a s 
an environmenta l  model ,  analysi s o f  th e supervisor y 
networ k indicate s th e developmen t  o f  a  counterbalancin g 
'rule' ,  i n whic h tw o entitie s (dimensions )  mus t  su m t o 
th e sam e leve l  o f  activit y fo r  balancin g t o occur .  Thus ,  th e 
networ k ha s learne d t o represen t  torqu e correctly . 

Thi s networ k i s no w bein g use d t o trai n th e activit y 
networ k wher e movemen t  sequencin g wil l  b e 
incorporate d vi a a  recurren t  connectio n an d importantly , 
comparison s betwee n th e movement s generate d wil l  b e 
made wit h rea l  bea m placemen t  dat a gathere d from  youn g 
schoolchildren . 
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Introduct io n 

I n Miller' s (1956 )  classi c work ,  participant s wer e aske d t o 
rehears e set s o f  items .  I t  wa s show n that ,  o n average ,  peopl e 
wer e goo d a t  retainin g u p t o abou t  seve n items ,  an d als o tha t 
th e limitin g facto r  o f  thi s "rehearsa l  span "  wa s th e numbe r  o f 
item s actuall y present ,  rathe r  tha n th e informatio n valu e o f 
th e items .  A n adequat e explanatio n fo r  thi s limitatio n 
(dubbe d th e magica l  numbe r  seven) ,  on e o f  th e mos t  robus t 
i n th e experimenta l  psycholog y literature ,  i s  stil l  elusive . 

One o f  th e puzzlin g aspect s o f  th e proble m i s th e siz e o f 
th e S T M span .  W h y seve n an d no t  thirteen ,  fo r  example ? 
So-calle d idiot s savant s displa y a  seemingl y unlimite d S T M 
capacity-reportedl y the y ca n memoriz e rando m number s o f 
10 digit s a s easil y a s o f  10 0 digit s (e.g. .  Sacks ,  1985) .  Thus , 
ther e doe s no t  appea r  t o b e a  biologica l  facto r  constrainin g 
th e S T M t o thi s particula r  size .  S o th e apparen t  conclusio n 
woul d see m t o b e tha t  S T M ha s evolve d t o b e limite d i n thi s 
way possibl y t o optimiz e som e aspect s o f  th e learnin g 
proces s (cf .  Elman ,  1993) . 

I n thi s work ,  thi s issu e i s investigate d i n th e revers e way : 
We examin e on e o f  th e majo r  product s o f  huma n thought -
language-an d loo k a t  whethe r  th e pattern s o f  regularitie s i n 
linguisti c tex t  reflec t  i n an y wa y thi s S T M span . 

Corpus 

We use d th e combine d Sherloc k Holme s novel s fro m th e 
Europea n Corpu s Initiative ,  Multilingua l  Corpu s 1  (ECI / 
M C I )  database ,  whic h resulte d i n a  corpu s o f  approximatel y 
750,00 0 tokens ,  an d abou t  23,00 0 types .  Al l  tagging , 
capitalization ,  a s wel l  a s punctuation ,  wa s removed ,  s o tha t 
th e materia l  wa s effectivel y considere d a  lon g strin g o f 
words . 

Analysis 

Let  "range "  b e th e numbe r  o f  word s i n between  tw o give n 

words ,  X ,  an d y .  Fo r  instance ,  a  rang e o f  1  wil l  indicat e tha t 

word s X  an d y  ar e separate d b y onl y 1  othe r  word .  W e ar e 

askin g whethe r  ou r  expectatio n o f  obtainin g wor d y  a t  a 

particula r  locatio n i s affecte d b y th e knowledg e tha t  w e hav e 

wor d X  i n a n earlie r  location .  A  measur e o f  thi s i s th e mutua l 

informatio n betwee n P(jc )  an d ?(>) ,  th e probabilitie s o f 

obtainin g wor d x  an d wor d y  respectively .  Mutua l 

informatio n indicate s ho w muc h th e uncertaint y involve d i n 

expectin g y  i s reduce d b y knowledg e tha t  w e hav e x ,  an d i s 

give n b y \ p ( x y)lo g ^^ '̂̂ ^  •  Fo r  differen t  ranges , 
t;' ^  ' '  ^  p(x)p(y ) 

V(x,y )  i s  th e probabilit y o f  havin g bot h word s x  an d y , 

separate d b y a  numbe r  o f  word s equa l  t o th e range .  Th e 

averag e mutua l  informatio n o f  al l  uniqu e wor d pair s wa s 

compute d fo r  range s 0  t o 16 ,  an d thes e value s ar e plotte d i n 

Figur e 1 . 

Figur e 1 . 

As can be seen, the mutual information between different 
word s level s of f  afte r  abou t  7  word s (thi s baselin e i s t o b e 
interprete d a s th e "zer o point "  mutua l  information) .  I n othe r 
words ,  ther e ar e detectabl e statistica l  dependencie s onl y 
betwee n pair s o f  word s separate d b y 7  o r  les s othe r  words . 

Futur e wor k wil l  addres s whethe r  thi s kin d o f  statistica l 
regularit y i s  eviden t  als o wit h othe r  unit s o f  linguisti c 
structur e (fo r  phoneme s a t  least ,  thi s seem s t o b e th e case ) 
and als o th e relatio n o f  th e S T M siz e wit h genera l  statistica l 
propertie s o f  ou r  environment . 
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Abstrac t 

Cohen and Eichenbaum (C&E, 1993) proposed that the 
hippocampu s support s compositionalit y an d inherently , 
flexible  relationa l  transfe r  o f  learning .  Base d o n thi s proposal , 
rat s wer e teste d fo r  symmetrica l  u-ansfe r  o f  learnin g afte r 
trainin g o n relation s betwee n locations .  Sinc e a  rat s 
hippocampu s support s it s  spatia l  abilities ,  an d sinc e a 
relationa l  tes t  wa s bein g conducted ,  i t  wa s predicte d tha t  a 
stron g degre e o f  transfe r  woul d b e obtained .  Th e finding, 
however ,  wa s a  genera l  lac k o f  relationa l  transfe r  o f  learning . 
Thes e result s appea r  t o limi t  th e generalit y o f  C&E' s theor y 
and als o see m t o constrai n th e theor y tha t  th e hippocampu s i s 
th e biologica l  sea t  o f  compositionality . 

Cohen and Eichenbaum (C&E, 1993) proposed that the 
hippocampu s support s declarativ e memory .  The y conside r 
declarativ e memor y t o hav e th e propert y o f 
compositionalit y (e.g. ,  Fodo r  &  Pylyshyn ,  1988) ,  t o b e 
"fundamentall y relationa r  ( C & E ,  p .  62) ,  an d to ,  a s a  result , 
suppor t  flexibl e transfe r  o f  learning . 

TTi e hippocampu s i s know n t o suppor t  spatia l  abilitie s i n 
animal s suc h a s rat s (O'Keef e &  Nadel ,  1978) .  Base d o n 
C & E ' s theory ,  I  predicte d tha t  i f  rat s learne d relation s o n 
mazes,  an d wer e the n teste d fo r  transfe r  o f  learnin g o f  thes e 
relations ,  the y woul d sho w a  hig h degre e o f  transfer . 

A Test of the Spatial Domain Theory of the 
Or ig in s o f  Compos i t iona l i t y 

I  adapte d th e tes t  o f  emergen t  symmetr y (Sidma n &  Tailby , 
1982 )  t o us e o n mazes ,  bot h becaus e i t  require s relationa l 
transfe r  o f  learnin g an d becaus e nonhuma n animal s hav e 
genera l  difficult y wit h thi s test .  Accordin g t o C & E ,  rat s 
shoul d sho w stron g relationa l  transfe r  o f  learnin g i n task s 
supporte d b y thei r  hippocampus .  I  predicte d therefore ,  tha t 
rat s shoul d sho w emergen t  symmetr y i n thei r  conditiona l 
relatio n learnin g o n mazes . 

T wo separat e group s o f  1 2 mal e rat s {Rattu s norvegicus ) 
wer e traine d i n tw o initia l  experiment s o n pair s o f 
conditiona l  relation s betwee n location s usin g fou r  arm s o f  a 
radia l  maz e (se e Tabl e 1) . 

Table 1. Training on forward relations (example) 

//food located NORTH, then food next EAST 

//foo d locate d W E S T,  the n foo d nex t  S O U T H 

If rats are capable of strong relational transfer of learning in 
th e spatia l  domain ,  the n if-the n relation s learne d betwee n 

location s shoul d b e symmetricall y reversibl e fo r  th e rat .  Fo r 
example ,  give n tha t  th e N O R T H an d E A S T location s 
containe d foo d a t  th e sam e tim e (Experiment s 2  &  3 ;  se e 

following) ,  i t  shoul d no t  matte r  tha t  th e ra t  alway s ra n from 
N O R TH t o E A S T .  W h e n starte d E A S T i n th e testin g trial s 
(se e Tabl e 2 )  th e ra t  shoul d immediatel y procee d fro m 
E A ST t o N O R T H t o obtai n th e secon d foo d reward . 

Table 2: Testing on backward relations (example) 

//•food located EAST, then food next NORTH 

//•foo d locate d S O U T H,  the n foo d nex t  W E S T 

A third experiment was conducted, with a third group of 
12 mal e rats ,  usin g a  modifie d maze .  Thi s maz e wa s mor e 
ecologicall y soun d tha n th e radia l  maze ,  havin g bot h 
proxima l  an d dista l  stimul i  availabl e fo r  th e rats .  Radia l 
mazes ar e typifie d b y thei r  lac k o f  proxima l  stimuli . 

Results & Discussion 

I n thes e thre e experiment s th e rat s displaye d a  genera l  lac k 
of  transfe r  o f  learnin g fro m conditiona l  relatio n trainin g t o 
symmetrica l  testing .  On e interpretatio n o f  thi s lac k o f 
transfe r  i s tha t  C&E ' s theor y i s les s genera l  tha n portrayed . 
A rat s hippocampu s m a y no t  alway s provid e relationa l 
transfe r  o f  learning .  Consequently ,  accordin g t o C&E ' s 
theory ,  th e hippocampu s supporte d spatia l  abilitie s o f  rat s 
m ay b e limite d i n thei r  propertie s o f  compositionality . 
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Introductio n 

It  i s nearl y a  truis m t o stat e tha t  meaningfulnes s improve s 
memory.  Stimulu s meaningfulnes s i s widel y reporte d t o 
improv e fre e recal l  (Bower ,  Clark ,  Lesgold ,  &  Winrenz , 
1969) ,  recognitio n memor y (Bac h &  Underwood ,  1970) ,  an d 
figure  recognitio n (Mandle r  &  Day ,  1987) .  W e prop)Os e tha t 
th e well-documente d advantag e o f  stimulu s meanin g i s no t 
absolut e an d tha t  th e exten t  t o whic h meanin g improve s 
memory greatl y depend s o n th e natur e o f  th e memor y task . 

Recent  researc h ha s explore d th e phenomeno n o f  fals e 
memory,  define d a s th e erroneou s retrieva l  o f  nonpresented . 
but  associated ,  informatio n wit h presente d stimul i  (Roedige r 
& McDennott ,  1995) .  TTii s stud y investigate d th e mediatin g 
rol e o f  meanin g o n th e incidenc e o f  suc h fals e memories . 

Specifically ,  w e sugges t  tha t  meaningfull y encodin g 
picture s ma y b e detrimenta l  t o recognitio n whe n distractor s 
ar e semanticall y relate d t o previousl y see n items .  I n thi s 
situation ,  w e expec t  semanti c distractor s t o b e falsel y 
remembered . 

Methods 

We assemble d a  se t  o f  1 6 tangra m picture s (Figur e 1) . 

4 . 

Figur e 1 :  Example s o f  tw o semanticall y relate d tangram s 
Al l  picture s wer e compose d o f  th e sam e seve n geometri c 
shapes . 

We varie d acces s t o meanin g b y presentin g tangram s 
crosse d o n thre e dimensions :  labelin g (labele d o r  unlabeled) , 
orientatio n (uprigh t  o r  upside-down) ,  an d difficult y (eas y o r 
har d t o interpret ,  a s determine d b y pretesting) . 

Participant s studie d a  serie s o f  targe t  tangram s presente d 
sequentiall y  o n a  compute r  monito r  fo r  1  sec .  "Labeled " 
tangram s wer e presente d wit h a  categor y labe l  identifyin g th e 
picture .  Participant s mad e old-ne w judgment s abou t  a  secon d 
set  tangram s includin g th e targe t  picture s an d tw o type s o f 
nonpresente d distractors .  Semanticall y relate d distractor s 

share d th e sam e identit y bu t  wer e differen t  instance s o f 
targets .  F(m -  example ,  whe n a  ca t  wa s th e target ,  a  differen t 
pictur e o f  a  ca t  woul d serv e a s it s semanti c distractor . 
Unrelate d distractor s depicte d object s conceptuall y distinc t 
from  th e targets . 

Results 

Preliminar y findings  reveale d that ,  a s predicted ,  increase d 
acces s t o meanin g increase d th e incidenc e o f  fals e memory . 
Correc t  response s o n th e old-ne w recognitio n tas k consiste d 
of  respondin g "old "  t o a  targe t  an d "new "  t o eithe r  typ e o f 
distractor .  Th e percentag e o f  correc t  response s wa s highe r  fo r 
targe t  item s fo r  al l  thre e picture s type s i n whic h acces s t o 
meanin g wa s hig h (i.e. .  upright ,  labeled ,  an d easy) . 

The (̂ posit e patter n hold s fo r  th e semanticall y relate d 
distractors .  Th e percentag e o f  correc t  response s wa s lowe r  fo r 
semanti c distractor s whe n acces s t o meanin g wa s high .  Tha t 
is ,  participant s faile d t o correctl y rejec t  semantlcally-relate d 
distractors .  Thes e fmding s sugges t  tha t  condition s tha t 
encourag e meaningfu l  encodin g ma y als o encourag e 
participant s t o falsel y recogniz e picture s tha t  wer e neve r 
presoited . 
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Abstrac t 

Searching through menu structures is a common method of 
interactin g wit h computers ;  browsin g th e world-wid e web , 
usin g compute r  softwar e an d searchin g database s ar e jus t 
some o f  th e task s tha t  requir e men u search ,  o r  interactiv e 
search .  I n thi s paper ,  w e addres s th e questio n o f  ho w initia l 
searc h experience s ar e encode d an d the n use d t o guid e 
subsequen t  searches . 
One o f  th e mos t  obviou s guide s a s t o whic h option s t o selec t 
durin g initia l  searc h i n a n unfamilia r  men u structur e i s th e 
semanti c plausibilit y o f  th e labels .  However ,  th e labe l 
semantic s ar e rarel y a  sufficien t  guid e t o th e correc t  rout e t o a 
goal .  I n th e absenc e o f  perfec t  semanti c guidance ,  peopl e 
may rel y o n recognitio n t o guid e thei r  search .  I n a n 
experimen t  reporte d b y Payne ,  Richardso n an d Howe s (1998) , 
we foun d tha t  bot h th e familiarit y o f  men u label s an d thei r 
semanti c plausibilit y  wer e use d a s a  guid e t o whic h option s t o 
selec t  b y someon e wh o ha d bee n show n ho w t o travers e a 
menu structur e t o reac h a  particula r  goal ,  an d wa s the n aske d 
t o travers e par t  o f  th e men u agai n t o achiev e th e sam e goal . 
I n additio n t o usin g recognitio n knowledge ,  i t  i s als o possibl e 
tha t  user s coul d rehears e thei r  choice s durin g th e initia l  searc h 
process .  Fo r  example ,  a t  an y on e time ,  user s coul d attemp t  t o 
rehears e th e sequenc e o f  choice s leadin g t o thei r  curren t 
positio n i n th e men u structure .  Upo n reachin g th e goal ,  th e 
most  recentl y rehearse d sequenc e woul d b e th e correc t 
sequence .  I n a n experimen t  (reporte d i n ful l  i n Howes , 
Richardso n &  Payne ,  1998) ,  w e foun d tha t  rehearsa l  o f  thi s 
typ e seeme d t o b e dependen t  o n th e searche r  bein g abl e t o 
for m a  spatia l  representatio n o f  th e men u space .  N o lexically -
base d rehearsa l  seeme d t o tak e place . 
We ar e developin g a  cognitiv e mode l  o f  thes e an d othe r 
findings .  On e o f  th e ke y issue s tha t  th e mode l  addresse s i s 
ho w t o separat e memorie s fo r  th e curren t  tria l  fro m memorie s 
of  previou s trial s i n orde r  t o switc h behaviou r  betwee n 
processin g drive n b y memor y fo r  event s o n previou s trial s an d 
processin g drive n b y a n exhaustiv e searc h algorith m (i n thi s 
cas e depth-firs t  search) . 
The mode l  increase s th e activatio n level s o f  node s 
representin g see n an d trie d men u option s (activatio n level s 
increas e b y a  greate r  amoun t  fo r  option s tha t  hav e actuall y 
been trie d b y th e mode l  tha n fo r  option s tha t  hav e merel y 
been seen) .  Thes e activatio n level s ar e the n use d t o classif y 
menu option s int o fou r  categories :  untried ;  seen-and-possibly -
tried ;  definitely-tried ;  an d very-recently-tried .  Th e mode l  als o 
has judgement s o f  th e relativ e plausibilit y o f  th e differen t 
label s fo r  a  give n goa l  pre-programme d int o it .  Thes e 
plausibilit y  judgement s ar e the n use d b y th e mode l  i n 
conjunctio n wit h it s assessment s o f  th e activatio n level s an d 
knowledg e o f  whethe r  o r  no t  th e goa l  ha s alread y bee n 

achieve d i n orde r  t o decid e whic h actio n t o take .  Th e 
plausibilit y  judgement s ar e use d i n a  straightforwar d wa y t o 
limi t  th e model' s searc h t o jus t  th e subse t  o f  label s tha t  hav e 
been judge d t o b e plausibl e fo r  th e curren t  goal .  Th e 
assessment s o f  activatio n level s ar e use d i n a  mor e comple x 
way accordin g t o a  contro l  schem e tha t  i s a n extensio n o f  tha t 
used b y th e A Y N mode l  o f  interactiv e searc h (Howes ,  1993 ; 
1994) ;  Befor e th e goa l  ha s bee n achieved ,  th e mode l  avoid s 
label s tha t  i t  assesse s a s definitel y havin g alread y bee n tried . 
Once th e goa l  ha s bee n achieved ,  th e mode l  prefer s item s tha t 
hav e bee n assesse d a s definitely-trie d ove r  "familiar " 
(assesse d a s seen-and-possibly-tried )  ones .  I t  occasionall y 
makes error s b y selecting ,  o n th e basi s o f  thei r  familiarity , 
item s tha t  hav e onl y bee n see n befor e an d no t  actuall y tried . 
The mode l  matche s th e observe d behaviou r  o f  participants , 
who wer e als o see n t o selec t  men u label s tha t  ha d onl y bee n 
seen before .  Th e mode l  als o avoid s option s assesse d a s very -
recentiy-trie d onc e th e goa l  ha s bee n achieved .  Thi s enable s 
i t  t o switc h bac k t o a n exhaustiv e searc h algorith m fro m a n 
algorith m base d o n repeatin g previousl y trie d choices ,  whe n i t 
i s  searchin g fo r  th e goa l  fo r  th e secon d o r  thir d time. 
Lastly ,  th e mode l  i s  consisten t  wit h som e o f  th e empirica l  dat a 
fro m Howes ,  Richardso n an d Payn e (1998) .  I t  wa s abl e t o 
lear n th e correc t  men u choice s a t  roughl y th e sam e spee d an d 
i n th e sam e patter n a s th e experimenta l  participant s i n a 
spatiall y  inhibite d condition .  Th e mode l  learn s th e correc t 
rout e throug h th e men u simpl y throug h th e gradua l  increas e i n 
activatio n o f  th e trie d choices . 
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" W h y ? "  i s ofte n th e hardes t  questio n t o answer ,  bu t  a t  th e 
same tim e i t  i s  ofte n th e mos t  interestin g becaus e it s answe r 
reveal s causes .  Talm y (1988 )  propose s tha t  languag e ha s a 
forc e dynami c (FD )  syste m fo r  encodin g h o w w e thin k abou t 
causes .  A  strengt h o f  Tahny' s framewor k i s tha t  i t  explain s 
tha t  ou r  understandin g o f  comple x situation s b y wa y o f 
sinĉ le r  situations ,  an d i t  extend s th e analysi s t o cove r  socia l 
situations ,  approach/avoidanc e situations ,  etc .  Fo r  example , 
accordin g t o th e framework ,  ou r  understandin g o f  th e Persia n 
gul f  confli a (e.g .  Hussei n finally  agree d t o permi t  inspec -
tion s t o avoi d th e sanctions. )  i s  base d o n th e sam e fwocesse s 
as ou r  understandin g o f  sentenc e (a )  i n Tabl e 1  below . 

In Talmy's framework, four basic syntactic structures ex-
is t  t o conve y fou r  archetypa l  F D situations .  F D situation s 
includ e tw o entities ,  a n agonis t  an d a n antagonist .  Th e ago -
nist' s  tendenc y i s eithe r  towar d res t  o r  action .  Th e antagonis t 
oppose s th e agonist .  Th e agonis t  eithe r  succeed s i n it s ten -
denc y o r  fails ,  wit h som e resultan t  action .  Not e tha t  i n th e 
examples ,  th e agonist s an d antagonist s ar e inanimate ,  h i 
othe r  situation s on e o r  bot h migh t  b e animate .  Also ,  th e 
force s involve d m a y b e physica l  o r  socia l  forces .  Thi s flexi -
bilit y  permit s categorizatio n o f  al l  type s o f  F D situations . 

Experiment 1 (Similarity Judgment): Participants 
(N=40 )  viewe d a  targe t  sentenc e alon g wit h a  se t  o f  thre e 
face-dynami c sentence s o n a  compute r  saeen .  Th e sentence s 
wer e constructe d t o includ e a  variet y o f  F D situations ,  in -
cludin g conaei e physica l  settings ,  socia l  settings ,  an d ab -
strac t  settings ,  an d wer e constructe d s o tha t  surfac e feanjre s 
alon e coul d no t  b e use d reliabl y t o distinguis h th e types . 
Participant s indicate d b y mous e clic k th e sentenc e mos t 
simila r  t o th e target .  Hal f  o f  th e time ,  a  sentenc e matchin g 
i n F D categor y (bu t  no t  i n topic )  wa s presented .  Th e othe r 
hal f  o f  th e trial s presente d on e o f  eac h o f  th e othe r  F D types . 
Sentenc e combination s wer e counter-balance d s o eac h sen -
tence s an d compariso n set s wer e equall y likel y acros s par -
ticipants .  Eac h participan t  mad e on e judgmen t  fo r  eac h sen -
tence ,  fo r  a  tota l  o f  4 0 trials . 

Participant s mos t  frequentl y selecte d matchin g F D sen -
tence s whe n a  matchin g typ e wa s presen t  i n th e compariso n 
set .  W h e n n o matc h wa s present ,  the y chos e situation s 
matchin g i n resultan t  actio n o r  win/los s equall y frequently . 

and bot h mor e tha n twic e a s ofte n a s choosin g a  matchin g 

toidenc y fo r  th e agonist . 

Exp 1: Similarity Judgments with match present 

matc h sam e tendenc y sam e resul t 

Exper imen t  2  (Differenc e J u d g m e n t ) :  Thi s experi -
ment  followe d th e sam e desig n a s Experimen t  1 ,  bu t  partici -
pant s wer e instructe d t o indicat e th e sentenc e tha t  wa s mos t 
differen t  fro m th e targe t 

W h en a  matchin g typ e wa s presented ,  participant s mos t 
frequently  selecte d sentenc e type s wit h differen t  win/los s an d 
resultan t  action ,  bu t  matchin g tendencies .  W h e n n o matc h 
was presented ,  participant s selecte d al l  type s equall y often . 

Expt 2: Difference Judgments with match present 
0.5- 1 
0.4 -
0.3 -
0.2 -

matc b sam e tendenc y 

F D t y p e 

Discussio n 

same resul t 

The result s demonstrat e tha t  peopl e ca n mak e distinction s 
base d o n th e type s i n Talmy' s (1988 )  forc e dynami c frame-
work .  Th e result s furthe r  sugges t  tha t  th e resultan t  action s 
i n th e situatio n bein g described ,  an d whethe r  th e agonis t  wa s 
successfu l  o r  no t  ar e mor e salien t  t o re^lo s tha n th e ago -
nist' s  origina l  tendency .  I n conclusion ,  i t  appear s tha t  th e 
F D framwor k provide s a t  leas t  a  partia l  analysi s o f  wha t  i t 
means t o understan d " W h y ? " 

Reference 

Talmy ,  L .  (1988) .  Forc e dynamic s i n languag e an d cogni -
tion .  Cognitiv e Science ,  12 ,  49-100 . 

Exp 1 :  Choices ,  n o matc b presen t 
0. 5 
0.4 -

tendenc y win/los e resul t 
Share d aspec t 

Tabl e 1 : 
Example s o f  th e 4  Forc e Dynami c Type s rTalm v 1988 .  p .  55 ^  tendenc y win/los s resultant : 
a)  Th e bal l  kep t  rollin g becaus e o f  th e win d blowin g o n it .  res t  fail s  move s 
b)  Th e she d kep t  standin g despit e tb e gal e win d blowin g agains t  it .  res t  win s stati c 
c)  Th e bal l  kep t  rollin g despit e tb e stif f  grass .  actio n win s move s 
d)  Th e lo g kep t  lyin g o n tb e inclin e becaus e o f  tb e ridg e there .  actio n fail s stati c 
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In t roduc t io n 

I f  a  networ k i s traine d t o minimiz e mea n square d erro r  tbe n 
i t  wil l  als o lear n t o maximiz e th e posterio r  probabilit y  o f  th e 
outpu t  give n th e inpu t  (Kuan ,  e t  al. ,  1994) .  I n othe r  words , 
a networ k learn s t o maximiz e expectations .  However ,  som e 
interestin g an d relevan t  psychologica l  modelin g ar e mor e 
ofte n concerne d wit h th e natur e o f  generalization s acros s 
classe s o f  input .  I n th e cas e o f  Simpl e Recurren t  Network s 
(SRNs )  thes e learnin g effect s ca n occu r  i n tempora l  contex t 
of  th e feedbac k connections .  Fo r  example ,  Elma n (1989 ) 
showe d h o w a  S R N ca n lear n a  simpl e gramma r  i n a  pre -
dictio n tas k an d th e networ k wil l  lear n t o produc e expecta -
tion s fo r  al l  item s i n a  class ,  eve n thoug h no t  al l  combina -
tion s wer e see n i n training .  I n thi s wor k I  tak e a  geometri c 
viewpoin t  towar d understandin g h o w a  feedforwar d net -
work s hav e a  "gang "  effec t  du e t o clas s similarit y i n output , 
and a  S R N ca n hav e "gang "  effect s i n context .  Tli e prob -
le m i s relate d t o severa l  connectionist s model s i n languag e 
tha t  hav e show n tha t  a  networ k ca n hav e generalization s fo r 
unsee n input ,  (e.g .  Hare ,  1990) .  I  wil l  loo k a t  generaliza -
tion s fo r  unsee n combination s o f  bigram s (input-to-outpu t 
mapping )  an d trigram s (contex t  an d input-to-outpu t  map -
ping) ,  an d exten d th e finding s o f  Bartell ,  e t  al.(1993) . 

Class Effects 

I f  inpu t  vector s fo r  a  networ k ar e encode d wit h 1-of- n en -
codin g the n ther e i s n o structur e i n th e inpu t  space .  I n suc h 
a cas e al l  generaUzation s tha t  a  networ k learn s i s base d o n 
similarit y i n th e outpu t  vector s o r  similarit y i n context .  I n 
orde r  t o dra w ou t  th e detai l  o f  thi s gen^alization ,  i t  i s usefu l 
t o compar e th e networ k t o th e actua l  expectation s produce d 
by a  simpl e countin g procedure .  Th e countin g progra m 
m w e l y coimt s fo r  eac h inpu t  th e numbe r  o f  time s i t  i s 
traine d t o produc e eac h output .  Thi s give s a  forwar d prob -
abilit y  vecto r  o f  P(outputlinput) ,  whic h ca n b e interprete d a s 
a vecto r  i n outpu t  space . 

FurthCTmore ,  th e progra m keep s trac k o f  th e backwar d 
probabilit y fo r  eac h outpu t  node ,  whic h i s th e numbC T o f 
tim e a n inpu t  i s traine d t o produc e tha t  output .  Thi s give s a 
backwar d probabilit y  vecto r  o f  P(inpu t  I  output) ,  whic h i s 
th e clas s conditiona l  probabilit y o f  th e output .  Th e geo -
metri c intCTpretatio n i s tha t  th e backwar d probabilit y  i s  re -
late d t o th e decisio n plane s fo r  tha t  outpu t  node . 

I f  a  networ k i s traine d wit h simpl e grammar s i t  ca n lear n 
t o produc e expectation s fo r  unsee n inpu t  combinations .  Th e 
acmal  bigra m probabilit y fo r  unsee n combination s i s 
P(outputliDput)=0 .  However ,  b y usin g th e geometri c inter -
pretation s on e ca n accoun t  fo r  clas s effec t  b y comparin g th e 

backwar d probabilit y  acros s al l  outpu t  nodes .  Chitpu t  node s 
wit h simila r  backwar d probabilit y  vector s wil l  shar e simila r 
outpu t  decisio n planes .  Th e close r  th e vector s o r  th e mor e 
outpu t  node s i n a  class ,  th e highe r  an d longe r  a  clas s effect . 

For  example ,  assum e a  gramma r  tas k tha t  use s sequenc e 
of  verb s an d nouns ,  bu t  durin g trainin g som e verb s ar e no t 
traine d o n al l  possibl e noun s tha t  ca n follow .  A  clas s effec t 
ca n b e surmise d b y producin g outpu t  vector s from  countin g 
progra m an d performin g a  hierarchica l  clustering .  Th e 
cluste r  ca n b e compare d t o a  cluste r  o f  outpu t  weigh t  vec -
tors .  Th e bigra m countin g produce s outpu t  vector s tha t 
cluste r  similarly ,  bu t  d o no t  giv e a n absolut e indicatio n o f 
networ k performance .  However ,  the y giv e a  nic e wa y t o 
formaliz e th e clas s effec t  a s dependin g o n th e distanc e o f 
th e following : 

P(input=verb(i )  I  output = noun(/) )  ~ 
P(input=verb(it )  I  output=nounfO) , 

wher e iJX l  inde x th e ver b an d nou n example s tha t  ar e see n 
i n training ,  bu t  inde x combinatio n /, /  ar e th e unsee n exam -

ples ,  an d ther e i s a  clas s effec t  o n ouq)u t  nod e fo r  noun(/) . 
An S R N wil l  als o produc e clas s effect s i n whic h th e 

networ k produce s expectation s fo r  a  verb-noi m sequenc e 
tha t  ha s no t  bee n see n i n training .  O n e ca n exten d th e 
abov e t o includ e forwar d probabilitie s i n contex t  a s follows : 

P(outpu t  =noun f  j )  linput = verb(/).nou n (k) )  ~ 
P(ouq)ut=noimC/ j  i  input = verbfrn )  noun(nj ) 

wher e th e unsee n example s ar e indexe d b y i,m,n .  Th e geo -
metri c interpretatio n i s tha t  simila r  context s result s i n simi -
la r  hidde n uni t  activations .  I n conclusion ,  a  S R N doe s 
mor e tha n lear n t o maximiz e expectation s an d addin g a 
geometri c int^retatio n t o probabilitie s hel p explai n th e 
relevan t  propertie s i n psychologica l  modeling . 
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The relationshi p betwee n spatia l  feature s an d decisio n 
makin g i s readil y eviden t  i n gam e playing .  Often ,  th e rule s 
of  a  gam e provid e a  structur e fo r  thinkin g abou t  th e spatia l 
relationship s o f  th e piece s o n th e board .  Fo r  example ,  th e 
rule s fo r  movin g piece s ar e relate d t o spatia l  feature s suc h a s 
distanc e an d contiguity .  I f  w e wan t  t o creat e a  compute r 
progra m tha t  ca n lear n th e salien t  spatia l  feature s o f  a  gam e 
playin g task ,  w e nee d t o creat e a  efficien t  concep t  formatio n 
language .  Thi s wor k examine s th e relationshi p betwee n 
perceptua l  feature s an d functiona l  feature s i n th e creatio n o f  a 
spatia l  concep t  formatio n language . 

Studie s o f  huma n problem-solvin g sugges t  tha t  perceptio n 
receive s bot h stimulu s inpu t  fro m th e sensor y syste m an d 
inpu t  fro m interna l  intention s an d expectation s (Roger s 
1995) .  Roger s (1995 )  ha s suggeste d a  cycli c syste m o f 
interactio n betwee n th e perceptua l  an d problem-solvin g 
processes .  Prio r  knowledg e an d functionall y relevan t  feature s 
ar e know n t o influenc e concep t  formatio n (Wisniewsk i 
1995) .  Olso n an d Bialysto k (1983 )  defin e a  spatia l  concep t 
as consistin g o f  tw o parts :  a  structura l  description , 
consistin g o f  feature s an d thei r  relations ,  an d meaning , 
representin g th e intentions ,  purposes ,  an d goal s o f  th e 
perceiver .  Th e meaning s ar e represente d independentl y  o f  th e 
structura l  description ,  bu t  ar e th e criteri a i n term s o f  whic h 
feature s ar e selected ,  detected ,  an d adde d t o th e structura l 
description . 

I n a  learnin g program ,  a  natura l  representatio n fo r  a 
concep t  shoul d reflec t  th e reaso n fo r  concep t  membershi p 
(Flan n &  Dietteric h 1986) .  I n gam e playing ,  althoug h 
concept s ar e ofte n naturall y functional ,  recognitio n an d 
performanc e task s favo r  a  structura l  representation .  Wy l 
addresse s thi s wit h a  multipl e representatio n strateg y fo r 
ches s an d checker s (Ran n &  Dietteric h 1986) .  Ou r  approac h 
differ s fro m their s becaus e rathe r  tha n convertin g betwee n 
structura l  an d functiona l  descriptions ,  w e integrat e th e tw o 
i n formin g a  languag e t o describ e concept s wher e notion s o f 
spac e an d functio n ar e closel y linked . 

We bega n wit h th e genera l  functiona l  gam e playin g 
concep t  o f  opportunity ,  i.e. ,  acces s t o a s man y state s a s 
possibl e tha t  coul d lea d t o a  win .  Opportunity ,  a s such ,  i s 
not  a  spatia l  concept .  Throug h a  particula r  subgoa l  i n a 
give n game ,  thi s functiona l  concep t  ca n generat e spatia l 
concepts .  W e focuse d o n th e defensiv e componen t  o f 
opportunit y t o mak e a  mil l  i n th e gam e o f  fiv e men' s 
morris ,  wher e a  mil l  i s  th e explici t  subgoa l  o f  obtainin g 
thre e piece s i n a  row .  Clusterin g board s fro m actua l  games , 
we develope d tw o functiona l  subclusters :  thos e tha t 
guarante e th e futur e abilit y  t o construc t  a  mill ,  an d thos e 

tha t  offe r  a  stron g possibilit y  t o d o so .  Eac h subcluste r 
constitute s a  spatia l  concep t  generalize d i n term s o f  simpl e 
features :  line ,  occupy ,  an d own ,  base d upo n th e vertice s o f 
th e board .  Board s wit h guarantee d mill s  posses s a  lin e wit h 
al l  thre e vertice s owne d b y th e playe r  wh o ca n mak e th e 
mill .  Board s wit h a  stron g possibilit y  o f  a  mil l  hav e a  lin e 
i n whic h on e playe r  own s tw o vertice s whil e th e opponen t 
owns none . 

We use d thi s approac h t o construc t  a  ne w spatia l 
decision-makin g modul e i n Hoyle ,  a  hierarchica l  mixtur e o f 
expert s game-playin g progra m (Epstei n e t  al .  1996) .  Th e 
modul e support s move s tha t  resul t  i n state s tha t  ar e 
members o f  th e mil l  formatio n concept s describe d above . 
We teste d thi s augmente d versio n o f  Hoyl e agains t  a n exper t 
progra m i n th e gam e o f  5  men' s morris .  Hoyl e playe d 20 0 
trainin g contest s agains t  th e expert ,  followe d b y 1 0 testin g 
contests ,  i n eac h o f  5  runs .  Th e ne w modul e wa s foun d t o 
vot e i n a  manne r  tha t  wa s consisten t  wit h exper t  play . 

Acknowledgments 

Thi s wor k i s partiall y  supporte d unde r  a n NS F Graduat e 
Fellowship ,  NS F Gran t  #942308 5 an d th e N e w Jerse y 
Cente r  fo r  Multimedi a Research .  W e acknowledg e helpfu l 
discussion s wit h Ro n Kinchl a an d Ji m Bergen . 

References 

Epstein ,  S .  L. ,  Gelfand ,  J .  an d Lesniak ,  J .  (1996 )  Pattern -
base d learnin g an d spatially-oriente d concep t  formatio n 
wit h a  multi-agent ,  decision-makin g expert . 
Computationa l  Intelligence ,  12 ,  199-221 . 

Flann ,  N .  S .  an d Dietterich ,  T .  G .  (1986) .  Selectin g 
appropriat e representation s fo r  learnin g fro m examples . 
Proceeding s o f  th e Fift h Nationa l  Conferenc e o n Artificia l 
Intelligenc e (pp .  460-466) .  Menl o Park ,  CA :  Th e A A A I 
Press . 

Olson ,  D .  R .  an d Bialystok ,  E .  (1983) .  Spatia l  cognition : 
th e structur e an d developmen t  o f  menta l  representation s o f 
spatia l  relations .  Hillsdale ,  NJ :  Lawrenc e Erlbau m 
Associates . 

Rogers ,  E .  (1995) .  A  cognitiv e theor y o f  visua l  interaction . 
I n J .  Glasgow ,  N .  H .  Narayana n &  B .  Chandrasekara n 
(Eds.) ,  Diagrammati c Reasoning .  Menl o Park ,  CA :  Th e 
AAAI  Press . 

Wisniewski ,  E .  J .  (1995) .  Prio r  knowledg e an d functionall y 
relevan t  feature s i n concep t  learning .  Journa l  o f 
Experimenta l  Psychology :  Learning ,  Memory ,  an d 
Cognition ,  21 ,  449-468 . 

1261 

mailto:sbsand@princeton.edu
mailto:JJg@princeton.edu
mailto:epstein@roz.hunter.cuny.edu
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Moxey an d Sanfor d (1987 ,  1993a ;  Sanford ,  Moxe y & 
Paterson ,  1996 )  observe d tha t  negativ e o r  monoton e 
decreasin g quantifier s appea r  t o allo w a  broade r  rang e o f 
possibilitie s fo r  promina l  reference  tha n d o monoton e 
increasin g o r  nonmonoton e quantifiers .  I n particular ,  a 
patter n emerge s i n whic h referenc e t o th e Complemen t  Se t 
i s possible ,  a s show n i n (1) : 

(1) Not quite all of the fans went to the game. 
The y watche d i t  o n T V instead . 

Here the reference They is to those fans who did not go 
th e match .  I t  i s  clearl y no t  a  referenc e t o th e fan s w h o 
went  t o th e match ,  an d i t  i s  no t  a  reference  t o fan s i n 
general ,  sinc e no t  quit e al l  denote s a  proportio n whic h i s 
nearl y 1 0 0 % o f  th e fan s (o r  alternatively ,  jus t  shor t  o f 
100%) .  Suc h reference  pattern s appea r  t o b e almos t  i f  no t 
completel y impossibl e fo r  positiv e an d nonmonoton e 
quantifier s (a s i s  atteste d b y th e effec t  o f  substitutin g 
nearl y al l  i n exampl e (1) : 

(2) Nearly all of the fans went to the game. 
•The y watche d i t  o n T V instead . 

The possibility of complement set reference has met 
wit h resistanc e b y som e theorist s becaus e i t  ha s bee n 
suggeste d tha t  ther e i s n o operatio n i n th e formatio n o f  a 
discours e representatio n correspondin g t o subbtractin g th e 
set  ove r  whic h whic h th e predicat e i s tru e fro m it s superse t 
(i n th e presen t  case .  Th e fan s wh o wen t  t o th e gam e fro m 
fan s i n general .  (Corblin ,  1997 ;  K a m p &  Reyle ,  1993) . 
However ,  example s lik e (1 )  canno t  b e explaine d an y othe r 
way (Sanfor d e t  al. ,  1996) ,  an d attempt s hav e bee n mad e 
t o accomodat e complemen t  se t  anaphor a int o linguisti c 
description s (e.g .  Devlin ,  1997) . 

Subsequen t  studie s o f  on-lin e comprehensio n 
durin g readin g sugges t  tha t  th e focu s pattern s underlyin g 
anaphori c referenc e t o negativ e quantifier s ar e lat e relativ e 
t o th e patter n underlyin g positiv e quantifier s (Paterson , 
Sanford ,  M o x e y &  Dawydiak ,  1998) .  Thi s observatio n 
appear s t o suppor t  a n accoun t  i n whic h th e reference 
pattern s se t  u p b y negativ e quantifier s resul t  fro m 
inference s base d o n negative s denyin g suppositions :  fo r 
instance ,  No t  man y fan s wen t  t o th e gam e denyin g th e 
suppositio n tha t  M a n y migh t  hav e gon e (;se e Moxe y & 
Sanford ,  1993 b fo r  empirica l  evidenc e o n this) .  Positiv e 
quantifier s creat e n o suc h denial .  Th e assumptio n behin d 
th e Inferenc e Theor y o f  complemen t  se t  referenc e (sanfor d 
et  al. ,  1996 )  furthe r  suppose s tha t  th e processo r  i s se t  t o 
fin d evidenc e a s t o w h y th e denia l  i s  bein g mad e (i.e. ,  wh y 
fan s di d no t  g o t o th e match ,  an d par t  o f  thi s i s  wh y fan s 

wouldn' t  g o -  thes e fan s constitutin g th e Complemen t 
Set) . 

Additiona l  suppor t  fo r  thi s explanatio n come s 
fro m a  bod y o f  evidenc e showin g tha t  connective s serv e t o 
modulat e th e incidenc e o f  Complemen t  Se t  references . 
Result s o f  thre e continuatio n studie s sho w tha t  becaus e 
amplifie s Compse t  incidence ,  whil e bu t  an d an d ten d t o 
decreas e it .  Furthermore ,  i n th e cas e o f  som e 
nonmonoton e quantifiers ,  suc h a s onl y a  fe w X ,  an d Onl y 
X % o f  th e X ,  becaus e ca n lea d t o a  ver y dramati c increase . 

The effect s ca n b e though t  o f  i n term s o f  influence s o n 
th e proces s o f  inferenc e i n th e wak e o f  encounterin g 
quantifier s whic h stimulat e searche s fo r  reason s an d 
consequence s o f  th e number s an d proportion s whic h the y 
denote ,  whic h i s consisten t  wit h th e Inferenc e Model . 
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I t  i s  well-know n an d widel y discusse d tha t  anaphor a res -
olutio n ca n b e blocke d b y negate d term s (e.g .  (1) )  o r  condi -
tiona l  sentence s (e.g .  (2)) .  So-calle d donke y sentence s ex -
emplif y thi s phenomeno n tha t  i s predominantl y describe d 
withi n th e D R T framewor k ( K a m p &  Reyle ,  1993) : 

(1) No man walks in the park. He whistles. 

(2) If a fanner owns a donkey, he beats it. He hates it. 

DRT predicts that the pronoun he cannot refer back to no 
m an o r  a  farmer ,  respectively .  Th e explanatio n th e theor y 
offer s i s base d o n th e assumptio n tha t  th e discours e ref -
erent s ar e embedde d withi n th e logica l  operator s negatio n 
and implication . 

However ,  not e tha t  th e anaphor a resolutio n i n (2 )  ca n stil l 
be made .  Th e whol e sequenc e sound s quit e odd ,  bu t  i t  i s 
nevertheles s understandable .  Subordinatio n indicate d b y a 
discours e marke r  lik e afte r  exhibit s a  simila r  effect : 

(3) After the farmer beat the donkey, it smashed the cart. He 
was arreste d late r  b y th e loca l  policema n becaus e o f  cruelt y 
t o animals . 

The reversed construction does not cause any problems for 
th e anaphor a resolution :  (3' )  Th e farme r  bea t  th e donkey , 
befor e i t  smashe d th e cart .  H e wa s arreste d late r  b y th e 
loca l  policema n becaus e o f  cruelt y t o animals . 

Thi s phenomeno n wa s investigate d b y Coorema n &  San -
for d (1996) .  Thei r  psychologica l  experiment s clearl y indi -
cat e tha t  subject s hav e a  stron g preferenc e fo r  th e discours e 
referen t  i n th e mai n claus e t o b e referre d t o b y a  pronou n 
i n a  subsequen t  sentence .  Thes e findings  sugges t  tha t  th e 
effect s o f  syntacti c subordinatio n shoul d b e take n int o ac -
coun t  fo r  a  cognitivel y adequat e discours e grammar . 

Moreover ,  th e observatio n tha t  a  subordinate d claus e 
doe s no t  mak e th e discours e referen t  easil y accessibl e fo r 
anaphor a resolutio n point s ou t  tha t  th e D R T approac h doe s 
not  full y  explai n case s suc h a s (2 )  an d (3) .  A  hierarchi -
cal  notio n o f  discours e structur e a s propose d b y Segmente d 
D RT (Asher ,  1993 )  i s neede d her e t o explai n th e subordi -
natio n effect .  B y introducin g discours e relation s (e.g .  nar -
ration ,  elaboration )  tha t  for m discours e segments ,  on e ca n 
normall y mak e precis e prediction s abou t  anaphor a resolu -
tion ,  bu t  no t  fo r  thes e data .  Th e sequence s woul d bot h b e 

modelle d a s a  narratio n betwee n th e subordinate d an d th e 
mai n clause .  Accordin g t o S D R T th e first  segmen t  (i.e .  th e 
farme r  bea t  th e donkey )  woul d b e "close d off '  an d conse -
quentl y no t  availabl e fo r  anaphor a resolutio n i n (3 )  a s wel l 
as i n (3') . 

Instea d o f  th e discours e structur e propose d b y S D R T ,  I 
use a  Tre e Descriptio n Gramma r  ( T D G )  (Kallmeyer ,  1996 ) 
reflectin g th e subordinatio n effec t  observed .  Followin g 
Schilde r  (1997 )  a n extensio n o f  S D R T vi a a  T D G i s give n i n 
orde r  t o expres s th e discusse d subordinatio n phenomeno n 
mor e appropriately .  Thi s computationa l  approac h t o dis -
cours e gramma r  i s extende d b y providin g a  discours e tre e 
fo r  (3 )  accordin g t o th e assumptio n tha t  onl y th e righ t  fron -
tie r  o f  a  discours e pars e tre e i s availabl e fo r  furthe r  attach -
ment  (Webber ,  1991) .  Takin g th e findings  o f  Coorema n 
& Sanfor d (1996 )  int o account ,  a  discours e tre e i s give n 
suc h tha t  th e anaphor a resolutio n canno t  b e m a d e t o dis -
cours e referent s i n a  subordinate d clause .  Althoug h thes e 
discours e referen t  ar e deepl y embedde d int o th e discours e 
structure ,  the y ar e nevertheles s stil l  obtainable .  Henc e th e 
discours e structur e suggeste d provide s a n explanatio n fo r 
th e difficultie s resolvin g th e anaphori c lin k i n (3) . 
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Abstrac t 
We ar e currentl y developin g a  Rout e Guidanc e system ,  base d 
on a  mobil e phon e tha t  give s Locatio n Information .  On e o f 
our  researc h goal s i s t o discove r  wha t  feature s a  'Rout e Guidanc e 
Service '  need s i n orde r  t o b e usefu l  fo r  pedestrians . 

Is 'Houkou-Onchi' A Cognitive Problem ? 

*Houkou-Onchi '  i s  a  Japanes e ter m commonl y use d t o 

describ e a  perso n w h o ha s n o sens e o f  directio n an d w h o 

easil y lose s hi s way .  Shingak i  (1997 )  foun d tha t  thos e w h o 

easil y ge t  los t  neithe r  fin d relevan t  landmarks ,  no r  utiliz e 

thos e the y d o find.  Thi s findin g i s i n accor d wit h previou s 

researc h tha t  relate s huma n navigatio n abilit y  wit h cognitiv e 

ability .  However ,  i t  i s no t  ye t  know n whethe r  'Houkou-Onchi ' 

ca n b e deduce d t o solel y cognitiv e abilities .  W e believ e 

ther e ar e tw o aspects :  socia l  an d cognitive . 

Social Aspect of Houkou-Onchi 

I t  i s  interestin g tha t  th e Japanes e see m t o lik e describin g 

themselve s a s Houkou-Onchi .  Ou r  surve y o f  homepage s o n 

th e Worl d Wid e W e b i n Japan ,  an d fro m interviews ,  reveale d 

th e following : 

1)  Self-referenc e a s Houkou-Onch i  occurre d i n mor e tha n 

seve n hundre d homepages .  Ther e seem s t o b e n o equivalen t 

i n th e homepage s i n othe r  cultures . 

2)  M a n y Japanes e easil y voluntee r  a  descriptio n o f 

themselve s a s Houkou-Onch i  whethe r  the y ar e o r  not . 

3)  W o m en ar e mor e likel y t o describ e themselve s a s 

Houkou-Onchi . 

4)  S o m e peopl e ten d t o declar e tha t  the y ar e Houkou-Onch i 

so tha t  the y ca n delegat e th e responsibilit y o f  navigatio n t o 

othe r  peopl e aroun d them . 

Thes e indicat e that ,  i n Japanes e cultur e a t  least ,  Houkou -

Onchi  i s no t  a  purel y cognitiv e construct ,  bu t  a  socia l  construct , 

becaus e th e concep t  i s closel y connecte d t o th e relationshi p 

wit h othe r  people .  A s a  resul t  o f  sel f  depreciatio n o f  navigatio n 

abilit y a s Houkou-Onchi ,  som e o f  the m doe s no t  initiat e 

navigatio n o n thei r  own ,  whic h lead s t o degradatio n i n thei r 

actua l  performance .  Mos t  o f  thos e w h o believ e the y ar e 

Houkou-Onch i  fee l  tha t  the y suffe r  a  lo t  a s a  resul t  o f  this , 

henc e i t  i s necessar y t o giv e the m support .  Thus ,  i t  i s  necessar y 

t o conside r  thes e socia l  aspect s i f  w e ar e t o develo p a  route -

guidanc e system . 

R e q u i r e m e n t s fo r  a  R o u t e G u i d a n c e S y s t e m 

We believ e tha t  ou r  Rout e Guidanc e syste m wil l  b e use d 

by bot h Houkou-Onch i  an d no n Houkou-Onch i  people .  Fo r 

thi s purpos e w e thin k i t  i s necessar y tha t  ou r  Rout e Guidanc e 

Syste m shoul d suppor t  bot h cognitiv e an d socia l  aspect s o f 

human navigation . 

•  Cognitiv e Suppor t  fo r  Navigation :  Rout e guidanc e shoul d 

provid e enoug h information .  Accordin g t o Shingak i  (1997) , 

bad navigator s hav e difficultie s suc h a s memorizin g 

informativ e landmark s a t  intersections ,  findin g them ,  an d 

utilizin g the m i n a  secon d visit .  Guidanc e need s t o b e 

informativ e enoug h s o tha t  eve n Houkou-Onch i  ca n fin d 

relevan t  landmark s an d othe r  cues . 

•  Socia l  Aspect s o f  Suppor t  i n Navigation :  Som e abando n 

thei r  navigatio n o n thei r  own ,  sayin g tha t  the y ar e Houkou -

Onchi ,  i n th e situatio n wher e ther e ar e other s tha t  lea d them . 

I t  is ,  therefore ,  necessar y t o introduc e a  neutra l  guid e whic h 

giv e the m jus t  informationa l  hel p fo r  thei r  navigation . 

Route Guidance using the Mobile Phone 

I t  i s necessar y t o provid e a  syste m whic h enabl e th e guid e 

t o locat e wher e a  pedestria n is ,  a s ther e i s n o previou s 

interactio n wit h them .  W e hav e bee n examinin g whethe r 

Rout e Guidanc e vi a Mobil e Phon e ca n b e o f  som e help . 

Our  syste m use s Persona l  Hand y Phon e wit h Locatio n 

Informatio n (PHS/LI) ,  whic h i s no w i n servic e i n Japan .  I f 

a pedestria n ha s thi s phone ,  hi s  locatio n i s  notifie d t o th e 

Locatio n Informatio n Cente r  (LIC) ,  ru n b y P H S company . 

He ca n as k question s t o th e rout e guide s usin g PHS .  Th e 

guide s hav e a n acces s t o LIC ,  an d th e appropriat e locatio n 

of  hi m i s retrieve d an d draw n o n th e ma p i n fron t  o f  them . 

Thus ,  guide s ca n suppl y th e pedestria n wit h th e mos t 

informativ e informatio n withou t  bein g i n th e sam e place . 

By usin g thi s guidanc e system ,  a  use r  (eve n a  Houkou -

Onchi )  ca n hav e immediat e cognitiv e suppor t  (directions , 

landmarks ,  an d other )  fro m th e guides .  Thi s syste m lessen s 

th e burde n o n th e Houkou-Onch i  perso n w h o otherwis e ha s 

t o describ e wher e h e i s whe n h e i s lost ,  an d help s hi m t o ge t 

some experienc e o f  navigation . 
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O n Learn in g Allophoni c Relations : 
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I n thi s pape r  I  conside r  method s o f  teasin g apar t  th e rol e 
of  phoneti c similarit y versu s th e rol e o f  functiona l  identit y 
i n phonologica l  categor y formation ,  an d th e relevanc e o f 
thi s issu e fo r  languag e acquisitio n an d menta l  representa -
tion . 

Linguist s m a y b e easil y foole d b y th e surfac e near-trut h 
of  th e traditiona l  "phoneti c similarity "  diagnosti c fo r  al -
lophony ,  bu t  th e functiona l  an d historica l  force s tha t  hav e 
shape d th e surfac e i n thi s w a y m a y nonetheles s b e irrelevan t 
t o learners .  Rather ,  th e mer e presenc e o r  absenc e o f  func -
tiona l  identit y betwee n on e phon e an d anothe r  m a y b e suff i 
cien t  fo r  learner s t o conclud e whic h ar e allophonic ,  a n 
whic h ar e contrastive .  Th e functiona l  informatio n releva n 
t o th e learne r  then ,  come s i n tw o forms :  (a )  alternati o 
whic h inform s th e learne r  abou t  th e functiona l  irrele v 
of  th e observe d phoneti c distinctnes s amon g alteman i 
themselves ,  tha t  is ,  tha t  th e phoneti c chang e doe s no t  yiel d a 
chang e i n meaning .  Als o relevant ,  i t  shoul d b e noted ,  ar e 
altematio n chains ,  i n whic h a  serie s o f  allophoni c relation s 
m ay functionall y lin k altemant s tha t  rarel y i f  eve r  immedi -
atel y alternat e wit h eac h other .  Thu s Englis h ha s V-t ^  ~  Vr , 
and V r  ~  t̂ ,  bu t  t' ^  ~  V-t ^  i s exceedingl y rar e (e.g. ,  dictatl̂ o -
rial-dictaitie) .  Nonetheless ,  du e t o th e existin g altematio n 
chain ,  a  functiona l  lin k m a y b e readil y establishe d betwee n 
th e two .  (b )  substitution ,  b y whic h a  paradigmati c replace -
ment  o f  on e phon e wit h anothe r  indee d ha s functiona l  rele -
vance ,  i.e. ,  yield s a  chang e i n meaning .  Thu s 'phoneti c 
similarity '  m a y pla y n o immediat e functiona l  rol e i n term s 
of  categor y formatio n b y th e learner . 

N o w,  i t  i s  wel l  k n o w n fro m th e experimenta l  psycholo g 
literatur e tha t  similarit y indee d seem s t o pla y a  crucia l  ro L 
i n categor y formation :  categorie s ar e mor e difflcu h t o for- ^ 
mulat e whe n th e stimul i  t o b e groupe d togethe r  ar e dissiitu; , 
la r  (Shepar d e t  al .  1961) .  Thes e results ,  o f  course ,  seem/t o 
fl y  i n th e fac e o f  th e suggestion s o f  th e previou s paragra p 
However  suc h experimenta l  procedure s d o no t  posses s th e 
adde d dynami c dimensio n o f  altematio n tha t  i s inheren t  t o 
language .  I t  m a y wel l  b e th e cas e tha t  whe n stimul i  var y i n 
ways whic h resul t  i n n o functiona l  chang e (a s i n case s o f 
altemation )  suc h informatio n m a y augment—o r  eve n over -
ride—th e otherwis e natura l  tendenc y t o categoriz e base d o n 
similarity . 

Bac k t o Englis h now ,  i t  i s  possibl e then ,  tha t  th e Englis h 
sto p syste m (1 )  i s n o easie r  t o lear n tha n on e whic h display s 
no phoneti c similarit y amon g allophone s (2) .  Suc h a  syste m 
i s improbabl e no t  becaus e o f  it s  hypothetica l  unleamability , 
but  onl y becaus e i t  doe s no t  mak e natura l  phoneti c o r  his -
tori c sense .  B y contrast ,  leaming/representationa l  model s i n 
th e post-SP E generativ e schoo l  hav e bee n structure d t o en -
cod e th e suppose d "costliness "  o f  rar e an d "uimatural " 
allophoni c pattem s (suc h as ,  fo r  example ,  th e Souther n M i n 

ton e circle ,  o r  Japanes e palatalization) ,  an d ye t  ther e i s n o 
evidenc e tha t  suc h unnatura l  pattem s ar e an y mor e difficul t 
t o maste r  tha n natura l  ones :  leamabilit y  doe s no t  appea r  t o 
be a  contributin g facto r  t o suc h patterns '  rarity ;  th e reason s 
fo r  thei r  rarit y presumabl y li e elsewhere . 
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Consequent ia l i t y 
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Marti n J .  Pickerin g (martin@psy.gla.ac.uk ) 
Anthon y J .  Sanfor d (tony@psy.gla.ac.uk ) 

Departmen t  o f  Psycholog y 
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I n t r o d u c t i o n 

Implici t  causalit y  i s a  propert y associate d wit h a  particula r 
set  o f  verb s whic h influence s th e wa y i n whic h a  reade r 
integrate s causall y relate d clause s (Gamham ,  Traxler , 
Oakhil l  &  Gemsbacher ,  1996) . 

(1) John amused Mary because he was incredibly funny. 
(2 )  Joh n amuse d Mar y becaus e sh e wa s easil y entertained . 

The verb 'amuse' is classed as an NPl biasing verb. The 
locu s o f  caus e underlyin g th e describe d even t  i s associate d 
wit h th e characte r  occupyin g th e first  Nou n Phrase . 
Sentenc e (1 )  contain s a  continuatio n consisten t  wit h thi s 
bia s whil e sentenc e (2 )  contain s a  continuatio n 
inconsisten t  wit h th e bias .  Sentence s containin g 
continuation s congruen t  wit h a  verb' s bia s ar e preferre d 
ove r  sentence s whic h ar e incongnien t  (Gamham ,  Oakhil l 
& Cruttenden ,  1992) .  Thi s preferenc e i s  reflected  i n a 
number  o f  differen t  task s an d i s independen t  o f  th e actua l 
plausibilit y  o f  th e describe d event s (Stewart ,  1998) .  I n th e 
same wa y ther e ar e verb s biasin g towar d th e first  Nou n 
Phrase ,  ther e ar e als o verb s suc h a s 'blame '  whic h bia s 
towar d th e secon d Nou n Phrase .  Verb s possessin g 
implici t  causalit y biase s ca n b e classifie d a s N P l  o r  N P 2 
biasing .  I n thi s poste r  w e examin e whethe r  i t  i s correc t  t o 
tal k abou t  biasin g verb s possessin g a  singl e bia s o r 
whethe r  i t  i s th e cas e tha t  a  particula r  ver b possesse s othe r 
biases ,  eac h realise d onl y unde r  th e appropriat e conditions . 
Stewar t  (1998 )  report s anothe r  typ e o f  bia s simila r  t o 
implici t  causalit y bu t  focusin g o n a n implie d locu s o f 
consequenc e rathe r  tha n a n implie d locu s o f  cause . 

(3) Because John amused Mary, she couldn't stop 
laughing . 
(4 )  Becaus e Joh n amuse d Mary ,  h e wa s considere d 
entertaining . 

Implicit consequentiality biases exert a processing 
influenc e i n a  manne r  simila r  t o implici t  causality . 
Sentence s containin g continuation s consisten t  wit h a 
particula r  verb' s implici t  consequentialit y  bia s ar e rea d 
mor e quickl y tha n sentence s tha t  ar e inconsisten t  wit h th e 
bia s (Stewart ,  1998) .  Th e ke y questio n w e addres s i n thi s 
poste r  i s  on e o f  whethe r  ther e i s a  clea r  relationshi p 
betwee n a  particula r  verb' s causa l  an d consequentia l  bias . 
I f  th e relationshi p betwee n th e tw o i s no t  clea r  the n a 
mor e fine  graine d classificatio n schem e mus t  b e adopte d i n 
orde r  t o characteris e eac h typ e o f  bias . 

E x p e r i m e n t s 

T wo writte n languag e productio n studie s wer e run . 
Experimen t  1  examine d implici t  causalit y whil e 
Experimen t  2  examine d implici t  consequentiality . 

Method 

Twenty-tw o subject s draw n fro m th e Universit y o f 
Glasgo w studen t  populatio n wer e ru n i n eac h experiment . 
They wer e presente d wit h a  numbe r  o f  sentenc e fragments 
suc h a s 'Becaus e Joh n amuse d Mary, '  (Experimen t  1 )  an d 
'Joh n amuse d Mar y because '  (Experimen t  2 )  an d wer e 
require d t o provid e writte n continuation s t o th e fragments . 
Fift y verb s wer e examine d i n eac h experiment . 
Continuatio n response s wer e score d o n th e basi s o f 
whethe r  th e first  wor d o f  th e continuatio n referred  t o th e 
first  o r  secon d Nou n Phrase .  Th e ful l  tabl e o f  result s ca n 
be foun d i n Stewar t  (1998) . 

Results and Discussion 

For  th e ful l  se t  o f  verbs ,  w e performe d a  correlatio n 
betwee n th e tw o experiments ,  i.e .  betwee n implici t 
causalit y biase s an d th e implici t  consequentialit y  biases . 
We foun d a  significan t  negativ e correlatio n betwee n causa l 
and consequentia l  biases .  Althoug h significant ,  th e 
correlatio n i s no t  perfect .  Som e N P l  causa l  biasin g verb s 
ar e als o NP l  consequentia l  biasin g whil e other s ar e N P 2 
consequentia l  biasing .  Ther e i s n o obviou s wa y o f 
determinin g a  verb' s consequentia l  bia s o n th e basi s o f 
simpl y knowin g wha t  typ e o f  causa l  bia s i s  associate d 
wit h it .  W e propos e tha t  referrin g t o a  particula r  verb' s 
processin g bia s mus t  b e qualifie d wit h additiona l 
informatio n whic h capture s th e semanti c characteristic s o f 
tha t  bias . 
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I n th e literatur e o n disconfinnin g evidence ,  researcher s 
typicall y find  tha t  peopl e ar e imperviou s t o dat a tha t  cal l  int o 
questio n thei r  belief s an d attitude s (e.g. ,  Lord ,  Ross ,  &  Lep -
per ,  1979) .  Give n thi s literature ,  on e migh t  expec t  thos e 
wdt h th e mos t  extrem e belief s an d attitudes ,  tha t  is ,  thos e 
who hav e th e stronges t  prio r  theories ,  woul d b e eve n les s 
likel y t o revis e thei r  belief s tha n thos e wit h les s stron g prio r 
theories .  However ,  Swiderek ,  Koslowski ,  an d Ber n (1997 ) 
hav e foun d tha t  peopl e ar e no t  a s imperviou s t o dat a a s ha s 
been previousl y thought ,  an d tha t  th e presentatio n o f  discon -
finning  evidenc e ca n indee d swa y beliefs .  I n ou r  study ,  w e 
examin e pattern s o f  belie f  revisio n amon g group s o f  varyin g 
extremenes s o n th e issu e o f  capita l  punishment .  W e ar e 
askin g whethe r  peopl e wit h mor e extrem e belief s ar e indee d 
les s likel y t o revis e thei r  belief s tha n thos e wit h les s extrem e 
beliefs . 

Participant s include d colleg e student s wit h a  rang e o f  be -
lief s abou t  capita l  punishment .  Durin g a n initia l  interview , 
participant s wer e aske d question s tha t  dra w out ,  an d wer e 
aske d t o rate ,  thei r  belief s abou t  si x aspect s o f  capita l  pun -
ishmen t  (e.g. ,  whethe r  i t  i s a  deterrent ,  whethe r  i t  i s applie d 
i n a  biase d way ,  etc.) .  Participant s wer e the n presente d wit h 
evidenc e tha t  disconfirm s eac h o f  thei r  state d belief s 
(whethe r  pr o o r  con )  an d wer e aske d t o reconcil e eac h piec e 
of  evidenc e wit h thei r  state d beliefs .  Durin g a  secon d inter -
vie w tw o week s later ,  participant s wer e aske d question s 
probin g an y gap s o r  apparen t  inconsistencie s foun d i n th e 
first  intervie w (e.g. ,  "Yo u sai d tha t  capita l  punishmen t  i s a 
deterren t  becaus e i t  scare s people .  Yo u als o sai d tha t  crimi -
nal s d o no t  car e abou t  losin g thei r  lives .  H o w woul d yo u 
reconcil e thos e tw o statements? )  Participant s wer e aske d 
agai n t o describ e an d t o rat e thei r  belief s abou t  capita l  pun -
ishment .  Interview s wer e audiotape d fo r  late r  coding .  Par -
ticipant s wer e code d fo r  extremenes s o f  belie f  b y examinin g 
pattern s o f  response s durin g th e first  interview . 

Our  questio n i s whethe r  peopl e wit h mor e extrem e belief s 
ar e les s likel y t o revis e thei r  belief s tha n thos e wit h les s ex -
trem e beliefs .  Th e 5 8 participant s interviewe d mak e i t  clea r 
that ,  fo r  th e mos t  part ,  thi s  i s no t  th e case .  Rather ,  i n term s 
of  aspect s relatin g t o capita l  punishment ,  participant s wit h 
extrem e beliefs ,  eithe r  pr o o r  con ,  ar e a s likel y t o revis e thei r 
belief s a s ar e thos e wit h initiall y  les s extrem e beliefs .  O n 
fourtee n differen t  rating s scales ,  th e amoun t  o f  chang e fi-om 
th e first  intervie w t o th e secon d intervie w di d no t  diffe r  sig -
nificantl y betwee n thos e wit h extrem e belief s an d thos e wit h 
les s extrem e belief s (p-value s rangin g fi-om  .16 1 t o .889) . 
On onl y thre e o f  th e rating s scales ,  chang e wa s a t  leas t  mar -
ginall y relate d t o extremenes s (p-value s o f  .010 ,  .050 ,  an d 
.016) ;  thes e thre e scale s relate d t o question s o f  capita l  pun -
ishment' s impac t  o n particula r  groups .  Thus ,  overal l  i t  doe s 
not  appea r  tha t  th e consideratio n an d evaluatio n o f  discon -
firming  evidenc e i s an y mor e biase d fo r  thos e holdin g stron g 
prio r  theorie s abou t  capita l  punishmen t  tha n fo r  thos e wh o 
do no t  hol d stron g prio r  theorie s 
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I n description s o f  drawin g event s th e laye r  o f  graphica l 
entitie s an d th e laye r  o f  rea l  worl d entitie s interac t  (th e latte r 
ar e calle d intende d entitie s hereafter) .  W e explor e suc h 
interaction s o n th e basi s o f  drawin g even t  description s (cf . 
Tappe &  Habel ,  1998) .  Subject s perceiv e th e genesi s o f 
sketc h map s a s th e on e depicte d i n Figur e 1 .  I n a n onlin e 
conditio n the y produc e simultaneou s descriptions .  I n a n 
offlin e conditio n the y witnes s th e genesi s o f  a  whol e sketc h 
prio r  t o verbalization . 

•Vo(«l«#iniA » 

/̂.- « 

i>r.nAc\Ŵ•\̂ • 

BcWii 
Meus 

Figur e 1 :  Th e resul t  o f  a  drawin g even t 

As indicator for representational layer decisions we use 
lexica l  choice .  Tabl e 1  list s th e number s o f  referentia l 
instance s t o object s an d event s accordin g t o thi s criterion . 

Table 1: Reference to the representational layer 

referenc e t o object s 

graphica l  object s 
intende d object s 

referenc e t o event s 

graphica l  event s 
intende d event s 

onlin e 

101 (45.5% ) 
121 (54.5% ) 

onlin e 

84 (80% ) 
21 (20% ) 

offlin e 

35 (30% ) 
80 (70% ) 

offlin e 

49 (72% ) 
19 (28% ) 

Ther e ar e slightl y mor e reference s t o intende d object s tha n 
t o graphica l  object s i n th e onlin e condition .  Fo r  even t  refer -
ence s th e number s ar e les s balanced :  Verb s whic h refe r  t o 
graphica l  event s ar e use d b y fa r  mor e ofte n tha n verb s tha t 
refe r  t o intende d events .  I n th e offlin e conditio n ther e ar e 
les s tha n hal f  a s muc h reference s t o graphica l  object s tha n 

t o intende d objects .  Yet ,  fo r  th e graphica l  an d th e intende d 
event s th e quantitativ e rati o i s inverse . 

Comparin g whol e proposition s rathe r  tha n lexica l  choice s 
on a  wor d level ,  lead s t o th e typ e o f  mixe d propositions ,  i n 
whic h bot h representationa l  layer s ar e presen t  an d t o a  mor e 
unifor m decisio n patter n (Se e Tabl e 2) . 

Table 2: Number of propositions per representational layer 

conditio n 

onlin e 
offlin e 

purel y purel y 
graphica l  intende d mixe d othe r 

84(29% )  79(27% )  54(18% )  76(26% ) 
40 (24% )  7 9 (48% )  2 0 (12% )  2 6 (16% ) 

The empirica l  stud y give s evidenc e tha t  i n th e offlin e ver -
balization s ther e i s a  tendenc y toward s th e laye r  o f  intende d 
object s an d events .  I n contrast ,  i n onlin e verbalization s w e 
do no t  find  an y overal l  preference .  W e assume ,  tha t  th e 
dynamic s o f  th e sketc h map s lead s t o conflictin g conceptu -
alizations :  O n th e on e hand ,  th e representationa l  relatio n be -
twee n th e graphica l  object s an d th e intende d object s i s con -
ventionalized .  O n th e othe r  hand ,  th e graphica l  event s ar e 
more salien t  tha n th e intende d events .  Furthermore ,  th e dat a 
suppor t  th e assumptio n tha t  whil e describin g sketc h map s 
th e th e tw o layers ,  tha t  o f  graphica l  entitie s an d tha t  o f  rea l 
worl d entities ,  ar e simultaneousl y accessible .  Thi s findin g 
adds furthe r  evidenc e t o th e hypothesi s tha t  th e preverba l 
message i s incrementall y processe d b y th e nex t  componen t 
of  th e languag e productio n proces s (Levelt ,  1989) . 
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I n t r o d u c t i o n 

Thi s pape r  i s concerne d wit h lexica l  contex t  effect s o n th e 
acces s o f  polysemi c wor d meaning .  Wherea s th e Interactiv e 
conceptio n (Marslen-Wilso n &  Tyler ,  1987 )  argue s fo r  a 
context-dependen t  access ,  th e Modularis t  on e assume s tha t 
initially ,  "wha t  matter s i s  merel y th e associativ e relatio n 
betwee n th e prim e wor d an d th e targe t  word "  (Kintsch , 
1988) .  Concernin g th e lexica l  effects ,  thes e tw o conception s 
can b e reconcile d wit h th e hypothesi s tha t  th e combinatio n 
of  lexica l  item s ca n prim e relate d word ,  a s propose d b y 
Duffy ,  Henderson ,  &  Morri s  (1989) . 

Experiment 

The critica l  stimul i  wer e twenty-fou r  triple s o f  Frenc h 
words ,  comprisin g a  context-word ,  a  homograph ,  an d a  targe t 
wor d correspondin g t o th e dominan t  meanin g o f  th e 
homogr^h .  Th e contex t  wor d wa s relate d t o th e dominan t  o r 
t o th e subordinat e meanin g o f  th e homograph ,  o r  wa s no t 
semanticall y associate d t o i t  Th e tempora l  interva l  betwee n 
th e prim e an d th e targe t  (ISI )  wa s equa l  t o 5 0 ms .  fo r  1 8 
subject s an d t o 35 0 ms .  fo r  th e 1 8 others . 

Each tria l  bega n wit h th e displa y o f  th e contex t  wor d 
presente d fo r  10 0 ms .  Next ,  th e homograp h wa s presente d fo r 
100 ms. ,  immediatel y followe d b y a  mas k presente d durin g 
eithe r  5 0 o r  35 0 ms .  Thi s mas k wa s replace d b y th e targe t 
wor d tha t  remaine d o n th e scree n unti l  subject s mad e a 
lexica l  decision . 

Table 1: Mean decision times as a function of the ISI and of 
th e Contex t  word . 

ISI 
50 ms . 
350 ms . 

mean 

dominan t 

55 2 
504 

528 

Contex t  wor d 

neutra l  subordinat e 

58 8 56 8 
52 6 52 3 

55 7 54 5 

mean 

569 
518 

Lexica l  decision s wer e faste r  fo r  th e dominan t  conditio n 
tha n fo r  th e neutra l  on e (£1(1,68) = 9.35 ,  c  <  .01 ;  £2(1,46) = 

3.34 ,  n  =  .07) ,  wherea s th e compariso n opposin g th e 

subordinat e conditio n t o th e tw o other s condition s wa s no t 
significan t  (Es<l) .  Ther e wa s n o significan t  interactio n 

betwee n th e IS I  an d th e Contex t  wor d factor s (£s<l) .  Th e 

dat a sho w tha t  a  wor d presente d a s a  contex t  ca n immediatel y 
constrain s th e acces s t o th e meanin g o f  th e homograph . 

S i m u l a t i o n 

We hav e attempte d t o reproduc e th e lexica l  decisio n dat a wit h 
two-step s simulation s carrie d ou t  wit h th e Construction -
Integratio n mode l  (Kintsch ,  1988) .  I n th e firs t  step , 
activatio n spreade d fro m th e contex t  an d th e prim e word s t o 
thei r  direc t  associate s i n th e associativ e ne t  W h e n th e patter n 
of  activatio n value s stabilized ,  th e valu e wa s highe r  fo r  th e 
nod e correspondin g t o th e targe t  wor d i n th e dominan t 
conditio n tha n i n th e neutra l  one .  I n th e secon d step ,  link s 
wer e adde d betwee n al l  th e concept s associate d i n th e 
knowledg e ne t  an d th e activatio n continue d t o spread .  W h e n 
th e stabilizatio n criterio n wa s reached ,  th e activatio n valu e 
fo r  th e targe t  wor d wa s agai n highe r  i n th e dominan t  tha n i n 
th e neutra l  condition . 

Table 2: Final activation values for the target word 
correspondin g t o th e homograp h "objecti f  (whic h ha s tw o 
meaning s i n French ,  ai m o r  lens) . 

Context word 

dominan t neutra l subordinat e 

Firs t  ste p 
Secon d ste p 

.339 9 

.342 7 
.223 0 
.225 9 

.192 6 

.209 2 

C o n c l u s i o n 

I n summary ,  lexica l  decision s wer e immediatel y facilitate d 
when a  relate d wor d wa s presente d befor e th e prime-targe t 
pair .  Simulation s carrie d ou t  replicate d thi s result , 
suggestin g tha t  contex t  effect s provide d b y lexica l  item s ca n 
be conceivabl e withi n a  modularis t  theoretica l  framewoiic. 
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O ne o f  th e importan t  aspect s o f  thinkin g scientificall y i s 
th e abilit y t o rul e ou t  alternativ e hypotheses .  H o w d o peo -
pl e com e t o b e abl e t o d o this ? M a n y researcher s addres s 
thi s questio n b y examinin g th e effec t  o f  forma l  trainin g i n a 
discipline .  Finding s i n th e literatur e (Lehman ,  Lempert ,  an d 
Nisbett ,  1988 )  sugges t  tha t  forma l  trainin g actuall y doe s 
m a ke peopl e mor e likel y t o generat e alternative s whe n 
evaluatin g sample s o f  socia l  scienc e research .  However , 
ther e i s a  problem :  th e implication s o f  th e findin g ar e no t 
entirel y clear .  Lehma n e t  al .  sugges t  tha t  forma l  trainin g in , 
fo r  example ,  psycholog y i s  goo d becaus e suc h trainin g 
teache s th e genera l  principl e "rul e ou t  alternatives. "  An -
othe r  possibility ,  however ,  i s  that ,  i n thei r  psycholog y 
courses ,  student s lear n abou t  specifi c  type s o f  alternativ e 
hypothese s tha t  jus t  s o happe n t o b e operatin g i n th e prob -
lem s they'r e bein g aske d b y Lehma n e t  a l  t o evaluate .  I n 
othe r  words ,  i t  isn' t  clea r  whethe r  th e abilit y t o rul e ou t  al -
ternativ e hypothese s i s attributabl e t o th e learnin g o f  a  for -
mal  rule ,  or ,  instead ,  t o learnin g conten t  informatio n abou t 
specifi c  type s o f  alternative s tha t  ar e likel y t o b e operatin g 
i n th e situation s subject s wer e aske d t o evaluate . 

We sugges t  tha t  trainin g i n a  th e socia l  science s migh t  ac -
complis h tw o distinc t  goals ,  an d tha t  i t  i s  importan t  t o sepa -
rat e thes e conceptually .  O n e is ,  a s Lehma n e t  a l  woul d sug -
gest ,  tha t  trainin g i n socia l  scienc e involve s learnin g a  for -
mal  rule :  Conside r  alternativ e hypotheses .  However ,  thi s 
sor t  o f  trainin g als o accomplishe s anothe r  goal :  I t  teache s 
student s abou t  particula r  alternativ e cause s (o r  source s o f 
confounding )  tha t  ofte n plagu e socia l  scienc e studies .  I n 
Lehman' s study ,  fo r  example ,  th e dependen t  measur e wa s 
smdents '  abilit y t o critiqu e socia l  scienc e research .  W e 
argu e tha t  student s w h o ha d bee n traine d i n certai n field s 
migh t  hav e bee n bette r  a t  critiquin g suc h researc h because , 
i n thos e fields ,  the y woul d hav e learne d abou t  suc h plausi -
bl e alternativ e cause s a s historica l  cohor t  effects ,  biase d 
sampl e selection ,  placeb o effects ,  etc .  Indeed ,  on e reaso n 
fo r  thinkin g tha t  thes e sort s o f  alternative s ar e no t  easil y 
spontaneousl y generate d i s that ,  historically ,  i t  too k a  lon g 
tim e fo r  socia l  scientist s t o recogniz e them .  W e sugges t  tha t 
th e reaso n Lehman' s subject s benefite d from  th e trainin g 
the y receive d wa s no t  onl y tha t  the y wer e bein g taugh t  a 
forma l  rule ,  bu t  tha t  the y als o ha d bee n taugh t  abou t  an d 
therefor e sensitize d t o particular ,  plausibl e alternativ e hy -
pothese s (Koslowski ,  1996) . 

I n th e presen t  study ,  w e worke d wit h colleg e freshmen 
w ho ha d littl e o r  n o trainin g i n th e socia l  science s o r  re -

searc h methods .  Participant s wer e divide d int o fou r  groups . 
A Tim e 1 ,  Tim e 2  paradig m wa s used .  A t  Tim e 1 ,  student s 
i n thre e o f  th e group s rea d summarie s o f  scientifi c  researc h 
tha t  containe d methodologica l  flaws .  I n addition ,  student s 
i n grou p 1  wer e taugh t  abou t  on e o f  thre e particula r  source s 
of  confounding :  historica l  cohor t  effects ,  mortalit y effects , 
and voluntee r  effects .  Student s i n grou p 2  wer e taugh t  th e 
forma l  rule .  Rul e ou t  alternatives ,  bu t  the y wer e no t  taugh t 
abou t  an y particula r  type s o f  alternatives .  Student s i n grou p 
3 rea d th e summarie s bu t  wer e taugh t  nothing .  Student s i n 
grou p 4  participate d a t  Tim e 2  only .  A t  Tim e 2 ,  al l  student s 
wer e aske d t o rea d an d critiqu e 4  researc h summaries ;  thes e 
include d sample s o f  flawe d a s wel l  a s o f  goo d socia l  scienc e 
research . 

The dependen t  measur e w e use d wa s th e sort s o f  criti -
cism s tha t  student s mad e o f  th e researc h summaries .  Pre -
liminar y finding s sugges t  tha t  trainin g i n particula r  altema -
tive s mad e student s mor e likel y t o conside r  thos e alterna -
tive s whe n considerin g researc h tha n student s w h o lear n th e 
forma l  rul e (bu t  n o particula r  instances) .  Student s w h o 
lear n th e forma l  rul e do ,  spontaneously ,  attemp t  t o conside r 
alternatives ,  bu t  the y ar e les s accurat e o n th e whol e a t  iden -
tifyin g specifi c  problem s i n research ,  an d th e alternative s 
the y conside r  ar e no t  necessaril y  th e one s tha t  wer e presen t 
i n th e researc h summaries .  W e conclud e tha t  on e ma y 
kno w th e rule ,  Conside r  alternativ e hypotheses ,  bu t  tha t  i n 
orde r  t o invok e tha t  rule ,  on e need s t o hav e informatio n 
abou t  particula r  alternatives .  Th e reaso n tha t  som e o f 
Lehman' s subject s di d wel l  an d other s di d no t  m a y b e tha t 
some ha d learne d abou t  th e kind s o f  confoundin g factor s 
tha t  ofte n constitut e plausibl e socia l  scienc e alternative s 
whil e other s ha d not ,  an d th e researc h the y wer e aske d t o 
evaluat e wa s socia l  scienc e research . 
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In the present paper, we modify and extend an earlier 
accoun t  (Tweney .  1989) .  Specifically ,  five  level s o f  a 
framewor k fo r  th e interpretatio n o f  scientifi c  protocol s (e.g. , 
laborator y diaries )  ar e redefine d t o enhanc e thei r  utilit y  fo r 
historica l  cognitiv e reconstructio n o f  scientifi c  episodes . 
Such episode s posses s "dynamics "  whic h emerg e wit h 
varyin g degree s o f  clarit y dependin g upo n th e leve l  o f 
analysis .  Fro m th e lowes t  fi«quency  dynamic s t o th e 
highest ,  thes e ar e a s follows : 

Level 1: Purposes 
Leve l  2 :  Heuristic s 
Leve l  3 :  Script s &  Schemat a 
Leve l  4 :  Goal s « & Subgoal s 
Leve l  5 :  State s &  Operator s 

The levels constitute a partially decomposable hierarchy 
i n whic h purpose s ar e implemente d b y a  selectio n o f 
problem-solvin g heuristics ,  whic h i n tur n ar e implemente d 
usin g script s an d schemas .  Eac h scrip t  o r  schem a i s the n 
instantiate d vi a a  serie s o f  goal-drive n activitie s whic h ca n 
be represented  a s th e transformatio n o f  menta l  state s b y 
operator s tha t  transfor m on e stat e int o another .  Thus ,  a 
particula r  scrip t  (fo r  example ,  "Win d a  coil" )  ca n b e 
decompose d int o specifi c  subgoal s ("Obtai n wire. "  "Win d 
wir e o n core. "  etc.) .  whic h i n tur n ca n b e decompose d int o 
specifi c  State s an d Operators .  Whil e ou r  us e o f  terminolog y 
i n th e level s sometime s differ s fro m existin g cognitiv e 
theory ,  i t  ca n b e show n tha t  th e analysi s i s consisten t  wit h 
existin g account s o f  scientifi c  activity . 

The theory accommodates concerns derived from both die 
humanitie s (e.g. .  th e histor y o f  science ,  cultur e studies )  an d 
th e science s (e.g. .  dynami c system s theory) :  bot h ar e 
necessar y t o accoun t  fo r  th e complexit y o f  real-worl d 
thinkin g i n a  socially -  an d culturally-conditione d domain . 
We thu s blen d interpretiv e ("humanities-like" )  an d scientifi c 
("explanatory" )  accounts . 

Three examples from our own work illustrate the 
advantage s o f  th e account .  Thus ,  Dunca n &  Twene y (1997 ) 
have show n tha t  Faraday' s developin g representatio n o f 
aspect s o f  hi s  field  theor y ca n b e accounte d fo r  b y positin g a 
"representationa l  spillover "  fro m on e domai n t o another . 
Here ,  Faraday' s long-ter m purpose s (Leve l  1 )  wer e 
instantiate d vi a specifi c  heuristic s (Leve l  2) ,  whic h interacte d 
i n productiv e fashio n wit h hi s concep t  o f  th e field. 
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Lentzealle e 94 .  1419 5 Beriin .  German y 
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Ippolit o &  Twene y (1995 )  showe d tha t  Faraday' s wor k o n 
acoustic s i n 183 1 (jus t  prio r  t o hi s Augus t  discover y o f 
induction )  manifeste d a  progressio n fro m perceptua l  rehearsa l 
throug h "inceptua l  rehearsal. "  i n whic h selectiv e aspect s o f 
hi s perceptua l  experience s wer e enhance d an d "run "  i n stand -
alon e fashion .  Th e resultin g inception s forme d th e basi s fo r 
a menta l  model ,  whic h wa s manifeste d i n physica l 
apparatus .  Here ,  specifi c  heuristic s (Leve l  2 )  wer e 
instantiate d vi a repeated  us e o f  script s (Leve l  3) .  whic h i n 
tur n modifie d th e heuristics ,  an d s o on ;  onl y the n wa s 
physica l  instantiatio n (Level s 4  an d 5 )  possible . 

The present account can incorporate explicit representation 
of  cultura l  an d historica l  dynamics .  Fo r  example ,  a  recen t 
investigatio n (Kur z &  Tweney ,  i n press )  o f  th e 
representationa l  us e o f  differentia l  equation s relie d upo n th e 
representationa l  multiplicit y o f  th e calculu s (recoverabl e 
fro m th e rich  histor y o f  th e calculus )  t o uncove r  th e 
purpose s an d heuristic s (Level s 1  an d 2 )  a t  pla y i n th e real -
tim e attempt s o f  exper t  physica l  scientist s an d 
mathematician s t o solv e a  physica l  rat e problem . 

Here, representational change was capturable by using the 
rich  historica l  contex t  o f  th e cultura l  artifac t  tha t  constitute s 
modem calculus .  Suc h "archeology "  o f  knowledg e prove s 
full y consisten t  wit h eve n th e mos t  molecula r  account s o f 
problem-solvin g activities . 
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Formin g a  coheren t  representatio n fro m text s i s  ke y t o 
comprehension .  Th e processe s o f  buildin g an d maintainin g 
suc h representation s ar e ver y comple x an d dynamic .  I n thi s 
presentation ,  w e describ e a  computationa l  mode l  o f  readin g 
comprehension—th e competitiv e cohor t  mode l  ( C C M ) — 
whic h capture s h o w reader s construc t  a n interconnecte d 
networ k o f  memor y representatio n durin g reading .  Th e dat a 
fro m modelin g ar e compare d t o existin g huma n data . 

I n C C M,  th e readin g proces s i s  conceptualize d a s a 
landscap e o f  fluctuatin g activation .  Wit h eac h readin g cycle , 
ne w element s ar e activate d whil e ol d one s ma y decline . 
Ther e ar e fou r  majo r  source s o f  activation ,  th e curren t 
sentence ,  th e activatio n vecto r  a t  th e en d o f  th e precedin g 
cycle ,  readers '  activate d backgroun d knowledge ,  an d th e 
memory representatio n fo r  prio r  text .  Thes e activation s ar e 
update d afte r  eac h statemen t  i s  processe d t o reflec t  th e 
curren t  stat e o f  workin g memory .  Th e resultin g content s i n 
workin g memor y ar e represente d i n a n activatio n matrix . 
W h en element s ar e co-activate d i n workin g memory ,  the y 
creat e association s wit h eac h other s a s wel l  a s auto -
association s t o themselves .  Onc e som e initia l  connection s 
ar e formed ,  wheneve r  a n elemen t  i s  activated ,  s o ar e th e 
element s tha t  hav e becom e associate d wit h i t  throug h sprea d 
of  activation .  Th e amount s o f  sprea d o f  activatio n ar e 
proportionall y determine d b y th e strength s o f  connectio n 
among element s an d a  fre e parameter .  Additionally ,  thi s 
cohor t  activatio n i s kep t  i n chec k b y a  nonlinea r  asymptoti c 
functio n t o filte r  ou t  noises .  Furthermore ,  th e element s 
compet e wit h eac h othe r  fo r  th e privileg e o f  predictin g othe r 
element s (henc e th e nam e o f  Competitiv e Cohor t  model) . 
The expectanc y o f  a  particula r  elemen t  i s determine d b y it s 
contextua l  association s t o al l  othe r  activate d elements .  A 
targe t  element s expectanc y serve s a s a  targe t  activatio n 
valu e limitin g it s growth .  A s a n element s actua l  activatio n 
approache s th e expecte d activatio n i n th e context ,  th e degre e 
of  chang e i n connectio n strengt h correspondingl y decreases . 
Element s i n workin g memor y ar e update d int o episodi c 
memory throug h a  delt a learnin g rule .  Th e result s o f  al l  th e 
connection s ar e capture d i n a  connectio n matrix .  Th e mode l 
has a  retrieva l  componen t  base d o n th e sam e cohor t 
activatio n mechanis m a s i n th e comprehensio n phase . 

Resul t s 

The result s fro m modelin g sho w tha t  C C M capture s th e 

dynamicall y interactiv e natur e o f  buildin g representation s 

durin g readin g b y allowin g variou s source s o f  activatio n t o 

contribut e t o memor y representations .  I t  als o produce s 

uniqu e pattern s o f  result s tha t  ar e consisten t  wit h fmding s i n 

th e literature ,  e.g. ,  i t  show s a  deca y properl y withou t  a n 

explici t  deca y function .  A s a  result ,  i t  ca n mode l  delaye d 

recall .  Th e mode l  als o encode s th e tempora l  dimensio n o f 

th e tex t  inpu t  therefor e capture s asymmetri c primin g o f  tex t 

elements . 
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A numbe r  o f  protoco l  studie s comparin g th e perfor -
mance o f  expert s an d novice s hav e conclude d tha t  dif -
ference s exis t  no t  jus t  betwee n th e amoun t  o f  knowledg e 
possesse d b y novice s an d expert s bu t  als o i n th e wa y 
expert s an d novice s organize ,  retriev e an d us e knowl -
edge t o solv e problems .  Activ e apprenticeshi p ha s bee n 
suggeste d a s a n effectiv e techniqu e t o teac h novice s t o 
becme experts .  Recentl y machin e learnin g a s wel l  a s 
knowledg e acquisitio n researcher s hav e turne d t o ap -
prenticeshi p learnin g a s a n effectiv e wa y o f  acquirin g 
proble m solvin g knowledge . 

A larg e numbe r  o f  A I  apprenticeshi p system s hav e 
been develope d t o appl y t o a  variet y o f  proble m solvin g 
tasks .  However ,  thes e system s assum e tha t  onl y on e 
user  interact s wit h th e syste m an d tha t  tha t  use r  i s in -
fallible .  H u m a n apprentice s ar e abl e t o lear n fro m mul -
tipl e mentor s (wh o m a y a t  time s b e wrong )  b y learnin g 
fro m onl y thos e experience s i n whic h the y ca n explai n 
t o themselve s tha t  th e teacher' s wa y o f  solvin g th e prob -
le m i s better .  T o addres s thes e limitations ,  w e emplo y 
PIPP ,  a  multi-strateg y learnin g an d plannin g syste m 
tha t  learn s t o produc e improv e th e efficienc y a s wel l 
as qualit y o f  th e solution s produce d b y a  partia l  orde r 
planner .  PIP P remember s th e goo d plannin g episode s 
alon g wit h th e justificatio n a s t o wh y the y ar e good .  I t 
als o learn s loca l  contro l  rule s tha t  sugges t  a  preferre d 
alternative s a t  a  particula r  decisio n point . 

Previou s case-base d plannin g system s suc h a s 
P R O D I G Y / A N A L O GY an d D e r S N L P tha t  onl y lear n 
t o improv e plannin g efficienc y inde x thei r  solution s b y 
relevan t  initia l  conditions .  Thes e ar e th e initia l  con -
dition s tha t  ar e neede d a s precondition s fo r  ziction s i n 
th e final  plan .  Presenc e o f  thes e condition s i n th e ne w 
proble m specificatio n guarantee s tha t  th e pla n create d 
unde r  th e guidanc e o f  th e previou s cjis e wil l  satisf y th e 
currentl y activ e goal s bu t  no t  tha t  i t  wil l  lea d t o a  hig h 
qualit y plan .  T o ensur e tha t  th e retrieve d case' s guid -
anc e wil l  lea d t o a  hig h qualit y solutio n w e als o nee d t o 
remember  th e condition s unde r  whic h th e previou s pla n 
was bette r  (w e cal l  thes e condition s th e betternes s condi -
tion s o f  a  plan) .  Betternes s condition s ar e th e rang e o f 
th e value s o f  variable s (provide d i n th e proble m specifi -
cations )  unde r  whic h a  pla n i s better .  Togethe r  wit h th e 
releven t  initia l  condition s the y for m th e distinguishin g 

feature s o f  th e pla n tha t  P IP P use s t o stor e an d retreiv e 
plans . 

Give n a  proble m description ,  P IP P searche s fo r  a 
simila r  cas e i n it s cas e m e m o r y an d use s th e retrieve d 
cas e t o guid e pla n construction .  I f  n o suc h cas e i s found , 
i t  use s th e contro l  rule s (i f  an y ar e applicable )  tha t  i t 
has learne d t o guid e pla n construction .  A  generativ e 
planne r  i s onl y use d whe n n o guidin g knowledg e i s avail -
able .  Th e inpu t  t o P IP P i s a  proble m statemen t  an d 
user' s pla n i n th e for m o f  a n ordere d se t  o f  actions .  Fol -
lowin g i s a  brie f  outlin e o f  PIPP' s learnin g algorithm . 

1.  Give n a  proble m descriptio n generat e th e system' s 
solutio n t o th e problem .  Generat e a  trac e fo r  th e 
user' s solutio n identifyin g th e difference s i n selection s 
fro m th e system' s solutio n a t  variou s choic e points . 

2.  Compar e th e user' s an d th e system' s solutio n fo r 
qualit y an d identif y th e bette r  solutio n an d th e wors e 
solution .  Determin e th e distinguishin g feature s o f  th e 
bette r  an d th e wors e plan .  Inde x (re-index )  eac h cas e 
wit h th e distinguishin g features . 

3.  Compar e th e plannin g trace s o f  bot h plan s an d for m 
preferenc e rule s tha t  indicat e 'prefe r  th e choice s m a d e 
durin g th e "better "  plannin g episod e i f  th e partia l 
pla n unde r  refinemen t  ha s th e distinguishin g feature s 
tha t  th e "better "  partia l  pla n possesse d a t  thi s poin t 
i n th e refinement. ' 

We hav e teste d th e performanc e improvement s ob -
taine d b y storin g an d retrievin g th e case s wit h 
betterness-conditions .  W e randoml y generate d 10 0 
problem s fro m th e modifie d logistic s transportation , 
traine d PIP P o n first  1 0 o f  the m an d compare d it s 
performanc e o n th e remainin g 9 0 problem s wit h Der -
S N L P.  Problem s containe d tw o truck s an d on e plan e 
whic h wer e distribute d amon g tw o cities .  W e varie d 
th e numbe r  o f  package s fro m on e t o tw o an d ra n five 
trial s fo r  eac h case .  Th e result s ar e quit e encouragin g i n 
tha t  the y indicat e tha t  thi s relativel y smal l  amoun t  o f 
trainin g provide d substantia l  improvement s i n plannin g 
performanc e (10-1 5 % ) .  P IP P doe s no t  produc e wors e 
solution s o n an y o f  th e tes t  examples .  Preliminar y re -
sult s ar e encouragin g bu t  mor e extensiv e testin g wil l 
hav e t o b e don e t o se e tha t  whethe r  th e improvement s 
i n pla n qualit y com e a t  th e cos t  o f  planne r  efficiency . 
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Introductio n 

The basic goal of categorization is to predict the probability 
of  variou s unexperience d feature s o f  object s (Anderson , 
1991) .  I n addition ,  w e propos e tha t  th e predictio n o f  th e 
probabilit y o f  unexperience d feature s i s  base d o n know n 
oriente d relationship s betwee n properties :  t o wha t  exten t  doe s 
th e colo r  o f  a  bird' s feather s allo w u s t o determin e whethe r  i t 
i s  mal e o r  female ? 

Our  assumption s ar e a s follows :  (1 )  th e externa l 
environmen t  i s compose d o f  objects ,  (2 )  eac h objec t  sustain s 
properties ,  (3 )  object s hav e propertie s i n c o m m o n ,  (4 )  thi s 
commonalit y o f  propertie s furnishe s a  structur e i n term s o f 
oriente d relationship s betwee n objects ,  an d finally  (5 )  th e 
interna l  environmen t  shoul d reflec t  thi s structur e i n term s o f 
relationship s betwee n properties . 

I n studyin g th e relationship s betwee n properties ,  i.e. , 
betwee n th e descriptor s o f  objects ,  tw o type s o f  relationship s 
ca n b e observed :  intensiv e an d extensiv e relationships .  Her e 
we wil l  mainl y stud y extensiv e relationship s o f  implicatio n 
throug h th e Bayesia n metho d o f  implicativ e analysi s 
(Bernar d &  Charron ,  1996 )  whic h i s  conducte d i n tw o 
phases : 

(1 )  A  descriptiv e phas e whic h consist s i n determining ,  fo r 
eac h pai r  o f  properties ,  th e eventua l  relationship s o f  quasi -
implicatio n strictl y observabl e i n th e dat a se t  (th e sample) ; 
and 

(2 )  A n inductiv e phas e (base d o n a  Bayesia n model )  tha t 
allow s generalizin g th e result s o f  th e descriptiv e phas e t o a 
large r  populatio n fro m whic h th e sampl e wa s extracted . 

Method 

The data consisted of judgments attributing intensity values 
t o perceive d sensor y propertie s (desser t  creams) .  Twelv e 
experience d professiona l  sensor y analysi s judge s participate d 
i n th e experiment ,  ther e wer e si x me n an d si x women ,  age d 
25 t o 40 . 

Results 

The results allow demonstrating that several properties 
common l y considere d independan t  ar e i n fac t  relate d t o 
other : 

W e ak colo r  quasi-implie s wea k bitte r  taste .  Stron g colo r 
quasi-implie s wea k carame l  an d wea k hazelnu t  taste .  Stron g 
coco a tast e quasi-implie s stron g dar k brown ,  m e d i u m 
powder y an d stron g coco a taste .  W e a k powder y quasi -
implie s wea k thickness.Wea k coco a tast e quasi-implie s wea k 
consistancy ,  wea k color ,  wea k bitternes s an d wea k thickness . 
Med iu m bitternes s quasi-implie s wea k hazelnu t  tast e an d 
stron g dar k brow n color ,  etc . 

Conclusion 

We have shown through descriptive and inductive analysis 
tha t  extensiv e propert y relationship s ca n b e detecte d an d 
quantified .  I t  i s  nonetheles s wel l  t o not e tha t  th e quasi -
implicationa l  relationship s foun d her e ar e relativ e t o th e 
grou p o f  thre e product s analyze d i n thi s stud y an d coul d b e 
modifie d i f  th e worl d studie d containe d othe r  objects .  Th e 
propert y implicatio n chain s tha t  descriptiv e an d inductiv e 
analysi s hav e brough t  t o ligh t  her e might ,  fo r  example ,  allo w 
optimisin g sensor y testin g session s b y askin g expert s t o 
evaluat e onl y th e mos t  relevan t  propertie s (i.e. ,  th e 
independen t  properties) .  Thi s analysi s als o allow s predictin g 
unexperience d objec t  propertie s fro m know n ones .  Fo r 
example ,  w e hav e show n tha t  "I f  a  desser t  crea m ha s a  wea k 
colo r  (i s quit e light) ,  the n ther e i s a  goo d chanc e tha t  i t  wil l 
als o hav e th e wea k bitternes s propert y (no t  ver y bitter) .  W e 
verifie d thes e quasi-implication s b y questionin g th e judge s 
directly ,  "  I f  a  desser t  crea m i s quit e light ,  doe s tha t  mea n i t 
wil l  no t  b e ver y bitter ? "  (an d vic e versa) .  Finally ,  w e believ e 
thes e result s concernin g th e extensiv e implicatio n o f  sensor y 
propertie s ca n b e extrapolate d t o othe r  domain s suc h a s th e 
stud y o f  representation s an d comprehension . 
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Abstrac t 

This paper describes the theoretical background of an Act-R 
model  o f  discover y learnin g i n a  simulated ,  conceptua l  do -
main :  optics .  I t  i s assume d tha t  learnin g i n a  simulatio n con -
tex t  consist s o f  bot h implici t  an d explici t  learning .  Th e Act- R 
model  unde r  developmen t  trie s t o captur e bot h learnin g types . 

L e a r n i n g i n C o n c e p t u a l  D o m a i n s 

Curren t  researc h o n knowledg e developmen t  i n comple x do -
main s ofte n concentrate s o n th e acquisitio n o f  knowledg e i n 
procedura l  domain s (e.g. ,  learnin g h o w t o solv e a  "Tower s o f 
Hanoi "  problem) .  Th e developmen t  o f  knowledg e i n thes e 
domain s ca n b e describe d i n term s o f  gradua l  change s o f  th e 
procedure s suite d fo r  th e tas k a t  hand .  I n conceptua l  domain s 
th e acquisitio n o f  knowledg e ca n bette r  b e explaine d i n term s 
of  qualitativ e restructurin g o f  knowledge .  Durin g learning , 
th e initiall y  smal l  an d unstructure d knowledg e become s mor e 
structure d an d i s expande d wit h newl y inferre d o r  discovere d 
knowledge . 

Thi s proces s ca n b e describe d usin g Klah r  an d Dunbar' s 
(1988 )  Scientifi c  Discover y a s Dua l  Searc h ( S D D S )  theory . 
Accordin g t o thi s theor y \h e learne r  discover s ne w knowl -
edg e b y alternatin g betwee n a  hypothesi s spac e an d a n exper -
imen t  space .  B y searchin g th e hypothesi s space ,  th e learne r  i s 
abl e t o identif y hypothese s abou t  th e domai n unde r  study .  B y 
experimentin g i n th e domai n thes e hypothese s ca n b e tested . 
Base d o n thi s searchin g an d experimenting ,  existin g hypothe -
ses ca n b e teste d an d ne w knowledg e ca n b e derive d fi-o m th e 
existin g knowledg e o r  fro m th e experiment s carrie d out . 

Van Joolinge n an d d e Jon g (1997 )  extende d th e S D D S the -
or y b y specifyin g i n greate r  detai l  th e structur e o f  th e hypoth -
esi s space .  I n thei r  theory ,  th e hypothese s i n thi s spac e ar e 
hierarchicall y ordered . 

Experimental Studies 

I n project s paralle l  t o th e on e describe d here ,  studie s ar e car -
rie d ou t  i n whic h subject s hav e t o discove r  th e rule s under -
lyin g a  rea l  worl d domain :  a n optic s simulation .  Bot h thin k 
alou d an d actio n log s ar e recorded .  T o measur e th e acquisi -
tio n o f  knowledg e th e subject s complete d tw o pre-test s an d 
tw o post-tests .  Th e firs t  pre -  an d post-tes t  wer e constructe d 
t o measur e definitiona l  knowledg e wherea s th e secon d pre -
and post-tes t  wer e constructe d t o measur e intuitiv e "What -
If "  knowledg e a s describe d i n Swaa k an d d e Jon g (1996) . 
Thes e tw o typ e o f  test s wer e chose n t o b e abl e t o distinguis h 
betwee n implici t  an d explici t  learnin g effects .  Firs t  analyse s 
sho w tha t  subjects '  performanc e increase s o n bot h tests . 

I n th e experiment s o f  Klah r  &  Dunba r  (1988) ,  ther e 
ar e clea r  difference s betwee n subject s i n discover y learnin g 
tasks .  A  subjec t  ca n eithe r  rel y heavil y o n th e hypothesi s 
spac e o r  o n th e experimen t  space .  Althoug h Klah r  an d Dun -
bar  labelle d thes e subject s "Theorists "  an d "Experimenters" , 
a bette r  distinctio n betwee n thes e subject s migh t  b e explici t 
and implici t  learners .  Th e explici t  learner s ar e usin g thei r 
meta-cognitiv e knowledg e an d th e hierarchica l  informatio n i n 
th e hypothesi s spac e t o deliberatel y choos e a  bette r  hypoth -
esis .  Wherea s th e implici t  learner s onl y us e th e hypothesi s 
spac e t o identif y possibl e variable s t o experimen t  with . 

Modeling Implicit and Explicit Learning 

To tes t  thes e ideas ,  a  mode l  i s bein g develope d i n Act- R 4. 0 
(Anderso n &  Lebiere ,  i n press) .  Explici t  learnin g i s modelle d 
as rule s whic h explicitl y  searc h th e extende d S D D S hypothe -
si s spac e fo r  a  bette r  hypothesis ,  usin g th e knowledg e alread y 
gaine d fro m th e experimen t  space .  Usin g thi s knowledge ,  th e 
model  ca n decid e h o w t o manoeuvr e i n th e hierarchica l  struc -
ture d hypothese s a s propose d b y va n Joolinge n an d d e Jon g 
(1997) .  Fo r  implici t  learnin g o n th e othe r  hand ,  rule s ar e use d 
whic h "just "  selec t  a  ne w hypothesis ,  withou t  explicitl y  test -
in g o r  searchin g fo r  a  bette r  fi t  betwee n th e hypothesi s an d 
th e externa l  world . 

I f  thi s mode l  i s abl e t o captur e th e behaviou r  o f  th e subject s 
i n th e optic s simulation ,  thi s woul d confir m th e validit y o f 
th e S D D S theorie s an d provid e a  clearl y specifie d distinctio n 
betwee n implici t  an d explici t  learning . 
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Di d som e specie s evolv e communicatio n t o perfor m co -
operativ e tasks ? MacLenna n an d Burghard t  (1993 )  use d a n 
artificia l  lif e approac h calle d syntheti c etholog y t o sho w tha t 
animal s migh t  evolv e a  signalin g syste m t o facilitat e coopera -
tio n whe n cooperatio n lead s t o greate r  fitness  (thei r  simulate d 
organism s wer e calle d simorgs) .  Whil e thei r  result s wer e in -
teresting ,  th e us e o f  syntheti c etholog y di d no t  allo w the m t o 
investigat e wha t  a  mor e realisti c simulatio n migh t  reveal .  I n 
particular ,  organism s livin g i n a  spatial ,  tempora l  worl d wil l 
hav e othe r  option s availabl e t o effec t  cooperation .  T w o o f 
th e possibl e strategie s tha t  ca n evolv e t o ai d cooperatio n ar e 
signal-seeking ,  wher e simorg s tel l  othe r  simorg s tha t  they'v e 
foun d a  resource ,  an d company-seeking ,  wher e simorg s mov e 
aroun d unti l  the y occup y th e sam e secto r  a s anothe r  simorg . 
Th e first  strateg y use s signals ,  bu t  th e secon d doe s not . 

Thi s projec t  extend s MacLenna n an d Burghardt' s studie s 
by usin g a  two-dimensiona l  worl d an d allowin g th e simorg s 
t o m o v e abou t  th e worl d fo r  man y timestep s (on e outpu t  ac -
tio n pe r  timeste p fo r  eac h simorg) ,  gatherin g resources .  Co -
operatio n i s define d a s a n ac t  tha t  mus t  b e performe d wit h 
severa l  simorg s i n orde r  t o gai n a  benefi t  o f  som e kind . 
To facilitat e cooperation ,  simorg s m a y sen d signal s t o othe r 
simorg s i n sector s beyon d thei r  own .  The y ca n als o recog -
niz e whe n a  resourc e o r  anothe r  simor g i s i n th e sam e secto r 
as the y ar e (se e figure  1) .  I f  severa l  simorg s ar e i n th e sam e 
secto r  a s a  resource ,  the y al l  shar e som e o f  th e benefi t  o f  thi s 
resource .  On e simor g alon e canno t  gai n fitness  fro m a  re -
source ;  thus ,  cooperatio n i s necessar y t o gai n fitness.  The y 
ar e rewarde d wit h fitness  point s whic h ar e late r  use d b y a  ge -
neti c algorith m t o selec t  parent s fro m th e populatio n an d mat e 
the m t o produc e th e populatio n fo r  th e nex t  generatio n o f  th e 
run . 

resourc e 

m o ve z ,  Simorg' s 

I  brai n 

# s i m o r g s 
nearb y 

signa l 

Figur e 1 :  Th e brai n o f  a  simorg :  a  simpl e stimulus-respons e 

mechanism ,  "move "  outpu t  ca n eithe r  b e Remain ,  Taxi s 

(mov e toward s th e inpu t  signal )  o r  Wander . 

This is an exploratory study that is in progress. Two vari-
able s ar e bein g manipulated :  populatio n densit y an d resourc e 
abundance .  Populatio n densit y i s th e rati o o f  th e numbe r  o f 
simorg s i n an y give n generatio n t o th e numbe r  o f  sector s i n 

th e world .  Resourc e abundanc e refer s t o h o w ofte n a  resourc e 
wil l  appea r  i n a  give n sector .  M y hypothesi s i s tha t  populatio n 
densit y an d resourc e abundanc e affec t  wha t  typ e o f  strateg y 
evolve s whe n cooperatio n i s required . 

A denotatio n matri x (MacLenna n an d Burghardt ,  1993 ) 
ca n indicat e wha t  kind s o f  strategie s hav e developed .  I t  i s 
a tabl e wit h tallie s o f  response s t o th e variou s possibl e inputs . 
I f  on e entr y i s particularl y large ,  thi s usuall y indicate s th e 
convergenc e o f  som e reactio n t o certai n stimuli .  Tabl e 1  (firs t 
column )  show s on e suc h matri x fo r  signa l  input s afte r  19 0 
generation s i n on e ru n o f  th e simulatio n ("runl") .  Th e othe r 

colum n o f  number s come s fro m a  separat e ru n ("run2" )  whic h 
had a  hig h populatio n densit y an d ver y abundan t  resources . 
Signalin g di d no t  evolv e here .  Anothe r  denotatio n matri x fo r 
thi s ru n (omitte d fo r  spac e reasons )  show s tha t  mos t  o f  th e 
populatio n evolve d t o sta y wit h othe r  simorg s an d wande r  i f 
alon e o r  righ t  afte r  a  resourc e ha d bee n gained . 

Tabl e 1 :  Compilatio n o f  tw o denotatio n matrice s fo r  signa l 

inpu t  vs .  output .  I n colum n 1  (runl) ,  th e simorg s ten d t o 

move toward s th e sourc e o f  signa l  ("taxis") .  I n run 2 (colum n 

2)  simorg s evolve d neve r  t o sen d signals ,  s o ther e ar e fe w 

response s ou t  o f  a  possibl e severa l  thousand . 

Output(Move/Signal) Signal (runl) Signal (run2) 

Remain/N o signa l  29 3 0 

23 5 0 

280 2 4 

1 4 

51 0 

752 0 

Remain/Signa l 

Taxis/N o Signa l 

Taxis/Signa l 

Wander/N o Signa l 

Wander/Signa l 

Earlie r  experiment s wit h a  relate d simulatio n showe d th e 
evolutio n o f  company-seekin g t o b e a  somewha t  uncommo n 
development .  Suc h behavio r  ha s no t  ye t  bee n observe d i n thi s 
simulation .  Whil e cooperatio n i s certainl y a  sufficien t  pres -
sur e fo r  th e evolutio n o f  communication ,  i t  i s  no t  a  necessar y 
condition .  Othe r  cooperativ e strategie s ca n als o evolv e whic h 
do no t  involv e signaling . 

References 

MacLennan ,  B .  J. ,  &  Burghardt ,  G .  M .  (1993) .  Syntheti c 
etholog y an d th e evolutio n o f  cooperativ e communication . 
Adaptiv e Behavior ,  2 ,  161-188 . 

127 6 

mailto:elyk@cs.indiana.edu


Ze r o S u m G a m e s A s Distribute d Cognitiv e Sys tem s 

Robert L. West (rwest@hkucc.hku.hk) 
Departmen t  o f  Psychology ,  Universit y o f  Hon g Kong ,  Hon g Kong ,  P R C . 

Abstrac t 

By simulating game playing with neural networks, and by 
usin g huma n subjects ,  i t  i s  demonstrate d tha t  th e interactio n 
betwee n tw o player s i n a  gam e o f  Paper ,  Rock s an d Scissor s 
can giv e ris e t o emergen t  propertie s tha t  ar e no t  inheren t  i n 
th e individua l  players . 

Game theory (VonNeumann & Morgenstern, 1944) 
describe s h o w rationa l  player s shoul d behav e i n a 
competitiv e situatio n prescribe d b y rule s an d wit h payoff s 
fo r  certai n results .  However ,  t o d o thi s i t  i s  necessar y t o 
make assumption s concernin g th e cognitiv e mechanism s 
availabl e t o th e players .  On e assumptio n tha t  i s frequentl y 
made i s  tha t  player s hav e th e abilit y t o generat e rando m 
response s (i.e .  t o dra w response s a t  rando m fro m a 
predetermine d distribution) .  Fo r  example ,  th e gam e theor y 
solutio n fo r  Paper ,  Rock s an d Scissor s (henc e fort h PRS )  i s 
t o pla y randomly ,  1/ 3 paper ,  1/ 3 rocks ,  an d 1/3 . 

However ,  th e assumptio n o f  rando m response s i s 
problemati c fo r  tw o reasons .  Th e first  i s  tha t  peopl e ar e 
normall y quit e ba d a t  generatin g rando m response s (se e 
Tune ,  1964 ,  an d Wagenaar ,  197 2 fo r  reviews) ,  an d th e 
secon d i s tha t  whe n peopl e gues s wha t  i s comin g nex t  i n a 
serie s the y attemp t  t o capitaliz e o n sequentia l  dependencies , 
regardles s i f  the y ar e presen t  o r  no t  (e.g. ,  Anderson ,  1960 ; 
Estes ,  1972 ;  Restle ,  1966 ;  Ros e &  Vitz ,  1966 ;  Vit z &  Todd , 
1967) .  Give n th e abov e research ,  a  mor e realisti c mode l  o f 
PRS pla y woul d hav e player s tryin g t o detec t  eac h other' s 
sequentia l  dependencies . 

To mode l  this ,  simpl e linea r  model s (Rumelhart ,  Hinton , 
and McClelland ,  1986 )  wer e used .  Th e network s wer e 
designe d t o predic t  thei r  opponent' s nex t  mov e base d o n 
previou s trials ,  an d the y differe d onl y i n h o w man y o f  thei r 
opponent' s previou s trial s the y coul d process .  T o represen t 
thi s th e network s ar e b e referre d t o i n term s o f  ho w man y 
lag s bac k the y ha d acces s t o (i.e .  a  lag l  networ k coul d 
remember  on e tria l  back ;  a  lag 2 network ,  tw o trial s back , 
etc.) .  P R S game s wer e the n simulate d b y havin g th e 
network s pla y agains t  eac h other . 

The effec t  o f  processin g mor e lag s wa s clear ,  network s 
tha t  coul d remembe r  mor e alway s wo n i n th e lon g term . 
However ,  a s woul d b e expecte d b y symmetry ,  whe n th e 
network s wer e evenl y matche d n o advantag e emerged .  Th e 
nex t  ste p wa s t o find  ou t  i f  huma n P R S pla y wa s consisten t 
wit h th e simulations .  T o d o this ,  huma n subject s playe d P R S 
agains t  a  lag l  network . 

The subject s wer e 1 3 volunteer s fro m th e Universit y o f 
Britis h Columbi a an d th e Universit y o f  Hon g Kong .  Eac h 
subjec t  playe d fo r  approximatel y 2 0 minutes .  Th e numbe r  o f 
trial s varie d base d o n eac h subject' s playin g speed .  Al l 
subject s playe d a t  leas t  25 0 trial s (mea n numbe r  o f  trial s = 

441) .  Th e mea n o f  subjects '  final  score s wa s 16.8 ,  whic h 
was significantl y highe r  tha n zero ,  indicatin g tha t  subject s 
wer e abl e t o outpla y th e lag l  network . 

P RS i s a n exampl e o f  a  zer o sum ,  guessin g game .  Fro m a 
distribute d cognitio n perspectiv e (e.g .  se e Hutchins ,  1994) , 
suc h game s ca n b e conceptualize d a s distribute d system s 
compose d o f  couple d sequentia l  dependenc y detectio n 
mechanisms .  Th e result s o f  thi s stud y indicat e tha t  suc h 
system s hav e emergen t  propertie s tha t  benefi t  player s w h o 
ca n proces s mor e lags . 
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I t  i s  quit e eas y t o transfe r  informatio n fro m sensor y 

storag e t o working-memory .  W e d o thi s wit h littl e effor t 

and n o concer n fo r  th e step s fo r  doin g so .  O n th e othe r 

hand ,  transferrin g informatio n fro m working-memor y t o 

long-ter m memory ,  relativel y permanen t  an d integrate d 

storage ,  i s m u c h mor e difficul t  an d problematic . 

Ther e i s  genera l  advic e offere d fo r  thi s purpose .  Fo r 

example ,  activ e learning ,  dee p processin g (Crai k & 

Lockhart ,  1972) ,  an d th e us e o f  graphi c organizer s (Nova k & 

Gowin ,  1984 )  ar e advocated .  Thinkin g abou t  ho w w e 

migh t  b e mor e specifi c  wit h ou r  advic e t o learner s ha s 

brough t  m e t o th e questio n o f  ho w thi s sor t  o f  learnin g ca n 

be self-initiated .  Sinc e meanin g i s  neede d fo r  lon g ter m 

memory,  a  specifi c  tas k tha t  explicate d meanin g fro m th e 

materie d t o b e learne d shoul d b e particularl y effectiv e i n 

fosterin g learning . 

Hypothesis 

The widel y hel d vie w i s tha t  th e longe r  informatio n i s  kep t 

i n working-memor y th e bette r  chanc e i t  ha s o f  bein g 

transferre d t o long-ter m memory .  Alternatively ,  w e migh t 

focu s o n wha t  th e learne r  i s doin g an d advis e learner s t o d o 

somethin g wit h th e informatio n i n working-memory ,  suc h 

as transformin g i t  int o a  differen t  representation .  I f 

informatio n i s  transferre d fro m working-memor y b y som e 

sor t  o f  probabilisti c  process ,  the n learner s w h o hol d 

informatio n i n working-memor y b y a  rehearsa l  proces s 

woul d no t  b e expecte d t o diffe r  fro m thos e wh o performe d a n 

transformatio n o f  representatio n o n th e informatio n becaus e 

bot h woul d b e keepin g th e informatio n i n working-memory , 

one b y rehearsal ,  th e secon d whil e transformin g it s 

representation .  O n th e othe r  hand ,  i f  th e explicatio n o f 

meanin g wa s essentia l  o r  centra l  t o learning ,  the n th e ac t  o f 

transformatio n woul d lea d t o superio r  learning . 

Method 

Fifty-seve n colleg e student s learne d relativel y ne w concept s 

and fact s (Ai r  traffi c  contro l  zones )  presente d t o the m i n 

writte n form .  Eac h studie d th e informatio n fo r  te n minutes . 

The y wer e randoml y divide d int o thre e learnin g condition s 

base d upo n wha t  th e S s wer e tol d t o d o wit h th e informatio n 

whil e studyin g it .  I n th e R E A D conditio n S s wer e 

instructe d t o read  th e materia l  an d prepar e t o answe r 

question s abou t  it ,  i n th e R E H E A R S AL conditio n S s wer e 

aske d t o mentall y rehears e th e informatio n b y keepin g i t  i n 

memory durin g th e stud y period ,  an d i n th e 

T R A N S F O R M A T I ON conditio n S s wer e instructe d t o 

imagin e a  graphica l  representatio n o f  th e informatio n 

presented .  Thei r  retentio n o f  thi s informatio n wa s teste d 4 0 

minute s late r  b y askin g the m t o writ e a  definitio n o r 

descriptio n o f  th e subjec t  i n five  minutes .  Thei r  answer s 

wer e rate d o n a  scal e o f  1-1 0 fo r  correctnes s an d 

completeness . 

Results & Discussion 

Tabl e 1  give s th e mea n score s an d standar d deviation s fo r 

retentio n unde r  eac h o f  th e conditions . 

Table I: Retention scores across groups. 

Conditio n Mean (sd ) 

R E AD 4. 8 (1.27 ) 

R E H E A R S AL 5.6(1.80 ) 

T R A N S F O R M A T I ON 7. 1 (1.52 ) 

The REHEARSAL group scored higher than the READ 

grou p (t=2.17 ,  p<.05 )  an d th e T R A N S F O R M A T I ON grou p 

score d highe r  tha n th e R E H E A R S AL grou p (t=3.39 ,  p<.05) . 

The results suggest that transformation of representation is 

more effectiv e fo r  learnin g tha n rehearsal ,  whic h is ,  i n term , 

mor e effectiv e tha n th e usua l  reading-learnin g strateg y 

student s use .  Thi s support s th e expectatio n tha t  explicatio n 

of  meanin g b y transformatio n o f  representatio n facilitate s 

learning .  Th e result s als o suppor t  th e conclusio n tha t 

transformatio n o f  representatio n i s a  specifi c  intentiona l  ac t 

learner s ca n d o t o foste r  th e transfe r  o f  informatio n fro m 

working-memor y t o long-ter m memory . 
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Recent  researc h suggest s tha t  a t  aroun d 9  o r  1 0 months , 
infant s begi n t o represen t  kin d concept s suc h a s bal l  an d 
duck ,  an d thi s i s als o th e ag e a t  whic h the y begi n t o 
comiwehen d coun t  noun s suc h a s "ball "  an d "duck. "  Tw o 
recen t  studie s rais e th e questio n o f  whethe r  languag e play s 
an activ e rol e i n constructin g kin d concepts .  Balaba n & 
Waxman (1997 )  foun d tha t  whe n give n a  labe l  (e.g. ,  '* & 
rabbit" )  alon g wit h picture s o f  rabbit s durin g 
familiarizations ,  9-month-ol d infant s spen t  mor e tim e 
lookin g a t  th e exempla r  fro m a  ne w categor y (e.g. ,  a  pig ) 
paire d wit h a  nove l  exempla r  fro m th e ol d categor y (e.g. , 
anothe r  rabbit )  o n th e tes t  trials .  Withou t  labeling , 
however ,  n o suc h preferenc e wa s found .  The y argue d tha t 
labelin g facilitate s infants '  objec t  categorization .  X u & 
Care y (1996 )  aske d 10-month-ol d infant s t o infe r  th e numbe r 
of  object s behin d a n occlude r  upo n seein g tw o object s from 
tw o differen t  kinds/sortal s (e.g. ,  a  bal l  an d a  duck )  emergin g 
from  behin d th e occlude r  on e a t  a  time .  The y foun d tha t  a t 
10 months ,  onl y infant s wh o understoo d word s suc h a s 
"ball "  an d "duel? '  succeede d i n usin g kin d informatio n t o 
individuat e objects . 

These studie s rais e th e possibilit y  tha t  distinc t  label s ma y 
giv e infant s pointer s t o distinc t  kinds/sortals ,  a s suggeste d 
by X u (1997) .  I n th e presen t  study ,  w e predic t  tha t  usin g 
th e X u &  Care y (1996 )  paradig m whil e labelin g eac h objec t 
(e.g. ,  " a ball "  vs .  " a duck") ,  9-month-ol d infant s wh o d o no t 
understan d an y word s ye t  a s a  grou p woul d succee d i n 
inferrin g tw o distinc t  object s behin d th e screen . 

Twenty-fou r  9-month-ol d infant s wo e teste d i n thre e 
conditions :  th e two-wor d condition ,  th e one-wor d condition , 
and th e baselin e condition . 

I n th e two-wor d condition ,  a  bal l  wa s brough t  ou t  from 
behin d th e scree n an d a  voic e said ,  " a ball, "  the n th e bal l  wa s 
returned  behin d th e screen .  Nex t  a  to y duc k wa s brough t  ou t 
from  behin d th e sam e scree n an d a  voic e said ,  " a duck, "  the n 
th e duc k wa s returned  behin d th e screen .  Eac h objec t  wa s 
brough t  ou t  an d labele d 6  times .  O n th e tes t  trials ,  th e 
scree n wa s removed  t o reveal  tw o object s (th e consisten t 
outcome )  o r  on e o f  th e tw o object s (th e inconsisten t 
outcome) .  Lookin g time s wer e recorded . 

I n th e one-wor d conditio n (i.e. ,  th e contro l  condition) ,  th e 
bal l  an d th e duc k wer e brough t  ou t  from  behin d th e scree n 
one a t  a  time ,  bu t  eac h on e wa s labele d " a toy. "  Th e tes t 
trial s wer e identica l  t o thos e i n th e two-wor d condition . 

I n th e baselin e condition ,  n o objec t  wa s brough t  ou t  from 
behin d th e screen .  Th e scree n wa s simpl y removed  t o sho w 
th e one-objec t  an d two-objec t  outcomes .  Thi s provide s a 
measur e o f  infants '  intrinsi c prefoenc e fo r  th e one -  o r  two -
objec t  outcome . 

Analyse s o f  varianc e wer e performe d comparin g eac h o f 
th e experimenta l  condition s wit h th e baselin e conditio n an d 
th e tw o experimenta l  condition s wit h eac h other ,  wit h typ e 
of  tria l  (tes t  vs .  baseline )  an d numbe r  o f  object s i n tiie 
outcom e ( 1 vs .  2 )  a s variables . 

Two-wor d conditio n an d baseline .  Ther e wa s a n interactio n 
betwee n typ e o f  tria l  an d outcome ,  F(l,22 )  =  6.938 ,  p  < 
.02 .  Th e infant s looke d longe r  a t  th e two-objec t  outcom e 

on th e baselin e (Mone-objec t  =  9.4s ;  Mtwo-objec t  =  5.1s ) 
but  the y looke d longe r  a t  th e one-objec t  outcom e o n th e tes t 
trial s upo n hearin g tw o label s fo r  th e tw o object s (Mone -
objec t  =  8.6s ;  Mtwo-objec t  =  7.3s) . 

One-wor d conditio n an d baseline .  Ther e wa s n o interactio n 
betwee n typ e o f  tria l  an d outcome ,  F(l,22 )  =  .754 ,  p  =  .395 . 
The infant s looke d longe r  a t  th e two-objec t  outcom e o n th e 
baselin e an d tes t  trial s whe n onl y on e labe l  wa s use d fo r  th e 
tw o object s (Mone-objec t  =  5.4s ;  Mtwo-objec t  =  7.8s) . 

One-wor d conditio n an d two-wor d condition .  Ther e wa s 
an interactio n betwee n typ e o f  tria l  an d outcome ,  F(l,22 )  = 
3.303 ,  p  <  .08 .  Th e infant s showe d differen t  pattern s o f 
lookin g o n th e tes t  trial s o f  th e tw o wor d conditions . 

The mai n resul t  o f  th e experimen t  wa s tha t  whe n tw o 
label s wer e provide d i n th e X u &  Care y (1996 )  objec t 
individuatio n task ,  9-month-ol d infant s succeede d i n 
inferrin g tw o distinc t  objects .  Thi s effec t  doe s no t  appea r  t o 
be tru e o f  an y languag e input ,  sinc e th e infant s wh o hear d 
onl y on e labe l  failed . 

The hypothesi s tha t  i s  mad e possibl e b y thes e dat a i s tha t 
perhap s childre n hav e a  built-i n expectatio n tha t  word s 
whic h refe r  t o object s ar e coun t  noun s an d coun t  noun s ma p 
ont o sortals .  I f  tw o coun t  noun s ar e present ,  ther e mus t  b e 
tw o sortals .  I t  i s  thi s syntax-semanti c mappin g betwee n 
coun t  noun s an d sortal s whic h allowe d th e infant s t o succee d 
earlie r  i n th e X u &  Care y task . 

Tentatively ,  w e conclud e tha t  learnin g word s suc h a s 
"cup "  an d "ball "  ma y indee d pla y a  rol e i n constructin g 
concept s suc h a s cu p an d ball . 
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Stevenson ,  Rosemar y J  102 5 
Stewart ,  Andre w J  1031 ,  1206 ,  1242 ,  126 6 

Stoll ,  Jennife r  L  69 3 

Strube ,  Gerhar d 57 3 

Subramanian ,  Devik a 41 8 

Sumner,  J .  Bet h 102 5 

Sun,  Ro n 103 7 
Suwa,  Masak i  104 3 

Swerts .  Mar c 95 1 

Swiderek ,  Melani e R  126 7 

Tada,  Yur i  104 9 

Takane ,  Marin a 80 0 

Takane ,  Yoshi o 80 0 

Tanenhaus ,  Michae l  K  220,65 1 

Tappe ,  Heik e 126 8 
Teller ,  Virgini a 26 7 

Thagard ,  Pau l  3 ,  1 2 

Therouanne ,  Pierr e 126 9 

Thibaut ,  Jean-Pierr e 105 5 

Thomas.  Michae l  S .  C  106 1 

Thompson,  Stephani e L  663 ,  127 0 

Tijus ,  Charle s A  179 .  1238 ,  127 4 

Tindell ,  Debora h R  100 3 

Tirassa ,  Maurizi o 16 2 

Trafton ,  J .  Gregor y 106 7 

Travis ,  Bell a M .  K  102 5 

Trickett ,  Susa n B  106 7 

Tweney,  Rya n D  127 1 

Tzeng ,  Yuhtsue n 127 2 

Ueda,  Kazuhir o 107 3 

Upal ,  Muhammad Afza l  127 3 

Urdapilleta ,  Isabe l  127 4 

Uttal ,  Davi d H  96 3 

Valde-Tourangeau ,  Frederi c 1079 ,  119 8 

van de n Broek ,  Pau l  I2'' 2 

van Rijn .  Hedderic k 127 5 

VanLehn ,  Kur t  108 4 

Vera ,  Alons o H  657 ,  112 4 

Vernagus ,  Raymon d 121 7 

Vollmeyer ,  Regin a 191 ,  109 0 

Vosniadou ,  Stell a 109 6 
Voss ,  Jame s 1 1 

Wagner,  Kyl e 127 6 

Waldmann,  Michae l  R  110 2 

Wallace ,  J .  G  110 8 

Wang,  Hongbi n 531 ,  1113 ,  118 8 

Ward,  Thoma s B  96 8 

Washburn ,  Doroth y K  111 9 
Weber,  Elke U 104 9 

Weinberg ,  A m y 79 4 

West ,  Rober t  L  J124 ,  127 7 

Westermann ,  Ger t  113 0 

Wiebe.Muffi e 44 2 

Wiemer-Hastings ,  Katj a 1136 ,  114 2 

Wiemer-Hastings ,  Pete r  114 2 

Wong,  Ala n 112 4 

Woodson,  Charle s 127 8 

Wortham ,  Stanto n 114 8 
Wrobel ,  Thoma s A  121 7 

W u,  Meliss a Li n 115 4 

Xu.Fe i  127 9 

Yamamoto,  Kasum i  115 9 

Yang,  Yingru i  116 5 

Yeap,  Wai-Kian g 525 ,  117 0 

Yedek9ioglu ,  Omer  A  122 4 

Young,  Michae l  E  127 2 

Yule ,  Pete r  117 6 

Zamani ,  Mojde h 118 2 

Zhang ,  Jiaji e 531 ,  1113 ,  1188 ,  121 0 
Zhou,  Yujia n 36 2 

Zorzi ,  Marc o 49 0 

Zukerman ,  Ingri d 669 ,  77 6 
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KNOUILCDGC SPRC€S 
Thaorics ,  Cmpirico l 
RsMorc I v o n d Rppllcotle M 
edite d b y 
Dl«tric h n i b w t 
Horl-Fromen s Universit̂ J .  RusCn o 
Jos« f  L u k o s 
A/torttn-LuChe r  Universid̂ .  Germon v 

In this volume, researchers employing 
Falmagne' s theor y o f  knowledg e space s 
describ e it s  relevanc e an d utilit y fo r  a  wid e 
variet y o f  problem s i n cognition ,  rangin g fro m 
ches s t o swimmin g t o inductiv e reasoning . 
0-8058-2799- 4 [c ]  /12-9 8 /  300epp .  /  I n Pres s 

UICB UI ISDO M 
Houi  t o CvqIuoI s on d 
G«ol » lll« b Pog « Quollt v 
JoiM t  C .  AI«MAd« r 
Monho R .  Tot o 
LUidene r  University / 

Web evaluation issues are addressed from two 
perspectives :  fro m th e poin t  o f  vie w o f  th e W e b 
use r  an d fro m th e poin t  o f  vie w o f  th e W e b pag e 
author .  Thi s boo k provide s easy-to-us e 
checklist s fo r  evaluatin g existin g W e b page s t o 
determin e whethe r  th e informatio n containe d i n 
the m i s likel y t o b e o f  valu e o r  not . 
0-8058-3122- 3 [c ]  /11-9 8 /  160epp .  /  I n Pres s 
0-8058-3123- 1 [p ]  /11-9 8 /  160epp .  /  I n Pres s 

SOCIRLSCICNCC, 

TCCHNICRLSVSTCMSRND 

COOP€RRTIV€ WORK 
B«vond lh « Gf«o t  Divid * 
edite d b y 
G«olTrtt v C .  Bou i lw r 
Suso n U I g h Sto r 
Universit y o f  Illinois .  Utbono-Chompoig n 
Ulllllo m T u n w r 
C€R65I/CNR S 

LmOossw 
Notiona l  Scienc e Foundation .  Rrlington .  V R 
fl  VaU/Vt € I N TW€ COAAPUT€flS ,  CCXiWITION .  fiNO  UUOfi K 5€RI€ S 

This book is the first to directly address the 
questio n o f  h o w t o bridg e wha t  ha s bee n terme d 
th e "grea t  divide "  betwee n th e approache s o f 
system s developer s an d thos e o f  socia l 
scientist s t o compute r  supporte d cooperativ e 
w o r k —a questio n tha t  ha s bee n vigorousl y 
debate d i n th e system s developmen t  literature . 
0-8058-2402- 2 [c ]  /  199 7 /  488pp .  /  $99.9 5 
0-8058-2403- 0 [p ]  /199 7 /  488pp .  /  $49.9 5 

Price s en d projecte d publicotio n dote s 
or e subjec t  t o chong e ailtlx>u t  nodc « 

MCNTRL LOGI C 
edit f  d  b v 
Mortl n D^ .  Bral M 
N ew 'îor k Universit y (Deceased ) 
Dovi d P .  O'Bri M 
Borv& i  College .  Cit y Universit y o f  N e w Vor k 

This volume is a comprehensive presentation of 
th e theor y o f  menta l  logi c an d it s implication s fo r 
cognitio n an d development ,  includin g th e 
acquisitio n o f  language . 
0-8058-2388- 3 [c ]  /199 8 /  488pp .  /  $125.0 0 
Specia l  Prepai d Offer !  $59.9 5 
No furthe r  discount s apply . 

€XP€RICNC€D C O G N I T I O N 

Richor d R .  Coriso n 
Pennsylvani a Stat e Universit y 

Drawing on work in cognitive psychology and 
philosophy ,  thi s volum e addresse s m a n y o f  th e 
issue s raise d i n philosophica l  treatment s o f 
consciousnes s fro m th e poin t  o f  vie w o f  empirica l 
cognitiv e psychology .  A  theoretica l  framewor k 
fo r  understandin g consciousnes s an d learnin g 
i s presented . 
0-8058-1732- 8 [cloth ]  /  199 7 /  360pp .  /  $89.9 5 
0-8058-1733- 6 [paper ]  /199 7 /  360pp .  /  $45.0 0 

H U M RN F R a O RS R N D 
UICB DCVCLOPMCNT 
edite d b v 
Chri s Fonyd M 
CrIcGro M 
Sandi o Notiona l  Laboratories ,  N M 
Jull *  Rot lM T 
The/\Aal:hUUorUs .  Inc . 

This book amasses perspectives from a broad 
rang e o f  expert s i n huma n factors ,  cognitiv e 
psycholog y an d we b development ,  an d report s 
researc h addressin g issue s associate d wit h th e 
desig n an d usabilit y  o f  we b products .  I n doin g 
so ,  i t  simultaneousl y seek s t o fil l  tw o voids . 
First ,  i t  make s huma n factor s expertise , 
knowledge ,  an d practice s availabl e t o th e we b 
developmen t  community .  Second ,  i t  provide s a 
comprehensiv e sourc e fo r  H F practitioner s 
responsibl e fo r  th e desig n o f  usabl e web-base d 
products . 
0-8058-2823- 0 [c ]  /  199 7 /  288pp.  /  $89.9 5 
0-8058-2824- 9 [p ]  /  199 7 /  288pp.  /  $36.0 0 

| E ^ 
Lou i renc *  C r i b o u m 

R s s o c l o t M ,  Inc . 
10 Industria l  Avenue .  Mohujoh ,  Ml  07430-226 2 

201-256-950 0 FA X 201-236-007 2 

Col l  lell-ft M t o o rd w 1-«00-9t«-«57 9 
•-flMi l  boo k ordo n to:  erdonOoriboiMi^en i 

•Hitol l  Jevmo l  oido n to:  JetimaisOoriboiim.ceii i 
Visi t  ou r  luo b site :  uMinu.«1baiiiii.coii i 

SOCIRL R N D C O G N m VC " 

RPPRORCHCS TO 

INTCRPCRSONRL 

COMMUNICRTION 
edite d tj y 
Suso n R .  Fuss«l l 
Carnegi e Mello n Universit y 
R o g « r  J .  Krwi z 
Universit y o f  Memph i s 

This collection of papers illustrates an exciting 
bod y o f  researc h integratin g th e socia l  an d 
cognitiv e dimension s whic h h a s greatl y 
increase d th e understandin g o f  h u m a n languag e 
use .  Eac h chapte r  demonstrate s h o w th e 
theoretica l  approache s an d researc h method s 
of  socia l  an d cognitiv e psycholog y ca n b e 
successfull y intenwove n t o provid e insigh t  int o 
on e o r  mor e fundamenta l  question s abou t  th e 
proces s o f  interpersona l  communication . 
0-8058-2269- 0 [c ]  /1-9 8 /  312epp .  /  $59.9 5 
0-8058-2270- 4 [p ]  /  1  -9 8 /  312epp .  /  $32.5 0 

TH€ CONSTRUCTION O F 
MCNTRL RCPRCSCNTRTIONS 

DURING RCRDING 
edite d b y 
S u s o n R .  Goldf f lo n 
Vonderbil t  Universit y 
Hmt« vo n OostMidor p 
Universitei t  Utrecht .  Th e Netherland s 

In-depth investigations of the processes of 
meaning-makin g durin g readin g ar e presente d 
at  bot h loca l  (discourse )  an d globa l  (genera l 
knowledge )  levels ,  providin g a  considerabl e 
extensio n o f  knowledg e o n h o w th e constructio n 
an d updatin g o f  menta l  representation s ar e buil t 
up durin g reading . 
0-8058-2428- 6 [c ]  /10-9 8 /  325epp .  /  I n Pres s 
0-8058-2429- 4 [p ]  /10-9 8 /  325epp .  /  I n Pres s 

LOCRUST CONNCCTIONIST 
RPPRORCHCS TO 
HUMRN COGNITION 
edite d b y 
Jenotho n Gro lng« r 
Universit e d e Provence .  Franc e 
Rrthu r  M .  Jacob s 
CNRS.  La b d e Neuroscience s Cognitives .  Franc e 
fl  VauM « I N TH6 SCI€NTI f  I C PSVCHCXOGV SiKK S 

This volume provides an overview of a relatively 
neglecte d branc h o f  connectionis m know n a s 
localis t  connectionism .  O n e majo r  them e tha t 
emerge s i s tha t  localis t  connectionis m currentl y 
provide s a n interestin g m e a n s o f  evolvin g fro m 
verbal-boxologica l  model s o f  h u m a n cognitio n 
t o computer-implemente d algorithmi c models . 
0-8058-2556- 8 [c ]  /  7-9 8 /  384epp .  /  $89.9 5 
Specia l  Prepai d Offer !  $45.0 0 
No furthe r  discount s apply . 
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;  C U L T U R C OF 

THC INTCRNCT 

SoraKlMlw 
Comcg c  1 1 ̂ '  ̂  Jniversfti ^ 

This compendium of essays and research 
report s represent s ho w researcher s ar e thinkin g 
abou t  th e socia l  processe s o f  electroni c 
communicatio n an d it s effect s i n society .  Take n 
together ,  th e chapter s compris e a  firs t  gatherin g 
of  socia l  psychologica l  researc h o n electroni c 
communicatio n an d th e Internet . 
0-8058-1635- 6 [c ]  /  199 7 /  480pp .  /  $99.9 5 
0-8058-1636- 4 [p ]  /  199 7 /  480pp .  /  $39.9 5 

SITURT€D C O G N m ON 
Sociol ,  SMiledc ,  an d 
Psychologko l  P«np«ctiv« s 

David KInhnw 
vC-jisi c " O Stat e L  -̂iversit- j 
jQffl« s A .  Ulh l tse n 
J^  versit v ofDeloujor e 

The chapters comprising this volume contribute 
t o discours e abou t  repositionin g situate d 
cognitio n theor y withi n th e broade r  supportin g 
discipline s an d t o resolvin g th e problematic s 
addresse d withi n th e book . 
0-8058-2037- X [c ]  /199 7 /  336pp .  /  $69.9 5 
0-8058-2038- 8 [p ]  /199 7 /  336pp .  /  $34.5 0 

I H T C R N R T I O N RL 

JOURNAL OF COGNmVC 

CRGONOMICS 
CoeOitor s 
Rkhor d Joh n Koub« h 
LUriQ t̂Stat e Umversiti ^ 
G a v r M SolvMid v 
Purdu e Universiti ^ 

Editorial Scope 
Th e objectiv e o f  thi s ne w quarterl y jouma l  i s  t o 
publis h article s i n cognitiv e ergonomic s a s i t 
relate s t o th e analysis ,  design ,  an d operatio n o f 
cognitiv e activities .  Submission s o f  origina l 
laborator y an d fiel d experimentation ,  cas e 
studies ,  an d thoroug h revie w an d reappraisa l 
article s o n selecte d cognitiv e ergonomi c area s 
ar e welcomed . 
Volume 2,1998, Quarterly 
Individual :  $45.0 0 US/Canad a 

$75.0 0 Al l  Othe r  Countrie s 
Institution ;  $150.0 0 US/Canad a 

$180.0 0 Al l  Othe r  Countrie s 
ISSN:  1088-636 2 
Prices ond projected publicotion dotes 
or e subjec t  t o chong e uuithou t  notice . 

D C S I G N I NG L C R R N I N G 

€NVIRONM€NTS FOR 

DCVCLOPING 

UNDCRSTRNDING OF 

GCOMCTRV RND SPRCC 
€dite d b y 
Akhar d Uhra r 
Universiti ^  o f  Ulisconsin .  Madiso n 
D o n M Choio n 
Mi&iiga n Stat e Universiti ^ 
R \/0(.UM 6 I N TH6 SruOie S i n MflTHtNWTKfl l 
Thinkin g f* c LeflfiMN G Sefis s 

This volume reflects an appreciation of the 
interactiv e role s o f  subjec t  matter ,  teacher , 
student ,  an d technologie s i n designin g 
classroom s tha t  promot e understandin g o f 
geometr y an d space .  I t  wil l  b e essentia l  readin g 
fo r  thos e involve d i n mathematic s educatio n a t 
al l  levels ,  includin g universit y faculty , 
researchers ,  an d graduat e students . 
0-8058-1948- 7 [c ]  /  4-9 8 /  520epp .  /  $99.9 5 
0-8058-1949- 5 [p ]  /  4-9 8 /  520epp .  /  $45.0 0 

K N O U I L € D GC 

RCPRCSCNTRTION 
Rithu r  Morkmo n 
Universtii /  o f  Texa s 

Designed as a text for courses or seminars in 
cognitiv e psycholog y an d cognitiv e scienc e 
wher e knowledg e representatio n i s th e centra l 
topi c o r  significan t  focus ,  thi s boo k present s a 
comprehensiv e introductio n t o knowledg e 
representatio n fo r  th e cognitiv e scientist . 
0-8058-2440- 5 [c ]  /1 1 -9 8 /  200epp .  /  I n Pres s 
0-8058-244 1 - 3 [p )  /1 1 -9 8 /  200epp .  /  I n Pres s 

RCPRCSCNTRTION 

RND PROCCSSING OF 

SPRTIRL CXPRCSSIONS 
edite d b v 
Patric k O l M w 
Deportmen t  o f  Compute r  Science ,  Rber̂ /stwvt h 
KlQUS-P«t« r  G o p p 
Universitoe t  de s Saorlandes ,  German y 

This volume contains a set of theoretical 
analyse s a s wel l  a s account s o f  application s 
whic h dea l  wit h th e problem s o f  representin g 
and processin g spatia l  expressions .  O n e o f  th e 
fundamenta l  aim s o f  thi s boo k I s t o brin g togethe r 
researc h fro m bot h discipline s I n th e belie f  tha t 
artificia l  Intelligenc e ha s muc h t o gai n fro m a n 
appreciatio n o f  cognitiv e theories . 
0-8058-2285- 2 [c ]  /199 8 /  296pp .  /  $79.9 5 
Specia l  Prepai d Offer !  $49.9 5 
No furthe r  discount s apply . 

C O N S T R U C n VC 

KNOUJLCDGC RCQUISITION 
R Cempulotleno l  Mod« l  on d 
CxporlmMlo l  Cvoluotlo n 
from  Sdifflolhofo r 
German Researc h Cente r  fo r 
Rrtificio l  Intelligence .  Haiserslauter n 

For forty years, computer simulation techniques 
and experimenta l  psycholog y researc h hav e 
greatl y mature d th e understandin g o f  huma n 
knowledg e an d it s acquisitio n i n differen t  learnin g 
environments .  Thi s volum e criticall y assesse s 
th e advantage s an d limitation s o f  thes e 
approache s an d the n develop s a n integrate d 
researc h methodolog y 
0-8058-2724- 2 [c ]  /  199 7 /  320pp .  /  $59.9 5 
Specia l  Prepai d Offer l  $29.9 5 
No furthe r  discount s apply . 

C L C a R O N IC UTCRRCICS 
longuog* ,  Cultur* .  an d 
Peuwr  i n Onlin *  Cducodo n 
Mori f  UlondKMw r 
Univesiti ^  o f  Hawai i 

"Warschauer studies groups of students that 
tiav e traditionall y bee n exclude d fro m cx>mputer -
mediatededucation .  Ttiisi s vitalifwearetotnji y 
urKlerstan d th e effect s o f  ne w technoiogies... l 
believ e thi s wor k wil l  hav e a  significan t  impac t 
on th e introductio n an d us e o f  computer -
mediate d learnin g i n highe r  education. ' 

—Den is e Murrar y 
San Jos e Stat e Universit y 

'Warschauer's  analysis is clear, informative, 
an d insightful... A ver y usefu l  an d importan t 
book. ' 

— J i m C u m m i n s 
Ontari o Institut e fo r  Studie s i n Educatio n 

This  volume documents the role in and effect of 
th e Interne t  an d othe r  ne w digita l  technologie s 
on schoolin g an d th e developmen t  o f  languag e 
and literacy .  I t  i s  th e firs t  seriou s stud y o f  th e 
developmen t  o f  electroni c literac y amon g 
student s fro m linguisticall y an d culturall y divers e 
backgrounds . 
0-8058-3118- 5 [c ]  /10-9 8 /  240epp .  /  I n Pres s 
0-8058-3119- 3 [p ]  /10-9 8 /  240epp .  /  I n Pres s 

| E & 
Lamronc o Cribou m 

Rssoclotos ,  In c 
10 Industrio l  Rvenue .  Mohuuoh ,  Ml  07430-226 2 

201-236-950 0 FA X 201-236-007 2 
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T H E A T O M I C C O M P O N E N TS O F T H O U G HT 

Joh n R .  Anderso n 

Christia n J .  Lebier e 
Carnegi e Me l lo n Universit y 

"...a  clear, up-to-date presentation of one of the dominant theories in cogntive science. Anderson and his 
colleague s argu e tha t  ther e ar e basi c (an d identifiable )  symboli c unit s o f  thought ,  bot h fo r  declarativ e an d 
procedura l  knowledge .  Thei r  theor y account s fo r  dat a acros s a n unusuall y wid e variet y o f  cognitiv e activities ,  an d 
thu s provide s a  stron g challeng e t o othe r  view s tha t  attemp t  t o explai n cognitio n withou t  thes e units .  I n addition , 
th e boo k provide s pointer s t o th e correspondin g simulation s availabl e o n th e We b s o tha t  intereste d reade s ca n ge t 
hands-o n experienc e wit h th e models .  Thi s i s a n importan t  boo k fo r  cognitiv e scientist s umntin g t o kee p u p wit h 
th e ivor k o n unifie d theorie s o f  cognition. " 

— B r i a n R o s s 

Universit y o f  Illinois ,  Champaign-Urban a 

Thi s boo k achieve s a  goa l  tha t  w a s se t  2 5 year s ag o w h e n th e H A M theor y o f  h u m a n m e m o r y w a s 
published .  I n writin g thi s book ,  th e author s wante d t o g o beyon d jus t  describin g th e theor y correctly . 
The y decide d t o tr y t o displa y wha t  th e theor y coul d d o b y collectin g an d describin g s o m e o f  it s 

in-hous e applications .  Thi s boo k reflect s decade s o f  w o r k i n A C T - R accumulate d b y m a n y researchers .  Thi s i s th e firs t  wo r k i n cognitiv e 
scienc e t o precisel y mode l  suc h a  wid e rang e o f  phenomen a wit h a  singl e theory . 

Contcnti: Introduction. Knowledge Representation. Performance. Learning. With M. Maiessa, Visual Interface. With M. Byrne, Action and Perception. With M. 
Maleua ,  Lis t  Memory .  Wit h M .  Lovett ,  Choice .  Cognitiv e Arithmetic .  Wit h D .  Salvucci ,  Learnin g b y Analogy .  Wit h C .  Schunn ,  Scientifi c  Discovery .  Fina l  Reflections . 
0-8058-2816- 8 [cloth l  /  199 8 /  504pp .  /  $99.9 5 
0-8058-2817- 6 [paper ]  /199 8 /  504pp .  /  $34.9 5 
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T HE N E W P S Y C H O L O GY O F L A N G U A GE 

Cognitiv e an d Functiona l  Approache s t o Languag e Structur e 
Edite d b y 
Michae l  Tomasell o 
E m o r y Universit y 

The history of psychological approaches to the study of language has included periods of little 
communicatio n betwee n th e discipline s o f  linguistic s an d psychology ,  an d period s wher e eac h fiel d 
dre w upo n th e theorie s an d method s o f  th e othe r  i n limited—an d ofte n limiting—^ways .  Thi s boo k 
represent s a  n e w an d promisin g approac h tha t  m a y defin e th e nex t  er a i n th e relationshi p betwee n 
psycholog y an d linguistics .  I t  doe s s o b y presentin g th e evolvin g linguisti c theorie s collectivel y k n o w n 
as Cognitive-Functiona l  Linguistic s i n term s tha t  ar e intende d t o b e accessibl e t o cognitiv e scientist s 
intereste d i n h o w languag e work s psychologically .  Th e cognitive -  functiona l  approac h focuse s o n th e 
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